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Functions of NF-«B1 and NF-«B2 in immune cell biology

Soren BEINKE and Steven C. LEY'

Division of Immune Cell Biology, MRC National Institute for Medical Research, Mill Hill, London NW7 1AA, UK.

Two members of the NF-«B (nuclear factor « B)/Rel transcription
factor family, NF-kB1 and NF-«B2, are produced as precursor
proteins, NF-«B1 p105 and NF-kB2 p100 respectively. These are
proteolytically processed by the proteasome to produce the mature
transcription factors NF-«B1 p50 and NF-«B2 p52. p105 and
p100 are known to function additionally as I«Bs (inhibitors of
NF-«B), which retain associated NF-xB subunits in the cyto-
plasm of unstimulated cells. The present review focuses on the
latest advances in research on the function of NF-«B1 and NF-
«B2 in immune cells. NF-xB2 pl100 processing has recently
been shown to be stimulated by a subset of NF-«B inducers,
including lymphotoxin-f8, B-cell activating factor and CD40
ligand, via a novel signalling pathway. This promotes the nuclear
translocation of p52-containing NF-xB dimers, which regulate
peripheral lymphoid organogenesis and B-lymphocyte different-
iation. Increased p100 processing also contributes to the malig-
nant phenotype of certain T- and B-cell lymphomas. NF-<B1 has
a distinct function from NF-«B2, and is important in controlling

lymphocyte and macrophage function in immune and inflam-
matory responses. In contrast with p100, p105 is constitutively
processed to p5S0. However, after stimulation with agonists, such
as tumour necrosis factor-o and lipopolysaccharide, p105 is com-
pletely degraded by the proteasome. This releases associated
p50, which translocates into the nucleus to modulate target gene
expression. pl05 degradation also liberates the p105-associated
MAP kinase (mitogen-activated protein kinase) kinase kinase
TPL-2 (tumour progression locus-2), which can then activate
the ERK (extracellular-signal-regulated kinase)/MAP kinase
cascade. Thus, in addition to its role in NF-«B activation, p105
functions as a regulator of MAP kinase signalling.

Key words: I«kB kinase (IKK), nuclear factor kB (NF-«B),
p100, p105, Toll-like receptor (TLR), tumour progression locus-2
(TPL-2).

INTRODUCTION

NF-« B (nuclear factor « B) transcription factors play an important
role in the regulation of immune and inflammatory responses.
Upon infection, pathogenic micro-organisms activate NF-«B
transcription factors via triggering of TLRs (Toll-like receptors),
which are expressed on cells of the innate immune system, in-
cluding macrophages, DCs (dendritic cells) and mucosal epi-
thelial cells [1]. TLRs recognize invariant microbial molecules,
including components of the bacterial cell wall such as LPS (lipo-
polysaccharide) and microbial nucleic acids [2]. NF-« B induction
is essential for the expression of a wide variety of immune-
response genes. These include pro-inflammatory cytokines [e.g.
TNFa (tumour necrosis factor-a), IL-1 and -6 (interleukin-1
and -6)], chemokines [e.g. MIP-1o¢ (macrophage inflammatory
protein-lor) and RANTES (regulated upon activation, normal
T-cell expressed and secreted)] and adhesion molecules [e.g.
E-selectin and VCAM-1 (vascular cell adhesion molecule-1)],
which collectively regulate the recruitment of immune cells
to sites of infection [3]. TNFa and IL-1 stimulation of their

respective receptors in turn strongly activates NF-x B, which plays
an important role in amplifying and extending the duration of
the innate immune response [4,5]. Effector molecules which
have direct microbicidal activity (e.g. defensins) and enzymes
which generate reactive intermediates (e.g. inducible nitric oxide
synthase) are also transcriptionally induced by NF-«B [3]. NF-
kB facilitates T-cell activation via up-regulation of MHC proteins
and CD80/86 on antigen-presenting cells, and therefore forms
a molecular link between activation of the innate and adaptive
immune systems [6]. Subsequently, during the adaptive phase of
an immune response, NF-«B is involved in the activation of T-
and B-lymphocytes by their antigen and co-stimulatory receptors
[6]. In addition, NF-«B is required for LTBR (lymphotoxin-8
receptor) regulation of peripheral lymphoid organogenesis [7] and
stimulation of B-cell differentiation and survival by the receptor
for B-cell activating factor (BAFF) [8].

Dysregulation of NF-«B can lead to the constitutive over-
production of pro-inflammatory cytokines, which is associated
with a number of chronic inflammatory disorders, including
rheumatoid arthritis and Crohn’s disease [9,10]. NF-« B also plays

Abbreviations used: ABIN, A20-binding inhibitor of nuclear factor «B; BAFF, B-cell activating factor; BMDM, bone-marrow-derived macrophage; STrCP,
B-transducin repeat-containing protein; COX-2, cyclo-oxygenase-2; DC, dendritic cell; DD, death domain; Dif, Dorsal-related immunity factor; EBNA1,
EBV nuclear antigen 1; EBV, Epstein—Barr virus; ERK, extracellular-signal-regulated kinase; Fn14, fibroblast-growth-factor-inducible 14; GC, germinal
centre; GM-CSF, granulocyte-macrophage colony-stimulating factor; GRR, glycine-rich region; GSK, glycogen synthase kinase; HTLV-1, human T-cell
leukaemia virus type 1; IFNB, interferon-g; kB, inhibitor of nuclear factor «B; IKK, 1«B kinase; IL, interleukin; Imd, immune deficiency; JNK, c-Jun N-terminal
kinase; LMP1, latent membrane protein 1; LPS, lipopolysaccharide; LTAR, lymphotoxin-g receptor; MAP kinase, mitogen-activated protein kinase; MAP
3-kinase, MAP kinase kinase kinase; MEF, mouse embryo fibroblast; MEK, MAP kinase/ERK kinase; MIP, macrophage inflammatory protein; NEMO, nuclear
factor kB essential modulator; NF-«B, nuclear factor «B; NIK, NF-«B-inducing kinase; PEST region, polypeptide sequence enriched in proline (P), glutamic
acid (E), serine (S) and threonine (T); PGRP-LC, peptidoglycan recognition protein LC; RANKL, receptor activator of NF-«B ligand; RHD, Rel homology
domain; SCF, Skp1/Cul1/F-box; THq, T-helper 1; TH,, T-helper 2; TLR, Toll-like receptor; TNF, tumour necrosis factor; TPL-2, tumour progression locus-2;
TRAF, TNF-receptor-associated factor; TWEAK, TNF-like weak inducer of apoptosis.
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Table 1 Glossary of key terms used in this review
Protein Function Reference
TLRs Recognition of invariant microbial molecules (e.g. TLR4/LPS). [2]
Induction of innate immune response.

TNF receptor family (e.g. TNFR1, CD40, LTAR) Regulation of development and function of immune system [189]

TRAF proteins Intracellular adapter proteins [71]

MAP kinase pathway [MAP 3-K (e.g. TPL-2); Intracellular signalling cascade [190]
MAP 2-kinase (e.g. MEK); MAP-kinase (e.g. ERK)]

IKK complex (IKK1/IKK2/NEMQ) Multisubunit protein complex; regulation of I« B proteolysis [24]

lieB proteins (IxBe, kBB, Ik Be, NF-«B1 NF-«B inhibitors [15]
p105, NF-«B2 p100)

NF-«B (Rel) proteins (RelA, RelB, c-Rel, NF-«B1 Dimeric transcription factors [15]
p50, NF-xB2 p52)

Ubiquitination Covalent protein modification; regulates target protein stability or function [27]

E3 ligase (e.g. SCFATCP) Substrate recognition and ubiquitin transfer [27]

Proteasome Multisubunit protease; proteolysis of ubiquitinated proteins (e.g. l«Bs) [28]

an important role in regulating the expression of anti-apoptotic
proteins (e.g. c-IAP-1/2, Al, Bcl-2 and Bcl-X, ) and the cell-cycle
regulator cyclin D1, which increase cellular survival and pro-
liferation respectively [11,12]. Consequently NF-«B has been
implicated in cell transformation [12], and persistent NF-« B activ-
ation may explain the known causative link between chronic in-
flammation and certain types of cancer [13,14]. A glossary of key
terms used in this review is given in Table 1.

NF-«B AND I<B PROTEINS

NF-«B is composed of homo- and hetero-dimeric complexes of
Rel family polypeptides, which are characterized by an N-terminal
RHD (Rel homology domain), which mediates DNA binding,
nuclear localization and subunit dimerization [15]. Mammals
express five NF-«kB proteins, namely RelA (p65), RelB, c-Rel,
NF-«B1 p50 and NF-«B2 p52 (Figure 1A). NF-xB1 and NF-
kB2 are synthesized as large precursors of 105 (p105) and
100 kDa (p100) respectively. These are partially proteolysed by
the proteasome (termed processing), which removes their C-
terminal halves, to produce the active NF-kB1 p50 and NF-«B2
p52 subunits. Rel A and c-Rel both have C-terminal transactivation
domains in their RHDs and can strongly activate transcription
from NF-«B binding sites in target genes. RelB also contains a
transactivation domain in its RHD and can function as an NF-«B
activator when complexed with p50 or p52. However, RelB/RelA
heterodimeric complexes are inhibitory, since they cannot bind
DNA [16]. NF-«B1 p50 and NF-kB2 p52 lack a transactivation
domain, and can only promote transcription when heterodimer-
ized with a transactivating Rel subunit [6]. Homodimers of p50
and p52 function as transcriptional repressors, but can stimulate
transcription when bound to the Ik B-like nuclear protein BCL-3
[17-19].

In unstimulated cells, NF-xB dimers are inactive, since they
are sequestered in the cytoplasm by interaction with inhibitory
proteins termed I« Bs (inhibitors of NF-«B) [15]. In response to
stimulation with agonists, I« Bs are proteolytically degraded by
the proteasome, releasing associated NF-« B dimers to translocate
into the nucleus and modulate gene expression (Figure 2). The
transcriptional activity of certain NF-«B dimers is additionally
regulated by phosphorylation, providing an extra level of control
of NF-«B activation [20].
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Figure 1 Schematic representation of members of the Rel/NF-«B (A) and
1B (B) families of proteins

Rel/NF-«B proteins are characterized by their conserved N-terminal RHDs (blue) which
mediate DNA binding, nuclear localization and subunit dimerization. I« B proteins each contain
ankyrin repeat regions (red), which interact with RHDs of NF-«B subunits to prevent nuclear
translocation. The numbers of amino acids in each protein are shown on the right. In (A),
arrowheads point to the C-terminal residues of p50 and p52, which are produced by proteolytic
processing of the C-terminal halves p105 and p100 respectively (grey shading). In (B) the
positions of the IKK phosphorylation sites, which regulate the inducible proteolysis of l«B
proteins, are shown. LZ, leucine zipper; TD, transactivation domain.

IxBs comprise a family of structurally related proteins, each of
which contain multiple ankyrin repeats that interact with the nu-
clear localizing signals of RHDs to prevent nuclear translocation
of Rel subunits (Figure 1B). This family includes IxBea, I«BS
and I« Be, which are composed of a central ankyrin repeat region
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Figure 2 Model of the generic NF-«B activation pathway

Various stimuli induce the phosphorylation () and subsequent polyubiquitination ([Ub]) of
I« Bs, which are then targeted for degradation by the 26 S proteasome. Associated NF-« B dimers
are thereby released to translocate into the nucleus, where they bind to the promoter regions
of NF-«B-responsive genes to modulate their expression. The transactivating capacity of nuclear
NF-«B dimers can also be regulated by phosphorylation.

and an N-terminal regulatory domain, which controls their indu-
cible degradation. The precursor NF-«B proteins, NF-« B1 p105
and NF-«B2 p100, also function as IxBs as a result of ankyrin
repeat regions in their C-terminal halves. Alternate promoter
usage of the NF-«B1 gene can generate an mRNA encoding only
the C-terminal IxB-like portion of p105, termed Ik By, but this
has so far only been reported in murine cells [21,22].

REGULATION OF THE CANONICAL NF-xB PATHWAY BY THE I«B
KINASE COMPLEX

The signalling pathway by which cytokines regulate the degra-
dation of IxBa to release pS0/RelA and p50/c-Rel heterodimers
has been characterized in greatest detail (Figure 3, left) and is
known as the ‘canonical’ NF-xB pathway [23]. A critical event
in this pathway is the rapid agonist-induced phosphorylation
of IkBa by the classical IKK (IkB kinase) complex. This
comprises two kinase subunits, IKK1 (also known as IKK«) and
IKK2 (IKKp), and a structural subunit NEMO (NF-«B essential
modulator; IKKy), which is required to couple the IKK complex
to upstream signals [24]. Of the two catalytic subunits, only IKK2
is essential for I«Ba phosphorylation triggered by TNF« and
IL-1. Activation of IKK2 by these stimuli has been shown to
require the MAP 3-Ks (MAP kinase kinase kinases), MEKK3
[MAP kinase/ERK (extracellular-signal-regulated kinase) kinase
kinase kinase kinase] and TAK1 (transforming-growth-factor-g-
activated kinase), which are thought to directly phosphorylate the
IKK?2 activation loop [25,26]. IkBa is phosphorylated by IKK
on two N-terminal serine residues, which creates a binding site
for BTrCP (B-transducin repeat-containing protein), the receptor
subunit of an SCF (Skp1/Cul1/F-box) ubiquitin E3 ligase complex
[27]. This catalyses the rapid polyubiquitination of I« Ba on two

adjacent lysine residues, targeting it for degradation by the 26 S
proteasome. This releases associated NF-« B dimers to translocate
into the nucleus and modulate gene transcription [28]. Agonist-
induced degradation of IxBf and IkBe is similarly triggered
by their N-terminal phosphorylation by the classical IKK com-
plex, which promotes their STrCP-mediated ubiquitination and
subsequent proteolysis by the proteasome [6].

DROSOPHILA HAS TWO DISTINCT NF-«xB PATHWAYS

The NF-«B/I«B pathway is conserved in evolution, and innate
immune defence in the fruitfly Drosophila is regulated by the
NF-«B-related transcription factors Dorsal, Dif (Dorsal-related
immunity factor) and Relish [29]. NF-« B activation in Drosophila
is controlled by two distinct signalling pathways (Figure 4):
the Toll pathway, which regulates Dif and Dorsal, and the
Imd (immune deficiency) pathway, which regulates Relish [30].
These pathways are induced by specific microbial stimuli and
predominantly regulate distinct target genes.

In unstimulated cells, Dorsal and Dif are retained in the cyto-
plasm by their interaction with the IxB protein Cactus, which
is homologous with mammalian IxBea. Stimulation of the Toll
membrane receptor by fungi and Gram-positive bacteria induces
phosphorylation of the N-terminus of Cactus by an unknown
kinase, triggering Cactus degradation by the proteasome [31].
This releases Dif and Dorsal to translocate into the nucleus
and induce expression of anti-microbial peptides active against
these micro-organisms (e.g. drosomycin [30]). While only Dif
is required for antifungal immunity in the adult fruitfly, either
Dif or Dorsal can mediate immune responses in larvae. Dorsal
is additionally required in early embryogenesis for the Toll-
dependent patterning of the dorsoventral axis [32].

Relish has intrinsic I«B function, similar to NF-«xB1 p105
and NF-«xB2 p100, and is proteolytically processed to produce
the active transcription factor Rel-68 [31]. The Imd pathway is
activated by Gram-negative bacteria, which trigger cell-mem-
brane-bound PGRP-LC (peptidoglycan recognition protein LC).
PGRP-LC stimulation rapidly activates a Drosophila IKK com-
plex (comprising an IKK?2-related kinase, dIKK 8, and a structural
subunit homologous with NEMO, dIKKy) which directly phos-
phorylates Relish [33]. This facilitates Relish cleavage by the
caspase Dredd to generate Rel-68, which translocates into the nu-
cleus and induces the expression of antimicrobial peptides
against Gram-negative bacteria (e.g. diptericin and attacins)
[31,34,35]. The residual C-terminal fragment, Rel-49, remains
in the cytoplasm, but does not prevent nuclear translocation of
Rel-68. Given the conservation of NF-«B in evolution, it is not
surprising that there are similarities in the regulation of Relish
and the homologous mammalian proteins p100 and p105. These
are highlighted in the remainder of the present review.

Recently, significant advances have been made in the under-
standing of the signalling pathways controlling proteolysis of
the mammalian precursor proteins NF-«B1 p105 and NF-«B2
p100 and their specific functions. Our current knowledge and
outstanding questions in this field are discussed in the following
sections.

NF-«B2 p100/p52

Processing of pl100 generates p52, which can translocate to the
nucleus in association with other Rel subunits. An important role
for p100 in the regulation of p52 has been inferred from analysis
of mutant mice (nfkb22/) which lack full-length p100, but still
express a functional p52 protein (Table 2; [36]). Such mice have
a dramatic induction of p52-containing NF-xB binding activity

© 2004 Biochemical Society



396 S.Beinke and S. C. Ley
Canonical p105 Alternative (p100)
TNFa,IL-1, TNFo,IL-1, LTo, LTR
LPS, LPS CDA40L,
CD40L BAFF,

t(MEKKs, TAK1)

; MAP3-K?

}
P05,
p50'p50

11cB-ot .
RelA
| | '

@qem p50p50 p527 )

Figure 3 Model of different NF-«cB signalling pathways

Target Genes

The canonical pathway (left) is activated by a large number of agonists, a few of which are listed. Activation of this pathway depends on the IKK complex (IKK1-IKK2-NEMQ), which phosphorylates
I« Ber to induce its rapid degradation. (I«BB and |« Be are similarly regulated by IKK.) This pathway is essential for immune responses, inflammation and promoting cell survival. The alternative
NF-« B pathway (right) is activated a limited number of agonists and is important for secondary lymphoid organogenesis, maturation of B-cells and adaptive humoral immunity. This pathway requires
NIK and IKK1 and induces the slow processing of p100 to p52, resulting in nuclear translocation of p52/RelB heterodimers. The p105 pathway (centre) is specifically involved in immune and
inflammatory responses. Agonist activation of this pathway induces phosphorylation of the p105 PEST region by the classical IKK complex. This triggers p105 polyubiquitination and subsequent
degradation, releasing p50 homodimers which undergo nuclear translocation and positively or negatively regulate gene transcription.

in the nucleus and display increased lymphocyte proliferation,
enlarged lymph nodes and gastric mucosal hyperplasia. However,
one caveat with this mouse model is that all of the transcribed
nfkb2 mRNA makes p52. This results in constitutively elevated
p52 levels compared with wild-type mice, in which p52 is
produced very inefficiently from p100. Therefore it is unclear
whether the detected phenotype in nfkb2““/“¢ mice results from
lack of p100, overproduction of p52, or both.

Early studies indicated that NF-« B2 p100 can retain p50, RelA
and c-Rel in the cytoplasm [37,38]. However, more recently it has
been shown that p100 is the sole I« B involved in the cytoplasmic
retention of RelB and regulation of its transcriptional activity
[39,40]. Consistently, nfkb2~/~ and relb~/~ mice have partially
overlapping phenotypes (Table 2), with both mutant mice lacking
lymph nodes, Peyer’s patches and splenic GCs (germinal centres)
[7,41-43]. Thus the regulation of RelB by NF-«B2 p100 appears
to be important in controlling peripheral lymphoid organogenesis
and GC formation.

THE ALTERNATIVE NF-«xB PATHWAY

Research over the last 3 years has characterized a novel signalling
pathway, activated by a subset of NF-«B agonists, which stimu-
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lates processing of p100 to p52 (Figure 3, right). This is dis-
tinct from the canonical NF-«B pathway, which regulates Ix Bo
degradation, and has become known as the ‘alternative’ or ‘non-
canonical’ NF-«B pathway [23].

The first clue that p100 processing might be regulated was
reported by the laboratory of Shao-Cong Sun in 2001 [44],
which demonstrated that p100 processing is stimulated by ectopic
expression of NIK (NF-«B binding kinase). NIK has homology
within its kinase domain with MAP kinase kinase kinases (MAP
3-Ks). Furthermore, splenocytes from the alymphoplasia (aly/aly)
mutant mouse strain, which contains a mutation in NIK that
blocks its ability to induce p100 processing in transfected cells,
were shown to have dramatically reduced steady-state levels of
p52, although p100 levels were normal [45,46]. Consistent with
the hypothesis that NIK and p100 might be components of the
same signalling pathway, aly/aly and nik~/'~ mice [47-49] have
similar phenotypes to nfkb2~/~ mice [42,43], each displaying a
systemic absence of lymph nodes and Peyer’s patches as well as
disorganized splenic and thymic architectures (Table 2).

Induction of p100 processing to p52 by overexpressed NIK in
fibroblasts requires IKK1 expression [44]. Thus IKK1 acts down-
stream of NIK in a signalling pathway that controls p100 pro-
teolysis. In accordance with this hypothesis, peripheral lymphoid
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Figure 4 Drosophila Toll and Imd NF-«B signalling pathways

Antimicrobial peptide genes

Stimulation of the Toll pathway by fungi and Gram-positive bacteria induces Cactus phosphorylation by an unknown kinase, triggering Cactus degradation by the proteasome. This releases Dif and
Dorsal NF-«B-like transcription factor to translocate into the nucleus and induce the expression of antimicrobial peptides directed against Gram-positive bacteria and fungi. The Imd pathway is
activated by Gram-negative bacteria, which trigger a cell-membrane-bound peptidoglycan recognition protein, PGRP-LC. Downstream of this receptor, the Imd signalling pathway bifurcates. One
branch triggers the activation of the Drosophila melanogaster (dm) IKK complex, via the MAP 3-kinase dTAK1, which then directly phosphorylates Relish. The other branch regulates the activation
of Dredd caspase. This directly cleaves phosphorylated Relish, generating the N-terminal transcription factor fragment (Rel-68) that translocates into the nucleus and induces the expression of
antimicrobial peptides directed against Gram-negative bacteria. The |« B-like C-terminal fragment, Rel-49, remains in the cytoplasm, but does not prevent nuclear translocation of Rel-68. Imd is an
adapter protein, containing a DD, which is required for activation of both the IKK and Dredd branches. ANK, ankyrin repeat region.

organogenesis is disrupted in IKK17/~ radiation chimaeras
(Table 2; [44,50]). Furthermore, IKK1 was identified as a NIK-
interacting protein in a yeast two-hybrid screen [51], and NIK can
phosphorylate the activation loop of IKK1, stimulating its kinase
activity [52]. In vitro experiments suggest that IKK1 directly
phosphorylates p100 to induce its processing [44]. IKK2 and
NEMO are not required for NIK-induced p100 processing [44,53],
raising the possibility that the pool of IKK1 regulating p100
processing may not be a component of the IKK1-IKK2-NEMO
complex that controls the degradation of IkBea. Indeed, it has
been demonstrated that a fraction of IKK1 is not associated with
either IKK2 or NEMO in murine fibroblasts [54]. It is not known
whether this pool of IKK1 is complexed with other regulatory
proteins.

RECEPTOR ACTIVATION OF THE ALTERNATIVE NF-«B PATHWAY

Analysis of LTBR knockout mice (Table 2) has indicated that
LTBRs on non-haematopoietic and myeloid lineage cells are
essential for the normal development of lymph nodes and Peyer’s
patches [55]. The absence of these peripheral lymphoid organs

in aly/aly, nik=~'=, ikkl~/~ chimaeric, nficb2~/~ and relb~/~ mice
[7] suggests that NIK, IKK 1, NF-«B2 and RelB act in a common
signalling pathway downstream of LTBRs in stromal cells, which
regulates peripheral lymphoid tissue organogenesis. Consistent
with this hypothesis, anti-LTSR antibody induces processing of
pl100 to p52 in mouse embryonic fibroblasts (MEFs), resulting
in nuclear translocation of p52/RelB heterodimers [41,56,57].
Furthermore, analysis of knockout MEFs indicates that NIK
and IKK1 are required for LTBR induction of p100 processing,
whereas IKK2 and NEMO are dispensable [41,56,57]. Inter-
estingly, nuclear translocation of p5S0/RelB heterodimers in MEFs
by anti-LTAR antibody also requires p100 processing, suggesting
that p52/p50 exchange may occur after p100 processing [54].
Two studies have described cell autonomous defects in aly/aly
B-cell function [45,58]. In addition, radiation chimaeras generated
with ikk! =/~ bone marrow or bone marrow from mice expressing
a non-activatable IKK1 mutant (IKK1%4) have cell autonomous
defects in B-cell maturation and pl100 processing to p52 [44].
Since B-cells do not express LT SR [59], this raises the possibility
that distinct receptors regulate p100 processing via NIK and IKK 1
in B-cells. Two of these have been identified, namely BAFF-R

© 2004 Biochemical Society
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Table 2 Phenotypes of gene knockout mice important for the delineation of the alternative NF-«B signalling pathway

Abbreviations and symbols used: 4, increase; |, decrease; =, unaffected; Ab, antibody; Ag, antigen; BM, bone marrow; ConA, concanavalin A; DC, dendritic cells; GC, germinal center; LN, lymph

node; MEF, mouse embryo fibroblast; MZ, marginal zone; PP, Peyer’s patches. Tissues and stimuli are emboldened for clarity.

Peripheral lymphoid organs T-cells B-cells Other comments Reference(s)
nf-kh2-/- Spleen: architecture disrupted ~ «CD3, ConA: IL-2 LPS, «CD40, «IgD: LPS/macrophage: [42,43,191]
(no p100/p52) MZ: absent Splenic numbers 4 proliferation |, IL-10 §

LN: architecture disrupted Numbers | Ag-specific Ab | IL-12 4

GC: absent TNFa, IL6, NO =

PP: absent
nf-ic h24€/AC€ Spleen: atrophy «CD3 + «CD28: proliferation 1 LPS: proliferation 4 Gastric hyperplasia [36]
(no p100, high p52) LN: enlarged IL-2, IL-4, IL-10, GM-CSF, TNFor 4 Die post-natally

relb=/-

bel3~/~

nik=/-

aly/aly
(NIKEBS5R Jow
p52, normal p100)

ikk1=/= (BM chimaeras)

ikk1ee (|KK1 SSWG/W8OAA’
kinase inactive)

tpr/-

Spleen: enlarged
MZ: disrupted
GC: absent

LN: absent

PP: absent

Spleen: architecture disrupted
LN: architecture disrupted

PP: size/numbers |

GC: absent

Spleen: architecture disrupted
LN: absent
PP: absent

Spleen: architecture disrupted
MZ: absent
GC: absent
LN: absent
PP: absent

Spleen: architecture disrupted
GC: absent

GC: absent
PP: absent

Spleen: architecture disrupted,

Thymic atrophy

«CD3: proliferation =
IFN-y =

«CGD3: proliferation |,
IL-2 §

«CD3, ConA: proliferation =

LPS, «CD40, «lg:
proliferation |,

Ag-specific Ab | Myeloid hyperplasia [41,192-196]

Splenic/thymic DC | Defective Ag priming of [18,197,198]

Numbers | Ag-specific Ab | T-cells

Ag-specific Ab | LTBR/MEF: [48]

NF-«B transactivation |

BAFF, «CD40: LTBR/MEF: [8,45,47,49,57,58,61,199]
p100 processing p100 processing |,

LPS, «CD40, olgM:
Proliferation |

Maturation impaired
Ag-specific Ab |

LPS, algM: LTBR/MEF: [44,50,57]
Proliferation |, p100 processing |

Mature B-cells |,

Apoptosis 1

p100 processing J, (basal)

Mature B-cells | LTBR/MEF:

p100 processing J, (basal) p100 processing |, [44,57]

Ab affinity maturation | Lymphocyte infiltration [200]

Multi-organ inflammation
(T-cell-dependent)

MZ: absent
GC: absent
LN: absent
PP: absent

(muliple organs); similar
phenotype in te =/~ and
ItB=/~ mice

[8,60] and CD40 [61], which trigger p100 processing via a NIK-
dependent pathway. BAFF-induced p100 processing is important
for promoting both survival and maturation of transition-1-stage
splenic B-cells [8,62]. On the basis of a comparison of nfkb2~/~
and wild-type splenic B-cells, it has recently been suggested that
activation of the alternative pathway by CD40 is important for
optimal promotion of cell survival and homotypic aggregation
[63]. However, it is also possible that these phenotypes reflect
functional differences in nfkb2~/~ B-cells present prior to an en-
counter with CD40 ligand, rather than being due solely to the
acute failure of CD40 to induce p100 processing.

RANKL (receptor activator of NF-«B ligand), which controls
the differentiation of osteoclasts [64], induces processing of p100
to p52 in osteoclast precursors via a NIK-dependent pathway
[65]. Furthermore, induction of osteoclastogenesis by RANKL
is blocked in nik~/~ cells and also by expresssion of a non-
processable pl00 mutant [65]. Thus the alternative NF-«B
pathways also appears to play a role in bone formation. TWEAK
(TNF-like weak inducer of apoptosis) [66] and LPS [67,68] also
induce p100 processing, but the physiological significance of
activation of the alternative pathway for these agonists is not
known.
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Several studies have shown TNFa stimulation does not induce
p100 processing, although it strongly induces Ix B degradation
[54,56,57,61]. However, TNF«x stimulation does increase the
expression of both pl00 and RelB, which are transcriptional
targets of the canonical NF-« B signalling pathway [41,54]. Thus
the canonical NF-« B pathway is indirectly linked to the alternative
NF-«B pathway and may influence the amplitude and duration of
its activation.

KINETICS OF THE ALTERNATIVE AND CANONICAL
NF-«B PATHWAYS

Time-course experiments have indicated that receptor induction
of p100 processing is very slow, taking place over several hours.
However, each of the identified receptors which trigger the alter-
native NF-« B pathway also induce I« Ba degradation within min-
utes, although to different extents.

The kinetics of NF-«B dimer binding to specific target pro-
moters has been analysed in human DCs [67]. For example,
LPS stimulation of DCs has been found to rapidly increase bind-
ing of p50/Rel A heterodimers released from Ix Be to the IL-12p40
promoter. These are then slowly replaced by p52/RelB dimers
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resulting from LPS-induced p100 processing [67]. Since these
heterodimers have different transcriptional activity, it has been
suggested that sequential activation of the two NF-«B signalling
pathways may allow fine tuning of IL-12 gene transcription over
time. However, analysis of knockout MEFs has indicated that
LTBR activation of the canonical NF-«B pathway induces a
set of genes (encoding VCAM-1 and MIP-2) not overlapping
with that activated by the alternative pathway {encoding EBI-1
[EBV (Epstein—Barr-virus)-induced gene 1]-ligand chemokine,
B-lymphocyte chemoattractant and BAFF} [54,57]. Thus it ap-
pears that the canonical and alternative NF-«B pathways can
regulate distinct or overlapping genes, which may depend on
factors such as cell type, stimulus and target gene involved. In
an analogous fashion, the Relish NF-«B pathway in Drosophila
induces antibiotic peptides targeting Gram-negative bacteria
(e.g. diptericin), whereas Cactus is mainly involved in the up-
regulation of peptides against Gram-positive bacteria and fungi
(e.g. drosomycin) [29]. However, cecropin can be activated by
either pathway and is thought to have activity towards both Gram-
positive and Gram-negative bacteria, as well as fungi [31,69].

In mammalian cells, activation of p100 processing by LTSR,
BAFF-R and CD40 is blocked by inhibition of protein synthesis
with cycloheximide [8,56,61]. It is possible that this reflects a
requirement for ongoing p100 synthesis, since it has been pro-
posed that LTSR induces p52 by a co-translational mechanism
[68]. However, as induction of p52 by these receptors correlates
with a corresponding reduction in p100 levels [8,57,60,61], it is
more likely that p52 is produced by post-translational proteolysis
of p100. Thus signal-induced p100 processing may require the
induced or continued synthesis of a protein or proteins. LTS
induction of the p100 kinase activity of IKK1 also occurs over
several hours [57], suggesting that de novo protein synthesis may
be required upstream of IKK1 activation.

TRAF REGULATION OF THE ALTERNATIVE NF-«B PATHWAY

An important outstanding question is how receptor ligation stimu-
lates NIK to induce p100 processing. An initial clue was provided
by the identification of NIK as a binding partner for TRAF2
(TNF-receptor-associated factor-2) in a two-hybrid screen [70].
TRAF?2 is a member of a family of intracellular proteins required
for transducing signals from receptors of the TNF receptor and
IL-1 receptor/TLR families [71].

A binding site for TRAF2 in the CD40 cytoplasmic tail is es-
sential for induction of pl00 processing by CD40 [61,72].
Similarly, TWEAK induction of p100 processing via its receptor,
Fnl14 (fibroblast-growth-factor-inducible 14), is blocked by mu-
tation of the TRAF-binding site in the Fnl4 cytoplasmic tail
[73]. Furthermore, TWEAK fails to induce p100 processing in
fibroblasts deficient for TRAF2 and TRAFS, and this defect can be
rescued by reconstitution of cells with TRAF2 [73]. It is possible
that TRAFs may directly link receptors to the activation of NIK
by recruitment of the kinase to plasma membrane [70]. However,
membrane recruitment of TRAF2 and TRAFS is unlikely to be
sufficient, as TNFo stimulation does not induce p100 processing
[41,54,57,61], although it activates the canonical NF-« B pathway
via TRAF2 and TRAFS5 [74]. Thus these TRAFs probably co-
operate with other signalling proteins to activate the alternative
NF-«B signalling pathway.

TRAF2 and TRAF6 both function as E3 ligases which, in
conjunction with the heterodimeric E2, Ubc13/Uev1A, promote
addition of Lys®-linked polyubiquitin chains to target proteins
[75]. Lys®-linked polyubiquitination does not target proteins for
degradation by the proteasome, but rather is a regulatory modifi-

cation which controls an essential, but undefined, step in the
activation of the classical IKK complex [76]. TRAF2/6 and
NEMO have been shown to undergo this modification in TNFa-
stimulated cells [75,77,78], although it is unclear how this regu-
lates IKK signalling function. It will clearly be important in the
future to determine whether Lys® ubiquitination is also involved
inreceptor activation of p100 processing via TRAF-2/5 and IKK 1.

A recent study has demonstrated that TRAF3 negatively regu-
lates the alternative pathway via its association with a novel-
sequence motif at the N-terminus of NIK [79]. TRAF3 binding
targets NIK for ubiquitination and degradation by the proteasome,
thereby blocking p100 processing induced by transfected NIK.
Although it was not investigated, TRAF3 presumably promotes
addition of Lys*-linked polyubiquitin chains to NIK, since this
modification targets proteins to the proteasome [27]. Consistent
with these data, stimulation of M12 B-cells with either anti-
CDA40 antibody or BAFF, which both activate the alternative NF-
«B pathway in these cells, induces degradation of endogenous
TRAF3, with concomitant enhancement of endogenous NIK
protein levels [79]. Thus an essential step in receptor activation of
the alternative pathway is the rescue of NIK from TRAF3-induced
proteolysis. These data suggest that that de novo synthesis of
NIK is required for agonist activation of the alternative pathway,
perhaps explaining the inhibitory effects of cycloheximide on
receptor-induced p100 processing (see above).

MECHANISM OF p100 PROCESSING

Signal-induced p100 processing involves increased polyubiquit-
ination of p100 (again presumably via Lys*-linked ubiquitin)
and is mediated by the 26 S proteasome [46,53,61,80]. RNA-
interference experiments have clearly indicated that ubiquitin-
ation and processing of p100 induced by overexpressed NIK
requires BTrCP, the recognition component of the same SCF
E3 ubiquitin ligase that catalyses IxBa ubiquitination [28,81].
It has been proposed that STrCP binds to a phosphorylated
sequence in the p100 PEST region (Asp-phosphoSer**®-Ala-Tyr-
Gly-phosphoSer®”) which is related to the STrCP binding site on
IkBo and is thought to be directly phosphorylated by IKK1 [44]
[PEST regions are polypeptide sequences enriched in proline (P),
glutamic acid (E), serine (S) and threonine (T)]. Lys®, N-terminal
to the BTrCP binding site, serves as the major ubiquitin-anchoring
residue on p100 [82]. NIK-induced ubiquitination of p100 may
trigger its recruitment to the proteasome by promoting interaction
of the p100 DD (death domain) with S9, a non-ATPase subunit in
the 19 S ‘lid’ of the 26 S proteasome [83].

Constitutive p100 processing has been detected in C-terminal
deletion mutants of p100 in which a processing inhibitory domain
that encompasses the p100 DD has been removed [46]. However,
itremains to be demonstrated that this is relevant for physiological
production of the low levels of p52 that are present in unstimu-
lated cells. Nevertheless, the mechanisms for signal-induced and
constitutive p100 processing appear to be different. Thus STrCP
is not required for constitutive processing of p100 deletion mu-
tants [81]. Although it has not been directly shown that such
p100 mutants are ubiquitinated, this raises the possibility that
another E3 ligase is involved in constitutive pl00 processing.
Also, whereas NIK-induced p100 processing is clearly a post-
translational process [44], it is possible that constitutive p100
processing occurs co-translationally [83,84]. The subcellular
localization of signal-induced and constitutive p100 processing
is also distinct. Constitutive p100 processing requires its nuclear/
cytoplasmic shuttling, while NIK-induced processing is indepen-
dent of nuclear localization [85].

© 2004 Biochemical Society
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Figure 5 Proteolysis of NF-«B1 p105

Processing

NF-«B1 p50 is constitutively produced from p105 by proteolytic removal of the C-terminal half of p105 by the proteasome (a mechanism termed processing). The GRR acts as a stop signal,
preventing entry of the RHD into the proteasome, which is thought to degrade p105 from the C-terminus. The stability of the folded RHD is important in preventing its entry into the proteasome and
proteolysis. The identity of the E3 ligase involved in p105 processing is not known, but has been proposed to bind to an acidic region adjacent to the ankyrin repeats. Following agonist stimulation,
p105 is phosphorylated by the IKK complex on Ser®?’ and Ser®? in the p105 PEST region. These phosphorylated residues act a binding site for ATrCP, the recognition subunit of a multisubunit
SCF-type E3 ubiquitin ligase, which catalyses the polyubiquitination of phospho-p105 on multiple lysine residues, triggering its subsequent complete degradation by the proteasome. ROC1 is a
RING finger protein. Elements involved in processing are shown in blue. Elements involved in degradation are shown in red.

ACTIVATION OF p100 PROCESSING IN CANCER

Chromosomal translocations and deletions affecting the 3’ region
of the nfkb2 gene are found in a small percentage of B-cell
non-Hodgkin lymphomas, chronic lymphocytic leukaemias and
myelomas [86]. Nfkb2 rearrangements are also frequently
detected in cutaneous T-cell lymphomas. Genetic alterations of
p100 invariably result in deletion of the DD and part of the ankyrin
repeat region, with the N-terminal RHD remaining intact. Such
pl00 deletion mutants transform fibroblasts, confirming their
oncogenic potential [87].

Early studies suggested that C-terminal truncation of p100 in
lymphomas allowed direct nuclear translocation of the mutant
p100 molecule, which could then directly activate transcription,
without requiring processing to p52 [88]. However, more recently
it has been shown that oncogenic p100 deletion mutants are
constitutively processed to p52 in the nucleus due to removal of
the processing inhibitory p100 DD [46,85]. Thus transcriptional
activity of mutant p100 molecules may result from receptor-
independent production of p52. In addition, some truncated p100
molecules lose their IxB activity and fail to inhibit RelA-induced
NF-«B transcription [89]. This loss of function appears to require
fusion of extra amino acids at the C-terminus of the truncated
p100 molecule [89]. The lymphoid hyperplasia that develops in
mice which overproduce p52 in the absence of p100 [36] supports
the hypothesis that increased p52 and loss of p100 IxB function
play an important role in promoting proliferation and preventing
apoptosis of lymphoid cells. In addition, p52-BCL-3 complexes
up-regulate the transcription of cyclin D1 and Bcl-2 genes, which
promote proliferation and block apoptosis respectively [90,91].

Overproduction of p52 is also associated with T-cell trans-
formation induced by HTLV-1 (human T-cell leukaemia virus
type 1) [92]. HTLV-1 activation of p52 production is mediated by
its transforming protein, Tax, which stimulates p100 processing
by a NIK-independent mechanism. This involves recruitment of
the classical IKK complex (IKK1-IKK2-NEMO) to p100 via
NEMO and contrasts with receptor-induced activation of the
alternative pathway which does not require NEMO [53]. One
of the transforming proteins of EBV, LMP1 (latent membrane
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protein 1), also induces p100 processing [73,80,93,94]. LMP1
activation of pl100 processing is independent of NEMO and
requires a TRAF binding site in its C-terminal cytoplasmic tail
and NIK, similar to CD40 [61]. The fact that two transforming
viral proteins have evolved to activate p100 processing via distinct
mechanisms suggests an important role for this NF-« B signalling
pathway in viral propagation. Both Tax and LMP1 also activate
NF-«B by inducing I« Ba degradation [95-97], indicating that the
canonical and alternative NF-« B pathways may function together
to promote cell transformation.

A novel pro-apoptotic function for p100 has been proposed
which involves activation of caspase 8 and requires the p100
DD [98]. This suggests that C-terminal truncation of p100 would
also abrogate its pro-apoptotic function, thereby facilitating cell
transformation. Further experimentation is required to determine
the validity of this model [99].

NF-«B1 p105/p50

Cellular levels of p105 are regulated by two distinct proteolytic
mechanisms which are mediated by the proteasome. Processing
of p105 to generate p50 occurs constitutively, resulting in similar
levels of p105 and p50 in most cell types [24]. By contrast, agonist
stimulation predominantly triggers complete degradation of p105,
which releases associated Rel subunits to translocate into the nu-
cleus. p105 can retain RelA, c-Rel and p50, but not RelB, in the
cytoplasm [38,40,100]. However, genetic studies in mice suggest
that p105 is only essential for cytoplasmic retention of p50 [101].
It is unclear whether p105 binds directly to pSO homodimers or
p50 monomers which subsequently dimerize upon release. Ix B
binds inefficiently to p5SO homodimers [102], but can bind to p50,
which is heterodimerized with other Rel subunits, such as RelA.

PROCESSING OF NF-«<B1 p105 TO p50

The proteasome normally mediates the complete degradation of
ubiquitinated proteins [103], and the partial proteolysis of p105
and p100 by the proteasome to generate p50 and p52 respectively
is exceptional [104]. The mechanism of p105 processing has been
the subject of intensive research (Figure 5).
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A glycine-rich region (GRR), in the central part of p105 be-
tween the RHD and ankyrin repeats (residues 376—404 of human
pl05), is essential for constitutive processing to p50 [105]. A
homologous GRR in p100 is similarly required for both its con-
stitutive and signal-induced processing to p52 [61,80,84,106].
The GRR in p105 is not required for p105 ubiquitination, and
it has been proposed to function as a processing stop signal,
preventing entry of the RHD of p105 into the proteasome [107].
Similarly, a related glycine-alanine repeat domain of EBNA1
(EBV nuclear antigen 1) blocks proteolysis of EBNA1 by the
proteasome [108]. Indeed, insertion of this glycine-alanine repeat
into different positions within I« Ba prevents its signal-induced
degradation, although phosphorylation and ubiquitination are not
affected [109]. Thus GRRs may have a more general role in pro-
tecting proteins from proteasome-mediated proteolysis.

An alternative role for the p105 GRR in p105 processing has
also been proposed [105]. Generation of chimaeric proteins in
which the flexible p105 GRR is placed between two stably
folded domains allows the proteasome to cut in the middle of
the fusion protein [105]. In addition, the proteasome has been
shown to catalyse endoproteolytic cleavage of polypeptide bonds
[110]. Together, these data suggest that the GRR may promote
the endoproteolytic cleavage of p105 to produce p50, while the
resulting C-terminal fragment is degraded by the proteasome.
However, C-terminal p105 fragments have not been detected in
cells, and it is unclear whether p105 actually undergoes endo-
proteolytic cleavage.

Several residues N-terminal to the p105 GRR, which are re-
quired for correct folding of p50 RHD, are also essential for p105
processing [111]. The stability of the RHD appears to be important
in protecting it from proteolysis, probably by inhibiting unfolding
and entry into the proteasome. Thus the p105 GRR is necessary,
but may not be sufficient, to prevent proteolysis of the RHD by
the proteasome. Processing of p105 is also negatively regulated
by its association with p50, which may interfere with entry of
pl105 into the proteasome [112,113]. Similarly, RelB binding
to p100 has an inhibitory effect on its processing to p52 [114].

Experiments in which the p105 GRR has been transferred
within p105 or inserted into homologous or heterologous proteins
have indicated that the GRR is not usually sufficient to promote
processing [107]. An acidic region (residues 446 and 454 of
human p105) has been shown to be additionally required [107].
This has been proposed to function as a recognition site for an
uncharacterized ubiquitin E3 ligase which targets p105 Lys*! and
Lys*? for ubiquitination [107].

It has been suggested that p105 is processed co-translationally
to produce p50 and that synthesis of the complete p105 molecules
is not required for p50 generation [115]. Consistent with this
hypothesis, a truncated form of p105, p60, can be processed
into p50 [116]. It has also been proposed that the p5S0 RHD
undergoes co-translational dimerization and that this is essential
for both p5S0 homodimer and p105 generation [117]. However,
several investigators have demonstrated a clear precursor—product
relationship between p105 and p50 in pulse—chase experiments
[38,116,118,119]. The physiological importance of co-trans-
lational p105 processing, therefore, remains uncertain.

STIMULUS-INDUCED PROTEOLYSIS OF NF-«B1 p105

Following cellular stimulation with agonists, such as TNFo,
IL-1 and LPS, p105 is phosphorylated and proteolysed more
rapidly by the proteasome [118,120,121]. The PEST region in
the p105 C-terminus contains a conserved motif (Asp-Ser®”’-Gly-
Val-Gly-Thr-Ser®**) homologous with the IKK target sequence in

IxBa (Figure 5). Ser’”” and Ser®*? within this motif are rapidly
phosphorylated by the classical IKK complex after TNFa sti-
mulation with kinetics similar to the phosphorylation of IxBa
[122,123]. This induces the recruitment of the SCFF™ E3 ligase
to pl05, which then catalyses pl05 ubiquitination, promoting
subsequent pl05 proteolysis. Genetic studies have confirmed
that stimulus-induced p105 proteolysis requires the expression
of a functional IKK complex and is blocked in cells lacking
both IKK1 and IKK2 or NEMO [122-124]. Furthermore, IKK1
and IKK?2 must both interact with p105 via its DD to mediate
phosphorylation of the p105 PEST region [125,126]. In contrast
with the signal-induced proteolysis of p100, TNF« promotes
the proteolysis of p105 independently of IKK1 [122]. Together
these data suggest that the classical IKK complex, which triggers
IxBoa degradation, also regulates p105 proteolysis. However, it is
not known whether specific TRAFs or MAP 3-kinases function
upstream of the IKK complex in this signalling pathway.

Proteolysis of p105 stimulated by co-transfected IKK2 in COS-
7 cells increases production of p50 [127]. However, similar
experiments in HEK-293 cells demonstrate that overexpressed
IKK?2 promotes a decrease in p105 without affecting p50 gene-
ration, suggesting that IKK-induced pl05 proteolysis in these
cells results in p105 degradation [46,124]. TNFa causes a modest
increase in production of p50 in an osteoclastoma cell line,
although this is small relative to the corresponding decrease
in pl05 [121]. In contrast, LPS or plasmin stimulation of
primary human monocytes or LPS stimulation of THP-1 cells
strongly increases proteolysis of p105 without affecting p50 levels
[113,128]. Together these data suggest that the major result of
signal-induced proteolysis is the complete degradation of p105.
This continues over several hours [118,122] and is thought to
result in the slow translocation of p50-containing NF-«B dimers
into the nucleus, which can then complex with the I« B-like protein
BCL-3 [126]. The NF-«B1 gene is itself up-regulated by NF-
kB, which may be important for negative-feedback regulation
of signalling pathways dependent on induced p105 proteolysis
[129].

RNA-interference experiments have demonstrated that, simi-
larly to I« B and p100, STrCP is required for TNFa stimulation
of p105 ubiquitination and proteolysis [123]. Gene knockdown
experiments have indicated that p50 production, on the other hand,
is independent of BTrCP [130], consistent with the hypothesis that
adistinct E3 ligase is involved in constitutive p105 processing and
signal-induced p105 degradation [107,127]. SCF/"™*-mediated
ubiquitination of phosphorylated p105 targets multiple lysine
residues for ubiquitination [130], whereas only two lysine residues
appear to be important for p105 processing [107]. It is possible
that the ubiquitination of multiple lysine residues by SCFf™®
overcomes the barriers of the GRR and RHD to proteasome-
mediated proteolysis, facilitating complete p105 degradation. In
accordance with this idea, signal-induced proteolysis of p100,
which results in p52 production rather than complete degadation
of p100, predominantly involves ubiquitination of a single lysine
residue [82].

The g-propeller of STrCP is known to interact with phosphory-
lated motifs containing the amino acid sequence Asp-phospho-
Ser-Gly-®aa-Xaa-phosphoSer, where ®aa is a hydrophobic
amino acid [131]. The Asp-phosphoSer’”’-Gly-Val-Gly-Thr-
phosphoSer®*? phosphorylated motif in the PEST domain of p105
differs from this consensus sequence, owing to the introduction of
an extra residue between the two phosphorylated serine residues,
indicating that there is some flexibility in binding of BTrCP
to phosphorylated target sequences [123]. However, in vitro
binding experiments suggest that STrCP has a significantly lower
affinity for phospho-p105 than for phospho-I«kBa [123], which

© 2004 Biochemical Society
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Table 3 Summary of phenotypes of NF-«B1 and TPL-2 knockout mice

Abbreviations and symbols used: 1, increase; |, decrease; =, unaffected; Ab, antibody; Ag, antigen; sSCD40L, soluble CD40 ligand; mCD40L, membrane-bound CD40 ligand; p-Gal, p-galactosamine;

LCMV, lymphocytic choriomeningitis virus; LN, lymph node.

Macrophages T-cells B-cells Other comments Reference(s)
nf-xb1-/- LPS: «CD3+«CD28: LPS, sCD40L: Morphology/ [141-143,158,161,165]
(no p105/p50, MEK/ERK activation | Proliferation | Proliferation | development =
TPL-2/ABIN-2 ) COX-2, IL-6, IL-12, MCP1 |, IL-2R | «lgM, mCD40L:

Proliferation =
TH2 differentiation | Ab isotype switch |,
GATA-3 | Ag-specific Abs |, (T-dependent)
nf-xh1A¢/AC LPS: «CD3+«CD28: LPS, «lgM: Enlarged LN, [101]
(no p105, high IL-18, IL-6, IL-10, TNFa |, Proliferation | Proliferation 4 splenomegaly,
p50) (TPL-2, ABIN-2 |.?) IL-2, IL-4, TNFer | lymphoid hyperplasia
Basal Ig 1
Ag-specific Abs 4 Die post-natally
(T-dependent)
tpl-2-/- LPS: «CD3+aCD28: «CD40: Morphology/ [138-140,188]
MEK/ERK activation |, Proliferation = MEK/ERK activation |, development =
TNFe, IL-1, COX-2 |, IL-2, TNFer, IFN-y = Proliferation =

TNFo, 2 CDA40:

MEK/ERK activation |, Cytotoxic response (LCMV) =

(D54, CD69, CD44, CD95 = Septic shock |,
(LPS/p-Gal)

Ag-specific Ab = Inflammatory bowel
disease |,

may reduce the efficiency of STrCP-mediated ubiquitination of
p105 compared with that of IxBe. This may explain why TNF«
stimulation induces partial proteolysis of p105, in contrast with
IxBa, which is completely degraded [122].

p105 is phosphorylated on Ser’® and Ser® by glycogen syn-
thase kinase (GSK)-38, with which it forms a complex [132,133].
Furthermore, TNF«-induced proteolysis of p105 is blocked in
GSK-3B-deficient fibroblasts or by the introduction of p105
S903A (Ser®™ — Ala) or S907A point mutations [132]. Tt is
currently unclear whether phosphorylation of p105 by GSK-38
affects IKK-mediated phosphorylation of p105 Ser’” and Ser®?,
and subsequent recruitment of the SCFF™® E3 ligase. However,
induction of p105 ubiquitination by TNF« is blocked in GSK-38-
deficient fibroblasts [132], suggesting that either of these events
may require p105 phosphorylation by GSK-35.

TPL-2 A p105-REGULATED MAP 3-KINASE

In addition to NF-«B activation, LPS induction of many immune-
response genes involves stimulation of each of the major MAP
kinase subtypes [ERK-1/2, INK (c-Jun N-terminal kinase) and
p38] [2,134]. Activation of ERK-1/2 MAP kinases by LPS
in macrophages requires the serine/threonine kinase TPL-2
(tumour progression locus-2) [135], which is also known as
COT [136]. TPL-2 functions as a MAP 3-kinase that phosphory-
lates and activates the ERK-1/2 kinase MEK-1/2 [137] (Figure 6
and Table 3). LPS up-regulation of TNFa and COX-2 (cyclo-
oxygenase-2) is dramatically reduced in TPL-2-deficient macro-
phages, owing to defective ERK-1/2 activation [138,139].
Consequently, TPL-2 knockout mice are resistant to endotoxin
shock induced by LPS/D-galactosamine [138]. TPL-2 is also
required for TNFa and CD40 ligand stimulation of the ERK/MAP
kinase cascade [140], suggesting an important role for TPL-2 in
both innate and adaptive immune responses.

The C-terminal half of NF-xB1 p105 forms a high-affinity
stoichiometric association with TPL-2 via two distinct inter-
actions [119,141]. The TPL-2 C-terminus (residues 398-467)
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binds to a region N-terminal to the pl05 ankyrin repeat region
(human pl105 residues 497-534), whereas the TPL-2 kinase
domain interacts with the p105 DD [141]. In unstimulated macro-
phages, all detectable TPL-2 is associated with p105 [119,142].
Initial overexpression experiments indicated that TPL-2 might act
upstream of p103, regulating its inducible proteolysis and activa-
ting NF-«B [119]. This hypothesis is not apparently supported
by the normal LPS induction of NF-«B in TPL-2-deficient
macrophages [138]. However, since only a small fraction of p105
is actually associated with TPL-2 [142], it remains possible that
the proteolysis of this pool of p105 is regulated by TPL-2. This
may contribute to only a small fraction of total NF-« B activity in
LPS-stimulated macrophages.

Although it is unclear whether TPL-2 regulates p105 pro-
teolysis, recent research has revealed that p105 is essential for
the regulation of two aspects of TPL-2 function. First, binding to
p105 maintains TPL-2 protein stability [141,143]. Consequently,
steady-state levels of TPL-2 are very low in p105-deficient cells
[141,143], and LPS activation of MEK is severely reduced in
p105-deficient macrophages [143]. Secondly, binding to p105
inhibits TPL-2 MEK kinase activity by preventing access to
MEK [141,143]. Interaction of both the TPL-2 kinase domain
and the C-terminus is required for inhibition of TPL-2 by p105
in vivo and, consequently, the catalytic activity of a C-terminally
truncated TPL-2 mutant is unaffected by p105 [141]. Significantly,
activation of the oncogenic potential of TPL-2 requires deletion of
its C-terminus [144], and it is therefore likely that insensitivity to
p105 negative regulation contributes to the ability of C-terminally
truncated TPL-2 mutants to transform cells.

In unstimulated macrophages, TPL-2 MEK kinase activity is
blocked as a result of its association with p105 [142,143]. LPS
stimulates TPL-2 MEK kinase activity by promoting its release
from its inhibitor, p105 [143], which has recently been shown
to occur as a consequence of IKK-induced pl105 proteolysis
(S. Beinke, M. Robinson, M. Huginin and S. C. Ley, unpublished
work; S.-C. Sun, personal communication). The IKK complex,
therefore, regulates both NF-xB and ERK activation via p105
in LPS-stimulated macrophages (Figure 6). This mechanism of
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Figure 6 Diagram illustrating the TLR4-TPL-2-ERK-MAP kinase cascade

Stimulation of TLR4 by LPS activates the IKK complex which phosphorylates Ser®”’ and
Ser®2 in the p105 PEST region. This triggers p105 ubiquitination and subsequent degradation,
liberating TPL-2. p105-free TPL-2 then phosphorylates and activates MEK, which in turn
phosphorylates and activates ERK. In unstimulated cells, TPL-2 and p105 form a ternary
complex with ABIN-2. ABIN-2 is released from p105 after LPS stimulation, but its function is
currently unknown. IKK-induced p105 proteolysis also liberates associated p50 (and other Rel
subunits) to translocate into the nucleus and modulate target gene expression.

TPL-2 activation raises the question of the physiological
advantage of linking LPS activation of ERK and NF-«B via p105.
One possibility is that this facilitates more efficient induction by
LPS of genes which are regulated both by ERK and NF-xB. TNF«
[138,145] and COX-2 [139,146,147] are examples of such genes.

Interestingly, Relish-mediated transcription has recently been
shown to negatively regulate JNK activation by controlling the
proteasomal degradation of TAK1, the upstream MAP 3-kinase
required for JNK activation [148]. NF-«B also negatively regu-
lates JNK activation in mammals [149]. However, it is not yet
known whether this also involves transcription driven by either of
the precursor I« Bs.

OTHER p105-INTERACTING PROTEINS

To fully understand the regulation and function of pl105, it is
essential to identify any additional proteins with which it asso-
ciates. Two potential pl105-interacting proteins have been found
in separate yeast two-hybrid screens; first, the basic helix—loop—
helix transcription factor LYL1 (lymphoblastic leukaemia derived
sequence 1) [150], chromosomal gene rearrangements of which
are associated with T-cell acute leukaemia [151] and, secondly,
Casper/c-FLIP (FLICE-inhibitory protein) [152], a caspase 8-
related protein that regulates death-receptor-induced apoptosis
[153]. Although these interactions with p105 also occur in co-
transfected mammalian cells, they have yet to be confirmed
with the endogenous proteins. Overexpression of either LYL1 or
Casper/c-FLIP modestly decreases the p50/p105 ratio, suggesting
that p105 proteolysis is inhibited [150,152]. However, currently
there is no genetic evidence (gene knockout or knockdown) to

confirm that these proteins actually regulate p105 processing
under more physiological conditions.

Two groups independently used a proteomic approach to iden-
tify novel p105-associated proteins [142,154]. In each case, tag-
ged versions of p105 were expressed in mammalian cells, isolated
by affinity purification, and associated proteins were identified
by MS. Both studies identified ABIN (A20-binding inhibitor of
NF-«B)-2 [155] as a protein that co-purifies with p105. Indeed,
the majority of endogenous ABIN-2 in BMDMs (bone-marrow-
derived macrophages) is associated with p105 and TPL-2 in a
ternary complex [142]. RNA interference experiments indicate
that ABIN-2 is required to maintain the metabolic stability of
TPL-2 protein, while analysis of nf-k b1/~ cells has revealed that
p105 is required to stabilize ABIN-2 as well as TPL-2 [141-143].
Thus, in unstimulated cells, ABIN-2 and TPL-2 are confined to a
ternary complex with p105.

ABIN-2 was originally identified in a two-hybrid screen using
the zinc-finger protein A20 as a bait [155]. A20 is encoded
by a primary response gene which is induced by a number
of stimuli which activate NF-«B, including TNFo and LPS
[156]. A20 is required for termination of TNF«-induced NF-«B
activation and also for blockade of TNFa-triggered apoptosis
[157]. ABIN-2 overexpression blocks TNFo activation of NF-« B,
and consequently it has been suggested that ABIN-2 may
contribute to the NF-«B inhibitory functions of A20 [155]. The
association of ABIN-2 with the TPL-2—p105 complex suggests
that ABIN-2 may also be involved in the regulation of the TPL-
2-MEK-ERK signalling pathway (Figure 6).

NF-«<B1 FUNCTION IN IMMUNE AND INFLAMMATORY RESPONSES

The physiological function of NF-xB1 in immunity was initially
investigated by generation and analysis of nfkb!~/~ mice, which
do not produce either p105 or p50 (Table 3). These mice display no
histopathological changes, but have multifocal defects in immune
system function [158].

The survival of mature quiescent splenic B-cells requires
p105/p50 [159] and the proliferative response of splenic nfkbl =/~
B-cells to LPS and soluble CD40 is impaired, owing to in-
creased mitogen-induced apoptotis and G,-phase blockade [159-
161]. These defects in B-cell responsiveness are selective
for these stimuli, and antigen—receptor ligation or stimulation
with membrane-bound CD40 induce normal-level proliferation
of nfkbl~/~ B-cells [161]. Consistent with NF-«B1 p105/p50
playing an important function in B-cells, nfkb!~/~ mice fail to
mount a normal humoral response to the T-cell-dependent antigen
NP,5-CG [160].

Thymopoiesis occurs normally in the absence of NF-«B1 p105/
p50 [160]. However, CD4" T-cells from nf-kb1~/~ mice have an
intrinsic defect in antigen-receptor-driven proliferation, which
is associated with reduced IL-2-receptor expression [162,163].
Furthermore, functional maturation of CD4" T cells to both TH,
(T-helper 1) and TH, (T helper 2) subsets requires NF-«B1 p105/
pS0 expression [162-165]. Macrophages lacking NF-«Bl1
pl05/p50 have defects in the production of IL-6 and IL-12
in response to LPS stimulation [160,166,167]. In contrast, up-
regulation of TNF« and IL-1 by LPS is unaffected. Interestingly,
one study found that, although LPS up-regulation of TNF«
is normal in nf-kb1~/~ macrophages, it is substantially reduced in
nf-kb1~/~ DCs [168]. Thus the contribution of NF-«B1 to cytokine
induction by the same agonist may be cell-type-specific.

Consistent with the identified effects of NF-«B1 deficiency
on haematopoeitic-cell function, the immune response to certain
infectious organisms is impaired in nf-kb1~/~ mice. For example,
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nf-kb1™/~ mice are susceptible to the intracellular protozoan
parasite Leishmania major owing to a defective TH, response,
developing chronic unresolving lesions associated with persistent
parasitaemia [163]. Control of the replication of an extracellular
Gram-positive bacterium, Streptococcus pneumoniae, is also
compromised in nf-kb1~/~ mice [160]. However, the immune
response of nf-kb17/~ mice to two Gram-negative bacteria,
Haemophilus influenzae and Escherichia coli K1, controlled
infection effectively [160]. Surprisingly, nf-kb1~/~ mice are
actually more resistant to infection with encephalomyocarditis
virus than wild-type mice, possibly due to increased production
of IFNB (interferon-8) by the knockout mice [160]. This suggests
that NF-«B1 may negatively regulate IFN transcription.

Positive and negative effects of NF-xB1 have also been ob-
served with respect to inflammatory responses. nf-kb1~/~ mice are
resistant to both collagen-induced (chronic) arthritis and methyl-
ated BSA/IL-1-induced (acute) arthritis [169]. Similarly, allergic
airway inflammation requires NF-«B1 p105/pS0 expression
[170]. In contrast, colitis induced by intragastric infection with
Helicobacter hepaticus is more severe in nf-kb1~/~ mice, owing
to overproduction of pro-inflammatory cytokines in the gut
compared with wild-type animals [171]. Consistent with these
data, a functional polymorphism of the promoter of the human
NF-«B1 gene, which decreases NF-«B1 transcription, is asso-
ciated with increased incidence of ulcerative colitis [172].

The function of NF-«B1 has also been investigated by genera-
tion of a different mutant mouse strain, nfkbI*“/C (Table 3),
which lacks the exons encoding the C-terminal half of p105
and therefore expresses p50 in the absence of p105 [101]. Such
mice develop splenomegaly, enlarged lymph nodes and have an
inflammatory phenotype composed of lymphocytic infiltration in
the lungs and liver. These phenotypes require the production of
active pS0 homodimers, which are found at high levels in the
nuclei of cells from nfkb14“/~¢ mice [101,173]. p50 homodimers
may function as transcriptional activators or repessors, depending
on cell type, which may explain the positive and negative
roles for NF-«B1 in immune responses and inflammation. For
example, mRNA levels of GM-CSF (granulocyte-macrophage
colony-stimulating factor), IL-2, M-CSF (macrophage colony-
stimulating factor) and TNFp are increased in thymocytes in the
absence of p105, whereas in macrophages the mRNA expression
of GM-CSF, TNF« and IL-6 are dramatically reduced. In addition,
the lack of p105 increases the proliferation of splenic B-cells to
both anti-Ig and LPS in vitro, while decreasing the proliferative
response of T-cells induced by antigen—receptor cross-linking.

nfkb1 MUTANT MICE: A COMPOUND PHENOTYPE?

Much of what is known about the in vivo function of NF-«B1
has been deduced from the analysis of nfichI ~/~ mice (see above).
However, the interpretation of the molecular phenotype of these
knockout mice is complicated by secondary effects on the stability
of the proteins with which p105 associates. Thus steady-state
levels of both TPL-2 and ABIN-2 are severely reduced in nfkb 1=/~
macrophages, owing to lack of p105 [141-143]. Some of the
phenotypes of the mutant mouse strains therefore probably result
from combined defects in the activation of NF-«B and the TPL-
2-MEK-ERK pathway.

NF-«B1 AND CANCER

Unlike its homologue nfkb2, alterations in the structure and
expression of the nfkbl gene in leukaemias and lymphomas are
rare [86]. nfkbl gene rearrangements have been reported in certain
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acute lymphoblastic leukaemias [174], and overexpression of pS0
has been demonstrated in a large percentage of non-small cell
carcinomas [175,176]. However, it has not been demonstrated
that expression of such mutated p105 alleles or overexpression of
the wild-type p105 actually transforms cells.

NF-«B1 p50 may play a role in oncogenic transformation when
complexed with BCL-3. Chromosomal translocation of the gene
encoding BCL-3 is a rare, but recurrent, event in B-cell chronic
lymphocytic leukaemia, resulting in overexpression of an intact
BCL-3 protein [177], which can interact with homodimers of
p50 and p52 to promote NF-xB-dependent transcription [178].
Consistent with BCL-3 acting as an oncogene in B-cells, Eu-
bcl-3 transgenic mice develop a lymphoproliferative disorder
characterized by the accumulation of mature B-cells [179]. p50-
BCL-3 complexes may also be important in the development of
an epithelial malignancy nasopharyngeal carcinoma [180].

Activation of NF-«B by HTLV-1 Tax plays an essential role
in its transforming function [181] and may be mediated in part
by its interaction with p105 [182,183]. Tax has been proposed
to activate pl05-mediated NF-«B activation either by inducing
the dissociation of p50 from p105 without affecting p105 pro-
teolysis [184] or by increasing processing of pl05 to p50
by the proteasome [185]. The functional importance of p105-
mediated NF-«B activation for transformation by Tax has not
been established.

THERAPEUTIC PERSPECTIVES

Components of the canonical NF-«B signalling pathway have
been regarded as good potential drug targets for therapeutic inter-
vention in inflammatory and autoimmune diseases [186]. How-
ever, chronic blockade of this pathway may have many unwanted
side effects, since it is activated by multiple stimuli and has a
broad physiological role [12,24]. Nevertheless, acute blockade of
the canonical pathway may be tolerable in the treatment of cancers
[186]. The p100 and p105 NF-«xB pathways offer an alternative
source of drug targets to the canonical pathway.

Pharmacological blockade of the alternative NF-kB pathway
might be possible through the development of small-molecule
inhibitors that target the kinases NIK or IKK1. This would be
expected to have profound general immunosuppressive effects,
since B-cell survival depends on BAFF-induced p100 proces-
sing [8,62], probably ruling out the use of such drugs for treat-
ment of chronic inflammatory diseases. However, increased p100
processing often occurs in lymphoid cancers [187] and may be
generally important for malignant transformation of this cell
type. It is therefore possible that pharmacological blockade
of NIK or IKK1 might be useful for specific treatment of
lymphoid cancers in which p100 is constitutively processed as
a result of increased activation of the alternative NF-«B signal-
ling pathway. Potential examples of this are EBV-positive
Hodgkin’s lymphomas and HTLV-1-transformed T-cell lym-
phomas [53,80,93]. Such an approach, however, would not be
appropriate for B-cell lymphomas in which increased p52 results
from nfikcb2 gene translocation, since this is probably independent
of NIK and IKK1 [86].

Targeting proteins that control the NF-xB signalling pathway
that regulates the proteolysis of p105 may be useful for treatment
of inflammatory diseases, since it has a more restricted role in
immune responses than the canonical pathway. Therefore this
might allow the development of more specific anti-inflammatory
drugs. One possible approach would be to develop drugs to
block the function of upstream signalling components which are
unique to the p105 pathway. In this respect, future research may
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identify a MAP 3-kinase that specifically regulates signal-induced
p105 proteolysis and would be a very attractive target for small-
molecule inhibitors.

The p105-associated kinase TPL-2 may be a good target for the
development of small-molecule inhibitors to block activation of
the ERK/MAP kinase cascade in immune responses. It might be
possible to generate inhibitors which are very specific for TPL-2,
since its kinase domain is not closely homologous with others in
the database. Studies with TPL-2 knockout mice suggest that such
TPL-2 inhibitors would be useful for treatment of septic shock
and Crohn’s disease [138,188].

CONCLUSIONS AND FUTURE RESEARCH DIRECTIONS

Although NF-«B1 p105 and NF-«B2 p100 have similar overall
structures (Figure 1), current data indicate that their functions
are distinct, as is the control of their proteolysis. It has been
established that p100 processing to pS2 is critical in the organo-
genesis of peripheral lymphoid tissues and for B-cell develop-
ment. Induction of pl00 processing is tightly regulated and
induced by only a subset of ligands which activate NF-xB. In
contrast, processing of p105 to p50 is constitutive, and receptor
stimulation induces its complete degradation. Genetic studies
have revealed an important role for NF-«B1 in immune and
inflammatory responses.

Several key questions about pl00 and plO5 remain to be
answered:

* Are there specific receptors that induce p105 processing to
p50, rather than p105 degradation, similar to p100?

® What is the contribution of signal-induced p105 proteolysis
to the amplitude and kinetics NF-« B activation?

® [s there an equivalent MAP 3-kinase to NIK which is
required for signal-induced p105 proteolysis?

® What are the roles of ABIN-2 and other p105-associated
proteins in the regulation of NF-«B and ERK/MAP kinase
signalling pathways?

® [s the activity of NIK regulated by its interaction with the
terminal half of p100 [143], similar to the regulation of TPL-2 by
p105?

® Does pl100 directly or indirectly regulate the activation of
any of the MAP kinase cascades?

It is likely that many of these issues will be resolved in the near
future in this fast-moving area of research.
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