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Nuclear factor-kB (NF-«B) is a transcription factor that
has crucial roles in inflammation, immunity, cell pro-
liferation and apoptosis. Activation of NF-xB mainly
occurs via IkB kinase (IKK)-mediated phosphorylation of
inhibitory molecules, including IkBa. Optimal induction
of NF-«kB target genes also requires phosphorylation of
NF-«B proteins, such as p65, within their transactivation
domain by a variety of kinases in response to distinct
stimuli. Whether, and how, phosphorylation modulates
the function of other NF-xB and IkB proteins, such as
B-cell lymphoma 3, remains unclear. The identification
and characterization of all the kinases known to
phosphorylate NF-kB and IkB proteins are described
here. Because deregulation of NF-«xB and IkB phos-
phorylations is a hallmark of chronic inflammatory
diseases and cancer, newly designed drugs targeting
these constitutively activated signalling pathways
represent promising therapeutic tools.

Cellular responses to bacterial or viral infections and to
stress require rapid and accurate transmission of signals
from cell-surface receptors to the nucleus [1]. These
signalling pathways rely on protein phosphorylation
and, ultimately, lead to the activation of specific transcrip-
tion factors that induce the expression of appropriate
target genes. Among the activated transcription factors,
the nuclear factor-«B (NF-kB) family proteins are essen-
tial for inflammation, immunity, cell proliferation and
apoptosis. NF-kB exists in a latent state in the cytoplasm
and requires a signalling pathway for activation. Such
NF-kB-activating pathways are triggered by a variety of
extracellular stimuli and lead to the phosphorylation and
subsequent proteasome-mediated degradation of inhibi-
tory molecules, the inhibitor of NF-kB (IkB) proteins [2].
Activated NF-kB migrates into the nucleus to regulate the
expression of multiple target genes. The NF-«B-IkB
complex can also shuttle between the cytoplasm and the
nucleus in unstimulated cells, but the nuclear export is
more efficient and, therefore, the NF-«kB-IkB complex is
mainly cytoplasmic in resting cells.

Here, we tentatively demonstrate the key role of
protein phosphorylation in NF-kB activation. We
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summarize the current knowledge in this field, namely
all the kinases known to phosphorylate the NF-kB and IxB
proteins, including recent data regarding B-cell lym-
phoma 3 (BCL-3) phosphorylation. In addition, we
illustrate how deregulation of NF-kB and IkB phosphoryl-
ation is crucial in inflammation and cancer, and suggest
potential targets for the design of new and specific
therapeutic agents.

Three NF-kB-activating pathways

Three distinct NF-kB-activating pathways have emerged,
and all of them rely on sequentially activated kinases
(Figure 1). The first pathway —the classical pathway — is
triggered by pro-inflammatory cytokines such as tumour
necrosis factor (TNF)-o and leads to the sequential
recruitment of various adaptors including TNF-receptor-
associated death domain protein (TRADD), receptor-
interacting protein (RIP) and TNF-receptor-associated
factor 2 (TRAF2) to the cytoplasmic membrane [3]. This
is followed by the recruitment and activation of the
classical IkB-kinase (IKK) complex [4], which includes
the scaffold protein NF-kB essential modulator (NEMO;
also named IKKYy) [5], IKKa and IKK kinases [6]. Once
activated, the IKK complex phosphorylates IxBo on Ser32
and Ser36, and is subsequently ubiquitinated and
degraded via the proteasome pathway. A second pathway
—the alternative pathway — is NEMO-independent and is
triggered by cytokines such as lymphotoxin B [7], B-cell
activating factor (BAFF) [8] or the CD40 ligand [9]
(Figure 1) and by viruses such as human T-cell leukaemia
virus [10] and the Epstein—Barr virus [11]. This signalling
pathway relies on the recruitment of TRAF proteins to the
membrane and on the NF-kB-inducing kinase (NIK) [12],
which activates an IKKo homodimer — the substrate of
which is the ankyrin-containing and inhibitory molecule
p100 [13]. Once phosphorylated by IKKa on specific serine
residues located in both the N- and C-terminal regions
[14], p100 is ubiquitinated and cleaved to generate the
NF-kB protein p52, which moves as heterodimer with
RelB into the nucleus. In both cases, phosphorylation of
the inhibitory molecules is essential for the activation of
NF-kB, and this has been demonstrated by the inability
of cells expressing an IkBa mutant that does not become
phosphorylated to activate NF-«B [15].
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Figure 1. The classical (blue arrows), alternative (green arrows) and atypical (purple arrows) NF-kB-activating pathways as illustrated by the TNF-a-mediated, CD40-mediated
and DNA-damage-mediated NF-«B activation pathways, respectively. In the classical NF-kB-activating pathway, upon binding of TNFa to TNFR1, SODD is released from the
receptor and triggers the sequential recruitment of the adaptors TRADD, RIP and TRAF2 to the membrane. Then, TRAF2 mediates the recruitment of the IKK complex —
composed of IKKe, IKKB and NEMO —to the TNFR1 signalling complex. Hsp90 and Cdc37 are also part of the IKK complex and are required for the TNFa-induced IKK activation
and shuttling of the IKK complex from the cytoplasm to the membrane, and ELKS connects IkBa to the IKK complex [83]. Activation of the IKK complex leads to the
phosphorylation of IkBa at specific residues, ubiquitination through binding of ubiquitin proteins and degradation of this inhibitory molecule via the proteasome pathway.
Then, the heterodimer p50-p65 is released and migrates to the nucleus where it binds to specific kB sites and activates a variety of NF-xB target genes, including IL-8, IL-6,
TNFa and many more. The alternative pathway is triggered by binding of the CD40 ligand to its receptor, leading to recruitment of TRAF proteins and the sequential activation
of NIK and IKKe, which then induces the processing of the inhibitory protein p100. p100 proteolysis releases p52 which forms heterodimers with RelB. This pathway is NEMO-
independent and relies on IKKo. homodimers. The atypical pathway, which is triggered by DNA damage such as UV, relies on sequential p38 and CK2 activations, and involves
phosphorylation and subsequent IkBa. degradation via an IKK-independent pathway. Subsequently, free NF-kB moves into the nucleus to activate its target genes. Note that
the DNA-damaging agent doxorubicin also triggers p65 phosphorylation via a p53- and RSK1-dependent pathway (not shown). Phosphorylation of the signalling molecules
in addition to NF-kB and IxB proteins are illustrated. Abbreviations: CK2, casein kinase 2; ELKS, Glu-Leu-Lys-Ser; Hsp90, heat shock protein 90; IkB, inhibitor of NF-kB; IKK, IxB
kinase; NEMO, NF-kB essential modulator; NF-kB, nuclear factor-cB; NIK, NF-kB-inducing kinase; RIP, receptor-interacting protein; RSK1, ribosomal S6é kinase 1; SODD,
silencer of death domains; TNF-a, tumour necrosis factor o; TNFR1, TNF receptor 1; TRADD, TNF-receptor-associated death domain protein; TRAF, TNF-receptor-associated
factor; Ub, ubiquitin.

Atypical IkBa phosphorylations for NF-«xB activation

Most stimuli activate NF-kB by IKK-mediated IkBa
phosphorylation on N-terminal serine residues. The
third signalling pathway is classified as atypical because
it is independent of IKK, still requires the proteasome and
is triggered by DNA damage such as UV [16] or
doxorubicin [17] (Figure 1). UV radiation induces IkBa
degradation via the proteasome, but the targeted serine
residues are located within a C-terminal cluster, which is
recognized by the p38-activated casein kinase 2 (CK2)
[16]. Oxidative stress also leads to NF-kB activation via
IkBa tyrosine phosphorylation [18]. The N-terminal Tyr42
residue is crucial for this pathway [19], and the Syk
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protein tyrosine kinase seems to be required for HyOo-
mediated NF-«B activation [20]. All of these phosphoryl-
ation events are signal-induced. However, IkBa is also
constitutively phosphorylated on Ser293 within its
C-terminal Pro-Glu-Ser-Thr sequence by CK2, and this
phosphorylation is required for rapid proteolysis of IxBa
[21-23].

Phosphorylations of other IkB proteins

All these reports convincingly demonstrate that phos-
phorylation of IkB proteins such as IkBa and pl00 is
essential for NF-«B activation. The inhibitory molecule
IkBpB is also targeted for phosphorylation on Serl9 and
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Ser23 by the IKK complex [24] and this phosphorylation
triggers IxkBp degradation — similar to IKK-mediated IxBe
phosphorylation of N-terminal serine residues [25].

The ankyrin-containing and inhibitory molecule p105
is also subjected to TNFo and IKK-mediated phosphoryl-
ation on Ser927 and Ser932 [26] (Figure 2). This
phosphorylation is required for subsequent p105 ubiqui-
tination and processing into the NF-kB protein p50 [26]. In
addition, glycogen synthase kinase 3 (GSK3p) phosphor-
ylates p105 on Ser903 and Ser907 and stabilizes p105 by
preventing its degradation in unstimulated cells [27].
However, GSK3B-mediated p105 phosphorylation is
required to prime IKK-mediated p105 phosphorylation
and subsequent degradation upon TNFo treatment [27].
Therefore, GSK3B exerts a dual role towards pl05,
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depending on whether or not the cells are stimulated
[27]. The mitogen-activated kinase kinase kinase
(MAP3K) Tpl2 (also named Cot) is another kinase that
regulates p105 phosphorylation and subsequent degra-
dation [28]. Although Tpl2 fails to phosphorylate p105
in vitro, it might affect pl05 phosphorylation via a
downstream kinase [28]. Interestingly, pl05 interacts
and governs Tpl2 stability in the MAP kinase signalling
pathway [29]. Lipopolysaccharide (LPS)-mediated Tpl2
activation involves the dissociation of Tpl2 from pl05,
which requires IKKB but not IKKa [30], and leads to
subsequent Tpl2 degradation. Therefore, p105 phos-
phorylation is a key event in the LPS-stimulated mito-
gen-activated kinase (MAPK)/extracellular signal-related
kinase (ERK) kinase (MEK) and ERK signalling cascade.
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Figure 2. The p105-dependent pathways. The p105 inhibitory molecule is a phosphoprotein involved in three signalling pathways. (1) The first (purple arrows) relies on GSK3,
which phosphorylates and stabilizes p105 in resting cells. This primo-phosphorylation also triggers p105 processing upon IKK-mediated phosphorylation in stimulated cells.
(2) The second (blue arrows) occurs upon binding of TNFa to the TNFR1, which activates the IKK complex by the sequential recruitment of TRADD, RIP and TRAF2 to the
membrane. IKKB-mediated phosphorylation of p105 triggers its processing into p50; p50, in turn, moves as a heterodimer with p65 into the nucleus. (3) The third pathway
(green arrows) is Tpl2-dependent and occurs through the TLR4 in LPS-stimulated cells. This treatment triggers the phosphorylation of the kinase IRAK by IRAK4 through a
Tollip and a MyD88-dependent pathway, and leads to the activation of Tpl2, which phosphorylates its interacting partner p105. Activated Tpl2 activates ERK1/2 through a
MEK1 pathway, leading to the binding of the transcriptional factor CREB to the regulatory sequences of its target genes. Tpl2 is quickly degraded once activated.
Abbreviations: CREB, cAMP response element-binding; ELKS, Glu-Leu-Lys-Ser; ERK, extracellular signal-related kinase; GSK3, glycogen synthase kinase 3; Hsp90, heat shock
protein 90; IkB, inhibitor of NF-«B; IKK, I-«B kinase; IRAK, interleukin-1-receptor-associated kinase; LPS, lipopolysaccharide; MEK, mitogen-activated kinase/ERK kinase;
NEMO, NF-kB essential modulator; NF-xB, nuclear factor-kB; RIP, receptor-interacting protein; SODD, silencer of death domains; TLR, Toll-like receptor; TNF, tumour necrosis
factor; TNFR1, TNF receptor 1; Tpl2, tumour progression locus-2; TRADD, TNF-receptor-associated death domain protein; TRAF, TNF-receptor-associated factor; Ub,
ubiquitin.
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Other IkB proteins include BCL-3 and IkB{¢ [31], they
harbour ankyrin repeats but are constitutively nuclear,
and are described as transcription factors. IkB{ is required
for the expression of a subset of genes that are activated in
Toll-like receptor (TLR) and interleukin (IL)-1 receptor
signalling pathways, as judged by the severe impairment
of IL-6 production in response to a variety of TLR ligands
and to IL-1B in IkB{-deficient cells [32]. Both BCL-3 and
IkB{¢ proteins are phosphorylated in vivo, but potential
kinases have not yet been characterized. Moreover, it is
not clear whether, and how, these phosphorylation events
modulate NF-«B activation. However, recent data demon-
strate that BCL-3 is constitutively phosphorylated by
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GSK3 on two C-terminal residues [33]. GSK3-mediated
BCL-3 phosphorylation targets the degradation of BCL-3
via the proteasome pathway and, therefore, limits its
expression. This BCL-3 phosphorylation inhibits its
oncogenicity and modulates its ability to regulate a subset
of target genes [33]. Therefore, phosphorylation is a key
mechanism for the regulation of BCL-3 activity.

Optimal NF-kB activation by phosphorylation of p65

Besides the phosphorylation and subsequent degradation
of inhibitory molecules, protein kinases are also required
for optimal NF-kB activation by targeting functional
domains of NF-kB proteins themselves. These additional
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Figure 3. Modulation of the transcriptional activity of p65 by phosphorylation. Upon stimulation by TNFa, a pro-inflammatory cytokine, the IKK complex is activated (1) and
phosphorylates p65 at Ser536. Because IKKa also moves into the nucleus to modulate NF-«B activity [84,85], it is currently unclear whether IKK-mediated p65 phosphorylation
occurs in the cytoplasm and/or in the nucleus. TNFa also triggers MSK1-mediated phosphorylation of p65 a Ser276 in the nucleus via an ERK-dependent pathway (2). The
kinases TBK1, GSK3 and PKC{ also phosphorylate p65 (3) as shown by the defects of TNFa-mediated NF-kB activation in their respective knock-out mice. CK2-mediated p65
phosphorylation also occurs upon TNFa stimulation (4). Finally, treatment with this cytokine also activates the PI3K-Akt signalling pathway, which phosphorylates p65
through a p38 and IKKB-dependent, or an IKKa-dependent, mechanism (5). The DNA-damaging drugs trigger RSK1 activation, the substrates of which include p65 (6). All
these p65 phosphorylations enhance its transactivation potential by positively regulating p65 interactions with co-activators such as CBP and p300. NF-xB target genes are
subsequently induced following the recruitment of the initiation complex that includes the TATA-binding protein TBP, TFIIA, -B,-E,-F,-H, the TAFs in addition to RNA pol Il on
the promoter. Note that lymphotoxin B also triggers p65 phosphorylation through a NIK- and IKKz-dependent pathway that is not illustrated in this figure. Arrows indicating
the pathways are: brown, pathway 1; dark blue, pathway 2; purple, pathway 3; green, pathway 4; light blue, pathway 5; orange, pathway 6. Abbreviations: CK2, casein kinase
2; CBP, CREB-binding protein; CREB, cAMP response element-binding; ERK, extracellular signal-related kinase; GSK3, glycogen synthase kinase 3; IkB, inhibitor of NF-kB;
IKK, I-kB kinase; MSK1, mitogen- and stress-activated protein kinase-1; NEMO, NF-kB essential modulator; NF-kB, nuclear factor-«B; PI3K, phosphatidylinositol 3-kinase; PKA,
protein kinase A; PKC, protein kinase C; RNA pol Il, RNA polymerase Il; RSK1, ribosomal S6 kinase 1; TAF, TBP-associated factor; TBK1, TRAF-associated NF-kB activator
(TANK)-binding kinase 1; TNF, tumour necrosis factor; TF, transcription factor; TNFR1, TNF receptor 1; TRAF, TNF-receptor-associated factor; Ub, ubiquitin.
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pathways explain why cells lacking kinases such as
GSK3B and TRAF-associated NF-kB activator (TANK)--
binding kinase 1 (TBK1; also named T2K or NAK) have
defects in NF-kB activation despite an unaltered profile of
IkBa phosphorylation and degradation in response to
TNFa [34,35]. Therefore, it is assumed that both GSK3p
and TBK1 kinases target p65 for phosphorylation and
enhance its transactivation potential. Indeed, this hypoth-
esis has been confirmed experimentally, at least, in vitro
[36,37,38]. In the case of GSK3p, it is worth mentioning
that the GSK3B-mediated p65 phosphorylation awaits
validation by in vivo studies. If such data are confirmed
in vivo, this observation indicates that GSK3p is import-
ant for the modulation of NF-kB and IkB phosphorylations
because at least three proteins of this family (p65, p105
and BCL-3) are phosphorylated by this kinase. Therefore,
GSK3p inhibits BCL-3 function by targeting its degra-
dation via the proteasome pathway but, by contrast,
participates in the functional activation of p65. In other
words, GSK3p could favour a rapid NF-«kB activation wave
by targeting a TNFa- and p65-dependent pathway and
limit NF-kB activation in unidentified BCL-3-dependent
pathways.

Numerous other studies have reported the ability of
various kinases to phosphorylate p65. These p65 phos-
phorylation events occur in the cytoplasm or in the
nucleus and are stimuli-specific and, probably, cell-type-
specific (Figure 3). In the cytoplasm, the protein kinase
PKAc is maintained in an inactive form by binding to
IkBa. After stimulus-induced IkBa-degradation, activated
PKAc phosphorylates p65 on Ser276 [39]. This phos-
phorylation of p65 enhances its ability to recruit histone
acetyltransferases such as cAMP response element-bind-
ing (CREB)-binding protein (CBP) and p300 [40] and to
displace p50-histone deacetylase (HDAC)-1 complexes
from DNA [41]. Therefore, PKAc-mediated phosphoryl-
ation positively regulates the transactivation potential of
p65 [40,41]. Ser276 of p65 is also phosphorylated by the
mitogen- and stress-activated protein kinase-1 (MSK1) in
the nucleus, and this phosphorylation is required for an
optimal TNFa-mediated NF-kB activation [42]. Thus, a
single p65 residue is targeted by two kinases in distinct
cellular compartments.

Ser311 is another residue within the N-terminal Rel
homology domain (RHD) domain that is targeted for
phosphorylation by another kinase — protein kinase C
(PKC)-¢ — in TNFa-stimulated cells [43]. Similar to the
mechanism described for PKAc, PKC¢-mediated phos-
phorylation of p65 enhances its interaction with CBP and
its recruitment with RNA polymerase II on the IL-6
promoter [43]. As a result, this phosphorylation causes
optimal p65 transactivation potential as demonstrated by
the defect of NF-«kB activation in TNFa-stimulated mouse
embryonic fibroblast (MEF) PKC{ ™/~ cells, despite
unaltered IKK activation [44].

IL-1B stimulation also triggers p65 phosphorylation
within minutes in the cytoplasm and CK2 activity
associated with this NF-kB protein has been reported
[45]. This cytoplasmic CKII activity is also associated with
p65 upon TNFa stimulation and targets Ser529 of this
substrate [46]. Moreover, this phosphorylation requires
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IkBa degradation and is prevented by p65 binding to IkBa.
in unstimulated cells [46].

In addition, p65 is phosphorylated at Ser536 by a
variety of kinases via various signalling pathways. In
most cases, these phosphorylations enhance p65 transac-
tivation potential. Upon stimulation by TNFa [47] or the
human T-cell lymphotropic virus type 1 Tax protein [48],
activation of the IKK complex leads to phosphorylation of
p65 at Ser536. Interestingly, whereas TNFa-mediated p65
phosphorylation requires IKKp, the oncoprotein Tax relies
on IKKa [48]. IKKa also phosphorylates p65 at Ser536 in
lymphotoxin-f-stimulated cells, and this pathway
requires the MAP3K NIK [49]. This mechanism, combined
with altered pl00 processing into p52, accounts for the
defect of lymphotoxin-B receptor-induced NF-«B acti-
vation in NIK-deficient mice [50]. The IKKB-mediated
phosphorylation of p65 also occurs at Ser536 upon T-cell
co-stimulation by the T-cell receptor. This requires the
upstream kinases Tpl2 and PKC6, but not the phospha-
tidylinositol 3-kinase (PISK)-Akt pathway, and regulates
p65 nuclear import [51]. The PI3K-dependent pathway,
which involves Akt (also known as protein kinase B), also
targets the transactivating domain of p65 upon IL-1
stimulation [52-54]. The identity of the downstream
effectors of PISK and Akt required for this pathway is
controversial because both IKKB and p38 have been
suggested to be involved [52]. However, the use of IKKa-
and/or IKKB-deficient MEF cells suggests that IKKa is the
only kinase required downstream of PI3K and Akt for p65
phosphorylation [54]. Most of these p65 phosphorylations
occur upon stimulation by pro-inflammatory cytokines,
but other molecules such as DNA-damaging agents, in
addition to their ability to target IxBa degradation via an
IKK-independent pathway [16], also lead to p65 phos-
phorylation [55]. Indeed, drugs such as doxorubicin or
etoposide activate NF-«B via a p53-dependent pathway
that relies on a ribosomal S6 kinase 1-mediated p65
phosphorylation at Ser536 [55]. As a result, the affinity of
p65 for IkBa and, consequently, the IkBoa-mediated
nuclear export of NF-«B are reduced [55].

It is likely that other, as yet unidentified, p65 kinases
are involved, such as one that phosphorylates p65 at
Ser468 upon T-cell co-stimulation [56]. Nevertheless, all
the reports to date illustrate a crucial role for p65
phosphorylation in NF-kB activation. It is worth mention-
ing, however, that these p65 phosphorylation data were
obtained using different cell lines and it is unclear
whether all these p65 phosphorylations occur simul-
taneously in vivo across different cell types. Moreover, it
remains to be experimentally demonstrated whether or
not p65 phosphorylation on all these sites is required for
optimal NF-kB activity. Careful phenotypic analysis of
mice deficient for p65 kinases has indicated that there
might be several redundancies in kinase action. Recon-
stitution of p65-deficient cells with various p65 proteins
harbouring point mutations at their phosphorylable
residues is an elegant way to identify the targeted amino
acid that is required for the p65 transactivation potential.
This experimental strategy has been conducted, and
Ser276 of p65 has been identified as the most important
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Table 1. Kinases known to phosphorylate the NF-kB and I«B proteins®”

Substrates  Kinases Residues Location Function Biological Refs
stimuli
kB IKKB Ser32, Ser36 N-terminal domain Proteasome-mediated degradation  TNFq, IL-18 [6]
CK2 Ser293 PEST domain Destabilization Constitutive [21-23]
Syk Tyrd2 N-terminal domain H,0, [20]
CK2 Ser283-Thr299 PEST domain Degradation UV light [16]
1xBB IKKB Ser19, Ser23 N-terminal domain Proteasome-mediated degradation  TNFe, IL-18 [24]
IkBe IKKB Ser18, Ser22 N-terminal domain Proteasome-mediated degradation  TNFa, IL-1B [25]
p100 IKKa Ser108, Ser115, N- and C-terminal Processing into p52 CDA40, BAFF, [7-9]
Ser123, Ser872 domains lymphotoxin
p105 IKKB Ser927, Ser932 PEST domain Processing into p50 TNFo [26]
Tpl2 Indirect Processing into p50? Unknown [28]
phosphorylation
GSK3p Ser903, Ser907 Stabilization Constitutive [27]
BCL-3 GSK3 Ser394, Ser398 C-terminal domain Proteasome-mediated degradation  Constitutive [33]
RelA/p65 PKAc Ser276 Rel homology domain  Regulation of DNA-binding and LPS [39]
oligomerization
MSK1/2 Ser276 Rel homology domain  Enhanced transactivation potential TNFa [42]
PKC¢ Ser311 Rel homology domain  Enhanced transactivation potential TNFa [43]
Unknown  Ser468 Unknown T-cell co- [51]
stimulation
(CD3/CD28)
CK2 Serb29 C-terminal TAD Enhanced transactivation potential TNFa, IL-18 [45.46]
IKKa. Serb36 C-terminal TAD Enhanced transactivation potential HTLV-1 [48.49]
infection,
lymphotoxin
IKKB Serb36 C-terminal TAD Enhanced transactivation potential TNFa, T-cell [47]
co-stimulation
(CD3/CD28)
Akt Serb36 C-terminal TAD Enhanced transactivation potential  IL-1B [62.53]
RSK1 Ser536 C-terminal TAD Decreased affinity to IkBa. DNA- [55]
damaging
agents
GSK3B Four sites within C-terminal TAD Enhanced transactivation potential  Constitutive [36]
amino acids
354-551
TBK1 Serb36 C-terminal TAD Enhanced transactivation potential  IL-18 [37.38]
IKKe Serb36 C-terminal TAD Enhanced transactivation potential  IL-18 [38]
RelB Unknown  Ser368 Rel homology domain  Dimerization and p100 stabilization [60]
Unknown  Thr84, Ser552 Degradation T-cell co- [61]
stimulation
(CD3/CD28),
TPA/
ionomycin
Crel PIBK/PKC  Ser471 C-terminal TAD Enhanced transactivation potential TNFa [64]
PKA-CB Unknown C-terminal TAD Enhanced transactivation potential Unknown [66]
Unknown  Unknown G-CSF [67]
tyrosine
p50 PKAc S337 Rel homology domain  Enhanced binding to DNA [69]

2Abbreviations: BAFF, B-cell activating factor; CK2, casein kinase 2; G-CSF, granulocyte-colony stimulating factor; GSK3, glycogen synthase kinase 3; HTLV-1, human T-cell
leukaemia virus type-1; IkB, inhibitor of NF-kB; IKK, I-kB kinase; IL-1B, interleukin-1B; LPS, lipopolysaccharide; MSK, mitogen- and stress-activated protein kinase; NF-xB,
nuclear factor-kB; PEST, Pro-Glu-Ser-Thr; PI3K, phosphatidylinositol 3-kinase; PKA, protein kinase A; PKC, protein kinase C; RSK1, ribosomal S6 kinase 1; TBK1, TRAF-
associated NF-«xB activator (TANK)-binding kinase 1; TNFa, tumour necrosis factor o; TPA, 12-O-tetradecanoylphorbol 13-acetate; Tpl2, tumour progression locus-2; TRAF,

TNF-receptor-associated factor.

The consequences of these phosphorylations on the activity of the NF-kB and IkB proteins are mentioned when experimentally described.

phosphorylated residue for NF-kB-mediated gene acti-
vation in TNFa-stimulated MEF cells [57].

Interestingly, although it is now accepted that NF-xB
harbours anti-apoptotic properties in most cases, some
stimuli such as UV light and chemotherapeutic drugs
paradoxically repress NF-«kB anti-apoptotic target gene
transcription by enhancing the association of p65 with the
HDAC proteins [58]. However, this observation cannot be
generalized to every cell type and might be cell-type
specific. So, how can the same protein (i.e. p65) sometimes
activate transcription of a gene but, in other circum-
stances, repress transcription of the same gene? The
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explanation might come from differential p65 phosphoryl-
ations triggered by chemotherapeutic drugs, as compared
with the ones triggered by pro-inflammatory cytokines
[58], even if Ser536 is targeted in both pathways (as
described). Again, precise mapping of the targeted p65
residues will help to better understand how protein
phosphorylation can modulate the ability of p65 to
activate or repress anti-apoptotic gene expression by
recruiting histone acetylases or deacetylases, respectively.
Furthermore, phosphorylation of other NF-kB proteins
might affect the ability of NF-«B to activate or repress
these genes, as demonstrated by the fact that, similarly to
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p65, p52 undergoes the same transcriptional switch from
activator to repressor upon induction of endogenous p53 in
response to UV light [59].

The crucial role of phosphorylation in the regulation of
RelB and c-Rel activity

Multiple residues of the NF-kB protein RelB are phos-
phorylated. Ser368 seems to be essential for RelB
dimerization and pl00 stabilization, but not for RelB
nuclear import [60]. However, the kinase that targets this
site has not been identified. Phosphorylation of RelB at
Thr84 and Ser552 in cells stimulated by 12-O-tetradeca-
noylphorbol 13-acetate and ionomycin triggers degra-
dation of RelB via the proteasome pathway but, again,
the identity of the kinase that phosphorylates RelB at
these residues is unknown at present [61]. What are the
consequences of these RelB phosphorylations on NF-xB
activation via the IKKa-dependent alternative pathway?
Which NF-kB target genes are regulated by RelB
phosphorylation? Such issues are currently unclear and
certainly deserve further investigation.

The role of protein phosphorylation in the regulation of
c-Rel activity has been demonstrated by the inability of a
v-Rel protein with Ser— Ala substitutions within its
C-terminal domain to transform cells [62]. This mutation
also abolishes the transactivating and anti-apoptotic
abilities of this protein, suggesting that phosphorylation
of these serine residues might be required for v-Rel
function [63].

In Jurkat cells, a mutation at Ser471 within the cRel
transactivating domain abolishes the ability of these cells
to respond to TNFa-mediated NF-«B activation [64].
Serd71 seems to be targeted for phosphorylation by a
PI3K- and PKC-dependent pathway [64]. Interestingly,
additional downstream residues might also be targeted
after phorbol myristate acetate and ionomycin stimulation
[65]. Moreover, the kinase PKA-CB enhances c-Rel
transactivation potential by direct phosphorylation, but
the targeted amino acid remains to be identified [66].
Finally, stimulation of neutrophils with granulocyte-
colony-stimulating factor (G-CSF) leads to tyrosine phos-
phorylation of c-Rel and might increase its ability to bind
DNA, but both the kinase and the phosphorylated residue
are unknown [67]. Taken together, these reports demon-
strate that protein phosphorylation is crucial for the
regulation of the biological properties of c-Rel, namely its
transactivation and oncogenic potential. It is, however, not
known which of the anti-apoptotic genes that are induced
by c-Rel are sensitive to phosphorylation of this protein.

p50 and p52 NF-kB subunits are phosphoproteins

Although much has been reported regarding the phos-
phorylation of p65, and to a lesser extend RelB and c-Rel,
there is little information about the phosphorylation of
other NF-«B proteins, despite the fact that it has been
known for many years that members of the NF-«B family
(e.g. p50) are phosphorylated upon cell stimulation [68].
Because p50 lacks a transactivating domain, protein
phosphorylation regulates its DNA-binding properties.
Indeed, PKA-mediated phosphorylation at Ser337, which
is located within the Rel homology domain, enhances the
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p50 DNA-binding abilities [64]. So far, this is the only
reporting of a potential p50 kinase, although the sequence
surrounding the targeted residue also fits the profile of
several other kinases such as calmodulin II, CK2 and
protein kinase G [69]. Thus, additional experiments are
required to address the physiological relevance of these
putative p50 phosphorylations. All the kinases known to
phosphorylate the NF-kB and IkB proteins are summar-
ized in Table 1.

Implications of NF-kB and IkB phosphorylation in
inflammation and cancer
Because NF-kB is activated by pro-inflammatory cyto-
kines, induces cell proliferation and anti-apoptotic gene
expression, and also enhances angiogenesis via vascular
endothelial growth factor expression, it is not surprising
that aberrant NF-kB activity is a hallmark of cancer and
chronic inflammatory diseases. Altered NF-«B activation
is caused by deregulated, and often constitutive, NF-«B
and IkB phosphorylations, which are major contributors to
these diseases. Indeed, constitutive IKK activity and
consequently enhanced levels of nuclear p65 have been
described in inflammatory diseases [70] and in a variety of
solid tumours [71-74]. It is, however, unclear as to
whether constitutive p65 phosphorylation is also observed
in human cancer cells. Nevertheless, phosphorylation of
NF-kB proteins is required for their oncogenicity — as
demonstrated for v-Rel [63] — and also for p65 phosphoryl-
ation at Ser536 in a model of TNFa-induced transform-
ation of mouse epidermal cells [75]. Recently, the role of
NF-kB activation in tumour development has been
demonstrated using various animal models, including a
mouse model of colitis-associated cancer [76]. Deletion of
IKKp in intestinal epithelial cells leads to a dramatic
decrease in tumour incidence in such models, whereas
deletion of IKKp in myeloid cells in these mice results in
decreased tumour size by diminished expression of pro-
inflammatory cytokines that act as tumour growth factors
[76]. These results highlight the ability of IKKp to link
inflammation and cancer [76] and provide additional
evidence for specific inactivation of NF-«B as a promising
tool to attenuate the formation of inflammation-associated
tumours. A similar conclusion was based on a mouse
model for hepatitis-associated cancer [77]. Mdr2 '~ mice,
which spontaneously develop hepatitis and subsequently
hepatocellular carcinoma, still develop hepatitis but
rarely cancer when NF-kB is specifically inactivated
using an IkBa super-repressor transgene [77]. Therefore,
IKK-dependent constitutive NF-«B activation is required
for tumour development. However, phosphorylation can
also negatively regulate the oncogenicity of IxB proteins.
Indeed, GSK3-mediated BCL-3 phosphorylation attenu-
ates its oncogenic potential by triggering its degradation
via the proteasome pathway [33]. Moreover, GSK3
phosphorylation of this oncoprotein affects the ability of
BCL-3 to induce a subset of its cancer-relevant target
genes such as secretory leucocyte protease inhibitor [33].
Therefore, these aberrant and often constitutive NF-«B
and I«B phosphorylations represent promising targets for
the treatment of chronic inflammatory diseases and
cancer. Selective IKK inhibitors, such as BMS-345541,
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have been generated and have shown anti-inflammatory
activities in vivo that make them, potentially, efficient
drugs for rheumatoid arthritis [78]. Regarding the treat-
ment of cancer, effective drugs for acute leukaemia, such
as the pyrimidine analogue cytosine arabinoside, induces
apoptosis in treated cells, and the underlying mechanism
involves the activation of the protein phosphatases 2A and
2B-A and the subsequent p65 dephosphorylation [79,80].
Preventing NF-kB and IkB phosphorylation is also
possible with the administration of a cell-permeable
peptide that disrupts the interaction between a kinase
and its scaffold protein, making the kinase non functional
[81]. Such a peptide that targets the interaction between
IKKB and the scaffold protein NEMO inhibits cytokine-
induced NF-kB activation and shows promising effects in
two models of acute inflammation, namely the phorbol-12-
myristate-13-acetate-induced ear edaema and the zymo-
san-induced peritonitis [81]. Because of the important role
of NF-kB in osteoclast differentiation, blocking the
activation of this transcription factor is also a good
strategy for prevention of inflammatory bone resorption.
Therefore, the cell-permeable peptide has also been tested
in models of chronic inflammatory diseases involving bone
resorption and it does, indeed, inhibit RANKL (receptor
activator of NF-kB ligand)-stimulated NF-«B activation
and osteoclastogenesis in vivo [82]. Moreover, this peptide
abrogates joint swelling and reduces destruction of bone
and cartilage by lowering levels of TNFa and IL-18 in the
same experimental model [82]. Although other strategies
such as proteasome inhibition have been developed to
block NF-«B activation and have already demonstrated
their efficiency in clinical trials, the inhibition of NF-kB-
activating kinases might be more specific and, therefore,
could generate fewer side effects. However, deciphering
the correct biological and pathophysiological roles of each
kinase is required to test these novel drugs in the most
appropriate settings and, therefore, to reduce the risk of
trial failures.

Future directions

Although many phosphorylation sites on NF-kB proteins
have been characterized, it is still unclear how these
phosphorylations regulate the ability of such proteins to
induce or to repress defined target genes. The answers
might come from the use of knock-in experiments in which
a mouse expressing mutant NF-«B proteins that lack key
phosphorylation sites is generated. Phenotypic analysis of
these mice would provide a powerful biological model to
address the regulation of NF-kB protein activities by
phosphorylation in vivo.
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