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Abstract The transcription factor NF-jB plays a key role

in numerous physiological processes such as inflammation,

immunity, cell proliferation or control of cell death. Its

activation is tightly controlled by a kinase complex, IjB

kinase (IKK), composed of three core proteins: IKK1/

IKKa, IKK2/IKKb and NEMO/IKKc. The first two are

structurally related kinases whereas the third one is a reg-

ulatory subunit exhibiting affinity for upstream activators

modified by polyubiquitin chains. Over the years, several

inherited diseases caused by mutations of each of the three

subunits of IKK have been identified in humans together

with diseases caused by mutations of several of its sub-

strates. They are associated with very specific and complex

phenotypes involving a broad range of abnormalities such

as impaired innate and acquired immune response, per-

turbed skin development and defects of the central nervous

system. Here, we summarize the diverse clinical, cellular

and molecular manifestations of IKK-related genetic dis-

eases and show that studying patient-related mutations

affecting the IKK subunits and some of their substrates

offers the opportunity to understand the various functions

of NF-jB in humans, complementing studies performed

with mouse models. This analysis also provides glimpses

about putative functions of IKK subunits that may be NF-

jB-independent.
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The standard procedure for dissecting signaling pathways

through combined biochemical/structural analysis of their

components and interrogation of their function(s) through

genetic manipulations in model organisms such as mouse,

zebrafish or drosophila has recently benefited from the

development of powerful technics that allow high-rate

DNA sequencing of patients suffering from a wide range of

inherited diseases. In several instances, this has provided a

deeper view of the physiological role played by key pro-

teins in these pathways and suggested strategies to correct

their deregulated functions in humans. The case of the NF-

jB pathway, which plays a critical role in immunity,

inflammation and cell death and can be a direct cause or an

amplification element of various pathological conditions,

illustrates the interest of this combined approach.

The NF-jB signaling pathway

NF-jB represents an evolutionarily conserved family of

inducible transcription factors that controls a large set of

physiological processes ranging from basic inflammatory

responses and innate and acquired immunity to the regulation

of cell death such as apoptosis, autophagy and senescence. In
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addition, NF-jB coordinates the expression of specific genes

that mediates proliferation, cell adhesion and differentiation

[1, 2]. The NF-jB family consists of NFJB1 (p50), NFJB2

(p52), RelA (p65), RelB and c-Rel proteins, which associate

to form homo- or heterodimers (Fig. 1). The subunits p50 and

p52 are synthesized as a p105 and p100 precursor protein,

respectively. They undergo—constitutively or in a stimulus-

dependent manner—a proteasome-mediated limited process-

ing to yield the active form.

In resting cells, NF-jB is sequestered in the cytoplasm

in an inactive state through the interaction with IjB

inhibitors (IjBa, IjBb and IjBe) (Fig. 1). Following

activation, IjBs are phosphorylated at conserved serine

residues, then ubiquitinated by the E3 ubiquitin ligase SCF-

bTrCP and finally degraded by the proteasome, which in

turn allows the nuclear translocation of NF-jB and thereby

activation of its target genes. The kinase complex respon-

sible for the phosphorylation of IjBs has remained elusive

for many years until the biochemical purification of a

cytoplasmic high-molecular weight complex containing

two serine/threonine kinases, IKK1 (IKKa or CHUK) and

IKK2 (IKKb) [3] (Fig. 1). A third non-catalytic component

called NEMO (IKKc) was subsequently identified by

complementation of an NF-jB-unresponsive cell line and

by sequencing of IKK-associated polypeptides [3] (Fig. 1).

Studies based on cell transfections and mouse gene abla-

tion revealed that NF-jB can actually be activated by two

alternative signaling pathways. The canonical pathway is

induced by a large variety of stimuli such as pro-inflam-

matory cytokines (IL-1b, TNF-a), bacterial products (LPS,

peptidoglycan), viral proteins (Tax, LMP-1) or diverse

forms of stress (UV, oxidative stress) and is strictly

dependent on NEMO, which ensures the signal transmis-

sion from the receptor to the catalytic IKK2 subunit [2]. In

most situations, IKK1 only mildly contribute to the overall

kinase activity of IKK [4] but in the absence of IKK2 might

help preserving low levels of NF-jB activation (see

below). In contrast, the non-canonical pathway of NF-jB

activation is turned on by a restricted group of stimuli such

as lymphotoxin-a/b, CD40L or BAFF and is independent

on NEMO and IKK2 but specifically requires IKK1. In this

case, the signaling complexes stabilize kinase NIK that

phosphorylates IKK1, which in turn phosphorylates and

marks p100 for C-terminal processing by the proteasome to

generate p52-relB dimers. This non-canonical pathway

appears to play a critical role in the development of lym-

phoid organs and mammary glands [5]. In addition, IKK1

is able to regulate NF-jB-dependent and -independent

transcription through its nuclear localisation and ability to

phosphorylate Ser10 of Histone H3 [6, 7].

This way of presenting the two distinct modes of NF-jB

activation does not take into account the functional inter-

plays that exist between them and their integration in a

single module [8]. Indeed, it has been shown that several

Fig. 1 Components of the NF-

jB signaling pathway.

Alternative nomenclatures

appear in brackets. The

respective domains of each

protein family are indicated

with RHD REL homology

domain, TAD transactivation

domain, LZ leucine zipper, GRR

glycine-rich region, ANK

ankyrin repeat, DD death

domain, KD kinase domain,

NLS nuclear localization

sequence, SDD a-helical

scaffold/dimerization domain,

HLH helix–loop–helix, CC

coiled coil, HLX helix, NUB

NEMO ubiquitin binding,

Pro(n) proline rich region, ZF

zinc finger. Residues modified

by phosphorylation or

ubiquitination are also shown
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receptors activating the non-canonical pathway can also

activate the canonical one. Moreover, the expression or

activity of several components of one pathway is controlled

by the other. For instance, canonical NF-jB dimers regu-

late the transcription of RELB whose product is the main

partner of p52, whereas IjBd, which is derived from p100,

provides a negative feedback on the canonical NF-jB

signaling.

Although many signaling pathways can induce NF-jB

activation, there is a sequence of common molecular events

that leads to the activation of IKK. This sequence involves

the modification of specific residues of NEMO by lys63- or

linear-linked polyubiquitin chains [9] (see Fig. 2 for the

specific case of the TNF-a signaling pathway). In contrast

to lys48-linked polyubiquitination, these linkages do not

lead to proteasomal degradation but serve as binding sites

for other molecules required for the activation of IKK. In

addition, NEMO can also recognize lys63 and linear

ubiquitin chains from a multitude of modified proteins [9].

This dual ability allows polyubiquitinated activators to be

put in proximity to IKKs or to induce conformational

change in the IKK complex. The non-canonical pathway of

NF-jB activation is also regulated by complex ubiquiti-

nation processes which result in stabilization of labile NIK,

Fig. 2 Ubiquitination and phosphorylation processes in NF-jB

signaling. Canonical NF-jB pathway/TNF-R1 receptor (left panel).

The engagement of TNF-a on its cognate receptor induces the

recruitment of the adapter TRADD, the E3 ligases cIAP1/2 and

TRAF2 and the kinase RIP1. cIAP1/2 catalyze the formation of lys63-

linked polyubiquitin (K63-pUb) chains on TRAF2/TRAF5 and RIP1.

K63-pUb recruits on one hand the TAB 1–TAB 2–TAK1 kinase

complex and on the other hand the LUBAC ligase complex (HOIP,

HOIL-1 and SHARPIN), which catalyzes the formation of linear-

linked polyubiquitin (linear-pUb) chains on RIP1. Linear-pUb is

recognized by NEMO, allowing the recruitment of the IKK complex.

TAK1 mediates the activation of IKK-2 by phosphorylation, allowing

its auto-phosphorylation, which in turn enables IKK2 to phosphor-

ylate IjB proteins, inducing their degradation by the proteasome and

the release of active NF-jB. Another kinase, MEKK3 also partici-

pates in this process although its function is less understood. The

ubiquitination of NEMO by LUBAC through linear-pUb might

amplify NF-jB activation by recruiting more IKK complex. Shortly

after signal transmission deubiquitination of RIP1 also results in

formation of a FADD-RIP1-Caspase-8 complex, which provokes

apoptosis. This process is negatively regulated by a set of anti-

apoptotic proteins whose transcription is under NF-jB control. Non-

canonical NF-jB pathway/CD40 receptor (right panel). In basal

condition, cIAP1/2 catalyzes the formation of lys48-linked poly-

ubiquitin chains (K48-pUb) on NIK, leading to its constitutive

degradation. Upon activation, TRAF2-TRAF3-cIAP1/2 complex is

recruited to the receptor, allowing TRAF2 to ubiquitinate cIAP1/2

through K63-pUb. This modification on cIAP1/2 induces a switch on

its K48 ubiquitin ligase activation from NIK to TRAF3. The

consecutive degradation of TRAF3 allows the accumulation of newly

synthesized NIK, which in turn phosphorylates IKK-1. Then, IKK-1

phosphorylates and marks p100 for processing through degradation,

releasing relB-p52 that translocates to the nucleus for gene activation.

As a negative feedback loop, IKK-1 phosphorylates NIK for turning

off its activity
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allowing activation of IKK1 and processing of p100 (see

Fig. 2 for the specific case of the CD40 signaling pathway).

The physiological roles of the various IKK components

have been analyzed using a collection of KO mice. Mice

deficient for IKK2 die during embryogenesis at E12.5–13.5

as a result of massive hepatic apoptosis [10] which

emphasizes the essential role of IKK2 in the canonical

activation of NF-jB. Upon crossing with Tnfr1 KO mice,

survival is observed, indicating that TNF-a is the inducer

of liver apoptosis. Using conditional targeting of Ikk2 in

the mouse allowed to demonstrate the key function of

IKK2 in immunity [11]. The same kind of lethality by

hepatic apoptosis is observed at E12.5-E13 in male mice

invalidated for the X-linked Nemo gene [12]. In contrast,

Nemo ?/- females survive and develop a dermatosis

which mimics what is observed in humans (see below) [13,

14]. Mice lacking IKK1 survive until birth and do not

present any signs of liver apoptosis. However, the mice

have severe defects in epidermal differentiation and skel-

eton development [4, 15], which shows that besides NF-jB

signaling pathways, IKK1 has diverse functions. The NF-

jB family genes have also been knocked out. While RelA

deficient mice are embryonic lethal at E15, again due to

excessive liver apoptosis [16], mice lacking one of the

other NF-jB subunits, such as p50, p52 or c-rel survive but

present various immune defects due to abnormal T or B

cell response [17].

NF-jB-related genetic diseases

NEMO-related genetic diseases

As the regulatory subunit of IKK, NEMO is absolutely

required for proper activation of the canonical NF-jB

pathway in response to a wide range of stimuli, as outlined

above. Another key feature of this protein is the location of

its encoding gene on the X-chromosome. The intricate

consequences of these combined properties, a broad

involvement of NEMO in many NF-jB-inducing pathways

and an X-linkage, became apparent when patients dis-

playing mutations of NEMO were identified. Here, we will

only summarize the main characteristics of these diseases

since recent reviews describing them in details can be

found elsewhere [18, 19].

Incontinentia pigmenti

Incontinentia pigmenti (IP, [MIM # 308300]), also known

as Bloch–Sulzberger syndrome, is an X-linked dominant

genodermatosis that is lethal for males before the second

trimester of gestation [20]. In females, the inflammatory

outbreak, which occurs within 2 weeks after birth, is the

first phase of the disease with large dyskeratotic cells and

intraepidermal spongiosis (vesicular stage). This stage is

followed by hyperproliferation of keratinocytes in the

epidermis with acanthosis and papillomatosis (verrucous

stage). The third phase is characterized by an accumulation

of melanocytes that produce pathologically high amounts

of melanin (pigmented stage). The process is terminated by

regression of the cutaneous lesions (atrophic stage), leaving

behind hypopigmented areas and lack of eccrine glands.

This complete process takes weeks or months but can

restart following an infection during the rest of patient’s

life. It appears to be caused by cells expressing the mutated

X-chromosome along the so-called Blaschko lines that are

selectively eliminated around the time of birth.

Frequently this genodermatosis is accompanied by uni-

lateral ophthalmological problems (foveal hypoplasia,

retinal ischemia and strabismus) that are often highly

debilitating. Indeed, ocular involvement persists during all

the patient’s life, in contrary to dermalogical symptoms

that are attenuated over the years. These abnormalities are

often associated with neurological involvement, which are

present in 30 % of cases and characterized by psychomotor

retardation, cerebellar ataxia, microcephaly, hemiplegia,

epilepsy and intellectual impairment. A correlation

between the severity of the ophthalmologic problem and

the neurological phenotype might be due to vascular

insufficiency caused by necrosis and ischemia.

With a prevalence of 33 %, hair changes are reported in

IP patients like clairsement during infancy and mostly

alopecia on the vertex or dull and brittleness hair in

adulthood. Hyperplasia or absence of eyebrows and eye-

lashes may be observed. Finally, IP is a congenital factor of

malocclusion and oligodontia. Patients may present hemi-

facial hypoplasia and delayed tooth eruption with conical

teeth in 80 % of the IP cases. Dental features are quite

similar in another disease called EDA-ID caused by NEMO

mutations (see below).

Approximately 70 % of IP patients share the same

genomic rearrangement that eliminates exons 4–10 of the

NEMO gene [21]. This rearrangement involves a NEMO

pseudogene that is located nearby and contains sequences

highly similar to those of exons 4–10 of NEMO. In addition

to this frequent recurrent rearrangement, the NEMO locus

of IP patients can also present other kinds of rearrange-

ments [22] and non-sense or frameshift mutations that

severely truncate the protein or even rare missense muta-

tions [19] (Fig. 3).

The lack of function of truncated and unstable NEMO

protein in IP results in higher sensitivity of cells to TNF-a
and increased apoptosis. This may explain why male

patients do not survive during development if liver apop-

tosis occurs like in Nemo KO mice [12–14], something not

formally demonstrated yet. In female, this clearly
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contributes to the dermatosis process and its resolution.

Indeed, it has been proposed that the mosaic status of the

neonatal skin/epidermis of IP females, composed of wild-

type cells expressing NEMO and mutant cells lacking

NEMO, is the trigger for the whole process [13]. Mutant

cells, most likely keratinocytes, would start to overexpress

pro-inflammatory cytokines such as IL-1b after birth, the

reason why remaining uncertain [necrosis of some cells?

Dysregulated adaptation to the (bacterial) environment at

birth?…]. Production of IL-1b by mutant cells would

induce TNF-a synthesis by neighboring wild-type cells,

and TNF-a would in turn act back on mutant cells,

inducing their death and clearance. This sequence of events

may explain the final atrophic stage of IP dermatosis,

linked to lesion disappearance. This model is based on

what has been observed in mice exhibiting impaired NF-

jB signaling in the skin, for instance by invalidating Nemo

[23] or Ikk2 [24] specifically in the epidermis. In this case,

mice develop abnormalities similar to the ones observed in

IP, with extensive inflammation and cell death, which can

be fully corrected by only inhibiting TNFR-1 signaling.

Besides regulating cell death TNF-a may also have an

additional pro-inflammatory function in the process.

Indeed, it has been shown that, upon TNF-a exposure,

upregulation of IL-19/24 in NF-jB-deficient keratinocytes

results in STAT3 activation and cytokines/chemokines

production [25].

X-linked anhidrotic ectodermal dysplasia

with immunodeficiency

Anhidrotic ectodermal dysplasia with immunodeficiency

[EDA-ID, (MIM # 300291)] is a rare syndrome affecting

only males. It is characterized by impaired development of

skin appendages (teeth, hair and sweat glands) and recur-

rent bacterial and viral infections [26–29].

On the EDA side, the development of tooth buds in

EDA-ID patients frequently gives absent teeth and/or

pointed teeth with enamel potentially defective whereas

abnormalities of the hair follicles result in excessively thin

Fig. 3 NEMO mutations found in human diseases. a Truncating

mutations. Non-sense mutations generating IP or EDA-ID are

indicated by dumbbell-shaped black or dotted bars, respectively.

Frameshift mutations generating IP or EDA-ID are indicated by black

or dumbbell-shaped bars, respectively. An EDA-ID-linked N-termi-

nal deletion resulting from a translational reinitiation is indicated by a

gray dumbbell-shaped bar. b Missense mutations and short deletions.

IP-associated mutations are indicated by black arrows, EDA-ID-

associated ones by dotted arrows, OL-EDA-ID-associated ones by

blue arrows and ID-associated ones by gray arrows. The defined or

putative molecular dysfunctions are also indicated. Mutations are

compiled from [18, 21]
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and sparse hair that may grow very slowly or sporadically.

In addition, patients have often fragile and lightly pig-

mented skin and cannot perspire because of sweat glands

dysfunctions or inactive proteins at this level. Therefore,

the body cannot regulate temperature properly.

Combined to this EDA is a severe life-threatening

immunodeficiency characterized by weak cell responses to

IL-1b, IL-18, CD40 or lipopolysaccharide (LPS). The

production of specific antibodies is defective, with

decreased IgG and increased IgA synthesis, accompanied

by hyper-IgM syndrome. These B cell defects may be

linked to impaired co-stimulation by CD40 and are asso-

ciated with T cell impairment and problem of NK cell

activation, despite normal cell count and proper develop-

ment [30]. Moreover, there is a defective interferon (IFN)

synthesis resulting in reduced response to virus exposure

[31].

EDA-ID is caused by hypomorphic NEMO mutations

that allow male survival and cause negligible effects (very

weak IP signs) in females [26–29]. In most cases, short

truncations of the protein occur due to non-sense or

frameshift mutation but missense mutations are also

observed (Fig. 3). They often affect domains or sequences

required for recognition of ubiquitin by NEMO but the

activity of the protein is not completely impaired since this

recognition involves two distinct portions of NEMO loca-

ted at the C-terminus of NEMO (NEMO zinc finger) and in

the middle of it (NEMO ubiquitin binding (NUB) domain),

respectively [32].

The identification of NEMO mutations and associated

impaired activation of NF-jB, as a cause of EDA has

allowed identification of a new component playing a role of

effector in the eda/EDAR pathway that had been previ-

ously identified through the genetic study of patients

exhibiting pure EDA. In these studies, a ligand (ectodys-

plasin) working through its specific receptor (EDAR) and

adaptor (EDARADD) had been demonstrated to be abso-

lutely required for skin appendage development [33].

Another related pathology to EDA-ID, caused by the

destabilizing addition of 27aa at the C-terminal of NEMO

(mutation X420 W), has been reported [27]. It is called

Anhidrotic Ectodermal Dysplasia with Immunodeficiency,

Osteopetrosis and Lymphedema [OL-EDA-ID, (MIM #

300301)]. The immunodeficiency syndrome presents sim-

ilarities to the EDA-ID-related one but patients also display

increased bone mass due to defective osteoclast function

and lymphedema caused by impaired function of lymphatic

vessels. This phenotype supports the idea that NF-jB plays

an important role in skeletal development and demon-

strated a new role for this transcription factor in lymphatic

vessel physiology.

Immunodeficiencies

Several cases of primary immunodeficiencies without

associated EDA were also shown to be caused by missense

mutations or short truncations of NEMO (NEMO ID) [34–

37]. These male patients suffer from recurring infections,

often Mycobacteria related, and some specific impaired

cell responses are observed, such as reduced IL-12 syn-

thesis in response to CD40. Upon close examination, very

mild tooth abnormalities can also be detected in some

patients. How those NEMO mutations, despite their simi-

larities to the ones causing EDA-ID, generate a phenotype

that does not include skin appendage abnormalities remains

unclear. The simplest possibility would be that mild

mutations of NEMO unable to affect the skin eda/EDAR

signaling pathway are still able to perturb the few immune-

related pathways that are the most sensitive to slightly

reduced NF-jB activity and the eda/EDAR pathway

responsible for tooth development.

IKK1-related genetic disease (Cocoon syndrome)

IKK1 is one of the two catalytic subunits of IKK but in

contrast to NEMO, which only play a very narrow range of

functions outside of the NF-jB pathway, performs addi-

tional NF-jB-independent functions [38]. In addition, it

has been shown very early on to be dispensable for full

IKK catalytic activity, being an intrinsically weaker kinase

than IKK-2. In contrast, it plays a unique role in the non-

canonical NF-jB activation pathway (see above).

Two cases of fetal encasement malformations occurring

in a consanguineous finnish family were recently reported

to present some striking similarities with the phenotype of

Ikk1 KO mice [39]. Among the numerous abnormalities

detected in the fetuses at 12–13 weeks of gestation were

defective face, with an abnormal cyst in the cranial region

and a large defect in the craniofacial area, an omphalocele

and lobulation defect in the lungs. Poorly developed skel-

etal muscles were observed as well as seemingly absent

limbs, which were bound to the trunk and encased under

the skin.

This limb encasement being reminiscent of the pheno-

type observed after targeting IKK1 in the mouse convinced

the authors to sequence the IKBKA gene in the two fetuses.

An homozygous missense mutation, c.1264C—T, was

detected in exon 12, generating a large truncation of IKK1

deleting its catalytic domain (aa 422–745) (Fig. 4). Actu-

ally, the overall expression of this deleted protein appeared

strongly decreased, demonstrating its instability. Since a

similar case was previously reported in the literature [40],
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but not genetically characterized, and qualified as ‘‘Cocoon

fetus’’ the term ‘‘Cocoon syndrome’’ has been proposed by

Lahtela et al. [39] to be used for this IKK1-related inherited

disease.

The molecular basis of the Cocoon syndrome remains

poorly defined. In particular, it remains to be examined if

the proposed effect of IKK1 as a repressor of FGF mem-

bers in skeletal and craniofacial development [41] also

operates in humans. Analyzing the transcriptome of F1 and

F2, Lahtela et al. [39] demonstrated a severe reduction in

numerous mRNAs. Among them, one coding for matrix

metallopeptidase 14 (MMP-14) was present at only 5 % of

the control. In contrast, the opposite was observed when

studying the expression level of MMP-14. Since this

enzyme plays an important role in skeletal development

such aberrant regulation might also be involved in cra-

niofacial and skeletal abnormalities.

How may this and other described abnormalities

observed in the Cocoon syndrome relate to NF-jB? As

previously demonstrated by Hu et al. [41], the peculiar skin

phenotype resulting from IKK-1 lack of function is unli-

kely to directly result from a canonical IKK/NF-jB

deregulation. Besides being very different from the one

observed in incontinentia pigmenti, clearly caused by

impaired NF-jB activation in the epidermis, it is also

characterized by a lack of keratinocyte differentiation

which can not be corrected by activating NF-jB. Actually,

as a whole, the Cocoon syndrome displays several simi-

larities with a limb pterygium syndrome (LPS) called

lethal-type popliteal pterygium syndrome (LPPS)/Bartso-

cas–Papas syndrome (BPS) (MIM # 263650) [42].

Interestingly, this specific syndrome has been demonstrated

to be caused by mutations of RIPK4 [43, 44], which codes

for a member of the RIP kinase family originally proposed

to be an NF-jB activator in PKCb-dependent pathways

[45, 46]. Nevertheless, the original data were obtained by

performing overexpression experiments, which can often

generate artefacts. Besides this putatively weak link

between the main signs observed in Ikk1 KO mice/Cocoon

syndrome and the NF-jB signaling pathway other devel-

opmental pathways may be affected, involving both IKK1

and RIPK4, sequentially or in parallel. Among them is the

p63 pathway, which appears deregulated in BPS [43], and

the b-Catenin pathway which was recently shown to be

regulated by RIPK4 [47]. Even in the case of a p63

involvement, an indirect link with NF-jB can not be for-

mally excluded as isoforms of p63 have been shown to be

activators of IKK1 in the epidermis and to interact with

c-rel and relA, two members of the NF-jB family of

transcription factors [48]. It remains, therefore, quite dif-

ficult to estimate which parts of Cocoon syndrome

anomalies, if any, are NF-jB related, something compli-

cated by the severity of the disease and its paucity.

Nevertheless, Ikk1 KO mice being available a back and

forth analysis between data issued from human samples

and mice might be envisioned.

IKK2-related genetic disease (IKK2 SCID)

As the kinase displaying the strongest catalytic activity

within IKK, IKK2 is considered to be a key enzymatic

element of this protein complex. Nevertheless, it has been

shown that its absence in numerous cellular settings is not

as detrimental in the canonical NF-jB activation process as

the absence of NEMO. Indeed, residual IKK activation can

still occur due to IKK1 being able to compensate to some

extent the lack of IKK2 activity [13, 49].

A severe combined immunodeficiency (SCID) charac-

terized by recurrent infections and hypogammaglo

bulinemia/agammaglobulinemia but normal T cell counts

were recently identified in several individuals [50–53]. The

first ones and the most extensively characterized presented

a common genetic origin (Northern Cree ancestry), but no

consanguinity [50]. Homozygosity mapping revealed a

candidate 11.6 Mbp region on chromosome 8. After

sequencing the 40 genes located at this locus only one was

shown to exhibit in four distinct cases an homozygous

duplication (c.1292dupG) in exon 13 of the gene encoding

IKK2. This frameshift mutation was shown to produce a

very unstable truncated IKK2 protein (Fig. 4), as revealed

by Western blotting. Unexpectedly, the expression level of

other IKK components, IKK1 and NEMO, appeared

reduced also.

Several signaling pathways were shown to be affected

by the lack of IKK2 when patient-derived cells were

stimulated. Among the most perturbed pathways in fibro-

blasts were the ones responding to TNF-a, LPS (TLR4),

flagellin (TLR5) or PMA. In contrast, the IL-1 signaling

pathway appeared less impaired. As a consequence, target

genes of NF-jB were differentially affected depending on

the stimulus used and more or less sensitive to a lack of

IKK2 activity.

Expression of activation markers such as CD25 and

CD69 was reduced upon exposure of IKK2 SCID T cells to

CD3/CD28 but proliferation of the cells was only mildly

impaired. Indeed, if little response was observed to soluble

or plate-bound anti-CD3 antibodies, Phytohemagglutinin

mitogenic responses were moderately reduced as well as

proliferation in response to CD3/CD28. One may, there-

fore, consider the overall activation capacity of T cells to

be reduced to some extent but not abolished.

When patient-derived B cells were stimulated with

CD40L and IL-21, which are usually provided by follicular

helper T cell, they did not proliferate and differentiate into

plasmablasts. In addition, they did not produce
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immunoglobulins (Igs). In contrast, proliferation was still

observed when induced by the B cell receptor or the

cytosine–guanine dinucleotide polymer CpG, through

TLR9, but Ig production was impaired.

In line with the severe phenotype of the patients and the

signal transduction abnormalities described above, many

immune defects were identified in situ. Although T and B

cell development was not impaired many signs of their

perturbed differentiation were observed. For instance, cd T

cells were absent and most CD4 and CD8 cells expressed

naive antigens such as CD45RA or CD27 despite the

exposure of patients to various germs. Absence of

CD25highFOXP3?CD4?Tregs was also noted in two

patients. B cells were almost exclusively naive, with a

normal proportion of CD38?IGM? transitional cells and a

lack of CD27? IGD- class-switched memory cells and

CD38? CD20- plasmablasts. In addition, activation of

NK cells appeared deficient.

Surprisingly, no EDA was observed in these IKK2 SCID

patients whereas this is a feature of patients displaying

hypomorphic NEMO mutations (see above) and autosomal

dominant IJBA mutations (see below). This suggests that

IKK2 is dispensable for skin appendage development.

Most likely, the catalytic activity of IKK1 is sufficient to

compensate for the absence of IKK2 catalytic activity in

this setting.

Most of the abnormalities observed in patients carrying

an homozygous nucleotide duplication in IKBKB were also

recently found in other patients displaying mutations in the

same locus [51–53]. An homozygous non-sense mutation

in IKBKB (R286X) resulting in truncation of IKK2 (Fig. 4)

induced a lack of its expression [51]. The level of NEMO

was also decreased confirming the observation made by

Pannicke et al. [50]. Defective activation of T, B and NK

cells was detected, associated with the absence of memory

B cells, accumulation of CD45RA? T cells and low

number of Tregs. A similar clinical and cellular picture was

reported for other non-sense mutations (Y107X and

R272X) leading to IKK2 truncation (Fig. 4) [52, 53]. In all

these cases, no obvious signs of EDA were observed

confirming the negligible role of IKK2 in skin adnexal

development. The only major discrepancy reported by

these different studies concerns the reduction in NEMO

amount, which was observed by Pannicke et al. [50] and

Mousallem et al. [51], and in IKK1 amount reported by

Pannicke et al. [50], but were not confirmed by Nielsen

et al. [53]. The reason for these differences is puzzling

since all four reported mutations result in the same lack of

IKK2 expression.

Genetic diseases caused by mutations of IKK substrates

IjBa-related genetic disease (autosomal-dependent

EDA-ID)

As shown above, EDA-ID can be caused by hypomorphic

mutations of NEMO. Another component of the NF-jB

signaling pathway that can generate EDA-ID when muta-

ted is IjBa. In several instances, heterozygous mutations of

IjBa impairing its degradation by IKK have been reported

to cause a syndrome that shares many clinical similarities

with NEMO-linked EDA-ID [54–61] [autosomal-dominant

(AD) EDA-ID, (MIM # 612132)]. So far, all these muta-

tions affect the Ser residues (Ser32, Ser36) that are

phosphorylated by IKK upon cell stimulation [54–56], the

residues nearby the DSGLDS phosphorylation motif, such

as Met37 [57, 58], or delete the N-terminus of IjBa (Q9X,

W11X, E14X), reinitiation of translation occurring at

Met37 and thus eliminating the phospho-acceptor sites

[59–61] (Fig. 4). Because of this lack of phosphorylation,

IjB can not be degraded and acts as a dominant negative

protein by accumulating and sequestering NF-jB species

such as relA, c-rel or p50 in the cytoplasm. This explains

why an heterozygous mode of genetic transmission is

sufficient enough to trigger the disease.

Mutations of both NEMO and IjBa as a cause of EDA-

ID in humans confirm in vivo the participation of these two

components in the same signaling pathways. Nevertheless,

how NF-jB signaling is impaired in each case is bio-

chemically quite distinct. In NEMO-mutated patients

generating EDA-ID the overall catalytic activity of IKK is

reduced but not abolished. Therefore, the various substrates

of IKK, among them the members of the IjB family of

inhibitors, are putatively similarly affected. In the case of

mutations affecting IjBa, degradation of the other IjB

inhibitors is still properly controlled. The similitude

between NEMO- and IjBa-related EDA-IDs indicates that

IjBa is indeed a prime target of IKK in many distinct

tissues, among them the hematopoietic compartment and

the skin appendages. It also confirms that its function in

controlling the activity of specific NF-jB subunits can not

be overcome by other properly regulated IjB/NF-jB

complexes.

Because of the severity of EDA-ID, caused by either

IJBA or NEMO mutations, treating those patients with

allogenic hematopoietic stem cell transplantation (HSCT)

represents a therapeutic option. In several cases, caused by

IJBA mutations, HSCT was shown to allow a full recov-

ery of immune functions [62]. In a more severe case caused
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by a NEMO mutation, this approach was unfortunately not

successful [63].

NF-jB1-related genetic disease

It has been recently reported the description of a patient

exhibiting bone and joints defects, ectodermal dysplasia,

hypergammaglobulinemia and sterile inflammation [64].

Upon DNA sequencing, an heterozygous mutation was

detected in NFJB1, the gene encoding p105, the precursor

of the NF-jB p50 subunit (Fig. 4). Since this mutation

introduces a stop codon (W11E) at the beginning of the

coding sequence of p105, a 50 % reduced expression of

this protein can be predicted. How such reduction in p105

expression may generate such complex-associated pheno-

type remains uncertain and will require the characterization

of additional patients.

NF-jB2-related genetic disease (NF-jB2-CVID)

Common variable immunodeficiency [CVID, (MIM #

607594)], which occurs in approximately 1:10,000–1:50,000

people, is a clinically and genetically heterogeneous disorder

characterized by hypogammaglobulinemia with poor

response to antigens [65]. It can be caused by mutations

affecting many genes coding for proteins regulating pe-

ripherical or terminal B cell development. For instance,

8–10 % of CVID patients have been identified with homo-

zygous and heterozygous variants in TNFRSF13B and

1–2 % of individuals harbor variants in ICOS.

Recently, four cases (out of 37) from two distinct fam-

ilies were shown to exhibit after exome sequencing

heterozygous mutations of NFJB2, the gene encoding

p100 [66] (Fig. 4). In each situation, the mutations gener-

ated short C-terminal truncations of p100 at aa 852 or 854,

respectively. Importantly, this short truncation was large

enough to eliminate not only Serine residues S866 and

S870, but also Lysine residue K856 which are all essentials

for processing of p100 to p52. Indeed, S866 and S870 are

phosphorylation sites for IKK1 which are then required to

trigger ubiquitination at K856 and recognition by the pro-

teasome [5]. A lack of p100 processing was demonstrated

using EBV-transformed B lymphocytes derived from three

NFJB2 mutated patients. In all cases, a shorter form of

p100 was detected below the full-length p100, as expected

from their heterozygous status, and production of p52

appeared reduced by half. As a consequence, nuclear

translocation of p52 was impaired.

Like other CVID patients, NFKB2-mutated patients

exhibited markedly reduced levels of serum immunoglob-

ulins, including low IgG levels, and poor response to

antigens but normal levels of circulating B cells. They

suffered from recurrent infections (viral respiratory infec-

tions, pneumonia, sinusitis, etc.) and asthma. Interestingly,

they also suffered of alopecia areata and central adrenal

insufficiency (ACTH and cortisol deficiency). Since this

latter abnormality is an unusual feature of CVID its

intriguing link to p100/NF-jB will require further inves-

tigation. Chen et al. [66] have proposed that alterations in

thymic AIRE expression may result in aberrant T cell-

mediated self-tolerance of endocrine-related organs.

More recently, other patients displaying heterozygous

NFKB2 mutations impairing p52 production were identi-

fied [67–69], allowing a more comprehensive view of this

subtype of CVID. Besides confirming a recurrent specific

impairment of B cell functions and auto-immunity (alo-

pecia areata and/or central adrenal insufficiency) they also

suggested a putative phenotype heterogeneity which might

be due to an indirect effect of specific NFKB2 mutations on

the canonical pathway of NF-jB activation in addition to

the non-canonical one. For instance, it has been proposed

that full-length proteins exhibiting missense mutations,

such as D865G, may behave like IjB-like molecules, also

acting on the canonical pathway of NF-jB activation and

impairing B cell development in addition to B cell function

Fig. 4 IKK- and IKK substrates-related mutations found in human

diseases. Non-sense mutations are indicated by dumbbell-shaped

black bars, frameshift mutations by black bars and missense

mutations by black arrows. An N-terminal deletion of IjBa resulting

from a translational reinitiation at Met37 is indicated by a bracketed

arrow
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[69]. Therefore, a complex genetic basis mixing haploin-

sufficiency and autosomal dominant effects is at the origin

of NFKB2-related CVIDs.

Conclusion

Many lessons can be drawn from the NF-jB data originating

from human genetics (Fig. 5). First of all, experts in the NF-

jB field will recognize their favorite pathway and its main

associated features. Among them are numerous immune

defects resulting from NF-jB impairment and impact on the

inflammatory process, even if not necessary in the expected

sense. In addition, the respective role of each IKK subunit

appears to be confirmed with NEMO playing a critical role

in the IKK/NF-jB activation process, IKK2 performing a

key function in the canonical pathways and IKK1 having its

own social life, NF-jB-dependent and independent. Even at

the level of IjBs and IjB-like molecules predicted features,

mostly immune related, are observed. Finally, the pheno-

types caused by NF-jB-related diseases in humans are

grossly similar to the ones observed with KO mice.

The clinical investigation of these diseases has never-

theless provided additional info regarding the NF-jB

pathway, sometimes unpredicted ones. As said above, the

X-linkage of NEMO, which was not originally considered

when studying this protein in individual cells, has a critical

impact on NEMO-related diseases and explain their com-

plexity. This provides a unique opportunity to see how a

mutated cell interacts with its wild-type environment,

something especially striking for the IP dermatosis but

which might also apply to the CNS abnormalities found in

a fraction of IP patients. Moreover, the identification in

EDA-ID of an unpredicted ectodermal anhidrotic dyspla-

sia, associated with a much more predictable

immunodeficiency, has provided the first demonstration

that NF-jB was also playing a key role in skin appendage

development. Only, when Traf6 KO mice were subse-

quently re-analyzed, such connection with NF-jB was

confirmed [70]. Discovery of a severe form of EDA-ID,

OL-EDA-ID, has revealed for the first time that NF-jB

participates in lymphatic vessels function. More recently,

the unexpected occurrence of central adrenal insufficiency

in CVID patients exhibiting NFKB2 mutations has also

demonstrated how informative the identification and study

of NF-jB-deficient patients can be. Interestingly, this kind

of abnormality has also been reported for one patient

exhibiting an IJBA mutation [58], demonstrating that

comparing the clinical features of distinct NF-jB-related

genetic diseases may also be useful.

Fig. 5 Main clinical features of IKK-related genetic diseases Various

abnormalities found in males vs females are listed with their

associated disease (see text for details). The Cocoon syndrome

caused by IKK-1 mutation is not presented given its severity leading

to early fetus death. In addition, the anomalies of a putatively

complex syndrome resulting from an NFKB1 mutation found in only

one patient are not represented
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In addition to allowing discovery of new functions of

NF-jB, the study of NF-jB-related genetic diseases is also

informative for assessing the degree of similarity that exists

in the NF-jB signaling pathway between human and

mouse, the usual organismal system used to dissect this

pathway. Although it appears quite high, as noted above,

differences exist and are worth noting. For instance, it is

clearly established that a lack of NF-jB activity during

mouse development results in liver apoptosis at E12-E14

and that TNF-a is the triggering factor for cell death [16].

This explains the disappearance of males Nemo KO and

Ikk2 KO embryos during embryogenesis. The situation

appears different in humans. So far, no explanation has

been provided for the early death of males fetuses suffering

from IP before the second trimester, leaving the question

open. More surprisingly, IKK2 SCID patients develop

normally despite a demonstrated lack of IKK2 protein.

Whether this reflects a simple difference in sensitivity of

the hepatocytes to TNF-a during mouse versus human

development or a true difference in functions of NF-jB

during embryogenesis between these two organisms

remains to be established.

Another example of distinct phenotypic consequence of

impaired NF-jB signaling between humans and mice has

been noticed by Pannicke et al. [50] and concerns cd T

cells which were shown to be absent in IKK2 SCID

patients.

In summary, the discovery and analysis of genetic dis-

eases caused by mutation of NF-jB components nicely

complements the study of this pathway done using standard

biochemical and genetical analysis. Given the importance

of the NF-jB pathway in numerous physiological pro-

cesses and its frequent deregulation in pathology,

refinement of its characterization in the human context is

likely to have an important impact on basic knowledge of

NF-jB functions but also repercussions in the clinic.
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13. Makris C, Godfrey VL, Krähn-Senftleben G et al (2000) Female

mice heterozygous for IKKc/NEMO deficiencies develop a der-

matopathy similar to the human X-linked disorder incontinentia

pigmenti. Mol Cell 5(6):969–979

14. Schmidt-Supprian M, Bloch W, Courtois G et al (2000) NEMO/

IKK c-deficient mice model incontinentia pigmenti. Mol Cell

5(6):981–992

15. Takeda K, Takeuchi O, Tsujimura T et al (1999) Limb and skin

abnormalities in mice lacking IKKa. Science 284(5412):313–316

16. Beg AA, Baltimore D (1996) An essential role for NF-jB in

preventing TNF-a-induced cell death. Science

274(5288):782–784

17. Gerondakis S, Grumont R, Gugasyan R et al (2006) Unravelling

the complexities of the NF-jB signalling pathway using mouse

knockout and transgenic models. Oncogene 25(51):6781–6799

18. Sebban H, Courtois G (2006) NF-jB and inflammation in genetic

disease. Biochem Pharmacol 72(9):1153–1160
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