Extending the nuclear roles of IκB kinase subunits
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NF-κB : nuclear factor κB; IκB: inhibitor of κB; IKK: IκB Kinase; TNFα: tumor necrosis factorα; IL-1, -2, -6, -8, : interleukin -1, -2, -6, -8; MCP-1: monocyte chemoattractant protein-1; MIP-1α: macrophage inflammatory protein-1α; ICAM-1: intercellular adhesion molecule-1; VCAM-1: vascular cell adhesion molecule-1; COX-2: cyclooxygenase-2; iNOS: inducible nitric oxide synthase; MHC: major histocompatibility complex; XIAP-1: X chromosome-linked IAP; GADD45β: growth arrest and DNA damage-inducing protein 45β; ELKS: (E), leucine (L), lysine (K), and serine (S); EGF: epidermal growth factor; SMRT: silencing mediator for retinoic acid and thyroid hormone receptor; CBP: CREB binding protein; ATM: atexia telengiactasia mutated; PIDD: p53-induced protein with a death domain ; MEF : mouse embryonic fibroblast.    
ABSTRACT

The transcription factor NF-κB plays a key role in a wide variety of cellular processes such as innate and adaptive immunity, cellular proliferation, apoptosis and development.  In unstimulated cells, NF-κB is sequestered in the cytoplasm through its tight association with inhibitory proteins called IκBs, comprising notably IκBα.  A key step in NF-κB activation is the phosphorylation of IκBα by the so-called IκB Kinase (IKK) complex, which targets the inhibitory protein for proteasomal degradation and allows the freed NF-κB to enter the nucleus where it can transactivate its target genes.  The IKK complex is composed of two catalytic subunits called IKKα and IKKβ, and a regulatory subunit called NEMO/IKKγ.  Despite their key role in mediating IκBα phosphorylation in the cytoplasm, recent works have provided evidence that IKK subunits also translocate into the nucleus to regulate NF-κB-dependent and independent gene expression, paving the way of a novel and exciting field of research.  In this review, we will describe the current knowledge in that research area.

1.  The IKK/NF-κB pathway
The transcription factor NF-κB regulates the expression of hundreds of genes implicated in innate and adaptive immunity (1), cellular proliferation and survival (2,3) and organ development (4).  NF-κB consists of homo or heterodimers of a group of five proteins, namely NF-κB1 (p50 and its precursor p105), NF-κB2 (p52 and its precursor p100), p65/RelA, c-Rel and RelB (5).  p65/RelA, c-Rel and RelB contain a transactivation domain, whereas p50 and p52 do not.  p50 or p52 homodimers are thus transcriptionally inactive and repress transcription.  It should however be noted that Bcl-3/p50 complexes have been reported to bind NF-κB cis-elements and activate transcription (6).  In the resting state, NF-κB is sequestered in the cytoplasm of the cell through its tight association with inhibitory proteins called IκBs, comprising IκBα, IκB, IκB, IκB, Bcl-3, p100 and p105. Upon cell stimulation, IκB proteins are rapidly phosphorylated and degraded by the proteasome, and the freed NF-κB translocates into the nucleus to regulate the expression of multiple target genes (5).  Among those genes, one can cite those coding for cytokines (TNFα, IL-1, IL-6), chemokines (MCP-1, IL-8, MIP-1α), adhesion molecules (ICAM-1, VCAM-1), enzymes (COX-2, iNOS), immune receptors (MHC, IL-2 receptor, IFN-γ receptor), antiapoptotic proteins (XIAP, GADD45β), antioxidant enzymes (MnSOD) and proteins involved in the negative feed-back of NF-κB activation (A20, IκBα) (7).
Numerous components of innate and adaptive immunity are capable of activating the NF-κB via two distinct activating pathways.  This first pathway, called canonical or classical pathway, is induced by proinflammatory cytokines (TNFα, IL-1β) (8,9), Toll-like receptors (TLRs) (10) or antigen receptors (TCR, BCR) ligation (1,11,12) and, in some cell-types, by oxidative or genotoxic stress (13-15). All these stimuli converge to the activation of the so-called IκB-kinase (IKK) complex, which includes the scaffold protein NF-κB essential modulator (NEMO, also called IKKγ) (16) and the IKKα and IKKβ kinases (17). Once activated by phosphorylation, the IKK complex phosphorylates IκBα on Ser32 and Ser36.  The inhibitor is then ubiquitinated and subsequently degraded via the proteasome pathway, thereby allowing NF-κB translocation into the nucleus where it activates the transcription of immune and inflammatory mediators.  Beside this classical activation, a novel NEMO-independent NF-κB-activating pathway was described. It is induced by BAFF (B-cell activating factor) (18), LT (lymphotoxin ) (19), CD40 ligand (20) and human T-cell leukemia (HTLV) and Epstein-Barr (EBV) virus (21,22). It enhances NF-κB-inducing kinase (NIK)- and IKKdependent processing of p100 into p52.  This subunit binds DNA in association with its partners and stimulates the transcription of genes important for secondary lymphoid organ development, B cell homeostasis and adaptive immunity (1).
2. The IKK complex
2.1. Biochemical properties

Pioneer biochemical studies have identified a high molecular weight complex of 700-900 kDa capable of phosphorylating IκBα on Ser32 and Ser36 in unstimulated cells or upon cytokine stimulation (17,23-26).  This complex, called IKK complex, contains three major subunits: IKKα (initially termed CHUK), IKKβ and NEMO/IKKγ (for NF-κB Essential Modulator, also called IKKAP1 or FIP-3).  IKKα and IKKβ are serine/threonine kinases characterized by the presence of an N-terminal kinase domain, a C-terminal helix-loop-helix domain and a leucine zipper domain.  A nuclear localisation sequence was also recently found within the IKKα kinase domain ((27) and see below) (Figure 1).  Both kinases are capable of phosphorylating various members of the IκB family, notably IκBα on Ser32 and Ser36 and IκBβ on Ser19 and Ser23 (28).  NEMO/IKKγ was discovered through genetic complementation cloning in an NF-κB unresponsive cell line and subsequently by biochemical purification (16,29,30). It is the regulatory subunit of the IKK complex and it does not share identities with IKKα and IKKβ.  It contains a C-terminal zinc finger-like domain, N- and C-terminal coiled-coil domains, two α-helices and a leucine zipper.  NEMO/IKKγ interacts with both IKKα and IKKβ through their so-called NEMO binding domain (NBD), which is composed of a C-terminal hex peptide sequence (Leu-Asp-Trp-Ser-Trp-Leu) (31) (Figure 1).  This association with NEMO/IKKγ is required for the inducible IκB kinase activity.  Although it is still a matter of debate, the stoichiometry of the IKK complex subunits seems to be a heterodimer of IKKα and IKKβ associated with two NEMO/IKKγ (32).  NEMO/IKKγ has also been reported to oligomerize, which appears to be important for IKK complex activation (33).
Other proteins are constitutively associated with the IKK complex.  Among them, one can cite chaperones like HSP90, HSP70 and Cdc37 (34,35).  Treatment of cells with geldanamycin, which inhibits HSP90 function, results in disruption of HSP90 and cdc37 from the IKK complex and in inhibition of TNFα-induced IKK activation.  This inhibition is caused by an absence of recruitment of IKK to TNFR-1 upon TNFα stimulation (34).  Overexpression of HSP70 leads to its association with NEMO/IKKγ, thereby inhibiting IKK complex assembly.  This in turn impairs TNFα-mediated NF-κB activation, thereby enhancing TNFα-induced apoptosis (35).    Recently, the regulatory protein ELKS has also been reported to be associated with the IKK complex.  ELKS is necessary for early NF-κB activation by TNFα or IL-1 and for the interaction between the IKK complex and IκBα (36).  ELKS is also required for DNA damage-induced IKK activation ((37) and see below). 

2.2. Genetic approach
Generation of knockout mice for IKK complex subunits has offered new tools to study their biological role and confirm or invalidate data obtained from biochemical studies. ikkβ-/- mice die as embryos (at 14.5 days of gestation) due to extensive liver damage from apoptosis.  They have both reduced basal and cytokine-induced NF-κB activation due to complete loss of IKK complex activity, suggesting that IKKβ plays the main role in NF-κB activation.  Indeed, in the absence of IKKβ and despite its association with NEMO/IKKγ, IKKα is unresponsive to IKK activators in term of IκBα phosphorylation (38-40).  Embryonic fibroblasts from ikkβ -/- mice also exhibit enhanced apoptosis in response to TNFα, and liver damage observed in those mice can be rescued by the inactivation of the gene coding for tumor necrosis factor receptor-1, highlighting the crucial role of IKKβ and NF-κB pathway in protecting cells from TNF-induced apoptosis (39,41).  

NEMO/IKKγ deficient mice also exhibit liver degeneration, but their phenotype is more severe than ikkβ-/- mice.  In nemo/ikkγ-/- mice, the onset of the liver phenotype appears 12 hours earlier (mutant embryos die at E12.5-E13.0) and liver damage is more serious.  Moreover, cytokine-induced IκBα phosphorylation and NF-κB DNA binding activity are completely abolished in nemo/ikkγ-/- mouse embryonic fibroblasts (MEFs) (42).  In humans, mutations in the NEMO/IKKγ locus are associated with two distinct X-linked human diseases, incontinentia pigmenti (IP) and immunodeficiencies associated or not with anhidrotic ectodermal dysplasia (ID or EDA-ID) (43,44). IP is an X-linked genodermatosis affecting almost exclusively females.  Skin defects are also often associated with ophthalmologic, odontological and neurological problems.  IP is caused in most cases by a NEMO/IKKγ locus rearrangement generating a truncated 133 aa protein devoid of activity but still able to interact with IKK.  Foetus-derived primary fibroblasts from IP patients exhibit a lack of NF-κB activation and IκBα degradation and are sensitive to TNFα-induced apoptosis (45).  A surprising feature of IP patients is X-inactivation skewing observed in peripheral blood cells, and probably in hepatocytes.  This counter-selection against cells expressing the mutated X chromosome is less complete in skin, which would account for dermatosis in IP patients, but also for the absence of immunological defects and liver damage, on the contrary of NEMO/IKKγ-/- mice.  A mouse model of IP has been generated to understand more deeply molecular events leading to IP dermatosis (46).  IP patients exhibit at birth a “mosaic skin” composed of cells expressing either wt or mutated NEMO/IKKγ.  Via an unknown mechanism, mutated cells produce proinflammatory cytokines, such as IL-1β, thereby inducing the release of TNFα from wt cells.  This induces inflammation in wt cells and apoptosis in NEMO/IKKγ mutated cells.  This would account for blisters and inflammatory responses observed in the skin in the early stages in IP pathology, followed at the end by an atrophic stage corresponding to the self-elimination of mutated cells.  EDA-ID is an X-linked pathology only affecting males.  Patients exhibit severe sensitivity to infections and abnormal development of skin adnexes.  It is caused by missense mutations or deletions affecting NEMO/IKKγ zinc finger (47).  These mutations lead to reduced but not abolished NF-κB actvation causing impaired response of blood lymphocytes to LPS or proinflammatory cytokines, thereby leading to recurrent bacterial infections (48).  B cells and NK cells also exhibit abnormalities, but T cells seem to proliferate normally.  NEMO/IKKγ mutations can also cause ID without EDA (49).     
The phenotype of IKKα-deficient mice was more surprising and raised new questions about its biological functions.  ikkα-/- mice die shortly after birth due to multiple developmental defects.  They do not exhibit liver apoptosis, but rather show defects in limb and skeletal patterning and proliferation as well as in differentiation of epidermal keratinocytes (50-52).  Cytokine-induced IκBα phosphorylation and degradation is unaffected in ikkα-/- MEFs, but conflicting results were obtained from NF-κB DNA binding activity and subsequent NF-κB target gene expression analyses: Li et al. observed a reduction of TNFα- and IL-1-induced NF-κB binding activity together with a decrease in IκBα, IL6 and M-CSF gene expression (51). However, Takeda et al. and Hu et al. reported a normal NF-κB DNA binding activity and an IL6 and IκBα synthesis (50,52).  More recently, M. Karin’s group explored more deeply the role of IKKα in keratinocyte differentiation and demonstrated that this phenomenon does not require NF-κB activation, but, instead, relies on a soluble factor production mediated by IKKα independently of its kinase activity (53). 
Taken together, these genetic studies have demonstrated that IKKβ is the major kinase phosphorylating IκBα upon pro-inflammatory cytokines stimulation, and that NEMO/IKKγ also plays a key role in IKK complex activity.  In most cases, IKKα does not seem to play a key role in the classical pathway of NF-κB activation, but instead is important for many developmental aspects independently of its kinase activity.  Subsequent studies have, however, demonstrated that IKKα kinase activity is crucial in the cytoplasm for activating the alternative NF-κB activation pathway ((54) and see above) and for RANKL-induced NF-κB activation, a key step involved in cyclin D1 expression during mammary gland development (55).  Accordingly, IKKαAA mice (which express an IKKα where its activating phosphoacceptor sites are replaced by alanines) present defects in B cell maturation as well as lymphoid organ development and mammary gland development (54,55).             
3. Nuclear role of IKK complex subunits
Very recently, several authors have demonstrated  that IKK subunits can enter the nucleus (56,57) and regulate many aspects of NF-κB dependent and independent gene expression (58).  In this chapter, we will summarize data obtained from these studies.

3.1. Nuclear role of IKKα

IKKα is the IKK complex subunit whose nuclear role has been the most extensively studied.  IKKα acts at different levels by modulating NF-κB-dependent and -independent gene expression.
3.1.1. Nuclear role of IKKα in NF-κB-dependent gene expression

IKKα was shown to regulate at least three steps of the NF-κB-dependent gene transcription.  Using laminin attachment as a NF-κB inducer in epithelial cells, Mayo’s group recently showed that IKKα mediates derepression of cIAP-2 and IL-8 gene promoters, a prerequisite that allows NF-κB-mediated transcription (59).  Indeed, in the unstimulated state, the promoters NF-κB binding sites are repressed by transcriptionally inactive p50 or p52 homodimers that recruit repressor complexes such as SMRT and HDAC3 (Figure 2). To achieve transcription, these repressors must be removed through a process called derepression.  IKKα was first shown to phosphorylate SMRT, thereby promoting its nuclear export (together with HDAC3) and degradation via the proteasome pathway, thus allowing transcriptionally active p50/p65 complexes to stimulate transcription (59).  In a second phase, IKKα phosphorylates chromatin-bound p65 Ser536, which, together with SMRT phosphorylation (SMRT rapidly returns to the chromatin-bound p50/p65 complexes after its first derepression from p50 homodimers), prevents HDAC3 recruitment to chromatin and allows p300 to acetylate p65 at lys310, which is required for full transcription (60) (Figure 2).  Altogether, these results clearly establish a nuclear role of IKKα in derepressing NF-κB target genes.  
In TNFα-stimulated mouse embryonic fibroblasts, Anest et al. and Yamamoto et al. demonstrated for the first time a recruitment of IKKα, together with p65 and CBP, onto NF-κB target genes promoters (such as IκBα, IL-8 or IL-6) (61,62).  This association induces IKKα-mediated phosphorylation of histone H3 on Ser10, triggering its subsequent acetylation on Lys14 by the IKKα-associated CBP, a crucial step in modulating chromatin accessibility at NF-κB responsive promoters (Figure 3).  Consistently, they showed that IKKα-/- MEFs are defective in TNFα-induced IκBα, IL-6 or IL-8 gene transcription (61,62).  Very recently, IKKα was also shown to be recruited onto promoters of multiple NF-κB-dependent pro-inflammatory genes in macrophages treated by LPS, and to phosphorylate histone H3 (63).  This IKKα-mediated histone H3 phosphorylation is enhanced by NIK, which appears to translocate into the nucleus upon LPS stimulation (63).  
A third role of IKKα in modulating NF-κB-dependent gene expression was discovered by Lawrence and Bebien et al. (64).  Surprisingly, these authors reported a role for IKKα in the negative regulation of macrophage activation and inflammation.  Using mice expressing an inactivable IKKα (IKKα AA), they showed that IKKα activity is crucial to limit the inflammatory response to Gram-negative infection.  Indeed, macrophages from IKKαAA/AA mice exhibit increased cytokine, chemokine, antiapoptotic and iNOS gene expression upon LPS stimulation (64).  In the same study, further molecular analysis revealed a prolonged nucleus residence of both p65 and c-Rel in macrophages from IKKα AA/AA mice stimulated by LPS, due to the abolition of p65 C-terminal phosphorylation and proteasomal degradation (64) (Figure 4).  In this case, IKKα might act as a chromatin-bound p65 C-terminal kinase responsible for p65 turnover, which, in turn, limits macrophage activation and inflammation.  This observation was partially confirmed by Verma’s group in IKKα-/- macrophages (65), although they were not able to detect LPS-induced p65 degradation and turnover.  Rather, they suggested that NF-κB hyperactivation in these cells is caused by enhanced IκB kinase activity of IKKβ in the absence of IKKα, which, in turn, increases neosynthetised IκBα degradation (65). 

3.1.2. Nuclear role of IKKα in NF-κB-independent gene expression                 
As mentioned above, IKKα is required for epidermal keratinocyte differentiation independently of its kinase activity and NF-κB activity (53).  More recently, the crucial nuclear role of IKKα in this phenomenon was delineated by Sil et al. (27).  They showed that conditional expression of WT IKKα or IKKα AA in basal keratinocytes is sufficient to rescue the morphogenetic defects of IKKα-/- mice.  Furthermore, they identified a functional nuclear localization sequence (NLS) in the IKKα kinase domain. Inactivation of IKKα NLS by mutagenesis represses keratinocyte differentiation, indicating that IKKα exerts its function within the nucleus of basal keratinocytes in the epidermis (27).  The nuclear role of IKKα was also reported on NF-κB-independent genes.  For example, IKKα mediates EGF-induced histone H3 phosphorylation at the c-fos promoter, a prerequisite to optimal c-fos gene expression (66).  IKKα also binds promoters of estrogen-responsive genes such as cyclin D1 and c-myc and activates their transcription by forming a transcription complex with the estrogen receptor ERα and the coactivator AIB1/SRC-3 (67).  Another estrogen-responsive gene implicated in cell-cycle progression, E2F1, is also regulated by IKKα (68).

3.2. Nuclear role of NEMO/IKKγ

Unlike IKKα, NEMO/IKKγ role in gene regulation has not clearly been established. NEMO/IKKγ was reported to shuttle between the cytoplasm and the nucleus in a CRM-1-dependent manner (56,69).  It competes in vitro with IKKα and p65 for binding to the nuclear coactivator CBP, thereby repressing NF-κB dependent gene expression (69).  NEMO/IKKγ also interacts with Hypoxia-inducible Factor-2α (HIF-2α) and increases its activity via p300 recruitment (70). The current knowledge on the nuclear role of NEMO/IKKγ has come from studies related to NF-κB activation by DNA damage.  Since this signalling pathway triggers IKK complex activation, the challenge in that research area has been to find what the molecular link was between DNA damage in the nucleus and IKK complex activation in the cytoplasm.  It appears that NEMO/IKKγ plays that role.  In response to DNA damage, NEMO/IKKγ undergoes a series of modifications within the nucleus.  NEMO/IKKγ is first sumoylated on Lys277 and Lys309, a modification that requires its ZF domain.  This sumoylation appears to retain NEMO/IKKγ in the nucleus where it is subsequently mono-ubiquitinated on the same residues (71,72) (Figure 5).  This ubiquitination requires NEMO/IKKγ Ser85 phosphorylation by the ATM kinase, a master regulator in cell-cycle control and DNA-damage responses.  NEMO/IKKγ ubiquitination is essential for its nuclear export, together with ATM, and for their subsequent interaction with the IKK complex in the cytoplasm via the IKK-associated protein ELKS. This induces IKK activation, NF-κB nuclear translocation and transcription of antiapototic genes (37,73) (Figure 5).  Recently, nuclear events leading to NEMO/IKKγ sumoylation upon DNA damage were highlighted.  This sumoylation is increased by PIDD, a protein implicated in cell-cycle arrest and apoptosis downstream of p53 (74).  PIDD forms a complex with NEMO/IKKγ and RIP1 in the nucleus and increases sumoylation and subsequent phosphorylation and ubiquitination of NEMO/IKKγ, which enhances NF-κB activation (75,76) (Figure 5).   
3.3.  Nuclear role of IKKβ 

IKKβ appears to be a nearly entirely cytoplasmic protein (56,69).  However, it has been demonstrated to be recruited to NF-κB-dependent promoters (61), but this observation was not confirmed by the Gaynor’s group companion paper (62).  IKKβ is also required to activate a subset of interferon γ-stimulated genes (77) and to be recruited to the hes1 promoter, a Notch-target gene (78).  In this case, IKKβ would induce phosphorylation of promoter bound IκBα (which acts as corepressor of the hes1 gene transcription) and its subsequent degradation, thereby allowing gene transcription (78). 
4. Conclusion and perspectives

The recent discoveries of nuclear functions of IκB Kinase subunits has opened up new and exciting fields of research in terms of gene regulation and signalling pathway from the nucleus to the cytoplasm.  IKKα is the protein whose nuclear role has been the most extensively investigated.  It is involved in a nuclear process called derepression, which allows removal of corepressors, and also mediates phosphorylation and acetylation of histone H3, two processes required for a fully active transcription.  IKKα can both act on NF-κB and non-NF-κB target genes, thereby making this protein a master regulator of gene expression machinery.  The main interrogation that comes out of this data arises from the total discrepancy between the phenotype of ikkα-/- mice and the strong molecular data obtained with embryonic fibroblasts from these mice.  ikkα-/- mice have no defect in NF-κB signalling and NF-κB target gene expression (as demonstrated at least by (50) and (52)),  but only display morphological abnormalities nearly completely rescued by knocking in IKKα wt or AA in epidermal keratinocytes (27).  However, two studies on ikkα-/- MEFs clearly position IKKα as an histone H3 kinase essential for NF-κB target gene expression, which would account for a phenotype resembling those of ikkβ-/- or nemo/ikkγ-/-  mice, i.e. liver apoptosis (61,62).  These discrepancies suggest that IKKα’s nuclear role is only restricted to some cell-types, and not to the majority of organs.  It should also be noted that, among the three groups that generated and characterized ikkα-/-  mice, Verma’s one was the sole to report a defect in NF-κB target gene expression in the absence of IKKα (51), an observation in accordance with results obtained later about IKKα’s nuclear function (61,62).  Another intriguing feature is that macrophages from ikkα-/- or ikkαAA/AA mice display enhanced NF-κB activation and NF-κB target gene expression, as opposed to the MEFs counterparts (64,65), highlighting a new function of IKKα in mediating p65 and c-Rel turnover in the nucleus and the cell-type dependence of IKKα’s biological function.  Once again, these data are discrepant with a very recent paper reporting that IKKα also functions as a histone H3 kinase in the mouse macrophage cell line RAW 264.7 (63), which would account for inhibition of NF-κB target genes expression, not for enhanced inflammation in macrophages from ikkα-/- or ikkαAA/AA mice.
Despite the fact that NEMO/IKKγ’s nuclear function was initially described as a mediator of NF-κB gene expression (69), most of our knowledge about its nuclear action is related to DNA damage (14).  NEMO/IKKγ, through a series of post-translational modifications (notably sumoylation), acts by relaying nuclear information to the cytoplasmic IKK complex upon genotoxic stress.  A central question about that mechanism is to understand how NEMO/IKKγ translocates into the nucleus, since sumoylation only appears to retain it in the nucleus, but does not account for its nuclear migration. Furthermore, sumoylation is a predominantly nuclear process (72).  NEMO/IKKγ does not contain any classical NLS (69), and probably relies on an unknown NLS-bearing protein to achieve its nuclear translocation that remains to be discovered.  As mentioned above, knowledge about the nuclear role of NEMO/IKKγ in regulating NF-κB-mediated gene expression remains poorly understood and needs further investigation.  Since NEMO/IKKγ interacts with CBP, it is possible that, like IKKα, it mediates acetylation events crucial in chromatin remodelling and transcription.
The nuclear role of IKKβ is even more poorly understood.  Although it is able to associate with several promoters, its exact function on chromatin is totally unknown.  Aguilera et al. have proposed a model where IKKβ phosphorylates the chromatin-bound IκBα (which acts as a repressor on some promoters), thereby allowing IκBα degradation and promoter derepression (78).  It is possible that this IκBα-mediated repression is generalized to many promoters, and that IKKβ has a crucial role for their derepression.              
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FIGURES LEGENDS

Figure 1.  Schematic structure of IKKα, IKKβ and NEMO/IKKγ.   

NLS: Nuclear Localisation Signal; HLH: Helix-Loop-Helix domain; NBD: NEMO/IKKγ binding domain; CC: Coiled-coil domains; ZF: Zinc finger domain.  See text for details.  

Figure 2.  IKKα-mediated derepression of the c-IAP-2 gene.

In unstimulated cells, c-IAP-2 promoter is repressed by the binding of transcriptionally inactive p50 dimers that tether the corepressor HDAC3 and SMRT (A).  Upon stimulation, IKKα phosphorylates SMRT, inducing its nuclear export (together with HDAC3) and proteasomal degradation (B).  This initial derepression allows transcriptonally active p50/p65 dimers to bind to the promoter, together with SMRT which rapidly returns to the nucleus.  At that time IKKα is crucial in maintaining an active derepression by phosphorylating SMRT and p65, two events necessary for preventing HDAC3 recruitment (C).  Full transcription is then achieved through IKKα-mediated phosphorylation of p65 on Ser536, which allows its acetylation by p300, a process that enhances its transactivation potential (D).  Adapted from (60). 
Figure 3.  IKKα is an histone H3 kinase.  

Upon TNFα stimulation of MEFs or LPS stimulation of mouse Raw 264.7 macrophages, IKKα enters into the nucleus, associates with p300 and binds promoters on which it phosphorylates histone H3.  This histone H3 phosphorylation is a prerequisite for its acetylation by p300, which induces chromatin remodelling and transcription.  In RAW 264.7 macrophages, NIK was also shown to enter into the nucleus and to enhance IKKα-mediated histone H3 phosphorylation (red arrows).  See text for details.

Figure 4.  IKKα contributes to the resolution of inflammation in macrophages.   

Upon activation of TLR4 signalling by bacterial products like LPS, NF-κB is activated to induce macrophage inflammatory responses.  Here, nuclear IKKα is required for the resolution of inflammation by mediating p65 turnover through its phosphorylation on Ser536.  c-Rel turnover was also observed.

Figure 5. The crucial role of NEMO/IKKγ in relaying signals from the nucleus to the cytoplasm upon DNA damage-induced NF-κB activation.
In unstimulated cells, NEMO/IKKγ shuttles constitutively between the cytoplasm and the nucleus.  Upon DNA damage, NEMO/IKKγ is sequestered into the nucleus by sumoylation, a process that requires PIDD and RIP1.  NEMO/IKKγ is then ubiquitinated and phosphorylated in an ATM-dependent fashion, which triggers its nuclear export together with ATM.  The cytoplasmic NEMO/IKKγ-ATM complex subsequently activates IKKs through binding with the regulatory protein ELKS, which allows NF-κB activation and cell survival. 
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