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Identification of a new NEMO/TRAF6 interface
affected in incontinentia pigmenti pathology
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NF-kB Essential MOdulator (NEMO) has been shown to play a critical role in NF-kB activation, as the regulatory subunit of IkB kinase. Upon cell stimulation, NEMO can be modified through phosphorylation, sumoylation or ubiquitination. In the latter case, not much is known regarding the exact function of this
posttranslational modification. One of the E3 ligase responsible for K63-linked NEMO polyubiquitination is
TRAF6, which participates in several signaling pathways controlling immunity, osteoclastogenesis, skin
development and brain functions. We previously observed a potentially important interaction between
NEMO and TRAF6. In this study, we defined in more detail the domains required for this interaction, uncovering a new binding site for TRAF6 located at the amino-terminus of NEMO and recognized by the coiled-coil
domain of TRAF6. This site appears to work in concert with the previously identified NEMO ubiquitin-binding
domain which binds polyubiquitinated chains, suggesting a dual mode of TRAF6 recognition. We also
showed that E57K mutation of NEMO found in a mild form of the genetic disease incontinentia pigmenti,
resulted in impaired TRAF6 binding and IL-1b signaling. In contrast, activation of NF-kB by TNF-a was not
affected. These data demonstrate that NEMO/TRAF6 interaction has physiological relevance and might represent a new target for therapeutic purposes.

INTRODUCTION
The NF-kB family of transcription factors represents a collection of dimeric proteins formed by associations between p50/
p105, p52/p100, c-rel, relA and relB. NF-kB has been shown
to play key roles in numerous physiological processes such as
immunity, inflammation, cell growth and apoptosis (1,2). In
resting cells, NF-kB is retained in the cytoplasm, through
interaction with IkB molecules. Following stimulation, IkBs
are phosphorylated, inducing recognition by the bTRCP
complex, ubiquitination and degradation by the 26S proteasome. As a consequence, free NF-kB translocates into the
nucleus and activates its target genes.
Phosphorylation of IkB, which is critical for NF-kB activation, is carried out by a kinase complex, IKK (IkB

kinase), composed of three major subunits: IKK1/IKKa,
IKK2/IKKb and NEMO (NF-kB Essential MOdulator)/IKKg
(3). IKK1 and IKK2 are two structurally related kinases,
whereas NEMO has no catalytic activity, behaving as a regulatory subunit. IKK can be activated by a broad range of
stimuli, among them pro-inflammatory cytokines such as
TNF-a and IL-1b, bacterial products such as LPS and LPA,
or various forms of stress (4).
Deregulation of all these processes has been reported to
occur in patients suffering from the X-linked genetic disease
incontinentia pigmenti (IP) (5) which is caused by mutation
of the gene IKBKG encoding NEMO (6,7). The main feature
of the disease is a dermatosis which usually starts within
2 weeks after birth and evolves along a complicated sequence
of events, featuring inflammation and hyper-proliferation of
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polyubiquitinated chains, and IKK, through NEMO which is
also an ubiquitin-binding protein. This results in IKK1/2 phosphorylation by TAK1 and subsequent NF-kB activation (16).
In the case of IL-1 and LPS signaling, which require
members of the IL-1/TLR family of receptors, a complex set
of events downstream the receptors results in IRAK-1
binding to E3 ligase TRAF6. At this level, TRAF6 and
IRAK-1 are polyubiquitinated and recruit TAK and IKK
(17). In this specific pathway, it has been proposed
that NEMO is ubiquitinated by TRAF6, in addition to participating in IKK recruitment through its affinity for Ub chains
(18). Nevertheless, the putative role of this modification
remains unclear. We have previously identified the lysine residues of NEMO which are targeted by TRAF6, exploiting the
identification of a new NEMO mutation causing IP, and
detected an interaction between these two molecules (19). In
this paper, we report the characterization of the domains participating in NEMO/TRAF6 interaction and provide genetic
and molecular evidence supporting their role in NF-kB
activation.

RESULTS
Interaction between TRAF6 and the amino-terminus
of NEMO
Whereas A323P mutation in human(h) NEMO reduced
binding to TRAF6 and almost completely abolished ubiquitination of surrounding lysines (19), an equivalent mutation in
mouse(m) NEMO (V316P) bound TRAF6 as well as wild-type
(wt) mNEMO, although exhibiting reduced ubiquitination
(Fig.1A, compare lanes 11 – 12 with lanes 5 –6). This confirmed the effect of mutating this region of NEMO on its ubiquitination by TRAF6 but also suggested the presence of an
additional domain of interaction between NEMO and TRAF6.
To localize this domain, we used several versions of
mNEMO. Carboxy-terminal truncations (DC385, DC343 and
DC299) did not affect TRAF6 binding (Fig.1B). Similarly,
several internal deletions of mNEMO (D113– 168, D201–
255 and D250– 311) were still able to interact with TRAF6
(Fig.1C). This suggested that the amino (N)-terminal part of
the protein may be involved in TRAF6 binding. The effect
of several small internal deletions located at the N-terminus
of NEMO (20) was therefore investigated. Removing amino
acids 47– 56 (D47– 56) reduced TRAF6 binding to some
extent, whereas removing amino acids 57– 69 (D57– 69) was
very deleterious (Fig.1D, compare lanes 7– 8 and 5 – 6,
respectively, with lanes 1 – 2). In contrast, removing amino
acids 70 – 79 (D70– 79) appeared without any effect
(Fig. 1D, lanes 3 – 4) although known as affecting IKK2
binding (20). Importantly, interaction of D57– 69 mutant
with IKK2, which is supposed to recognize a sequence from
approximately amino acids 80– 100, remained unaffected as
previously reported (20, data not shown). This indicated that
the lack of interaction between D57– 69 and TRAF6 was not
caused by an extended desorganization of the NEMO Nterminus. Instead, a specific sequence recognizing TRAF6,
distinct from the IKK2 binding site, appeared to be present
in this part of the molecule.
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keratinocytes, before regressing. Its exact cellular and molecular basis remains incompletely understood (8). In addition, a
large fraction of IP patients exhibit ocular and odontological
problems and a small percentage of them suffer from central
nervous system abnormalities which can result in severe epilepsy and mental retardation. In most IP patients (approximately 70– 80%), an identical DNA rearrangement occurs
and produces a severe truncation of the NEMO protein.
More interestingly, rare missense mutations of NEMO
causing IP have been described over the years (9). Their
detailed analysis at the molecular level represents an interesting opportunity to get more insights into the mechanisms
leading to IKK activation. In addition, understanding how
they are distinguishable from NEMO mutations generating
another genetic disease characterized by immunodeficiency
and impaired development of skin adnexa, EDA-ID (7),
should provide valuable information about the regulation of
NF-kB function in vivo.
The IKK activation process is under intense investigation
but remains incompletely understood. It was originally
shown by Chen’s lab to depend on ubiquitination processes
which are different from the ones leading to protein degradation, like in the case of IkBa (10). Ubiquitination consists
in the covalent addition of ubiquitin, a 76 amino acid
peptide, to substrates (11). It requires a sequence of reactions
involving three main components. First, an ubiquitin activating enzyme (E1) catalyses the formation of a thioester bond
between the C-terminus of ubiquitin and its active cysteine.
Then, ubiquitin is transferred to a conjugating enzyme (E2),
forming an E2-ubiquitin thioester. Finally, ubiquitin is
covalently attached to substrates through formation of isopeptide bonds between the C-terminus of ubiquitin and the
1-amino group of lysines. The enzymes responsible for this
final step, the ubiquitin ligases (E3), are the ones that
provide target specificity by directly interacting with the substrates that are prone to ubiquitination (12). Depending on
the E2/E3 machinery assembled, mono- or polyubiquitination
of proteins can be achieved. Polyubiquitination is made possible by the presence of seven lysines in ubiquitin. When
K48-linked polyubiquitinated chains are synthesized, this
results in recognition and degradation by the proteasome. In
contrast, when K63-linked chains are added to proteins, no
degradation is observed but their function is modified by
various mechanisms. For instance, ubiquitination can provide
a platform for recruiting partners, an event which requires
the presence in the partner of protein domains [ubiquitin
interacting motifs (UIMs)] which specifically recognize Ub
chains (13).
In the case of NF-kB signaling, K63-linked ubiquitination
has been observed to modify several distinct molecules participating in IKK activation (14). In addition, some components
of signaling pathways leading to IKK/NF-kB activation
exhibit ubiquitin-binding properties. This provides a
complex framework of protein/protein interactions which are
fine-tuned by enzymes with deubiquitinating activity such as
A20 and CYLD (15). In several instances, this framework
has been elucidated to some extent. When cells are exposed
to TNF, cIAP1/2 and TRAF2 are the E3 ligases participating
in RIP ubiquitination and recruitment of the TAK complex
through TAB2/3 subunits, which exhibit affinity for
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E57K, a mutation of NEMO causing incontinentia
pigmenti, is defective in TRAF6 binding
Several missense mutations (E57K, D113N and R123W) and a
short three nucleotide deletion of NEMO (DK90), which have
been shown to cause incontinentia pigmenti (21), are located
within the first 150 amino acids of the protein but, in the
case of the three mutations, no associated molecular defects
had been reported so far. We therefore examined their
impact on NEMO/TRAF6 interaction. Two of them, E57K
and DK90, exhibited reduced interaction with TRAF6
(Fig. 2A, lanes 5– 6 and 7– 8, respectively), whereas D113N
and R123W behaved like wt NEMO. In contrast to mutation
DK90, which has been shown to affect binding of NEMO to

IKK catalytic subunits (21), maybe because of a path change
in a region with helical structure (22), mutation E57K did
not affect binding of NEMO to IKK2 (Fig. 2B). This confirmed distinct sequence requirements for TRAF6 and IKK
binding, as already suggested by the analysis of D57– 69 deletion (see above).
As shown in the study of Rushe et al. (22), residue E57 is
able to establish in trans a contact with residue R62,
through an electrostatic bond involving the carboxyl group
of E57 and the guanidium group of R62 (Fig. 3A). A
change from Glu to Lys may therefore affect this interaction,
by introducing a repulsive charge and distort to some extent
the short helical domain (ah1) located nearby the IKK
binding domain and reported to participate in NEMO
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Figure 1. Identification of a new TRAF6 binding domain located at the N-terminus of NEMO. HEK 293T cells were transiently co-transfected with various
forms of NEMO and Flag-TRAF6. Whole-cell extracts were prepared 24 h later, immunoprecipitated with anti-NEMO and analysed, after western blotting,
with anti-Flag. The effect of V/P mutation (A), C-terminal truncations (B) or internal deletions (C and D) of NEMO on TRAF6 binding is shown in the
upper panels. The expression of the various proteins is shown in the lower panels. IP, immunoprecipitation; IB, immunoblotting. The asterisk in (A) indicates
a lack of ubiquitinated for V/P mutation.
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dimerization (20), indirectly resulting in impaired TRAF6
binding. Alternatively, a change in amino acid or charge at
E57 may directly affect NEMO recognition by TRAF6. To
distinguish between these two possibilities, we mutated R62
by also introducing a charge change (R62E). As shown in
Figure 3B, binding of TRAF6 to R62E NEMO was not perturbed (Compare lanes 5 – 6 with 3– 4), suggesting that E57
residue establishes a direct contact with TRAF6.
E57K mutant is impaired in IL-1 and TRAF6 signaling
Despite repeated attempts, we were unable to detect a reproducible reduction of NF-kB activation in response to IL-1 or LPS
when NEMO (-) 1.3E2 cells (23) or NEMO (-) MEFs (24)
were transiently complemented with E57K NEMO (21, data
not shown). Because this mutation has been associated with
a mild form of IP, we generated stable MEFs cells expressing
wt or E57K NEMO at physiological levels in order to more
faithfully reflect its putative effect on NF-kB signaling. As
shown in Figure 4A, pools of MEFs expressing at identical
level wt or E57K NEMO were obtained after retroviral transduction (compare lanes 2 and 3). Importantly, this level of
expression was similar to the endogenous level of NEMO in

wt MEFs (lane 1) and E57K mutation did not affect integration of NEMO into IKK after transfecting the cells with
IKK2 (Fig. 4B, compare lane 2 with 3).
Upon IL-1b exposure, NF-kB transcriptional activation in
E57K-expressing cells appeared significantly reduced when
compared with wt NEMO-expressing cells (approximately
54 + 13% of wt) (Fig. 4C). In accordance with what is presented above, regarding a defective interaction between
E57K NEMO and TRAF6, activation of NF-kB by TRAF6
overexpression was also strongly reduced in E57K cells
(approximately 46 + 5% of wt). In striking contrast, mutation
E57K did not affect NF-kB transcriptional activation when
TNF-a was used instead of IL-1. This demonstrated that
IP-related E57K mutation was specifically associated with
impaired NF-kB stimulation in response to IL-1, most likely
due to an impaired interaction with TRAF6.
Dual mode of recognition between NEMO and TRAF6
To confirm the observations reported above concerning a
TRAF6 binding domain located at the N-terminus of
NEMO, we analyzed the interaction between TRAF6 and
DN97 mNEMO, which lacks the whole N-terminal sequence
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Figure 2. Defective binding of TRAF6 to IP-associated E57K mutant. (A) HEK 293T cells were transiently transfected with Flag-TRAF6 and various Incontinentia Pigmenti-related missense mutations of hNEMO whose location within the NEMO protein is indicated. Cell lysates immunoprecipitated with antiNEMO were probed with anti-Flag and anti-NEMO antibodies after immunoblotting (upper panel). Expression of TRAF6 in whole-cell lysates was verified
with anti-Flag antibody (lower panel). CC, coiled coil 1; Int., intermediate domain; NUB, NEMO ubiquitin-binding domain; LZ, leucine zipper; ZF, zinc
finger; IgG, immunoglobulin G. (B) 293T cells were co-transfected with wt hNEMO or E57K (E/K) NEMO and Flag-IKK2, immunoprecipitated with antiNEMO and analysed using anti-Flag (upper panel). The expression of NEMO and IKK2 was verified using anti-Flag and anti-NEMO (lower panel).
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of NEMO including the IKK binding site. To our surprise, this
truncation was still able to co-immunoprecipitate TRAF6
(Fig. 5A, lanes 9 –10). We therefore considered the possibility
that, in the context of a full-length mouse NEMO molecule,
binding of TRAF6 may predominantly involve the N-terminus
of NEMO, whereas deletion of this N-terminus may somehow
unmask the second site of interaction originally observed
when studying human NEMO (19). Importantly, this second
site involves residue A323 (V316 in the mouse), which has
been shown to be located very close to the NEMO ubiquitinbinding (NUB) domain of NEMO, responsible for polyubiquitin binding, and to affect the interaction between NEMO and
ubiquitin when mutated to Pro (25,26). The possibility that it
was involved in binding to ubiquitinated TRAF6 through ubiquitin moieties rather than directly to TRAF6 was therefore
investigated.
We first confirmed, using a GST pull-down assay, that
hNEMO preferentially interacted with ubiquitinated TRAF6
(Fig. 5B, lanes 5 – 6) and that mutating residue Ala323 abolished this interaction (lanes 13 – 14). Then, we demonstrated
that DN97 mNEMO exhibited affinity for wt TRAF6 after
co-transfection in HEK293T cells, but interacted very
weakly with a mutant of TRAF6 (C70A TRAF6) possessing
a defective ring finger and therefore unable to autoubiquitinate (Fig. 5A, compare lanes 17– 18 with 13– 14). Furthermore, introducing a V316P mutation into DN97 also
reduced the interaction with TRAF6 (Fig. 6A, compare lanes
9 – 10 with 7 – 8). This was in striking contrast to what had
been observed with wt mNEMO (Fig. 1). Finally, we were
able to show that interaction between DN97 mNEMO and
TRAF6 was very sensitive to co-expression of CYLD, a deubiquitinase binding to the C-terminus of NEMO and displaying affinity for K63-linked polyubiquitin chains (27),
whereas interaction between wt mNEMO and TRAF6 was
almost insensitive (Fig. 6B, compare lanes 15–16 with 7–8).
The sum of these observations suggests a dual mode of

recognition between NEMO and TRAF6 in our cell system.
On one hand, TRAF6 may directly contact the N-terminus
of NEMO at a site distinct from, but close to, the one involved
in IKK binding and, on the other hand, polyubiquitin chains of
TRAF6 may interact with the NUB domain.
The coiled-coil domain of TRAF6 interacts with NEMO
Several truncated forms of TRAF6 were examined for their
ability to interact with NEMO (Fig. 7). Removal of the first
108 or 297 amino acids of TRAF6 (DN108 and DN297),
which eliminated the ring finger only or both the ring finger
and the five zinc fingers did not affect binding of TRAF6 to
NEMO (Fig. 7B, lanes 11 – 12 and Fig. 7C, lanes 5 – 6). In contrast, the interaction was lost when deleting N-terminal portions of the TRAFN domain such as in DN319 and DN330
(Fig. 7C, lanes 7 – 8 and 9 – 10, respectively). Conversely,
deleting the TRAF-C domain of TRAF6 did not affect
binding of TRAF6 to NEMO (Fig. 7B, lanes 11– 12), but eliminating N-terminal portions of the TRAFN domain, such as in
DC325 and DC308, impaired NEMO binding (Fig. 7D, lanes
5– 6 and 7– 8). This suggested that the TRAFN domain of
TRAF6, which has the structure of a coiled coil (CC), may
be responsible for TRAF6 interaction with the N-terminus of
NEMO. To support this hypothesis, an internal deletion of
TRAF6 lacking residues 307 – 332, which are the most conserved in the coiled coil of TRAF6 proteins, was engineered.
The mutant protein (DCC-TRAF6) exhibited a strong defect
in NEMO binding (Fig. 8A, compare lanes 7– 8 with 5 – 6).
In contrast, DCC-TRAF6 was still able to properly interact
with another partner, IRAK1, which recognizes TRAF6
through its TRAF-C domain (Fig. 8B).
To exclude the possibility that the interaction between the
coiled coil of TRAF6 and the N-terminus of NEMO was
caused by some non-specific interaction occurring between
two amphipatic helices, we studied the binding of NEMO to

Downloaded from https://academic.oup.com/hmg/article/19/16/3138/628669 by guest on 22 September 2022

Figure 3. Structural consequences of E57K mutation. (A) The effect of introducing a Lys residue (light blue) at position 57 is shown. The broken lines between
Glu57 (red) and Arg62 (dark blue) indicates a salt bridge which is destroyed by E57K mutation. Positions along the a-helices are also indicated (e, e′ , g, g′ ). (B)
Effect of R62E mutation on TRAF6 binding. The experiment was carried out as described in Fig. 2A.
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as wt TRAF6 (data not shown), appeared much less potent.
Finally, DCC-TRAF6 exhibited a quite reduced activity,
between 25 and 35% of the activity of TRAF6 wt. This indicates that the coiled coil of TRAF6, which interacts with
NEMO, is required for NF-kB activation.

DISCUSSION

TRAF2, another member of the TRAF family that also contains a coiled-coil domain located upstream of its TRAF-C
domain. No interaction between TRAF2 and NEMO was
observed (Fig. 8C).
The coiled-coil domain of TRAF6, which interacts with
NEMO, is required for NF-kB activation
In order to confirm that binding of TRAF6 to NEMO through
the coiled-coil domain of TRAF6 was required for NF-kB
activation, we transfected HEK 293T cells with wt TRAF6,
C70A TRAF6, DC351-TRAF6, DC325-TRAF6, DC308TRAF6 or DCC-TRAF6 and looked for NF-kB activation
using an Igk-luc reporter plasmid. As shown in Figure 9, activation of NF-kB by TRAF6 was completely dependent upon
its E3 ligase activity since C70A TRAF6 was totally inactive.
Moreover, DC351-TRAF6 was still able to activate NF-kB at
the same level as wt TRAF6, despite its inability to interact
with IRAK-1 (data not shown). In contrast, DC325-TRAF6
and D308-TRAF6, which were expressed at the same level
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Figure 4. Functional analysis of E57K mutation. (A) Western blot analysis of
NEMO in wt MEFs and NEMO (-) MEFs stably complemented with empty
pBabe vector (pB), pBabe expressing wt NEMO or expressing mutant
E57K. A non-specific band (n.s.) revealed by the antibody demonstrates
equal loading between the samples. (B) E57K mutant interacts normally
with IKK2. MEF clones were transfected with Flag-IKK2, then IKK2 was
IP with anti-Flag and analyzed for associated NEMO (C) NF-kB transcriptional activation. Complemented MEFs were stimulated with TNF-a, IL-1b
or TRAF6 and NF-kB activation was measured using a luciferase assay as
described in Materials and Methods. Fold activation is shown. Error bars represent variation ranges of duplicate experiments.

In order to get more insights into the NF-kB activation
process, we have initiated a molecular analysis of NEMO missense mutations causing the genetic disease incontinentia pigmenti. Such analysis is expected to uncover new features of
the protein and to allow a better understanding of its role in
IKK activation. In addition, this work should provide useful
information regarding the molecular basis of the disease and
the specific pathways that are deregulated. Here, we confirmed
that NEMO and TRAF6 interact with each other and demonstrated that the novel identified interface can be affected by
pathology-associated mutations.
The NF-kB activation process is largely dependent upon
ubiquitination processes which either result in protein degradation or regulate the function of several molecules directly
participating in IKK stimulation. These events involve specific
E3 ligases and, among them, various members of the TRAF
family of proteins. In particular, TRAF6 has been shown to
play key roles in NF-kB-dependent signaling pathways that
control immunity, osteoclasteogenesis, skin development and
brain function. It therefore represents an attractive target for
inhibiting NF-kB activation when this activation is deregulated, such as in inflammation, cancer or autoimmunity.
How TRAF6 participates in IKK activation remains unclear.
It has been originally proposed that cell stimulation induces its
autoubiquitination, helping recruiting the TAK complex
through TAB2- and TAB3-associated subunits which contain
NZF domains (28). Nevertheless, this model has been recently
challenged by the demonstration that a TRAF6 protein
mutated in all of its lysines was still able to activate NF-kB
(29). Since the E3 ligase activity of TRAF6 is unambiguously
required for NF-kB activation (30, Fig. 9), this would mean
that this protein acts by ubiquitinating a partner instead of
itself. Among the putative candidates are IRAK-1 and
NEMO. Both of them have been shown to interact with
TRAF6 but the role of these interactions is still uncertain.
For instance, IRAK-1 has been shown to be ubiquitinated
upon IL-1 stimulation and Ashwell’s group has proposed
that the E3 ligase involved was TRAF6 (31). In contrast,
Cohen’s group has reported that Pellino, instead of TRAF6,
was the E3 for IRAK-1 (32). The consequence of this IRAK
modification would be the recruitment of IKK through
NEMO, as shown by the inability NEMO mutated in its
NUB to activate NF-kB.
We and others have shown, using overexpression or in vitro
assays, that TRAF6 was also able to ubiquitinate NEMO
(19,33), but the exact relationship between this modification
and IKK activation remains elusive. To further complicate
the picture, it has been proposed that NEMO may also be
modified by linear polyubiquitination in pathways involving
TRAF6, such as the IL-1 pathway. In this case, the E3 modifying NEMO appears to be a dimeric protein termed LUBAC
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Figure 6. Binding of NEMO to TRAF6 through the NUB domain. (A) Extracts from HEK 293T cells transiently transfected with DN97 or V316P DN97 alone or
in combination with Flag-TRAF6 were analyzed with anti-TRAF6 after immunoprecipitation with anti-HA. The asterisk indicates ubiquitination of wt NEMO
which does not occur anymore following elimination of the first 97 amino acids. (B) Extracts from HEK 293T cells transiently transfected with wt NEMO or
DN97 and Flag-TRAF6 and the effect of also co-transfecting wt or catalytically inactive (H/N) Flag-CYLD on NEMO/TRAF6 interaction was also checked after
immunoprecipitation with HA and analysis with anti-TRAF6.

which is composed of two distinct E3 proteins, HOIL-1L and
HOIP (34).
Here, we demonstrate that the binding of TRAF6 to NEMO
involves two distinct domains of the NEMO protein (Fig. 10).

The first one had been previously identified during our molecular characterization of the IP-associated A323P mutation
(19). We believe that it acts through recognition of ubiquitinated TRAF6 and coincides with the NUB domain, based on
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Figure 5. Interaction between NEMO and ubiquitinated TRAF6. (A) Extracts from HEK 293T cells transiently transfected with wt HA-NEMO or DN97 alone or
in combination with Flag-TRAF6 or Flag-C70A TRAF6, were analyzed with anti-TRAF6 after immunoprecipitation with anti-HA. The asterisk indicates ubiquitination of wt NEMO which does not occur anymore following elimination of the first 97 amino acids. (B) GST, GST-NEMO or GST-A/P NEMO bound to
gluthation-Sepharose beads, prepared as described in Materials and Methods, were incubated with lysates derived from cells previously transfected with FlagTRAF6 alone or with HA-Ub (Ub). Bound TRAF6 was released from the beads and analyzed after western blotting with anti-TRAF6. The lower panel on the
right represents a Coomassie staining of GST-NEMO and GST-A/P NEMO beads.
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the following observations: (i) it involves a region of NEMO
located near the NUB domain; (ii) it requires residue A323
(V316 in the mouse), an amino acid important for ubiquitin
recognition (25,26); (iii) it is sensitive to the deubiquitinase
activity of CYLD, as shown using DN97. At this stage, we
can not formally exclude that this domain also recognizes
in vivo ubiquitin moieties of a partner of TRAF6, such as
IRAK1, instead of ubiquitinated TRAF6 itself (see above).
The second domain, which is novel, is located at the Nterminus of the protein and most probably establishes a
direct contact with TRAF6, not sensitive to CYLD. Worth
noting, binding of TRAF6 to this domain appears absolutely
required for NEMO ubiquitination, since DN97 is not modified
upon co-transfection with TRAF6 despite its conserved ability
to pull-down ubiquitinated TRAF6.
The N-terminal part of the NEMO molecule has been
reported to bind IKK1 and IKK2 but other regulators of
IKK, such as CIKS/Act1, ATM, PIASy and NESCA interact
there as well (35– 38). For some of them, it remains nevertheless unclear whether this interaction is physiologically relevant. In our case, impaired interaction of TRAF6 with this
site results in defective NF-kB activation by IL-1, as observed
with IP-related E57K mutation.
Recent studies have demonstrated that the N-terminal part
of NEMO is composed of short helices, which not only
provide interfaces for heterotypic interaction with IKK1/
IKK2 but also allow dimerization of NEMO. For instance, a
structural analysis of the NEMO/IKK interaction domain
has identified several critical residues participating either in
recognition by IKKs or NEMO dimerization (22). Moreover,

Marienfeld et al. (20) have functionally dissected the Nterminal part of NEMO and demonstrated that it can be
divided into two distinct subdomains. Interestingly, D57 –69
mutant which appears perturbed in N-terminus dimerization
is still able to interact with IKK1 and IKK2, suggesting that
it performs another function than structuring the IKK
binding site.
On the TRAF6 side, our study has revealed a new putative
function of the TRAF6 coiled coil as a NEMO binding interface. Until now, the role of this domain was quite unclear
besides its possible participation in TRAF6 oligomerization.
This contrasts with the well-known functions of the ring
finger and TRAF-C domains. Yang et al. (39) have proposed
that the coiled coil of TRAF6 was required for TRAF6 autoubiquitination and NF-kB activation through its binding to
Ubc13. Nevertheless, the Ubc13 binding domain is supposed
to be the ring finger, specifically dedicated to the interaction
with the E2 conjugating enzymes (40). We show here that
the TRAF6 coiled coil may perform an additional/alternative
function, NEMO binding, that would explain its role in
NF-kB activation.
What might be the role of the NEMO/TRAF6 interaction we
have characterized? Ubiquitination of NEMO has been
reported in several instances. Therefore, TRAF6 may represent a bona fide NEMO E3 ligase. Nevertheless, TRAF6
usually works in concert with Uev1a/Ubc13 to synthesize
K63-linked polyubiquitin chains and there is a controversy
regarding the kind of chains that modify NEMO upon stimulation, including IL-1b stimulation. Indeed, it has been proposed that NEMO may be modified by K63-linked chains
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Figure 7. The coiled-coil domain of TRAF6 interacts with NEMO. (A) Schematic diagram of TRAF6 representing the RING, zinc (ZN) finger, coiled-coil (CC)
and TRAF-C domains. The different deletions analyzed are indicated. (B) HEK 293T cells were transiently transfected with expression vectors encoding
hNEMO alone or with expression vectors encoding Flag-TRAF6, Flag-TRAF6 DC351 or Flag-TRAF6 DN108. Twenty four hours post-transfection whole-cell
extracts were prepared and immunoprecipitated using anti-NEMO. The samples were analyzed after immunoblotting with anti-Flag (upper panel). Expression of
the various expressed proteins is also shown (lower panels) (C and D). A similar co-immunoprecipitation assay using hNEMO and various amino- or carboxyterminal deletion of TRAF6.
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but also by linear chains. Clearly, much remains to be done
regarding this important issue. Alternatively, TRAF6 binding
may play a role in anchoring NEMO in a macromolecular
complex required for IKK activation. In this case, ubiquitinated TRAF6 or an associated ubiquitinated partner, such as
IRAK, may attract IKK through the NUB domain and a
subsequent NEMO/TRAF6 interaction occurs through the
N-terminus of NEMO. Formation of such ubiquitinated multiprotein complex might play a role in recruiting the TAK
complex which would eventually activate IKK through phosphorylation. Whatever the scenario involved, trying to
perturb the novel interaction between the N-terminus of
NEMO and TRAF6 may be exploited to dissect this sequence
of event and/or to modulate IKK/NF-kB activation.
The molecular analysis of NEMO missense mutations
causing IP, especially the one we report here (E57K),
provide some interesting new information regarding the identity of the NF-kB-dependent signaling pathways that play a
critical role in the manifestations of the disease. E57K
mutation has been associated with a mild form of IP (21).

MATERIALS AND METHODS
Reagents
The following antibodies were used: anti-human NEMO
(#3328, a kind gift of Dr N. Rice), anti-FLAG (Sigma-Aldrich,
St Louis, MO, USA), anti-NEMO (sc-8330, Santa-Cruz, CA,
USA), anti-TRAF6 (sc-7221, Santa-Cruz), anti-mouse
(sc-2314, Santa-Cruz), anti-rabbit (sc-2317, Santa-Cruz).
hTNF-a and hIL-1b were from Roche (Basel, Switzerland)
or Peprotech (Rocky Hill, NJ, USA) and LPS from
Sigma-Aldrich.
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Figure 8. The coiled-coil domain of TRAF6 is specifically recognized by
NEMO. (A) Defective interaction of DCC-TRAF6 with NEMO. The analysis
was carried out as described in Fig. 7. (B) Interaction of wt TRAF6 and
DCC-TRAF6 with IRAK1. HEK 293T cells were transfected with expression
vectors encoding TRAF6 and IRAK1. Immunoprecipitations were performed
using anti-Flag and the samples were analyzed after immunoblotting with antiIRAK1. (C) TRAF2 does not interact with NEMO. HEK 293T cells were
transfected with expression vectors encoding NEMO, Flag-TRAF6 and FlagTRAF2 alone or in combinations. Cell extracts were immunoprecipitated with
anti-Flag and analyzed, after immunoblotting, with anti-Flag and anti-NEMO
(upper panel). Flag-TRAF2 expression was compared with Flag-TRAF6 using
an anti-Flag antiboby (lower panel).

The affected female patient exhibited only dermatological
defects, showing the first two stages of the disease. Because
the skin lesions were not widely diffused over the body
(only on the upper and lower limbs) and because no other
defects were detected, this IP case was considered ‘mild’
and ranked as ‘0’ using our scale of disease severity (21). In
addition, she exhibited non-random but incomplete Xinactivation skewing at the time of diagnosis. Worth noting,
her mother also presented mild dermatological signs, compatible with a diagnosis of familial IP.
We show here that E57K mutation is associated with a
defect in TRAF6-dependent signaling pathways, such as the
IL-1R and TLR pathways but not in the TNF-R1 pathway.
This is, to the best of our knowledge, the first NEMO mutation
behaving this way and this indicates that a simple impairment
of this subset of signaling pathways is enough to trigger the
disease, although with mild intensity. Supporting this view,
mice models used to understand in more detail the pathophysiology of IP have suggested that perturbed innate immunity,
which usually requires TRAF6-dependent pathways, may be
the trigger of the dermatosis process, although the subsequent
full-blown inflammation reaction clearly involves TNF (41).
Therefore, IP patients exhibiting mutations located at the Nterminus of NEMO and affecting the TRAF6 binding site
without affecting the IKK binding site may represent a class
mildly affected. In contrast, patients exhibiting mutations
within the NUB domain, which participates in the dual
TRAF6 interaction but also binds other ubiquitinated partners,
are likely to be more severely affected, such as the patient with
mutation A323P (19).
Since hypomorphic mutations of NEMO are also responsible for EDA-ID pathology (42), EDA-ID patients, which
are males, might also exist carrying mutations of the TRAF6
binding site located at the N-terminus of NEMO. Indeed, activation of IKK following pathogen exposure very often
requires TRAF6 and impaired binding of TRAF6 to NEMO
could cause immunodeficiency. Another main manifestation
of the EDA-ID disease, anhidrotic ectodermal dysplasia,
involves the ectodysplasin pathway which has been shown
to utilize TRAF6 (43). Finally, the most severe cases of
EDA-ID are often associated with osteopetrosis. This defect
in bone remodeling is most probably caused by defective
RANK signaling, which is also dependent on TRAF6 (7).
Clearly, from what we have learned analyzing the molecular
consequence of E57K mutation, such scenario of IP or
EDA-ID association depending on the sex of the affected
patient can be envisioned.
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et al. (20). The truncated versions of mTRAF6 (DN297,
DN319, DN330) were generated by PCR and inserted into
pcDNA3-FLAG. Truncations DC325, DC308 and C/A were
prepared using the Quickchange mutagenesis kit. The deletions of hTRAF6 (delRING¼DN108, delTRA-FC¼DC351)
were provided by Carter and co-authors (44), the expression
plasmid encoding IRAK1 by Ashwell and co-authors (45)
and the pGEX-5X3-NEMO construct by Poyet (INSERM
UMR 940, Hôpital Saint-Louis, Paris, France).
Cell culture and transient transfection
Figure 10. Dual mode of recognition between NEMO and TRAF6. Data gathered from this study and a previous one (19) indicate that NEMO directly
interacts with TRAF6 through its N-terminus and recognizes ubiquitinated
(Ub) TRAF6 through its NUB domain. IP-associated E57K and A323P
mutations distinctly affect those two modes of interaction. Deletion DN97 deletion lacks the N-terminal binding site and recognizes TRAF6 through its ubiquitin moieties.

Plasmids
Mutations E57K, DK90, D113N, R123W and A323P of
hNEMO and V316P of mNEMO have been previously
described (19,21). The internal deletion in DCC-TRAF6 was
prepared using the Quikchange mutagenesis Kit (Invitrogen,
Carlsbad, CA, USA) and checked by sequencing. The truncated versions of mNEMO (DC385, DC343, DC299, DN97)
were generated by PCR and inserted into pcDNA3-HA. The
internal deletions of mNEMO (D113– 168, D250– 311,
D201 – 255) were generated by enzymatic digestion and
cloned into pcDNA3-HA. The deletions of hNEMO (D47–
56, D57– 69, D70– 79) were a kind gift from Marienfeld

HEK 293T and NEMO-deficient murine embryonic fibroblasts
(MEFs) (24) were cultured in Dulbecco’s modified Eagle’s
medium (Invitrogen) supplemented with 10% fetal bovine
serum, penicillin (50 U/ml) and streptomycin (50 mg/ml).
Transient transfection of HEK 293T cells in six-well dishes
was carried out using a standard CaPO3 procedure. Transient
transfection of MEFs in 12-well dishes was performed with
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s protocol.
Luciferase assays
For the reporter gene assays, 293T cells or MEFs were transiently transfected as described above with 200 ng of a
NF-kB-dependent reporter plasmid (Igk-Luc) and 50 ng of a
renilla luciferase reporter plasmid. Equal DNA amount (2 mg/
well) was maintained in each experiment by adding the appropriate empty vector to the DNA mixture. The cells were lysed
after 24 h with TNT [200 mM NaCl, 1% Triton X-100, 20 mM
Tris–HCl (pH 7.5)] and firefly and renilla luciferase activities
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Figure 9. The coiled-coil domain of TRAF6 is involved in NF-kB activation. The various TRAF6 molecules were expressed in HEK293T and their effect on
NF-kB transcriptional activity analyzed with a luciferase assay, as described in Materials and Methods. Identical expression of the proteins was confirmed after
immunoblotting, using an anti-Flag antibody (data not shown).
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were measured according to the protocol for the dual-luciferase
system (Promega, Madison, WI, USA). The resulting firefly
luciferase values were normalized using the renilla values.
Experiments were repeated at least three times.
Retroviral infections/stable complementation of NEMO (-)
fibroblasts
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Immunoprecipitation and western blotting
HEK 293T cells were recovered by gentle pipetting in 1 ml of
PBS. They were centrifuged at 6000 rpm for 1 min in a microfuge and resuspended in 50–100 ml of TNT buffer. After incubation on ice for 10 min and centrifugation at 14 000 rpm for
10 min, the supernatant was recovered and the protein concentration determined. Proteins (100–200 mg in 200 ml of TNT)
were either directly analyzed, after electrophoresis, by
western blotting (see below) or immunoprecipitated. In this
latter case, extracts were incubated under rotation for 2 h at
48C with the relevant antibody. Protein A or protein GSepharose (Sigma) was then added and the mixture incubated
for a further 1 h at 48C. Sepharose beads were quickly centrifuged in a microfuge (30 s at 10 000 rpm) and washed three
times with TNT. After the final wash, the beads were resuspended in 30 ml of buffer A [10 mM KCl, 2 mM MgCl2,
0.1 mM EDTA, 1 mM DTT, 10 mM Hepes (pH 7.8)] loading
dye and electrophoresed through a 10% acrylamide gel. Gels
were transferred at 100 V for 1 h into Immun-Blot PVDF membranes (BioRad), which were blocked in 4% dry milk/PBS for
1 h. Incubation with the relevant Ab was carried out in 0.4% dry
milk/PBS for 1 h. The membrane was washed three times in
0.05% Tween/PBS for 10 min and incubated with the secondary
HPR-linked antibody for 45 min in 0.4% dry milk/PBS. After
the final washes, membranes were analyzed using either ECL
(Amersham, Little Chalfont, UK) or SuperSignal West Pico
Chemiluminescent Kit (Pierce, Rockford, IL, USA).
GST pull-down assays
Bacteria BL21 (Invitrogen) were transformed by GST fusion
plasmids (GST-hNEMO WT or GST-hNEMO A323P) and
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