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Abstract

The noncanonical nuclear factor xB (NF-xB) pathway is a specific arm of NF-xB signaling that
regulates important aspects of immune function. Activation of this pathway centers on the
modulation of a pivotal signaling component: NF-xB-inducing kinase (NIK). Under normal
conditions, NIK undergoes constitutive degradation, which keeps its abundance below the
threshold required for its function, and signal-induced activation of the noncanonical NF-xB
pathway is coupled with the stabilization and accumulation of NIK. A study now shows that
signal-induced accumulation of NIK is subject to feedback control, which involves its
phosphorylation by a downstream kinase, inhibitor of xB (1xB) kinase a (IKKa), and
degradation. Thus, controlling the fate of NIK is emerging as a central mechanism in noncanonical
NF-xB signaling.

The nuclear factor xB (NF-xB) family of transcription factors regulates diverse biological
processes, including immune and inflammatory responses, cell growth and survival, and
development (1, 2). Activation of NF-xB involves cascades of signaling events that are
classified into canonical and non-canonical pathways (1, 2). Tight control of NF-xB
signaling is vital, because deregulated activation of NF-xB contributes to diseases that range
from chronic inflammation and autoimmunity to cancer (3-5). Whereas a number of
inhibitory mechanisms have been reported for the canonical NF-xB pathway (2), we are just
beginning to understand the regulation of noncanonical NF-xB signaling. Constitutive
degradation of NF-xB-inducing kinase (NIK), a central player in the noncanonical NF-xB
pathway, prevents basal activation of this pathway, and signal-induced stabilization of NIK
may serve as a mechanism that initiates non-canonical NF-xB signaling (6). However, it has
been unclear whether this pathway, similar to the canonical NF-xB pathway;, is also subject
to feedback regulation. Cheng and colleagues now report a negative-feedback mechanism
that controls the magnitude and kinetics of signal-induced accumulation of NIK (7). This
finding sheds new light on the regulation of NIK and further emphasizes a central role for
the control of the fate of NIK in noncanonical NF-xB signaling.

NF-xB proteins are normally sequestered in the cytoplasm by inhibitors, including inhibitor
of xB (IxB) proteins and related factors (1). The canonical pathway for the activation of NF-
xB involves the phosphorylation and subsequent degradation of a prototypical I1xB, 1xBa.,
and the rapid nuclear translocation of different NF-xB members (1). In contrast, the non-
canonical pathway activates a specific NF-xB member, RelB, which is sequestered by an
IxB-like molecule, p100 (8, 9), which also functions as an NF-xB precursor protein because
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its N-terminal portion forms the NF-xB subunit p52, whereas its C-terminal portion
functions as an 1xB protein. Noncanonical NF-xB signaling induces the limited degradation
of p100 in its C-terminal, 1xB-like sequence, and this so-called processing both generates
mature p52 and causes the nuclear translocation of the non-canonical NF-xB complex, p52-
RelB (8, 9). The noncanonical pathway responds to signals elicited by a subset of tumor
necrosis factor receptors (TNFRs), including B cell activation factor receptor (BAFFR),
CD40, lymphotoxin B receptor (LTBR), and receptor activator of NF-xB (RANK).
Consequently, the noncanonical pathway regulates specific biological processes, including
lymphoid organ development, B cell maturation and survival, dendritic cell function, and
bone metabolism (9).

A central signaling component of the noncanonical NF-xB pathway is NIK, which
stimulates the processing of p100 by inducing its phosphorylation (10). This is achieved
through the activation of a downstream kinase, 1«B kinase a (IKKa) (11), which was
originally identified as a component of a large kinase complex that also contains a
homologous kinase, IKK, and a regulatory protein, IKK+y (also called NEMO) (1, 2).
Whereas IKKBand IKKyare central components in the canonical NF-xB pathway, IKKa is
essential for noncanonical NF-xB signaling (1, 2). IKKa physically interacts with NIK and
serves as its primary substrate (12). NIK and IKKa appear to form a specific kinase
complex in which NIK both activates IKKa and functions as an adaptor that recruits IKKa
to p100 (13). The work by Razani et al. (7) suggests a previously un-characterized
mechanism for the interplay between NIK and IKKa: IKKa also functions as a kinase that
phosphorylates NIK. The IKKa-mediated phosphorylation of NIK targets it for degradation,
which suggests a negative-feedback mechanism for the regulation of NIK (7).

The degradation of NIK was first discovered as a mechanism that prevents basal activation
of p100 processing (14). When cells are not exposed to stimuli, NIK undergoes constant
degradation through a ubiquitin-dependent mechanism, which keeps NIK low in abundance.
Signal-induced processing of p100 involves the stabilization of NIK and its accumulation
through de novo synthesis (14), a finding that explains why stimulation of the
phosphorylation of p100 and its processing require de novo protein synthesis (15, 16).
Identification of tumor necrosis factor receptor—associated factor 3 (TRAF3) as a major
NIK-binding protein led to the discovery that TRAF3 induces the constitutive degradation of
NIK (14). A major step in noncanonical NF-xB signaling is the proteolytic elimination of
TRAF3, a mechanism that mediates the stabilization of NIK (14). Accumulation of NIK
appears to be sufficient to trigger noncanonical NF-xB signaling, because knockdown of
TRAF3 by RNA interference or knockout of 7RAF3leads to the accumulation of NIK and
the processing of p100 (14, 17). Although TRAF3 induces ubiquitination of NIK in cells,
TRAF3 is not the ubiquitin ligase that targets NIK because purified TRAF3 does not
catalyze the ubiquitination of NIK in vitro (14). Recent studies identified cytosolic inhibitor
of apoptosis 1 (clAP1) and clAP2 as E3 ubiquitin ligases that mediate the degradation of
NIK (18, 19). TRAF3 recruits clAP1 and clAP2 to NIK, a molecular event that also requires
TRAF2 (Fig. 1) (20, 21). Thus, deficiency in either TRAF3or TRAFZ2 causes the
stabilization of NIK and the processing of p100 (17, 22, 23); degradation of clAP1 and
clAP2 by pharmacological antagonists has similar consequences (18, 19). These findings
establish a TRAF- and clAP-dependent basal mechanism for the regulation of NIK that
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prevents its signal-independent accumulation (Fig. 1A). The importance of this basal
mechanism is underscored by the finding that deficiencies in 7TRAF3, TRAFZ, clIAP1, or
clAP2 are associated with aberrant activation of noncanonical NF-xB signaling and B cell
malignancies (24, 25).

The signal-induced degradation of TRAF3 has persistent kinetics (14). However, Cheng and
colleagues noticed that NIK did not continuously accumulate upon receptor ligation in the
context of the persistent degradation of TRAF3 and an increase in the abundance of NIK
mRNA (7). This phenomenon prompted the authors to examine whether a feedback
mechanism existed to prevent the unchecked accumulation of NIK in response to receptor
ligation. If this were the case, the fate of NIK should be regulated by a downstream signaling
factor(s). Indeed, the authors detected a substantial increase in the steady-state abundance of
NIK in /KKa-deficient cells (7). Similarly, NIK accumulated in cells derived from
alymphoplasia (aly) mice that have a mutant NIK protein that is incapable of binding to or
activating IKKa (26). Further studies revealed that IKKa phosphorylated NIK at three
putative serine residues located at the C terminus of NIK. Mutation of all of these serines
created a NIK mutant (NIK 3SA) that displayed increased stability compared to that of wild-
type NIK (7). These results suggested a feedback mechanism for the degradation of NIK that
involved IKKa-mediated phosphorylation of NIK (Fig. 1B).

What is the relationship between the IKKa.- and the TRAF- and clAP-mediated degradation
of NIK? Are these coupled or separate mechanisms of action? If the former, one would
expect to see no further increase in the abundance of NIK upon disruption of the TRAF-
clAP complex in IKKa-deficient or aly cells. Cheng and colleagues addressed this question
by inducing the degradation of TRAF3 and the clAP proteins with an agonistic antibody
against LT?R and an antagonist of clAP. Treatment of IKKa-deficient and aly fibroblasts
with these reagents led to further accumulation of NIK, thus suggesting that two separate
mechanisms were involved in the regulation of NIK stability (7). Why, then, is there a
requirement for two different mechanisms to control the abundance of NIK? The work by
Razani et al. suggests a feedback regulatory function for IKKa.. In response to stimulation of
LTBR, NIK continuously accumulated in IKKa.-deficient cells, whereas the abundance of
NIK remained constant after an initial increase in wild-type cells (7). Although it seems that
the IKKa.-dependent feedback mechanism controls the magnitude of NIK accumulation, it
cannot completely shut off noncanonical NF-xB signaling in the absence of the TRAF- and
clAP-dependent mechanism. This would explain why genetic mutations in components of
the TRAF-clAP pathway lead to deregulated non-canonical NF-xB signaling and the
development of lymphoma even in the presence of wild-type IKKa.

The study by Cheng and colleagues (7) will stimulate further investigation of the
degradation of NIK and its central role in the regulation of noncanonical NF-xB signaling.
Several intriguing questions are raised for future studies. First, how does IKKa.-mediated
phosphorylation of NIK trigger its degradation? Inducible degradation of proteins typically
involves their ubiquitination-mediated targeting to the 26 S proteasome. However, IKKa did
not induce detectable ubiquitination of NIK in transfected human embryonic kidney 293T
cells. Is this because of the lack of a NIK-ubiquitination component in these cells, or is it
due to the involvement of a ubiquitination-independent mechanism in the proteolysis of
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NIK? Second, does IKKa mediate crosstalk between the canonical and non-canonical NF-
kB pathways? When increased in abundance, NIK not only induces the processing of p100
but also activates canonical NF-xB signaling (27, 28). Because a deficiency in /KKa causes
the accumulation of NIK, it is conceivable that IKKa may provide a link between the
canonical and noncanonical NF-xB signaling pathways. In this regard, loss of /KKa
promotes the Toll-like receptor (TLR)-mediated production of proinflammatory cytokines
(29, 30), raising the question of whether it involves the deregulation of NIK. Third, is NIK a
constitutively active kinase? That the accumulation of NIK is sufficient to trigger the
processing of p100 suggests the possibility that NIK is a constitutively active kinase, whose
activity is controlled by its stability. Although NIK activity is dependent on phosphorylation
atits T loop (31), this could be an autophosphorylation event. However, it remains possible
that inducible phosphorylation of NIK may also contribute to its activation under certain
conditions. Better understanding of the regulation of NIK is important for the rational design
of therapies to treat human diseases associated with deregulated noncanonical NF-xB
signaling.
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Fig. 1.

Basal and feedback mechanisms that regulate NIK activity. (A) Under unstimulated
conditions, NIK is constantly targeted for ubiquitination and degradation by the redundant
functions of the E3 ubiquitin ligases clAP1 and clAP2, which do not directly interact with
NIK but are recruited to NIK through TRAF2 and TRAF3, which interact with clAP1/2 and
NIK, respectively. The basal degradation of NIK may keep its abundance below a threshold
required for function, thus preventing signal-independent activation of the processing of
p100. (B) In response to receptor-dependent signals, TRAF2 or TRAF3, or both, are
recruited to the signaling receptor and are targeted for degradation by clAP-mediated
ubiquitination, which triggers the release and stabilization of NIK. NIK accumulates and
activates IKKa, which triggers the processing of p100. Activated IKKa also phosphorylates
NIK and induces its degradation, which prevents an overaccumulation of NIK in activated
cells. The IKKa.-mediated feedback mechanism controls the magnitude of the accumulation
of NIK but may not be able to completely shut off noncanonical NF-xB signaling.
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