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 Two distinct nuclear factor κB (NFκB) signaling pathways have been described; the canonical pathway that 
mediates inflammatory responses, and the non-canonical pathway that is involved in immune cell differentiation and 
maturation and secondary lymphoid organogenesis. The former is dependent on the IκB kinase adaptor molecule 
NEMO, the latter is independent of it. Here, we review the molecular mechanisms of regulation in each signaling 
axis and attempt to relate the apparent regulatory logic to the physiological function. Further, we review the recent 
evidence for extensive cross-regulation between these two signaling axes and summarize them in a wiring diagram. 
These observations suggest that NEMO-dependent and -independent signaling should be viewed within the context 
of a single NFκB signaling system, which mediates signaling from both inflammatory and organogenic stimuli in an 
integrated manner. As in other regulatory biological systems, a systems approach including mathematical models that 
include quantitative and kinetic information will be necessary to characterize the network properties that mediate 
physiological function, and that may break down to cause or contribute to pathology.
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Introduction
 

Nuclear factor κB (NFκB) is a critical transcription 
factor involved in a broad range of biological processes, 
including immune responses, cell survival, stress re-
sponses and maturation of various cell types. While 
NFκB activation is required to protect organisms from 
environmental effects, misregulated NFκB activity is 
often observed in various diseases including chronic 
inflammation and cancer. Thus, understanding the regu-
lation of NFκB signaling is important for maintaining 
human health.

The NFκB signaling system consists of NFκB het-
erodimers or homodimers of Rel homology domain 
(RHD)-containing polypeptides and their stoichiometric 
inhibitor proteins, IκBs (Figure 1). The RHD within the 
five monomers – RelA, RelB, cRel, p50 and p52 – medi-
ates dimerization, DNA binding, interaction with IκBs 
and nuclear translocation. The five monomers form 15 
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potential dimers. Generation of all monomers is tran-
scriptionally regulated, but p50 and p52 are also regu-
lated by processing of precursor proteins p105 and p100, 
respectively. Thus, different NFκB dimeric complexes 
are expressed cell type- and stimulus-specifically; some 
of the physiologically important dimers are RelA:p50, 
cRel:p50 and RelB:p52.

The classical inhibitor proteins in the NFκB signal-
ing system consist of the single polypeptide IκBs: IκBα, 
IκBβ and IκBε. In resting cells, IκB binds and sequesters 
NFκB dimer and prevents DNA binding and transcrip-
tional activation. Stimulus-responsive activation of the 
IκB kinase (IKK) results in the degradation of the IκBs 
to release and activate NFκB (Figure 2). Synthesis of 
IκBs may be dependent on NFκB activity, and the in-
ducible activation of IκBs results in negative feedback. 
Classical IκBs are characterized by their ankyrin repeats 
domain (ARD) that sequesters NFκB into a latent state. 
Recently, it was found that p100, when present in a mul-
timeric complex, may also mediate NFκB inhibition in 
trans; this activity was termed IκBδ [1]. Moreover, size 
exclusion chromatography analyses suggest that IκBδ ac-
tivity is mediated by a ~650 kDa high molecular weight 
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complex, termed the IκBsome, which also contains IκBγ 
activity from p105 protein [2]. The pathways that govern 
IκBsome assembly and degradation are critical for regu-
lating NFκB activity [3].

Activation of NFκB results in the induction of a vari-
ety of inflammatory, developmental and survival genes. 
The rapid and reversible inflammatory and immune 
response typically occurs through the activation of the 
canonical pathway, while the slower and irreversible de-
velopmental response typically occurs through the non-
canonical pathway. These two pathways are thought to 
be fundamentally distinct. While the canonical pathway 
is mediated through the activation of a NEMO (IKKγ)-
dependent IKK, the non-canonical pathway is classically 
defined as being mediated through the activation of a 
NEMO-independent kinase complex involving IKK1 and 
the NFκB-inducing kinase (NIK) [4]. In the canonical 
pathway, pre-existing, latent NFκB dimers are released 
from classical IκBs. In the non-canonical pathway, new 

Figure 1 Components of the IKK-IκB-NFκB signaling system. 
The IKK form canonical NEMO-containing (green) complexes 
and non-canonical (blue) complexes, which control the degrada-
tion of IκB proteins and precursor processing. IκBα, IκBβ, IκBε 
and the IκB activities within the IκBsome IκBγ and IκBδ are able 
to sequester NFκB dimers. The p50 and p52 NFκB proteins are 
generated from the processing of newly synthesized precur-
sor proteins p105 and p100, respectively. The five NFκB family 
members (RelA/p65, cRel, RelB, p52 and p50) can potentially 
form 15 heterodimers and homodimers that can bind to a large 
number of κB sites in DNA, which are characterized by a re-
markably broad sequence consensus.

Figure 2 The NFκB signaling module consisting of canonical 
and non-canonical pathways. The non-canonical pathway is 
activated through developmental signals activating NIK/IKK1. 
This activation results in the degradation of IκBδ and process-
ing of p100 and allows the nuclear translocation of RelA:p50, 
RelB:p50 and RelB:p52 dimers, which activate genes respon-
sible for organ development. The canonical pathway is activated 
through pathogen and inflammatory signals activating NEMO/
IKK. This activation results in the degradation of IκBα/IκBβ/IκBε, 
allowing for the nuclear translocation of RelA:p50, RelA:RelA 
and cRel:p50 dimers, which then activate genes responsible for 
inflammation and survival.

synthesis of p100 and RelB allows for generation of 
RelB:p52 which is insensitive to IκB control and thus lo-
calized to the nucleus.

Though canonical and non-canonical pathways are 
generally thought to be distinct, recent studies have 
revealed numerous crosstalk mechanisms that connect 
them. This crosstalk involves expression control of 
NFκB monomers, interdependent proteolytic process-
ing events of precursors and the newly identified IκBδ 
activity that is inducibly expressed by one pathway and 
inducibly degraded by another.

This review first describes the distinct characteristics 
of the canonical and non-canonical pathways and then 
discusses extensive cross-regulatory mechanisms that 
suggest that the regulation of NFκB dimers is in fact me-
diated by a single NFκB signaling system, and ought to 
be investigated through systems-level analysis.
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The canonical pathway

The canonical NFκB pathway is defined as being me-
diated by a NEMO-dependent IKK; in contrast, the non-
canonical pathway is defined as not requiring NEMO. 
Genetic deletion of NEMO resulted in embryonic lethal-
ity as a result of massive apoptosis in the fetal liver [5]. 
The fact that the IKK2 knockout [6] and the RelA knock-
out [7] showed a similar phenotype led to the broadly ac-
cepted model of a signaling axis of NEMO-IKK2-RelA, 
termed the canonical pathway. However, recent work 
suggests that IKK1 plays a role in the canonical pathway 
as well, and may compensate for the loss of IKK2 within 
the NEMO-dependent kinase [8]. Conversely, NEMO-
independent IKK2 functions have also been suggested 
[9]. We therefore suggest that only NEMO dependence 
strictly defines the canonical pathway. However, given 
the close functional association of IKK2 with NEMO in 
the literature, our current understanding of canonical ac-
tivation is in large part limited to the activation of IKK2. 
Similarly, RelA was recently shown to be activated by 
the non-canonical activation mechanism [1] and thus 
should not be viewed as the exclusive effector of the ca-
nonical pathway; however, our current understanding of 
RelA function is largely limited to canonical signaling.

The canonical NFκB pathway is activated by pro-
inflammatory signals such as cytokines, pathogen-associ-
ated molecular patterns (PAMPs), and some danger-asso-
ciated molecular patterns (DAMPs). Upon cellular expo-
sure to these agents, extracellular and intracellular recep-
tors trigger the activation of NEMO-containing kinase 
complexes through the recruitment of various proteins 
involved in ubiquitin chain formation. IKK2 is activated 
by phosphorylation at serine (Ser) 177 and Ser181 [10]. 
Emerging evidence indicates that three possible path-
ways for IKK2 activation are utilized to varying degrees 
by different inflammatory receptors (Figure 3). In the 
case of the TNF receptor I, associated proteins recruit the 
E2/E3 ligase complex consisting of UbcH5 and cIAP1, 
which subsequently forms ubiquitin chains of various 
linkages to RIP1 [11, 12]. The TAB/TAK1 and IKK com-
plexes are able to bind these ubiquitin chains, allowing 
the activated TAK1 to phosphorylate and activate IKK2 
[13]. Additionally, oligomerization of the NEMO-IKK2 
complex upon mixed ubiquitin chain binding can allow 
for TAK1-independent trans-autophosphorylation and 
activation of the IKK2 complex [12]. Another pathway 
of IKK2 activation revolves around linear ubiquitin chain 
formation. In the context of TNF signaling, the receptor-
associated proteins TRADD, tumor necrosis factor 
receptor-associated factor (TRAF) 2 and cIAP1/2 recruit 
LUBAC, an ubiquitin ligase complex consisting of HOIP 

and HOIL-1L [14]. LUBAC conjugates linear-linked 
ubiquitin chains to NEMO, which results in IKK activa-
tion, possibly through trans-autophosphorylation [15]. In 
the third pathway of IKK2 activation, ligand engagement 
of the IL-1R and TLRs leads to the recruitment of the 
E2/E3 ligase complex made up of Ubc13 and TRAF6 [16]. 
This complex conjugates K63-linked ubiquitin chains to 
IRAK1, allowing for TAK1 and IKK2 complex binding 
and subsequent TAK1 activation of IKK2 through phos-
phorylation [12]. While a molecular description of these 
three pathways has advanced, the stimulus specificity of 
each pathway remains to be delineated.

Once canonical IKK is activated, it phosphorylates 
and designates the classical IκBs (IκBα, IκBβ and IκBε) 
for degradation releasing NFκB into the nucleus (Figure 4). 
The phosphorylation of the canonical IκBα on the N-ter-
minal serines (Ser32/36) allows for the recruitment of the 
E3 ubiquitin ligase SCF/βTRCP, thus marking it for deg-
radation via the 26S proteasome [17]. This ubiquitination 
and degradation of IκBα releases NFκB into the nucleus 
and allows transcriptional activation to occur. Similar 
phosphorylations occur on IκBβ and IκBε upon canoni-
cal IKK activation resulting in degradation of these IκBs 
and release of NFκB into the nucleus. Interestingly, the 
molecular determinants for the enzymatic specificity of 
the canonical IKK complex for classical IκB proteins are 
not yet understood.

The primary NFκB effectors of the canonical path-
way are transactivation domain-containing polypeptides 
RelA/p65 and cRel, which form either homodimers or 
heterodimers with the transactivation domain-lacking 
p50. Thus, four transcriptional activators (RelA:RelA, 
RelA:p50, cRel:cRel, cRel:p50) are potentially activated 
in response to stimuli of the canonical pathway. The 
phenotypes of genetic ablation studies of the constitu-
ent polypeptides are largely correlated with their tissue 
distribution. Thus, these studies showed an essential role 
for cRel in B- and T-lymphocyte functions, cell types in 
which it is highly expressed. crel−/− mice are not lethal 
but show several defects, including defects in the cell 
cycle progression and survival in B cells, defects in CD4 
and CD8 T-cell responses, and impaired cytokine pro-
duction [18, 19]. Further, dendritic cells lacking cRel:p50 
are defective in CD40L-induced cell survival [20] and 
displayed reduced maturation phenotype [21]. However, 
the results from domain mutation studies are not fully 
explained: removal of the C-terminal activation domain 
of cRel results in enlarged lymph nodes and lymphoid 
hyperplasia [22].

In contrast, deficiency of the ubiquitously expressed 
RelA/p65 protein in rela−/− mice results in embryonic 
lethality due to massive apoptosis in the fetal liver [7, 23]. 
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Disrupting TNF signaling prevents this lethality, and 
generation of the rela−/−tnfr1−/− or rela−/−tnf −/− genotype 
allows for these mice to survive embryogenesis so 
that the absence of RelA can be studied [24, 25]. The 
rela−/−tnfr1−/− genotype results in defects in the immune 
system, confirming the requirement of RelA for a func-
tioning immune and inflammatory response in cells. By 
delaying embryonic death (compare rela−/−, crel−/−rela−/−), 
cRel partially compensates for the loss of RelA in rela−/− 
mice, suggesting that cRel and RelA have overlapping 

functions in mediating survival signals in fetal liver cells 
[26]. As crel−/−rela−/− immune system shows more severe 
phenotypes than either of the single gene knockouts [27], 
it also appears that these two effectors have overlapping 
functions in the survival of lymphocyte precursors.

Whereas the importance of the RelA- and cRel-con-
taining NFκB dimers in the immune and inflammatory 
response demonstrated by genetic ablation studies was 
anticipated based on prior biochemical studies in various 
cell types, the survival defect in rela−/− genotypes and 

Figure 3 Mechanisms of canonical IKK activation. Several distinct pathways of canonical IKK activation have been de-
scribed: LEFT, upon TNFR engagement, receptor-associated proteins such as TRADD and TRAF2/5 recruit the E2/E3 ligase 
complex consisting of cIAP1 and UbcH5. cIAP1/UbcH5 subsequently conjugate ubiquitin chains of various types of linkages 
to RIP1, which allows for TAK1 complex and IKK binding. The binding of Ub by the TAK1 complex activates TAK1 and allows 
it to activate IKK; in addition, Ub binding by the IKK complex induces IKK activation, allowing IKK to trans-autophosphorylate. 
Center, upon ligand binding of the TNFR, the ubiquitin ligase complex consisting of HOIP and HOIL-1L, known as LUBAC, is 
recruited by TRADD, TRAF2 and cIAP1. LUBAC conjugates linear-linked ubiquitin to NEMO in the IKK complex, resulting in 
IKK activation via trans-autophosphorylation. Right, when members of the TLR/IL-1R family are engaged, receptor-associat-
ed proteins Myd88 and IRAK recruit the E2/E3 ligase complex consisting of TRAF6 and Ubc13, which conjugates K63-linked 
ubiquitin chains to IRAK1. The TAK1 complex binds these K63 Ub chains, leading to TAK1 activation, presumably by trans-
autophosphorylation. TAK1 subsequently activates nearby IKK. How these and possibly other mechanisms that result in ca-
nonical IKK activation combine to transduce signaling from different receptors remains an active area of investigation.
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the role of NFκB in regulating apoptosis and possibly 
other forms of cell death – though now well established 
– was initially surprising. Studies have shown that RelA 
is crucial in preventing TNF-mediated apoptosis in many 
different cell types, including macrophages, hepatocytes 
and T cells [23, 28, 29]. An interesting question is how 
critical the stimulus-responsive activation of the canoni-
cal pathway is for this survival function of NFκB or 
whether it is mediated by some other regulatory mecha-
nism that controls RelA activity. The fact that deficiency 
of TBK1, which does not participate in the canonical 
pathway but may mediate phosphorylation of RelA, also 
results in massive fetal liver apoptosis [30] may indicate 
that the latter is the case.

It remains surprisingly unclear whether specific-
ity between NFκB dimers and DNA sequences plays 
an important role in NFκB-dependent gene activation. 
In macrophages, IL12 p40 was reported to specifically 
require cRel for its LPS-induced gene expression [31]. 

A systematic genetic analysis of the RelA-containing 
NFκB dimers showed that some NFκB target genes had 
different activation requirements with regard to specific 
NFκB proteins [32]. Further, swapping promoter-binding 
sites between NFκB-dependent genes altered NFκB di-
mer specificity, suggesting that single nucleotides within 
the κB site may be determinants for dimer specificity 
[33]. RelA/cRel chimeras identified amino acids within 
the DNA-binding domain as mediating the specificity of 
cRel for IL12 transcriptional control [34]. Interestingly, 
there are indications that dimer specificity may not be 
mediated by large affinity differences in dimer-κB site 
interactions, but may be mediated by alternate conforma-
tions of dimers triggered by alternate κB site sequences 
[33, 35]. According to this model, DNA-triggered allos-
tery of the NFκB dimer may be “read” by co-activators 
or transcriptional activators, such as Bcl3, CBP, or IRF3, 
interacting with the NFκB dimer.

Physiologically, dimer specificity is suggested by dis-

Figure 4 The canonical IKK-NFκB pathway. Upon canonical IKK activation, the classical IκBs, IκBα, -β, -ε, which sequester 
NFκB to the cytoplasm in a stoichiometric manner, are phosphorylated on specific N-terminal residues that function as dock-
ing sites for the E3 ubiquitin ligase complex SCF/βTRCP. Ubiquitinated IκBα is degraded by the 26S proteasome, allowing for 
translocation of NFκB into the nucleus. Nuclear NFκB activity induces the expression of IκBα and IκBε, providing for negative 
feedback. Free IκB proteins are rapidly degraded in a ubiquitin-independent manner by the 20S proteasome, presumably in 
conjunction with alternate proteasome targeting or activating proteins.
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tinct phenotypes of knockouts; however, phenotypic dif-
ferences may be due to distinct tissue-specific expression 
of the proteins (e.g., cRel is abundant in the lymphoid 
system) or pathway-specific activation of dimers (e.g., 
RelA/cRel vs RelB). Thus, the extent of NFκB dimer 
specificity in regulating NFκB target genes and the un-
derlying mechanisms for such specificity remain to be 
addressed. Contemporary tools of genome-wide expres-
sion and location studies, and bioinformatic analysis, 
should prove useful in this endeavor.

Kinetic control of the canonical pathway

The activation of the canonical pathway results in ex-
pression of inflammatory and immune response genes. 
These signals must be transient and properly controlled, 
as prolonged NFκB activation can lead to aberrant gene 
expression, and the misregulation of NFκB activation 
has been implicated in pathologies including chronic 
inflammation and cancer. Hence, it is not surprising that 
numerous mechanisms have evolved to provide for post-
induction attenuation or termination of signaling (Figure 5).

The biological importance of the IκBs as negative 
feedback regulators in NFκB signaling has been estab-
lished. Both IκBα and IκBε are inducibly expressed and 
function as negative feedback regulators of NFκB. IκBα 
knockouts result in lethality 7-10 days after birth due to 
hyperinflammation [36]. In addition, mice with mutated 
κB enhancers of the IκBα promoter display shortened 
life span (13-15 months), hypersensitivity to septic shock 
and abnormal T-cell development/activation [37]. IκBε 
knockout mice are not lethal, but result in the increased 
expression of cytokines [38]. Mice deficient in both 
IκBα and IκBε result in neonatal lethality and almost 
complete absence of both B and T cells and reduced NK 
cell numbers [39], indicating overlapping functions of 
these two IκBs that may therefore be considered fail-safe 
duplicates. Indeed, IκBε is upregulated in resting IκBα-
deficient cells. This upregulation is reversible upon IκBα 
reconstitution in the deficient cells [40].

Interestingly, it was recently shown that spontaneous 
dissociation of NFκB RelA:p50 from DNA can be en-
hanced by IκBα, but not by IκBβ [41]. Kinetic enhance-
ment of NFκB-DNA complex dissociation by IκBα may 
facilitate negative feedback-mediated NFκB post-induc-
tion repression, particularly in the transcriptional deac-
tivation of genes that have multiple κB sites. However, 
further studies are required to test this prediction.

An additional IκB negative feedback loop was re-
cently characterized. Newly synthesized nfκb2 protein 
p100 may form multimers in the absence of sufficient 
IKK1 signaling that catalyzes its degradation or process-

ing into p52. These multimers may exhibit IκB activ-
ity when a p100 ARD traps RelA:p50 dimers in trans. 
Because p100 expression is inducible by RelA:p50, this 
forms a negative feedback loop that has slow kinetics, 
yet is not degraded when canonical IKK activity persists. 
Computational simulations-directed experimental stud-
ies revealed that IκBδ forms a negative feedback loop to 
regulate RelA:p50 activity in a stimulus-specific man-
ner, such that it is effective to LPS but not to TNF [3]. 
Indeed, the work revealed that IκBα provides effective 
negative feedback only to cytokine stimuli that produce 
transient canonical IKK activity. Perinatal lethality ob-
served in IκBα-deficient mice could be rescued when the 
inducing stimulus TNF was ablated. 

IκBs function as stoichiometric inhibitors that quickly 
sequester NFκB in the cytoplasm. A20, on the other 
hand, inhibits signaling upstream of IKK via its enzy-
matic function as a protease of signaling-associated K63-
linked ubiquitin chains [42]. While both A20 and IκBα 
are inducible negative regulators, only IκBα functions as 
a dynamic negative feedback regulator [43]. Instead, the 
evidence indicates that A20 may be thought of as a tun-
able rheostat that determines IKK and NFκB responsive-
ness to subsaturating stimuli.

Degradation of promoter-bound RelA dimers may also 
be a stimulus-induced post-induction attenuation mecha-
nism. RelA degradation was proposed to be essential 
for the transient activity of NFκB RelA dimers [44]. It 
has also been shown that genes activated by RelA dim-
ers can be negatively regulated by the E3 ligase PIAS1, 
a member of the protein inhibitor of activated STAT 
(PIAS) family [45]. Pias1−/− mice showed significantly 
elevated RelA binding to κB sites in genes that also 
showed hyper-expression [46]. A second line of research 
provided evidence that promoter-bound RelA and cRel 
can be phosphorylated by IKK activity thereby catalyz-
ing their degradation [47]. This would constitute a nega-
tive feed-forward mechanism, a potential timing device 
that ensures that the released NFκB activity is transient. 
While IKK results in the phosphorylation of IκBs and the 
nuclear translocation and activation of NFκB, it may also 
limit the duration of NFκB activity through the direct 
phosphorylation of RelA and cRel that targets them to 
the ubiquitin proteasome pathway.

Not only does negative feedback limit the duration of 
stimulus-induced NFκB activity and the magnitude of the 
gene expression response, it may also mediate the trans-
duction of stimulus-specific information via a “temporal 
signaling code” that determines which of the many pos-
sible target genes are activated in response to a specific 
stimulus. IκBα deficiency for example, which alters the 
TNF-induced dynamic controls, results in inappropriate 
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gene expression [48]. Further, IκBε appears to dampen 
IκBα-mediated NFκB oscillations, because its mRNA 
induction is delayed to occur in anti-phase with that of 
IκBα [49]. In addition, newly synthesized IκBδ forms a 
negative feedback loop to regulate RelA:p50 activity in a 
stimulus-specific manner, as described above [3]. Single-
cell studies with fluorescent fusion proteins of RelA and 
IκBα have drawn attention to the potential for oscillatory 
control of NFκB, suggesting that frequency of succes-
sive NFκB peaks is a critical feature of the temporal 
code [50, 51]. However, it remains unclear whether inap-

propriate expression of the fusion protein may impact 
the physiological relevance of these observations and 
whether frequency of NFκB peaks is in fact a function of 
the stimulus. An alternate view may be that cell-to-cell 
variability of periodic NFκB activities (potentially the 
result of transcriptional bursting of the short-lived IκBα 
inhibitor) may impart functional robustness at the organ 
or tissue level [52]. The temporal code may thus be bet-
ter described as amplitude modulated (AM) rather than 
frequency modulated (FM). However, the information 
carrier of AM signals may involve periodic or irregularly 

Figure 5 Mechanisms of canonical pathway attenuation. The best characterized attenuation mechanism is negative feedback 
synthesis of IκB proteins (1). IκBα was recently shown to have the ability to enhance the dissociation rate of NFκB from DNA, 
which may facilitate its negative feedback control function (2). In addition, DNA-bound RelA NFκB, when phosphorylated on 
S536 by nuclear IKK complexes, was shown to be subjected to ubiquitination by the E3 ligase PIAS1, which targets NFκB to 
degradation (3). The ubiquitin protease A20, a highly inducible NFκB target gene, attenuates the IKK activation pathway by 
counteracting E3 ligases involved in the formation of ubiquitin chains that are critical signaling scaffolds (4). In addition, ca-
nonical IKK was proposed to undergo autophosphorylation that results in an inactivated kinase (5); a recycling step is neces-
sary to return IKK back to the activatable state.
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spaced activity peaks.
Stimulus-specific temporal control of NFκB is a result 

of the stimulus-specific temporal control of the canoni-
cal IKK activity [53]. It is interesting to note that TNF-
induced IKK activity rises rapidly and is rapidly attenu-
ated. Though the negative regulator A20 plays some role 
in determining this temporal profile, it remains unknown 
what the mechanisms are, which ensure that IKK activity 
undergoes rapid post-induction repression. Early studies 
identified C-terminal residues on the IKK2 protein that 
dampen its kinase activity, suggesting a cyclical control 
cycle [10]. However, this model has not been substantiat-
ed. In contrast, LPS-induced IKK activity shows a mode 
of slower activation but of longer duration. Interestingly, 
the longer duration is in part due to co-opting the TNFR 
pathway at late time points through the expression of 
TNF at early time points [53, 54].

Stimulus-specific temporal profiles of IKK and NFκB 
are correlated with the expression of stimulus-specific 
genes. Although inactivation of the TNF autocrine loop 
provided a means to manipulate the LPS-specific IKK 
temporal profiles [53], this intervention may also affect 
a parallel pathway. Thus, whether the stimulus-specific 
temporal profiles of NFκB activity encode information 
about the stimulus that is critical for stimulus-specific 
gene expression remains to be tested rigorously. Further-
more, it remains unknown how promoters of activated 
genes, or associated gene regulatory networks, distin-
guish between different temporal profiles. Understanding 
the mechanisms by which the temporal activity profile 
is decoded by target genes and elucidating what features 
of the temporal profile of NFκB activity carry stimulus-
specific information remain the pressing questions in the 
field [55].

Finally, studies of the cellular steady state have shown 
that a short half-life of free classical IκB proteins (< 10 
min) necessitates a surprisingly high constitutive syn-
thesis rate [40]. Subsequent work showed that the short 
half-life of free IκBα is mediated by the ubiquitin-inde-
pendent proteasome pathway and is likely due to incom-
pletely folded regions of C-terminal ankyrin repeats that 
have evolved away from the consensus [56, 57]. Further 
studies showed that the high apparently futile flux of IκB 
metabolism ensures relative resistance to metabolic and 
ribotoxic stress agents, such as UV and UPR, ensuring 
that the NFκB signaling module is dedicated to sen-
sors of the extracellular environments such as TLR and 
cytokine receptors that produce significant changes in 
canonical IKK activity [58]. Thus, the distinct degrada-
tion pathways between the free and bound IκBs result in 
highly dynamic homeostatic control of the NFκB signal-
ing module, which imparts functional robustness to this 

signaling system.

The non-canonical pathway

Activation of the non-canonical NFκB pathway (Fig-
ure 6) is mediated through a NEMO-independent IKK1 
kinase complex [59]. Recent reports indicated that the 
regulated assembly of the upstream signaling complex 
that involves cellular inhibitor of apoptosis (cIAP1 and 
cIAP2), TRAF2 and TRAF3, and NIK is crucial for the 
activation of this pathway. Upon receptor engagement, 
TRAF2-dependent recruitment of cIAP1 and cIAP2 
results in activation of cIAPs and K63-linked ubiquitina-
tion by TRAF2. TRAF3 serves as an adaptor molecule 
that allows for the assembly of a complex involving NIK, 
TRAF2 and activated cIAPs, which causes TRAF3 itself 
to be modified by K48-linked ubiquitination by cIAPs [60, 
61]. As NIK protein expression is regulated by TRAF3, 
signal-induced proteosomal degradation of TRAF3 leads 
to accumulation of NIK protein and activation of the 
downstream pathway [62, 63]. Increase in NIK protein 
results in phosphorylation of p100 at Ser866 and Ser870, 
and activation of IKK1 [64, 65]. Activated IKK1-con-
taining kinase complex further phosphorylates p100 at 
Ser99, Ser108, Ser115, Ser123 and Ser872. Phosphory-
lation of these residues provides a signal for p100 to be 
recognized by the SCF/βTRCP ubiquitin ligase complex, 
and this results in partial degradation of the C-terminal 
ARD of p100 by the 26S proteosome [66]. Two mecha-
nisms of NFκB activation ensue: first IκBδ within the 
p100-containing IκBsome is inactivated through deg-
radation of the C-terminal ARD of p100, leading to the 
release of associated RelB:p50 and RelA:p50 dimers. 
Second, co-translational processing of p100 that requires 
de novo protein synthesis leads to nuclear transloca-
tion of the major RelB-containing dimer, RelB:p52, and 
RelA:p52 as a minor species [1, 67, 68].

The sequence of molecular events that result in stimu-
lus-induced RelB:p52 dimers remains surprisingly poorly 
understood. RelB associates with p100 through multiple 
protein-protein contacts. This multidomain interaction re-
sults in protein co-stabilization, as nfκb2−/− cells showed 
reduced level of RelB protein and relb−/− cells have de-
creased amounts of p100 protein [69, 70]. Counterintui-
tively, this interaction also inhibits p100 processing and 
RelB:p52 formation, suggesting that RelB:p52 dimer for-
mation may occur after p100 processing, though it may 
involve alternate, transient interactions with p100. 

Unlike the canonical NFκB pathway, there are few re-
ports for negative feedback control of the non-canonical 
pathway. NFκB-inducible expression of TRAF3, which 
plays a negative role in non-canonical signaling, may im-
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pede RelB activation by degrading NIK. Phosphorylation 
of NIK on Ser809, Ser812 and Ser815 by IKK1 destabi-
lizes NIK and provides a way to fine-tune non-canonical 
signaling [71]. MicroRNAs – miR-223, miR-15a, miR-
16 – that have been implicated in targeting IKK1 during 
macrophage differentiation may modulate the strength of 
non-canonical signaling, if upregulated upon stimulation 
[72]. In primary thymocytes, phosphorylation of RelB 
stimulated by TPA/ionomysin leading to degradation 
of RelB may serve as a mechanism to control signal-
inducible protein turnover [73]. In general, however, 
dynamic control of RelB activity has not been observed. 

It seems unlikely that there is a mechanism analogous to 
IκB-mediated removal of RelA:p50 from κB sites or the 
nucleus that is applicable to nuclear RelB-containing dimers.

The non-canonical pathway is activated by the en-
gagement of a subset of tumor necrosis factor receptors 
that are involved in development. Given roles of the 
non-canonical pathway in developmental processes that 
require sustained signaling, its kinetics involve a slow 
build-up of activity and long-lasting activity, as opposed 
to the acute activation of RelA-containing dimers in-
duced by inflammatory stimuli. Stimuli that have been 
reported to activate non-canonical signaling include 

Figure 6 The non-canonical NFκB pathway. Receptor engagement leads to recruitment and activation of cIAP1/2 mediated 
by TRAF2 resulting in the degradation of TRAF3. Decreased levels of TRAF3 stabilize NIK, which in turn activates IKK1 ac-
tivity. Degradation of IκBδ following non-canonical IKK activation releases RelA:p50 or RelB:p50 dimers sequestered by IκBδ. 
Processing of newly synthesized p100 also occurs and generates RelB:p52 complex, whose levels slowly build up to provide 
sustained activity of the RelB:p52 dimer. Translocation of NFκB dimers to the nucleus activates gene expression program.



www.cell-research.com | Cell Research

                                                                   Vincent F-S Shih et al.

95

npg

lymphotoxin β (LTβ), B cells activating factor (BAFF), 
CD40 ligand and receptor activator of NFκB ligand 
(RANKL), etc. Studies using genetically deficient cells 
or mice have shown the essential role of non-canonical 
NFκB pathway in various biological processes. Mice de-
ficient in components of non-canonical pathway – relb−/−, 
nfκb2−/−, nik−/− and NIKaly/aly mice that bear a point muta-
tion on nik alleles – showed defective development of 
lymph nodes and Peyer’s Patch [74-78]. p100 and RelB 
are required for maintaining proper splenic architecture 
as nfκb2−/− and relb−/− mice lack germinal centers and fol-
licular dendritic cells network [79-81]. Reduced number 
of marginal zone B cells was observed in both nfκb2−/− 
and relb−/−, indicating the importance of non-canonical 
signaling in B-cell development [81]. Involvement of 
the non-canonical pathway in mammary gland develop-
ment has also been implicated. IKK1AA mice that do not 
have functional IKK1 kinase activity are defective in 
lactation during pregnancy [82]. RelB:p52 activation 
was proposed to rescue the delay in the early mammary 
gland development observed in transgenic mice overex-
pressing the IκBα super-repressor [83]. Defective osteo-
clastogenesis observed in nik−/− mice can be restored by 
overexpressing RelB, but not RelA, indicating a specific 
function of RelB in osteoclast differentiation [84]. Fur-
ther, specific expression of relb transcripts was found in 
antigen-presenting cells, and requirement of RelB for 
CD4+CD8α− dendritic cell development was reported 
[85-87]. Even though the physiological function of RelB 
in DC and MZB cell development has been established, 
the mechanistic aspects of its regulation and the down-
stream target gene expression programs have not been 
revealed.

Supporting a role of the non-canonical pathway in 
secondary lymphoid organ development, splenocytes 
from IKK1AA knock-in mice injected with LTβR ago-
nist showed defective expression of chemokine genes, 
including secondary lymphoid tissue chemokine (SLC), 
EBI1 ligand chemokine (ELC), B lymphoblastoid cell 
chemokine (BLC), and stromal cell-derived factor 1α 
(SDF-1α) [88]. Dependence on RelB for expression 
of these genes was further established by comparing 
molecular events downstream of LTβR signaling in wt 
and relb−/− MEF [70]. Selective recruitment of RelB to 
the promoter region of these genes and in vitro bind-
ing assays between NFκB dimeric complexes and DNA 
probes suggested that RelB:p52 recognizes specific 
κB-binding sites that are different from those bound 
by RelA:p50 [89]. However, genome-wide gene ex-
pression analysis derived from LTβR-stimulated MEF 
revealed that the majority of the induced genes require 
both RelA- and RelB-containing dimers [90]. RelB:p52 

and RelA:p50 complexes derived from eukaryotic cells 
showed similar ability to bind to consensus binding sites 
[91]. Further, B cells with constitutive IKK2 activity (IK-
K2ca) show rescue of the developmental block observed 
in BAFF-R-deficient B cells [92]. It suggests that nuclear 
accumulation of RelA, cRel and p50 in IKK2ca+ B cells 
can compensate for the loss of RelB:p52 activation in 
B cells deficient in BAFF-R signaling. Interestingly, 
analysis of crystal structure of RelB-containing dimers 
suggested that RelB may recognize a broader range of 
κB sequences than other dimers [93, 94]. In sum, studies 
performed so far have not been able to reach a definite 
conclusion if different NFκB dimers activated by the 
non-canonical pathway have specific or overlapping gene 
activation functions.

Crosstalk between canonical and non-canonical 
pathways

Activation of the canonical NFκB pathway is gener-
ally associated with inflammatory exposure, whereas 
activation of the non-canonical pathway is mostly related 
to developmental cues. These two pathways were first 
thought to transduce signals independently and have sep-
arate physiological functions [95]. Interestingly, several 
studies have provided evidence that inter-connections 
between these two pathways exist.

Control of RelA:p50 by non-canonical signals
In early overexpression studies, RelA was reported to 

be associated with the C-terminal portion of p100 [96]. 
Mice expressing a mutant form of p100 that does not al-
low for processing show defective activation of RelA-
containing dimers, impaired development of secondary 
lymphoid organs and B cells, and impaired osteoclasto-
genesis [97]. Cytosolic accumulation of p100 in nik−/− 
osteoclast precursors leads to enhanced association of 
RelA with p100 and defective RANKL-induced osteo-
clastogenesis [98]. Sequestration of RelA:p50 by p100 
mediates a immunosuppressive phenotype observed in 
nik−/− mice through regulating the activation of naïve T 
cells [99]. Developmental LTβR signaling disrupts the 
IκBδ inhibitory complex, which results in the release of 
canonical effector RelA:p50 into the nucleus. Further, 
increased amount of RelA associated with IκBδ in TNF-
primed cells leads to enhanced LTβR-induced inflam-
matory gene expression [1]. These studies indicated 
that IκBδ, capable of inhibiting RelA and responsive to 
non-canonical stimuli, serves as a mediator of crosstalk 
between canonical and non-canonical NFκB signaling. 
Moreover, regulation of IκBδ may thus modulate NFκB/
RelA activity by balancing canonical and non-canonical 
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signaling, when cells are physiologically exposed to mul-
tiple stimuli.

Given this emerging understanding of NFκB control 
(Figure 7A), chronic inflammatory mediators should not 
give rise to chronically elevated NFκB activation given 
the irreversible feedback control mediated by IκBδ. 
However, in a microenvironment where inflammatory 
exposure is accompanied by developmental factors that 
promote IκBδ degradation, prolonged RelA:p50 activity 
may be the outcome. Tonic developmental signals, which 
are not considered detrimental, may exacerbate chronic 
inflammation when IκBδ is constitutively degraded. 
Indeed, several studies have found that B- and T-cell 
leukemias/lymphomas have mutations in nfκb2 gene that 
result in the removal of its inhibitory domain [100, 101]. 
Elevated expression of NIK and p100 processing, a hall-
mark of non-canonical pathway activation, were found 
in multiple myeloma cell lines and primary MM patients’ 
samples [102, 103]. However, it should be noted that 
RelA-containing dimer can be activated through a NIK-
IKK2 axis when NIK protein accumulates in cells [60, 104]. 
Clarifying the contribution of non-canonical pathway ac-
tivation in the misregulation of canonical NFκB effectors 
will affect treatment strategies for inflammatory diseases 
and cancers.

RelA:p50 control of non-canonical signaling
Another layer of interdependency between the ca-

nonical and non-canonical NFκB pathways is based on 
transcriptional control (Figure 7B). Early studies showed 
that the promoter regions of relb and nfκb2 genes con-
tain κB-binding sites and transcriptional regulation of 
these two genes is dependent on RelA [105, 106]. LTβR 
signaling was shown to activate RelA:p50 followed by 
RelB:p52 via two distinct pathways [107]. Activation of 
RelB-containing dimers by LTβR signaling is deficient 
in rela−/− MEF, suggesting a requirement of RelA for 
transcription of relb and nfκb2. Reconstitution of relb 
or constitutive form of IKK2 into rela−/− MEF restored 
LTβR-induced RelB activation. However, overexpression 
of p100 in rela−/− MEF failed to restore LTβR-induced 
RelB activity [70]. These genetic/biochemical analyses 
indicated that homeostatic relb transcription driven by 
basal RelA activity, rather than p100 synthesis induced 
by RelA activation, is the main determinant of non-
canonical pathway responses. Interestingly, mice lacking 
RelA (TNFR1-deficiency background) mirrored the phe-
notypes observed in mice deficient in components of the 
non-canonical pathway. RelA-deficient mice showed an 
absence of lymph nodes, Peyer’s Patch and disorganized 
splenic microarchitecture [108], supporting the cross-reg-
ulatory mechanism between canonical and non-canonical 

pathways provided by ex vivo studies. The requirement 
of canonical NFκB activity for providing non-canonical 
NFκB activation in lymph nodes formation represents a 
physiologically relevant interdependency between these 

Figure 7 Wiring diagrams of the NFκB signaling system to chart 
crosstalk between canonical and non-canonical signaling path-
ways. (A) Non-canonical control of RelA:p50. RelA:p50 is inhib-
ited by not only IκBα, -β, -ε, but also IκBδ. Whereas inflamma-
tory canonical signals lead to degradation of IκBα, -β, -ε, devel-
opmental signals engage the non-canonical pathway to disrupt 
IκBδ activity; however, both result in the nuclear translocation of 
RelA:p50. Interestingly, prior canonical signaling history results 
in an enhancement of the non-canonical-RelA:p50 axis, due to 
inducible expression of p100. (B) Canonical control of RelB:p52 
activation. Expression of p100 and RelB are dependent on 
RelA:p50 activity and therefore canonical signals. The amount 
of basal RelB expression, controlled by constitutive canonical 
pathway activity, rather than the inducible p100 expression, is 
the main determinant of the strength of non-canonical signaling.
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two pathways.

Functional overlap between NFKB1 and NFKB2

NFκB gene deletion studies have shown that there 
is an unexpected interdependence involving functional 
overlap between nfκb1, which encodes p105/p50, and 
nfκb2, which encodes p100/p52. The interplay between 
these two genes and their importance in both the canoni-
cal and non-canonical pathways illustrate the interdepen-
dence of the two pathways.

Non-canonical signaling results in prominent RelB:p52 
dimer activation that is thought to be important for lymph 
node organogenesis. Yet, nfκb2−/− mice do not phenocopy 
relb−/− mice in terms of lymph node formation and germi-
nal center organization [109]. Biochemical analysis did 
confirm that nfκb2-deficient cells show reduced respon-
siveness to LTβR signaling due to lack of p100, which 
forms the non-canonical regulator IκBδ and is a neces-
sary precursor for p52-containing complexes formed 
upon LTβR engagement [70]. However, mutant cells also 
revealed that the deficiency of the RelB-binding partner 
p52 results in formation of the RelB:p50 dimer. Thus, 
constitutive RelB:p50 NFκB activity, which is not con-
trolled by classical IκB proteins, IκBα, -β and -ε, may 
compensate for the loss of non-canonical pathway-induc-
ible RelB:p52 activity (Figure 8A). These observations 
provide explanations for the intermediate lymph node 
phenotypes in nfκb2−/− mice [109].

Canonical activation results in the ubiquitous RelA:p50 
dimer. Yet nfκb1−/− mice show only mild phenotypes in 
inflammatory regulation, not nearly as severe as rela−/− 
mice [110]. Biochemical analysis of mutant cells showed 
that loss of p50 results in the formation of RelA:p52, 
near normal RelA activation in response to inflammatory 
stimuli, and activation of several RelA target genes [32].

Further studies were prompted by the unexpected find-
ing that nfκb1−/− mice also showed lymph node organo-
genesis defects [109]. Biochemical analysis revealed that 
the compensatory generation of p52 via enhanced con-
stitutive p100 processing to provide the binding partner 
for RelA resulted in reduced p100 levels in nfκb1−/− cells, 
thereby weakening the responsiveness of the non-canon-
ical signaling pathway [70]. Thus, upon stimulation by a 
non-canonical stimulus such as BAFF or LTβ, less p100 
is available for processing to p52 to form a RelB:p52 
dimer complex. Much of the p100 will have already 
been processed for the formation of the RelA:p52 dimer 
which is dedicated to canonical signaling (Figure 8B). 
This weakening of the non-canonical pathway provides a 
mechanistic explanation for the lymph node organogen-
esis phenotypes of nfκb1−/− mice [70].

In sum, p50 and p52 appear to have largely overlap-
ping functions in dimer formation (despite preferences 
for RelA and RelB, respectively) and target gene activa-
tion. However, compensation comes at a price, as the 
precursors p105 and especially p100 have signaling 
functions. When their pool is diminished due to compen-

Figure 8 Wiring diagrams of the NFκB signaling system to chart 
the interdependence and functional overlap of nfκb1 and nfκb2 
gene products. (A) The NFκB signaling system in nfκb2−/− cells. 
Without its normal binding partner p52, RelB will bind p50 to 
form RelB:p50 dimers, which accumulate in the nucleus. As a 
result, constitutive RelB:p50 activity compensates for the loss 
of inducible RelB:p52 activity. (B) The NFκB signaling system in 
nfκb1−/− cells. Without its normal binding partner p50, RelA will 
bind p52 causing an increase in constitutive p100 processing 
and thus a depletion of the IκBδ and p100 pool, which is re-
quired for RelB:p52 activation. Though the canonical pathway is 
largely preserved in nfκb1−/− cells, compensation by p52 weak-
ens the non-canonical pathway. 
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sation in dimer formation, deficiencies in signaling can 
occur. Hence, functional overlap between p50 and p52 
revealed interdependencies in precursor processing and 
nfκb1 and nfκb2 gene function.

Conclusions

The majority of previous NFκB review articles have 
focused on the existence of two separate signaling path-
ways mediated through two biological classes of recep-
tors (inflammatory vs immune cell maturation) that result 
in activation of two temporally distinct NFκB dimers, 
namely the RelA/cRel- and RelB-containing dimers. Re-
cent work has indicated that numerous interconnections 
between canonical and non-canonical NFκB pathways 
exist, and these may be crucial in various biological pro-
cesses. Gene knockout studies also revealed functional 
overlap and interdependencies between canonical and 
non-canonical pathways. In sum, we propose the view 
that NFκB signaling mediated by NEMO-dependent or 
NEMO-independent IKK complexes should be consid-
ered within the context of a single regulatory or signaling 
system. Indeed, biological outcomes are the result of nu-
merous stimuli and intracellular and intercellular signals. 
A systems view of NFκB signaling allows one to make 
sense of otherwise counterintuitive phenomena in physi-
ology and pathology. 

Within the NFκB signaling system, stimulus-respon-
sive dynamic regulation of NFκB activity is achieved by 
a network of myriad biochemical reactions that govern 
the synthesis and degradation of NFκB dimers and IκB 
proteins, their interactions with each other, and subcel-
lular localization of the components and complexes. All 
reactions are potentially regulated by signaling events 
that are triggered by extracellular stimuli. As reviewed 
here, in the canonical signaling axis, the focus has been 
on stimulus-induced degradation and feedback resynthe-
sis of IκB proteins, though homeostatic control of free 
IκB synthesis and degradation has also been shown to 
play a critical role. In the non-canonical signaling axis, 
the focus has been on stimulus-induced generation of the 
RelB:p52 dimer, though inactivation of the IκBδ activ-
ity was also shown to be important. However, signaling 
crosstalk mechanisms demonstrate that biochemical re-
actions that are not usually associated with a particular 
signaling axis should also be considered.

A systems understanding of NFκB control may seem 
dauntingly complex: several different IKK kinase com-
plexes, at least 5 IκBs and 15 potential NFκB dimeric 
complexes must be taken into account, as well as their 
interdependent regulation and temporal control through 
feedback. Indeed, to understand NFκB signaling in such 

a manner requires the development of mathematical 
models that represent the biochemical reactions. First 
of all, such models are useful as repositories of what 
is known about a regulatory system. Second, when the 
models are parameterized with rate constants from bio-
physical or cell biological experiments, they also allow 
for in silico computational simulations that can be helpful 
in interpreting experimental data and often directing ex-
perimental design by making interesting predictions. Just 
like model diagrams on paper, such models are a work in 
progress; however, they are better suited for quantitative 
and kinetic arguments and thus they can be a useful tool 
in ongoing research to characterize the functioning of a 
pathway. Third, when a mathematical model has been 
extensively validated, it may then in fact be considered a 
model system, not unlike a model organism or a HeLa or 
MEF cell line, with which results obtained have value in 
their own rights in the context of multipronged approach-
es to discover the molecular basis of human health and 
disease. Fourth, mathematical model reduction strategies 
allow one to characterize the regulatory design principles 
underlying specific regulatory phenomena. As described 
in this review, an experimentally validated mathematical 
model of the NFκB signaling system that accounts for 
the intricate molecular mechanisms pertaining to both 
canonical and non-canonical signaling will have broad 
applicability in characterizing the mechanisms underly-
ing cellular regulation in numerous physiological and 
pathological states.
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