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a Institut Pasteur, Unité de Biochimie Structurale et Cellulaire, CNRS, URA 2185, France
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A B S T R A C T

Aberrant and constitutive NF-kB activation are frequently reported in numerous tumor types, making its

inhibition an attractive target for the treatment of certain cancers. NEMO (NF-kB essential modulator) is the

crucial component of the canonical NF-kB pathway that mediates IkB kinase (IKK) complex activation. IKK

activation resides in the ability of the C-terminal domain of NEMO to properly dimerize and interact with

linear and K63-linked polyubiquitin chains. Here, we have identified a new NEMO peptide inhibitor, termed

UBI (ubiquitin binding inhibitor) that derives from the NOA/NUB/UBAN ubiquitin binding site located in the

CC2-LZ domain of NEMO. UBI specifically inhibits the NF-kB pathway at the IKK level in different cell types

stimulated by a variety of NF-kB signals. Circular dichroı̈sm and fluorescence studies showed that UBI

exhibits an increased a-helix character and direct, good-affinity binding to the NOA-LZ region of NEMO. We

also showed that UBI targets NEMO in cells but its mode of inhibition is completely different from the

previously reported LZ peptide (herein denoted NOA-LZ). UBI does not promote dissociation of NEMO

subunits in cells but impairs the interaction between the NOA UBD of NEMO and polyubiquitin chains.

Importantly, we showed that UBI efficiently competes with the in vitro binding of K63-linked chains, but not

with linear chains. The identification of this new NEMO inhibitor emphasizes the important contribution of

K63-linked chains for IKK activation in NF-kB signaling and would provide a new tool for studying the

complex role of NF-kB in inflammation and cancer.

� 2011 Elsevier Inc. All rights reserved.
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1. Introduction

The nuclear factor-kB (NF-kB) proteins have essential roles in
innate and adaptative immunity, oncogenesis, and development
[1–4]. In resting cells, NF-kB transcription factors combined with
inhibitors called IkB are inactive in the cytoplasm. The activity of
NF-kB proteins is regulated by a variety of stimuli including
bacterial lipopolysaccharides (LPS), tumor necrosis factor-a (TNF-
a) and interleukin 1b (IL-1b). In the canonical pathway,
Abbreviations: NF-kB, nuclear factor-kB; NEMO, NF-kB essential modulator; LZ,

leucine zipper; CC2, coiled-coil 2; UBI, ubiquitin binding inhibitor derived from

NEMO; NOA, NEMO Optineurin ABIN; CPP, cell permeable peptide; BA-peptide,

peptide fused at its N-terminus with the cell permeable sequence antennapedia and

conjugated with the bodipy fluorophore; A-peptide, Antennapedia tagged peptide;

R7- or R9-peptide, peptide fused at its N-terminus with a hepta- or nona-arginine

sequence; DDM, dodecyl maltoside; PBS, phosphate-buffered saline; LPS, lipopoly-

saccharide; PMA, phorbol 12-myristate 13-acetate; IL-1b, interleukine 1b; TNF-a,

tumor necrosis factor a; UBD, ubiquitin binding domain.
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stimulation leads to the activation of the IKK (IkB kinase) complex
composed of two protein kinases (IKKa and IKKb) and a non-
catalytic regulatory protein called IKKg/NF-kB essential modulator
(NEMO). Once the IKK complex is active, the kinases phosphorylate
IkB proteins which promote their K48-linked ubiquitination and
proteasomal degradation, which subsequently allow NF-kB
transcription factors to enter the nucleus and activate gene
expression. Activation of the IKK complex relies on the interaction
between the kinases and NEMO. NEMO interacts with many
proteins that participate in a series of NF-kB activating signals.

Despite an abundance of literature on the IKK complex, the
mechanism of its activation by NEMO remains confusing, probably
because NEMO acts as an integrating platform for multiple
signaling receptors. Nevertheless, a consensual mechanism has
emerged. Genetic evidence supports the TGF-activated kinase
(TAK1) as the direct upstream kinase for IKK in innate and
adaptative immune responses [5,6]. Activation of TAK-1 depends
on its interaction with K63-linked chains through its protein
partners TAB2/TAB3, which specifically recognize these types of
polyubiquitin chains [7,8]. Upon receptor activation, several
signaling proteins such as receptor interacting protein 1 (RIP1)
become K63-polyubiquitinated and promote recruitment of

http://dx.doi.org/10.1016/j.bcp.2011.07.083
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NEMO/IKK complexes to the membrane through NEMO binding
with the K63-linked polyubiquitin chains. In contrast with K48-
linked polyubiquitin chains which target proteins for proteasome
degradation, K63-linked polyubiquitin chains provide a docking
site for both NEMO/IKK and TAK1/TAB2/TAB3 complexes. This
facilitates the direct phosphorylation/activation of IKKa and IKKb
by TAK1. However, this model has been recently challenged by
TNF-R1 signaling studies which show that head to tail linear
polyubiquitin chains can also mediate IKK activation via the LUBAC
complex containing HOIL-IL, HOIP [9] and more recently SHARPIN
[10–12]. This and other E3 ubiquitin ligase complexes such as
cIAP1/2 and TRAF2 are also recruited to the TNF-R1 in a TNF-a
dependent manner and LUBAC recruitment requires cIAPs-
generated polyubiquitin chains [13]. Replacement of the endoge-
nous ubiquitin gene with sets of ubiquitin mutants also showed
that the IL-1 pathway requires K63-linked polyubiquitin chains to
mediate IKK activation [14]. The same studies also showed that the
TNF-a pathway uses other sets of ubiquitination enzymes (E2 and
E3) to form mixed polyubiquitin chains capable of activating IKK
complex [14].

Although many signaling proteins become ubiquitinylated
upon receptor activation, previous data indicate that free unan-
chored K63-linked and mixed polyubiquitin chains can activate
IKK and TAK-1 complexes via the ubiquitin binding activities of
NEMO and TAB2/TAB3, respectively [15]. The NEMO protein is
comprised of a series of coiled-coils with variable intrinsic stability
(Fig. 1A). The N-terminal half of the protein contains a large coiled-
Fig. 1. The functional domains of the NEMO protein. (A) NEMO (412 amino acids in mous

the minimal CC2-LZ oligomerization domain that is required for binding to K63-linked 

Shown are the predicted coiled-coil regions (CC1, CC2, and LZ) and the ZF domains as well

domains whose crystal structures showed that they also form coiled-coil structure [17,1

(green, PDB ID: 3JSV) or linear diubiquitin chains (blue, PDB ID: 2ZV0), or with DARPin (gr

the proximal Ub site of linear diubiquitin chain are not shown. The 21 amino-acid stretch

peptide. The NEMO-derived NOA-LZ peptide, previously reported as NF-kB inhibitor [2
coil region (CC1) and a helical domain 1 (HLX1) which form the
dimeric coiled-coil structure that is required for interaction with
IKK kinases [16,17]. The central region of NEMO, denoted HLX2
(residues 196–248), acts as a binding site for the viral KSHV-
derived vFLIP [18]. Analysis of the structural complex of NEMO
with vFLIP revealed that HLX2 forms a parallel dimeric coiled-coil
[18]. The C-terminal domain of NEMO, is comprised of a coiled-coil
motif (CC2), a leucine zipper (LZ), and a zinc finger motif (ZF) at the
extreme C terminus [19]. It is involved in signal recognition
through its dimerization and polyubiquitin binding [19].

The LZ domain of NEMO contains a region of high homology
which has been identified in four other proteins: optineurin and
ABIN 1, 2, and 3 [20,21]. This region is named NOA (NEMO
Optineurin ABIN), but is also referred to as NUB/UBAN [22,23]. The
NOA region binds to K63-linked chains [24,25] and linear chains
[26,27]. The NOA ubiquitin binding site itself can only interact
weakly with K63-linked or linear chains and exhibits more
efficient binding in the context of the full CC2-LZ domain
[24,25]. Several crystal structures of the CC2-LZ domain alone
[26,27], in complex with DARPin [19], or in complex with short
diubiquitin of K63-linked chains [28] or linear chains [27] have
been recently reported (Fig. 1B). All of these structures showed that
the CC2-LZ domain forms an elongated coiled-coil dimer. Within
the CC2-LZ domain, the NOA binding site is built on an unusual and
unstable coiled-coil where a cluster of charged and aromatic
residues forms the dimerization core. These structures can be used
to precisely define the essential requirements for CC2-LZ
e) is composed of several overlapping functional domains: the IKK-binding domain,

and linear ubiquitin chains, and the C-terminal ZF which represents a second UBD.

 as the conserved NOA ubiquitin binding site. HLX1 and HLX2 refer to the two helical

8]. (B) Superimposed structures of the CC2-LZ domain in complex with K63-linked

ey, PDB ID: 2V4H). For clarity, the two bound DARPin molecules which overlap with

 of NEMO which constitutes the NOA is shown in red. It was used to design the UBI

0], is indicated below the structure.
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dimerization and binding to linear and K63 diubiquitin (Fig. 1B).
The structure of the C-terminal ZF domain of NEMO was also
determined by NMR [29], which showed a second ubiquitin
binding site [30]. This second site cooperates with the NOA motif to
specifically recognize longer K63-linked chains [31].

Prolonged NF-kB activation and aberrant regulation of NF-kB
are associated with many cancers and autoimmune disorders [32–
34]. In this regard, NEMO is a promising therapeutic target for
inhibitors because this protein is a central and non-redundant
component of the IKK complex. Knockout of NEMO results in
strong apoptosis of cancer cells in response to TNF-a via
mechanisms which are dependent and independent of NF-kB
transcription [35]. In addition, targeting NEMO may have less
toxicity side effects in animal models compared with kinase
inhibitors of IKK [32,36].

We have previously described a NEMO peptide termed LZ
(hereafter denoted NOA-LZ), which inhibits the NF-kB pathway by
perturbing the CC2-LZ oligomerization of NEMO [20]. More
recently, we reported the NEMO-mediated mechanism of IKK
activation in which the proper dimeric folding of NOA is required
for efficient binding to polyubiquitin chains [19]. In this paper, we
describe a new NEMO peptide derived from the NOA ubiquitin
binding site. This peptide, termed ubiquitin binding inhibitor (UBI),
is considerably shorter than the previously described NOA-LZ
peptide and contains an Asp to Arg residue substitution at position
304. A mutation of the same Asp residue into Asn was found in a
patient suffering from anhidrotic ectodermal dysplasia with
immunodeficiency (EDA-ID) [37] and leads to NF-kB pathway
inhibition by preventing NEMO interaction with polyubiquitin
chains [25,27,38]. We show here that, contrary to the NOA-LZ
peptide which inhibits NF-kB activation by perturbing dimeriza-
tion of the CC2-LZ domain, the UBI acts as an NF-kB inhibitor by
preferentially blocking interactions between K63-tetraubiquitin
chains and the NOA UBD of the CC2-LZ domain of NEMO.

2. Materials and methods

2.1. Cell lines, plasmids and peptides

Jurkat T cells, 70Z/3, 70Z/3-C3, JM 4.5.2/Flag-NEMO cells were
grown in RPMI 1640 medium (Invitrogen, Eugene, OR, USA) and
HEK 293T cell lines were grown in DMEM medium (Invitrogen).
Both media were supplemented with 10% FCS and 100 mg/ml
penicillin/streptomycin. The stable cell line 70Z/3-C3 was
obtained as described by Agou et al. [20]. The stable cell line JM
4.5.2/Flag-NEMO was obtained by electroporation of NEMO�/�

Jurkat T lymphocytes (JM 4.5.2 [39]) with a pcDNA3-Flag-NEMO.
AP-1-Luc and SRE-Luc plasmids were obtained from Stratagene
(Santa Clara, CA, USA) and the Igk-luc reporter plasmid for NF-kB
has been previously described [26]. pNEMO-Flag was previously
established by Fontan et al. [40]. The plasmids, pNFAT-luc and
pGFP-NEMO were kind donations from J. Weitzman (CNRS/
University Paris-Diderot) and A. Israël (Institut Pasteur, Paris),
respectively. NF-kB reporter Jurkat T cells were either purchased
from Invitrogen (NF-kB-bla Jurkat CellSensor cell line) or were
obtained after transduction of lentiviruses containing a NF-kB
reporter luciferase gene. For this, five tandem copies of an NF-kB
binding site upstream of the TATA promoter and the firefly
luciferase gene were cloned into a pLenti6.4/R4R2/V5-DEST
vector (Gateway) from Invitrogen (sequence available upon
request). The production of viral particles and infection of the
cells were performed in accordance with the manufacturer’s
instructions using the ViraPower Lentiviral Expression System
(Invitrogen). The peptides used in this study were all synthesized
as previously described [41].
2.2. Cell stimulation assays

To test the activation of the NF-kB pathway, 70Z/3-C3 pre-B
lymphocytes (4.5 � 105) in 450 ml of RPMI 1640 medium were
incubated with 0–20 mM peptide. After 2 h at 37 8C, cell samples
were transferred in duplicate to a 96-well microtiter plate
(2 � 105 cells/well). Samples were then stimulated or not with
15 mg/ml LPS from Salmonella abortus (Sigma, St. Louis, MO, USA),
or 20 ng/ml IL-1b (BD Pharmingen, San Jose, CA, USA), or 100 ng/
ml PMA (Sigma) for 4 h at 37 8C. After centrifugation, the cell pellet
was washed and cells were lysed in a 25 mM Tris-phosphate buffer
pH 7.8 containing 8 mM MgCl2, 1 mM DTT, 1% Triton X-100, 15%
glycerol (LB buffer), and protease inhibitors (Roche Applied
Science, Basel, Switzerland). b-Galactosidase activity was mea-
sured using the Galacton-star chemiluminescent substrate (Clon-
tech, Madison, WI, USA) as previously described [20], and the b-
lactamase activity of NF-kB-bla Jurkat cells (Invitrogen) was
measured according to the manufacturer’s instructions. To test the
activation of different signaling pathways, Jurkat T cells were
transiently transfected with an Igk-luc, SRE-luc, NFAT-luc or AP1-
luc reporter plasmid using a DEAE-dextran method as described by
Courtois et al. [42]. All transient transfections were normalized
with a second reporter plasmid bearing the b-galactosidase gene
under the control of the EF1 constitutive promoter as described by
Grubisha et al. [19]. 24 h after transfection, cells were incubated
with or without 5 mM NEMO-derived peptides for 2 h. Cells were
then stimulated or not with 100 ng/ml PMA and 1 mg/ml
ionomycin for 5 h, and finally lysed in LB buffer. Measurement
of luciferase was performed out in a Berthold Luminometer (Bad
Wildbad, Germany).

2.3. Immunofluorescence confocal microscopy

70Z/3 cells were incubated with different peptides at 10 mM
for 2 h at 37 8C and then were either stimulated or not with LPS
(15 mg/ml) for 60 min. They were plated on poly-L-lysine-coated
glass coverslips and fixed with 5% paraformaldehyde (20 min),
washed in PBS, permeabilized with 0.2% Triton X-100, washed in
PBS again, and blocked with 1% BSA for 15 min. Next, cells were
incubated for 1 h at room temperature with a polyclonal
anti-p65 antibody (gift from Nancy Reiss, diluted 1:1000 in
blocking solution). Coverslips were washed 3 times with
PBS and incubated with a 1:1000 dilution of the secondary
antibody, Alexa-488 coupled goat anti-rabbit IgG (Invitrogen).
They were washed and incubated with a 1:20,000 dilution of
DAPI solution (Invitrogen). Finally, the samples were washed
three times in PBS and mounted in mowiol for analysis on an
Zeiss axioplan 2 microscope with ApoTome system for optical
sectioning using the AxioVision 4.6.3 software (Chester, NJ,
USA).

2.4. Fluorescence anisotropy and circular dichroism spectroscopy

Anisotropy measurements were performed with a Quanta-
master fluorometer from Photon Technology International
(Birmingham, NJ, USA) using a photomultiplier tube in the L-
configuration as previously described [43]. All experiments were
carried out in a microcuvette (60 ml) at 22 8C, with excitation
and emission wavelengths of 495 and 513 nm in a 20 mM
isoionic buffer pH 8 (10 mM acetic acid, 10 mM MES, 20 mM
Tris, 20 mM KCl). Each data point is the result of 20 recordings
taken over a 2-min period. Far-UV circular dichroism (CD)
measurements were performed with an Aviv 215 spectro-
polarimeter (Lakewood, NJ, USA) as described by Grushiba et al.
[19] with samples diluted in 10 mM sodium phosphate at
pH 7.0.
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2.5. Interaction of the UBI peptide with endogenous NEMO

70Z/3 cells were seeded in 6-well plates at a density of 106/ml in
2 ml aliquots and were incubated for 2 h at 37 8C with or without
biotinylated BioA-NOA or BioA-UBI peptides. Cells were exten-
sively washed two times with cold PBS to remove excess peptide
and lysed in 100 ml of LB buffer containing protease inhibitors.
Lysates were clarified at 13,000 � g at 4 8C for 20 min, and aliquots
of 10 ml (10% of input) were withdrawn before incubating 40 ml of
agarose high capacity neutravidin beads (Thermo scientific,
Waltham, MA, USA) for 30 min at 4 8C with the remaining material.
Biotinylated peptides were pulled down with beads and washed
twice with LB buffer. Bound proteins and clarified lysates were
then analyzed by Western blotting using anti-NEMO, anti-RIP (BD
biosciences), anti-NRP (Cayman Chemicals, AnnArbor, MI, USA) or
anti-GAPDH (Millipore, Billerica, MA, USA) antibodies.

2.6. In vivo NEMO oligomerization assay

HEK 293 T cells were transiently co-transfected with 2 mg
pFlag-NEMO and 0.7 mg pGFP-NEMO by the calcium-phosphate-
DNA precipitation method. The total amount of DNA was kept
constant by adding empty vector. 24 h after transfection, cells were
incubated with 20 mM of peptides for 2 h at 37 8C, washed twice
with PBS and then lysed in 150 ml of LB buffer containing protease
inhibitor cocktail. The Flag-NEMO/GFP-NEMO oligomers were
pulled down by incubating for 1 h at 4 8C 100 mg of total protein in
200 ml of interaction buffer (50 mM Tris–HCl pH 7.5, 1% Triton X-
100, 1 mM DTE, 300 mM NaCl) with 40 ml of agarose anti-Flag M2
beads (Sigma). The beads were washed twice with the interaction
buffer and the GFP-NEMO fluorescence was directly read on the
beads with a SAFAS microplate reader (Monaco). The clarified
lysates were analyzed by Western blotting using anti-Flag (Sigma),
anti-GFP (Oncogene, Cambridge, MA, USA), and anti-NDPK-B
antibodies to normalize the results.

2.7. In vitro and in vivo ubiquitin binding assay

For in vitro experiments, the purified His-CC2-LZ (4 mM), which
has been previously described [44], was bound to 50 ml of Ni-NTA
beads (Qiagen, Hilden, Germany), equilibrated in 20 mM Tris–HCl
buffer pH 8, 50 mM KCl, 0.2 mM DDM, 10% glycerol and 20 mM
imidazole, for 30 min at room temperature. The beads were
washed twice with the same buffer, incubated for 1 h with either
K63- or linear tetraubiquitin (2 mM) and with 0-40 mM A-UBI and
A-NOA peptides, and then washed twice. The sample was
separated by SDS-PAGE and proteins were visualized by Coomassie
blue staining of the gel. To determine the affinity of the labelled BA-
NOA and BA-UBI peptides for K63-linked triubiquitin chains,
fluorescence polarization measurements were taken in 50 mM
Tris–HCl containing 150 mM NaCl at pH 7.5 using a concentration
of peptide of 0.5 mM and a variable concentration of K63-linked
triubiquitin chains. The normalized fractional binding was
calculated as (Pobs � Pmin/Pmax � Pmin) � 100 where Pobs is the
polarization signal at a given concentration of K63-linked
triubiquitin, Pmin is the polarization signal of the free peptide
and Pmax the polarization signal after saturation with K63-linked
triubiquitin. Dissociation constants were calculated by fitting the
experimental curve by nonlinear regression using the Hill equation
for BA-NOA or the rectangular hyperbol equation for BA-UBI as
described by Cordier et al. [30].

For experiments with cells, 24 � 107 JM 4.5.2 cells were
stimulated or not with 10 ng/ml of TNF-a for 10 min at 37 8C,
washed twice with cold PBS and lysed in 900 ml of LB buffer. 150 ml
of proteins were incubated for 2 h at 4 8C with 150 ml of
streptavidin magnetic beads (Novagen, Darmstadt, Germany)
pre-incubated for 1 h at 4 8C with 10 mg of biotynilated-CC2-LZ
with or without 20 mM of peptides. Beads were then washed four
times in 10 mM Hepes pH 7.5, 150 mM NaCl, 8 mM MgCl2, 10%
glycerol, 0.1 mM DDM and 1 mM DTE and were resuspended in
Laemmli buffer with 6 M urea. Polyubiquitin chains were detected
by immunoblotting with an anti-ubiquitin antibody (Sigma).

2.8. IKK complex kinase assay

70Z/3 cells were plated at 5 � 106 cells/well, incubated with or
without 10 mM A-UBI peptide for 2 h at 37 8C, stimulated for
45 min with 15 mg/ml LPS at 37 8C and lysed in 100 ml of LB buffer
in the presence of protease and phosphatase inhibitors (Sigma).
IkB kinase complexes were isolated from cell extracts by
immunoprecipitation with anti-NEMO coated protein G beads
(GE Healthcare) in TNT buffer (20 mM Tris–HCl pH 7.5, 200 mM
NaCl, 1% Triton X-100). The beads were resuspended in kinase
buffer (50 mM Tris–HCl pH 7.5, 500 mM NaCl, 10 mM MgCl2, 5 mM
MnCl2, 2 mM DTE) containing 10 mM ATP, and protease and
phosphatase inhibitors. GST-IkBa (residues 1–54) was added as a
substrate for IKKb for varying lengths of time. The sample was
separated by SDS-PAGE and immunoblotted with a monoclonal
phospho-IkBa antibody (Cell signaling, Beverly, MA, USA). The
amount of IKKb in each assay was determined with a mouse
monoclonal anti-IKKb antibody (Imgenex, San Diego, CA, USA).

3. Results

3.1. The UBI peptide, but not NOA, specifically inhibits the NF-kB

pathway

The UBI peptide was chemically synthesized (residues 294–314
of mouse sequence) and differs from the NOA peptide by a single
Asp to Arg substitution at position D304. Each of the two peptides
studied (NOA and UBI) were fused at the N-terminus with several
cell-permeable peptides (CPP) which were probed as internaliza-
tion sequences. This comprised a 16-residue extension derived
from the Antennapedia penetratin protein (A), hepta- and nona-
arginine (R7 and R9), and the transactivator of transcription (TAT)
sequence (see [45,46] for a review). All of the peptides used and
CPP fusion sequences are described in Table S1. The BODIPY
fluorophore (B) was conjugated at the N-terminus of the extended
polypeptides. Cellular uptake of the BA-NOA, BA-UBI, BR7-UBI, BR9-
UBI, and BTAT-UBI peptides was followed by FACS experiments.
The internalization efficiency was the same for all fusion sequences
tested (Table S2).

To analyze the effect of BA-NOA and BA-UBI on LPS-induced NF-
kB activation, NF-kB reporter pre-B 70Z/3 lymphocytes (70Z/3-C3)
were used as previously described [20]. A 50-fold increase in the
NF-kB activity was observed after the 70Z/3-C3 cells were
stimulated for 4 h with 15 mg/ml LPS. Incubation of cells with
either BA-NOA or a longer NOA peptide had no effect on LPS-
induced NF-kB activation. This longer peptide was denoted BA-
NOA-LZPP (residues 294–336), and contained two Leu ! Pro
substitutions at positions 322 and 329 in the C-terminal half of
NOA-LZ. In contrast, BA-UBI was a strong inhibitor with a
calculated IC50 of 1.1 � 0.1 mM (Fig. 2A). This corresponded to a
70% reduction of NF-kB activity at 10 mM. The IC50 value was similar
for BR7-UBI, BR9-UBI and BTAT-UBI, indicating that the effect of this
peptide was not linked to the CPP sequence (Table S2). The inhibitory
activity of the unlabeled A-UBI was also compared with those of other
NEMO and IKK-antagonistic peptides [20,67]. A-UBI was the most
potent inhibitor with an IC50 value 11- and 21-fold lower than those
of A-NOA-LZ and A-NBD peptides, respectively (Table S3). BA-UBI was
also able to inhibit the IL-1b (20 ng/ml) or phorbol 12-myristate 13-
acetate (PMA) (100 ng/ml) induced activation of NF-kB (Fig. S1). To



Fig. 2. Inhibition of NF-kB activation by UBI peptide. (A) NF-kB reporter pre-B lymphocytes 70Z/3-C3 were either left untreated (w/o) or treated for 2 h with an increasing

concentration (0–10 mM) of BA-UBI, 10 mM BA-NOA, or 10 mM BA-NOA-LZPP before mock-stimulation (�) or stimulation (+) with LPS for 4 h. NF-kB activity was measured

using the b-galactosidase assay. The mean values (�SD) from three separate experiments are shown. The right panel represents the inhibition curve of LPS-induced NF-kB

activation by BA-UBI in pre-B lymphocytes leading to a calculated IC50 of 1 � 0.1 mM. (B) Stably transduced NF-kB reporter T lymphocytes cells were treated for 2 h with an

increasing concentration (0–40 mM) of BA-UBI, before stimulation with (+) or without (�) TNF-a for 4 h. NF-kB activity was measured using the luciferase assay. Mean values (�SD)

from triplicate experiments are shown. RLU, relative light units. The right panel shows the inhibition curve of TNF-a induced NF-kB activation by BA-UBI, providing an IC50 value of

21 � 4 mM.
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investigate the effect of BA-UBI on TNF-a-induced NF-kB activation,
another cell line expressing both TNF-receptors 1 and 2 was used.
These cells were stably transduced with lentivirus bearing a NF-kB-
luciferase reporter. As shown in Fig. 2B, BA-UBI also inhibited the NF-
kB pathway in a dose dependent manner in these cells
(IC50 = 21 � 4 mM). Similar IC50 values of the unlabeled A-UBI were
obtained using commercial NF-kB reporter Jurkat T cells (NF-kB-bla
Jurkat CellSensor cell line, Invitrogen) following stimulation with
TNF-a, PMA/ionomycin, and CD3/CD28, whilst no NF-kB inhibition
was observed with A-NOA or A-NOA-LZPP (data not shown). To
determine the inhibition mechanism of UBI in the NF-kB pathway, we
assessed whether A-UBI affects nuclear translocation of endogenous
p65 as well as IKK activation. As shown in Fig. 3A, p65 translocation
was strongly blocked in the presence of A-UBI in pre-B cells 70Z/3
stimulated with LPS. However, no impairment of p65 translocation
was observed in the presence of the NOA peptide control. Incubation
of 70Z/3 with A-UBI showed a marked reduction of IKK activity in
response to LPS (Fig. 3B), indicating that the inhibitory effect of UBI
occurs at the level of the IKK complex. These results demonstrated
that the NEMO-derived UBI peptide is a new inhibitor of the NF-kB
pathway and acts in different cell types in response to a wide variety
of NF-kB signals.

We next assessed whether the inhibitory effects of UBI are
specific to the NF-kB pathway by measuring the effect of UBI on
other signal transduction pathways. These included the mitogen-
activated protein kinase (MAPK) and nuclear factor of activated T
cells (NFAT) pathways. Jurkat T cells were transiently transfected
with different luciferase reporter plasmids to measure activation of
the MAPK/ERK, MAPK/JNK, NF-kB and NFAT pathways. The
reporter plasmids used were SRE-luc, AP1-luc, Igk-luc and
NFAT-luc, respectively. The Serum Response Elements (SRE) bind
Serum-Response Factor (SRF) and recruit ternary complex factors
such as Elk-1. Elk-1 is phosphorylated by ERKs (also JNK and p38
isoforms [47]), whereas the AP-1 transcription factor and its major
component c-Jun are mostly activated by JNKs [48]. The NFAT
transcription factors are targets of the calcium/calmodulin-
dependent phosphatase calcineurin which is activated by an
increase of intracellular Ca2+ concomitent with T-cell receptor
activation [49]. Fig. 4 shows that the stimulation of Jurkat cells
with PMA (100 ng/ml) and ionomycin (1 mg/ml) induces tran-
scriptional activation of these different luciferase reporters. All of
these transcriptional activations were almost unchanged in the
presence of 5 mM of BA-NOA and BA-UBI, whereas a significant NF-
kB inhibition was specifically observed with BA-UBI (41%). This
indicates that the MAPK and NFAT pathways do not appear to be
affected by UBI as judged by gene reporter assays. Determination
of kinase activity is generally considered to be more sensitive than
gene reporter assay. We also examined LPS-induced p38 and JNK
activation in pre-B lymphocytes since A-UBI inhibits the LPS-
induced IKK activation in these cells. As LPS was a poor activator of
JNK1 in this 70Z/3 cell line, we were not able to examine JNK1
activation. Neither A-UBI nor A-NOA inhibits JNK2 or p38



Fig. 3. UBI peptide inhibits the nuclear translocation of NF-kB p65 and the IKK kinase activity. (A) 70Z/3 cells were stimulated or not with LPS for 2 h without peptide (w/o),

either with A-UBI or with the control A-NOA (10 mM). Indirect immunofluorescence assays were performed on fixed cells as described in Section 2. p65 localization in the

cells is visualized with the anti-p65 primary antibody and the secondary antibody, Alexa-488 coupled goat anti-mouse IgG. DAPI was used as a nuclear stain and merged with

p65 staining. (B) Pre-B lymphocytes 70Z/3 stimulated with LPS for 40 min were incubated without or with A-UBI peptide (10 mM). Following immunoprecipitation of the IKK

complex with anti-NEMO antibody, the level of IKKb was determined with an anti-IKKb mouse monoclonal antibody (lower panel). Kinase activity was measured using GST-

IkBa as substrate and an antibody against phospho-IkBa to detect the reaction product.
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activation (Fig. S2). On the other hand a significant increase of JNK2
activity was observed with A-UBI compared to A-NOA. This JNK
activation may be indirect and may result from an inhibition of the
NF-kB pathway as previously shown with cells deficient of either
RelA (p65) or NEMO [50]. We conclude that UBI targets a protein
which is specifically involved in the activation of the NF-kB
pathway.

3.2. BA-UBI peptide binds in vitro to the CC2-LZ domain of NEMO

Unlike NOA-LZ [20], UBI and NOA are unable to self-associate.
Indeed, gel filtration experiments showed that NOA and UBI do not
form oligomeric coiled-coil structures since both peptides behave
as monomers at concentrations up to 100 mM (data not shown).
Moreover, CD spectra of UBI and NOA revealed low a-helical
contents of 24% and 14%, respectively (Fig. S3), which remains
unchanged when varying peptide concentration from 20 mM to
200 mM. Taking into account the structure of CC2-LZ, the slight but
significant gain of a-helical content for the UBI peptide is
consistent with the formation of i and i + 4 ionic interactions
between the R304 and E308 side chains (see Section 4).
Fluorescence polarization experiments show that BA-UBI specifi-
cally binds to the CC2-LZ domain of NEMO. UBI forms a stable CC2-
LZ/peptide complex with a dissociation constant of 17 � 8 mM
(Fig. 5A). In comparison, the BA-NOA and BA peptides display less
affinity with KD values of 192 � 15 mM and 426 � 35 mM, respec-
tively (Fig. 5A). This interaction does not depend on the CPP sequence
because the poly R7 peptide (BR7-UBI) displays a similar dissociation
constant (Fig. 5B).

Using various peptides that mimic the CC2 (residues 248–287)
and NOA-LZ (residues 294–336), competition assays were
performed to locate the binding site of UBI (Fig. 5C). Increasing
the concentration of R7-NOA-LZ competed with the binding of BA-
UBI to the CC2-LZ domain whereas no significant competition was
observed with CC2. The defective dimeric mutant, R7-NOA-LZPP,
was used as a control to verify the specificity of the binding
(Fig. 5C). This control peptide is a less efficient competitor than R7-
NOA-LZ, since its IC50 value was 10.5-fold higher. We conclude that
UBI specifically interacts in vitro with the NOA-LZ region of NEMO.

3.3. UBI directly interacts with the full length NEMO in cells

To determine whether inhibition of NF-kB activity by UBI was
due to a direct interaction with NEMO, we synthesized biotinylated



Fig. 4. UBI does not significantly affect other signaling pathways. Effect of BA-NOA and BA-UBI on the MAPK/ERK, MAPK/JNK, NFAT and NFk-B pathways in T lymphocytes.

Jurkat cells were transiently transfected with different reporter plasmids, SRE-luc A, AP1-luc B, NFAT-luc C, Igk-luc D, and then incubated with or without (w/o) the indicated

peptides (5 mM) for 2 h. Cells were then mock-stimulated (�) or stimulated (+) with PMA (100 ng/ml) and ionomycin (1 mg/ml) for 5 h. Mean values (�SD) from two separate

experiments are shown.
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BioA-UBI and BioA-NOA (Table S1). After 2 h incubation with BioA-
UBI or BioA-NOA peptide (10 mM), 70Z/3 cells were extensively
washed to remove any excess peptide contained in the extracellu-
lar media. Following cell lysis, we then performed pull-down
experiments with neutravidin beads, and examined by Western
blotting the intracellular proteins bound to biotinylated peptides.
A specific interaction of the BioA-UBI was found with NEMO,
whereas no association was observed with either BioA-NOA or
with neutravidin beads alone (Fig. 6, upper left panel). This
interaction was specific since the RIP1 or glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) protein was not able to bind
any biotinylated peptides (Fig. 6, right panel). This specificity
appears to be high since BioA-UBI displays a weaker binding to
NRP/optineurin which also contains the NOA UBD (Fig. 6, lower left
panel) [22,23]. A reverse and specific interaction of NEMO was also
observed with the fluorescent BA-UBI peptide (Table S1) when we
pulled-down Flag-NEMO from NEMO-deficient T lymphocytes
stably reconstituted with a Flag version of NEMO (Fig. S4).
Altogether, our results show that the BA-UBI specifically binds to
NEMO in cells, with a perfect correlation between the effect on the
inhibition of the NF-kB pathway and its ability to interact with
NEMO.

3.4. UBI does not interfere with NEMO oligomerization

To analyze the molecular mechanism of the inhibition of NF-kB
following treatment with UBI, we set up an assay to probe the
oligomerization state of NEMO. For this, we used two plasmids
expressing both GFP-NEMO and Flag-NEMO fusion proteins. The
plasmids were co-transfected into HEK 293T cells to over-express
exogenous GFP-NEMO and Flag-NEMO fusion proteins thereby
enforcing oligomerization of NEMO. Following detergent lysis,
Flag-NEMO proteins were immunopurified using anti-Flag agarose
beads. The fluorescence associated with the beads was due to an
association of Flag-NEMO with GFP-NEMO subunits within hetero-
oligomers. This allowed us to estimate the amount of oligomers
(dimer and higher order oligomers) present in the cellular extracts.
Controls including the expression of GFP-NEMO alone or the co-
expression of Flag-NEMO and GFP proteins did not show any
fluorescence associated with the anti-Flag beads (Fig. 7A).

To validate this fluorescence-based assay, we used the first
generation A-NOA-LZ peptide as a positive control. This peptide
was shown to inhibit in vitro CC2-LZ oligomerization of NEMO
[20]. As shown in Fig. 7B, incubation with A-NOA-LZ (20 mM)
strongly reduces the amount of fluorescent NEMO subunit,
indicating that the A-NOA-LZ peptide inhibits NEMO oligomeriza-
tion in cells. This decrease was not due to a decrease of the Flag-
NEMO immobilized on beads since immunoblots showed similar
amounts of Flag-NEMO in all transfected samples (Fig. 7B). An
important negative control was also provided by the defective
dimeric mutant (A-NOA-LZPP), which had a double mutation
within the dimerization core of the C-terminal half of NOA-LZ.

Using this cell based assay, we examined the capacity of the A-
UBI peptide to alter oligomerization of NEMO. As with A-NOA-LZPP,
A-UBI and A-NOA (20 mM) did not affect the amount of NEMO
oligomers in the cells. Despite the ability of UBI to bind with the
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Fig. 5. In vitro binding of BA-UBI to the CC2-LZ. (A) Fluorescently labelled BA (open losanges), BA-NOA (filled squares), or BA-UBI (filled circles) (10 mM) were incubated with

increasing concentrations of CC2-LZ and the complex formation was monitored by fluorescence polarization. Data were fitted to the binding isotherm equation indicating an

association constant between CC2-LZ and BA-UBI with a KD = 17 mM. (B) The same experiment was performed with BR7-UBI (10 mM), providing a similar association constant
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Fig. 6. Specific inhibition of NF-kB activation occurs through targeting endogenous NEMO. 70Z/3 cells were incubated for 2 h without (w/o) or with 10 mM indicated

biotinylated peptides (BioA-NOA and BioA-UBI). Identification of lysates (10%) or bound proteins in pull-down experiments were performed by immunoblotting (IB) with the

indicated antibodies.
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Fig. 7. UBI peptide does not inhibit NEMO oligomerization. (A) HEK 293T cells were

transfected with pGFP, pGFP-NEMO, and pFlag-NEMO. The whole cell lysates were

subjected to Flag-NEMO immunoprecipitation with anti-Flag beads. After several

washes under stringent conditions, GFP-NEMO bound to the beads was determined

by fluorescence. (B) HEK 293T cells co-transfected with pGFP-NEMO and pFlag-

NEMO were treated for 2 h with the indicated peptides at 20 mM. The NEMO hetero-

oligomers were then immunopurified using anti-Flag beads and the amount of the

GFP-NEMO subunit bound to hetero-oligomers was examined by fluorescence.

Whole cell lysates and the amount of Flag-NEMO associated with the anti-Flag

beads were also analyzed by immunoblotting with the anti-Flag antibody.

Fig. 8. Interaction of UBI with NEMO prevents the binding of polyubiquitin chains to

the CC2-LZ domain. (A) Cytosolic extracts stimulated (+TNF-a) or not (�TNF-a)

with 10 ng/ml TNF-a were incubated with (+) or without (�) biotinylated CC2-LZ

coated on beads and with indicated peptides (20 mM). The amount of

polyubiquitinated proteins bound to the beads was determined by

immunoblotting with anti-ubiquitin antibody. Loading control was determined

with the NDP-kinase antibody. (B) His-CC2-LZ (4 mM) coated beads were incubated

with 2 mM of K63-linked (upper panel) or linear (lower panel) tetraubiquitin and an

increasing concentration (0–40 mM) of A-UBI and A-NOA peptides for 1 h at room

temperature. The tetraubiquitin bound to CC2-LZ beads was determined by

Coomassie blue staining.
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NOA-LZ domain of NEMO, we conclude that NF-kB inhibition by
UBI results from a mechanism that is independent of the state of
oligomerization of NEMO within the cell.

3.5. UBI inhibits the interaction between NOA-containing CC2-LZ and

polyubiquitin chains

NEMO is now recognized as an important sensor of K63-linked
and linear polyubiquitin chains [9,24,25,27]. To determine
whether UBI affects the interaction between NEMO and poly-
ubiquitin chains, we developed an assay that used the NOA/UBAN
UBD of the CC2-LZ domain of NEMO as a bait to pull down the
polyubiquitin chains (free and anchored polyubiquitin chains). To
this end, biotinylated-CC2-LZ (10 mg) coated onto magnetic beads
was pre-incubated with A-NOA or A-UBI peptides (20 mM). Crude
extracts from NEMO-deficient T lymphocytes stimulated or not
with TNF-a were then added to this mix. After extensive washing
of beads, the polyubiquitin chains bound to CC2-LZ were analyzed
by Western blotting using anti-ubiquitin antibody. Consistent with
previous studies [24,25], cell stimulation resulted in a strong
increase of polyubiquitin chains linked to the NOA UBD of CC2-LZ
in a TNF-a dependent manner. As shown in Fig. 8A, the A-UBI
peptide impairs the interaction of CC2-LZ with the polyubiquitin
chains formed after stimulation with TNF-a. In contrast, no
inhibition was observed in the absence of peptide or in the
presence of the A-NOA peptide. We then tried to determine
whether the UBI peptide preferentially competes with ubiquitin
for binding to CC2-LZ and whether the competition effect depends
on one type of ubiquitin-linkage (K63 or linear). To this end, we
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first compared the ubiquitin binding properties of BA-UBI and BA-
NOA peptides by fluorescence polarization. The BA-NOA peptide
alone is able to bind to K63-linked triubiquitin in a cooperative
manner with an affinity of 90 � 6 mM and a Hill coefficient (nH) of 4
(Fig. S5). In contrast, the affinity of BA-UBI is significantly reduced
(3.6-fold) and no ubiquitin binding cooperativity is observed (nH = 1),
confirming that the single Asp to Arg mutation in UBI impairs
ubiquitin binding. For competition assays, in vitro pull down
experiments were performed with His-tagged CC2-LZ (4 mM) coated
on Ni-NTA beads and incubated with 2 mM K63-linked or linear
tetraubiquitin with a variable concentration (0–40 mM) of A-UBI or A-
NOA peptide. After washing the beads, the CC2-LZ complex with
tetraubiquitin was revealed by SDS-PAGE following Coomassie blue
staining. As shown in Fig. 8B, the A-UBI peptide, but not the A-NOA
peptide, competes efficiently in a dose-dependent manner with K63-
linked tetraubiquitin for binding to CC2-LZ, whilst no competition
was observed with the linear tetraubiquitin in the presence of A-NOA
or A-UBI peptides. We therefore conclude that the mechanism of NF-
kB inhibition by UBI results from the binding of UBI to the NOA-LZ
domain that preferentially impairs the interaction between NEMO
and K63-linked polyubiquitin chains.

4. Discussion

Developing a specific protein-protein interaction inhibitor is
still a challenging task, despite the great advances that have been
made in this field over the last decade. In particular, there has been
considerable success in developing short peptide inhibitors that
recapitulate the sequence of the key strand or helix that mediates
binding [51–54]. In the present study, we designed a new peptide
inhibitor that derived from the NOA/UBAN ubiquitin binding site of
NEMO. This peptide inhibits the NF-kB pathway at the IKK level
(Fig. 3B) by binding to the NOA-LZ region of NEMO (Fig. 5C). We
demonstrated that the peptide inhibition occurs by targeting
NEMO in cells (Fig. 6) and by preventing the interaction between
the NOA containing CC2-LZ domain of NEMO and free or anchored
polyubiquitin chains (Fig. 8A). This is consistent with previous
studies since UBI lacks the D304 binding determinant which is a
‘‘hot spot’’ residue in the binding interface between NOA UBD and
polyubiquitins [25–27,38,55]. However, it is surprising not to
observe any marked inhibition of the NF-kB pathway with the cell-
permeable NOA peptide. Indeed, this peptide could compete with
the NOA-containing CC2-LZ in polyubiquitin chain binding and
therefore could act as a potent NF-kB inhibitor. The lack of
inhibition is not due to the inappropriate sequence of the NOA UBD
for two reasons. First, the NOA peptide (residues 294–314)
encompasses most of determinants which make specific contacts
with the distal ubiquitin in the crystal complex with a K63-linked
[28] or linear diubiquitin chain [27]. Second, longer NOA peptides
with an extension at N-terminus (residues 293–314) or C-terminus
(residues 294–322) do not inhibit the NF-kB activation (data not
shown). A possible explanation could be in the improved binding
affinity of UBI for NEMO relative to the NOA peptide (11-fold,
Fig. 5A and B). The inhibition of UBI may therefore result from a
dual effect of the D304R mutation in the NOA peptide. First, the
mutation markedly increases the helical character of the peptide
(Fig. S3) which consequently promotes binding to CC2-LZ (Fig. 5) or
the full length NEMO in cells (Fig. 6), possibly by reducing the
entropy cost of binding. Second, the mutation prevents the
formation of a stable complex with ubiquitin once UBI is bound
to the NOA region of NEMO through hetero-oligomeric interac-
tions.

Structural modeling of the mutation did not reveal any new
interhelical interactions in the native dimeric structure of the CC2-
LZ coiled-coil (PDB 2V4H) that could explain this gain of affinity. In
contrast, R304 could make more favorable intrahelical interactions
with E308 at i + 4 in the monomer helix through formation of a salt
bridge. This observation is supported by CD experiments which
showed that the gain of helicity from 14% to 24% relative to the
NOA peptide is compatible with the stabilization of one a-helical
turn (Fig. S3). Contrary to the general behavior of the coiled-coil
peptides [56,57], this gain of the helix formation is not due to
peptide dimerization. This was seen from the lack of concentration
dependence of CD spectra as well as size exclusion chromatogra-
phy at different peptide concentrations (data not shown). Recent
consensus holds that coiled-coil formation can be promoted
through ‘‘trigger sequences’’ which encode stable monomeric a-
helices [58–60]. We therefore hypothesize that R304 may behave
as ‘‘trigger site’’ in which coiled-coil interaction with CC2-LZ is
promoted through the binding of UBI monomer having preformed
a-helix. This is similar to the GCN4 leucine zipper whose coiled-
coil folding is enhanced through an intramolecular salt bridge
within the trigger sequence [60].

Given the complexities of transcriptional NF-kB responses, it is
impossible to conclusively rule out any off target activity by UBI.
However, in different murine and human cell types, inhibition of
NEMO dependent NF-kB activation in response to a broad range of
NF-kB signal (LPS, PMA/iono, TNF and IL1) correlates strongly with
the binding to NEMO in cells. This binding appears to be specific
since UBI exhibits (i) no interaction with GAPDH and RIP and (ii) a
weaker binding with NRP/optineurin although this latter protein
shares a similar NOA UBD with NEMO. Furthermore, in this
context, there is no inhibitory effect of UBI in MAPK pathways as
determined by gene reporter assays or p38 and JNK2 kinases
activities. It is therefore clear that endogenous NEMO is likely the
main target of UBI.

The current consensus is that the binding of NEMO to
polyubiquitin chains is a key event for IKK activation. However,
it is currently unclear which type of ubiquitin-linkage is
predominantly required for IKK activation. In particular, for the
TNF-a pathway there are conflicting results regarding the
involvement of linear [9], K63-linked [61,62], or mixed (both
K63 and K48 [14]) polyubiquitin chains in the activation of IKK. The
controversy mainly arises from the difficulty to identify the
predominant ubiquitin-linkage. This is because several sets of
ubiquitination enzymes (E2 and E3) appear to be involved in one
type of ubiquitin-linkage and are recruited to TNF-a receptor
signaling complexes in a ligand dependent manner. The ubiqui-
tination enzymes include the LUBAC complex, which synthesize
linear ubiquitin chains [9,13,27], the cIAP1/2:UbcH5 complex [14],
which mediates polymerization of both K48-and K63-linked
chains, and the TRAF2:Ubc13-Uev1a complex which specifically
generates either free [63] or anchored K63-linked chains when
bound to cIAP1/2 [61,64,65]. Furthermore, the synthesis of K63-
linked chains is not only restricted to Ubc13 as the loss of its gene
can be compensated by other E2 and E3 enzymes such as UbcH5 or
cIAP1/2 [14,62,66]. However, in the IL-1 receptor pathway, a
predominant role of K63-linked chains has been clearly demon-
strated using a ubiquitin-replacement strategy and RNAi-mediated
knockdown of endogenous ubiquitin [14]. In the present study, we
developed a novel NEMO inhibitor that inhibited both the IL-1 and
TNF-a pathways by preventing the interaction between the NOA
UBD of NEMO and polyubiquitin chains. Similar experiments
depicted in Fig. 8A were performed with the full length NEMO,
which contains the two NOA and ZF UDBs (also called NOAZ
domain). We were unable to detect a significant impairment of the
interaction between polyubiquitin chains and NEMO with A-UBI,
possibly due to the important contribution of the second UBD
formed by the NEMO ZF in the overall interaction with
polyubiquitin chains (not shown). Given that UBI solely blocks
the NOA binding site to ubiquitin (Fig. 8A), this suggests that both
ubiquitin binding sites of NEMO should be simultaneously
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occupied by ubiquitin units to fully preserve the NEMO function.
The presence of NEMO ZF may also explain why no complete
inhibition of NF-kB activation was observed at a saturating
concentration of UBI (Fig. 2A and B). The residual NF-kB activity
indeed could result from the ZF UBD of NEMO, which likely
maintains a residual ubiquitin binding activity of NEMO in the
cells.

Remarkably, in vitro pull-down experiments showed that A-
UBI, but not A-NOA, competes with K63-linked tetraubiquitin for
binding to CC2-LZ. On the other hand, no competition was
observed between linear-tetraubiquitin and A-NOA or A-UBI
peptides (Fig. 8B). This is consistent with previous reports of
structural complexes of the NOA UBD domain with linear [27] and
K63-linked diubiquitin [28]. Indeed, the amino acid sequence of
UBI (residues 294–314) recapitulates all binding determinants for
K63-linked chains but partially lacks those for linear chains. In
particular, the E317 and E320 binding determinants for the
proximal ubiquitin moiety of linear diubiquitin [27] are missing.
Therefore, we believe that the predominant type of ubiquitin-
linkage that is critical for signal-induced IKK activation via NEMO
binding is likely to consist of K63-linked chains, or mixed chains
containing specific K63-linkage. This is because UBI only disrupts
the binding to K63-linked tetraubiquitin chains. Nevertheless, our
data do not rule out the possibility that the LUBAC-generated linear
chains are required for full NF-kB activation. Indeed, LUBAC
recruitment to the receptor also appears to be mediated by
homogenous or mixed K63-linked chains [13]. This leads in general
to the linear ubiquitinylation and stabilization of the receptor
signaling complexes such as TNF-R1 or CD40L-R [10]. Thus, these
LUBAC-generated linear chains may serve as a downstream
amplification signal for enhancing NEMO recruitment and
ultimately increasing the activation of IKK and NF-kB. Further
studies are required to clearly elucidate the mechanism(s) by
which linear and K63-linked chains trigger the IKK activation in the
vinicity of various receptor complexes. In any case, it appears that
the identification of the new NEMO inhibitor such as UBI would be
helpful for elucidating the role of different ubiquitin-linkages on
IKK-induced NF-kB activation in inflammation and cancer.
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