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The ability to sense and adjust to the environment is
crucial to life. For multicellular organisms, the ability to
respond to external changes is essential not only for
survival but also for normal development and physiology.
Although signaling events can directly modify cellular
function, typically signaling acts to alter transcriptional
responses to generate both transient and sustained
changes. Rapid, but transient, changes in gene expression
are mediated by inducible transcription factors such as
NF-«B. For the past 25 years, NF-kB has served as a
paradigm for inducible transcription factors and has
provided numerous insights into how signaling events
influence gene expression and physiology. Since its
discovery as a regulator of expression of the k light chain
gene in B cells, research on NF-«kB continues to yield new
insights into fundamental cellular processes. Advances
in understanding the mechanisms that regulate NF-«B
have been accompanied by progress in elucidating the
biological significance of this transcription factor in
various physiological processes. NF-kB likely plays the
most prominent role in the development and function of
the immune system and, not surprisingly, when dysregu-
lated, contributes to the pathophysiology of inflamma-
tory disease. As our appreciation of the fundamental role
of inflaimmation in disease pathogenesis has increased,
so too has the importance of NF-xB as a key regulatory
molecule gained progressively greater significance. How-
ever, despite the tremendous progress that has been made
in understanding the regulation of NF-«kB, there is much
that remains to be understood. In this review, we highlight
both the progress that has been made and the fundamental
questions that remain unanswered after 25 years of study.

Supplemental material is available for this article.

Inducible regulation of gene expression allows organisms
to adapt to environmental, mechanical, chemical, and
microbiological stresses. Owing to its amenability to
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experimentation and its importance in disease, NF-«B
has, for the past 25 years, served as a model for inducible
transcription factors. NF-kB plays its most important and
evolutionarily conserved role in the immune system, and
much of our understanding of NF-kB is derived from the
quest to decipher and manipulate the immune response.
However, besides its role in the immune system, NF-«B also
acts broadly to influence gene expression events that impact
cell survival, differentiation, and proliferation. As a result
of such broad effects on physiology, the dysregulation of
NF-kB can lead to severe consequences (Courtois and
Gilmore 2006; Karin 2006), including numerous diseases.

Transcriptional programs regulated by NF-kB are es-
sential to the development and maintenance of the im-
mune system (Hayden and Ghosh 2011), skeletal system
(Novack 2011), and epithelium (Wullaert et al. 2011). In
these settings, the NF-kB pathway contributes to the
control of cell survival, differentiation, and proliferation.
NF-kB does the same in the various diseases with which
aberrant activation has been associated: cancer, autoim-
mune diseases, neurodegenerative diseases, cardiovascu-
lar disease, diabetes, and many more. The contribution of
NF-kB to disease is perhaps most easily understood in the
context of chronic inflammatory and autoimmune dis-
eases wherein proinflammatory cytokines drive activa-
tion of NF-kB and the activation of NF-kB drives proin-
flammatory cytokine production (Lawrence 2009), or in
malignancies in which NF-kB is intrinsically activated,
resulting in tumor survival by driving up-regulation of
proliferative and anti-apoptotic transcripts. As a multifac-
eted regulator of fundamental aspects of cell survival and
function acting downstream from numerous cell signal-
ing pathways, NF-kB also has the capacity to link phys-
iology to pathology. Thus, NF-«kB is now appreciated to
form an etiological mechanism tying obesity to inflam-
mation (Baker et al. 2011), and inflammation to malig-
nancy (Ben-Neriah and Karin 2011) and metabolic dis-
eases (Baker et al. 2011; Donath and Shoelson 2011). The
role of NF-kB in disease is not always the result of
inflammation gone awry. A host of diseases and disease
susceptibilities result from germline and/or acquired mu-
tations in components of the NF-kB pathway (Courtois
and Israel 2011).
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The involvement of NF-«B in so many facets of biology
has resulted in a vast number of publications on this
transcription factor (Fig. 1). While a limited body of work
has produced the watershed events that comprise the past
25 years of NF-kB research (Supplemental Material), our
current understanding of NF-kB is informed by a broad
swath of literature resulting from investigations in di-
verse areas of the biomedical sciences. Searching PubMed
with the search term “NF-kB” alone yields nearly 40,000
hits, accumulating at a rate of >3500 studies published
annually. As a result, NF-kB-related publications as-
toundingly account for almost one-half of 1% of all
publications: One out of every 200 publications indexed
in PubMed relates to this one transcription factor family.
The progressively expanding NF-«B literature has made
writing a comprehensive review on NF-kB an untenable
undertaking: One must choose areas of focus in any
review dealing with such a broad subject matter. There-
fore, in the current review, we discuss the most funda-
mental aspects of NF-kB regulation, focusing on those
areas that we believe are undergoing significant progress
or in which there are significant outstanding questions.
We organized this review around the core components of
the NF-kB pathway; namely, the IkB (inhibitor of kB)
kinase (IKK) complex, the inhibitory IkB proteins, and the
transcription factor NF-«B itself. Thus, the first section
deals with insights and outstanding questions regarding
activation of IKK, the second deals with the emerging
functional complexity of IkB proteins, and the third deals
with the mechanisms of transcriptional regulation by
NF-«B. It goes without saying that in covering these broad
areas, many primary references are not cited, and for this
we refer readers to important previous reviews and
collections of reviews (Lenardo and Baltimore 1989; Beg
and Baldwin 1993; Baeuerle and Henkel 1994; Siebenlist
et al. 1994; Verma et al. 1995; Barnes and Karin 1997;
Ghosh et al. 1998; Rothwarf and Karin 1999; Karin and
Delhase 2000; Ghosh and Karin 2002; Hayden and
Ghosh 2004, 2008; Gilmore 2006; Karin 2009; Sun
and Liu 2011).

Overview of NF-«xB

NF-kB activation is governed by a number of positive and
negative regulatory elements. In the “resting” state,
NF-«B dimers are held inactive in the cytoplasm through
association with IkB proteins. Inducing stimuli trigger
activation of the IkB kinase complex, leading to phos-
phorylation, ubiquitination, and degradation of IkB pro-
teins. Released NF-kB dimers translocate to the nucleus,
bind specific DNA sequences, and promote transcription
of target genes. Thus, the core elements of the NF-xB
pathway are the IKK complex, IkB proteins, and NF-«B
dimers. Consequently, research into the regulation of
NF-kB has focused on the mechanisms that activate the
IKK complex, the inhibition of NF-«B by IkB proteins, and
the capacity of NF-«kB family members to bind to and
promote transcription from the promoters of selected
target genes. Inactivation of the pathway requires de-
activation of the IKK complex, resynthesis of IkB pro-
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Figure 1. Twenty-five years of NF-«kB literature. Graph indi-
cates the total number of publications identified in PubMed
using the keywords NF-«B, Rel, or IKK for each year since 1986
(shown in the left axis). Also graphed are the total publications
identified with the above keywords as a percentage of all
PubMed indexed publications in the same calendar year (shown
in the right axis).

teins, and displacement of NF-kB dimers from both DNA
and transcriptional coactivators. Therefore, to under-
stand these processes, we must first introduce the fami-
lies of proteins that together comprise the NF-kB signal-
ing pathway.

There are five NF-kB family members in mammals:
RelA/p65, RelB, c-Rel, p50 (NF-«B1), and p52 (NF-«B2)
(Fig. 2). NF-kB proteins bind to kB sites as dimers, either
homodimers or heterodimers, and can exert both posi-
tive and negative effects on target gene transcription.
NF-«B proteins are characterized by the presence of an
N-terminal Rel homology domain (RHD). Functional
analyses and crystal structures of NF-kB dimers bound
to kB sites have shown that it is the RHD that makes
contact with DNA and supports subunit dimerization.
Only p65, c-Rel, and RelB possess C-terminal transacti-
vation domains (TADs) that confer the ability to initiate
transcription. Although p52 and p50 lack TADs, they can
positively regulate transcription through heterodimeriza-
tion with TAD-containing NF-«kB subunits or interaction
with non-Rel proteins that have transactivating capabil-
ity. Alternatively, p50 and p52 homodimers can nega-
tively regulate transcription by competing with TAD-
containing dimers for binding to «B sites. These p50 and
p52 dimers may also constitutively occupy some kB sites
and thus enforce an activation threshold for certain
NF-kB target genes.

A hallmark of the NF-kB pathway is its regulation by
IkB proteins. IkB proteins IkBa, IkBB, IkBe, IkB{, BCL-3
(B-cell lymphoma 3), and IkBns and the precursor proteins
pl00 (NF-kB2) and plO5 (NF-kBl) are defined by the
presence of multiple ankyrin repeat domains (Fig. 2).
Activation of NF-kB is achieved through phosphorylation
of IkBs on conserved serine residues, so-called destruction
box serine residues (DSGXXS), leading to recognition by
BTrCP proteins. Recognition of the phosphorylated de-
struction box induces K48-linked polyubiquitination by
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Figure 2. Components of the NF-«kB pathway. The mammalian
Rel (NF-«B) protein family consists of five members: p65 (RelA),
RelB, c-Rel (Rel), and the precursor proteins p100 (NF-kB2) and
p105 (NF-kB1), the latter giving rise to p52 and p50, respectively.
The IkB family consists of eight bona fide members, kB, IkBp,
IxBg, IkB{, BCL-3, IxkBNS, p100, and p105, which are typified by
the presence of multiple ankyrin repeat domains. Not pictured
is the potential IkB family member IkBv, which is discussed in
the text. The IKK complex consists of IKKa (IKK1 or CHUK),
IKKB (IKK2), and NEMO (IKKy). Relevant domains typifying
each protein family are indicated. (ANK) Ankyrin repeat do-
main; (DD) death domain; (RHD) REL homology domain; (TAD)
transactivation domain; (LZ) leucine zipper domain; (GRR)
glycine-rich region; (SDD) scaffolding and dimerization domain;
(ULD) ubiquitin-like domain; (Z) zinc finger domain; (CC)
coiled-coil domain; (NBD) NEMO-binding domain; () a-helical
domain; (IBD/DimD) IKK-binding domain/dimerization do-
main; (MOD/UBD) minimal oligomerization domain/ubiqui-
tin-binding domain; (PEST) proline-rich, glutamic acid-rich,
serine-rich, and threonine-rich.

the Skp1-Culin-Rocl/Rbx1/Hrt-1-F-box (SCF or SCRF)
family of E3 ligases acting coordinately with the E2
enzyme UbcHS5. The prototypical and most extensively
studied member of the family is IkBa. IkBa is rapidly
degraded during activation of canonical NF-«B signaling
pathways, leading to the release of multiple NF-«B di-
mers, although the p65:p50 heterodimer is considered the
primary target of IkBa. Although IkBa:p65:p50 complexes
are capable of constant shuttling between the nucleus
and the cytoplasm, masking of the p65 nuclear localiza-
tion signal (NLS), combined with the effect of IkBa
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nuclear export signal, results in steady-state cytoplasmic
localization of NF-kB dimers, thus preventing DNA
binding. Proteasomal degradation of IkBa thus favors
nuclear localization of NF-kB.

Following removal of IkB from the NF-kB complex,
NF-«kB dimers are able to accumulate in the nucleus and
bind to DNA kB sites with the sequence 5'-GGGRNW
YYCC-3' (where N is any base, R is purine, W is adenine
or thymine, and Y ispyrimidine) in promoters and en-
hancers of target genes. The degenerate nature of the kB
site sequence; the ability of individual NF-«B subunits to
form homodimers and heterodimers, heterotypic inter-
actions with other transcription factors; and the regula-
tion of transcriptional activity by post-translational
modifications (PTMs) targeting NF-«kB subunits allow
both positive and negative regulation of transcription of
a wide variety of target genes (Pahl 1999; Hayden and
Ghosh 2004). Termination of the transcriptional response
depends on not only resynthesis of typical IkB proteins, but
also removal of active NF-kB dimers from the DNA.

The NF-xB signaling pathways have been broadly
classified into two types: canonical and noncanonical.
The canonical, or classical, pathway is representative of
the general scheme of how NF-kB is regulated. Upon
recognition of ligand, cytokine receptors such as the TNF
receptor (TNFR) (Fig. 3) and IL-1 receptor (IL-1R), pattern
recognition receptors (PRRs) such as Toll-like receptor 4
(TLR4) (Fig. 4), and antigen receptors (Fig. 5), among many
other stimuli, trigger signaling cascades that culminate in
the activation of IKKB (also known as IKK2). IKKp exists
in a complex with the closely related kinase IKKa (also
known as IKK1) and the regulatory protein NEMO (also
known as IKKwy). Activated IKKB phosphorylates IkB
proteins such as IkBa. The noncanonical, or alternative,
NF-«kB pathway is induced by specific members of the
TNEF cytokine family, including the CD40 ligand (Fig. 6),
BAFF, and lymphotoxin-g (Sun 2011). In contrast to the
canonical pathway, the noncanonical pathway depends
on IKKa and is independent of NEMO. IKKa« activation by
these cytokines leads to phosphorylation of p100 and the
generation of p52/RelB complexes. Given that IKKa can
contribute to some canonical signaling pathways and that
activation of canonical pathways augments noncanonical
signaling through the induction of p100 expression, the
most useful distinction between canonical and nonca-
nonical signaling remains the dependence of the signaling
pathway on NEMO. In addition to phosphorylation of
IkB proteins, it is important to note that as the key enzy-
matic constituents of the NF-kB pathway, IKKa and
IKKB can mediate cross-talk with additional signaling
pathways—including the p53, MAP kinase (MAPK),
and IRF pathways—and directly regulate aspects of the
transcriptional responses (Oeckinghaus et al. 2011).

Activating NF-kB

A wide range of soluble and membrane-bound extracel-
lular ligands activate the NF-kB pathway, most notably
through members of the TNFR, TLR, IL-1R, and antigen
receptor superfamilies. In addition, in recent years,
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a growing list of signaling pathways has also been de-
scribed that regulate NF-kB activity in response to
changes in the intracellular environment. These intracel-
lular NF-kB-activating pathways include the responses to
DNA damage and reactive oxygen species, as well as
recognition of intracellular pathogens mediated by the
NOD and RIG-I-like (NLR) family of proteins. Rather
than attempt to describe the many signaling pathways
that activate NF-kB, we proceed through a general dis-
cussion of the mechanisms by which the IKK complex
becomes activated, which remains the common up-
stream component of all NF-«kB pathways. For the un-
initiated reader with a basic familiarity with the mech-
anistic aspects of the regulation of the IKK complex, we
provide brief overviews of prototypical NF-kB signaling
pathways, with accompanying references to more de-
tailed reviews of each pathway (Figs. 3-6).

Research on NF-«B signaling has produced an unex-
pected convergence in discoveries relating to signaling
pathways upstream of the IKK complex. In fact, many of
the signaling intermediates required for activation of IKK
are shared between the different pathways. In most cases,
RIP (receptor-interacting protein) and TRAF families of
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proteins are required in pathways that lead to IKK
activation. Members of the TRAF family (Box 1) of pro-
teins are required in canonical and noncanonical path-
ways, whereas RIP family members (Box 2 are selectively
used in NEMO-dependent, canonical signaling pathways.
The requirement for RIP family proteins highlights two
entirely distinct mechanisms of initiating NF-«B signal-
ing: dissociative and aggregative. In dissociative signal-
ing, receptor ligation results in disruption of inhibitory
complexes and, in the case of NF-«B, leads to activation of
the alternative pathway. Aggregative signaling, on the
other hand, relies on the assembly of large signaling
platforms, and in the case of canonical NF-«B signaling
pathways, it appears that RIP proteins play an important
role in this process. However, before delving into how
these divergent concepts may underlie IKK activation, we
provide an overview of commonly studied NF-kB signal-
ing pathways and introduce some of the general princi-
ples and common players in NF-kB signaling.

In the case of a typical signaling pathway, such as in
response to TNF, activation of NF-kB is initiated follow-
ing binding of the ligand to the receptor present at the
plasma membrane. Interestingly, activation of NF-kB
generally occurs in the absence of receptor enzymatic

Figure 3. TNFRI signaling to NF-kB. TNFR1 activates multi-
ple signaling pathways, including NF-xB, AP-1, and the apoptosis
and necroptosis cell death pathways. TNF-induced activation of
NF-«B is mediated by a series of intermediary adapters. The
cytoplasmic tail of TNFR1 exhibits several protein-binding
domains, most notably a death domain (DD) that mediates
signaling events following TNF binding. Signaling events are
partially organized by subcellular compartmentalization of re-
ceptor complexes, and the TNFR cytoplasmic tail contains
adapter protein-binding motifs that direct trafficking following
TNF binding (Schutze and Schneider-Brachert 2009). Upon
ligand binding, the DD of TNFR1 binds TRADD (TNFR-
associated protein with a DD) and the DD-containing kinase
RIP1 (Box 3). Mechanisms coordinating binding between the
DDs of TRADD, RIP1, and TNFR1 are not fully established.
Nevertheless, it is clear that each of these DD-containing
proteins are capable of binding to other DD-containing proteins
(Wajant and Scheurich 2011). TRADD also provides an assembly
platform for recruitment of another DD adapter protein, FADD
(Fas receptor-associated DD). TNFR1 lacks a TRAF interaction
motif, and TRAF recruitment is thus also dependent on
TRADD, which has a TRAF-binding domain. Although RIP1
also has a TRAF-binding domain and may contribute to TRAF2
recruitment under some circumstances (Pobezinskaya et al.
2008), it is generally thought that TRAF2 recruitment is pri-
marily dependent on TRADD (Chen et al. 2008; Ermolaeva et al.
2008; Pobezinskaya et al. 2008). TRAF2 recruits cIAP1 and
cIAP2 (Box 2), which are essential for IKK activation (Mahoney
et al. 2008; Varfolomeev et al. 2007; Vince et al. 2007). The
cIAPs can function as E3 ubiquitin ligases and are also respon-
sible for the recruitment of the linear ubiquitin chain assembly
complex, which is required for efficient activation of IKK and
JNK pathways (LUBAC [linear ubiquitin assembly complex]) (Box
4; Haas et al. 2009; Rahighi et al. 2009; Tokunaga et al. 2009,
2011; Gerlach et al. 2011; Ikeda et al. 2011). RIP1 and TRAF2
cooperate in the recruitment of the TAKI and IKK kinase
complexes, leading to IKK activation and activation of NF-kB.



Figure 4. TLR4 signaling to NF-kB. Both TLR and IL-1R
receptor families are defined by the presence of cytoplasmic
TIR (Toll IL-1R) domains. Upon ligand binding, TIR domains
mediate the recruitment of TIR-containing adapter proteins
such as MyD88, TRIF, Mal, or TRAM (Yamamoto et al. 2004a).
TLR4, which responds to bacterial lipopolysaccharide, has
a complex bifurcating signaling scheme. MyD88 is the pro-
totypical TIR adapter and is used in all characterized TLR
signaling pathways, with the exception of TLR3. TLR4 recog-
nizes LPS bound to either LPS-binding protein or MD2, and
signaling is also dependent on the glycoprotein CD14. Forma-
tion of a complex between LPS and TLR4:MD2:CD14 results in
the homodimerization of TLR4 and recruitment of the TIR-
containing adapters Mal and TRAM. Mal serves as an adapter to
recruit MyD88 to TLR4, while TRAM is an adapter between
TLR4 and TRIF. Following recruitment to the receptor complex,
dimerized MyD88 recruits IL-1R-associated kinases-4 (IRAK-4)
through the DD of MyD88 and IRAK-4. IRAK-4 recruits IRAK-1,
and the IRAK-1:IRAK-4 complex is responsible for binding to
TRAF6. TRAFG, in turn, recruits the TAK1 and IKK complexes,
leading to activation of NF-kB. TRIF, recruited by TRAM,
predominantly activates the interferon pathway through an
N-terminal TRAF3-binding motif. TRAF3 recruits the IKK fam-
ily members IKKe and TBK1, which phosphorylate IRF3, lead-
ing to the induction of type I interferons. TRIF may also induce
NF-«B activation through a C-terminal RHIM (RIP homology
interaction motif) domain capable of recruiting RIP1 and also
the IKK complex (Cusson-Hermance et al. 2005).

Signaling to NF-«B

activity. Instead, for most NF-kB pathways, signaling
proceeds through the binding of a series of adapter pro-
teins, which possess protein:protein interaction domains.
Key interaction domains that participate in NF-«B path-
ways include death domains (DDs), caspase activation
and recruitment domains (CARDs) (Box 3), RIP homo-
typic interaction motifs (RHIMs), and Toll IL-1R (TIR)
domains. Conformational changes in the receptor or
changes in receptor stoichiometry triggered by ligand
binding facilitate adapter protein binding, which provides
links to downstream components. Thus, the early events
of the signaling cascade are based on conformational
change, protein:protein interaction, and assembly of large
protein complexes, rather than on enzymatic cascades or
PTMs. One or several steps removed from ligand binding,
kinases are recruited to the receptor complex. The ac-
tivation of these kinases appears to be dependent on two
factors: induced proximity resulting from the dense or-
ganization of the receptor signaling complex, and confor-
mational changes resulting from adapter protein binding.
As is the case for the IKK complex itself, kinases in NF-xkB
signaling pathways exist in multisubunit complexes
consisting of both kinase and nonenzymatic regulatory
subunits. These regulatory kinase complex subunits—
e.g.,, NEMO or TAB proteins—function as adapters that
mediate kinase recruitment and are therefore required for
kinase activation following binding to the receptor sig-
naling complex. Once activated, these regulated kinase
complexes can instigate traditional kinase cascades. In
the case of the NF-«kB pathway, the kinase “cascades” are
often exceptionally short and primarily achieve signal
amplification, leading to robust IkB phosphorylation and
culminating in NF-«B transcriptional programs.

Structure and regulation of IKK

A cursory view of the diverse signaling pathways shown
in Figures 3-6 reveals several common features, some of
which we discussed in detail previously (Hayden and
Ghosh 2008). Here we try to present a more generalizable
and historical narrative on the mechanisms by which the
NF-kB signaling pathway is initiated. The identification
of the kinase complex responsible for phosphorylating
IxkBa was a watershed event in NF-«B research. Given the
diversity of stimuli leading to NF-«B activation, and the
existence of multiple members of the IkB family, one
might have predicted that there would be multiple IKKs.
Instead, multiple groups identified a common IKK com-
plex with the same protein constituents.

The IKK was initially observed to exist as a high-
molecular-weight kinase activity that was purified and
characterized by multiple groups as a stimulus-dependent
kinase (DiDonato et al. 1997; Mercurio et al. 1997;
Regnier et al. 1997; Woronicz et al. 1997; Zandi et al.
1997). The first identified component of this 550- to 900-
kDa complex was IKKa (IKK1), a serine/threonine kinase,
previously known as CHUK. IKK@ (IKK2) was subse-
quently identified based on both sequence homology
and biochemical purification. IKKa and IKKB, 85 and 87
kDa, respectively, are serine/threonine kinases that share
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a homologous N-terminal kinase domain (KD) and are
able to phosphorylate multiple members of the IkB family
in vitro (Fig. 2; Zandi et al. 1997, 1998). NEMO (also
known as IKKvy, IKKAP1, or Fip-3) was identified by
multiple groups through complementation of an NF-«B-
unresponsive cell line, by affinity purification, or as a
factor binding an adenoviral inhibitor of NF-kB (Rothwarf
etal. 1998; Yamaoka et al. 1998; Y Li et al. 1999; Mercurio
et al. 1999). NEMO, which does not posses kinase ac-
tivity, is a 48-kDa protein that is not related to IKKa and
IKKB (Fig. 2).

There is ample and unambiguous genetic evidence for
the preeminent role of IKKa, IKKB, and NEMO in NF-kB
signaling pathways (Gerondakis et al. 2006). Loss of IKKf
results in a phenotype mimicking p65 knockouts, con-
firming the importance of IKK in activation of canonical
p65-containing dimers (Q Li et al. 1999b; ZW Li et al.
1999; Tanaka et al. 1999). The ability to rescue embryonic
lethality through deletion of TNFR1 supports a crucial
role for IKKB in TNF signaling to NF-«B (Q Li et al. 1999D;
ZW Li et al. 1999; Senftleben et al. 2001b). Unlike IKK-
deficient animals, IKKa-deficient mice die perinatally
with multiple morphological defects (Hu et al. 1999; Q
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Li et al. 1999a; Takeda et al. 1999). While initial studies
demonstrated little role for IKKa in classical NF-«B
activation, subsequent reports revealed the requirement
for IKK« in multiple noncanonical NF-kB signaling path-
ways and perhaps some canonical signaling pathways as
well (Takaesu et al. 2003; Solt et al. 2007). NEMO is
required for canonical NF-kB pathways, and as a result,
NEMO-deficient mice succumb to embryonic hepatocyte
apoptosis, and cells without NEMO fail to activate NF-xB
through all canonical pathways (Yamaoka et al. 1998;
Rudolph et al. 2000; Schmidt-Supprian et al. 2000).
Following the identification of the IKK complex, it has
been clearly shown that most NF-«B signaling pathways
proceed through the IKK complex (Li et al. 2000). Many of
the upstream signaling components that regulate IKK
activation in these diverse pathways have been identified
and suggest significant overlap in the mechanisms that
regulate IKK activity, even between functionally diver-
gent pathways. Nevertheless, significant questions about
IKK regulation remain unanswered. Even the most basic
questions—e.g., how IKK is activated, how IKK is inacti-
vated, or how IKK substrate specificity is determined—
remain to be answered satisfactorily. Here we discuss
some of the significant progress that has occurred in each
of these areas, but also draw attention to the work that

Figure 5. T-cell receptor (TCR) signaling to NF-kB. TCR-in-
duced NF-«B activation requires ligation of both the TCR and
the associated coreceptor CD28. Signaling involves the forma-
tion of large supramolecular clusters at the interface of the
T-cell and antigen-presenting cell (APC). In vivo TCR ligation
occurs upon presentation of cognate antigen in MHC-I or MHC-
I for CD8 and CD4 T cells, respectively, by activated APCs
expressing costimulatory molecules such as B7.1 or B7.2. Anti-
gen:MHC complexes are engaged by T cells expressing somat-
ically encoded antigen-specific TCRs. TCR:MHC binding is
augmented by CD8:MHC-I or CD4:MHC-II interactions. ITAM
motifs on CD3{ are phosphorylated, leading to recruitment and
activation of the ZAP70 kinase, which in turn activates PLCy.
Active PLCy leads to DAG production. Coreceptor ligation
involves recognition of B7 molecules on the APC surface by
the TCR coreceptor CD28. CD28 ligation results in activation
of PI3K and phosphorylation of PIP, to PIP;. PDK1 binds PIP;
and undergoes autophosphorylation, revealing a PKC-binding
site. DAG, in conjunction with PDK1-mediated recruitment and
phosphorylation, leads to activation of the atypical PKC family
member PKCO. PKCO (Sun et al. 2000) and perhaps also the
related family members PKCe and PKCn (Quann et al. 2011) are
selectively required for the activation of NF-xB downstream
from TCR. In addition to activating PKC6, PDK1 also facilitates
the formation of a signaling complex (Lee et al. 2005; Park et al.
2009) in which PKC6 and potentially other kinases phosphory-
late CARDI11 (Matsumoto et al. 2005; Sommer et al. 2005;
Shinohara et al. 2007). Phosphorylation of CARDI11 results in
a structural change that allows the formation of the CARDI1,
BCL10, and MALT1 (CBM) (Ruefli-Brasse et al. 2003; Ruland
et al. 2003) signaling complex. Recruitment of the IKK complex
to the CBM through PKC6 (Lee et al. 2005) or ubiquitinated
MALT1 (Oeckinghaus et al. 2007), together with recruitment of
the TAK1 complex, perhaps through TRAF6-mediated ubiquiti-
nation of BCL10 (Sun et al. 2004), results in the activation of IKK
and the NF-«B signaling pathway.
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Figure 6. CD40 signaling to the alternative NF-kB pathway.
CD40 possesses multiple TRAF interaction motifs, and binding
of CD40L to CD40 triggers direct binding to multiple TRAF
proteins. Noncanonical NF-kB activation requires the NF-kB-
inducing kinase (NIK). NIK is constitutively active; thus, the
noncanonical pathway is activated through the post-transla-
tional regulation of NIK protein levels. In the steady state, NIK
is subject to constitutive ubiquitination by TRAF3 and conse-
quent degradation. Upon CD40 ligation, TRAF2 is recruited to
the receptor and, in conjunction with cIAP, targets TRAF3 for
proteasomal degradation (Liao et al. 2004). CD40 ligation may
also promote NIK stabilization through an “allosteric model” in
which binding of NIK and binding of CD40 by TRAF proteins are
mutually exclusive events (Sanjo et al. 2010). Thus, upon TRAF
binding to CD40, NIK is displaced from the TRAF2:TRAF3
complex. As a result of displacement of NIK and the loss of
TRAF3, active NIK accumulates. NIK binds and phosphorylates
IKKq, leading to activation of IKKa kinase activity. Phosphory-
lation of p100 C-terminal serine residues by IKKa results in p100
ubiquitination by the SCFFTRCP complex and proteasomal pro-
cessing to p52. Activation of the noncanonical pathway has also
been well characterized for LTBR, BAFFR, and RANK.

remains to be done to fully address these important,
outstanding questions.

Given the large number of publications in this area, it is
surprising that 14 years after the description of the IKK
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complex, it remains unclear exactly how the kinase is
activated. Most likely this is because the many receptors
that lead to IKK activation lack kinase activity. Most, for
that matter, lack any described enzymatic activity. Thus,
at some point, a kinase activity must be recruited into the
pathways. In the case of the alternative pathway, this is
accomplished by regulating protein levels of a kinase that
is otherwise constitutively active: NIK (NF-kB-inducing
kinase). Elegant genetic proof of this regulatory mecha-
nism came from the rescue of TRAF3 knockout mice
through the genetic inactivation of NIK or deletion of
pl00 (He et al. 2006) NIK directly phosphorylates and
activates IKKa, as demonstrated by analyses of NIK/~
mice and aly mice, which bear a point mutation in the
NIK KD (Regnier et al. 1997; X Lin et al. 1998; Ling et al.
1998; Uhlik et al. 1998; Shinkura et al. 1999). However,
for canonical NF-«kB pathways, although this issue is not
always appreciated, it remains unclear whether IKK is
activated by an upstream kinase or autophosphorylation.
Although many IKK kinases (IKK-Ks) have been impli-
cated in canonical pathways over the years, many of them
have subsequently fallen by the wayside. At present, only
TAKI1 remains as a generally accepted canonical pathway
IKK-K. However, the mechanism of initial kinase activa-
tion in the NF-kB pathway remains a fundamentally im-
portant unsolved question. The answer is likely to lie in the
numerous reports demonstrating the assembly of large
oligomeric signaling complexes in nearly all canonical
NF-«B signaling pathways. Therefore, whether IKK is ac-
tivated directly or through TAKI, the kinase-independent
higher-order organization of receptor signaling complexes
suggests a mechanism for initiation of the kinase activity.
Hopefully, recently described structural information on
the IKK complex may help to clarify its mechanism of
activation.

The discrepancy between the molecular weight of the
constituents of the IKK complex and the observed molec-
ular weight of the complex by gel filtration has, for more
than a decade, led to considerable speculation about both
the existence of additional components and the stoichi-
ometry of known components in the complex. Available
evidence, reviewed briefly here, now strongly suggests that
the IKK complex consists only of IKKa;IKKB;NEMO,.
The evidence for a dimer of dimers is as follows: (1)
Recombinant NEMO—in this case, trimers—with a pre-
dicted molecular weight of 150 kDa elutes at an apparent
molecular weight of 550 kDa upon gel filtration, demon-
strating a particularly elongated structure (Agou et al.
2004). (2) Recombinant NEMO with IKKa« or IKK@ assem-
bles into a complex with an apparent molecular weight
that is similar to the purified complex (Krappmann et al.
2000; Miller and Zandi 2001). (3) Recombinant NEMO and
IKKR associate in a 2:2 molar ratio, as do the minimum
interaction domains of the same proteins (Drew et al.
2007). (4) The recent IKK@ crystal structure, discussed
below, suggests that IKKB would interact with NEMO
dimers as a dimer (Xu et al. 2011), and it is anticipated
that IKKB:IKK« heterodimers would do the same. Thus, the
large Stoke’s radius of NEMO and the end-to-end assembly
of IKK with NEMO predict that a complex consisting of an
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IKK dimer in complex with a NEMO dimer is sufficient to
account for the observed molecular weight of the IKK
complex (Agou et al. 2004; Xu et al. 2011).

Recently, after many years of effort by numerous
groups, an IKK protein has finally been crystallized (Xu
et al. 2011). This work offers important additional insight
into both the potential mechanisms of IKK activation and
substrate specificity. The structure obtained, of IKK@ from
Xenopus in complex with the kinase inhibitor Cpmdl or
Cpmd2, demonstrates a trimodular composition differing
significantly from the predicted modular organization.
Predicted leucine zipper and helix-loop-helix domains
were not seen, and instead these regions formed an
a-helical scaffold/dimerization domain (SDD). The other
structural domains that were identified were the pre-
viously described ubiquitin-like domain (ULD) (May et al.
2004) and the KD. The SDD, and in particular the portion
previously thought to form a leucine zipper domain,
mediates IKK dimerization, as had previously been pre-
dicted (Mercurio et al. 1997; Woronicz et al. 1997; Zandi
et al. 1997). While dimerization was necessary for in-
ducible activation of IKK, it was not necessary for kinase
activity per se (Xu et al. 2011). The ULD is necessary for
kinase activity (May et al. 2004) and also appears to
cooperate with the SDD in binding to IkBa such that
the appropriate serine residues within the destruction
box are targeted for phosphorylation (Xu et al. 2011). The
resulting structural insights will hopefully lead to an
improved understanding of substrate targeting by IKK.
Nevertheless, despite the information provided by eluci-
dation of the structure, the mechanism of IKK complex
activation remains ambiguous.

IKK activation depends on phosphorylation of activa-
tion loop serines. IKKa and IKKB can each be phosphory-
lated on two serines: Ser 176 and Ser 180 or Ser 177 and Ser
181, respectively. Activation loop phosphorylation is cru-
cial for inducible kinase activity: Activity is lost upon
treatment with phosphatases in vitro, mutation of the
activation loop serines to glutamic acid yields constitu-
tively active IKK, and mutation to alanines abrogates

signal responsiveness (DiDonato et al. 1997; Mercurio
et al. 1997; Ling et al. 1998; Delhase et al. 1999; Hacker
and Karin 2006). Interestingly, the IKKB structure sug-
gests that a dimer of IKKB would not be capable of
phosphorylating itself because the active site of IKKB
within a dimer is not in proximity to the activation loop
of the other IKKP in the same dimer (Xu et al. 2011).
These results are consistent with the finding that IKK
complexes in which one kinase lacks activity retain the
ability to activate the active kinase subunit (Zandi et al.
1997). On the other hand, in higher-order structures
predicted to form during IKK activation, the activation
loop and active site of IKKB in adjacent dimers are closely
juxtaposed (Xu et al. 2011). As a result, IKKB would likely
not undergo cis-autophosphorylation; however, two di-
mers brought into proximity could readily be activated by
trans-autophosphorylation. These structural insights corre-
late well with a growing body of evidence that suggests that
the formation of higher-order, oligomeric signaling com-
plexes plays a key role in the activation of NF-«kB signaling.

Oligomerization in activation of IKK

Our overview of NF-kB signaling pathways (Figs. 3-6)
highlights the importance of adapter proteins in NF-kB
activation. Adapter proteins facilitate the assembly of
complex signaling networks by mediating the activation of
multiple transcription factor families. The requirement for
DD-, RHIM-, and CARD-containing adapters highlights the
importance of the assembly of complex platforms, some-
times referred to as signalosomes, in IKK activation. Al-
though assembly of adapter protein complexes seems most
consistent with an associative signaling model in which
IKK activation occurs through trans-autophosphorylation,
signalosome formation could also promote activation of
an IKK-K and proximity between IKK-K and IKK. Indeed,
these are not mutually exclusive means of IKK activation.
Induced proximity secondary to adapter oligomerization
may mediate trans-autophosphorylation of TAK1, TAK1
phosphorylation of IKK, and IKK trans-autophosphoryla-

Box 1. TRAFs.

The TRAF family of proteins is defined
by the presence of the eponymous
C-terminal coiled-coil domain respon-
sible for homotypic and heterotypic
protein-protein interactions. There
are seven mammalian TRAF proteins
(TRAF1-7), of which TRAF2, TRAF3,
and TRAFG6 have been best character-
ized as regulators of signaling to NF-«B
(Dempsey et al. 2003; Hacker et al. 2011).
TRAF family members are obligate sig-
naling intermediates in nearly all NF-xB
signaling pathways (Hacker et al. 2011).
All TRAF family members except TRAF1
have an N-terminal RING finger domain.
In general, TRAF2 leads to NF-kB acti-
vation downstream from TNFR super-
family members, while TRAF6 has been

shown to induce NF-«B activation in re-
sponse to a wide variety of stimuli, in-
cluding activation of TLRs, NLRs, and
antigen receptors. Research focused on
the role of ubiquitination in NF-«B signal-
ing initially suggested an important role
for TRAF E3 ubiquitin ligase activity that
was demonstrated for TRAF2 and TRAF6
(Chen 2005). It remains unclear whether
TRAF3, TRAF4, TRAF5, and TRAF7 can
also act as E3 ubiquitin ligases. However, it
is important to note that E3s come in
multiple forms. The RING domain of
TRAF proteins is not an E3 ligase with
catalytic activity like that of HECT do-
main E3 ligases. Instead, TRAF proteins
act as E3 ligase by serving as adaptors
linking substrates with E2 enzymes,

rather than by directly mediating the
transfer of ubiquitin to substrate lysines.
It was initially thought that TRAF2 and
TRAF6, both of which have been shown
to facilitate K63-linked ubiquitination
of various substrates, did so through the
recruitment of the heterodimeric E2,
consisting of Ubc13 and UevlA. There
is particularly strong support for coop-
eration between TRAF6 and Ubcl3/
UevlA in mediating K63 linkages. How-
ever, the genetic evidence for such a
model for TRAF2 has been unsatisfying.
Instead, with the identification of IAPs
(inhibitor of apoptosis proteins) as ubiq-
uitin ligases (see Box 4), it now appears
that the picture is significantly more
complex.
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The RIP family consists of seven serine/
threonine kinases (RIP1-7), several of
which have been shown to be crucial
for signaling to NF-kB as well as in the
regulation of cell death (Meylan and
Tschopp 2005). RIP1 proteins share ho-
mologous serine/threonine kinase do-
mains (KDs) but divergent protein:protein
interaction motifs. RIP1 and RIP3 have
RIP homology interaction motifs (RHIMs),
RIP2 contains a caspase activation and
recruitment domain (CARD) (Box 6), and
RIP1 has a death domain (DD). These
protein:protein interaction motifs and
the consequent ability of RIPs to func-
tion as adapters are crucial for the roles
of RIPs in canonical NF-kB signaling.
Thus, while RIP1 is needed for activa-
tion of IKK by TNFR1, at least in most
cell types, the kinase activity of RIP1 is
not required (Hsu et al. 1996; Ting et al.

Box 2. Receptor-interacting (RIP) kinases.

1996; Devin et al. 2000; Lee et al. 2004).
RIP1 and RIP2 have been most thor-
oughly studied with regard to NF-«B
activation, although there has also been
increasing interest in RIP3 as a regulator
of programmed necrosis (necroptosis) in
conjunction with RIP1 (D Zhang et al.
2010; Liu 2005; Meylan and Tschopp
2005). RIP family members have been
implicated in most NF-kB signaling path-
ways. As discussed in the review, it is
apparent that RIP proteins generally
serve as scaffolds in the IKK activation
pathway; that is, RIPs function to recruit
the IKK complex and also serve as a scaf-
fold onto which ubiquitination is an-
chored, leading to IKK activation. In
general, the linkage of ubiquitination
onto RIPs is carried out in a TRAF-de-
pendent manner. Thus, in TNFR1 signal-
ing, TRAF2, in conjunction with cIAPs,

mediates K63-linked ubiquitination of
RIP1 (Karin 2009). Yet when a knock-
down and replacement strategy was used
to prevent K63 linkages from being
formed during signaling, activation of
IKK by TNF was largely unaffected. Con-
versely, activation of IKK downstream
from IL-18R, which acts independently
of RIPs, was significantly blunted (Xu
et al. 2009). These findings may suggest
the contribution of other ubiquitin link-
ages. For example, there is recent evi-
dence to suggest that linear head-to-tail
ubiquitin may be important in TNF and
IL-1B signaling. Furthermore, K11 link-
ages have been detected on RIP1. The
ability of RIP proteins to interact with
NEMO during signaling is consistent
with the requirement of RIPs for canon-
ical but not noncanonical signaling
pathways.

tion. However, given that TAK1 is not universally re-
quired for IKK activation, we first focus on potential
mechanisms whereby oligomerization of IKK itself could
induce IKK-K activity.

IKK dimerization is necessary and sufficient for activa-
tion of overexpressed IKK (Zandi et al. 1997; McKenzie
et al. 2000; Tang et al. 2003). We discussed above that
NEMO is in all cases required for inducible canonical IKK
activation. NEMO can form dimers, trimers, and tetra-
mers in vitro and can oligomerize in vivo (Agou et al.
2002, 2004; Tegethoff et al. 2003; Drew et al. 2007).
Inducible oligomerization of NEMO by RIP1 was initially
speculated to activate IKK, and it was indeed found that
forced induction of NEMO oligomerization activates IKK
(Inohara et al. 2000; Poyet et al. 2000). Forced oligomer-
ization of IKK also directly activates NF-«B (Inohara et al.
2000). Consistent with these results, NEMO with a mu-
tated oligomerization domain functions as a dominant
negative, and the oligomerization domain alone can pre-
vent IKK activation (Tegethoff et al. 2003; Agou et al.
2004). In addition to the C-terminal minimal oligomeriza-
tion domain (MOD), NEMO contains both a dimerization
domain and an IKK-binding domain within the N-termi-
nal half of the protein (Fig. 2). Overexpression of a trun-
cated NEMO, consisting of the dimerization and IKK
interaction domains, alone can activate co-expressed IKK;
however, reconstitution of knockout cells demonstrates
that both N-terminal IKK binding and dimerization
domains and the C-terminal oligomerization domain
are needed to reconstitute inducible IKK activation in
the absence of full-length (FL) NEMO (Marienfeld et al.
2006). Therefore, both formation of a dimer of dimers and
ability to form higher-order structures are thought to be
necessary for induced IKK activation. In further support
of the requirement for the formation of higher-order IKK
structure, modification of the dimerization domain may be
an important mechanism of negative feedback regulation.

NEMO becomes phosphorylated at Ser 68 within the
dimerization/IKK-binding domain following stimulation,
which disrupts formation of NEMO dimers and interac-
tion between IKK and NEMO, thereby terminating sig-
naling (Palkowitsch et al. 2008). IKK binding to NEMO
may be further augmented by phosphorylation of the IKK
NEMO-binding domain (NBD) (Palkowitsch et al. 2008). In
addition to this evidence for positive and negative
regulation of IKK activity through manipulation of the
formation of higher-order IKK complexes during signaling,
exogenous factors have also been reported to manipulate
NF-«kB signaling by altering NEMO oligomerization. Viral
proteins capable of activating NF-«B have also been shown
to trigger oligomerization of NEMO (Poyet et al. 2001;
Huang et al. 2002). Given that higher-order IKK complexes
would facilitate trans-autophosphorylation, these data
suggest that on its own, formation of higher-order IKK
complexes would be sufficient for IKK activation. How-
ever, to date, there is little direct evidence for the forma-
tion of higher-order IKK complexes in vivo in the course of
signaling to NF-«B.

How IKK undergoes oligomerization upon signal induc-
tion remains unsettled. One model holds that oligo-
merization of upstream adapters RIPs, TRAFs, or CARD-
containing proteins forms a higher-order structure through
which IKK can become oligomerized via direct one-to-
one binding to these adapter proteins. Thus, for example,
RIP or BCL10 oligomerization and binding to NEMO would
directly induce proximity of IKK complexes (Inohara et al.
2000). Another model posits that ubiquitin chains provide
the oligomeric structure to which TAK1 and/or IKK
complexes bind and become activated. Within the ubiq-
uitin model, it has been proposed that ubiquitin chains
may either directly activate kinase complexes, facilitate
proximity-induced trans-autophosphorylation, or stabilize
otherwise activated signaling complexes. There is further
subdivision of the ubiquitin model according to the nature
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Box 3. Caspase recruitment domains (CARDs).

CARD-containing proteins function in
multiple NF-«B signaling pathways. The
role of CARDs in NF-«B signaling first
came to light in antigen receptor signal-
ing pathways. CARD-containing proteins
most often act through TRAF family
proteins in NF-kB signaling pathways.
Both BCL10 and CARDI1 (CARMALI)
are CARD-containing proteins that are
crucial for IKK activation downstream
from the T-cell receptor (TCR) and B-cell
receptor (BCR). CARD-CARD interac-
tions mediate the formation of large
signaling complexes. In addition to anti-
gen receptor signaling, members of the
NOD-LRR family, and components of

RIG-I-like receptor (RLR) signaling pro-
teins are CARD-containing proteins. In
NOD signaling, the CARD-containing
kinase RIP2 (RICK/CARDIAK) binds to
NEMO, TAK1, and TRAFs to activate
the IKK complex by proximity-induced
mechanisms (Inohara et al. 2000; Abbott
et al. 2007; JY Kim et al. 2008). RIP2
is also ubiquitinated in the process,
which is thought to be necessary for
recruitment of TAK1, rather than NEMO
(Hasegawa et al. 2008). The PIDDosome,
another cytoplasmic signalosome, uses
RIP-associated ICH-1/CED-3 homolo-
gous protein with a DD (RAIDD), a
CARD, and DD-containing protein to

promote IKK activation in response
to genotoxic stress (Janssens et al. 2005;
Hacker and Karin 2006). Aggregative in-
duction of the NF-«B signaling pathways
is most strikingly illustrated by the re-
cent description of the ability of the RLR
adapter MAVS to form large fibril-like
aggregates upon viral infection (Hou et al.
2011). Although the CARD domain of
MAVS is sufficient for the formation of
these fibrils both in vivo and in vitro, it
appears that fibril formation and down-
stream signaling are augmented or stabi-
lized by the formation of K63-linked
ubiquitin chains (Zeng et al. 2010; Hou
et al. 2011).

(K63 versus linear head-to-tail) (Box 5, below) of the
ubiquitin linkage and whether the ubiquitin chains are
free or attached to a substrate. Here we explore the
evidence for these nonexclusive models of how the
regulated formation of oligomeric signaling complexes
may facilitate IKK activation.

To address these models, we first look at the role of
RIP1 in IKK activation. RIP1 has been thoroughly studied
in the TNFRI1 signaling pathway and is generally ac-
cepted to be essential for TNF-induced canonical IKK
activation (Hsu et al. 1996; Kelliher et al. 1998; Zhang
et al. 2000). Although recent data have suggested that
RIP1 may not be universally required in TNF signaling
(Wong et al. 2010; Zhang et al. 2011), other studies
suggest that the residual NF-«B activation in the absence
of RIP1 may be the result of a noncanonical pathway
(Gentle et al. 2011). That this residual NF-kB activity is
augmented by FADD (Fas receptor-associated DD) de-
letion is consistent with a noncanonical mechanism of
NF-«kB activation in the absence of RIP1 (Zhang et al.
2011). RIP1 knockout animals (Kelliher et al. 1998)
survive longer than IKKB or p65 knockouts, but this
difference may be attributable to NF-«kB-independent
contributions of RIP1 to prodeath signaling pathways
(Zhang et al. 2011) such as necroptosis (Degterev et al.
2008). In addition to TNFR1 signaling and IKK activation
via other DD-containing TNFR family members, RIP1
has also been reported to be required for TRIF-dependent
NF-kB activation via TLR3 and TLR4, NF-kB activation
via RIG-I (Meylan et al. 2004; Cusson-Hermance et al.
2005), and DNA damage-induced activation of IKK (Hur
et al. 2003; Janssens et al. 2005). RIP1 binds directly to
NEMO and always acts through NEMO in activating IKK.
Thus, RIP1 is not required for activation of the alternative
pathway through CD40 or LTBR (Vivarelli et al. 2004).
Substantial data exist to support a key role for RIPs as a
substrate for ubiquitination and as a platform for canonical
IKK complex activation. However, it is not yet clear that
these properties of RIP proteins are one and the same;
namely, whether RIP1 ubiquitination is necessary for
RIP1-dependent IKK activation.
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The idea that RIP1 could nucleate the assembly of
a signaling complex that activates IKK by proximity-
induced trans-autophosphorylation was proposed not
long after the identification of IKK (Delhase et al. 1999;
Inohara et al. 2000). This model preceded the recognition
of RIP1 as an ubiquitin substrate. Hence, the question was
whether induced RIP1 oligomerization, in the absence of
upstream signaling events, was sufficient for IKK activa-
tion. Indeed, induced oligomerization of RIP1 or RIP2
does induce IKK activation (Inohara et al. 2000). Although
these forced oligomerization studies strongly suggest
direct effects on the IKK complex, the potential role of
an intervening kinase, such as TAK1, was not investi-
gated. RIP1 can interact with the TAK1 complex and can
act as a mediator of induced proximity between kinase
and substrate; e.g., between TAK1 and IKK or IKK alone.
The interaction between RIP and other kinases must,
therefore, be a regulated part of the signaling pathway.
Forced oligomerization experiments suggest that oligo-
merization itself could be the regulated event. A compet-
ing but nonexclusive model is that ubiquitination of RIP1
may generate the substrate for TAK1 or IKK recruitment
and activation (Bhoj and Chen 2009). In such a model,
a single RIP molecule modified with oligomeric ubiquitin
chains could mediate oligomerization of the IKK complex.

There is abundant evidence that RIP1 is ubiquitinated
upon signaling from multiple pathways. Following TNF
stimulation or the induction of DNA damage, SDS-PAGE
analysis reveals slower-migrating forms of RIP1 (Lee et al.
2004). This laddering effect is greatly enhanced if only
TNF-bound receptor complexes are analyzed (Wu et al.
2006; Haas et al. 2009). Analyses by multiple groups
revealed that this modified RIP1 was in fact ubiquitinated
through either K63 (Cusson-Hermance et al. 2005; Ea
et al. 2006; Li et al. 2006; Wu et al. 2006) or linear (Haas
et al. 2009) ubiquitin linkages. Thus, it was proposed that
ubiquitin chains branching from RIP1 might mediate
either recruitment or stabilization of the IKK and TAK1
complexes. It remains unclear how either the TAK1 or
IKK complex might distinguish polyubiquitin chains
associated with RIP1 from those that are bound to other



proteins or even floating freely within the cell. One
possibility is that coordinate binding of IKK to both
adapter proteins—e.g., TRAF or RIP—and ubiquitin chains
through the NEMO ubiquitin-binding domain (UBD)
could provide specificity. Ubiquitination mediated by
either cIAPs, with TRAF2 in TNFR1 signaling and TRAF6
in DNA damage (Hinz et al. 2010), or the linear ubiquitin
assembly complex (LUBAC), in TNFRI1 signaling, would
thus provide a model of inducible scaffold formation.
Ubiquitination of RIP1 and the role of ubiquitination in
IKK activation were originally attributed to the E3 ligase
activity of TRAFs. The requirement for TRAF6 and
TRAF2/5 in signaling by the TIR and TNFR superfam-
ilies, respectively, is well established. Ligation of TNFR1
by TNF results in the formation of a proinflammatory,
multisubunit signaling structure, termed complex I
(Micheau et al. 2001), in which TRAF2 is a key compo-
nent. TRAF2 is recruited to complex I via an induced
interaction with TRADD (Hsu et al. 1996). High-affinity
interaction between TRADD and TRAF2 mediates ro-
bust activation of NF-kB and AP-1 pathways (Ayabe et al.
2000). However despite deficiencies in JNK and AP-1
activation, TRAF2-deficient cells have relatively intact
TNF-induced activation of NF-kB (Yeh et al. 1997).
TRAF5 is also part of the TNFR1 signaling complex,
and although TRAF5 knockouts activate NF-kB nor-
mally, TRAF2/5 double-knockout cells are defective in
IKK activation (Yeh et al. 1997; Nakano et al. 1999; Tada
et al. 2001). Although deletion of the RING finger domain
of TRAF2 inhibits IKK activation, it may also prevent
TRAF2-mediated recruitment of IKK to the receptor
complex (Devin et al. 2000). Finally, knockdown of the
E2 UBC13 or deletion of UBC13 in macrophages prevents
TRAF2 ubiquitination with minimal effects on NF-«B
activation (Habelhah et al. 2004; Yamamoto et al. 2006).
TRAF6 is necessary for MyD88-dependent activation of
NF-kB (Cao et al. 1996; Wesche et al. 1997; Ye et al. 2002),
and TRAF6-deficient cells fail to activate NF-kB in re-
sponse to IL-1 and LPS (Lomaga et al. 1999; Naito et al.
1999). However, like TRAF2, the importance of the E3
ligase activity of TRAF6 remains controversial. Recon-
stitution of TRAF6-deficient cells with a TRAF6 mutant
lacking the RING finger motif completely restored IL-
1-induced activation of NF-«B and JNK in vitro (Kobayashi
et al. 2001). In addition, UBC13 knockouts also failed to
show significant defects in TRAF6-mediated activation of
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NF-kB downstream from LPS, IL-1, CD40, or BAFF despite
impaired MAPK activation (Yamamoto et al. 2006). How-
ever, ubiquitin replacement with K63R abrogates MyD88-
mediated NF-kB activation by LPS and IL-1, suggesting
that another E2/E3 pair may have important functions in
this process (Xu et al. 2009).

The E3 function of cIAP1/2 has also been implicated in
multiple NF-kB pathways (Box 4). The LUBAC complex
may also serve to ubiquitinate relevant substrates in
TNFR and TLR signaling pathways (Box 5). It should be
noted, however, that there are significant outstanding
questions regarding the LUBAC complex and, in partic-
ular, the recently implicated component SHARPIN with
regard to its role in the activation of NF-«kB. First, the
phenotype of SHARPIN-deficient cpdm/cpdm mice is
difficult to reconcile with the phenotypes of other essen-
tial components of the canonical NF-kB pathway. While
NEMO, IKK, or p65-deficient mice exhibit embryonic
lethality, the SHARPIN-deficient mice are born normal
but exhibit an IL-1-dependent inflammatory phenotype
later in life (Gerlach et al. 2011; Tkeda et al. 2011; Tokunaga
et al. 2011). Indeed, SHARPIN-deficient mice exhibit
a robust activation of an NF-kB gene signature, and their
phenotype can be ameliorated with bortezomib, a protea-
some inhibitor that is thought to function in part as an
NF-«B inhibitor (Liang et al. 2011). These findings seem
directly at odds with the proposed role of SHARPIN and
accepted biological functions of the NF-kB pathway. The
proinflammatory phenotype could be the result of the
recently demonstrated role of SHARPIN as an inhibitor of
integrin signaling in fibroblasts, leukocytes, and kerati-
nocytes (Rantala et al. 2011). However, while IL-18 could
certainly be produced in an NF-kB-independent manner,
the ability of IL-13 to mediate inflammation would be
expected to depend on activation of NF-kB. Furthermore,
others have shown that canonical IKK activation by TLR
stimulation of macrophages from SHARPIN-deficient mice
is normal (Zak et al. 2011), suggesting that the role of
SHARPIN in NF-xB activation may be less direct than
initially anticipated. Nevertheless, the implication of addi-
tional ubiquitin ligases fails to account for the lack of cor-
relation between ubiquitination of proposed substrates—e.g.,
RIP1 in TNFR1 signaling—and the activation of IKK.

Thus, there are several complications in what at first
seems a well-supported model. In induced oligomeriza-
tion experiments, ubiquitination of RIP1 was not noted,

Box 4. Inhibitor of apoptosis proteins (IAPs).

IAPs are an evolutionarily conserved

family of proteins that have been of
significant interest primarily because of
functions in cancer (Gyrd-Hansen and
Meier 2010). IAPs are defined by the
presence of a baculovirus IAP repeat
(BIR) domain that mediates protein:pro-
tein interactions. Mammalian cIAP1 and
cIAP2 are also notable for possessing
RING finger, ubiquitin-associated, and
CARD domains that mediate E3 ubiqui-

tin ligase, ubiquitin binding, and pro-
tein:protein interactions, respectively.
Although originally characterized pri-
marily as inhibitors of caspase activity,
particularly caspase 3, recent findings
have established important roles for IAPs
in the regulation of both canonical and
noncanonical NF-«kB pathways. In canon-
ical TNEFR signaling, cIAP1 and cIAP2 are
required for TRAF2-dependent K63-linked
ubiquitination of RIP1 (Yin et al. 2009),

while in the noncanonical pathway, cIAPs
are required for TRAF2-mediated ubiqui-
tination and degradation of NIK (NF-«B-
inducing kinase). Thus, current data sug-
gest that cIAP1 and cIAP2 may generally
function with TRAF2, analogously to the
role of Ubcl3/UevlA with TRAF6. Fi-
nally, XIAP, which appears to primarily
function as a regulator of caspase 3 acti-
vation, also binds to the TAK1 complex
through the TABI protein (Lu et al. 2007).
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Box 5. Ubiquitin.

Ubiquitin is a highly conserved, ubiq-
uitously expressed, multifunctional 76-
amino-acid protein encoded, in mammals,
by four genes. The cell uses ubiquitin for
PTM of proteins by their covalent attach-
ment to target protein lysines through an
enzyme cascade (Kerscher et al. 2006).
The ubiquitination process requires an E1
ubiquitin-activating enzyme, an E2 ubiq-
uitin-conjugating enzyme, and an E3
ubiquitin ligase. E1 enzymes “activate”
ubiquitin usng ATP to generate a ubiquitin
AMP that allows ubiquitin conjugation to
the catalytic cysteine of El itself through
a thioester bond; ubiquitin is then trans-
ferred to the catalytic cysteine residue of
the E2 enzyme. There are two mammalian
El enzymes, >35 E2 enzymes, and >600
predicted E3s. The E3 ubiquitin ligase may
possess enzymatic activity or may serve
primarily as an adapter between E2 and
target proteins. Ubiquitin linkage occurs
when an isopeptide bond is formed be-
tween the C-terminal glycine of ubiquitin
and the g-amino group of the target pro-
tein lysine. Ubiquitin chains are then
assembled through the attachment of
C-terminal glycine of ubiquitin to lysine
residues within the initially conjugated

ubiquitin. These chains may be assem-
bled using K6, K11, K27, K33, K48, or K63
in ubiquitin and also via the N-terminal
methionine (M1). In addition, numerous
reports have now described ubiquitin
linkage to nonlysine residues of target
proteins (Verhelst et al. 2011). As a result,
ubiquitination of substrates can occur in
both variable and specific fashions.
Linear ubiquitin assembly complex
(LUBAC). While most ubiquitin chains
involve linkage of the C-terminal glycine
of ubiquitin to lysine residues on the
substrate-linked ubiquitin (e.g., K48 or
K63), recent work has demonstrated the
existence of head-to-tail linear ubiquitin
chains assembled by a unique LUBAC
(Kirisako et al. 2006). The LUBAC
complex consists of heme-oxidized iron
regulatory protein 2 ubiquitin ligase 1
(HOIL-1, also known as RBCKI1) and
HOIL-1-interacting protein (HOIP, also
known as RNF31 and Zibra) (Kirisako
et al. 2006). In this early work, it was
noted that overexpression of the LUBAC
complex could drive an NF-kB-dependent
transcriptional response. Subsequently,
the LUBAC complex was copurified with
the active TNF/TNFRI signaling com-

plex (Haas 2009), and it was demon-
strated that LUBAC was required for
stabilization of the TNFRI1 signaling
complex and full activation of NF-«B by
TNF and CD40 (Haas 2009; Rahighi et al.
2009; Tokunaga et al. 2009). More re-
cently, SHARPIN has been identified as
a third component of LUBAC (Gerlach
et al. 2011; Ikeda et al. 2011; Tokunaga
et al. 2011). From these initial reports,
it appeared that SHARPIN is required
for NF-kB activation downstream from
TNFRI1, IL-1R, and CD40. In TLR signal-
ing pathways, it appears that SHARPIN
is selectively required for the phosphor-
ylation of pl05 but is dispensable for
phosphorylation or degradation of IkBa
(Zak et al. 2011). Furthermore, a muta-
tion in NEMO, which abrogates binding
of the LUBAC complex, also does not
affect TLR-induced phosphorylation and
degradation of IkBa (Zak et al. 2011).
While several studies have demonstrated
contributions of LUBAC to the stabiliza-
tion of TNFR1 family signaling com-
plexes, outstanding questions remain
for this recently identified component
of inflammatory signaling pathways (see
the text).

and coimmunoprecipitated RIP1/RIP2 and NEMO did
not appear to be ubiquitin-modified (Inohara et al. 2000).
If RIP1 or NEMO ubiquitination was necessary for IKK
activation under these artificial circumstances (Inohara
et al. 2000), ubiquitin modification should have been
readily apparent in the experiments performed, although
the presence or absence of such species was not tested
directly. The strongest evidence for a role for RIP1 ubig-
uitination in IKK and TAKI recruitment comes from
studies in which cells lacking RIP1 were reconstituted with
RIP1 lacking Lys 377, which was shown to be essential for
RIP1 ubiquitination (Ea et al. 2006; Li et al. 2006). However,
while this mutant fails to be ubiquitinated, it also, appar-
ently, does not bind to the activated receptor (Ea et al.
2006). As a result, the implications of these findings for the
mechanistic role of RIP1 K63 ubiquitination are unclear.
Furthermore, several studies have now failed to observe
correlations between RIP1 ubiquitination and IKK activa-
tion. For example, elegant inducible ubiquitin knockdown
and replacement strategies indicate that K63-linked ubiq-
uitination is not required for IKK activation by TNFR1 (Xu
et al. 2009), and there is a modest effect on activation of
IKK in Ubc5 knockdown cells in which RIP1 ubiquitina-
tion is almost completely abolished (Xu et al. 2009). Finally,
reconstitution of TRAF2/5 double-knockout cells with
TRAF2 RING mutants abrogates RIP1 ubiquitination but
not IKK activation (L Zhang et al. 2010). Therefore, while
ubiquitination of multiple substrates does occur at the
ligand-bound receptor complex, and the role of multiple
deubiquitinases (DUBs| as negative regulators of NF-«kB
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activity is well established (Harhaj and Dixit 2011), it
remains unclear exactly how nondegradative ubiquitina-
tion activates IKK.

Based on the lack of receptor kinase activity in multiple
NF-kB signaling pathways, there is inherent appeal in the
model of oligomerization-mediated IKK activation. While
unclear in terms of the mechanistic details, ubiquitina-
tion may well have a role in regulating this process. We
envision four potential mechanisms through which non-
degradative ubiquitination might be required for IKK
activation: (1) direct activation, (2) induced proximity,
(3) stabilization, and (4) nonsignaling functions. While it
was initially posited that ubiquitination might play a role
analogous to that of phosphorylation, the evidence in
support of such a model is unconvincing. Direct activa-
tion could, alternatively, occur through conformational
change in the kinase complex resulting from either
ubiquitination of NEMO or NEMO binding to ubiquitin.
Although NEMO has been shown to be ubiquitinated in
some pathways, the requirement for ubiquitination of
a single lysine residue for activation of the IKK has not
been established. Although both events occur in the course
of signaling, there is insufficient evidence to conclude that
they directly mediate kinase activation. If direct activation
were to occur, then short ubiquitin oligomers should
activate IKK or TAK1 complexes as efficiently as longer
polymers. While recent work has shown that K63-linked
ubiquitin chains can activate TAK1 or IKK complexes in
vitro (Xia et al. 2009), it appears that this is not the result
of conformational changes that directly activate the



kinase complex. Instead, in vitro kinase complex activa-
tion by ubiquitin chains suggests that activation of IKK or
TAK1 by ubiquitin chains is primarily the result of
induced proximity and trans-autophosphorylation (Xia
et al. 2009). This work suggested that unanchored ubig-
uitin chains might mediate kinase activation in cells (Xia
et al. 2009). It was proposed that unanchored ubiquitin
chains might function analogously to second messenger
systems; however, it remains unclear how such a process
could be regulated and why the mechanisms of IKK
regulation and signaling outcomes would differ between
signaling pathways. Alternatively, nondegradative ubiq-
uitination could function by stabilizing signaling com-
plexes through one of two mechanisms: (1) by preventing
K48 ubiquitination and degradation of signaling interme-
diates, as has been demonstrated for RIP1 (Harhaj and
Dixit 2011), and (2) by physically stabilizing complexes
through “cross-linking” of UBD-containing proteins. In
fact, both A20 and, more recently, CYLD (cylindromato-
sis protein) (Ahmed et al. 2011) are reported to negatively
regulate signaling not merely by removing K63 linkages,
but also by facilitating replacement of these linkages with
K48 linkages that target signaling components for pro-
teasomal degradation. These data suggest that removal of
K63 linkages is not sufficient for signal termination and
that DUBs may primarily suppress signaling by targeting
active signaling complexes for degradation, rather than by
removing K63. Yet another hypothesis that we believe
has been poorly explored is the idea that nondegradative
ubiquitination could serve a role that is separate from,
but necessary for, signaling to occur. In this regard, we
hypothesize that non-K48 linkages may serve to target
previously activated signaling complexes to cellular ma-
chines, such as the HSP90/cdc37 complex, that are capable
of re-establishing signaling pathway competence. If the
formation of large oligomeric signaling complexes, includ-
ing those that appear to be highly stable (Hou et al. 2011),
is a necessary part of IKK activation, then one must predict
that there are active mechanisms required for complex
disassembly and re-establishment of the inducible signal-
ing pathway. This latter hypothesis is one for which there
are little data, but we speculate that analogous to the
targeting of proteins for proteasomal degradation by K48
ubiquitin, alternative linkages would be an efficient means
of targeting signalosomes to appropriate chaperones in
order to disassemble these multiprotein complexes and
reset signaling pathways.

To summarize, there are still significant gaps in our
understanding of IKK regulation. The most fundamental
aspects of the signaling pathway—namely, activation of
IKK and determination of substrate specificity—remain
inadequately understood. In some ways, however, there
has been progress toward a more unified model of kinase
activation. The basic issue remains the activation of kinases
downstream from receptors lacking inherent kinase
activity. Despite increasing numbers of players in path-
ways leading to IKK activation, particularly with regard to
ubiquitin ligase and DUB complexes, the model of kinase
activation by trans-autophosphorylation continues to
hold sway. The idea that nondegradative ubiquitin link-
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ages might function analogously to phosphorylation and
through direct target conjugation alter kinase activity no
longer appears to be embraced. Similarly, the idea that
K63 linkages on RIP1 and other upstream adapters serve
as recognition motifs, analogous to binding to phosphor-
ylated SH3 domains, for IKK and TAK1 recruitment is not
fully supported. Instead, it is now argued that nondegra-
dative ubiquitin chains can mediate proximity-induced
trans-autophosphorylation, although it remains to be ro-
bustly established in vivo. The alternative, but nonexclu-
sive, viewpoint that K63 and linear linkages may prolong
signaling through stabilization of signaling complexes is
also insufficiently understood in vivo. Thus, it is imper-
ative to making progress in understanding IKK signaling
that efforts be directed at understanding mechanistically
whether and how nondegradative ubiquitination functions
in IKK activation and regulation of IKK activity. Finally,
as a more complex picture evolves about the role of IkB
proteins in NF-«kB signaling, future efforts must also address
how targeting of IkB proteins by IKK complexes is regulated.

The I«B family: multifaceted NF-«B regulators

The classical role of IkB family proteins is to sequester
NF-kB complexes in the cytoplasm, thus inhibiting bind-
ing of NF-kB dimers to kB DNA sequences. It is readily
apparent, however, that the functions of individual IkB
family members are quite heterogeneous and are not
limited to this particular role in regulating NF-«B signal-
ing. IkB family proteins are best thought of as NF-xB
cofactors or chaperones, which can promote the formation
of otherwise unstable NF-«kB dimers in both the cytoplasm
and the nucleus. IkB binding to DNA-bound transctiption
factors, including but not limited to NF-kB, can influence
the recruitment of coactivators and, therefore, the tran-
scriptional response. Finally, through interactions with
other proteins, IkBs can mediate cross-talk between NF-
kB and heterologous signaling pathways. Thus, it has
become increasingly clear that IkB proteins contribute
immensely to mechanisms that allow NF-«B to participate
in diverse biological processes. Therefore, it continues to
be important to address the significant gaps in our un-
derstanding of IkB regulation.

Among the classical IkBs, IkBa and IkBf are broadly
expressed in all tissues, whereas IkBg is expressed only in
hematopoietic cells. The precursor proteins p100 and p105
can be either processed to form p52 and p50, respectively,
or degraded, resulting in the release of NF-kB complexes.
The atypical IkB proteins BCL-3, IkB{ and IkBNS (also
known as NF-«kBd and TA-NF-kBH) exhibit a far more
limited expression pattern. These atypical IkB proteins are
up-regulated following NF-kB activation and, therefore,
generally mediate their effects late in the transcriptional re-
sponse or during secondary responses. Here we review some
of the emerging diversity of IkB protein functions (Fig. 7).

IkBa: the prototype

IkBa remains the prototypical member of the IkB family,
exhibiting the classical traits that characterize IkB pro-
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Typical IkBs Atypical IkBs

teins. IkBa is chiefly responsible for the regulation of the
prototypical NF-kB complex, the p65/p50 heterodimer. In
the resting state, p65/p50 dimers are predominantly se-
questered by IkBa (Urban and Baeuerle 1990; Haskill et al.
1991; Kerr et al. 1991; Nolan et al. 1991), and signal-
induced release (Ghosh and Baltimore 1990; Haskill et al.
1991) and degradation (Henkel et al. 1993; Mellits et al.
1993; Lin et al. 1995) of IkBa via the proteasome (Pal-
ombella et al. 1994; Alkalay et al. 1995; Chen et al. 1995)
are necessary for nuclear import and DNA binding by NF-
kB. The nuclear NF-«B drives IkBa expression, generating
a negative feedback loop (Brown et al. 1993; de Martin
et al. 1993; Le Bail et al. 1993; Sun et al. 1993). Therefore, in
the absence of IkBa, the termination of NF-«B activation in
response to stimuli such as TNFa is significantly delayed
(Beg et al. 1995; Klement et al. 1996). The duration of
the NF-«kB response depends heavily on the kinetics of the
feedback pathway (Hoffmann et al. 2002). As a result, the
kinetics of NF-«B inactivation can be restored by placing
a different IkB (e.g., IkBB) under the control of the IkBa
promoter (Cheng et al. 1998).

IkBa, IkBB, and IkBe are considered traditional IxB
proteins; that is, they sequester NF-kB dimers away from
kB elements in unstimulated cells, thus inhibiting tran-
scription. Although IkBg knocked into the genome replac-
ing IkBa can serve analogously to IkBa, there are enough
differences between these inhibitors such that it is
unlikely that IkBa and IkBf are truly interchangeable.
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Figure 7. IkB functions. (A) Typical IxB

proteins function by promoting cytosolic
sequestration of NF-kB dimers. Upon stim-

- . . . .
1 ulation of the canonical signaling pathway,
1
’

such IkB proteins are phosphorylated by IKK
and targeted for proteasomal degradation.
Activation of NF-«kB results in resynthesis
of IkB proteins. (B) The precursor IkB pro-
teins pl00 and pl05 have multiple func-
tions. Their constitutive processing results
in the generation of p50 and p52 subunits.
Unprocessed precursor proteins may, alter-
natively, form complexes with other NF-«xB
proteins. Proteasomal degradation or pro-
cessing, in the case of p100:RelB complexes,
is induced by activation of the noncanonical
pathway. Proteasomal degradation of p105-
containing complexes is mediated by the
canonical pathway and can result in the
activation of both NF-«B and ERK via release
of pl05-bound Tpl2. (C) Atypical IkB pro-
teins are induced by various stimuli, includ-
ing NF-kB activation, and exert both positive
and negative effects on NF-kB-mediated
transcription. Atypical IkB proteins function
by binding to nuclear DNA-associated NF-
kB dimers. In the case of IkBB, newly syn-
thesized hypophosphorylated IkBB protein
acts to augment transcription of p65:c-Rel
dimers. BCL-3 may promote or inhibit tran-
scription, depending on various PTMs. IkB{
promotes transcription, whereas IkBNS in-
hibits transcription, by binding p50 dimers.

Indeed, analyses of NF-kB responses in mouse embryonic
fibroblasts (MEFs) lacking one, two, or all three IkB pro-
teins demonstrate that they have unique functions, even
within a given signaling pathway. The functional charac-
teristics of IkBa, IkBB, and IkBe are somewhat due to
temporal differences in their degradation and resynthesis
(Hoffmann et al. 2002). More recently, using cells deficient
in all three traditional IkB proteins, it has been shown that
the long-standing model of cytoplasmic sequestration by
IkB proteins is only partially true (Tergaonkar et al. 2005).
In particular, cells that lack all three subunits show
relatively normal nuclear/cytoplasmic p65 distribution
but significantly increased basal NF-kB-dependent gene
expression, suggesting that regulation of NF-«B transcrip-
tional activity by IkB proteins is partly independent of
cytoplasmic sequestration. This work also definitively
confirmed that stimulus-induced activation of canonical
NF-kB requires the three typical IkB proteins (Tergaonkar
et al. 2005).

IkBe: slow starter

Like IkBa, IkBe is degraded in an IKK-dependent manner
and, following phosphorylation of Ser 157 and Ser 161,
undergoes B-TrCP-dependent proteasomal degradation
(Whiteside et al. 1997; Shirane et al. 1999). However, IkBe
degradation and resynthesis occur with considerably
delayed kinetics compared with that of IkBa. The differ-



ence in the kinetics of IkBe and IkBa degradation has
profound effects on the nature of the transcriptional
response to TNF (Kearns et al. 2006). IkBe is thought to
selectively regulate p65 homodimers and c-Rel:p65 het-
erodimers (Simeonidis et al. 1997; Whiteside et al. 1997).
IkBe is induced slowly, and hence it is thought to suppress
late NF-kB gene activation by p65:c-Rel. The origin of the
differential kinetics of IkBa and IkBe degradation is not
clear. One possibility is that the canonical IKK complex ex-
hibits substrate preference for IkBa. Alternatively, active
mechanisms may delay IkBe degradation. For example,
IkBe constitutively associates with the PP6 phosphatase
holoenzyme through the PP6R1 subunit (Bouwmeester
et al. 2004). PP6R1 knockdown results in accelerated deg-
radation of IkBe (Stefansson and Brautigan 2006). It is tempt-
ing to speculate that ongoing dephosphorylation of IkBe
S$157 and S161 may delay IkBe degradation relative to IkBa.
Probably due to the presence of a noncanonical NES,
IkBe undergoes less nuclear-cytoplasmic shuttling than
IkBa and is therefore more restricted to the cytoplasm
(Simeonidis et al. 1997; Tam et al. 2000; Lee and Hannink
2002). IkBe is primarily expressed in hematopoietic cells,
and loss of IkBe results in selective defects in hematopoietic
lineages. However, in initial analyses, it was shown that
IkBe loss is largely compensated for by the presence of IkBa
(Goudeau et al. 2003; Samson et al. 2004). More recently, it
has been observed that B cells lacking IkBe have augmented
basal and B-cell receptor (BCR)-induced nuclear c-Rel
(Clark et al. 2011). IxBe is differentially expressed during
B-cell development and has been proposed to regulate both
p65- and c-Rel-containing NF-kB complexes in B cells
(Doerre and Corley 1999; Doerre et al. 2005). The temporal
and cell type-specific degradation and expression of IkBe
support the hypothesis that different IkBs play unique
functions in NF-«B responses and indicate that a more
detailed analysis of IkBe function in vivo is needed.

IkBg: still mysterious

Like IkBa and IkBe, IkBB is phosphorylated by the IKK
complex on two N-terminal serine residues (Box 6);
however, the kinetics and pattern of kBB degradation
are remarkably different (Kerr et al. 1991; Thompson et al.
1995; Tran et al. 1997; Weil et al. 1997). It has long been
appreciated that IkBB behaves quite differently than IkBa,
but the physiological relevance of this observation has
been unclear. IkBp undergoes slow degradation and resyn-
thesis, similar to IkBg, yet deletion of IkBB does not
dramatically affect the kinetics of the NF-kB responses,
as seen upon deletion of IkBa or IkBe (Hoffmann et al.
2002; Kearns et al. 2006). However, both the nuclear/
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cytoplasmic localization and PTM of IkBp seem to be
unique, and IkBB is capable of associating with NF-kB
dimers that are bound to DNA (Thompson et al. 1995;
Suyang et al. 1996; Phillips and Ghosh 1997).

Upon stimulation by LPS, IkBf is degraded with slow
kinetics followed by resynthesis and accumulation of a
hypophosphorylated form of IkBB that can be detected in
the nucleus (Thompson et al. 1995; Suyang et al. 1996;
Phillips and Ghosh 1997; Weil et al. 1997). The crystal
structure of IkBB bound to p65 homodimers suggests that
this association might occur in conjunction with binding
to DNA (Malek et al. 2003). In vitro, hypophosphorylated
IkBB does not mask the NLS of p65 and can bind DNA
with p65 and c-Rel (Suyang et al. 1996; Phillips and Ghosh
1997; Tran et al. 1997). DNA-bound NF-kB:IkBf com-
plexes are resistant to newly synthesized IkBa, suggesting
that hypophosphorylated, nuclear IkB may prolong the
expression of certain genes (Suyang et al. 1996). Conversely,
phosphorylated IkBB present in unstimulated cells masks
the p65 NLS and inhibits binding to DNA in vitro (Suyang
et al. 1996; Phillips and Ghosh 1997; Tran et al. 1997).

Recently, two groups, including our own, have reported
the characterization of IkBB knockout mice (Rao et al.
2010; Scheibel et al. 2010). These animal models support
the notion that IkBf has both cytoplasmic and nuclear
functions. In the cytoplasm, it appears that IkBp acts as a
traditional IkB by sequestering p65- and c-Rel-containing
complexes (Rao et al. 2010; Scheibel et al. 2010). IkB may
not only inhibit, but also allow, the formation of p65:c-Rel
heterodimers (Rao et al. 2010). Stimulus-induced IkBB
degradation allows nuclear translocation and transcrip-
tional regulation by these dimers. As we and others have
previously hypothesized, newly synthesized, hypophos-
phorylated IkBB binds with NF-kB complexes to DNA. In
particular, IkBf binds p65:c-Rel heterodimers and, based
on the effects of the knockout, promotes continued bind-
ing to specific kB sites and augments late transcription of
select target genes, such as TNF (Rao et al. 2010} and IL-18
(Scheibel et al. 2010). As a result, mice lacking IkB show
decreased transcription of these important proinflamma-
tory genes and are resistant to LPS-induced septic shock
and collagen-induced arthritis (Rao et al. 2010; Scheibel
et al. 2010). Thus, both biochemical and genetic evidence
support a complex role for IkBB as both a positive and
negative regulator of NF-kB transcriptional responses.

BCL-3—a multipurpose protein

BCL-3 was identified as a proto-oncogene that is overex-
pressed in B-cell chronic lymphocytic leukemia (Ohno
et al. 1990). A clearly delineated role for BCL-3 in NF-kB

Box 6. The IkB degron.

Phosphorylation of the conserved de-

family of E3 ligases (Yaron et al. 1998; IkB (Wu and Ghosh 1999), pl00

struction box serine residues (DSGXXS)
in IkB proteins induces recognition
by BTrCP, followed by K48-linked poly-
ubiquitination by the Skpl-Culin—
Rocl/Rbx1/Hrt-1-F-box (SCF or SCREF)

Fuchs et al. 1999; Kroll et al. 1999;
Spencer et al. 1999; Suzuki et al. 1999;
Winston et al. 1999; Wu and Ghosh
1999) coordinately with the E2 UbcH5
(Yaron et al. 1998; Spencer et al. 1999).

(Fong and Sun 2002; Fong et al. 2002;
Amir et al. 2004; Xiao et al. 2004), and
pl05 (Orian et al. 2000; Heissmeyer
et al. 2001) also possess similarly defined
degrons.
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signaling has remained elusive, although several unique
properties have been described. It appears that BCL-3 may
both inhibit and facilitate NF-kB-dependent transcription
in a context-specific manner. The most striking character-
istics of BCL-3, compared with other IkB proteins, is that
it has a well-defined TAD and is mainly localized to the
nucleus, characteristics consistent with a role as a direct
regulator of transcription (Nolan et al. 1993). In the nucleus,
BCL-3 is detected bound to p50 and p52 homodimers (Bours
et al. 1993; Fujita et al. 1993; Nolan et al. 1993), and the
nuclear localization of BCL-3 depends on these interac-
tions. Thus, PTMs affecting association of BCL-3 with
DNA-binding proteins can alter the nuclear/cytoplasmic
localization of BCL-3. As p50 and p52 lack TADs, it is
likely that BCL-3 confers transactivating potential to
what are otherwise transcriptional repressors. Alterna-
tively, BCL-3 might facilitate transcription by displacing
p50 and p52 homodimers and allowing occupancy by
transcriptionally active NF-kB (Hatada et al. 1992; Inoue
et al. 1992; Wulczyn et al. 1992; Franzoso et al. 1993;
Naumann et al. 1993). BCL-3 may also repress transcrip-
tion by stabilizing p50 and p52 dimers bound to kB sites.
The ability of BCL-3 to function as a transactivating
protein or inhibitor of NF-kB is in part determined by
PTMs. BCL-3 is subject to several phosphorylation events
that regulate its ability to bind to p50 or p52 homodimers
and possibly confer transactivating potential (Nolan et al.
1993; Caamano et al. 1996; Bundy and McKeithan 1997).
Thus, the formation of transcriptionally active BCL-3—
p52-p52 or BCL-3-p50-p50 complexes may require phos-
phorylation and ubiquitination of BCL-3 (Bours et al. 1993;
Massoumi et al. 2006). The important NF-«kB-regulated
cell proliferation gene cyclin D1 is known to be regulated
by BCL-3. Regulation of cyclin D1 expression depends on
the binding of BCL-3-p52-p52 complexes to a kB site in
the cyclin D1 promoter (Westerheide et al. 2001). How-
ever, when the tumor suppressor transcription factor p53
is active, BCL-3 levels decrease, and instead p52 homo-
dimers bind to the same kB site within the cyclin D1
promoter, thereby recruiting histone deacetylase 1
(HDAC]1) to repress transcription (Rocha et al. 2003).
Transcriptional activation by BCL-3 depends on its lo-
calization to the nucleus, which has recently been shown
to depend on ubiquitination. Furthermore, ubiquitination
of BCL-3 is negatively regulated by CYLD, a DUB and
known negative regulator of NF-kB signaling (Massoumi
et al. 2006). Because CYLD is itself an NF-kB-regulated
gene, these findings may help to clarify some of the con-
fusion surrounding BCL-3 function: To form transcrip-
tionally active complexes, BCL-3 must be induced either
in the absence of CYLD or under conditions in which
BCL-3 resists targeting by CYLD. When CYLD and BCL-3
are coexpressed, repressive p50 or p52 homodimers are
displaced by deubiquitinated BCL-3 (Massoumi et al. 2006).
BCL-3 may also function as an inhibitor of NF-kB ac-
tivity by stabilizing repressive NF-kB dimers in a DNA-
bound state and preventing the binding of transcriptionally
active dimers. Stabilization of repressive complexes by
induction of BCL-3 has therefore been proposed to function
in processes such as LPS tolerance (Wessells et al. 2004,
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Carmody et al. 2007). BCL-3 may prevent ubiquitination of
p50 homodimers and their replacement with transcrip-
tionally active NF-«kB dimers (Carmody et al. 2007). In-
hibition of NF-kB by this mechanism would occur at kB
sites that exhibit a strong binding preference for p50
dimers. BCL-3 expression is regulated by NF-«B, which
may result in termination of the late stage p50-dependent
transcriptional responses (Brasier et al. 2001; Ge et al.
2003). Expression of BCL-3 can also be regulated indepen-
dently of NF-kB. For example, IL-4 acting through AP1
(Rebollo et al. 2000), and IL-6 acting through Stat3 (Brocke-
Heidrich et al. 2006) can induce BCL-3 expression. How-
ever, it is the interplay of the anti-inflammatory cytokine
IL-10 with BCL-3 that has received the most attention. IL-
10 treatment induces the expression of BCL-3, and this
leads to inhibition of LPS-induced TNF production (Kuwata
et al. 2003). In IL-10-deficient mice, BCL-3-p50-p50 com-
plexes are decreased, and p65-dependent cytokine pro-
duction (e.g., [L-23) is enhanced (Muhlbauer et al. 2008).
Finally, BCL-3 may also be a cofactor for other trans-
ctiption factors. BCL-3 binds TORC3 (transducer of regu-
lated CREB activity 3) and Tax/pCREB complexes and
represses transcription by preventing p300 recruitment to
the HTLV promoter (Hishiki et al. 2007; YM Kim et al.
2008). A recent report identified ERRa and PPAR« as BCL-
3-binding partners (Yang et al. 2009). BCL-3 appears to act
with the coactivator PGCla (PPARYy coactivator 1a) in the
regulation of a subset ERRa- and PPARa-dependent tran-
scriptional responses (Yang et al. 2009).

Thus, BCL-3 can mediate a complex set of functions by
regulating the function of NF-kB and non-NF-«B tran-
sctription factors. Although loss of BCL-3 reveals a rela-
tively mild phenotype (Franzoso et al. 1997), BCL-3 has
multiple described roles in vivo, particularly in lympho-
cyte development and function. BCL-3 knockout mice
have well-described defects in T-cell responses and fail to
develop antigen-specific responses (Franzoso et al. 1997;
Schwarz et al. 1997). Induction of BCL-3 in T cells during
infection or immunization promotes the survival of acti-
vated T cells (Mitchell et al. 2001; Valenzuela et al. 2005;
Bauer et al. 2006). BCL-3 also exhibits anti-inflammatory
function by limiting granulopoiesis under settings of
acute inflammation (Kreisel et al. 2011). It remains to be de-
termined whether the effects of BCL-3 on granulopoiesis—or,
for that matter, similar effects on T-cell differentiation
and survival (Rangelova et al. 2008)—are due to repres-
sion of p50- or p52-dependent transcriptional responses.
Thus, BCL-3 restricts inflammation by suppressing proin-
flammatory gene expression and inducing anti-inflam-
matory gene expression, as well as through regulation of
granulocyte responses.

IkB{—an induced transcription activator

IkB{ (MAIL and INAP) was identified through its se-
quence similarity to BCL-3 (Kitamura et al. 2000; Haruta
et al. 2001; Yamazaki et al. 2001), with which it also
exhibits some functional homology. IkB, like BCL-3, can
augment transcription in association with p50 NF-xB
dimers. Unlike BCL-3, it is thought that expression levels



rather than PTMs primarily regulate the contribution of
IkB{ to NF-kB responses. IkB{ expression is regulated by
NF-«kB; however, an increase in IkB{ protein levels occurs
only in response to select NF-«kB signaling pathways; in
particular, those depending on MyD88 (Kitamura et al.
2000; Haruta et al. 2001; Yamazaki et al. 2001; Eto et al.
2003; Muta et al. 2003). It was subsequently shown that
stabilization of the IkB{ transcript and IkB{ protein
expression depends on additional signaling provided by
TLR/IL-1R, but not TNF (Yamazaki et al. 2005). The
mechanism of IkB{ regulation by IL-1 is unclear. IL-17
stimulation also stabilizes IkB{ mRNA; however, because
IL-17 alone does not induce transcription of IkB{, costi-
mulation with TNF and IL-17 is required to induce IkB{
protein up-regulation (Yamazaki et al. 2005). It has re-
cently been shown that signaling through IL-17R can
activate NF-kB (Bulek et al. 2011; Sun et al. 2011).
Surprisingly, stabilization of IkB{ mRNA is independent
of TRAF6 (Hartupee et al. 2009), and the components
upstream of TRAF proteins are not shared between the
Toll/IL-1R and IL-17R pathways (Gaffen 2009). Therefore,
the common signal between IL-17R and IL-1R that leads to
IkB{ protein expression is not obvious. Recent work suggests
that IkB{ mRNA contains both transcriptional silencing and
destabilizing elements and implicates the kinase IRAK-1 (IL-
1R-associated kinases-1), downstream from IL-1R, in the
regulation of IkB{ expression (Hartupee et al. 2007, 2009;
Dhamija et al. 2010). Although IL-17 seems to act via the
same mechanism in regulating IkB{ translation (Dhamija
et al. 2010), IRAK-1 is not required for IL-17R signaling
(Gaffen 2009). However, IL-17R does signal through Actl,
and IL-17 fails to stabilize IkB{ in the absence of Actl (Chang
et al. 2006; Hartupee et al. 2009). Therefore, IL-1 and IL-17
induce IkB{ expression through distinct pathways, depend-
ing on IRAK-1 and Actl, respectively, which likely culmi-
nate in the same mechanism of IkB{ mRNA stabilization
and translation.

Once induced, IkB{ acts to selectively augment NF-«B-
dependent transcriptional responses (Yamamoto et al.
2004b). Like BCL-3, IxB{ binds p50 dimers at kB sites,
most notably on the IL-6 promoter. Although IkB{ does
not have a well-defined TAD, there is some evidence to
suggest that, at least upon overexpression, IkB{ can im-
part transactivating capacity to p50 dimers (Motoyama
et al. 2005). Consequently, IL-6 is not induced by LPS in
IkB{-deficient cells (Yamamoto et al. 2004b). In contrast to
its role with p50, IkB{ may negatively regulate p65-con-
taining NF-kB complexes (Motoyama et al. 2005). Indeed,
a splice variant of IkB{, IkB{-D, lacking the N-terminal
region that has been implicated in transactivation, may
selectively act as a transcriptional inhibitor (Motoyama
et al. 2005). Consistent with the proposed inhibitory role
of IkB{, a slight elevation of some p65-dependent transcripts
is observed in cells from IkB{-deficient mice (Yamamoto
et al. 2004b). Perhaps as a consequence of up-regulation of
p65-regulated genes, IkB{-deficient mice exhibit a proin-
flammatory phenotype. IkB{-deficient mice exhibit atopic
dermatitis with elevated cytokine production in skin
(Shiina et al. 2004) and increased serum TNF levels fol-
lowing LPS treatment (Yamamoto et al. 2004a). Finally,
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like BCL-3, IkB{ may also regulate transcription in an
NF-kB-independent manner. IkB{ knockout mice are de-
ficient in the development and induction of proinflam-
matory Ty17 cells (Okamoto et al. 2010). This failure of
Ty17 development is due to impaired transcription of the
IL-17A gene. However, neither IkB{-mediated induction of
IL-17A nor Tyl7 development requires p50. Instead, it
appears that IkB{ cooperates with, but may not directly
bind to, the nuclear orphan receptors RORa and RORy
(Okamoto et al. 2010). It remains to be seen how IkB{ is
recruited to the il17a promoter and through what mech-
anism the IkB{ TAD acts to drive transcription.

IkBNS—an induced transcription repressor

IkBNS was identified as an inducibly expressed IkB protein
in T cells undergoing negative selection (Fiorini et al. 2002)
but was subsequently shown to be inducibly expressed in
multiple cell types. Unlike typical IkB proteins, IkBNS
overexpression only marginally inhibits NF-«kB (Fiorini
et al. 2002). Like BCL-3, IkBNS is strongly induced by the
anti-inflammatory cytokine IL-10 and appears to mediate
some of the repressive effects of IL-10 on proinflammatory
cytokine production during TLR stimulation (Hirotani
et al. 2005). Given that IkBNS shows a preference for
binding to p50 (Fiorini et al. 2002}, it has been assumed that
it inhibits NF-kB-dependent proinflammatory gene expres-
sion by stabilizing p50 homodimers at «B sites. This effect
is selective, as in IkBNS knockout cells, IL-6 and IL-12p40
are increased following LPS stimulation, but not TNF
(Kuwata et al. 2006). Recently, it has also been shown that
in “regulatory” dendritic cells (DCs), a subset of DCs that
produce high levels of IL-10 in response to LPS stimula-
tion, both BCL-3 and IkBNS are induced following stim-
ulation with LPS (Fujita et al. 2006). However, despite the
initial characterization of IkBNS in thymocyte selection,
knockout mice have normal T-cell development and
function (Kuwata et al. 2006; Touma et al. 2007), except
for mildly decreased IL-2 production and, consequently,
decreased proliferative capacity (Touma et al. 2007).
Therefore, whereas IkBNS bound to p50 homodimers on
DNA is an inducible negative regulator of NF-kB activity,
it might also increase the expression of a small subset of
genes, although the mechanism by which it acts in this
capacity remains to be defined.

p100—NF-kB and multifunctional IxB

The precursor protein pl00 adds yet another level of
complexity to the IkB family. The protein p100 is encoded
by NFKBZ2 and, like other IkB proteins, is induced in
response to NF-kB stimuli. Both p100 and p52 can bind
other NF-kB subunits, while only p52 can bind to DNA
(Naumann et al. 1993; Scheinman et al. 1993). p100 can
function as an IkB, although in unstimulated cells, p100
can undergo constitutive processing to yield p52 (Xiao
et al. 2004; Qing and Xiao 2005). IKK« and NIK (Senftleben
et al. 2001a; Xiao et al. 2001, 2004) can phosphorylate
p100 on a C-terminal degron with sequence homology with
Lys 22 of IkBa, leading to either degradation or processing
to p52 (Fong et al. 2002; Amir et al. 2004; Liang et al.
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2006). NIK both phosphorylates and activates IKKa and
augments binding between IKKa and p100 (Vallabhapurapu
et al. 2008; Zarnegar et al. 2008). Full-length p100 binds
several NF-kB family members, but its function is most
closely intertwined with that of RelB. RelB appears to
associate primarily with p100 or p52 and, in fact, requires
p100 binding for stability (Solan et al. 2002; Fusco et al.
2008). As a result of selective binding of RelB to p100,
constitutive processing of pl00 in certain tissues may
result in constitutive production of RelB/p52 dimers and
basal NF-kB activity (Qing and Xiao 2005). Such activity
has been demonstrated in lymphoid organs, and as a con-
sequence, Relb~'~ mice show decreased NF-kB activity in
these tissues (Weih et al. 1995). Induction of p100 expres-
sion by NF-kB can also facilitate the exchange of p65-
containing dimers for RelB/p52 dimers (Saccani et al.
2003). Because induced RelB/p52 dimers are resistant to
IkBa, they may promote late transcription by displacing
p65-containing dimers, thereby overcoming negative feed-
back mechanisms at late stages of the response (Saccani
et al. 2003). However, at other promoters, including those
of I11b and Tnf, RelB may act as a transcriptional repressor,
and because RelB is induced at later time points, it may
have a functional role in the maintenance of LPS tolerance
or termination of transcriptional responses(Saccani et al.
2003; Yoza et al. 2006; El Gazzar et al. 2007).

Although stabilization of RelB dimers may be regulated
exclusively by p100, p100 itself can act more broadly in
inhibiting NF-kB dimers. The p100 protein can regulate
a fraction of canonical, p65-containing NF-xB dimers
through pathways that signal through IKK« (Basak et al.
2007). Thus, induced p100 may act in a more typical IkB
feedback loop, in that newly expressed p100 may regulate
p65-containing dimers (Basak et al. 2007; Shih et al. 2009).
An increase in pl00 and, consequently, p52 levels will
promote RelB:p52 complexes, whereas increased p100
binding to “canonical” NF-kB complexes would facilitate
activation of these complexes by signals that activate
IKKa. For example, following T-cell receptor stimulation,
p100 is up-regulated in T cells and forms complexes with
p65-containing dimers (Ishimaru et al. 2006). Presum-
ably, formation of such complexes would fundamentally
alter the consequences of activating the noncanonical
pathway in that NIK/IKKa-dependent phosphorylation
of p100 would liberate both p65- and RelB-containing
NF-«B dimers. Thus, p100 can exhibit properties that are
representative of several important IkB functions: p100
may act as a typical IkB by sequestering NF-kB-containing
complexes—both p65- and RelB-containing—in the cyto-
plasm; p100 can shape the pool of available NF-«kB dimers,
not only through processing to p52, but also through
stabilization of RelB; and p100 can function as an induced
1B due to the high level of p100 transcriptional regulation.

p105—from IKK to ERK

The precursor protein pl05, encoded by NFKBI, like
pl100, serves as both a NF-kB subunit precursor and an
IkB protein. In unstimulated cells, p105 undergoes a con-
stitutive rate of proteasomal processing to p50 (Fan and
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Maniatis 1991; Palombella et al. 1994; L Lin et al. 1998).
Constitutive pl05 processing to p50 may occur both
cotranslationally (L Lin et al. 1998) and post-translationally
(Fan and Maniatis 1991; Moorthy et al. 2006). Limited
proteolysis of the precursor protein, which generates p50,
is independent of ubiquitination and is likely mediated by
the 20S proteasome (Moorthy et al. 2006). The pl105
glycine-rich region (GRR; amino acids 376-404) serves
as a stop signal for proteolysis, perhaps by acting as a poor
proteolytic substrate (Lin and Ghosh 1996; Orian et al.
1999; Moorthy et al. 2006). Thus, rather than undergoing
complete degradation, pl05 is processed from the C
terminus to the GRR, resulting in liberation of p50.

In addition to giving rise to the p50 NF-kB subunit,
several additional functions have been ascribed to p105.
First, p105 can act like a typical IkB protein (Rice et al.
1992; Mercurio et al. 1993; Sriskantharajah et al. 2009) by
binding NF-«kB dimers and undergoing signal-induced
phosphorylation and degradation. This function is depen-
dent on the generation of pl05 bound to other NF-«B
proteins. Indeed, the formation of heterodimeric and
homodimeric complexes with other Rel proteins likely
inhibits constitutive processing of pl05 (Harhaj et al.
1996; Cohen et al. 2001; Moorthy et al. 2006; Shih et al.
2009). Mature pl05 bound to another NF-kB family
member may be processed to p50: For example, if bound
to p65, p50:p65 heterodimers would be produced. If p105
is not rapidly processed to p50, then the remaining
C-terminal domain will mediate the formation of stable
higher-order NF-kB complexes; e.g., pl05:p65:p105:p65
(Shih et al. 2009). The IkB activity mediated by this p105
pool is likely to be both heterogenous and highly de-
pendent on the relative translation of pl05 and other
NF-kB proteins (Shih et al. 2009). As p105 will undergo
rapid dimerization upon synthesis, the nature of the
dimer depends on the pool of available binding partners,
the NF-kB milieu. As different dimers may well have
differing sensitivity for 20S proteasomal processing, the
relative level of pl05 versus p50 generated may vary
depending on cell type and status.

Activation of stable pl105-inhibited NF-«kB complexes
likely occurs through activation of the canonical NF-«B
pathway. Multiple reports have demonstrated that IKK(-
dependent phosphorylation of pl105 C-terminal serines,
including Ser 923 and Ser 927, is followed by inducible
degradation of p105 (Fujimoto et al. 1995; MacKichan et al.
1996; Heissmeyer et al. 1999, 2001; Orian et al. 2000;
Salmeron et al. 2001; Lang et al. 2003; Cohen et al. 2004).
Phosphorylation of pl105 Ser 923/927 leads to SCEP-TCP
binding, polyubiquitination at multiple lysine residues,
and 26S proteasome-mediated degradation of the entire pro-
tein (Harhaj et al. 1996; Orian et al. 1999; Cohen et al. 2004).

Through interactions with several non-NF-«B pathway
proteins, pl05 has been associated with other signaling
pathways. The best studied of these is TPL-2, an upstream
kinase in the MKK1/2-Erkl/2 pathway (Gantke et al.
2011). Through this interaction and IKK, in particular
IKKB, pl05 can regulate the activation of ERK. IKKp-
induced degradation of pl05 leads to the release and
activation of TPL2, rendering IKKB and p105 critical for



both NF-kB and MAPK activation (Beinke et al. 2004;
Waterfield et al. 2004). Additional regulatory functions of
pl05 may be mediated through other interaction part-
ners, such as the helix-loop-helix transcription factor
LYL1, c-FLIP, coatomer-f subunit protein COPB2, JNK-
interacting leucine zipper protein (JLP), and ABIN pro-
teins (Ferrier et al. 1999; Li et al. 2003; Bouwmeester et al.
2004; Zhang et al. 2004).

Other potential IkBs

In addition to the IkB proteins described above, several
additional potential IkB-like proteins have been identified
in humans and mice. These include IkBR (Ray et al. 1995),
IkBn (Yamauchi et al. 2010), and IkBL (Albertella and
Campbell 1994). Despite the naming of these proteins as
IkBs, IkBR and IkBL are not established IkB family
members. IkBR (NFKBIL2) is encoded in the human
MHC complex and was initially reported to inhibit p50-
containing dimers (Ray et al. 1995). However, analysis of
the IkBR gene suggests no relationship to the IkB family
(Norman and Barton 2000). Recent work has implicated
IkBR as a regulator of DNA replication and genomic sta-
bility (Duro et al. 2010; O’Connell et al. 2010; O’Donnell
et al. 2010; Piwko et al. 2010). While it is tempting to
speculate that IkBR could participate in DNA damage-
induced NF-«kB activation, the data do not support any
function connected directly to regulation of NF-kB.
Therefore, IkBR/NFKBIL2 is not an IkB family member.
In contrast, an IkBL (NFKBL1) transgenic mouse model
affects NF-kB-dependent gene expression, suggesting that
this ankyrin repeat-containing protein may have an IkB-
like function (Chiba et al. 2011). However, IkBL has been
shown not to bind NF-«B proteins or alter NF-kB-driven
reporter activity (Greetham et al. 2007). Thus, existing
evidence also does not support a role for IkBL as an IkB
family member. IkBn, the most recently reported IkB-like
protein, is primarily nuclear in localization and appears to
augment the transcription of certain target genes by binding
to NF-kB p50 (Yamauchi et al. 2010). Thus, while IkB-R and
IkB-L are not IkB family members, more work remains to be
done to better determine whether IxBn is a bona fide IxB.
Thus, the IkB family is now appreciated to function in
multiple aspects of the NF-kB response (Fig. 7). In the
cytoplasm, IkB proteins can both inhibit, through seques-
tration, and facilitate, through stabilization of otherwise
unstable complexes, specific aspects of the NF-kB tran-
scriptional response. In the nucleus, IkB proteins also exert
pleiotropic effects. IkBs may act to remove NF-kB com-
plexes from the DNA, stabilize NF-«B complexes bound to
DNA, and alter the recruitment of coactivators to DNA-
bound NF-kB complexes. Future research will need to
more fully address the differential regulation of these
distinct functions, particularly in instances where individual
IkB have been shown to exert divergent biological effects.

Transcription factor NF-xB

The classical model of NF-kB regulation by cytoplasmic
sequestration is inherently satisfying. Perhaps as a result,
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the mechanistic basis of how NF-kB dimers actually
mediate expression of target genes has not been explored
in sufficient detail. NF-«kB family members are capable of
binding to multiple transcriptional coregulators, includ-
ing both HDACs and histone acetyltransferases (HATS).
As NF-kB lacks intrinsic enzymatic activity, it is through
recruitment of HATs, including CBP and p300, and
HDAC:S, including HDAC1 and HDACS3, that this tran-
scription factor family modifies transcriptional re-
sponses. However, it is not yet clear that coregulator
recruitment to kB sites is the only mechanism through
which NF-kB family members can regulate transcrip-
tion. What is clear is that release of NF-kB dimers from
IkBs is not sufficient to explain the complex regulation
of NF-«kB responses. Instead, the regulation of transcrip-
tional responses by NF-«kB exhibits several additional
layers of complexity (Box 7).

As there are five members of the NF-kB family capable
of forming various homodimers and heterodimers, con-
sequently, there are a variety of potential, functional
NF-kB units that may regulate distinct transcriptional
programs. Binding to heterologous transcription factors
either directly or in the context of DNA-associated
enhanceosomes further broadens the range of NF-«B target
genes. Finally, multiple PTMs targeting NF-kB subunits
that affect function and stability; subcellular and sub-
nuclear localization; and binding to DNA, cofactors, and
heterologous transcription factors have all been described.
Although much of what we know about the regulation of
transcription by NF-«B has been based on analyses of the
p65:p50 heterodimer, specific functions for individual NF-
kB subunits and specific dimer pairs are increasingly being
described (Smale 2011; Siggers et al. 2012). Such inherent
complexity of the NF-kB system may explain some of the
variety in the biological functions that are dependent on
NF-kB. Although there has been great progress in under-
standing the regulation of specific gene expression pro-
grams by NF-kB, this is an area in which much remains
to be understood. There are outstanding questions about
some of the most fundamental aspects of how NF-«B
controls transcription of target genes. A detailed analysis
of the biological contribution of individual NF-kB com-
plexes to transcriptional programs is well beyond the
scope of this review. Instead, we focus here on a more
general discussion of what is known and what remains as
yet unanswered about how NF-kB regulates transcription.

It is generally thought that NF-«B induces transcription
through the recruitment of coactivators that, in turn,
alter the chromatin environment to allow transcription
to occur. Transcription in eukaryotes classically depends
on the assembly of the preinitiation complex (PIC) at the
core promoter sequence flanking the transcription start
site (Kornberg 2007). The core promoter consists of ~80
base pairs (bp) and may contain a TATA element located
~27 bp upstream of the transcriptional start site. Recog-
nition of the core promoter is the first step of transcrip-
tion and is therefore thought to be the primary event
regulated by NF-«B. In the classic scenario of a TATA-
containing core promoter leading to RNA polymerase
II-mediated transcription, the TATA-binding protein (TBP)
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NF-«kB, not unlike other transcription
factor families, recognizes a degenerate
DNA-binding site that is widely dispersed
throughout the genome. However, under
many circumstances, activation of induc-
ible transctiption factors leads only to the
expression of a subset of the genes that
they are capable of activating. Therefore,
in addition to binding site specificity,
there are additional mechanisms that de-
termine which target genes are transcribed
when NF-«kB is activated (Hoffmann et al.
2006).

Transctiption factor dimerization.
NF-«B family proteins, like members of
many other transctiption factor families,
are capable of homodimerization and
heterodimerization that can alter both
their mechanisms of regulation and
their DNA-binding site specificity
(Smale 2011). Thus, cells expressing

Box 7. Regulation of transcriptional specificity.

a distinct complement of NF-kB dimers
will exhibit distinct transcriptional spec-
ificity, as will signaling pathways that
activate only a subset of NF-kB dimers.
Transcription factor PTMs. Phosphor-
ylation, SUMOylation, ubiquitinylation,
acetylation, and other modifications can
affect the localization, stability, and ability
of NF-kB proteins to interact with DNA
and transcriptional cofactors. Induction of
these modifications can be differentially
regulated by specific signaling pathways.
Heterologous transctiption factors.
When multiple transctiption factors are
activated together, as is often the case,
transctiption factor cross-talk in the
form of both coordinated recruitment
and competition for cofactors results in
either transcriptional synergy or antago-
nism. Genes with promoters requiring
the simultaneous binding of NF-kB and

another transctiption factor will thus be
specifically transcribed only in response
to signals that activate both transctiption
factors. NF-kB can also directly interact
with heterologous transctiption factors,
again requiring the activation of both
transctiption factors for the transcription
of specific genes.

Cell state. During cellular differ-
entiation, durable changes in chromatin
structure that selectively alter DNA
accessibility are acquired, resulting in
cell type-specific transcriptional profiles.
Less permanent changes in chromatin
structure also accompany altered cellular
status brought about by signaling events.
Therefore, the kinetics of transctiption
factor activation, both homologous and
heterologous transctiption factors, can
determine which genes NF-kB can sub-
sequently activate.

binds to the TATA box, leading to formation of the TFIID-
containing general transcription factor complex. Other
components of the TFIID complex, such as TAF subunits,
also make contact with DNA at the downstream core,
promoter, and initiator elements and can mediate assem-
bly of the complex at TATA-less promoters. For example,
TFIA augments binding of TFIID to the core promoter
elements. Recruitment of RNA polymerase II, along with
the other general transcription factors TFIIB, TFIIE, TFIIF,
and TFIIH, which includes DNA helicase activity, and
the large mediator coactivator complex, consisting of co-
activators and corepressors, completes the PIC and is
sufficient for transcription to begin. However, in vivo,
transcription also requires additional modifications of
both the PIC and the chromatin. Therefore, recruitment
of transcriptional activators, chromatin-modifying en-
zymes, and elongation factors by transctiption factors is
essential for triggering transcription even after PIC as-
sembly. Indeed, it is now increasingly appreciated that for
many inducibly transcribed genes, the PIC is preassem-
bled and poised at core promoter elements (Kim et al.
2005; Bernstein et al. 2006; Guenther et al. 2007). Thus, it
appears that for many rapidly activated genes, inducible
transcription depends on effects that target post-PIC steps
of transcription: transcription initiation, release of paused
polymerase II, and transcriptional elongation. While NF-
kB was historically thought to act primarily by promoting
PIC assembly, recent data have demonstrated a role for
NF-kB in both pre- and post-PIC regulation of transcrip-
tion. While selective regulation of these activities is
clearly crucial for transcriptional specificity, our current
understanding of the regulation of transcription by NF-«B
discriminates poorly between pre- and post-PIC func-
tions. This failure can be traced in part to a lack of
detailed understanding of coregulator recruitment by NF-
kB dimers. Therefore, it is worth discussing what is
known about this process and its regulation and what
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remains to be done to better understand the regulation
of transcription by NF-«B.

NF-kB recruits coregulators to DNA

NF-«kB family members are capable of recruiting HATSs
and HDACs to the enhancers and promoters of target
genes. HATSs, including PCAF, CBP, and p300, can pro-
mote open chromatin structure through histone acetyla-
tion and allow PIC assembly and transcription. However,
this is not the sole mechanism through which these
coregulators affect transcription, as HAT activity has been
shown to be dispensable for some p300 functions (Kimbrel
et al. 2009). NF-«B subunits have intrinsic differences in
their ability to bind to HATs and HDACSs and, therefore,
different capacities to induce or repress transcription. NF-
kB p50 and p52, which lack a TAD, bind only to HDACs
and, therefore, when binding to DNA alone, act primarily
as transcriptional repressors.

PTMs influence coregulator recruitment

Numerous regulatory PTMs of NF-kB have been reported
and shown to have effects on transcriptional responses
(Box 8). PTMs targeting NF-kB can be mediated by
components of both the NF-kB or heterologous signaling
pathways. By providing an additional layer of regulation
to transcriptional responses, it is thought that NF-«B
PTM:s prevent inadvertent induction of target gene tran-
scription and also provide an additional means of gener-
ating specificity in transcriptional programs. In addition,
it is increasingly apparent that PTMs function in the
termination of NF-«kB transcriptional responses.
Inducible phosphorylation of p65 was described >15
years ago (Naumann and Scheidereit 1994; Neumann
et al. 1995). Phosphorylation of p65 on Ser 276 is catalyzed
by PKA, which is constitutively associated with cytosolic
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Box 8. P65 PTMs. Phosphorylation.

Several kinases, including IKKa and
IKK, are reported to phosphorylate p65
within the TAD region at S536 (Sizemore
et al. 2002; Sakurai et al. 2003; Yang et al.
2003; O’Mahony et al. 2004). In cell lines,
an S536A mutation prevents CBP recruit-
ment (Chen et al. 2005), although this
result appears to be inconsistent (Chen
et al. 2005). Ser 529 within the TAD is
also inducibly phosphorylated, with un-
clear consequences (Bird et al. 1997; Wang
and Baldwin 1998; Wang et al. 2000).
Phosphorylation has also been reported
at $311, within the dimerization domain
of p65 (Duran et al. 2003). PKC{ can
phosphorylate, and reduced binding of
CBP to p65 occurs upon stimulation of
PKC(¢-deficient cells (Duran et al. 2003).
The role of the S276 phosphorylation is
discussed in the text.

Acetylation. Although well known to
bind histone acetyltransferases (HATSs)
and recruit these coactivators to DNA,

it was some time before it was found that
p65 could also be a HAT substrate (Chen
et al. 2001). While multiple lysines in p65
can be acetylated, most investigations
have focused on K310 (Chen et al.
2002). Acetylation of K310 is blocked
in the absence of S276 phosphorylation
(Chen et al. 2005), consistent with the
requirement for S276 phosphorylation
for HAT recruitment (Zhong et al.
1998; Dong et al. 2008). S536 phosphor-
ylation also promotes K310 acetylation
(Chen et al. 2005), perhaps by decreas-
ing the association of histone deacety-
lases (HDACs) with p65 (Hoberg et al.
2006).

Others. Ubiquitination of p65 was
initialy reported to regulate DNA bind-
ing and stability of nuclear p65 (Ryo et al.
2003; Saccani et al. 2004). Subsequently,
it was also reported that p65 ubiquitina-
tion may regulate the subnuclear locali-
zation of p65 (Maine et al. 2007; Tanaka

et al. 2007). Poly(ADP-ribosyl)ation of
p65 has been reported and is thought to
affect nuclear localization of p65 by re-
ducing the association of p65 with the
nuclear export machinery (Kameoka et al.
2000; Zerfaoui et al. 2010). However, it is
not clear that targeting of p65 or p50 for
direct poly(ADP-ribosyl)ation, as opposed
to autopoly(ADP-ribosyl)ation, of PARP1
or targeting of other substrates is respon-
sible for the lack of NF-kB transcriptional
responses in PARP1-deficient cells (Chang
and Alvarez-Gonzalez 2001; Hassa et al.
2005). Monomethylation of p65 has been
reported to augment promoter binding and
target gene transcription (Ea and Baltimore
2009; Lu et al. 2009). S-Nitrosylation of
cysteine residues in p50 (DelaTorre et al.
1997; Marshall and Stamler 2001) and
tyrosine and cysteine residues in p65
(Park et al. 2005; Kelleher et al. 2007;
Nishida et al. 2011) has been reported to
inhibit transcriptional responses.

p65-containing complexes (Zhong et al. 1997). Following
degradation of IkBa, PKA phosphorylates p65 on Ser 276,
leading to the interaction of p65 with the transcriptional
coactivator CBP/p300 (Zhong et al. 1998, 2002). In sub-
sequent studies, multiple additional kinases have been
shown to phosphorylate Ser 276 , including MSK1 and
MSK2 (Hoffmann et al. 2006). Loss of both MSK1 and
MSK2 reduces TNF-induced transcriptional responses,
consistent with the proposed role of S276 phosphoryla-
tion (Vermeulen et al. 2003). The physiological impor-
tance of S276 phosphorylation was established by knock-
ingin a serine-to-alanine mutation at position 276. These
experiments demonstrated the inability of p65 that can-
not be phosphorylated at Ser 276 to recruit CBP and p300
to the kB sites and led to a lack of inducible expression
of a subset of NF-«kB target genes (Dong et al. 2008).
Conversely, introduction of a phosphomimetic mutation
at this site resulted in constitutive recruitment of CBP
by p65 homodimers, resulting in systemic inflammation
via aberrant expression of TNF (Dong et al. 2010). These
and other findings highlight two fundamental aspects of
NF-«B biology: First, NF-kB family members, like other
transcription factors, lack enzymatic activity and there-
fore can effectively be considered specialized adapter
proteins linking DN A sequences to enzymatic transcrip-
tional coregulatory proteins. Second, regulation of the
capacity of NF-«kB to bind DNA and coregulators confers
inducibility to the NF-kB system.

Because NF-kB lacks enzymatic activity and cannot
recruit CBP in the absence of S276 phosphorylation, one
might predict that the knock-in mouse expressing S276A
would lack all p65-dependent transcription. Instead,
expression of only a subset of NF-kB-regulated genes is
affected (Dong et al. 2008). Because phosphorylation of
S276 is critical for CBP binding and displacement of

HDAC, NF-kB-regulated genes must differ in their re-
quirement for induced histone acetylation, although the
basis of this difference remains unclear. These data are
consistent with earlier studies that showed that NF-«B-
regulated genes can be categorized by their requirement
for chromatin modification (Natoli et al. 2005). Initially,
NF-kB-dependent genes were subdivided into those with
constitutively and immediately accessible (CIA) promoters,
which do not require chromatin modification, and pro-
moters with regulated and late accessibility (RLA), which
are dependent on stimulus-induced chromatin modifica-
tion (Saccani et al. 2001). This basic classification has
been extended to demonstrate that chromatin remodel-
ing complexes are used differentially for inflammatory
gene expression (Sanjabi et al. 2005).

Can NF-«B be a pioneer transcription factor? Several
recent reports, including from our own laboratory, have
suggested a role for NF-kB as a so-called pioneer tran-
scription factor. It is quite clear that NF-«kB can promote
transcriptional responses that rely on activation and/or
recruitment of additional transcription factors. However,
a pioneer transcription factor should be one that is capable
of binding to nucleosomal DNA. It could be argued that
this might be an important property of effective inducible
transcription factors as well, as many inducibly activated
genes have enriched nucleosomal content (Cairns 2009). It
is generally believed that NF-kB dimers could not bind to
nucleosomal DNA in part because the structural relation-
ship between NF-kB and DNA leaves little space for the
nucleosome. This would suggest, therefore, that NF-xB
could not act as a pioneer transcription factor. However,
at least for p50, it has been shown that NF-«B can readily
bind nucleosomal DNA in vitro (Angelov et al. 2004).
Consistent with these data, both p50 and p52 were found
constitutively associated with nucleosomes in a proteomics
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approach (Bartke et al. 2010). Therefore, it seems plausible
that NF-kB is a true pioneer transcription factor. Recruitment
of HATs by NF-kB may result in nucleosome remodeling,
providing DNA access to other transcription factors. Al-
ternatively, it is also possible, as has been suggested (Natoli
et al. 2005), that NF-kB binding to a nucleosomal kB site
could fix the nucleosome in a given position. Indeed, it
was found that p50 binding to nucleosomal kB sites had
little effect on nucleosome structure (Angelov et al. 2004),
suggesting that in the absence of coregulatory proteins,
NF-kB binding could inhibit nucleosome remodeling. Fur-
ther studies are needed to assess the binding of NF-«B to
nucleosomal kB sites in vivo and the consequences of such
binding for specific transcriptional responses.

Nucleosome remodeling complexes (e.g.,, SWI/SNF)
relocate or remove histones, providing access to DNA
for the PIC or other transctiption factors. The precise
mechanism by which nucleosomal remodeling com-
plexes are regulated by transctiption factors remains
unclear. The primary mechanism is thought to be histone
acetylation via HAT recruitment. Acetylation marks his-
tones for remodeling, allowing promoter access for in-
ducible gene expression. The interplay between NF-«B
and nucleosome remodeling is complex. It is thought that
for many late genes, particularly those that require de
novo protein synthesis for transcription, access of NF-«B
to binding sites requires Swi/Snf-mediated nucleosomal
remodeling (Natoli 2009). Brgl/Brm-dependent chroma-
tin remodeling is required for most late-activated NF-«B-
dependent genes (Ramirez-Carrozzi et al. 2006). It is
thought that nucleosome remodeling precedes NF-«B
binding in these cases, although this has not been de-
finitively established for large numbers of genes (Natoli
2009) and may depend on the structure of the nucleo-
some. As discussed recently (Natoli 2009), nucleosomes
in transcription start site-proximal promoter elements
may be particularly resistant to NF-kB binding. As a re-
sult, Swi/Snf-mediated nucleosome remodeling, indepen-
dent of NF-«B, may be required for NF-«kB binding to some
nucleosomal kB DNA sites (Weinmann et al. 1999, 2001;
El Gazzar et al. 2010)

Concluding remarks

There has been incredible progress made over the past 25
years in understanding the regulation and biology of the
NF-kB family of transcription factors. This work has also
shed considerable light on general mechanisms of induc-
ible transcription, cell signaling, and immune and inflam-
matory responses. Based on these many areas of progress,
there is a sense that many of the fundamental questions
about the biology of this transcription factor family have
been answered, and what remains to be understood are
details. However, as is apparent from our condensed over-
view of the field, there are numerous major questions that
remain to be answered. Indeed, the quantity of research in
this field and the detailed understanding of NF-«B signal-
ing pathways and transcription responses that has, in some
cases, resulted from these efforts provide the tools needed
to tackle these big picture questions. Technical, method-
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ological, and computational advances now offer the op-
portunity to address some of these fundamental questions
that have either eluded clear answers or been set aside in
recent years. We organized this review around three such
areas in which significant progress over the past quarter-
century has equipped the field to make even more signif-
icant advances in coming years: the regulation of IKK
activity by receptor/adapter complexes, the regulation of
NF-«B transcriptional activity by the IkB family, and the
mechanism through which NF-«B induces transcription
of target genes. Just as the NF-kB pathway has been the
vanguard of knowledge in immune signaling and induc-
ible transcription, so, too, will research into these out-
standing issues increase our understanding of signaling
and inducible transcription more broadly.

While progress in understanding many facets of NF-xB
biology has been undeniably remarkable, in one key re-
spect, research on NF-kB has failed to live up to its po-
tential. Although implicated in a host of human ailments,
no pharmaceutical approach designed to selectively inhibit
the NF-«kB pathway has yet been shown to have efficacy in
human disease. This failure is, perhaps, the clearest evi-
dence of what yet remains to be accomplished in the future.
The utility of NF-kB blockade in laboratory models of
inflammatory, autoimmune, and oncological diseases has
been proven time and again using both pharmacological
inhibitors and genetically modified animals. Yet concerns
about untoward consequences of strong NF-kB inhibition,
asrevealed in studies on genetic and pharmacologic models,
have dissuaded rapid translation to the clinic. We argue that
as research begins to focus more on the selective function
of individual NF-kB and IkB family members, and as we
progress toward a better understanding of the mecha-
nisms governing IKK activation in pathological settings,
past optimism and current ambivalence about the ther-
apeutic utility of NF-kB blockade will be replaced with
real-world therapeutic successes.
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