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The nuclear factor-kappaB (NF-kB) transcription factors regulate a plethora of cellular pathways
and processes including the immune response, inflammation, proliferation, apoptosis and cal-
cium homeostasis. In addition to the complexity of its physiological roles, the composition and
function of this family of proteins is very complicated. While the basic understanding of NF-«xB
signalling is extensive, relatively little is know of the in vivo dynamics of this pathway or what
controls the balance between various outcomes. Although we know a large number of NF-kB-re-
sponsive genes, the contribution of these genes to a specific response is not always clear. Finally,
the involvement of NF-kB in pathological processes is only now beginning to be unravelled. In
addition to cancer and immunodeficiency disorders, altered regulation of NF-kB has been associ-
ated with several inherited diseases. These findings indicate that modulation of the NF-xB path-
ways may be beneficial. However, our limited knowledge of NF-kB signalling hinders therapeu-
tic approaches: in many situations it is not clear whether the enhancement or inhibition of NF-
kB activity would be beneficial or which pathways to interfere with and what the required level
of activation is. Further studies of the role of NF-kB are needed as these may result in novel
therapeutic strategies for a wide variety of diseases.
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INTRODUCTION

Nuclear factor-kappaB (NF-kB) also known
as Rel/NF-kB is a family of evolutionarily conserved
transcription factors involved in responses to envi-
ronmental changes (reviewed in Hayden & Ghosh,
2004). Its structure is conserved in species as distinct
as sea anemones and humans. The NF-«kB family is
one of the most-studied eukaryotic transcription fac-
tors. Since its discovery in 1986 (Sen & Baltimore,
1986) intense investigations have shown NF-kB to
have a role in a variety of biological processes in-
cluding the immune response, inflammation, pro-
liferation and apoptosis (reviewed in Hayden &
Ghosh, 2004; Xiao, 2004; Courtois, 2005). While our
understanding of the physiological role of NF-«B is
growing, some recent studies have begun associat-
ing the NF-kB transcription factors with numerous
diseases including inherited syndromes: incontinen-
tia pigmenti, cystic fibrosis and Duchenne muscular

dystrophy as well as cancer, arthritis, asthma, neu-
rodegenerative diseases, and immunodeficiency dis-
orders (Aradhya et al., 2001; Kumar & Borick, 2003;
Courtois, 2005; Xiao, 2004).

There are five members of the mammalian
Rel/NF-xB family (Fig. 1); p65 (RelA), RelB, c-Rel,
pS0 (NF-«kB1), and p52 (NF-kB2), which are charac-
terized by a 300 amino acid, N-terminal sequence,
known as the Rel homology domain (RHD) (re-
viewed in Chen et al., 2001; Hayden & Ghosh, 2004).
Human Rel/NF-xB gene loci are on different chro-
mosomes: 11q12, 19, 2p13-p12, 4q23 and 10q24 for
RelA, RelB, c-Rel, NF-kB1 and NF-kB2 respectively,
with at least one locus (11q12) being a site of fre-
quent involvement in aberration in multiple tumour
types (Mathew et al., 1993; Deloukas & van Loon,
1993). Rel/NF-xB proteins can be divided into two
classes based on sequences C-terminal to their RHD,
which mediate subunit dimerisation, inhibitory-kap-
paB proteins interaction, nuclear localization and
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DNA binding (Aradhya & Nelson, 2001; Beinke &
Ley, 2004) (see below and Fig. 1). Members of one
class (p50, p52) are produced as precursors (105 and
100 kDa respectively) with long C-terminal domains,
which inhibit these molecules. Members of this class
become active only after proteolytic processing by
the proteasome resulting in cleavage of p50 and p52
from their precursors (Lang ef al., 2003). The second
class includes c-Rel, RelB and p65 (RelA). All mem-
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Figure 1. Schematic representation of the Rel/NF-kB pro-
teins family and proteins involved in the NF-kB path-
way.

(a) Structure of the Rel/NF-kB proteins family. The N-
terminal 300 amino-acid RHD domain with the dimeri-
sation domains and NLS. p100 and pl05 have a glycine
rich hinge region (GGG) between their RHD and C-ter-
minal ankyrin repeats. p65 (RelA), RelB, c-Rel, all contain
transactivation domains (TA) as well as RHD. (b) IxB
kinase (IKK) complex. Leucine zipper mediates interac-
tions between IKK subunits. C-terminal helix-loop-helix
domain interacts with both the regulatory subunits and
the kinase domain. (c) p52 processing occurs via NF-kB
binding kinase (NIK) stimulation of the IKK complex, fol-
lowed by IKKa phosphorylating two C-terminal serines
on p100. Adjacent to these serine residues is the death do-
main (DD), of not fully understood function, but which is
thought to act as a docking site for IKK, ultimately aiding
efficient phosphorylation of the C-terminal serines. The
glycine rich hinge region blocks further progression of the
proteasome that digests the C-terminal half of p100 after
its ubiquitination. Adapted from Bonizzi et al., 2004.

bers of NF-xB family (except RelB) form a variety of
homo- and heterodimers, which are capable of ac-
tivating a different gene complement (reviewed in
Hayden & Ghosh, 2004; Xiao, 2004). It is this com-
binatorial assembly that allows for the regulation
of distinct sets of genes as the specific dimers have
distinct DNA-binding site specificities for the related
9-10 base pair DNA sites (called kB sites) (reviewed
in Lenardo & Baltimore, 1989).

NF-kB ACTIVATION PATHWAYS

NF-kB is maintained in the cytosol bound by
Inhibitory-kappaB proteins (IkB). Only when NF-kB
has been released it will translocate to the nucleus
and bind specific kB sequences in the regulatory re-
gions of target genes (reviewed in Chen et al., 2001;
Hayden & Ghosh, 2004; Xiao, 2004; Beinke et al.,
2004).

IxBa, IxB@, BCL-3, IxBe, IkBy along with the
precursor NF-kB proteins p100 and pl05 comprise
the seven members of the IkB family (Hayden &
Ghosh, 2004). IkB proteins retain NF-xB in an inac-
tive form in the cytoplasm by masking nuclear lo-
calisation sequences (NLSs) within the RHD. p100
and pl05 function as IkBs due to the presence of
several (5-7) C-terminal ankyrin repeats responsible
for binding the dimerisation domain of NF-kB dim-
ers (Chen et al., 2001). IxkBa/NF-kB complexes con-
stantly partake in nuclear—cytoplasmic shuttling as
a result of selective NLS masking (Lang et al., 2003;
Beinke & Ley, 2004).

NF-xB activity is regulated by phosphory-
lation of the IkB proteins (Lang et al., 2003; Xiao,
2004). External and internal stimuli promote the
phosphorylation of IkB proteins via the IxB kinase
(IKK) complex (Regnier et al., 1997; Mercurio et al.,
1997). The IKK complex phosphorylates IkBa on
two N-terminal serine residues, creating a bind-
ing site for (-transducin repeat-containing protein
(BTrCP), and the receptor subunit of a Skpl/Cull/
F-box (SCF) ubiquitin E3 ligase complex (Beinke et
al., 2004). Consequently, rapid polyubiquitination
of IxBa on two adjacent lysine residues targets it
for degradation by the proteosome (Beinke & Ley,
2004; Hayden & Ghosh, 2004; Campbell et al., 2004;
Reynaert et al.,, 2004). When IkBa and IxBf bind
p65/p50 or p65/c-Rel dimers they only mask the
NLS on p65, leaving the NLS on p50 and c-Rel
accessible. In conjunction with nuclear export se-
quences (NES) these accessible NLS allow constant
shuttling to the nucleus while the inactive proteins
have a preferential cytosolic state (Lang ef al., 2003;
Beinke & Ley, 2004).

Degradation of IkBa exposes the p65 NLS
while removing NES, allowing predominant nuclear
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localization of NF-kB (Lang ef al., 2003). Hypo-phos-
phorylated IkBf3, by preventing newly formed IxBa
from inactivating NF-«kB allows for its continual nu-
clear localisation, prolonging NF-kB signalling and
enhanced transactivation (Chen ef al., 2001; Hayden
& Ghosh, 2004). Increased stimulation of hypophos-
phorylated IxBp resulting in prolonged NF-kB sig-
nalling can be detrimental and has been associated
with several disease states (discussed below).

The IxB kinase (IKK) complex (700-900 kDa)
consists of three components, two catalytic subunits
IKKa (IKK1) and IKK@ (IKK2) and the regulatory
component: NF-kB essential modifier (NEMO) or
IKKy (reviewed in Aradhya & Nelson, 2001; Agou
et al., 2002; Beinke & Ley, 2004; Hayden & Ghosh,
2004). The kinase subunits have homology within
their functional domains; both have a kinase, leucine
zipper and a helix-loop-helix domain (Fig. 1b). In
the heterodimeric state (predominant in the cell), the
leucine zipper motifs allow formation of both homo-
and heterodimers (Agou et al., 2002). Despite their
structural homology, recent experiments involving
IKKa- and IKK{-deficient mice revealed phenotypic
differences, suggesting a different functional role for
each subunit (Agou ef al.,, 2002). These results sup-
port existing evidence describing the two pathways
in which NF-xB signalling occurs and the indepen-
dent role of IKKa and IKK{ within them (Hayden &
Ghosh, 2004; Bonizzi & Karin, 2004).

Depending on the stimulus, NF-«kB signalling
is triggered wvia the classical/canonical or via the al-
ternative pathway (reviewed in Bonizzi & Karin,
2004). In the classical or canonical pathway IKKf(
is activated by cytokines including TNFa and IL-1,
which phosphorylate IkBa on two N-terminal serine
residues allowing the translocation of NF-kB p105/
c-Rel and p50/p65 heterodimers to the nucleus (Fig.
2A). In order to phosphorylate the IKK complex and
thus IxBa, TNFa and IL-1 require MAP 3-Ks (MAP
kinase kinase kinases)), MEKK3 (MAP kinase/ERK
(extracellular-signal-regulated kinase) kinase kinase
kinase kinase) and TAKI1 (transforming-growth-fac-
tor-B-activated kinase (Beinke & Ley, 2004). It is sug-
gested, though not confirmed that the role of IKKa
within this pathway lies in histone phosphorylation,
thus regulating gene expression (Hayden & Ghosh,
2004).

In the alternative pathway IKKa is activated
by NF-kB inducers such as lymphotoxin-3 (LTf),
B-cell activating factor (BAFF), receptor activator of
NF-kB (RANK), or via IKK-a interaction with NF-xB
binding kinase (NIK) (Bonizzi et al., 2004) (Fig. 2B).
With the exception of p100, subsequently phosphor-
ylated IkBs will undergo polyubiquitination and
degradation by the proteasome. In the case of p100
processing generates p52/RelB heterodimers which
translocate to the nucleus (Bonizzi & Karin, 2004).

While the activation of the IKK complex is
thought to occur via NEMO, the specific molecular
mechanism behind it remains unclear. NEMO pri-
marily associates with IKKp via the first coiled-coil
domain (CC1) within its N-terminus while three
further domains constitute NEMO’s C-terminus: a
second coiled-coil (CC2), leucine zipper (LZ) and
zinc finger motif (Agou et al., 2002; Agou et al,
2004). The ability of NEMO to self associate and
form oligomers (via CC2-LZ antiparallel alignment)
is significant for IKK activation and possibly for ac-
tivator recruitment upstream (Poyet et al., 2000; Li
et al. 2001; Agou et al., 2002). The ability of NEMO
to form oligomers has suggested it as a possible
therapeutic target in disease states where the in-
hibition of NF-«kB activity is required. Agou et al.
(2002) induced cell death in human retinoblastoma
cells by targeting the oligomerisation of NEMO.
Consequently, these experiments have revealed a
novel and promising therapeutic strategy where
the inhibition of the NF-«B signaling pathway may
improve a disease state.

The activation of the NF-xB pathway is gen-
erally a transient process, in most cells lasting a
short time (30-60 min). To prevent constant NF-kB
signalling, down regulation of NF-kB is achieved via
multiple mechanisms within a feedback loop. In the
canonical pathway, one of the target genes activated
by NF-«B is that which encodes IxBa. Newly-syn-
thesized IxBa can enter the nucleus, remove NF-kB
from DNA, and export the complex back to the cy-
toplasm, where it remains in an inactive state until
stimulated again (Beinke & Ley, 2004).

New evidence suggests the control of the
NF-xB pathway is more complex than IKK-medi-
ated regulation only. NF-kB activation described
above is termed “typical” and involves inflamma-
tory cytokines (TNF, IL-1) or bacterial products such
as lipopolysaccharides (LPS) (Hayden & Ghosh,
2004). “Atypical” activators of the NF-kB signaling
pathway include chemotherapeutic compounds and
UV-C (Mercurio et al., 1997). These “atypical” acti-
vators induce NF-kB signaling differently from the
“typical” ones. Several studies have suggested that
the “atypical” activators do not phosphorylate serine
32 and 36 of IkBa as they operate in an IKK-inde-
pendent manner (Bender et al., 1998; Tergaonkar et
al., 2003; Kato et al., 2003). In contrast, other studies
suggest the IKK complex is required for the atypical
activation: the regulatory zinc finger domain within
NEMO not involved during typical activation, ap-
pears to be required for atypical activation (Huang
et al.. 2002; Campbell et al., 2004). Furthermore, hy-
poxic injury and oxidative stress, two other forms of
“atypical” stimuli appear to induce NF-kB activity
in a process resulting in tyrosine phosphorylation of
IkBa (Campbell et al., 2004).
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Bearing in mind the complexity of this sys-
tem, it is not surprising that while the basic under-
standing of NF-kB signalling is extensive, still little
is know of the in vivo dynamics of this pathway. The
contributions of specific NF-kB dimers to a specific
physiological response or what controls the balance
between the levels of the various heterodimers are
not known. Moreover, although we know a large
number of NF-kB-responsive genes, it is often not
clear how or which of these induced genes contrib-
utes to that response. Finally, only recently we have
begun to unravel the involvement of NF-kB in path-
ological processes. The second part of this review
will briefly summarise the major known effects of
NF-kB stimulation in human physiology and pathol-
ogy and present the recently uncovered involvement
of NF-kB in pathological processes.

FUNCTIONAL SIGNIFICANCE OF NF-xB

Immune responses and inflammation

One of NF-kB most widely studied roles lies
with its ability to activate numerous genes involved
in a cumulative response to infection. Dendritic cells,
macrophages and mucosal epithelial cells express
cell surface Toll-like receptors (TLRs) — an impor-
tant part of the innate immunity, responsible for the
detection of microbial molecules (e.g. nucleic acids
and bacterial cell wall lipopolysaccharides — LPS).
Once stimulated, TLRs activate the NF-kB transcrip-
tion factor-signaling pathway. Activation of this
pathways triggers expression, amongst others, of a
number of chemokines such as: RANTES (regulated
upon activation, normal T-cell expressed and se-
cretes) and the macrophage inflammatory protein-la
(MIP-1at); pro-inflammatory cytokines: interleukin-1
and -6 (IL-1, IL-6) and the tumor necrosis factor-a
(TNFa); adhesion molecules: E-selectin and the vas-
cular cell adhesion molecule-1 (VCAM-1) (reviewed
in Liou, 2002; Beinke & Ley, 2004).

Once released, many of these proteins (e.g.
TNFa and IL-1) can again activate the NF-«xB path-
way, leading to amplification of the response. Apart
from amplifying and extending innate immunity
by inducing effector molecules such as defensins
(which possess microbicidal activity) and stimulat-
ing production of reactive intermediates such as
nitric oxide, NF-kB also provides a molecular link
between the innate and adaptive immune systems.
It is involved in up-regulation of MHC proteins and
CD80/86 on antigen presenting cells resulting in a
T-cell mediated response (reviewed in Li & Verma,
2002; Beinke & Ley, 2004). NF-kB role continues
through the adaptive immune response, activating

both antigen and co-stimulatory receptors on T and
B lymphocytes as well as stimulating the B-cell acti-
vating factor (BAFF) to induce B-cell differentiation
and survival. In addition to its involvement in im-
mune responses, NF-kB activity is required during
haemapoiesis and in the regulation of peripheral
lymphoid organogenesis (reviewed in Li & Verma,
2002; Weih & Caamona, 2003; Beinke & Ley, 2004;
Siebenlist et al., 2005).

Activation of innate immunity, while normal-
ly producing self-limited inflammatory responses,
can sometimes progress to tissue injury. In lungs it
has been associated with sustained NF-«xB activation
and blockade of the NF-kB pathway can be benefi-
cial (Everhart et al., 2006). Rheumatoid arthritis and
Crohn’s disease are chronic inflammatory disorders
associated with an overproduction of pro-inflamma-
tory cytokines. There is convincing data suggesting
that this might be a consequence of NF-kB dysfunc-
tion (Burns & Martinon, 2004; Schottelius & Dinter,
2006). Consequently, studies of an effective phar-
macological modulation of the NF-kB pathways are
underway. Particularly in arthritis both the available
therapeutic agents: non-steroidal anti-inflammato-
ry drugs and corticosteroids as well as biologicals,
small molecule blockers of the NF-kB pathways,
antisense DNA and RNA interference are used as
disease-modifying anti-theumatic drugs with good
results (Roman-Blas & Jimenez, 2006). The perpetu-
ated activation of NF-kB in patients with active in-
flammatory bowel disease is also a very attractive
target for therapeutic intervention.

Apoptosis, cell-cycle regulation, oncogenesis
and beyond

There is evidence that cytokine-induced acti-
vation of NF-«kB is an important component of the
signal triggering apoptosis in Langerhans [ cell.
Studies in an inducible transgenic mouse model ex-
pressing NF-kB protein inhibitor acting specifically
in B cells showed that activation of NF-kB is the
main event leading to loss of {3 cells in diabetes (El-
dor et al., 2006). Based on similar observations NF-
kB was thought to be a pro-apoptotic molecule.

However, other studies suggest an anti- rather
than pro-apoptotic role for NF-kB when activated by
an apoptotic stimulus (Chen et al., 2001; Shishodia
& Aggarwal, 2002). For example, when activation
of TNF receptors triggers NF-«B signalling this pro-
motes cell survival rather than cell death. It is me-
diated through a suppression of the reactive oxygen
species generation and prevention of sustained ac-
tivation of the Jun-N-terminal kinase (JNK) cascade
(Papa et al., 2006). Several murine knockout models
(summarized in Table 1) clearly indicated a role for
NF-kB in preventing apoptosis linking it with sever-
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Table 1. Results of the murine knockout studies where genes encoding specific members of the NF-kB family or the

activating kinases were disrupted.

Adapted from Chen et al., 2001,

Geneotype Phenotype
P65~ (RelA™") Apoptosis of hepatocytes, lethal during embryonic development
IKKB™~ Extensive liver apoptosis, lethal during embryonic development

IKKB™-/IKKa™~ (double knockout)
above)

IKKa =

Male NEMO™- (X-linked gene)

Extensive liver apoptosis, lethal during embryonic development (similar to

Keratinocyte deficiency: increased thickness of skin, perinatal lethality
Extensive apoptosis of cortical and medullar lymphocytes in the thymus,

degeneration of liver, lethal by mid-gestation

Female NEMO-

Apoptosis of keratinocytes, abnormal pigmentation, similar to human

Incontinentia pigmenti

Cross-breed:
p65~~ or 1KKB”~ TNF-R17~ or TNF-at

Partial rescue of embryonic lethality. Indicating that NF-KB increases cell
vulnerability to TNF-a mediated cytotoxicity

al anti-apoptotic genes: cyclin D, Blf-1 and Bcl-xI, Bcl-
2 (the mitochondrial membrane-stabilizing proteins),
TRAF1 and TRAF2 (TNF receptor-associated factors)
and proteins regulating cellular calcium homeosta-
sis (Chen ef al., 2001; Torchinsky et al., 2002; Hong
& Jung, 2002). This pro-survival activity of NF-kB
affects a wide range of biological processes. For ex-
ample, NF-kB is a major contributing factor in liver
regeneration after a partial hepatectomy possibly
resulting from NF-kB regulating anti-apoptotic or
survival genes that prevent stress-related cell death
(Chen et al., 2001, Campbell et al., 2004). The tera-
togenic effect of cyclophosphamide in the develop-
ing brain (foetal anencephaly) is caused by excessive
apoptosis due to suppression of NF-kB signalling by
the drug (Torchinsky et al., 2002).

Interestingly, both anti-apoptotic and pro-
apoptotic effects of NF-kB have been observed in
Alzheimer’s disease: Activation of NF-«B triggered
by secreted -amyloid precursor protein was neuro-
protective (Guo et al., 1998) while (3-amyloid 40 (re-
quired to form mature plaques) activated the nuclear
translocation of p50/p65 dimers and promoted a pro-
apoptotic profile of gene expression. Inhibitors of
the NF-kB pathway and the NF-«B decoy inhibited
this effect suggesting that specific targeting of p50/
p65 dimers could be considered for pharmacological
intervention in Alzheimer’s disease (Valerio et al.,
2006). However, this example clearly illustrates how
our still incomplete knowledge of NF-«B signalling
hinders therapeutic approaches: in many situations
it is not clear whether the enhancement or inhibition
of NF-xB activity would be beneficial, which path-
ways to interfere with and what the required level
of activation is. Future studies should address the
cross-talk between various signalling pathways to
gain a clearer understanding of how suggested anti-
apoptotic signalling interactions of NF-kB coincide
with apoptotic features within a cell.

In response to stress signals, in addition to
apoptosis NF-kB can influence the cell-cycle. Human

cyclin D1 and D3 genes have NF-kB binding sites
and, in certain cells, elevated NF-kB activity has
been observed between the phases G,-G, of the cell
cycle (Hinz et al., 1999). All these suggest involve-
ment of this transcription factor in the regulation of
cell cycle (Wang et al., 1996; Guttridge et al., 1999).
As a consequence of NF-kB functioning in
apoptosis and in cell cycle regulation this family of
transcription factors is of considerable interest when
oncogenesis is concerned. The discovery of v-Rel,
the oncogenic retroviral c-Rel homologue, responsi-
ble for oncogenesis in avian lymphoid cells, was the
direct link of NF-kB to oncogenesis (Gilmore ef al.,
1996). Since then, evidence associating NF-xB with
oncogenesis begun to accumulate. However, the role
of NF-kB is more complex, as in some cases NF-kB
inhibition blocks while in others it promotes tumour
development. Enhanced NF-«kB activity observed in
carcinoma cells is thought to be an important fac-
tor in maintaining their survival (Dolcet et al., 2005).
This factor has been shown to be elevated in several
types of cancer e.g. breast, thyroid, bladder and co-
lon, and several chromosomal alterations involving
members of the NF-kB family (c-Rel, p52 and p65)
are located within break point regions in diseases
such as non-Hodgkin’s lymphoma and leukaemia
(Chen et al., 2001; Dolcet et al., 2005). Detailed de-
scription of this complex role of NF-kB in cancer de-
velopment, progression and treatment has been dis-
cussed in a number of recent reviews (Dolcet et al.,
2005; Karin, 2006; Radhakrishnan & Kamalakaran,
2006; Kim et al., 2006; Pikarsky & Ben-Neriah, 2006).
A novel, emerging role of the NF-kB-depend-
ent gene activation associated with regulation of yet
another cellular process has been identified in neu-
rones. NF-kB has a role in protecting the auditory
neurons from excitotoxic damage and age-related
degeneration by helping to maintain calcium home-
ostasis (Lang et al., 2006). In addition, NF-«B is ac-
tivated by cerebral ischemia in neurons and astro-
cytes. In a mouse model of stroke carrying targeted
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deletions of IKK proteins in neurons, inhibition of
IKK activity reduced lesion size. Likewise, a selec-
tive IKK inhibitor mimicked the effect of genetic IKK
ablation. This points to NF-kB activation in neurons
as an important factor contributing to the ischemic
damage in these cells (Zhang et al., 2005; Herrmann
et al., 2005). Pharmacological inhibition of this path-
way may represent a specific target for stroke treat-
ment.

Unexpectedly, NF-xkB has been linked with
gene transactivation by synthetic polymers. Pluronic
block copolymers, seemingly inert and safe polymer
pharmaceuticals used in drug formulations and gene
therapy can transactivate endogenous genes in vitro
and in wvivo. This activation involves NF-kB path-
ways (Lavigne et al., 2005; Sriadibhatla ef al., 2005).
However, the mechanism behind pluronic ability to
enhance expression of NF-kB-dependent genes or
the compliment of genes that is activated and the
biological consequences of such activation remain
unclear. Analysis of this system may unearth yet an-
other role for the NF-kB and/or yet another NF-kB
signalling pathway with potential toxicological and
therapeutic consequences.

NF-xB AND GENETIC DISORDERS

Incontinentia pigmenti and primary
immunodeficiencies

Incontinentia pigmenti (IP) was the first ge-
netic disorder to be associated with NF-kB dysfunc-
tion. IP is an X-linked dominant disease (Aradhya
et al., 2001; Smahi et al., 2002; Gosselin & Abbadie,
2003). While lethal in males, in females due to the
randomised mosaic expression, the severity of the
disease varies between individuals (Aradhya et al.,
2001; Martinez-Pomar et al., 2005). Symptoms in-
clude hair loss, nail dystrophy, narrowed teeth,
and skin lesions ranging from erythematous skin
to a hypopigmented mosaic expression, dysfunc-
tions within central nervous system and retinal de-
tachment resulting in blindness. In 85% of patients
IP is caused by a large deletion within the NEMO
gene (NEMOA4-10) (Aradhya & Nelson, 2001; Gos-
selin et al., 2003; Smabhi et al., 2002). In the remaining
15% of cases IP arises as a result of small mutations
within the NEMO gene, including deletions, substi-
tutions and duplications. NEMO, as discussed previ-
ously, is a critical component of the NF-kB pathway.
In rare cases, where the NEMO mutation does not
completely abolish NF-«xB activity male, survival is
possible. This allelic variant of IP is known as hy-
pohidrotic ectodermal dysplasia and immunodeficiency
(HED-ID) (Smabhi et al., 2002). NEMO knockout ex-

periments showed male lethality at the embryonic
day 13 as a result of hepatocyte apoptosis in the ab-
sence of NEMO (Aradhya et al., 2001). As expected,
IKKB knockout mice display similar phenotypes to
the NEMO knockout (as NEMO is required to acti-
vate IKKp), so in the absence of either of these two
proteins the subsequent stages within the classical
pathway will not occur (Aradhya & Nelson, 2001;
Hayden & Ghosh, 2004, Beinke & Ley, 2004). TNF-
a is thought to be the causative agent in the devel-
opment of IP lesions and associated abnormalities
(Gosselin & Abbadie, 2003). Signalling via NF-«B is
abnormal in IP sufferers, leaving cells susceptible
to apoptosis induced by TNF-a. p65 (RelA) is spe-
cifically associated with the regulation of apoptosis
and the mouse p65 knockout revealed embryonic le-
thality due to hepatocyte apoptosis, presenting simi-
lar phenotypes to the murine IP models (Aradhya &
Nelson, 2001; Beinke & Ley, 2004). Females (NEMO
heterozygotes) were also phenotypically similar to
human IP patients, however retinal and central nerv-
ous system dysfunctions observed in humans have
not been observed in heterozygote mice models. Bet-
ter understanding of the pathogenesis of IP can be
achieved by elucidating the precise time and spe-
cific site of NEMO expression along with the NF-kB
downstream target genes (Aradhya & Nelson, 2001).

Three primary immunodeficiencies have been
associated with mutations in genes involved in NF-
kB signalling. X-linked recessive anhidrotic ectoder-
mal dysplasia (EDA) with immunodeficiency is also
caused by specific mutations in the gene encoding
NEMO that does not completely abolish its func-
tion. Autosomal dominant form of this disease re-
sults from a mutation in the gene encoding IxBa.
Patients with these diseases are at increased risk of
severe infections (apart from suffering from defects
in morphogenesis of ectodermal structures: e.g. dry
skin, conical teeth and thin hair). Finally, autosomal
recessive immunodeficiency without EDA is caused
by mutations in the gene encoding interleukin-1 re-
ceptor-associated kinase-4 (IRAK-4), a protein with
a role upstream from the IKK complex (reviewed in
Puel et al., 2004).

Paget’s disease of bone and familial expansile
osteolysis

Ossification and bone resorption are two proc-
esses required for adequate bone morphogenesis and
regulated by specific signalling pathways. Paget’s
disease of the bone (PGD) is a common disorder in
individuals over 40 that arises as a result of progres-
sive bone resorption by osteoclasts and medullary
bone expansion (Rouserie ef al., 2003; Michou et al.,
2006). Initially, the onset of PGD was associated with
a viral infection while current studies are focusing
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Figure 2. NF-kB signalling pathways.

A. Two classes of receptors are responsible for the activation of NF-kB. Tumour necrosis factor receptor (TNFR), Inter-
leukin-1 receptor (IL-1R) and members of the Toll-like receptor family (TLR) are members of the first class. They signal
mainly through the canonical pathway, via various kinases and modifiers including members of the TRAF (TNFR-asso-
ciated factor) family. The T-cell receptor (TCR) and B-cell receptor (BCR) activate NF-kB via a phosphorylation cascade
involving B-lymphoid kinase (BLK), spleen tyrosine kinase (SYK), Bruton’s tyrosine kinase (BTK), src-family kinases
p56(Ick) (Lck) and p59(fyn) (Fyn) and E-chain-associated protein kinase (ZAP70), leading to the activation of protein ki-
nase C-B (PKC-B) and PKC-0. Following that the IKK complex is activated via (CARMA1) the caspase-recruitment do-
main (CARD) — membrane-associated guanylate kinase (MAGUK) proteinl, B-cell lymphoma 10 (BCL-10) and mucosa-
associated lymphoid-tissue lymphoma translocation gene 1 (MALT1). B. The activation of both pathways can occur via
the second class of receptors which include: lymphotoxin-f3 receptor (LT-Rp), receptor activator of NF-xB (RANK), CD40
and B-cell-activating receptor (BAFFR). In the classical pathway upstream signals activate IKK resulting in the phosphor-
ylation of IkBa leading to its subsequent ubiquitination and degradation by the proteasome. Once released, NF-kB trans-
locates to the nucleus and binds specific sequences in the regulatory regions of target genes. The alternative pathway is
regulated by TRAFs, NIK and IKKa. Processing of p100 occurs via this pathway. The “atypical” activators of the NF-xB
signaling pathway such as stress and UV: the activation of NF-kB by these stimuli is very different to its activation by
inflammatory cytokines. It is occurring via c-Jun NH,-terminal kinase (JNK) and B-TrCP E3 ligase signalling. IxBa/NF-1B
nuclear-cytoplasmic shuttling is also demonstrated here (Huang ef al., 2002; Reynaert et al., 2004). For more details see
text.

on genetic predisposition (Rouserie et al., 2003; Mi-
chou et al., 2006). An autosomal dominant pattern
of inheritance is displayed in familial PGD with in-
complete penetrance. Eight potential loci have been
identified, providing clues for genetic heterogeneity.
Only 5% of patients present with symptoms, which

include bone pain, disabling bone deformities and
local hypervascularisation (Michou et al., 2006). Nine
mutations on chromosome 5p within the Sequesto-
some (SQSTM1I) gene are associated with PGD. All
these alter the ubiquitination domain resulting in
the accumulation of the p62 protein causing the in-
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creased activation of NF-kB signalling (Aradhya &
Nelson, 2001; Michou et al., 2006). Genetic studies
have indicated that several elements of NF-kB path-
way: receptor activator of NF-kB (RANK), its ligand
RANKL and the decoy receptor OPG are essential
regulators of osteoclast development and function
(Aradhya & Nelson, 2001; Rousiere et al., 2003). Mu-
tations in RANK are found in familial expansile os-
teolysis (FEO), which is characterised by damage to
the appendicular skeleton and osteolytic lesions. The
defective RANK protein is thought to enhance NF-
kB activity (Rousiere ef al., 2003; Wada et al., 2006).
Deregulation of NF-kB in the abnormally dense bone
was further confirmed by identification of a muta-
tion in NEMO resulting in osteopetrosis (Schmid et
al., 2006). The NF-kB signalling in osteoclast differ-
entiation and bone homeostasis may also represent a
therapeutic target in rheumatoid arthritis (reviewed
in Jimi & Ghosh, 2005).

Cystic fibrosis

Cystic fibrosis (CF) is the most common auto-
somal recessive disorder in European Caucasians af-
fecting 1/2500 live births. A systemic disease, with a
life expectancy of <30 years, it is more common in the
Western world, where 1/25 people are carriers. The
defective gene, Cystic fibrosis transmembrane conduct-
ance regulator (CFTR) codes for a chloride ion channel
(Hudson, 2001). CFTR is involved in the movement
of ions and water predominantly in respiratory, gas-
trointestinal, hepatobiliary and reproductive systems
(Minasian et al., 2005). Although the most common
mutation in CF is the deletion of phenylalanine 508
(AF508), due to a large number of other mutations,
sufferers express phenotypes with different severity
(Hudson, 2001).

Airway inflammation, a common character-
istic of CF was thought to be due to the chronic
bacterial infection in the thick and sticky mucus
covering the airways (Blackwell et al., 2001; Mi-
nasian et al., 2005). Recent evidence however sug-
gested that airway inflammation may also occur in
the absence of a bacterial infection and perhaps it
is an alteration within the inflammatory pathway
itself that leads to the CF phenotype (Blackwell et
al., 2001; Minasian et al., 2005). NF-kB initiates the
expression of pro-inflammatory cytokines, some
of which have been associated with CF patho-
genesis (Blackwell et al., 2001). Weber et al. (2001)
described the enhanced activation of the NF-kB
signalling pathway along with increased levels of
pro-inflammatory cytokines in lung epithelial cells
expressing the mutant CFTR. Although the specif-
ic dysregulation of the NF-xB pathway within CF
epithelial cells has not been delineated, Blackwell
et al. (2001) have demonstrated the increased pro-

duction of hypo-phosphorylated IkBp, resulting in
extended and enhanced NF-«B signalling. As the
link between NF-xB and the most common CFTR
mutations emerges, specific targeting of the NF-kB
pathway may lead to a reduced inflammatory re-
sponse and help in slowing down the progression
of CF in many patients.

Muscular dystrophies and secondary skeletal
muscle loss

The loss of skeletal muscle (muscle wasting,
muscle atrophy) occurs through the ubiquitin-pro-
teasome pathway as a result of increased levels of
proinflammatory cytokines such as TNF-a (Kumar &
Borick, 2003; Glass, 2005). Many diseases (i.e. chronic
heart failure, cancer and AIDS) are associated with
body wasting and muscle loss (cachexia) in particu-
lar, which causes profound fragility in the patients
that complicate therapy and can accelerate death.

In muscular dystrophy (MD) muscle wasting
is a result of primary genetic defects. However, in
various types of MD increased levels of circulating
TNF-a0 and IL-1p have been observed (Kumar &
Borick, 2003). While this increase of TNF-a and IL-
1B has been suggested as a possible trigger event
leading to muscle wasting via NF-kB signalling, the
molecular machinery behind this remains unclear
(Langen ef al., 2001; Kumar & Borick, 2003). Three
mechanism have been proposed: (i) activation of
NF-kB results in the enhanced expression of IL-1p,
IL-6, TNF-a, MMP-9 and cell adhesion molecules
that have the potential to directly promote muscle
wasting via a positive feedback loop (Hunter et al.,
2002; Kumar & Borick, 2003), (ii) NF-xkB amplifies
the ubiquitin/proteasome pathway (Garcia-Martinez
et al., 1995; Reid et al., 2001; Hunter et al., 2002; Ku-
mar & Borick, 2003), or (iii) NF-«xB interfering with
skeletal muscle differentiation results in the inhibi-
tion of tissue repair (Llovera et al., 1997, Kumar &
Borick, 2003). Thaloor et al. (1999) demonstrated that,
in line with a regulatory role for NF-kB in myogen-
esis, pharmacological inhibition of NF-«kB stimulated
cell proliferation and differentiation in vitro and en-
hanced muscle regeneration after a trauma in vivo.

Duchenne muscular dystrophy (DMD), an X-
linked recessive disorder, is the second most com-
mon inherited disorder in man (1 in 3500 live male
births) (Nowak & Davies, 2004). Mutations in the
DMD gene result in progressive muscle wasting
and are lethal by early adulthood. DMD gene prod-
uct, dystrophin, is a cytoplasmic protein adjacent to
the sarcolemmal membrane in myocytes (Nowak &
Davies, 2004; Lovering et al., 2005). It forms an inter-
face between the intracellular contractile apparatus
and the extracellular tissue matrix by bridging actin
cytoskeleton and the dystrophin associated protein
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complex (DAPC) (Nowak & Davies, 2004). Abnor-
mal function of this complex of proteins in trans-
ferring the force of contraction to connective tissue
and in signal transduction has been proposed to be
the cause for myocyte degeneration that occurs in
the absence of dystrophin (Nowak & Davies, 2004).
Experiments in the mdx mouse, a model for DMD,
indicated that the lack of dystrophin results in the
increased vulnerability of muscle fibres to mechani-
cal stresses, contraction induced damage and hypo-
osmotic shock (Kumar & Borick, 2003). In turn, me-
chanical stretch of skeletal muscle increases IKK ac-
tivity and subsequent IxB degradation, activating the
canonical NF-kB pathway. Interestingly, blockade of
NF-«kB reduced muscle degeneration and improved
function in mdx mice (Messina et al., 2006). Acharyya
et al. (2005) recently demonstrated a regulatory link
between tumour cachexia and muscular dystrophy,
and specifically demonstrated DAPC inhibiting skel-
etal muscle atrophy pathways. Yet another muscular
dystrophy (limb-girdle muscular dystrophy type 2A,
calpain 3 deficiency) is associated with a profound
perturbation of the NF-kB pathway and myonuclear
apoptosis (Baghdiguian et al., 1999). These discover-
ies of a role for the NF-kB signalling pathway in in-
herited and secondary skeletal muscle wasting sug-
gest that NF-kB transactivation might be a potential
therapeutic target in some of these diseases (Thaloor
et al., 1999; Kumar & Borick, 2003; Nowak & Davies,
2004).

CONCLUSIONS

NF-kB is a pleiotropic transcription factor. It
is involved in the transcriptional activation of nu-
merous genes leading to a cumulative immunogen-
ic response, provides a molecular link between the
innate and adaptive immune system, whilst play-
ing regulatory roles in haemapoiesis and lymphoid
organogenesis (Li et al., 2002; Liou, 2002; Weih &
Caamona, 2003; Hayden & Ghosh, 2004; Beinke &
Ley, 2004). The over-production of pro-inflammato-
ry cytokines, a possible consequence of NF-«B dys-
function, has been associated with several diseases
including rheumatoid arthritis and Crohn’s disease
(Burns & Martinon, 2004; Schottelius & Dinter,
2006). Furthermore, NF-kB has been linked to the
two most common inherited disorders, cystic fibro-
sis (CF) and Duchenne muscular dystrophy (DMD)
(Blackwell et al., 2001; Kumar & Borick, 2003), and is
also associated with Paget’s disease of bone (PGD).
In CF, DMD, PGD and muscle atrophy it is the up-
regulation of NF-kB activity that seems to have the
detrimental effect (Christman et al., 2000; Blackwell
et al., 2001; Reid & Li, 2001; Kumar & Borick, 2003;
Rousiere et al., 2003; Minasian et al., 2005; Michou et

al., 2006). In contrast, specific primary immunodefi-
ciencies and incontinentia pigmenti arises from the
loss of NF-kB function caused by mutations in the
genes encoding NEMO, IxBa and IRAK-4 (Aradhya
& Nelson, 2001; Smahi et al., 2002). Although initial
studies suggested NF-kB to be an apoptotic mol-
ecule the results of several murine knockout studies
showed that NF-kB may have an anti-apoptotic role,
specifically in the protection against stress-related
cell death (Chen et al., 2001; Torchinsky et al., 2002;
Campbell et al., 2004). In addition, NF-kB seems to
have a role as a cell-cycle regulator. Taken together,
this versatility provides some explanation for the in-
terplay observed between a number of seemingly un-
related processes, both physiological and pathologi-
cal, e.g. chronic inflammation and specific forms of
cancer or inherited muscular dystrophy and second-
ary muscle wasting. However, we are often lacking
sufficient understanding of the underlying mecha-
nisms. Little is known of the in vivo dynamics of this
pathway or of the contributions of particular NF-kB
elements to specific physiological/pathological proc-
esses. It is not clear how or which of a large number
of NF-kB-responsive genes contribute to a specific
response. Therefore, although the NF-xB transcrip-
tion factor seems to be a valid therapeutic target in
a number of diseases, since it plays such a central
role in body homeostasis its long-term general sup-
pression or over-expression would cause severe side
effects in non-target tissues and organs. Even within
a specific tissue, due to the widespread expression
of NF-kB, application of decoys or inhibitors may
produce a desired effect in one cell type (e.g. inflam-
matory response cells) but also an additional, un-
wanted consequence in other cells in this tissue. In
order to progress with therapeutic strategies aimed
at NF-kB modulation a better understanding of this
pathway in specific diseases is essential. One of the
available options could be to link specific inhibitors/
activators to a cell-type specific delivery system.
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