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Summary

The noncanonical nuclear factor-κB (NF-κB) signaling pathway mediates activation of the p52/

RelB NF-κB complex and, thereby, regulates specific immunological processes. This NF-κB
pathway relies on the inducible processing of NF-κB2 precursor protein, p100, as opposed to the

degradation of IκBα in the canonical NF-κB pathway. A central signaling component of the

noncanonical NF-κB pathway is NF-κB-inducing kinase (NIK), which functions together with a

downstream kinase, inhibitor of NF-κB kinase α (IKKα), to induce phosphorylation-dependent

ubiquitination and processing of p100. Under normal conditions, NIK is targeted for continuous

degradation by a tumor necrosis factor (TNF) receptor-associated factor-3 (TRAF3)-dependent E3

ubiquitin ligase. In response to signals mediated by a subset of TNF receptor superfamily

members, NIK becomes stabilized as a result of TRAF3 degradation, leading to the activation of

noncanonical NF-κB. This review discusses both the historical perspectives and the recent

progress in the regulation and biological function of the noncanonical NF-κB pathway.
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Introduction

The nuclear factor-κB (NF-κB) family of transcription factors regulates diverse biological

processes, including many aspects of immunological functions (1, 2). This family is

composed of structurally homologous transcription factors, including NF-κB1, NF-κB2,

RelA, RelB, and c-Rel, which bind to κB enhancers as homo- or hetero-dimers. NF-κB
proteins are normally sequestered in the cytoplasm by specific inhibitory proteins, inhibitors

if NF-κB (IκBs), characterized by the presence of ankyrin-repeat structure. The prototypical

IκB member is IκBα, which plays a primary role in mediating the activation of the canonical

(or classical) NF-κB pathway (3). Several other IκB family members exist and appear to

regulate more specific functions of NF-κB. The NF-κB1 and NF-κB2 are translated as

precursor proteins, p105 and p100, which also function as IκB-like molecules (4). Their C-

terminal portion has structural homology with IκBs and inhibits the nuclear translocation of

associated NF-κB members. Proteasome-mediated processing of p105 and p100 not only

generate their respective mature proteins, p50 and p52, but also results in the nuclear

translocation of sequestered NF-κB members (4).

The signaling pathways that mediate NF-κB activation can be classified into canonical and

noncanonical (or alternative) pathways. The canonical pathway responds to numerous
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stimuli, including ligands for antigen receptors, cytokine receptors, pattern-recognition

receptors, etc. (3). The different signals converge to an IκB kinase (IKK) complex,

composed of catalytic (IKKα and IKKβ) and regulatory (IKKγ) subunits. Upon activation,

IKK phosphorylates IκBα at two N-terminal serines, triggering its ubiquitination and

proteasomal degradation; this leads to the nuclear translocation of commonly seen NF-κB
complexes, predominantly p50/RelA and p50/c-Rel dimers. Activation of the noncanonical

NF-κB pathway involves different signaling molecules and leads to the predominant

activation of the p52/RelB dimer (5). This pathway is based on processing of the NF-κB2

precursor protein, p100. In contrast to the constitutive and contranslational processing of

p105 (6), the processing of p100 is a signal-induced and posttranslational event (7). Since

p100 preferentially interacts with RelB (8), the processing of p100 not only generates p52

but also causes p52/RelB nuclear translocation (5). During the past decade, tremendous

progress has been made in elucidating the signaling mechanisms and biological functions of

the noncanonical NF-κB pathway. This review provides both the historical perspective and

the recent progress of this area of NF-κB research.

Personal and historical narrative

My career in NF-κB research started when I was a graduate student in Stockholm

University, where I found the potential involvement of NF-κB-like transcription factors in

the regulation of antibacterial genes in insects (9). During my postdoctoral training in

Warner Greene’s laboratory at the Gladstone Institute of Virology and Immunology, my

colleagues and I discovered the inducible degradation of IκBα as a primary mechanism of

NF-κB activation (10). Soon after this discovery, I became interested in the IκB-like protein

p100, because of our finding that a large proportion of RelA is sequestered by p100 in tumor

necrosis factor-α (TNF-α)-stimulated cells even when IκBα is depleted (11). Since TNF-α
did not stimulate this pool of NF-κB, the question arose as to what kind of signals might

induce the degradation/processing of p100.

After setting up my laboratory in Penn State University College of Medicine, I continued my

effort to address this intriguing question. It became clear at that time that p100 is barely

processed in most cell types; however, active processing of p100 occurs in B cells, since

these lymphocytes produce abundant p52. These prior findings allowed us to postulate that

p100 processing might be induced by a signal that is triggered only in specific cell types,

such as B cells. Driven by this hypothesis, two of my former postdoctoral fellows, Gutian

Xiao and Edward W. Harhaj, performed extensive biochemical studies to test which of the

known NF-κB-activating kinases might induce the processing of p100 in transfected cells.

After screening a panel of kinases, Gutian identified the NF-κB-inducing kinase (NIK) as

the only kinase capable of inducing productive processing of p100 (7). Although NIK was

initially thought to mediate NF-κB activation by proinflammatory cytokines (12), NIK

mutation in alymphoplasia (Aly) mice or NIK knockout (KO) surprisingly had no obvious

effect on NF-κB activation by TNF-α and interleukin-1 (IL-1) (13, 14). However, we found

that the NIK mutation in Aly mice completely blocked the processing of p100 (7). NIK

induces p100 site-specific phosphorylation, thereby triggering p100 polyubiquitination by

SCFβTrCP E3 ligase and proteasomal processing (7, 15, 16). These initial studies confirmed

our hypothesis that p100 processing is a signal-regulated process and identified NIK as a

crucial component of this pathway.

When our initial work was published (7), Michael Karin’s laboratory found that mice

expressing an IKKα mutant (IKK-AA), with serine-to-alanine substitutions at its

phosphorylation sites, displayed phenotypic similarities to the Aly mice. Collaboration was

initiated between our laboratories to examine the role of IKKα in NIK-induced p100

processing. Interestingly, we found that IKKα, but not IKKβ, is required for NIK-induced
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p100 processing in embryonic fibroblasts (MEFs), and our collaborators in the Karin

laboratory also demonstrated a blockade of p100 processing in B cells of the IKKα-AA mice

(17). Although our initial work revealed that NIK complex isolated from mammalian cells

phosphorylated the C-terminus of p100 (7), recombinant NIK produced in insect cells was

unable to do so (17). Moreover, recombinant IKKα phosphorylated p100, suggesting that

NIK induces p100 phosphorylation via its associated IKKα. Our work also suggested that

IKKα and IKKβ preferentially phosphorylate p100 and IκBα, respectively. In another study,

we showed that NIK-induced p100 processing does not need IKKγ, the IKK-regulatory

subunit required for canonical NF-κB pathway (18). These findings further emphasized the

involvement of a noncanonical NF-κB pathway, in the induction of p100 processing.

Identification of signaling receptors that trigger the noncanonical NF-κB pathway was

guided by the phenotypic similarities between the Aly mice and the mice that are deficient in

certain TNF receptor (TNFR) superfamily members. Since Aly and lymphotoxin-β receptor

(LTβR) KO mice shared similar defect in secondary lymphoid organ development, we tested

whether LTβR has NIK-stimulating activity. Indeed, transfected LTβR potently stimulated

NIK-mediated p100 processing (7). Subsequent work provided definitive evidence that the

LTβR signaling pathway induces p100 processing in a NIK- and IKKα-dependent manner

(19). Around the same time, several other groups reported the induction of p100 processing

by BAFF (B-cell activating factor belonging to TNF family) receptor (BAFFR) and CD40

(20–22). Later on, RANK (receptor activator for NF-κB), TNFR2, and several other TNFR

superfamily members were added to the list of noncanonical NF-κB-stimulatory receptors

(23–28).

Soon after the discovery of the noncanonical NF-κB pathway, it became obvious that this

new pathway differs from the canonical pathway in some major signaling properties. In

particular, canonical NF-κB activation is rapid and independent of protein synthesis,

whereas the noncanonical NF-κB activation is slow and dependent on protein synthesis.

However, elucidating the mechanism of noncanonical NF-κB regulation turned out to be a

tough task, mainly because the endogenous level of NIK was too low to be detected by

biochemical approaches, such as immunoblotting (IB) and in vitro kinase assays. After

extensive efforts, we realized that the low steady level of NIK is actually a mechanism of its

regulation (29). NIK undergoes continuous degradation in resting cells but becomes

stabilized and accumulated in response to CD40 and BAFFR signals (29).

To understand the mechanism underlying NIK degradation, we performed yeast two-hybrid

screening using NIK as bait, which led to the identification of TRAF3 as a major NIK-

binding partner (29). Interestingly, the binding of TRAF3 to NIK functions to target NIK for

ubiquitin-dependent degradation. Moreover, induction of p100 processing by CD40 and

BAFFR is mediated through degradation of TRAF3 and accumulation of NIK (29). Since

recombinant TRAF3 did not ubiquitinate NIK in vitro, we hypothesized that TRAF3 may

function as a critical component of a ubiquitin ligase mediating NIK ubiquitination in vivo

(29). Indeed, recent studies suggest that TRAF3 functions as the substrate-binding subunit of

a NIK ubiquitin ligase composed of TRAF3, TRAF2, and cIAP1 (or cIAP2) (here after

named cIAP1/2) (30–33). Collectively, these studies have elucidated a unique signaling

mechanism that regulates noncanonical NF-κB activation.

Mechanism of p100 processing

When expressed in mammalian cells, p100 is barely converted to p52 (7), a finding that

explains why endogenous NF-κB2 exists predominantly as the precursor, p100 (34).

However, the active production of p52 in specific cell types, such as B cells, suggested the

existence of an inducible mechanism that mediates the processing of p100. It is now clear
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that the processing of p100 is suppressed by negative regulatory domains and stimulated via

its site-specific phosphorylation (7).

Negative regulatory domains

The lack of constitutive p100 processing is due to the suppressive action of its C-terminal

portion (7, 35), which contains a processing-inhibitory domain (PID) and an ankyrin repeat

domain (ARD), both contributing to the suppression of processing (7, 36). The PID covers

predominantly a death domain (DD) structure, and mutation of the conserved residues

within the DD abolishes its processing-suppression function (7). When the structure of both

DD and ARD is disrupted or deleted, the constitutive processing of the resulting p100

mutants becomes robust (36).

Although how the DD and ARD suppress p100 processing is yet to be examined by

structural studies, one potential mechanism is that these C-terminal domains are involved in

the formation of a tight structure of p100 that prevents its processing. In this regard, a

notable feature of the constitutive processing of p100 C-terminal truncation (p100ΔC)

mutants is the requirement of their nuclear translocation (36). Since ARD is known to mask

the nuclear localization sequence (NLS) present in the N-terminal Rel-homology domain

(RHD) of p100, it is likely that ARD, with the help of the DD, suppresses p100 processing

via inhibition of its nuclear translocation. The requirement of nuclear translocation in p100

constitutive processing suggests that some important regulators may be localized in the

nucleus. In this regard, it is well-recognized that a number of E3 ubiquitin ligases are

predominantly localized in the nucleus (37–41), although it is unknown whether any of these

nuclear E3s is involved in p100ΔC processing. Another potential mechanism was suggested

by an interesting study showing that DNA-binding is required for p100 constitutive

processing (42). Association with promoter of target genes, via the κB enhancer, may

facilitate the recruitment of p100ΔC mutants to the proteasome, where they are initially

cleaved, by an endoprotease, into p52 and a C-terminal fragment followed by degradation of

the C-terminal fragment. The DNA-binding of p52 may also serve as a mechanism that

prevents its degradation, since the DNA-bound p52 is more stable, at least in vitro (42).

Suppression of p100 processing by its negative regulatory domains is critical for preventing

abnormal function of NF-κB2, which is suggested by the finding that nfκb2 gene is involved

in chromosomal translocations in a subset of lymphomas (43). The rearranged nfκb2 genes

encode C-terminally truncated p100 mutants lacking the negative regulatory domains and,

thus, undergoing constitutive processing (7). Although the oncogenic potential of over-

produced p52 is still under debate (42, 44), it is likely that the loss of IκB-like function of

p100 along with over-production of p52 contributes to the development of lymphoma.

p100 phosphorylation

The inducible processing of p100 is triggered through its site-specific phosphorylation. p100

has a C-terminal NIK-responsive element that contains a sequence similar to the

phosphorylation site of IκBα (7, 15). Mutation of the conserved serine residues (Ser-866 and

Ser-870) abolishes the induction of p100 processing by both NIK and receptor signals (7,

15). Both in vitro kinase assays and phospho-IB assays confirmed that these two residues

function as phosphorylation sites of p100 (7, 16). We initially found that a NIK complex

isolated from mammalian cells was able to phosphorylate p100 (7) but subsequently

identified IKKα as a NIK-associated kinase that directly phosphorylates p100 (17). In vitro,

IKKα predominantly phosphorylates a serine (Ser-872) located near the conserved

phosphorylation site of p100 (45). However, phosphorylation of p100 in cells expressing

either NIK or IKKα occurs at serines 866 and 870 (16). This result may reflect the

difference between in vitro and in vivo actions of IKKα, although it is also possible that the
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physiological function of IKKα may involve a modulating factor(s). In any case, serine 872

is largely dispensable for the inducible processing of p100 (16). In vitro, IKKα also

phosphorylates several other serines located in the N-terminal RHD of p100 (45). Combined

mutation of these serines interferes with NIK-induced p100 processing, but the putative N-

terminal phosphorylation sites of p100 are yet to be confirmed by phospho-IB or mass

spectrometry.

Signal-induced phosphorylation of p100 at serines 866 and 870 has been confirmed by IB

using phospho-specific anti-p100 antibodies (16). The induction of p100 phosphorylation is

dependent on NIK and IKKα but does not require IKKβ and IKKγ (Fig. 1A). Furthermore,

as seen with the processing of p100, the signal-induced p100 phosphorylation is dependent

on protein synthesis (16)(Fig. 1B). This latter finding is consistent with the observation that

activation of noncanonical NF-κB involves signal-induced NIK stabilization and de novo

protein synthesis (29).

p100 ubiquitination

The NIK-induced p100 processing is preceded by its polyubiquitination, a molecular event

that is dependent on serines 866 and 870 (7). The sequence of the p100 phosphorylation site

is similar to the consensus binding sequence of βTrCP (15). Indeed, p100 is bound by

βTrCP in a manner that is dependent on NIK-induced p100 phosphorylation (15). Studies

using synthetic peptides covering the phosphorylation site of p100 further confirmed that

phosphorylation of serines 866 and 870 creates a βTrCP binding site at the C-terminus of

p100 (16). As with IκBα degradation, the inducible ubiquitination and processing of p100

are critically dependent on βTrCP, thus establishing SCFβTrCP as a ubiquitin ligase

mediating the inducible processing of p100. The ubiquitin acceptor site of p100 was later on

mapped to a lysine residue (K856) that is located upstream of the phosphorylation site (46).

Of note, the SCFβTrCP-mediated p100 ubiquitination is not required for the constitutive

processing of p100ΔC mutants. These p100 mutants do not bind βTrCP nor requires βTrCP

for processing (15).

How is the ubiquitinated p100 targeted to the proteasome for limited degradation

(processing) is poorly understood. Nevertheless, a yeast two-hybrid screening study

identified the binding of a proteasome regulatory subunit, S9 (also called Psmd11), to the C-

terminal region of p100 (15). The binding of S9 to p100 requires NIK-induced p100

ubiquitination. In addition, the DD of p100 is critical for its association with S9. It is likely

that ubiquitination of p100 facilitates the binding of S9 to the DD of p100. S9 knockdown

inhibits NIK-induced processing of p100 but has no effect on the constitutive processing of

p100ΔC mutants. Further studies of how the binding of S9 to p100 DD contributes to the

inducible processing of p100 may shed light on the post-ubiquitination steps of p100

processing.

Kinases regulating the noncanonical NF-κB pathway

A central signaling component of the noncanonical NF-κB pathway is NIK (5), a mitogen-

associated protein 3 kinase (MAP3K) originally thought to mediate NF-κB activation by

cytokines, including TNF-α and IL-1 (12). Although overexpressed NIK activates canonical

NF-κB, it is dispensable for NF-κB activation by TNF-α and IL-1 under physiological

conditions (13, 14). In contrast, NIK is essential for the induction of p100 processing, as first

revealed using the Aly mice (7). Furthermore, transiently expressed NIK but not several

other kinases potently stimulates the processing of p100 (7). All of the known cellular

stimuli of noncanonical NF-κB pathway rely on NIK for inducing p100 processing, although

some viral oncoproteins seem to induce p100 processing in a NIK-independent manner (47).
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Biochemical and genetic evidence establishes IKKα as a kinase that mediates NIK-induced

p100 phosphorylation and processing (17). This finding, together with a prior observation

that NIK phosphorylates IKKα (48), suggests that IKKα functions as a downstream kinase

of NIK in the noncanonical NF-κB signaling pathway. One puzzle, though, is that IKKα
activation does not seem to be sufficient for the induction of p100 processing. IKKα can be

activated by various signals, but only the NIK-dependent signals induce p100 processing.

Furthermore, when transiently expressed in mammalian cells, IKKα is much less effective

than NIK in the induction of p100 processing (7, 45). It seems likely that NIK may induce

p100 processing via both activation of IKKα and additional mechanisms. One potential

mechanism is that NIK promotes the binding of IKKα to p100 and that the formation of a

NIK/IKKα/p100 complex may be critical for p100 phosphorylation and processing (45). It is

also possible that NIK may activate a new factor that induces p100 processing in synergy

with IKKα.

Although NIK is essential for induction of p100 processing by cellular signals, some viral

oncoproteins seem to induce p100 processing in a NIK-independent manner. One example is

the oncoprotein Tax encoded by human T-cell leukemia virus type 1 (HTLV1) (18). Tax

activates both the canonical and noncanonical NF-κB pathway by targeting the IKK

complexes, and this physical association is mediated through direct binding of Tax to the

IKK regulatory subunit IKKγ (49). Tax-induced p100 processing is insensitive to dominant-

negative mutants of NIK but is dependent on IKKγ, indicating a mechanism that differs

from the cellular pathway (18). Tax seems to mimic NIK in that it physically interacts with

both p100 and IKKα (via IKKγ) and, thereby, recruits p100 to IKKα (18). Similar findings

have been made with the viral FLICE-like inhibitory protein (vFLIP) of Kaposi’s sarcoma-

associated herpes virus (KSHV) (50). Like Tax, vFLIP interacts with p100 and IKKα and

induces the assembly of the p100/IKKα complex. While these findings suggest that Tax and

vFLIP may mimic the action of NIK, the question is how these viral proteins activate the

catalytic activity of IKKα. One possibility is that induction of IKKγ ubiquitination and

IKKα aggregation by Tax, and possibly by vFLIP, may promote IKKα activation. On the

other hand, the involvement of a different IKKα-activating kinase is also possible.

Mechanisms regulating NIK function

Signal-induced activation of protein kinases is usually mediated through their

posttranslational modifications, predominantly phosphorylation. However, NIK is unique in

that its function is primarily controlled through steady level of expression. The expression

level of NIK is kept low under normal conditions but is drastically elevated in response to

stimulation via specific receptors, such as CD40 and BAFFR (29). This signaling

mechanism is dependent on dynamic ubiquitination and proteasome degradation events that

mediate negative or positive regulation of NIK.

Negative regulation of NIK

The negative mechanism of NIK regulation was first uncovered in a yeast two hybrid

screening experiment that identified TRAF3 as a major NIK-binding protein (29). The

strong binding between NIK and TRAF3 also occurs in mammalian cells, under both

transfected and endogenous conditions. Although NIK was initially identified as a TRAF2-

binding protein (12), the NIK-TRAF2 interaction is substantially weaker than the NIK-

TRAF3 binding (29). The NIK-TRAF3 association serves as a key negative mechanism of

NIK regulation. It appears that upon de novo synthesis, NIK is immediately bound by

TRAF3 and targeted for ubiquitin-proteasome-mediated degradation. Thus, NIK undergoes

constant degradation to keep the its steady level extremely low in unstimulated cells, and

incubation of cells with a proteasome inhibitor, MG132, leads to the stabilization of NIK

within the TRAF3 complex (29) (Fig. 2A). TRAF3 binds to an N-terminal region of NIK
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containing a core sequence (amino acid 78–84, ISIIAQA) that is not homologous to the

previously defined TRAF2/3-binding motif (29). An NIK mutant lacking the TRAF3-

binding motif, NIKΔ78–84 (harboring deletion of amino acid 78–84), becomes stabilized

due to escape from TRAF3-mediated degradation(29) (Fig. 2B, C). When expressed in B

cells of transgenic mice, this stable form of NIK mediates B-cell hyperplasia and severe

autoimmunity (51). Expression of the NIK mutant in myeloid cells or osteoclast precursor

cells also enhances osteoclast differentiation and function, leading to osteoporosis (52).

More recently, NIK was found to be cleaved by APl2-MALT1, a fusion oncoprotein created

by recurrent t(11;18)(q21;q21) chromosomal translocations in mucosa-associated lymphoid

tissue (MALT) lymphoma (53). In addition to activating canonical NF-κB, APl2-MALT1

induces p100 processing and nuclear translocation of RelB/p52. APl2-MALT1 cleaves NIK

at arginine 325, generating an N-terminally truncated NIK mutant, NIK(326–947), lacking

the TRAF3-binding site and retaining kinase activity. This NIK mutant is resistant to

TRAF3-mediated degradation and, thus, causes deregulated activation of noncanonical NF-

κB signaling and enhanced B-cell adhesion and survival. This finding further emphasizes the

importance of NIK/TRAF3 physical association in the negative regulation of NIK.

Although TRAF3 mediates NIK ubiquitination and degradation in mammalian cells, purified

TRAF3 does not display E3 ubiquitin ligase activity towards NIK, leading to the hypothesis

that TRAF3 may not directly ubiquitinate NIK but rather functions as a critical component

of a ubiquitin ligase mediating NIK ubiquitination (29). Indeed, several more recent studies

identified a NIK ubiquitin ligase, composed of cIAP1/2, TRAF2, and TRAF3 (hereafter

named TRAF-cIAP E3 complex), in which TRAF3 functions as the substrate-binding

component (30–33). Within the TRAF-cIAP E3 complex, TRAF2 serves as a linker to

connect TRAF3 and cIAP1/2, since TRAF3 does not directly bind cIAP1/2 (5, 30, 33); this

is why deficiency in either TRAF3 or TRAF2 leads to constitutive activation of the

noncanonical NF-κB pathway (29, 54–57). In contrast to TRAF2 and TRAF3, cIAP1 and

cIAP2 are functionally redundant, since simultaneous ablation of both cIAP1 and cIAP2 is

required for stabilizing NIK (58). Knockin mice expressing an E3-inactive cIAP2 mutant

also display aberrant noncanonical NF-κB activation in B cells, because the cIAP2 mutant

interferes with the function of endogenous cIAP1 (59).

How the activated form of NIK is regulated is less well studied. A recent study suggests a

role for IKKα in mediating feedback regulation of NIK (60). Upon activation by NIK, IKKα
not only phosphorylates p100 to trigger p100 processing but also phosphorylates NIK. The

IKKα-mediated NIK phosphorylation targets activated NIK for degradation, presumably

serving as a mechanism to prevent accumulation of too much NIK in cells exposed to

noncanonical NF-κB stimuli. This feedback degradation pathway does not require the

TRAF-cIAP E3 complex, although the detailed underlying mechanism has not been defined

(60, 61).

Mechanism of NIK activation

In contrast to the activation of canonical NF-κB by diverse receptor signals, only a specific

subset of TNFR superfamily members mediates induction of noncanonical NF-κB signaling;

these include LTβR (19), CD40 (21), BAFFR (20, 22), RANK (23), TNFR2 (24, 26), CD27

(25), etc. A hallmark of noncanonical NF-κB activation is the slow kinetics and dependence

of de novo protein synthesis (16, 20). This feature can now be explained by the finding that

NIK activation is a slow process that involves signal-induced TRAF3 degradation and NIK

accumulation, the latter of which is likely a result of NIK stabilization and de novo synthesis

(29) (Fig. 3).
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Strong evidence suggests that NIK activation is predominantly mediated through its protein

accumulation. First, exogenously expressed NIK is notoriously active in the induction of

p100 processing (7). Second, NIK accumulation in TRAF3 knockdown or TRAF3 KO cells

is sufficient for triggering the processing of p100 (29, 54). Third, cIAP1/2 degradation by

antagonists induces NIK accumulation and activation of noncanonical NF-κB pathway (31,

32). In fact, genetic deficiency in any component of the NIK ubiquitin ligase complex,

including TRAF2, TRAF3, cIAP1/2, leads to the accumulation of NIK and activation of

noncanonical NF-κB pathway (29, 54–58). Based on the finding that NIK activation is also

associated with its activation-loop phosphorylation (62), it is conceivable that NIK may

undergo autophosphorylation along with the elevation of its expression level. However, at

least for some receptors, such as CD27, the activation of NIK also involves its recruitment

into the receptor complex (25). The receptor recruitment of NIK may increase its local

concentration, thereby facilitating its trans-phosphorylation and catalytic activation.

The function of cIAP1/2 in NF-κB signaling is complex. In addition to mediating K48

ubiquitination and degradation of NIK in unstimulated cells, cIAP1/2 is responsible for the

inducible degradation of TRAF3 in response to receptor signals, contributing to both

constitutive NIK degradation and signal-induced NIK activation (30). Moreover, cIAP1/2

also possess K63 type of E3 activity towards receptor interacting protein 1 (RIP1), which is

important for mediating activation of canonical NF-κB and cell survival (63, 64).

Consistently, double ablation of cIAP1 and cIAP2 in B cells attenuates CD40-mediated

activation of canonical NF-κB and MAPK pathways, in addition to causing constitutive

activation of noncanonical NF-κB (58). Therefore, the cIAP1 and cIAP2 double KO mice

display both BAFF-independent B-cell survival (due to constitutive noncanonical NF-κB
activation) and impaired formation of germinal centers (due to attenuated canonical NF-κB
signaling)(58). TRAF2 also plays dual roles in the regulation of noncanonical NF-κB
signaling. While mediating constitutive degradation of NIK in untreated cells, TRAF2 is

required for signal-induced degradation of TRAF3 (30, 65), thus contributing to inducible

NIK stabilization. In addition to serving as an adapter of TRAF3 and cIAP1/2, TRAF2

mediates the recruitment of cIAP1/2 to the receptors and induces K63 ubiquitination of

cIAP1/2, a modification that stimulates the K48 E3 ligase activity of the cIAP1/2 towards

TRAF3 (30). How K63 ubiquitination of cIAP1/2 activates their K48 E3 function is

unknown. One intriguing possibility is that the K63 ubiquitin chain may facilitate the

association of cIAP1/2 with a specific E2 mediating K48 polyubiquitin chain conjugation.

It is likely that activation of NIK or noncanonical NF-κB is subject to regulation by

additional factors that modulate the steps involved in cIAP1/2 activation or TRAF3

ubiquitination and degradation. In this regard, TRAF1 positively regulates noncanonical NF-

κB activation by promoting TRAF3 degradation and NIK stabilization (66). TRAF1 directly

interacts with BAFFR, providing a potential mechanism by which this TRAF member

regulates BAFF-induced noncanonical NF-κB activation. However, since TRAF1 also

promotes noncanonical NF-κB activation independently of BAFFR, additional mechanisms

must exist. One other mechanism is suggested by a recent structural study demonstrating

that TRAF1 binds to TRAF2 to form a ternary complex that associates with cIAP2 with

elevated affinity (67). Therefore, TRAF1 may promote TRAF3 degradation and thus NIK

stabilization by modulating the TRAF2/cIAP1/2 complex. Another newly identified positive

regulator of noncanonical NF-κB pathway is MALT1, which is important for the induction

of p100 processing and p52/RelB nuclear expression by BAFFR in B cells (68). MALT1

physically associates with TRAF3 and may function as a scaffold to promote TRAF3

ubiquitination by cIAP1/2 (68). Bcl10 (B-cell lymphoma 10), a partner of MALT1, may also

have a role in mediating noncanonical NF-κB activation (69, 70), although it is unknown

whether it functions together with MALT1.
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Model of NIK regulation

Based on our initial observation and the recent findings discussed above, a model of NIK

regulation has emerged (Fig. 4). In cells that are not exposed to noncanonical NF-κB
inducers, newly synthesized NIK is rapidly bound by TRAF3 and targeted to the TRAF-

cIAP E3 ubiquitin ligase complex for K48-polyubiquitination and proteasomal degradation

(Fig. 4A). Within the TRAF-cIAP complex, TRAF2 functions as an adapter of TRAF3 and

cIAP1/2, whereas TRAF3 mediates substrate binding. The continuous degradation of NIK

keeps its level extremely low to prevent induction of p100 processing under normal

conditions. In cells stimulated by noncanonical NF-κB inducers, the TRAF-cIAP E3

complex is recruited to the receptors (Fig. 4B). Within the receptor complex, cIAP1/2 is

activated by TRAF2-mediated K63 ubiquitination, and the activated cIAP1/2 then targets

TRAF3 for K48 ubiquitination and degradation. In the absence of sufficient TRAF3, de

novo synthesized NIK is accumulated and activated via trans-phosphorylation. NIK then

activates IKKα, leading to p100 processing and nuclear translocation of RelB/p52. For some

receptors, the activation of NIK may also involve its recruitment into the receptor complex,

a mechanism that may promote NIK activation through increase of its local concentration.

Interplay between canonical and noncanonical pathways

The biological function of NF-κB often involves crosstalk within the family or with other

families of transcription factors. In particular, the noncanonical and canonical NF-κB
pathways have extensive interplays at different levels, including both upstream signaling

crosstalk and nuclear interactions via formation of diverse NF-κB dimers. Although the two

pathways usually cooperate in their biological functions, negative interplays have also been

identified. The positive and negative interplays between the two NF-κB pathways may serve

to modulate the kinetics and magnitude of expression of NF-κB target genes.

Indirect crosstalk via gene induction

A well-recognized mechanism of crosstalk between the canonical and noncanonical NF-κB
pathways is the induction of nfκb2 gene expression by the canonical pathway; this positively

regulates noncanonical NF-κB signaling by providing more NF-κB2 precursor, p100, for

p52 generation (19). However, in cells stimulated with inducers that activate only the

canonical NF-κB pathway, such as TNF-α, the accumulated p100 functions as an IκB to

inhibit both the noncanonical NF-κB member RelB and the canonical NF-κB member RelA

(11, 71, 72). The canonical NF-κB pathway also induces the expression of RelB, which may

promote or inhibit the activation of noncanonical pathway. In human umbilical vein

endothelial cells (HVEC), the TNF-induced canonical NF-κB suppresses CXCL12 gene

induction by LTβR-mediated noncanonical NF-κB pathway (73). It appears that the TNF-α-

induced excess amount of RelB represses the transactivation of CXCL12 gene by the

noncanonical NF-κB. How precisely RelB exerts this negative function is yet to be defined,

but the balance between RelB and p52 may be a determining factor. This possibility is also

suggested by a recent study using human monocytes (74). During the differentiation of

human monocytes to macrophages, IKKα steady level increases due to the downregulation

of IKKα-specific microRNAs, which in turn leads to heightened production of p52. Due to

the low level of RelB in resting macrophages, the excessive p52 production represses the

expression of NF-κB target genes. However, induction of RelB by proinflammatory stimuli

converts the role of p52 from negative to positive, leading to elevated NF-κB target gene

expression (74).

A recent study provides an example for how noncanonical NF-κB pathway influences

canonical NF-κB signaling by modulating expression of a signaling factor, WW domain–

containing oxidoreductase (WWOX) (75). WWOX is a tumor suppressor encoded by a gene
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located at a chromosomal common fragile site and is affected in multiple cancers (76).

Although WWOX may function through different pathways (77), it serves as an inhibitor of

canonical NF-κB activation stimulated by the Tax oncoprotein of the human T-cell leukemia

virus type 1 (HTLV1). In HTLV1-infected cells, Tax suppresses the expression of WWOX

via activation of the noncanonical NF-κB pathway, thereby promoting activation of

canonical NF-κB (75).

NF-κB subunit dimerization

The five NF-κB members can form various homo- and hetero-dimers with very few

exceptions (78). For example, RelB functions as dimers with both p52 and the canonical

NF-κB member p50. Furthermore, p52 can dimerize with RelA as well as with a coactivator

protein, Bcl3, whose expression is induced by the canonical NF-κB pathway (79). While

NF-κB dimerization typically mediates functional cooperation between the two NF-κB
pathways, this mechanism may also mediate negative crosstalk. For example, in TNF-α
stimulated cells, RelA functions as a repressor of RelB (80). Binding of RelA to RelB

prevents the DNA binding activity of RelB. Therefore, although RelB moves to the nucleus

in response to TNF-α stimulation, it does not engage DNA and remains inactive in the

nucleus. The p65-mediated RelB suppression has also been detected in human dendritic cells

(DCs) stimulated with the ligand of a C-type lectin, dectin-1 (81). Dectin-1 stimulates the

nuclear translocation of both RelA and RelB, but the DNA-binding activity of RelB is

repressed by RelA due to RelA/RelB dimer formation mediated by the Raf-1 signaling

pathway. Via RelB suppression, the dectin-1-stimulated Raf-1 pathway promotes the

expression of genes encoding IL-12 family members and, thereby, facilitates T-cell

differentiation into T-helper 1 (Th1) and Th17 cells.

RelA and RelB also cooperate at the level of chromotin remodeling, as seen in the regulation

of the GM-CSF (granulocyte-macrophage colony-stimulating factor) gene promoter (82).

LTβR-activated RelB and TNF-α-activated RelA are independently recruited to the GM-

CSF promoter, where they synergize in the induction of chromatin remodeling.

Consequently, the LTβR signal primes NIH 3T3 cells for GM-CSF induction by TNF-α. The

noncanonical and canonical NF-κB pathways, stimulated through LTβR and TNFR, also

cooperate in the induction of the CXCL13 (also called BLC) gene in a LN stromal cell line,

although the underlying mechanism is unclear (83).

Crosstalk via upstream signaling

An example of upstream signaling crosstalk between the canonical and noncanonical NF-κB
pathways is provided by recent studies that RIP1 suppresses TNFR1-mediated activation of

noncanonical NF-κB pathway (84, 85). Under normal conditions, TNFR1 activates the

canonical but not the noncanonical NF-κB pathway. In fact, TNFR1 has an intrinsic activity

to activate the noncanonical NF-κB pathway, but this activity is suppressed by a mechanism

mediated by the adapter kinase RIP-1. RIP-1 inhibits TNF-α-stimulated degradation of

TRAF2 and cIAP1 in a manner that does not require the kinase activity of RIP-1 (85) and

may involve inhibition of the recruitment of TRAF2 to TNFR1 (84). Thus, although TNFR1

does not mediate TRAF2 degradation under normal conditions, genetic deficiency of RIP1

renders MEFs and other cell types sensitive to TNF-α-induced degradation of TRAF2 and

cIAP1, leading to the induction of p100 processing. These findings suggest that the

recruitment of RIP1 to TNFR1, during TNF-α stimulation, serves to both mediate activation

of the canonical NF-κB pathway and inhibition of the noncanonical NF-κB pathway.

However, it is currently unknown under what physiological or pathological conditions does

TNFR1 mediates induction of the noncanonical NF-κB pathway.
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Canonical NF-κB activation by NIK

The physiological function of NIK is primarily the activation of the noncanonical NF-κB
pathway. However, under certain conditions, NIK may also contribute to the activation of

canonical NF-κB (25). This crosstalk becomes prominent when NIK is aberrantly

accumulated, as seen in TRAF3-deficient cells (86). Similarly, NIK accumulation in

multiple myeloma and diffuse large B-cell lymphomas contributes to the activation of both

noncanonical and canonical NF-κB pathways (87, 88). Another example is provided by the

study of the oncogenic RET/PTC3 fusion protein (also called RP3), which is generated by

chromosomal translocation that occurs in papillary thyroid carcinomas (PTCs) (89). RP3

activates canonical NF-κB, which is independent of IKKβ but is dependent on IKKγ, IKKα,

and NIK. It appears that RP3 stabilizes NIK, presumably allowing the accumulated NIK to

activate the canonical NF-κB pathway. Although the mechanism underlying this function of

RP3 is unclear, RP3 does not induce the degradation of TRAF3 or TRAF2, indicating a

mechanism that is independent of the TRAF-cIAP ubiquitin ligase. However, it remains to

be examined whether RP3 induces the degradation of cIAP1 and cIAP2, which would also

lead to NIK stabilization.

Biological roles of the noncanonical NF-κB pathway

The noncanonical and canonical NF-κB pathways typically function as a coordinative

system. However, based on animal model studies, it is apparent that the function of

noncanonical pathway is far more selective than that of the canonical pathway. One

important factor that contributes to the functional selectivity of the noncanonical NF-κB
pathway is its specific response to a small group of receptors, such as LTβR, BAFFR, CD40,

RANK, etc. Indeed, the major biological functions of the noncanonical NF-κB pathway can

be assigned to the different activating receptors. Well-known functions of the noncanonical

NF-κB pathway include secondary lymphoid organogenesis and architecture organization,

thymic epithelial cell (TEC) differentiation, B-cell maturation and survival, DC maturation,

and bone metabolism. In addition, recent studies suggest a role for the noncanonical NF-κB
pathway in regulating T-cell differentiation. Since most of these functions have been

comprehensively discussed in recent reviews (79, 90–92), the following section focuses on

the role of the noncanonical NF-κB pathway in regulating lymphoid organ development and

T-cell differentiation.

Secondary lymphoid organ development and architecture organization

Secondary lymphoid organs are anatomical sites that provide a microenvironment for the

maintenance and activation of lymphocytes and, thus, are important for initiation of adaptive

immune responses (93). In addition, the lymphoid organs also play a role in mediating

peripheral immune tolerance (94). The development of secondary lymphoid organs,

particularly lymph nodes (LNs) and Peyer’s patches (PPs), involves interaction between

hematopoietic cell-derived lymphoid tissue inducer (LTi) cells and the mesenchymal cell-

derived stromal organizer cells (95). The stromal organizer cells express LTβR that is

critical for transducing signals required for secondary lymphoid organogenesis. LTβR has

two major ligands, LTα1β2 and LIGHT (homologous to lymphotoxins, inducible

expression, competes with herpes simplex virus glycoprotein D for HVEM, a receptor

expressed on T lymphocytes), the former of which has a dominant role in LTβR stimulation

during lymphoid organ development (93). Engagement of LTβR by its ligand stimulates the

stromal organizer cells to express chemokines, including CXCL13, CCL21 (also called

SLC), and CCL19 (also called ELC) and cell adhesion molecules, such as vascular cell

adhesion molecule 1 (VCAM1), intercellular adhesion molecule 1 (ICAM1), and mucosal

addressin cell adhesion molecule 1 (MADCAM1), which mediate attraction and retention of

LTi cells at the site of developing LNs and PPs as well as the recruitment and segregation of
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lymphocytes in mature secondary lymphoid organs (95, 96). Thus, mice with genetic

deficiency in LTβR or LTα lack both LNs and PPs and have disorganized splenic

architecture (97–102).

Studies using various mouse models have demonstrated a critical role for NF-κB pathways

in mediating the function of stromal cells during lymphoid organogenesis. The noncanonical

pathway, in particular, has a vital role in this biological process, although the canonical

pathway is also importantly involved (2, 103). Aly mice, in which NIK mutation causes a

complete blockade of noncanonical NF-κB signaling (7), lack all LNs and PPs and have

disorganized splenic and thymic architectures (104, 105). This phenotype is similar to mice

deficient in LTβR, suggesting a role for the noncanonical NF-κB pathway in mediating

LTβR signaling in stromal organizer cells. Indeed, an initial in vitro study revealed that

overexpressed LTβR stimulates NIK-mediated p100 processing (7), and the critical role of

NIK and IKKα in LTβR signaling was definitively elucidated using MEFs and lymphoid

stromal cells derived from Aly and IKKα-AA mice (19, 106). Ligation of LTβR induces

robust processing of p100 in a NIK- and IKKα-dependent manner. It appears that the

noncanonical NF-κB pathway is critical for LTβR-induced expression of several

chemokines, whereas the canonical NF-κB pathway mediates the induction of specific cell

adhesion molecules (such as VCAM1) and proinflammatory factors (19).

In addition to NIK, its downstream noncanonical NF-κB signaling components, including

IKKα, NF-κB2, and RelB, are required for secondary lymphoid organ development (17, 72,

107, 108). Genetic deficiency of any of these molecules abolishes the development of PPs

and also results in different degrees of defects in LN development (93, 103). The level of

LN defect is correlated with the severity of the signaling blockade in noncanonical NF-κB
activation. Compared to Aly and NIK KO mice, the nfκb2 KO mice have milder defects in

LN development (109, 110). This is obviously because the nfκb2 deficiency, despite the lack

of p52, does not block activation of RelB, and the RelB/p50 dimer may partially compensate

the function of RelB/p52. Indeed, mice with double ablation of nfκb1 and nfκb2 have severe

defect in LN development, which resembles the phenotype of the Aly and NIK KO mice

(110). Similarly, mutant mice expressing a processing-defective p100 mutant (Lym1) lack

all of the peripheral LNs and PPs and have shrunk mesenteric LNs (111). In contrast to the

nfκb2 KO mice, the Lym1 mice are defective in both p52 production and RelB nuclear

translocation. Moreover, the impaired p100 processing in Lym1 mice also inhibits LTβR-

mediated nuclear translocation of RelA (111), a prototypical canonical NF-κB member that

is also required for secondary lymphoid organ development (112).

The NF-κB pathways are also important for the architecture organization of the secondary

lymphoid organs, which has been extensively characterized for the white pulp of the spleen

(103, 113). The splenic white pulp, as well as the LN, is compartmentalized into T- and B-

cell zones, which is important for efficient immune responses (113). Within the B-cell zones

(or B-cell follicles), clonal expansion of antigen-activated B cells forms germinal centers

(GCs) that support antibody isotype switching, affinity maturation, and other B-cell

differentiation events. Formation and maintenance of the T/B-cell zones is regulated by

specific chemokines, including CXCL13, CCL19, and CCL21, which attract B cells to the

B-cell follicles (CXCL13) and T cells and DCs to the T-cell zone (CCL19 and CCL21)

(113). Production of these homing chemokines is induced by the LTβR signals in stromal

cells and critically involves the noncanonical NF-κB pathway (103). As such, noncanonical

NF-κB regulates both the development of LNs and PPs and the formation of spleen

architecture.
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CD4+ T-cell differentiation

The canonical NF-κB pathway is well known for its role in regulating the activation and

differentiation of T cells (79). In contrast, the involvement of the noncanonical NF-κB
pathway in this aspect of immune function is less well studied. Nevertheless, it was noticed

about a decade ago that T cells derived from the Aly mice had impaired proliferation and

IL-2 production in response to stimulation by anti-CD3 and anti-CD28 (114). A similar

phenotype was seen with T cells derived from NIK KO and RelB KO mice (115). However,

the hyporesponsive phenotype of these mutant T cells appeared to be due to the presence of

immunosuppressive CD25−Foxp3−CD44+ memory CD4+ T cells (115). Purified naive Aly

T cells do not show proliferative defect but rather display a hyper-responsive phenotype.

The mechanism by which Aly memory CD4+ T cells mediate immunosuppression is

unclear, but these cells express high levels of CD25, despite their attenuated IL-2

expression, suggesting the possible involvement of CD25-mediated IL-2 consumption (115).

A role for NIK in regulating CD4+ T-cell differentiation is suggested by a recent finding that

NIK is required for formation of Th17 cells (116), a subset of CD4+ effector T cells that

produce IL-17 family of cytokines and are involved in autoimmunity (117). In an

autoimmunity model, the NIK KO mice are refractory to the induction of experimental

autoimmune encephalitis (EAE), coupled with impaired Th17 cell differentiation (116). In

vitro experiments suggest that NIK deficiency diminishes the synergistic effect of the TCR

and IL-6 receptor (IL-6R) in the activation of signal transducer and activator of transcription

3 (STAT3), a transcription factor important for Th17 cell differentiation. However, it

remains to be further examined whether this function of NIK involves the induction of p100

processing or simply an NF-κB-independent function of NIK.

The noncanonical NF-κB pathway is also required for the generation of T follicular helper

(Tfh) cells, a subset of CD4+ effector T cells mediating B-cell activation and antibody

responses (118). Tfh generation requires both the T-cell receptor (TCR) signal and

costimulatory signals, particularly the one mediated by the inducible costimulator (ICOS)

(119). Although ICOS ligand (ICOSL) expression can be induced in DCs and fibroblasts, B

cells characteristically express a high level of ICOSL and provide a crucial supporting

function in Tfh cell differentiation (120, 121). The ICOSL expression in B cells is regulated

by the noncanonical NF-κB pathway, which is chronically activated in peripheral B cells by

the homeostatic inducer BAFF (118). The promoter region of ICOSL contains a κB-like

sequence that is predominantly bound by p52, RelB, and p50 in BAFF-stimulated primary B

cells and a B-cell line. Since both p52 and p50 form dimers with RelB, these findings

suggest that the noncanonical NF-κB pathway may regulate Tfh cell induction via mediating

ICOSL expression in B cells. The BAFF-induced signal in B cells also promotes the

development of regulatory T cells (Tregs), although the underlying molecular mechanism is

unclear (122).

Noncanonical NF-κB signaling in DCs also has an important role in mediating T-cell

differentiation, which was suggested by a study using the Aly mice (123). It is thought that

the noncanonical NF-κB inhibits proinflammatory cytokine induction and mediates

expression of the anti-inflammatory enzyme indoleamine 2,3-dioxygenase (IDO), which

together support the production of Treg-like immunosuppressive cells (124). Activation of

noncanonical NF-κB in DCs is primarily mediated by engagement of CD40 by its ligand,

CD40L, on T cells. In addition, a recent study suggests a role for a C-type lectin, dectin-1, in

the activation of noncanonical NF-κB pathway in DCs, which in turn impacts on the CD4+

T-cell development (124). Dectin-1 mediates activation of both canonical and noncanonical

NF-κB, but the latter is normally suppressed by a Raf-1 signaling axis downstream of the

dectin-1. DC stimulation by the dectin-1 ligand curdlan induces the expression of IL-12,

IL-23, and IL-1β, cytokines that promote Th1 and Th17 cell differentiation. However,
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inhibition of Raf-1 causes activation of noncanonical NF-κB, which represses the induction

of these cytokines, leading to a shift of CD4+ T-cell differentiation towards the Th2 subset.

It is important to note that the function of noncanonical NF-κB in DCs may be complex,

since this pathway has also been shown to mediate costimulation of T cells that promote Th1

and Th17 cell differentiation in the EAE model (125).

γδ Th17 cell differentiation

A recent study demonstrates an essential role for both RelA and RelB in the development of

γδ Th17 cells (126). While RelA appears to regulate expression of the LTβR ligands, LTα,

LTβ, and LIGHT on accessory thymocytes, RelB has a dominant role in mediating the

LTβR signaling within the γδ Th17 precursor cells. This cell intrinsic pathway mediates

induction of RORγt and RORα4, transcription factors regulating the expression of the Th17

signature cytokine IL-17. As with RelB, p52 is required for γδ Th17 differentiation. These

findings suggest a role for the noncanonical NF-κB pathway in the regulation of innate

immune Th17 responses. Since γδ Th17 cells mediate neutrophil recruitment during

bacterial infections, this novel function of noncanonical NF-κB pathway is important for

early phase of host response to bacterial infections (126).

Perspectives: conclusions and outstanding questions

Since the discovery of the noncanonical NF-κB pathway a decade ago, significant progress

has been made in understanding its regulation and biological functions. In particular, the

finding that NIK is regulated by the TRAF-cIAP E3-mediated degradation and activated via

signal-induced NIK stabilization provides critical insights into the signaling mechanism of

the noncanonical NF-κB pathway. These findings have yielded valuable information for

drug design in the treatment of NF-κB-related diseases, such as autoimmunity, bone

disorders, and cancer. However, there are a number of outstanding issues that need to be

addressed in future studies.

A major question is about the molecular mechanism that regulates the dynamic function of

cIAP1/2. Since cIAP1/2 is responsible for both constitutive degradation of NIK and

inducible degradation of TRAF3, it is important to understand how the substrate selectivity

of this E3 is regulated in resting and signal-induced cells. Recent evidence suggests that

upon activation by receptor signals, TRAF2 mediates K63 ubiquitination of cIAP1/2 and,

thereby, stimulates the K48 ubiquitin ligase activity of cIAP1/2 towards TRAF3 (30).

However, it remains to be examined why cIAP1/2 is constitutively active towards NIK in

resting cells and has to be activated by TRAF2 to ubiquitinate TRAF3 in signal-induced

cells. It is also intriguing to understand how the K63 ubiquitination of cIAP1/2 stimulates its

K48-specific ubiquitin ligase function. For example, does the K63 ubiquitin chain facilitate

the association of an E2 to cIAP1/2?

Another question is on the functional selectivity of the noncanonical NF-κB pathway.

Although this pathway is known to regulate specific genes, such as the lymphoid homing

chemokines, it is still uncertain whether this involves the selective binding of RelB/p52 to a

specific type of κB enhancer in these target gene promoters. One study suggests that RelB/

p52 indeed selectively binds to the promoters of CXCL13, CCL21, and CCL19 genes in

LTβR-stimulated cells via a novel type of κB enhancer (106), although such a binding

preference could not be detected in an in vitro selection approach (127). In support of the

promoter-selectivity model, our recent work suggests that the noncanonical NF-κB pathway

is critical for regulating ICOSL expression in B cells (118). Stimulation of primary B cells

and a B-cell line with BAFF induces the predominant binding of noncanonical NF-κB
members to the ICOSL promoter via a κB-like element. However, it appears that this role of
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noncanonical NF-κB is dependent on the cell types and stimuli. Clearly, more studies are

required to further explore the underlying molecular mechanisms.

Finally, although the biological roles of the noncanonical NF-κB pathway have been

extensively studied, how this pathway functions in specific cell types is obscure. Some of

the biological phenotypes detected with conventional KO mice are complex and may be

contributed by impaired function of noncanonical NF-κB in multiple cell types. It is

anticipated that important information will be obtained through the study of conditional

knockout mice harboring cell-specific deficiencies in the noncanonical NF-κB signaling

components.
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Fig. 1. In vivo phosphorylation of p100

(A) The indicated MEF cells were either not treated (−) or stimulated for 2 h with anti-

murine LTβR (1 µg/ml) together with the proteasome inhibitor MG132 (25 µM). IB assays

were performed to detect the phosphorylated p100 (p100P) and total p100 (p100) as well as

the loading control tubulin using the indicated antibodies. Lane 11 and 12 show the cross-

reactivity of the anti-p100 antibody with a non-specific protein (ns), as demonstrated by

using the nfκb2 KO (p100−/−) MEFs. (B) M12 B cells expressing human CD40 (M12-

CD40) were either not treated (NT) or stimulated for the indicated times with anti-human

CD40. Where indicated, the cells were stimulated in the presence of MG132 and/or

cycloheximide (CHX, 5 µg/ml). IB was performed using the indicated antibodies. This

figure is adapted from Liang et al. (16) with permission.
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Fig. 2. NIK degradation through NIK-TRAF3 association

(A) M12 B cells were either not treated (NT) or incubated for 2 h with proteasome inhibitor

MG132. The NIK protein complex was isolated by IP followed by detection of NIK (top

panel) and TRAF3 (middle panel) by IB using anti-NIK and horseradish peroxidase-

conjugated anti-TRAF3, respectively. The TRAF3 expression level was detected by direct

IB (bottom level). (B) 293 cells were infected with retroviruses encoding NIK or a NIK

mutant lacking the core region of TRAF3-binding site (NIKΔ78–84). Stably infected cells

were transfected with small-interfering RNA (siRNA) for either the control GFP or TRAF3.

Cell lysates were subjected to IB using the indicated antibodies to detect the expression level

of NIK (top panel), TRAF3 (panel 2), or control tubulin (panel 3). (C) Schematic picture

depicting the regulation of NIK degradation by TRAF3. Wildtype NIK is bound by TRAF3

via an N-terminal domain and targeted for continuous degradation, which explains why NIK

is barely detectable unless when the cells are treated with a proteasome inhibitor (A) or

TRAF3 siRNA (B). NIKΔ78–84 is not bound by TRAF3 and stable even in the presence of

TRAF3. This figure is adapted from Liao et al. (29) with permission.
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Fig. 3. Signal-induced NIK activation involves TRAF3 degradation and NIK accumulation

M12 cells and M12-NIK cells (M12 cells stably infected with retroviruses encoding NIK)

were either not treated (NT) or incubated for 2 h with anti-CD40, BAFF, or TNF-α. Whole-

cell lysates were subjected to IP using anti-NIK (lanes 1–7 and 9) or a preimmune serum

(lane 8) followed by detection of the enriched NIK protein by IB (top panel). The expression

of TRAF3 (middle panel) and control tubulin (bottom panel) was detected by direct IB. This

figure is adapted from Liao et al. (29) with permission.
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Fig. 4. A model of noncanonical NF-κB regulation

(A) Under normal conditions, de novo synthesized NIK is immediately bound by TRAF3

and recruited to the TRAF-cIAP E3 ubiquitin ligase complex via TRAF3-TRAF2

dimerization. cIAP1/2 catalyzes K48 ubiquitination of NIK, targeting NIK for degradation

in the proteasome. The continuous degradation of NIK prevents NIK accumulation or

activation of noncanonical NF-κB signaling. (B) Ligand engagement of the noncanonical

NF-κB-stimulatory receptors induces recruitment of the TRAF-cIAP E3 components to the

receptor complex. Probably due to its aggregation, TRAF2 becomes activated and mediates

K63 ubiquitination of cIAP1/2, a modification that stimulates the K48-specific E3 activity of

cIAP1/2. cIAP1/2 then conjugates K48 polyubiquitin chains to TRAF3, resulting in TRAF3

degradation. In the absence of TRAF3, the de novo synthesized NIK is stabilized and

accumulated to higher levels; this allows NIK to induce IKKα-dependent p100

phosphorylation and ubiquitination, leading to the nuclear translocation of the generated

RelB/p52 heterodimer.
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