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The IKK kinase complex is the core element of the NF-kB cascade. It is essentially made of
two kinases (IKKa and IKKB) and a regulatory subunit, NEMO/IKKy. Additional components
may exist, transiently or permanently, but their characterization is still unsure. In addition, it
has been shown that two separate NF-kB pathways exist, depending on the activating signal
and the cell type, the canonical (depending on IKKB and NEMO) and the noncanonical
pathway (depending solely on IKKa). The main question, which is still only partially
answered, is to understand how an NF-kB activating signal leads to the activation of the
kinase subunits, allowing them to phosphorylate their targets and eventually induce
nuclear translocation of the NF-kB dimers. | will review here the genetic, biochemical,
and structural data accumulated during the last 10 yr regarding the function of the three

IKK subunits.

F-kB represents a family of transcription

factors that are normally kept inactive
in the cytoplasm through interaction with
inhibitory molecules of the IkB family. In
response to multiple stimuli such as inflamma-
tory cytokines, bacterial or viral products, or
various types of stress, the IkB molecules
become phosphorylated on two critical serine
residues. This modification allows their
polyubiquitination and destruction by the
proteasome. As a consequence, free NF-«kB
enters the nucleus and activates transcription
of a variety of genes participating in the
immune and inflammatory response, cell adhe-
sion, growth control, and protection against
apoptosis.

The kinase(s) responsible for the phos-
phorylation of the IkB inhibitors remained
elusive for many years, until the biochemical
purification of a cytoplasmic high-molecular-
weight complex migrating around 700—900 kDa
and containing two related catalytic subunits,
IKKa and IKKB (Chen et al. 1996; Didonato
et al. 1997). An additional component of the
so-called IKK complex, NEMO/IKKYy (there-
after referred to as NEMO), has subsequently
been identified through genetic complementa-
tion of an NF-kB activation-defective cell line
(Yamaoka et al. 1998) and sequencing of
IKK-associated polypeptides (Rothwarf et al.
1998; Mercurio et al. 1999). Although NEMO
does not have catalytic properties, cell lines
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defective for NEMO do not activate NF-kB in
response to many stimuli, demonstrating the
key role of this protein in activating the
NF-kB pathway.

THE KINASE SUBUNITS

The two kinase subunits of the IKK complex,
IKKa and IKKP, have been purified and
cloned on the basis of their ability to phosphor-
ylate the IkB inhibitors following biochemical
purification of the complex (Mercurio et al.
1997). In addition, IKKa was cloned as an inter-
actor of another kinase, NIK, which was later
shown to be located upstream of IKKa in
the noncanonical NF-kB activation pathway
(Regnier et al. 1997). IKKa and IKKB show a
similar structure (50% sequence identity), and
include an amino-terminal kinase domain, a
helix-loop-helix (HLH) that functions in
modulating IKK kinase activity, and a leucine
zipper (LZ), whose role is to allow homo- or
heterodimerization of the kinases (Fig. 1).
In addition, IKKa shows a putative nuclear
localization signal (Sil et al. 2004), possibly
linked to its nuclear activity. IKKB contains
a ubiquitin-like domain whose function is
currently unknown, but which does not seem
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to be recognized by the ubiquitin binding
domains that have been tested (May et al. 2004).

The interaction domain between the
kinase subunits and NEMO was identified as
a small peptide at the carboxyl terminus of
IKKa and IKK. Interestingly, a cell-permeable
11-amino-acid peptide derived from the car-
boxyl terminus of IKK (aa 735—745) behaves
as an effective and specific inhibitor of NF-kB
by inhibiting the IKK—NEMO interaction and
proved to be effective in two distinct experi-
mental mouse models of acute inflammation
(May et al. 2000).

The exact mechanism by which the kinase
subunits become activated remains obscure.
However, it is clear that to become active they
need to be phosphorylated on two serine resi-
dues (Ser 177 and 181 for IKK, and Ser 176
and 180 for IKKa) located in an activation
loop, similar to a large number of other
kinases (Mercurio et al. 1997; Delhase et al.
1999). This phosphorylation probably leads to
a conformational change and to kinase acti-
vation. Mutation of these Ser to Ala prevents
activation of the kinases whereas mutation to
Glu (phosphomimetic) renders them constitu-
tively active. The search for an upstream kinase
of IKKs has been extremely lengthy. It now
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Figure 1. The kinase subunits. The domains of the two kinase subunits are indicated: The kinase domain is
located at the amino-terminus (the activation loop is also shown: Amino acids 176—180 of IKKa and 177—
181 of IKK). An ubiquitin-like domain (aa 307—384 in IKKp) is located carboxy-terminal to the kinase
domain of IKKB (but not IKKa), and seems to be involved in the catalytic activity of IKKB. The function of
the leucine zipper domain is to allow homo- or heterodimerization of the kinases. The role of the helix loop
helix domain is less clear, but it seems to be involved in the modulation of the kinase activity. Finally a ~40
amino-acid region at the extreme carboxyl terminus of the kinases (aa 705—743) is required for their

interaction with NEMO.
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seems clear that TAK1 behaves as an IKKK, at
least in response to certain signals (Ninomiya-
Tsuji et al. 1999; Wang et al. 2001). Indeed it
has been shown that TAK1, which is also an
upstream kinase for the JNK pathway, can phos-
phorylate IKKP in the activation loop, that its
down-regulation interferes with IKK activation,
and that mutations in the TAKI gene in
Drosophila interfere with the NF-kB and JNK
pathways (Vidal et al. 2001; Silverman et al.
2003). However it has also been shown that
tissue-specific deletion of the TAK1 gene in the
mouse does not lead to a defect in the NF-«kB
response to B-cell antigen (Sato et al. 2005).
TAK1 is normally associated with the cofactors
TAB1 and TAB2 (or TAB3). Although TAB2 or
TAB3 seems to be involved in NF-kB activation,
this does not seem to be the case for TABI
(Shim et al. 2005). Another kinase, MEKK3,
has also been suggested to act upstream of the
IKK complex, as cells lacking MEKK3 are par-
tially defective in NF-kB activation in response
to certain stimuli (Yang et al. 2001; Huang
et al. 2004). In addition, it has been suggested
that two pathways, dependent on either TAK1
or MEKKS3, diverge downstream of IRAKI in
the NF-kB response to IL1 (Qin et al. 2006;
Yao et al. 2007).

Finally, another possibility of activation of
the kinases, which might be involved in NF-
kB activation by certain viral proteins, such as
HTLV1 Tax, is that there would be no specific
requirement for an upstream kinase and that
the ability of the IKKs to autophosphorylate
and phosphorylate their dimerization partner
might be activated by stimulus-dependent
conformational changes or oligomerization,
something that might in part depend on the
presence of NEMO.

Although phosphorylation of IKK is nec-
essary for activation of the canonical pathway,
phosphorylation of IKKa is not, though it
is required for activation of the alternative
pathway. As is often the case, the identity of the
phosphatases that deactivate the kinases is rela-
tively unclear. PP2A has been shown to dephos-
phorylate IKK@ in vitro (Didonato et al. 1997),
whereas PP2CB seems to be associated with
IKKB when overexpressed (Prajapati et al. 2004).

The IKK Complex

The similarity between the two kinase sub-
units, as well as their presence in the same
complex, suggested that they would probably
have overlapping functions. Unexpectedly, sub-
sequent biochemical and genetic approaches
have indicated that they have relatively distinct
substrates and functions. This in turn relates
to the existence of two NF-«kB pathways: The
so-called canonical pathway is turned on by
proinflammatory stimuli, such as TNE IL1, or
TLR ligands such as LPS, and is therefore
involved in the innate response. This pathway
essentially requires the IKKB and NEMO sub-
unit and leads to the rapid degradation of the
IkB inhibitory molecules. More recently, an
alternative or noncanonical NF-kB pathway
has been identified (Senftleben et al. 2001)
and shown to be involved in the response to
ligands such as BAFE CD40 ligand, and LI,
and to be associated with lymphoid organogen-
esis. This pathway relies on the IKKa subunit
and its upstream kinase NIK(Park et al. 2005),
and does not require IKKB nor NEMO. It
leads to the slow partial degradation of the
NF-kB precursor subunit p100 and the associ-
ation of the processing product p52 with relB,
another member of the NF-«kB family. In
addition to its role in the alternative pathway,
IKKa shows functions that are independent of
the NF-kB pathway. For example, it has been
shown to bind promoters of estrogen respon-
sive genes, such as cyclin D1 and c-myc, and
to activate their transcription by forming a
transcription complex with the estrogen recep-
tor ERa and the coactivator AIB1/SRC-3
(Park et al. 2005).

Besides the Ik Ba inhibitors, other substrates
of the IKK complex have been identified,
including components of the NF-kB cascade
such as NEMO itself, relA, c-rel, CylD, and
Bcl10. The latter is a component of the NF-«kB
response to antigens in T cells (Thome and
Tschopp 2002). Interestingly, IKK-mediated
Bcl10 phosphorylation induces its degradation,
resulting in down-regulation of NF-kB signal-
ing (Lobry et al. 2007). This indicates that the
IKK complex can behave both as a positive
and a negative regulator of the cascade. Other
substrates do not belong to the NF-«kB
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cascade. They include IRS-1, a component of
insulin signaling (Nakamori et al. 2006).
IRS-1 phosphorylation has been shown to par-
ticipate in the mechanism by which TNF
attenuates insulin signaling through activation
of the IKK complex. Another substrate is
TSC1, a component of a tumor suppressor
complex (Lee et al. 2007). Phosphorylation of
TSC1 by IKKB activates the mTOR pathway,
enhances angiogenesis, and results in tumor
development. Finally, IKK has also been shown
to phosphorylate and induce the degradation
of the transcription factor FOXO3a, which
plays an important role in controlling cell pro-
liferation and survival, therefore promoting
tumorigenesis (Hu et al. 2004).

THE NEMO/IKKy REGULATORY SUBUNIT,
AND THE FIRST STRUCTURAL DATA

The third subunit of the IKK complex is a non-
catalytic 48 kDa protein, called NEMO /IKKy
(Fig. 2). Although devoid of catalytic activity,
NEMO is absolutely required for the canonical
NF-«kB activation pathway. Structure predic-
tion, confirmed by recent X-ray crystallography
data, indicates that it is essentially a long parallel
dimeric intermolecular coiled coil, except for
the carboxyl terminus. The amino-terminal
part of NEMO (aa 47—-120 in human NEMO)
is responsible for interaction with the kinase
subunits (May et al. 2000). The X-ray structure

of amino acids 44—111 of NEMO bound to
amino acids 701-746 of IKKB has been
reported recently (Rushe et al. 2008): It forms
an asymmetrical four-helix bundle made of a
parallel NEMO dimer, each monomer being a
crescent shape a-helix associated with two
mainly helical IKKf peptides, which do not
interact with each other.

Interestingly, replacement of a phosphoac-
ceptor Ser at position 68 by a phosphomimetic
Glu decreases NEMO dimerization and reduces
IKKP binding (Palkowitsch et al. 2008). How-
ever, the kinase responsible for targeting Ser68
has not been unambiguously identified.

The rest of the molecule contains a first
coiled coil (CCI, aa 100-196) and a second
one (CC2, aa 255-291), followed by an LZ
(LZ, aa 300—343) (see Fig. 1) and a carboxy-
terminal ZF (aa 394-419).

Another recent report describes the X-ray
structure of the central region of NEMO associ-
ated with a fragment of the viral protein vFLIP
(Bagnéris et al. 2008). VFLIP is a transactivator
encoded by the Kaposi’s sarcoma herpes
virus (KSHV) whose interaction with NEMO
activates NF-kB. The structure indicates that
the region encompassing aa 192—-252 is another
parallel intermolecular coiled coil. How vFLIP
activates NF-kB cannot easily be deduced
from this costructure.

A breakthrough in understanding the
function of NEMO came when it was realized

IKKoB binding domain Tax, v-FLIP Cytokines/LPS ZF
domain domain
40 115 194 240 393 419
N-terminus Linker | Linker Il

Figure 2. The NEMO molecule. Human NEMO is a 419—amino-acid dimeric molecule essentially structured
under the form of a series of parallel intermolecular coiled coils (based on the available structural data).
CCl, coiled coil 1; CC2, coiled coil 2; NOA, ubiquitin binding domain; ZE Zinc Finger (and a second
ubiquitin binding domain). The determination of the structure of linker 1 indicated that it is also structured
as an intermolecular coiled coil. The structure of CC1 and linker II has not been determined yet. It must be
stressed that the dimeric structure of NEMO is relatively unstable in the absence of interacting partners
(kinases, polyubiquitin, . ..). The region of interaction with some of these partners has been indicated: The
amino terminus is involved in the interaction with the two kinases. Linker 1 is involved in the interaction
with viral transactivators such as HTIV1 Tax and KSHV v-FLIP. The entire carboxy-terminal region is
required for transmission of the signal, and the NOA and the ZF domains bind polyubiquitin chains.
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that nondegradative polyubiquitination of the
Lys63-linked type played an important role in
the NF-kB cascade. It was in 1996 that the
requirement of nondegradative protein ubiqui-
tination for IKK activation was first shown
(Chen et al. 1996). Later on, biochemical puri-
fication and a reconstituted in vitro IKK acti-
vation system enabled the demonstration that
TRAF6, an E3 ligase and a component of the
NF-kB cascade downstream of proinflamma-
tory molecules such as IL1 or LPS, associates
with a dimeric E2 complex (Ubc13/Uevla) to
generate K63-linked polyubiquitin = chains
(Deng et al. 2000). This activity is necessary
for IKK activation. Another necessary com-
ponent of TRAF6-dependent NF-kB activation
turned out to be a complex containing the
kinase TAK1 and its two cofactors TAB1 and
TAB2 (Wang et al. 2001). This complex is able
to phosphorylate IKK in a manner dependent
on TRAF6 and Ubcl3/Uevla (although the
role of Ubc13 in IKK activation has been chal-
lenged [Habelhah et al. 2004; Yamamoto et al.
2006]). Later on it was shown that Lys63-
linked polyubiquitination of several com-
ponents of the cascade seems to be a general
feature of the response to different types of
stimuli (Chen 2005). This is in particular the
case for RIP1, a kinase and adaptor in the
NF-kB response to TNE This modification
serves to recruit proteins or protein complexes
to polyubiquitinated substrates. Recently, it
was shown that NEMO can specifically recog-
nize Lys63-linked polyubiquitin chains and
becomes itself ubiquitinated by the same type
of chains following activation of the NF-«kB
cascade; these two properties seem to be
required for NEMO activity (Tang et al. 2003;
Ea et al. 2006; Wu et al. 2006a). As an example,
the TNF cascade leading to NF-kB activation is
shown in Figure 3: TNF induces trimerization
of the TNF receptor and leads to the recruit-
ment of TRADD, the E3 ubiquitin-ligase
TRAF2 (and/or TRAF5), and the kinase RIP1
(other molecules may be recruited but will
not be discussed here). Lys63-linked poly-
ubiquitination of RIP1 on Lys 377, possibly
mediated by TRAF2/5, leads to the recruitment
of the TAK1/TAB1/TAB2 complex through

The IKK Complex

the ubiquitin-binding Zinc Finger of TAB2.
Through an unknown mechanism this leads
to the activation of the TAK1 kinase. The IKK
complex is also recruited to these K63 poly-
ubiquitin chains through the specific ubiquitin-
binding domain of NEMO. Alternatively,
NEMO ubiquitination might directly recruit
the TAK1 complex, allowing it to phosphorylate
and activate the IKKs. Irrespective of the precise
mechanism, activated TAK1 phosphorylates
IKKP on its activation loop, leading to its acti-
vation and to phosphorylation of the inhibitor
IkBa. IkBa is then polyubiquitinated through
Lys48-linked polyubiquitin chains and de-
graded by the proteasome.

The importance of the ability of NEMO
to bind ubiquitin has been confirmed by
mutagenesis, as well as by the analysis of the
mutations found associated with human pa-
thologies (see the following discussion). Indeed,
mutations in the domain of NEMO allow-
ing recognition of K63-linked polyubiquitin
chains (at aa 311, 315, 319) have been found
in patients affected with EDA-ID. Database
search allowed us to narrow down the region
of NEMO involved in binding to ubiquitin to
a small 30-40 aa domain located in the
middle of the LZ domain, through identifi-
cation of four other proteins that contain a
similar region and also bind K63 linked poly-
ubiquitin chains: optineurin and ABIN-1,2,3
(Sebban et al. 2006; Wagner et al. 2008). This
region has been termed NOA/UBAN/NUB.
Mutations in conserved residues interfere with
binding of these proteins to ubiquitin, but the
functional consequences are unclear in the
case of ABINSs as their actual function is still a
matter of debate. Regarding optineurin, it has
been shown recently that it acts as a negative
regulator of TNF-induced NF-kB activation by
competing with NEMO for binding to poly-
ubiquitin chains (Zhu et al. 2007).

Very recently, a combination of X-ray and
NMR analysis revealed the structural basis for
recognition of polyubiquitin by the NOA
domain (Lo et al. 2009). The data show that
the region encompassing aa 265—330 forms a
parallel intermolecular coiled coil with a kink
at residue Pro299, which marks the boundary
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between the CC2 and LZ domains. A combi-
nation of mutagenesis and NMR analysis of a
NOA-K63 diubiquitin complex reveals that
diubiquitin is positioned perpendicular to the
coiled coil and that each ubiquitin contacts
both chains of a NEMO dimer. In addition,
each ubiquitin interacts asymmetrically with
NEMO. Interestingly, NEMO can also bind
linear polyubiquitin with a much higher affinity
and with a slightly different surface of contact.
The physiological significance of this obser-
vation is currently unclear. However, it must
be noted that a recent report (Tokunaga et al.
2009) describes the characterization of a
dimeric E3 ligase made of two ring finger pro-
teins, HOIP and HOIL-1L, which is able to gen-
erate linear polyubiquitin chains and to attach
them to NEMO, onto Lys 285 and 309. This
E3 ligase activity seems to be necessary for an
NF-kB pathway which is independent of Ubc13.

Figure 3. The NF-kB response to TNE TNF induces
trimerization of the TNF receptor, leading to the
recruitment of TRADD, the E3 ubiquitin-ligase
TRAF2 (and/or TRAF5), and the kinase RIP1
(other recruited molecules have been omitted for
simplicity). K63-linked polyubiquitination of RIP1
on Lys 377, possibly mediated by TRAF2/5 (curved
arrow), leads to the recruitment of the TAK1/TAB1/
TAB2 complex through the ubiquitin-binding zinc
finger of TAB2 (TAB2 can be replaced by TAB3, and
TAB1 has been omitted for clarity). Through an
unknown mechanism, this leads to the activation of
the TAKI kinase. The IKK complex is also recruited
to these K63 polyubiquitin chains through the
ubiquitin-binding domain of NEMO, allowing
TAK1 to phosphorylate and activate the IKKs.
K63-linked polyubiquitination of NEMO has been
observed, but its actual role is currently unclear.
One possibility is that it allows recruitment of the
TAK1 complex in close proximity to the IKK kinase
subunits, allowing their activation by TAKI;
alternatively it might allow NEMO oligomerization
through cross-recognition by its own ubiquitin
binding domain. Whatever the exact mechanism of
activation of the IKKs, they eventually phosphorylate
the IkBa inhibitory subunit of NF-kB. IkBa is then
polyubiquitinated through Lys48-linked polyubiqui-
tin chains by the B-TrCP E3 ubiquitin ligase, leading
to its degradation by the proteasome and to nuclear
translocation of free NF-kB dimers, ultimately end-
ing in activation of NF-kB target genes.

Unpublished results from the group of
E Agou and M. Veron (Institut Pasteur) pro-
pose a different structural model whereby a
dimeric NEMO molecule binds two Ké63-
linked polyubiquitination chains that run
parallel to the NEMO coiled coil (submitted).
In parallel, the same group has shown that the
carboxy-terminal zinc finger of NEMO is also
able to bind ubiquitin (Cordier et al. 2009).
A further collaboration with the group of
E Agou allowed us to demonstrate that the
specificity for K63 chains of NEMO does not
depend on NEMO or ZF alone, but requires
both domains (submitted). Therefore, the
carboxy-terminal half of NEMO seems to rep-
resent a new type of bipartite K63-specific
ubiquitin binding domain. Determination of
the X-ray structure of a complex between this
bipartite module and a K63-linked polyubiqui-
tin chain will be necessary to understand how
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the specificity is achieved. Interestingly, this
bipartite module is conserved in two other
proteins, ABIN2 and optineurin. These results
suggest that the main function of NEMO is to
bring its associated kinases to polyubiquiti-
nated targets. This, however, requires some
level of specificity and a basal level of affinity
between NEMO and its targets, as has been
shown for RIP1 (Zhang et al. 2000).

Although the role of the ubiquitin binding
ability of NEMO is reasonably clear, the role
of NEMO polyubiquitination is far less
obvious. NEMO ubiquitination through K63-
linked chains in response to multiple stimuli
has been observed (see for example Tang et al.
2003; Zhou et al. 2004; Yamamoto et al. 2006),
but the kinetics of this ubiquitination with
regard to IKK activation remains unclear: Is it
an early event required for activation of the
IKK complex, or a late event involved in
turning down NF-kB activation? It could, for
example, be imagined that NEMO ubiquitina-
tion allows direct recruitment of the TAKI
complex (instead of IKK and TAK1 complexes
being corecruited to polyubiquitinated RIP1)
(see Fig. 3), which could then phosphorylate
and activate the NEMO-associated kinases.
Alternatively, ubiquitinated NEMO might
allow the recruitment of deubiquitinases such
as CylD or A20, which have been described as
negative regulators of NF-kB, through the use
of adaptor proteins such as the ABINs or
TAX1BP1, which recognize K63-linked poly-
ubiquitin chains (Mauro et al. 2006). From
that point of view, one interesting observation
is the fact that Ubcl3-deficient cells are only
mildly affected in NF-kB activation, whereas
NEMO ubiquitination is strongly impaired
(Yamamoto et al. 2006). The identification of
the lysine residues which are targeted would
probably help, but so far only a single site has
been unambiguously identified by mass spec-
trometry: Lys285 is ubiquitinated in response
to the NOD2-RIP2 pathway (Abbott et al.
2004). A Lys residue located in the zinc
finger at position 399 has also been postulated
to be an important site of ubiquitination, essen-
tially on the basis of mutagenesis experiments,
but has never been confirmed by mass

The IKK Complex

spectrometry analysis. Interestingly, this site is
located in the middle of the ubiquitin binding
surface of the zinc finger and its ubiquitination
would interfere with NEMO binding to
ubiquitin.

NEMO ubiquitination probably implies
that it somehow needs to be deubiquitinated.
A K63-specific deubiquitinase, CylD, has been
found to interact with NEMO and to behave
as a negative regulator of the NF-kB pathway
(Sun 2008). CylD can deubiquitinate NEMO
in vitro. Therefore it was postulated that CylD
inhibits the NF-kB cascade by deubiquitinating
specific substrates such as NEMO, RIP1, or
others. Unfortunately, at the moment the iden-
tity of the physiological substrates of CylD is still
unclear. Incidentally, other deubiquitinases
such as A20 or Cezanne show the same K63
specificity and down-regulate the NF-«kB
pathway, but their exact substrates have not
been identified yet (Sun 2008).

Although NEMO seems to be essentially
dedicated to the NF-kB pathway, it has been
shown recently that it also seems to bridge the
NF-kB and the interferon regulatory factor
(IRF) signaling pathways (Zhao et al. 2007).
The IRF3/IRF7 pathway of the innate response
to virus infection relies on two IKK-related
kinases (TBK1 and IKKe ), which phosphorylate
the IRF3 and IRF7 transcription factors and
allow their nuclear translocation and sub-
sequent activation of their target genes. These
two kinases belong to a complex that has been
described to include one of three known addi-
tional subunits, TANK, NAPI, or SINTBAD
(Chau et al. 2008). Zhao et al. showed that
virus-induced activation of IRF3 and IRF7
requires NEMO, which acts upstream of the
kinases TBK1 and IKKe (Zhao et al. 2007).
The authors also demonstrate that NEMO
does not directly interact with the two kinases,
but binds TANK. The exact role of NEMO in
this cascade remains, however, unclear.

OTHER POST-TRANSLATIONAL
MODIFICATIONS OF NEMO

Although NEMO ubiquitination has been
extensively discussed, few reports deal with

Cite this article as Cold Spring Harb Perspect Biol 2010;2:a000158 7


http://cshperspectives.cshlp.org/

fggﬁﬁ) Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Voocd”

Downloaded from http://cshperspectives.cshlp.org/ on October 14, 2024 - Published by Cold Spring Harbor Laboratory Press

www.cshperspectives.org

A. Israél

NEMO phosphorylation. IKK-dependent phos-
phorylation of NEMO on Ser 31, 43, 68, and 376
has been suggested to regulate NF-kB activity,
but these phosphorylation events have never
been confirmed by mass spectrometric analysis
(Carter et al. 2003; Palkowitsch et al. 2008). On
the other hand, some other phosphorylation
sites have been identified by global proteome-
wide mass spectrometric analysis, but their
actual significance remains unclear.

In parallel, a specific NF-kB activating
signal, DNA damage, has been studied in
detail and has revealed the role of a further
modification of NEMO, sumoylation. It was
first shown that double-strand breaks induce
NF-kB through an ATM-IKK pathway, raising
the question of how a nuclear signal could
trigger a cytoplasmic response (Wu and
Miyamoto 2007). The conclusion of a series of
studies is now that NF-«B activation by DNA-
damaging agents is probably mediated by
the conjunction of two convergent pathways:
DNA damage-induced ATM activation and a
parallel stress pathway that causes SUMO-1
modification of NEMO to permit NF-«B acti-
vation. Indeed it was shown that a sumoylated
form of NEMO accumulated in the nucleus in
response to genotoxic stress, and that this
form of NEMO was apparently free (Huang
et al. 2003). The sites of sumoylation have
been identified as Lys 277 and 309. Additional
proteins, PIDD (p53 induced protein with a
death domain) and RIP1, were found to associ-
ate with NEMO in the nucleus, and to favor its
sumoylation, although their exact role remains
unclear (Janssens et al. 2005; Wu et al. 2006b).
NEMO sumoylation is ATM-independent, but
to allow NF-«kB activation, NEMO must then
be phosphorylated by ATM on Lys 85, leading
to its monoubiquitination and to the export
of a NEMO-ATM complex out of the nucleus
(Huang et al. 2003). How this leads to activation
of the IKK complex remains unclear, although it
might involve the ELKS protein (see the follow-
ing discussion). More recently the SUMO ligase
responsible for NEMO sumoylation has been
identified as PIASy (Mabb et al. 2006). The
interaction between PIASy and NEMO is
increased by genotoxic stress, and occurs in

the nucleus; NEMO-PIASy and NEMO-IKK
interactions are mutually exclusive. One may
wonder what is the role of NF-«B activation in
response to DNA damaging agents. A series of
reports suggest that NF-kB activation inhibits
cell death induced by DNA-damaging antican-
cer drugs and radiation and thus facilitates
malignant cell survival and growth.

NEMO AND THE FIRST NF-«B LINKED
HUMAN GENETIC DISEASES

In 2000, the first human genetic diseases associ-
ated with mutations in the NF-kB pathway were
identified (Smahi et al. 2000). Two distinct
X-linked human diseases, incontinentia pig-
menti (IP) and anhidrotic ectodermal dysplasia
associated with immunodeficiency (EDA-ID),
have been linked to NEMO dysfunction, pro-
viding a unique view of the role that NF-kB
plays in human development, skin homeostasis,
and innate/acquired immunity.

Loss of Function Mutations of NEMO
Results in IP

IPisasevere X-linked (the IKBKG gene encoding
NEMO is located in Xq28) genodermatosis that
is lethal for males early during development. In
females, the most characteristic feature of the
disease is a dermatosis that usually begins after
birth and evolves according to a stereotyped
sequence. In addition to the manifestations
at the epidermis, IP patients also suffer from
ophthalmologic, odontological (missing or
deformed teeth) and, in rare cases, neurological
problems. Interestingly, 85% of the patients
show the same deletion that results in an inactive
NEMO truncation product and a complete loss
of NF-kB activation by most known stimuli.
The complex skin phenotype of female IP
patients is difficult to interpret, and it is impos-
sible to cover all the possible explanations in this
review (Smahi et al. 2002). NEMO knockout
mice have been engineered by several groups
(Makris et al. 2000; Rudolph et al. 2000;
Schmidt-Supprian et al. 2000) and the pheno-
type of these mice is apparently similar to that
of IP patients. Male mice die very early during
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embryogenesis (E12.5) from massive liver
apoptosis, which is characteristic of a global
defect in NF-kB activation. It is, however, not
known whether liver apoptosis is also respon-
sible for male lethality in IP patients.

Hypomorphic Mutations of NEMO Results
in EDA-ID

As indicated above, complete NEMO loss of
function is embryonic lethal for males but
females can survive, showing a complex pheno-
type because of their mosaic character regarding
X-inactivation. More interestingly in terms of
understanding the role played by NF-kB in
humans, hypomorphic NEMO mutations
allow affected males to survive, and they show
a pathology directly caused by a reduced
response of the NF-kB cascade. This pathology,
anhidrotic EDA-ID (also known as HED-ID,
OMIM # 300291), associates the previously
known symptoms of EDA (absence of sweat
glands, sparce scalp hair, and missing teeth)
with immunodeficiency (Doffinger et al.
2001). EDA is caused by mutations in several
components of the EDA/EDAR cascade (EDA
is a member of the TNF family and EDAR is
its receptor), which is involved in the formation
of ectodermal derivatives, and signals through
NEMO and NF-kB. The mutations affecting
NEMO interfere with both the EDA/EDAR
cascade and the NF-kB-dependent pathways
involved in the innate and acquired immune
response. Mutations leading to EDA-ID have
been shown to cover the entire NEMO coding
region, and are essentially missense mutations
and small deletions (Fusco et al. 2008; Hanson
et al. 2008). Some patients carrying NEMO
mutations show infectious susceptibility to
specific pathogens, whereas others associate
EDA-ID with osteopetrosis and lymphedema.
The relevance to NF-kB of these two last symp-
toms is, however, relatively unclear.

An intriguing question is whether IP and
EDA-ID represent the extreme boundaries of a
genetic continuum. Indeed, depending on the
severity of the mutation in terms of NF-«kB
response, male patients will show more or less
severe pathologies linked to defective immune

The IKK Complex

response and EDA/EDAR pathway, or will
die before birth in the case of complete loss of
function. However, caution should be taken
when translating the severity of the mutation
and its position in the molecule into a dissec-
tion of the functional domains of NEMO,
as two independently isolated patients carry-
ing the same mutation show different symp-
toms, emphasizing the influence of the
genetic background (Doffinger et al. 2001; Jain
et al. 2001).

ARE THERE OTHER COMPONENTS IN
THE IKK COMPLEX?

First, it is important to mention that several
types of complexes most likely exist in cells,
although this has not been systematically
studied: It has already been mentioned that
IKKo dimers exist in the absence of NEMO
and IKK, but is it likely that complexes con-
taining NEMO and a dimer of IKK( also exist.
In addition, free NEMO is also present in cells,
independently of the DNA damage response
(Fontan et al. 2007; Wu and Miyamoto 2007).

The exact stoichiometry of the IKK complex
has not been unambiguously determined,
and its apparent molecular weight in sizing
columns (600—800 kDa) does not help much,
as it is essentially caused by the elongated
shape of NEMO. Based on the most recent struc-
tural data, the stoichiometry is probably one
NEMO dimer for two kinase subunits, but
higher order structures may exist. As the IKK
complex needs relatively harsh conditions to
be purified, one may wonder whether other
components exist, besides NEMO and the
kinases. The literature has described a large
number of potential candidates (see Table 1 in
Sebban et al. 2006) identified through two-
hybrid screens or coimmunoprecipitation, but
it is unclear whether any of these proteins is a
bona fide permanent component of the IKK
complex. Some of these proteins might just tran-
siently interact with IKK, which would still make
them important components of the cascade, but
precludes their detailed description within the
restricted space of this article. It is, however,
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worth mentioning the ELKS protein (Ducut
Sigala et al. 2004). Identified as a component
of the IKK complex by purification and mass
spectrometry, ELKS, a 105 kDa protein, is
necessary for full NF-kB activation, and seems
to be involved in recruiting IkBa to the IKK
complex. As discussed previously, ELKS also
seems to be involved in the NF-«kB response to
DNA damaging agents (Wu et al. 2006b).

Chaperones such as hsp90 and hsp70 have
also been described as components of the IKK
complex (Salminen et al. 2008). Hsp70 seems
to behave as a NEMO-interacting inhibitor of
NF-kB signaling, while hsp90 associated with
its co-chaperone cdc37 behaves as a stabilizing
factor of IKK through interaction between
cdc37 and the kinase domains of IKKa and
IKKB. However, hsp90 also interacts with
other kinases and seems to be a general stabilizer
of kinase domain folding.

WHAT DO KO MICE TELL US ABOUT THE
FUNCTION OF THE IKK SUBUNITS?

This section does not intend to cover the
detailed phenotypes observed in mice carrying
null or mutant alleles of the components of the
IKK complex, but to briefly mention how in
vivo studies have advanced our knowledge
of the function of these proteins. The conse-
quences of NEMO inactivation or mutation
have been essentially studied in human patients
affected with IP or EDA-ID (see previous discus-
sion). Regarding the kinase subunits, it rapidly
became clear that they differ in their substrate
specificities and, as a result, have distinct
biological functions. Although IKK is a true
IkB kinase, IKKa is not, and shows other, not
necessary NF-kB-related activities. IKKB was
originally considered as the essential subunit
responsible for NF-kB response to cytokines
and various pathogen-derived antigens, which
was confirmed by subsequent studies; KO of
IKKP results in embryonic lethality because of
massive hepatocyte apoptosis (Li et al. 1999b;
Li et al. 1999¢; Tanaka et al. 1999), a mark of
complete NF-kB inactivation. This confirms
the major role of IKKp in the NF-kB response.
However, compared for example with a NEMO

KO, death occurs a few days later, suggesting
the possibility that IKKa can partially compen-
sate for the absence of IKKB. Compared to
IKKp, the IKKa subunit seems to show much
more diverse functions. As mentioned above, it
does play a role, although probably minor, in
the canonical NF-kB cascade. Unexpectedly, it
plays a prominent role in RANK-induced classi-
cal NF-kB activation in mammary epithelial
cells (Cao etal.2001), through NF-kB-mediated
optimal cyclin D1 induction. It is, however,
unclear why it is specifically IKKa that regulates
these events. Based on IKKa specificity for
the pl00 precursor of p52 and its prominent
role in the noncanonical cascade (Senftleben
et al. 2001), one might have expected specific
immune defects affecting secondary lymphoid
organs and B cells in IKKa KO mice. Unex-
pectedly, these KO mice die a few days after
birth and show defects affecting multiple mor-
phogenetic events, including limb and skeletal
patterning, and show keratinocyte hyper-
proliferation without differentiation (Hu et al.
1999; Li et al. 1999a; Takeda et al. 1999).
Further studies concluded that IKKa controls
keratinocyte differentiation, but that this
pathway does not rely on NF-kB nor on the
kinase activity of IKKa (Hu et al. 2001). More
recently, the crucial nuclear role of IKKa in
this phenomenon was shown through the
identification of a functional NLS in the IKKa
kinase domain (Sil et al. 2004). Inactivation of
this NLS represses keratinocyte differentiation,
indicating that IKKa exerts its function within
the nucleus of basal keratinocytes in the epider-
mis. It must be noted that the expected B-cell
phenotype associated with a defect in IKKa
could indeed be observed in experiments in-
volving establishment of bone marrow chimera
through transfer of IKKa-deficient fetal liver
cells (Kaisho et al. 2001).

Later on it was shown that IKKa can also be
found in the nucleus in the absence of NEMO
and IKK, where it acts at different levels to
regulates NF-kB-dependent and -independent
gene expression (Gloire et al. 2006). It was
first shown that TNF induces the recruitment
of IKKa, together with relA and CBP, onto the
promoter of NF-kB target genes (such as
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IkBa, IL-8, or IL-6), where it phosphorylates
histone H3 on Ser10, triggering its subsequent
CBP-mediated acetylation on Lys14, a crucial
step in modulating chromatin accessibility
(Anest et al. 2003; Yamamoto et al. 2003). A
similar situation was observed following LPS
treatment of macrophages (Park et al. 2006).
IKKa was later shown to regulate additional
steps of NF-kB-dependent gene transcription.
First it allows derepression of NF-kB target
genes by phosphorylating the SMRT repressor,
which is recruited by p50 and p52 homodimers,
and inducing its nuclear export (together
with HDAC3) and degradation (Hoberg et al.
2004). Then it phosphorylates chromatin-
bound p65 on Ser536, leading to the displace-
ment of the SMRT-HDAC3 repressor activity
and allowing p300 to acetylate p65 at Lys310,
an event necessary for full transcription
(Hoberg et al. 2006).

Unexpectedly, a similar type of activity of
IKKa has been shown to be involved in the
negative regulation of macrophage activation
and inflammation and to represent a crucial
element in limiting the inflammatory response
to Gram-negative infection (Lawrence et al.
2005). The molecular basis of this activity of
IKKa was its ability to act as a chromatin-bound
relA carboxy-terminal kinase responsible for
P65 turnover, in turn limiting macrophage acti-
vation and inflammation.
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