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Abstract

The NF-κB family of inducible transcription factors is activated in response to a variety of stimuli.

Amongst the best-characterized inducers of NF-κB are members of the TNF family of cytokines.

Research on NF-κB and TNF have been tightly intertwined for more than 25 years. Perhaps the

most compelling examples of the interconnectedness of NF-κB and the TNF have come from

analysis of knock-out mice that are unable to activate NF-kB. Such mice die embryonically,

however, deletion of TNF or TNFR1 can rescue the lethality thereby illustrating the important role

of NF-κB as the key regulator of transcriptional responses to TNF. The physiological connections

between NF-κB and TNF cytokines are numerous and best explored in articles focusing on a

single TNF family member. Instead, in this review, we explore general mechanisms of TNF

cytokine signaling, with a focus on the upstream signaling events leading to activation of the

socalled canonical and noncanonical NF-κB pathways by TNFR1 and CD40 respectively.
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1. Introduction

1.1. A Brief Introduction to NF-κB

NF-κB is a family of inducible transcription factors that play a variety of evolutionarily

conserved roles in the immune system [1, 2]. Cytokines belonging to the TNF family induce

rapid transcription of genes regulating inflammation, cell survival, proliferation and

differentiation, primarily through activation of the NF-κB pathway. The NF-κB family

consists of five related proteins, p50 (NF-κB1) and p52 (NF-κB2), p65 (RelA), RelB and c-
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Rel (Rel), that share an approximately 300 amino acid long N-terminal Rel homology

domain (RHD) (Figure 1). NF-κB proteins exist in cells as dimers, either homo or

heterodimers, that are capable of binding to DNA. The RHD makes direct contact with

DNA, while distinct protein domains mediate both positive and negative effects on target

gene transcription through the recruitment of co-activators and co-repressors, respectively.

The NF-κB proteins p65, c-Rel and RelB possess a transactivation domain allowing them to

initiate transcription through co-activator recruitment. The p50 and p52 proteins do not have

transactivation domains and therefore can affect transcription either through

heterodimerization with p65, c-Rel, or RelB, through competition for binding to κB sites, or

through heterotypic interaction with non-Rel transcription factors including certain IκB

proteins.

In general the ‘resting’ state cytosolic NF-κB dimers are prevented from binding target sites

through association with inhibitor of κB (IκB) proteins [3]. There are eight IκB proteins

(Figure 1), IκBα, IκBβ, IκBε, IκBζ, BCL-3, IκBns, and the precursor proteins p100 (NF-

κB2) and p105 (NF-κB1), which are characterized by the presence of multiple ankyrin

repeat domain and the ability to bind NF-κB dimers. The function of IκB protein as

regulators of NF-κB is highly variable: IκB family members can bind NF-κB dimers in the

cytoplasm and nucleus and can both inhibit and augment transcriptional responses. For the

purposes of this review, we will limit our discussion largely to the IκBα and p100 proteins,

key regulators of the canonical and noncanonical NF-κB pathways, respectively. The

functions of other IκB family members have recently been reviewed elsewhere [4, 5]. IκBα

is the prototypical member of the IκB family. Although IκBα can regulate different NF-κB

dimers, the primary target is the canonical p65:p50 heterodimer complex. IκBα enforces

cytoplasmic localization of p65:p50 dimers through a robust nuclear export sequence as well

as by masking the nuclear localization sequence of p65. In addition, rapid, signal-induced

degration of IκBα via the proteasome [6–8] and concomitant release of NF-κB [9, 10] [11–

13] is a hallmark of canonical NF-κB pathway. Therefore not only do IκBs negatively

regulate NF-κB, they are also essential for the inducibility of the pathway: if all three

traditional IκBs, IκBα, IκBε, and IκBβ, are removed, inducible NF-κB activation by TNF is

completely abolished [14]. IκBα degradation is triggered upon phosphorylation of two

serine residues within the so-called destruction box motif (DSGXXS) that is shared by all

IκB proteins. The phosphorylated destruction box is recognized βTrCP leading to

degradative, K48-linked polyubiquitination by the SCF/UbcH5 ubiquitin ligase complex

[15].

Removal of IκB proteins allows the unbound NF-κB dimers to translocate to the nucleus

and bind to accessible κB sites bearing the following sequence motif: 5’ GGGRNWYYCC

3’ (N - any base; R – purine; W – adenine or thymine; and Y – pyrimidine). The degenerate

nature of the κB sequence and the ability of NF-κB to form heterotypic complexes with

other transcription factors, allows NF-κB to regulate the expression of a wide variety of

target genes [16]. NF-κB dimers can bind to both promoter and enhancer elements and have

been shown to regulate both transcriptional responses and chromatin remodeling [17]. The

activity of nuclear NF-κB dimers is further regulated by a variety of post-translational

modifications that alter DNA and co-factor binding [18].
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Cytokines of the TNF family trigger a variety of NF-κB-dependent responses that can be

specific to both cell type and signaling pathway. It is not possible to provide in one article a

detailed description of signaling mechanisms triggered by each individual TNF family

member. Instead we will focus on two general categories of NF-κB signaling and explore

the regulation of these pathways in the context of TNF family signaling. For didactic

purposes it is useful to divide NF-κB signaling into two types: canonical and noncanonical.

The “canonical” pathway, also termed the “classical” pathway, is typified by the inducible

degradation of IκBα resulting from TNF ligation of TNFR1. As this pathway has been

intensively studied, TNFR1 signaling will be the primary focus of our discussion of the

regulation of canonical NF-κB by the TNF family. The “noncanonical”, or “alternative”

pathway, is defined by the inducible processing of p100 (NF-κB1) bound to RelB to yield

active p52:RelB heterodimers. Several members of the TNF cytokine family induce

noncanonical NF-κB activation, however for this article we will focus primarily on signaling

by CD40L through CD40 receptor as a model of noncanonical NF-κB activation.

All phosphorylation of IκB proteins on the conserved, destruction box serines are carried out

by one of two highly related IκB kinases (IKK): IKKα (IKK1) or IKKβ (IKK2) (Figure 1).

IKKα and IKKβ, along with a regulatory subunit called NEMO (NF-κB essential modulator,

also known as IKKγ), exist in a large, 700–900kDa molecular weight, cytoplasmic complex

[3]. All inducible signaling to NF-κB requires one of these two IκB kinases. The

dependency on IKKα and IKKα is often used as a means of discriminating between

canonical and noncanonical signaling pathways. While noncanonical signaling leading to

inducible processing of p100 to p52 depends on IKKα, recent work has demonstrated that

canonical signaling does not depend exclusively on IKKβ. A better discriminator appears to

be NEMO, in that NEMO is always required for activation of the canonical pathway, while

noncanonical signaling is NEMO independent. NEMO is essential for targeting of the IKK

complex to IκBα and is, therefore, essential for the canonical pathway and inducible IκBα

degradation [19]. In contrast, phosphorylation of p100 occurs normally in the absence of

NEMO. In addition to phosphorylation of IκB it is important to note that IKKα and IKKβ

can also regulate NF-κB responses through phosphorylation of NF-κB proteins, as well as

mediate crosstalk with heterologous signaling pathways [20].

1.2. General Features of TNF Family Signaling to NF-κB

A variety of immunologically relevant ligands, and their receptors can activate the NF-κB

pathway. These include, but are not limited to, the TNF receptor (TNFR), Toll-like receptor

(TLR), IL-1 receptor (IL-1R), and antigen receptor families. One striking feature of all of

these receptors, including TNF family receptors, is the lack of receptor enzymatic activity.

Consequently, the physical act of ligand binding must be transmitted across a lipid bilayer

and translated by adapter proteins into kinase activation. Current models hold that ligand

binding promotes the formation of oligomeric receptor/ligand complexes. TNF family

signaling to NF-κB involves binding of a series of adapter proteins to the ligand bound

receptor complex, which in turn recruits and activates IKK. These adapter proteins possess

well described protein:protein interaction domains that participate in assembly of the highly

oligomeric protein complexes that bridge the ligand/receptor complex to IKK. The adapter

protein interaction domains that are essential for TNF family signaling to NF-κB include the
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death fold domains (DD), RIP (Receptor Interacting Protein) homotypic interaction motifs

(RHIM), and TRAF (TNF Receptor Associated Factor) domains. These adapter proteins

mediate signaling to numerous downstream pathways. Here we will only discuss the roles of

these proteins in NF-κB signaling. Altered receptor conformation, localization and/or

increased avidity induced by ligand binding facilitates adapter protein binding through DD

or TRAF binding motifs in the receptor cytoplasmic tail. The result is the recruitment of

TRAF and RIP family members into large protein complexes. Oligomerization of these

complexes is supported both by receptor crosslinking by ligand multimers, as well as the

ability of protein:protein interaction domains, such as TRAF domains, to form trimers and

higher order oligomers. These complexes recruit both upstream kinases as well as the IKK

complexes. The upstream kinases leading to activation of IKK and NF-κB signaling by TNF

family cytokines are NIK (NF-κB inducing kinase) and TAK1 (transforming growth factor-

β activated kinase; MAP3K7). NIK mediates activation of IKKα and the noncanonical

pathway. TAK1 functions in most NEMO dependent canonical pathways, although the

requirement for TAK1 in all TNF family signaling to canonical NF-κB is not yet

established. Once activated, these IKK kinases (IKK-K) can instigate traditional kinase

cascades within and outside the NF-κB pathway.

2. TNFR1 Signaling to Canonical NF-κB

2.1. Introduction to TNF and NF-κB

The history and clinical significance of TNF and TNFR1 are reviewed elsewhere in this

issue [21]. TNF and NF-κB research have long been closely associated, reflecting the

biological relationship between the two pathways. TNF was first shown to activate NF-κB

in the regulation of the HIV-1 LTR (long terminal repeat) and IL-2 receptor [22–24]. Shortly

thereafter it was shown that NF-κB regulated TNF expression following stimulation of

macrophages with LPS [25]. Since those early days it has increasingly been appreciated that

many biological effects of TNF were actually mediated by NF-κB. Thus, in the absence of

the canonical NF-κB subunit p65, transcriptional responses to TNF are severely blunted and

induction of cell death is favored [26–28]. In the absence of p65, IKKβ, or NEMO,

embryonic lethality occurs due to massive apoptosis of hepatocytes, and this lethality can be

reversed by deletion of either TNFR1 [29, 30] or TNF [31–33].

TNF signals through two receptors, TNFR1 (p55; TNFR1a) and TNFR2 (p75; TNFR1b)

[21]. However, because TNFR1, which exhibits ubiquitous and constitutive tissue

expression, is thought to be the primary mediator of classical TNF functions in vivo, and has

been the subject of more extensive research with regard to NF-κB, we limit our discussion

here to TNFR1. In addition, although TNF can be expressed as both soluble and membrane

bound forms, most of our knowledge of TNFR1 signaling derives from the use of soluble

recombinant TNF, even though the pathways activated by soluble and cell surface TNF are

not equivalent.

Ligation of TNFR1 by soluble TNF (Figure 2) induces activation of multiple signaling

pathways, including NF-κB and MAPK, as well as apoptosis and necroptosis pathways [34,

35]. Activation of NF-κB is a key event in TNFR1 signaling, both for the induction of

inflammatory gene expression as well as for the induction of anti-apoptotic transcriptional
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programs that counteract pro-apoptotic pathways [34–37]. As discussed above, TNF-

induced activation of NF-κB is mediated by a series of intermediary adapters. The

cytoplasmic tail of TNFR1 contains several protein binding domains, including a death

domain, that mediates signaling following TNF binding. The DD of TNFR1 is essential for

activation of apoptosis as well as induction of pro-survival and inflammatory pathways

through activation of transcription factors such as NF-κB and AP-1.

2.2. TNFR1 Signaling to Canonical NF-κB

The initiating event in TNFR1 signaling pathways is the recruitment of the DD-containing

adaptor protein TRADD (TNFR1 associated death domain protein) [38] through heterotypic

interactions with the DD of TNFR1 (Figure 2). TRADD is required for activation of NF-κB,

and as discussed above recruitment of TRAF proteins is essential for activation of the

canonical pathway. TNFR1 lacks a TRAF interaction domain, however, TRADD, through

its TRAF binding domain acts as an adapter for the recruitment of TRAF proteins. TRADD

forms both a pro-apoptotic signaling complex through recruitment of FADD (Fas receptor-

associated death domain), and pro-inflammatory/survival complex through recruitment of

RIP1 and TRAF2 [39–41]. The requirement of TRADD for signaling to both these pathways

has been confirmed in mouse knockout models [42–44] and deletion in human B cells [45].

The DD-containing kinase RIP1, can bind directly to the DD of ligand-bound TNFR1 [46].

However, it appears that RIP1 is more efficiently recruited to the receptor complex through

TRADD [40, 41]. Consequently, TRADD is required for RIP1 recruitment in most cells. In

macrophages, which express high levels of RIP1, RIP1 binds TNFR1 directly and mediates

weak TNF induced IκBα degradation even in the absence of TRADD [44]. RIP1 also has a

TRAF binding motif, and may contribute to TRAF2 recruitment under some circumstances

[47], although it is generally thought that TRAF2 recruitment is primarily dependent on

TRADD [41, 47–49]. Thus, upon TNF binding, TRADD binds the DD of TNFR1 and, in

turn recruits RIP1. TRADD also brings TRAF2 to the receptor complex and RIP1 may also

contribute to TRAF2 recruitment. This pro-inflammatory, multi-subunit signaling structure,

is termed complex I, and spatially and functionally is distinct from the pro-cell death, FADD

(Fas-associated protein with death domain) - caspase 8 containing complex II [50] and

necrosome (Figure 2).

The high-affinity interaction between TRADD and TRAF2 in complex I leads to robust

activation of NF-κB and AP-1 [51]. The crystal structure of TRAF2 interacting with

TRADD has been solved and the structure predicts an interaction that is of much higher

affinity than the interaction between TRAF2 and TNFR superfamily members with

cytoplasmic TRAF interaction motifs [51]. The relative contribution, if any, of other TRAF

proteins to NF-κB activation by TNFR1 is unclear. Confusion about the role of individual

TRAFs in specific TNF family signaling pathways partly results from the ability of TRAF

family members to compensate for one another in knockout models, as well as in

overexpression experiments. This phenomenon has been described most extensively for

TRAF2 and TRAF5 in TNFR1 signaling. TRADD shows a much higher affinity for TRAF2

than TRAF5 [51], and recruitment of TRAF2, but not TRAF5, to the TNFR1 complex is

readily demonstrated in receptor pull-down experiments. Thus it is unlikely that TRAF5 is

recruited by TRADD in wild-type cells. TRAF2 deficient mice have partly intact TNF
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signaling to NF-κB, but deficient AP-1 activation [52], whereas TRAF5 knockouts have

normal TNF signaling to both NF-κB, and AP-1. TRAF2/5 double knockout cells however

have markedly reduced TNF-induced NF-κB and AP-1 activation [52–54]. Furthermore,

while TRAF2 knockout mice exhibit perinatal lethality that is rescued by TNF or TNFR1

deletion [52, 55], TRAF5 knockout mice develop normally [54]. In summary, these results

suggest that while TRAF5, and likely other TRAFs, can compensate for the absence of

TRAF2, in wild type cells, it is primarily TRAF2 that is recruited by TRADD to TNFR1

complex I.

Recruitment of the IKK complex, like recruitment of RIP1 and TRAF2, also appears to

occur through multiple mechanisms. TRAF2 can recruit the IKK complex through direct

binding to IKKα or IKKβ [56], although the IKK complex can be recruited and activated in

TRAF2 knockout cells. RIP1 deficient cells, in contrast, are severely compromised in their

ability to activate NF-κB [57]. Although recent work has indicated that there is significant

residual TNF-induced IKK activation in some RIP1 knockout cells [58, 59], this residual

NF-κB activation may be the result of a noncanonical pathway [60]. This residual activity

could explain the NF-κB-independent contributions of RIP1 to pro-death signaling pathways

[59] such as necroptosis [61], and the delayed lethality in RIP1 knockouts compared to

IKKβ or p65 knockouts. However, while RIP1 is required for activation of IKK by TNFR1,

at least in most cell types, RIP1 kinase activity is not [41, 62–64]. Indeed, kinase dead RIP1

knock-in mice are viable, fertile, and display normal TNFR1 signaling to NF-κB [65]. RIP1,

therefore, functions as a scaffold for NF-κB activation [41, 62, 64] and contributes to IKK

activation through an induced proximity mechanism [66, 67].

RIP1 mediates recruitment of IKK to TNFR1 complex by directly binding to NEMO [68].

Although recruitment of the IKK complex to TNFR1 can occur in RIP1 deficient cells, most

likely through TRAF2 binding to IKKα/β, the IKK complex is not activated [56]. These data

are consistent with the idea that RIP1 supports formation of a higher order structure through

binding to both TRADD and TRAF2 trimers. Indeed, forced oligomerization of NEMO

activates IKK [67, 69] and NEMO with a mutated oligomerization domain prevents IKK

activation [70, 71]. However, such a model does not account for the requirement for TAK1,

for TNF induced IKK activation [72, 73]. Interestingly, TAK1 is recruited to the receptor

complex in a RIP1 dependent manner [74, 75], suggesting RIP1 may facilitate TNFR1

signaling to NF-κB activation through induced proximity of both the IKK complex and

TAK1. However, the mechanism(s) of RIP1 mediated recruitment of IKK, through NEMO,

and TAK1, through TAB2, remains controversial.

Work over the past decade that has provided a large body of evidence suggesting a role for

ubiquitination of RIP1 in TNF-induced NF-κB activation. TNF stimulation results in the

appearance high molecular weight forms of RIP1 that are visible in western blotting [63]

and are enriched when TNF is used to pull down active receptor complexes [76, 77].

However, even in these immunoprecipitated complexes, a minor fraction of RIP1 is

ubiquitinated. Analyses by multiple groups have shown that this modified RIP1 is

ubiquitinated either through K63 (lysine-63) [74, 75, 78, 79] or linear [77] ubiquitin

linkages. It has been proposed that ubiquitin chains on RIP1 might mediate recruitment of

IKK, through NEMO, and TAK1, through TAB2 (TAK1 binding protein 2, also known as
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MAP3KIP2) and TAB3, complexes. Ubiquitination of RIP1 depends on the presence of

TRAF2 [63, 80]. Although it was initially thought TRAF2, which possesses an RING (really

interesting new gene) domain, was directly responsible for RIP1 ubiquitination, it is now not

considered to be true (discussed in [3]). Instead it has been shown that Inhibitor of apoptosis

proteins (IAPs), cIAP1 and cIAP2, contribute to RIP1 ubiquitination [81]. IAP proteins are

defined by the presence of a baculovirus IAP repeat (BIR) domain that mediates

protein:protein interactions and cIAP1 and cIAP2 also have RING finger domains capable

of acting as E3 ubiquitin ligases [82]. TRAF2 binds and recruits cIAP1 and cIAP2, which

are essential for IKK activation [83–85], suggesting TRAF2 might mediate RIP1

ubiquitination through recruitment of cIAPs. The cIAPs can function as E3 ubiquitin ligases

but are also responsible for the recruitment of the linear ubiquitin chain assembly complex,

which is required for efficient activation of IKK and JNK pathways [77, 86–90]. In TNFR1

signaling, cIAP1 and cIAP2 are required for TRAF2-dependent K63-linked ubiquitination of

RIP1 [81].

However, despite numerous studies demonstrating ubiquitination of a fraction of RIP1

during TNFR1 signaling, there is no convincing evidence that K63-linked polyubiquitination

of RIP1 is required for IKK activation. In addition to studies in which RIP1 ubiquitination

failed to correlate with IKK activation [91], there are now more direct studies demonstrating

that K63 linked ubiquitination is not required for IKK activation by TNFR1 [92].

Furthermore, while TAK1 deficient cells demonstrate a profound defect in TNFR1

signaling, TAB2/3 double knockout MEFs display normal activation of the canonical NF-

κB signaling pathway by TNF and, in B cells, normal responses to several other inducers of

canonical NF-κB signaling [93]. These data suggest that if RIP1 acts in part through

recruitment of TAK1, that this recruitment is independent of ubiquitin binding by TAB2 or

TAB3. In summary, although a small portion of RIP1 undergoes K63-linked

polyubiquitination during TNF signaling, current evidence does demonstrate that this

ubiquitination is required for either recruitment of IKK or TAK1, or for activation of the

NF-κB pathway.

NEMO is also ubiquitinated during TNFR1 signaling [86, 94, 95] and has recently been

shown to be a substrate for linear ubiquitination [86, 96]. While most of ubiquitin chains

involve linkage of the C terminal glycine of ubiquitin to lysine residues on the substrate

linked ubiquitin, e.g. K48 (lysine 48) or K63, recent work has demonstrated the existence of

head to tail linear ubiquitin chains (M1; methionine 1) assembled by a unique linear

ubiquitin assembly complex (LUBAC) [97]. The LUBAC complex consists of heme-

oxidized iron regulatory protein 2 ubiquitin ligase 1 (HOIL-1; also known as RBCK1) and

HOIL-1 interacting protein (HOIP; also known as RNF31 and Zibra) [97]. Overexpression

of the LUBAC complex activates NF-κB [97] and LUBAC co-purifies with TNFR1

complex I [98]. Initially it was shown that LUBAC stabilzes the TNFR1 signaling complex

I, resulting in prolonged NF-κB activation [86, 87, 98]. More recently, SHARPIN has been

identified as a third component of LUBAC [88–90]. SHARPIN deficient cells demonstrated

variable defects in activation of IKK downstream of TNFR1, although the effects on TNF

induced cell death appear more striking [88–90]. This discrepancy between NF-κB

activation and TNFR1 induced cell death was also observed upon knockdown of the

LUBAC complex [99]. These data suggest that LUBAC regulates TNF induced cell death
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independent of any role in NF-κB activation. Finally, the mild phenotype of SHARPIN

deficient cpdm/cpdm (chronic proliferative dermatitis) mice is difficult to reconcile with the

proposed requirement for TNFR1 signaling to NF-κB. Recent in vitro studies suggest that

linear ubiquitination of NEMO, or linear ubiquitin binding by NEMO, may directly activate

the IKK complex [100]. However generation of knock-in mice with point mutations in

NEMO that block linear ubiquitination will be necessary to unequivocally demonstrate the

importance of linear ubiquitination in NF-κB activation and cell death.

To summarize, it is not yet possible to definitively state whether regulatory ubiquitination

plays an essential role in TNFR1 induced activation of NF-κB. While numerous studies

have demonstrated K63, M1, and, most recently, mixed K63/M1 hybrid chains [101] on

components of the TNFR1 signaling pathway, proof that these events cause, rather than

result from, TNF signaling has not yet been provided. What remains clear is that TNF

binding to TNFR1 induces the formation of a multiprotein signaling complex through the

sequential binding of adapter proteins. Available data suggests that within this complex

TRAF2 and RIP mediate recruitment of TAK1 and the IKK complexes, leading to induced

proximity, and trans-autophosphorylation and TAK1-mediated activation of the IKK

complex. While it is possible that ubiquitination of NEMO or ubquitin binding by TAK1

and IKK complexes contributes to IKK activation, several alternative scenarios, which we

have discussed previously [3], appear equally consistent with available data.

IKK activation occurs extremely rapidly downstream of TNFR1, typically within three to

five minutes [102]. Phosphorylation and degradation of IκBα is complete within 10 minutes

and nuclear localization and DNA binding by NF-κB, as assessed by gel shift, is maximal by

approximately thirty minutes [103]. While active IKK complex is capable of

phosphorylating multiple IκB family members, IKK activation downstream of TNFR1

selectively results in rapid phosphorylation of IκBα (Figure 2). Phosphorylation of IκBβ

occurs with delayed and prolonged kinetics, consistent with the demonstrated substrate

preference of IKKβ for IκBα [104]. Rapid and selective phosphorylation of IκBα is also

strongly enforced by selective IκBα binding by NEMO [19]. While as little as 5 minutes of

TNF stimulation is sufficient to completely activate the canonical NF-κB pathway, the

transcriptional response to TNF depends on repetitive activation of TNFR1 signaling [103].

Sustained TNF results in cyclic activation of the canonical NF-κB pathway with a

periodicity of approximately 100 minutes [103]. Sustained activation of the pathway is

necessary for the induction of many pro-inflammatory TNF target genes [105–107]. In

addition to these kinetic signaling requirements, several intracellular pathways govern NF-

κB activity downstream of IκBα. Multiple post-translational modifications regulate the

ability of NF-κB to activate transcription of target genes. This complex area of NF-κB

regulation is beyond the scope of the current discussion but has recently been thoroughly

reviewed elsewhere [17, 108, 109]. In contrast to the positive regulation of canonical NF-

κB, relatively little is known about the termination of NF-κB transcriptional activity.

Therefore, we will briefly discuss some of the negative feedback loops involved in

termination of TNFR1 signaling and describe some factors involved in terminating TNF

induced canonical NF-κB transcriptional responses.
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2.3. Shutting Down TNF-Induced NF-κB Signaling

Termination of NF-κB responses is an essential aspect of NF-κB regulation as elevated NF-

κB activation is association with inflammation and oncogenesis [110, 111]. As recent

reviews have discussed negative feedback loops activated by the NF-κB pathway [112], we

limit the following discussion to feedback mechanisms that are particularly relevant for TNF

family signaling, or are often overlooked. One of the primary means of signal termination is

receptor downregulation. Because the TNF system produces a response that is proportional

to the duration of stimulus, it is essential that signaling be terminated upon ligand

withdrawal. TNF bound TNFR1 undergoes rapid internalization and trafficking to

lysosomes where it is degraded (Reviewed in [113]).

Upon activation of NF-κB several negative feedback loops are engaged through NF-κB-

dependent transcriptional responses. The primary negative feedback loop in NF-κB

signaling is the induction of IκB transcription. IκBα is rapidly induced following NF-κB

activation [114–117] and is crucial for terminating the NF-κB response [118, 119]. Mice

lacking IκBα exhibit systemic inflammation resulting from a failure to appropriately

terminate TNF dependent responses [118, 119]. Negative feedback resulting from TNF-

induced expression of IκB proteins determines the periodicity and amplitude of the NF-κB

responses occurring during sustained stimulation [103].

Another rapidly induced gene implicated in termination of the TNF response is A20

(TNFAIP3). A20 is of significant interest as it has been associated with several autoimmune

and chronic inflammatory diseases through genome wide association studies (GWASs;

[120]). A20 contains multiple zinc finger domains, and TRAF-binding, and deubiquitinating

(DUB) OUT (ovarian tumor domain) domains. A20 is induced rapidly following TNFα

induction [121–123]. Upon overexpression of A20, NF-κB activation by TNF is inhibited

[124–126], although others have noted that A20 did not alter NF-κB nuclear localization

[127]. Subsequently it was shown that A20 might function as an ubiquitin editing enzyme.

The OTU domain was shown to mediate RIP1 K63 deubiquitination while the zinc finger

domain induced K48-linked ubiquitination of RIP1, leading to RIP1 degradation [80].

Consistent with the idea that A20 is a an important negative feedback regulator of the NF-

κB pathway, it was shown that mice lacking A20 exhibit spontaneous inflammation and

modestly prolonged NF-κB activation in response to TNF [128]. The most notable alteration

in A20 knockout cells was increased TNF induced cell death, consistent with the idea that

A20 may regulate cell death independent of effects on NF-κB activation [129–131].

Nevertheless, in vivo, it appears that A20 is not, primarily a regulator of TNF responses, but

rather of TLR and IL-1R signaling, as the inflammatory phenotype of the A20 deficient

mice is rescued by deletion of MyD88 but not TNFR1 or TNF [132, 133]. Given that

phenotypes resulting from hyperactivation of NF-κB in other genetic models are rescued by

blocking or deleting TNF cytokine signaling [134, 135], these results suggest that A20 is not

an important negative regulator of TNF or NF-κB signaling. Although it was shown that

A20 instead may function to subtly limit the magnitude of late responses during sustained or

repeated TNF stimulation [136], the mechanism for this function is unclear. Knock-in mice

in which the OTU domain is inactivated do not exhibit any phenotype or alterations in NF-

κB transcriptional responses (De et al., in press). Recently it was shown that zinc finger 7 of

Hayden and Ghosh Page 9

Semin Immunol. Author manuscript; available in PMC 2015 June 21.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



A20, which is not implicated in catalytic functions, may inhibit IKK activation by binding

ubiquitinated NEMO and preventing IKK activation [137–139] or by dissociating TRAF2/3

from cIAP1/2 [140, 141]. As these experiments have relied on overexpression, these non-

catalytic functions of A20 need to be confirmed in vivo. Given the subtle TNF signaling

defect observed in A20 knockout cells and failure of deletion of TNF/TNFR1 to rescue the

phenotype of A20 knockout mice, it remains unlikely that A20 has a major role as a negative

regulator of canonical NF-κB pathway activated by TNF. However, given the genetic

implication of A20 in autoimmunity and demonstrated role in some malignancies, further

work to define the mechanisms of action of A20 is clearly warranted.

In addition to targeting signaling pathway components, inactivation of DNA-bound NF-κB

is also essential for limiting the NF-κB response. Because the key role of IκB proteins in

limiting the NF-κB response was recognized early, our understanding of other mechanisms

that terminate NF-κB activity has continued to lag behind our understanding of signaling

pathways leading to NF-κB activation. It is clear that IκBα resynthesis restricts the duration

of the NF-κB dependent transcriptional response after TNF stimulation. However, it does

not seem that IκBα acts directly on DNA-bound to terminate the transcriptional response.

Indeed, even in cells lacking κB activity, NF-κB responses are restrained – emphasizing that

additional factors mediate termination of the response while IκBs are essential for

inducibility. Termination of NF-κB activation can be achieved by removal of co-activators,

degradation of active NF-κB dimers, or removal of active dimers from DNA – none of these

are directly mediated by IκB. Termination of transcriptional activation of DNA bound NF-

κB dimers is achieved by either removal of co-activators, such as CBP/p300, or

displacement of co-activators by co-repressors including histone deacetylases. Treatment of

cells with the HDAC inhibitor TSA substantially augments the TNF induced transcriptional

response [142], suggesting that HDACS actively repress NF-κB-dependent responses to

TNF. Degradation of canonical NF-κB downstream of TNF stimulation is also implicated in

restriction and termination of the transcriptional response.

Under some circumstances ubiquitination and proteasomal degradation of nuclear p65-

containing heterodimers has been demonstrated [143]. Several ubiquitin ligases have been

implicated in this process and we review them briefly here. Suppressor of cytokine

signalling-1 (SOCS1) recruits protein substrates to ubiquitin ligase elongin-B–elongin-C–

cullin-2–SOCS1 protein (ECS) complex [144] and decreases p65 stability [145, 146] and

transcriptional activity when overexpressed [147, 148]. COMMD1 (copper metabolism

(Murr1) domain containing 1), which also associates with the ECS ubiquitin ligase complex,

facilitates p65 degradation by promoting binding of p65 and SOCS1, and SOCS1 and CUL2

[149, 150]. In the absence of COMMD1, p65 and target transcript levels are increased

following TNF stimulation [150]. If re-synthesis of IκBα, which is enhanced due to the

elevated p65 activity, is blocked then nuclear p65 is increased and prolonged in the absence

of COMMD1 [150]. Therefore, COMMD1 targeting of a SOCS1-containing ubiquitin ligase

complex to p65 is a significant contributor to the termination of the p65-mediated

transcriptional response. There are 10 COMMD proteins, and several have been shown to

have significant effects on TNF induced NF-κB activity [151]. Binding to other NF-κB

family members has also been demonstrated [151], though the significance of these

interactions is less clear. Binding of COMMD1 to p65, and recruitment of p65 to ECS, may
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be regulated by phosphorylation of serine 468 on p65 [152, 153]. IKKβ, inducible IKK

(IKKi; also known as IKKε), and GSK-3β have been shown to phosphorylate S468 [154,

155]. TNF induces IKKi transcriptionally [156] and causes the nuclear accumulation and

phosphorylation of p65 [157]. However, recent work demonstrates that phosphorylation of

S468 occurs rapidly and is associated with increased binding to CBP/p300 [158], which

promotes the p65-dependent transcriptional response. Thus induction of S468

phosphorylation of p65 alone is unlikely to promote COMMD1-dependent p65 degradation.

Instead competition between CBP and COMMD proteins for binding to p65, additional post-

translational modifications (reviewed in [108, 109]) or sub-nuclear localization may

determine COMMD1 binding and termination of the p65 response.

Recruitment of p65 to the ECS may also be actively inhibited. Expression of the peptidyl-

prolyl cis/trans isomerase Pin1 (protein NIMA-interacting 1) correlates with NF-κB

activation in breast cancer, and loss of Pin1 prevents activation of NF-κB in response to

TNF in MEFs and hepatocytes [146]. Pin1 competes with SOCS1 for binding to p65 and

thus to prevents ECS-induced ubiquitination and degradation of p65-containing NF-κB

dimers. Finally, the deubiquitinase USP7 promotes TNF induced transcriptional responses

and nuclear p65 stability by deubiquitinating DNA bound p65 [159].

Both degradation and relocalization of NF-κB complexes are potential mechanism of

transcription termination. The nuclear ubiquitin ligases PDLIM2 (PDZ and LIM domain 2;

also known as SLIM and Mystique), and the SUMO ligases PIASy (protein inhibitor of

activated STAT y) and PIAS1 have been implicated in regulation of nuclear p65. PDLIM2

induces p65 ubiquitination and relocalization of p65-containing dimers to PML nuclear

bodies and loss of PDLIM2 in mice results in systemic inflammation [160]. PDLIM2 has

been suggested to be regulated through cytoplasmic sequestration [161], at present, it is not

known whether the function of PDLIM2 is regulated during TNF signaling. Indeed, it is not

clear that PDLIM2 restricts TNF-induced NF-κB activation. Knockdown experiments

demonstrate very modest reduction in TNF induced NF-κB transcriptional activity [162].

Furthermore, PDLIM2 function is not specific to NF-κB. STAT3 and STAT4 activity is also

altered and contributes to the pro-inflammatory phenotype of the knockout mice [163–165].

The SUMO E3 ligases PIAS1 and PIASy, although initially characterized as STAT

inhibitors, have both been shown to regulate NF-κB transcriptional responses [166]. PIAS1

inhibits the DNA binding of canonical NF-κB complexes [167] and PIAS1 knockout mice

have increased sensitivity to LPS-induced shock[168]. PIAS1 acts early to limit immediate

NF-κB dependent transcription [167], suggesting that its function may be more in

establishing a threshold for p65-dependent DNA binding, than in termination of the NF-κB

response. Deletion of PIASy in mice also results in hypersensitivity to LPS induced shock

[169, 170] and increased p65 DNA binding in a stimulus-dependent manner [170]. Despite

similar phenotypes of the knock-out mice, PIAS1 and PIASy regulate distinct sets of TNF-

induced genes. For example, loss of PIAS1 has a marked effect on TNF-induced IκBα and

IL-1β expression, whereas loss of PIASy does not. In contrast, TNFα-induced CXCL1 is

affected by PIASy, but not by PIAS1 [167, 170]. PIAS1 and PIASy interact directly with

p65 [171] but repression of p65 transcriptional functions is not dependent on binding only.
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Mutagenesis experiments indicate that PIAS1 SUMO ligase activity and IKKα mediated

phosphorylation are required for inhibition of p65 function [171].

3. CD40 Signaling to NF-κB

Several members of the TNF family can induce activation of the IKKα-dependent

noncanonical NF-κB pathway. The TNFR superfamily members CD40 and LTβR are the

best-characterized mediators of noncanonical signaling, although signaling from Fn14,

CD27, BAFF-R, TNFR2 and RANK, also lead to activation of noncanonical NF-κB [172].

Here we will focus on activation of the noncanonical pathway by CD40L. CD40L is

expressed by activated CD4+ TH cells and is essential for the induction of B cell

immunoglobulin class switch recombination in response to T-dependent antigens [173].

Consequently, most work on the biological role of CD40 has been done in the context of the

humoral immune response. However, CD40 can be expressed on several hematopoietic cells

including dendritic cells, macrophages, and T cells. Indeed, CD40 is also expressed on non-

hematopoietic cells including epithelial and endothelial cells. The biological role of CD40

on these cell types is less well understood.

CD40 was originally identified as a surface marker on B cells, and most work has focused

on the role of CD40 in B cell biology [174]. CD40 knockout B cells fail to undergo class

switch recombination and exhibit defects in proliferation and germinal center formation

[175]. B cells lacking CD40 also do not exhibit T cell induced co-stimulatory molecule

upregulation and are, consequently, poor antigen presenting cells [176]. The requirement for

the alternative NF-κB pathway in B-ells is not completely clear as B cells from relB−/− mice

class switch normally [177] and defects in class switching in p52−/− mice are not B cell

intrinsic [178]. B cells from rela−/− mice exhibit diminished class switching [28], which is

augmented by deletion of p50 [179, 180]. c-Rel-deficient mice also indicate a requirement

for c-Rel in class switch recombination [181–183]. Therefore, analyses of knockout animals

suggest that the canonical NF-κB pathway likely has a role in maturation of the B-cell

response in addition to directly mediating proliferative responses following BCR ligation. In

addition to B cells, there has been considerable interest in the role of CD40 signaling in

dendritic cells. However, it appears that most biological functions of CD40 in DCs are

attributable to activation of the canonical signaling pathway. T cell CD40L expression also

promotes dendritic cell survival, though this is likely through canonical pathway activation

[184, 185]. Differentiation of effective dendritic cells from monocytes in vitro depends on

activation of RelB complexes [186, 187], however these complexes consist of RelB:p50

[187, 188].

3.1. CD40 Signaling

CD40L, which is a type II transmembrane protein, is expressed on the cell surface of T cells,

from which it engages CD40 on B cells and DCs. CD40L, like TNF, exists as a trimer [189],

and therefore induces oligomerization of CD40 upon binding. In contrast to TNFR1, the

crystal structure of CD40 bound to CD40L indicates that each CD40L trimer binds not two,

but three, receptors [190]. However, given that CD40 forms ligand-independent homodimers

[191], trimers of CD40L may bind two dimers of CD40, and induce formation of oligomeric

receptor ligand complexes (Figure 3). Upon CD40 ligation by CD40L, CD40 binds to TRAF
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proteins. Although CD40 can trigger signaling resulting in activation of NF-κB, MAPK,

JAK/STAT, and PI3K pathways (reviewed in [174]), we will focus on TRAF-dependent

signaling to NF-κB. TRAF proteins exhibit different affinities for the CD40 cytoplasmic

tail, with TRAF2 having the highest affinity, and it appears that receptor avidity of different

TRAFs may govern their relative ability to participate in signaling [192]. Thus, the

stoichiometry of the ligand receptor complex may be an important determinant of signaling

outcomes.

Unlike TNFR1, which lacks a TRAF binding motif and recruits TRAF2 through TRADD,

CD40 possesses three well-characterized TRAF binding motifs in the cytoplasmic tail of the

receptor (Figure 3). CD40 interacts with TRAFs 1, 2, 3, 5 and 6 [193–196]. CD40 binds to

TRAF1, TRAF2 and TRAF3 using a prototypical TRAF binding site towards the COOH-

terminus of the cytoplasmic tail [193]. The structure of TRAF2 bound to this site has been

solved, [192] and reveals the expected trimer of TRAF2 that is capable of interacting with

three receptor cytoplasmic tails. A second binding site that is selective for TRAF2 is located

at the immediate COOH-terminus. The third TRAF binding site is located closer to the

plasma membrane and binds to TRAF6 [194]. However, loss of this site does not abrogate

TRAF6 recruitment, as TRAF6 can be recruited with TRAF2 [197]. Thus the relative

contribution of each TRAF binding site and TRAF protein to CD40 signaling is complex.

Therefore, we will touch only briefly on signaling to noncanonical NF-κB, as TRAF2

signaling to the canonical pathway has been discussed above, before moving on to discuss

TRAF mediated activation of the alternative pathway downstream of CD40.

3.2. CD40 Signaling to Noncanonical NF-κB

The noncanonical NF-κB pathway culminates in inducible processing of p100 to p52 and is

independent of IKKβ and NEMO. Instead, noncanonical signaling requires IKKα, which is

phosphorylated and activated by the NF-κB inducing kinase (NIK). NIK is a member of the

MAP3K family of kinases that can induce the activation of both the canonical and

noncanonical NF-κB pathway [198]. Upon overexpression, NIK can activate canonical

signaling through IKKβ [198–202], however the phenotype of NIK−/− and aly/aly mice,

which have a point mutation in the NIK kinase domain, demonstrate that the physiological

function of NIK is restricted to noncanonical signaling [203]. Although these mice were not

initially characterized in terms of CD40 signaling to p100, it was subsequently observed that

NIK deficient mice exhibited cell autonomous defects in B cell function, suggesting that

CD40 signaling could be affected [204, 205]. Based on these observations, the role of NIK

in p100 processing downstream of CD40 was studied and it was found that CD40L induces

activation of the noncanonical pathway through NIK [206]. While we focused primarily on

the mechanisms leading to recruitment of the IKK complex through the regulatory subunit

NEMO during canonical signaling, we will focus on the receptor proximal events that lead

to stabilization of NIK and phosphorylation IKKα.

In unstimulated cells NIK is constitutively active, but is also subject to rapid, constitutive

degradation thus leading to very low levels of the protein (Figure 3A). TRAF3 binds

constitutively to NIK and is responsible for the ubiquitination of NIK and its degradation

[207]. Consequently loss of TRAF3 results in stabilization and accumulation of NIK, and
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resulting hyperactivation of the noncanonical pathway [208]. NIK was initially identified as

a TRAF2 binding factor, although it binds with higher affinity to TRAF3 [198, 207].

However loss of TRAF2 also results in constitutive activation of the noncanonical pathway

[208–210]. This suggests that both TRAF2 and TRAF3 can affect constitutive

downregulation of NIK. Indeed, loss of either TRAF2 [211] or TRAF3 [212], results in

accumulation of NIK independent of stimulation. Although TRAF proteins have reported E3

ligase activity, it does not appear that TRAF3 can directly mediate NIK ubiquitination [172].

Instead, studies using cIAP inhibitors and knockout cells revealed that cIAP1/2 are

responsible for constitutive degradation of NIK in unstimulated cells [213, 214]. TRAF3

binds with high affinity to the N-terminus of NIK [207], thus, the complex is formed by

TRAF3 binding NIK and TRAF2 serving as a scaffold by bringing together cIAP1/2 and

TRAF3 [208, 215, 216].

The preponderance of evidence suggests that NIK is constitutively active (reviewed in

[172]). Activation of NIK is, therefore, dependent on inactivation of the TRAF/cIAP

complex. As discussed above, TRAF2 is recruited to CD40 upon ligation by CD40L. Upon

CD40 ligation, TRAF3 is targeted for proteasomal degradation [207]. Despite the role of

TRAF2 and cIAP1/2 in NIK degradation, both are also required for inducible accumulation

of NIK (Figure 3C). TRAF2 knockout cells fail to induce TRAF3 degradation downstream

of CD40 [215]. It was shown that cIAP1/2 undergoes TRAF2 dependent ubiquitination

through an unknown mechanism that leads to cIAP1/2 dependent TRAF3 ubiquitination and

degradation [215]. TRAF1, which is also recruited to the CD40 complex [217], has been

proposed to alter the function of TRAF2/cIAP1/2 complex [172, 218]. However, multiple

studies have yielded conflicting results in terms of the effects of TRAF1 in canonical and

noncanonical NF-κB signaling by TNF cytokines [217, 219–221]. An alternative proposal

for the regulation of NIK stabilization, the “allosteric model,” considers that CD40 could

stabilize NIK by binding TRAF2/3 and competitively preventing binding of newly

synthesized NIK to the TRAF/cIAP complex [222]. Under this model, which is compatible

with the role of TRAF2/cIAP in TRAF3 degradation, binding of the TRAF3/TRAF2/

cIAP1/2 complex to CD40L bound CD40 prevents NIK binding to TRAF3, because the

binding of TRAF3 to CD40 and NIK uses the same surface, and results in cIAP1/2 ubiquitin

ligase activity being focused on TRAF3[222]. Whether due solely to degradation of TRAF3,

or inability of receptor bound TRAF3 to bind NIK, recruitment of the TRAF/cIAP complex

to the receptor results in accumulation of newly synthesized NIK.

One of the first groups to discover IKKα did so by using a yeast two hybrid screen to

identify NIK binding proteins [199]. As, such, from the beginning, it has been known that

NIK can bind and phosphorylate IKKα [199, 223–226]. NIK is a potent kinase for IKKs

(IKK-K), and on overexpression robustly activates both canonical and noncanonical NF-κB

pathways. NIK phosphorylation of IKKα leads phosphorylation of p100 in p100:RelB

heterodimers, and processing to p52 [227]. In addition to activating IKKα, NIK has also

been shown facilitate phosphorylation of p100 through kinase independent mechanisms

[228]. Unlike canonical signaling to IκBα degradation, it was shown that the NIK- and

IKKα-dependent pathway leading to p100 processing to p52 does not require NEMO [229,

230] or IKKβ [227]. However it is not yet clear whether IKKα that mediates p100

phosphorylation exists in a separate IKK complex. Given that NEMO has recently been
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shown to target the IKK complex to IκBα [19], it may be that only IKKα that is free of

NEMO can target p100.

In unstimulated cells, p100 undergoes little constitutive processing to p52 [231, 232]. The

C-terminal DD of p100, and the flanking ankyrin repeat, inhibits processing to p52 [233,

234]. However, the mutants that undergo constitutive processing appear to be processed by a

distinct mechanism that requires nuclear shuttling [233], and, perhaps, cleavage of DNA

bound p100 [235]. In contrast, NIK-induced processing of p100 likely occurs in the

cytoplasm [236]. NIK and IKKα induce phosphorylation p100 on two COOH-terminal

serine residues, 866 and 870 [228, 234, 237]. Although phosphorylation of these two serines

depends on IKKα, direct phosphorylation of Serines 866 and 870 by IKKα has not yet been

demonstrated [172]. Similar to IκBα, phosphorylation of p100 leads to recognition by

βTrCP [237]. Subsequently, polyubiquitination of Lys855 in a region with sequence

homology to Lys22 of IκBα, is mediated by the SCF complex leading to subsequent

preoteasomal processing to p52 [237–239]. The exact mechanism that leads to processing of

p100 to p52 remains unclear. Several factors have been proposed to function in this process

including the S9 subunit of the proteasome. [240]. Another structural element of p100, that

is also involved in p105 processing to p50, that may contribute to selective processing is a

glycine rich repeat (GRR; Figure 1) that is thought to prevent complete degradation and

promote release of active p52:NF-κB complexes [231, 241]. Indeed, p100 lacking the GRR

undergoes NIK induced degradation rather than processing to p52 [236].

Although p100 can interact with several NF-κB dimers, it is believed that p100 interacts

preferentially with RelB [242]. Processing of p100 therefore results in the release RelB:p52

dimers that translocate to the nucleus and induces transcription of a subset of target genes

[243]. In this [243], and other studies, it has generally been assumed that deletion of IKKα

or NIK reveals the subset of physiological functions governed by the noncanonical pathway.

However, it should be emphasized that NIK is capable of activating IKKβ and inducing

IκBα degradation, as discussed above. Furthermore, for TNF family receptors that activate

the noncanonical pathway by inducing NIK accumulation, including CD40, activation of the

canonical pathway has been shown to be variably dependent on NIK and IKKα [244].

Finally, NIK activation can be terminated through restoration of the TRAF2/3/cIAP1/2

complex, leading to NIK degradation. In addition, IKKα has recently been reported to

phosphorylate NIK resulting in degradation that appears independent of the TRAF2/3/

cIAP1/2 complex [245].

4. Conclusions

In the current review we have limited our discussion to signaling by TNF to the canonical

NF-κB pathway, and by CD40 to the noncanonical NF-κB pathway. While several of the

concepts discussed apply broadly to signaling by TNF family cytokines, it is clear that TNF

family receptors diverge significantly in their signaling mechanisms. Nevertheless, the role

or RIP1, TAK1, NIK, and other factors discussed above have not yet been rigorously

evaluated in many TNF family signaling pathways. As is readily apparent from the

discussion above, our understanding of the contribution of individual TRAF family

members to specific signaling pathways is particularly inadequate. While genetic models are
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important, it is clear that for TRAF proteins, compensation leads to aberrant TRAF

utilization and hence the conclusions that may not reflect the biology. More elegant and

precise methods of interrogating TRAF function are needed. For example, careful

biochemistry, using unmanipulated, and biologically relevant cells is required to map the

role of individual TRAF proteins in signaling by individual TNF family members. Atypical

mechanisms of TNF family receptor signaling to NF-κB have also not been broadly

investigated. For example, TACI (TNFRSF13B), which is a receptor for the TNF family

cytokines BAFF and APRIL, requires binding and signaling through MyD88 in order to

drive B-cell class switch recombination [246]. While it is tempting to dismiss signaling

pathways that fail to conform to established mechanisms for a receptor class, such

differences likely underlie the need for 29 different receptors in the TNF family. In support

of the biological significance of such pathways, a subsequent report demonstrated that a

patient with a mutation in the MyD88 binding region of TACI displayed hyper-

gammaglobulinemia and an inability to class switch in response to APRIL [247]. In addition

to illuminating interesting biology, such differences may hold the key to developing targeted

means of inhibiting the NF-κB pathway. Thus, there remains much to understand both

ligand/receptor specific and cell type specific signaling by TNF family receptors to NF-κB.

Finally, we would like to note the controversy surrounding the function of regulatory

ubiquitination in NF-κB signaling. We often do a disservice by too confidently presenting

schematics of signaling pathways with little discussion of caveats and unknowns. Both in

TNF signaling, and NF-κB signaling in general, considerable work remains to be done to

clarify the role of regulatory ubiquitination. This is an area of active research, where

yesterday’s models are invalid while today’s appear unquestionable. The once clear

requirement for K63 linked ubiquitination, TRAF2 as E3 ubiquitin ligase, and many other

aspects of the role of regulatory ubiquitin seem to have fallen out of favor. A20, a K63 DUB

and negative regulator of NF-κB signaling seemed to provide the clearest evidence of the

importance of K63 in TNF induced NF-κB. However, as discussed, knock-in mice produced

by our lab (S.G.) and others disprove the requirement for A20’s deubiquitinating activity in

regulating NF-κB. As the field now shifts its focus towards linear ubiquitin, we urge caution

against overstating the case before all of the evidence, in particular from appropriate genetic

models, is in.
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Abbreviations

AP-1 Activator Protein-1

APRIL a proliferation inducing ligand

BAFF B cell activating factor

BCL-3 B cell lymphoma 3
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βTrCP beta transducing repeat containing

CD40 cluster of differentiation 40

Fn14 fibroblast growth factor inducible 14

IκB inhibitor of kappa B

IKK IκB kinase

JNK c-Jun N-terminal kinase

MAPK Mitogen activate protein kinase

MyD88 myeloid differentiation primary response gene 88

NF-κB nuclear factor interacting with the kappa light chain enhancer of activated B

cells or, commonly, nuclear factor kappa B

RANK receptor activator of NF-κB

SHARPIN SHANK-Associated RH domain interacting protein

SCF Skp1-Culin-Roc1/Rbx1/Hrt-1-F-box

STAT signal transducer and activator of transcription

SUMO small ubiquitin like modifier

TACI transmembrane activator and CALM interactor

TNF tumor necrosis factor

TNFAIP3 Tumor necrosis factor alpha induced protein 3
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Highlights

• TNF family cytokines activate both canonical and noncanonical NF-κB

signaling pathways

• TNF/TNFR1 signaling serves as a model of the canonical NF-κB pathway

• CD40L/CD40 signaling serves as a model of the noncanonical NF-κB pathway

• The molecular mechanisms linking ligation of TNFR1 or CD40 to activation of

the canonical or noncanonical NF-κB signaling pathway remain unclear
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Figure 1. Schematic representation of NF-κB, IκB and IKK proteins
Key features of members of the NF-κB and IκB protein families and components of the IKK

complex are shown. The number of amino acids in each protein is indicated on the right.

Phosphorylation (P) and ubiquitination (U) sites on p100 and IκBα proteins that mediate

proteasomal degradation and activation of the noncanonical and canonical NF-κB pathways

are indicated. Presumed site of p100 cleavage (aa 447) is shown. Phosphorylation sites that

mediate IKK kinase activation are indicated. α, β-helical domain; CC, coiled-coil domain;

GRR, glycine-rich region; HLH, helix-loop-helix domain; LZ, leucine zipper domain; NBD,
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NEMO binding domain; RHD, rel homology domain; TAD, transactivation domain; Z, zinc

finger domain.
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Figure 2. Model of TNFR1 Signaling to Canonical NF-κB
A. Upon binding of TNF trimmers to TNFR1, oligomeric receptor complexes form resulting

in recruitment of TRADD to the death domain (DD) of the receptors cytoplasmic tail. RIP1

is recruited through TRADD and TNFR1 through homotypic DD interactions. High affinity

binding of TRAF2 trimers to TRADD is augmented by TRAF2/RIP1 interactions. B.
TRAF2 trimers recruit cIAP1/2, which in turn recruit the LUBAC complex (HOIP, HOIL

and SHARPIN), while RIP1 mediates recruitment of TAK1 and the IKK complex through

NEMO. This oligomeric signaling complex is termed complex I and signals to NF-κB and

AP-1 and MAPK pathways (not shown). C. Recruitment and induced proximity of TAK1
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and the IKK complex supporting phosphorylation and activation of IKK. The ubiquitin

ligase cIAP1/2 and LUBAC may facilitate TAK1 and IKK activation through production of

linear and/or K63 linked ubiquitination. D. Activated IKK phosphorylates IκBα leading its

ubiquitination and degradation and nuclear translocation of p65:p50 NF-κB complexes.

DNA bound canonical NF-κB induces transcription of immune response genes as well as

genes that protect the cell from TNF induced cell death. E. Cell death pathways are triggered

by distinct signaling complexes triggering either apoptosis (complex I) or RIP1/RIP3 kinase

dependent necroptosis (Necrosome). F. Negative feedback is mediated by NF-κB dependent

resynthesis of IκB proteins as well as other factors including A20, which may facilitate

complex I disassembly by disrupting TRAF2/cIAP binding. G. Multiple mechanisms,

discussed in the text, act to induce degradation or displacement of DNA bound canonical

NF-κB dimers.
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Figure 3. Model of CD40 signaling to Noncanonical NF-κB
A. In resting B cells, a TRAF2/TRAF3 heterotrimer mediates constitutive NIK degradation

by binding to NIK and the E3 ubiquitin ligases cIAP1/2. B. Upon encountering CD40L

expressing CD4 T cells, CD40 dimers are oligomerized by CD40L trimmers resulting in

altered affinity and avidity for TRAF proteins. C. Three non-exclusive mechanisms of NIK

stabilization are shown. 1. Binding of TRAF2/3 trimers to the CD40 cytoplasmic tail results

in decreased affinity for NIK. 2. TRAF3 is displaced from TRAF2 by preferential binding of

TRAF1/2 heterotrimers to CD40 and cIAP1/2, resulting in CIAP1/2 mediated TRAF3
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ubiquitination and degradation. 3. High affinity binding between TRAF2 and CD40 receptor

displaces TRAF3 and alters cIAP1/2 function resulting in cIAP1/2, altered cIAP1/2 function

and TRAF3 ubiquitination and degradation. D. Degradation or displacement from TRAF3

results in accumulation of newly synthesized NIK, which undergoes autophosphorylation

and activation. NIK phosphorylates IKKα resulting in IKKα activation and phosphorylation

of destruction box serines on p100 associated with RelB. Phosphorylated p100 is

ubiquitinated and undergoes non-degradative processing by the proteasome yielding

p52:RelB dimers that can mediate transcription by binding to DNA κB sites. E. IKKα

induced phosphorylation of COOH-terminal serines on NIK may act as a negative feedback

mechanism by inducing TRAF3-independent proteosomal degradation of NIK.
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