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Abstract

Background: Incontinentia pigmenti (IP; MIM308300) is a sewemale-lethal, X-linked, dominant
genodermatosis resulting from loss-of—function riiats in the IKBKG gene encoding NkB
essential modulator (NEMO, the regulatory subuhithe IKK complex). In 80% of cases of IP, the
deletion of exons 4 to 10 leads to the absenceEdfl® and total inhibition of NFB signaling. Here,
we described a neWKBKG mutation responsible for IP resulting in an inaetiruncated form of

NEMO.

Objectives To identify the mechanism(s) by which the truecaNEMO protein inhibits the NF-kB

signalling pathway.

Methods. We sequenced th&KBKG gene in IP patients and performed complementatind
transactivation assays in NEMO-deficient cells. Vdso used immunoprecipitation assays,
immunoblotting and am situ proximity ligation assay to characterize the tated NEMO protein
interactions with IKKe, IKK-f, TRAF6, TRAF2, RIP1 HOIL-1, HOIP and SHARPIN. Ligstwe
assessed NEMO linear ubiquitination by immunobhgttand investigated the formation of NEMO-

containing structures (using immunostaining andf@cal microscopy) after cell stimulation with IL-

1p.

Results: We identified a novel splice mutation IKBKG (c.518+2T>G, resulting in an in-frame
deletion: p.DelQ134_R256). The mutant NEMO lackedt pf the CC1 coiled-coil and the HLX2
helical domain. The p.DelQ134_R256 mutation causédition of NFkB signaling, although the
truncated NEMO protein interacted with proteinsalved in the activation of NkB signaling. The
IL-1B-induced formation of NEMO-containing structuresswanpaired in IP fibroblasts carrying the
truncated NEMO form (as also observed in HOIL-dells). The truncated NEMO interaction with
SHARPIN was impaired in a male fetus with |IP, Ieadi to defective linear
ubiquitinationConclusion: We identified a hitherto unreported disease mesharidefective linear

ubiquitination) in IP.

Clinical implications: A splice mutation iHKBKG gene responsible for IP result in an inactive
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truncated form of NEMO, unable to interact speaificwith SHARPIN leading to defect in NEMO

linear ubiquitination.

Key words: Incontinentia pigmenti, IKBKG, NEMO, NiB, LUBAC, linear ubiquitination, SHARPIN

Abbreviations used

IP: incontinentia pigmenti

NEMO: NF«B essential modulator

NF-kB: nuclear factokB

IKK: I kB Kinase

ID: immunodeficiency

EDA-ID: anhidrotic ectodermal dysplasia with immulediciency
IL-1: interleukin 1 beta

TNF-a: tumor necrosis factor alpha

LUBAC: linear ubiquitin assembly complex

SHARPIN: SHANK-associated RH domain-interactingtpio
HOIP: HOIL-1 interacting protein

HOIL-1: hemo-oxidized IRP2 ligase 1

Ub: ubiquitin

OTULIN: OTU deubiquitinase with linear linkage sffagity

Capsule Summary

We identified for the first time in human the NEMIDmain involved in SHARPIN interaction which
is dispensable for NkB signaling. Beside, HOIL-1, HOIP, and OTULIN deéincy we confirmed

that defect of linear ubiquitination is responsifdiehuman diseases.



78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

Introduction

Incontinentia pigmenti (IP; MIM308300) is a sevemgle-lethal, X-linked dominant genodermatosis.
It is characterized by the occurrence of Blaschikedr skin lesions during the neonatal periodpur f
successive stages: erythema, vesicles, pustulesge(stl), verrucous lesions (stage 2),
hyperpigmentation (stage 3), and atrophy (stage Mgonatal rashes may be associated with
developmental anomalies of the teeth, eyes, haircamtral nervous systéih Early lethality in IP
males and complete skewing of X-inactivation inféfhales unequivocally result from null, loss-of-
function mutations in théKBKG gene coding for NiB essential modulator (NEMO/IKK; the
regulatory subunit of the IKK complex, a core comgot of the NF«B cascade). The downstream
effector NFkKB is an ubiquitous transcription factor involved imany physiological functions,
including inflammatory and immune responses, appio cell survival, and embryonic
developmentit®. 70 to 80% of IP patients carry a common genomarangement that results in the
deletion of exons 4 to 10 of tHEKBKG gené™®. Most of the other IP-associatédBKG mutations
identified to date are truncating mutations thauhein complete inhibition of the NKB signaling
pathway. Hypomorphic, non-lethal, missense mutationKBKG result in residual NikB activity
and can cause isolated immunodeficiency (ID) ondmokic ectodermal dysplasia with ID syndrome
(EDA-ID). The latter syndrome is combined with agietrosis and lymphedema in some cases and is

isolated in other cas®&°

In resting cells, NFB is trapped in the cytoplasm by inhibitory molexaifrom the #B family. In
response to a variety of stimuli (e.g. interleukifi (IL-1pB), bacterial lipopolysaccharide, and
proinflammatory cytokines such as tumor necrositofaalpha (TNFa), the IKK complex is activated
and phosphorylates the inhibitomB proteins. The latter are then rapidly ubiquitethtind degraded
by the 26S proteasome machinery. This subsequeniiples the NKB transcription factor to

translocate into the nucleus and regulate targs transcription® %2

It has recently been shown that upon stimulatiod Ri#-a or IL-13, NEMO is rapidly and transiently

recruited into punctuate structutés he latter are enriched in activated IKK kinased ubiquitinated
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NEMO molecules. Furthermore to the K-63-linked pdiguitination of NEM@*, it has been recently
demonstrated that a novel type of head-to-taildthkinear polyubiquitination is also critical for
regulation of the NRB pathway>?° Linear polyubiquitination is mediatada the linear ubiquitin
chain assembly complex (LUBAC), a 600 kDa Ub ligdsmary complex composed of hemo-
oxidized IRP2 ligase-1 (HOIL-1), HOIL-1-interactimgotein (HOIP) and SH3 and multiple ankyrin
repeat domains associated RH domain interactingeipord SHARPIN). In the present study, we
generated functional data on fibroblasts derivedhfian IP male fetus carrying a ¢.518+2T>G splice
mutation in thed KBKG gene. We found that loss of the NEMO-SHARPIN iatéion impaired the
recruitment of truncated NEMO forms into the pumatgustructures that are transiently formed upon
cell stimulation, and thus led to a defect in linabiquitination. Our results highlight a novel eise

mechanism in IP.
Results

Genetic and functional analyses of the truncated NEO protein

We assessed a large IP kindred segregating ovee thgnerations. All the affected females had a
skewed X inactivation patter(Fig 1, A) and presented with typical, IP-associated skimotes
Female 11.3 also suffered from right hemiplegiam@aée 11.8 had a history of seizures during infancy,
persistent migraine attacks, and two early, sp@uas abortions (before 10 weeks of gestation).
During the second of these pregnancies (Ill.4)inairect molecular diagnosis (using DNA extracted
from chorionic villus samples) identified the hapglze that segregated with IP disease in the faraily.
therapeutic abortion was performed. Fibroblastenfia skin biopsy of the affected male fetus were
then cultured. We identified a splice donor sitetation in IKBKG exon 4 (¢.518+2T>G5ig 1, B),
which segregated with the disease in the wholerkohdRT-PCR and then direct sequencing of RNAs
from the affected male fetus’s cultured skin fideslhs confirmed the presence of the ¢.518+2T>G
mutation, which resulted in the skipping of exor8 @ig 1, C and D).The ¢.518+2T>G mutation is
predicted to produce a truncated protein that Igeks of the coiled-coil motif (CC1) and the NEMO

linker (the HLX2 helical domain) but retains thet&@minal part of NEMO(Fig 1, E). Indeed,
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Western blot analyses confirmed the presence nfreated NEMO protein with a molecular weight

of about 32 kDa.

The resulting truncated NEMO protein (p.DelQ134_&2fhus contained all the essential domains.
The deletion introduces a novel junction betweeBICC1) and G257 (CC2-LZ), which probably
causes a discontinuity in the regular heptad repefathe CC1 and CC2-LZ domains and may thus
impair oligomerization. Furthermore, the shortesegerhelical coiled-coil structure is predicted to
change the orientation of the Ub-binding NEMO-oetinn-ABIN domain (NOA, also referred as
UBAN and NUB) relative to the IKK}: binding site, as indicated iRig 2 and Supplementary

Figures.

As observed in fetal fibroblasts carrying the commtBKG deletion (Del exons 4-10, Fetus NEMO-
/-"), fibroblast cells carrying the ¢.518+2T>&BKG mutation displayed severely impairexBb
degradation following TNFEx and IL-13 stimulation Fig. 3, A). Analysis (using ELISAs) of the
secretedNF-kB target proteins showed that fibroblasts carryting c.518+2T>GKBKG mutation
produced neither interleukin-6 (IL-6) nor interléH8 (IL-8) upon stimulation by TNE and IL-18
(Fig 3, B). In order to determine whether impaired KB-signaling was due to protein truncation
alone or to putative NEMO isoforms resulting frohe tsplice mutation, we subcloned the wild-type
and truncated NEMO constructs and performed traivstion experiments inlkbkg” mouse
embryonic fibroblasts (MEFs). The truncated p.D&®1R256 NEMO isoform was unable to activate
NF-kB in response to either TNé-or IL-18 (Fig 3, C) - demonstrating that this event was sufficient
for the complete inhibition of NkB activity. Hence, the ¢.518+2T>G genotype is &4okfunction

IKBKG mutation that inactivates the NEMO protein andampthe NFB signaling pathway.

Integration of the truncated NEMO protein into the IKK complex, K63-polyubiquitination and

oligomerization

After the transfection of HEK293T cells with var®u combinations of constructs,
immunoprecipitation (using anti-IKk or anti-IKK-3 antibodies) and Western blot analyses (using an

anti-hemagglutinin (HA) antibody) showed that HAyged truncated NEMO protein was correctly
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integrated into the IKK complexF{g 3, D). Furthermore, immunoprecipitation (using specific
antibodies against RIP1, TRAF2 and TRAF6) and imotlois (using an anti-HA antibody) showed
that the truncated NEMO species was also ableteraat with RIP1, TRAF2 and TRAF6 — all of
which are known to be required for NB- activation by TNFe (RIP1 and TRAF2) or IL{1 (TRAF6)
(Fig 3, E). In the latter experiment, the same results wértaimed when immunoprecipitation was
performed with an anti-HA antibody and immunoblugtiwas performed with the specific antibodies
(Fig 3, E). It is noteworthy that TRAF6 is an E3 Ub ligasattis required for NkB activation and

that catalyzes the K63-linked polyubiquitinationNEMO.

Co-transfection of HEK293T cells with NEMO plasmidad plasmids expressing ubiquitin in the
presence of TRAF6 resulted in a similar K63-linksadyubiquitination pattern for both the truncated
and wild-type NEMO proteingFig 3, F). In contrast, homodimerization/oligomerization difet

truncated NEMO proteins was less intense (relgbveontrol experiments) when FLAG-NEMO and
HA-NEMO were co-transfected into HEK293T cells, immoprecipitated using an anti-FLAG

antibody and immunoblotted with an anti-HA antibdgig 3, G).
The NEMO/LUBAC interaction

We next assessed the interaction between HA-taggdetype NEMO or truncated NEMO proteins
and each of the three LUBAC subunits (HOIL-1, H@iRl SHARPIN). Immunoprecipitation (using
an anti-HA antibody) and immunoblotting (using dftiAG or anti-V5 tag antibodies) showed that
wild-type NEMO interacted with all three human LUBAsubunits. In contrast, the truncated NEMO

interacted with HOIL-1 and HOIP but not with SHARP(Fig 4, A).

In order to further characterize the interactiotwleen NEMO and SHARPIN in cells, we used the
Duolink 1l in situ proximity ligation assay (PLA); this is a highlpexcific, sensitive technique for
detecting protein colocalization/interactions thgbuthe generation of localized spot sigifaléin in
situ PLA performed on transfected cells also providhesexact position of the recognition event. The
maximum distance between two signal-producing epgaanges from 10 to 30 nm. Our PLA results

showed that wild-type NEMO interacts directly witHARPIN and HOIL-1 but not with HOIP (in
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contrast to the above-mentioned immunoblot reqiig 4, A); see the Discussion). The truncated
NEMO form was also able to interact with HOIL-1 Hailed to bind to SHARPINFig 4, B) - thus

confirming the immunoblot results in this respect.

Formation of supramolecular NEMO-containing complexs and linear ubiquitination in the

patients’ fibroblasts in response to IL-B

We recently showed that the activated IKK complexrapidly and transiently reorganized into
supramolecular complexes in response to stimuldtyooytokines such as ILBl(marking the earliest
steps of NFB activationf>. We therefore used immunostaining and confocalrasimopy to
investigate the formation of NEMO-containing stirets in IP cells upon ILAL stimulation. We
found that the IL-g-induced formation of NEMO-containing structuresswmpaired in (i) IP fetus
[1l.4 fibroblasts carrying the truncated NEMO foriidel 134_326), (i) IP fetus fibroblasts carrying
the frequentKBKG gene rearrangement (Del exons 4-10 ; NEMO-/-) @ndecently characterized
HOIL-1-deficient fibroblasts from non-IP patier(tsig 5, A). As expected, the stimulation of control
cells with IL-13 yielded dots of NEMO- and SHARPIN-containing supodecular structuresin
contrast, the IL-f-induced recruitment of these supramolecular corgslevas impaired in cultured
fibroblasts obtained from various IP patienfSig 5, A). Furthermore, quantification of the
immunostained dots revealed low levels of SHARPINibroblasts carrying the truncated form of
NEMO (relative to fibroblasts from healthy contrgl=ig 5, B). The same results were found in
HOIL-1-deficient fibroblasts and in NEMO-deficiel cells carrying théKBKG gene rearrangement.
Moreover, immunoblot assays revealed low expredsiesls of HOIL-1, HOIP and SHARPIN in IP
fetus 111.4 cells (relative to control cellsFig 5, C). RT-QPCR analyses showed that mRNA levels

expression of the three LUBAC subunits are simidP fetus I11.4 and control fibroblas(sig 5, D).

Lastly, we used immunofluorescence assays witltenty engineered anti-linear Ub chain antibody
to examine the formation of linear polyubiquitinaais in IL-1B—treated fibroblasts carrying the
truncated NEMO forri. Interestingly, we found that linear polyubiquitagygregates colocalized

with NEMO in IL-1p—treated control cell§Fig 6, A). These aggregates were weakly present in IP
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cells and in HOIL-1-deficient fibroblasts from néid-patients. Quantification of NEMO and linear
Ub chains confirmed these observatioRg (6, B). Co-transfection of HEK293T cells with NEMO
plasmids and plasmids encoding ubiquitin KO (wdld.ysine residues were replaced by Arginine)
and LUBACsubunits, showed a defect of linear uliigation of the truncated NEMO protein (Fig 6,
C). These findings suggest that perturbation of NMEMO-SHARPIN interaction impairs linear

ubiquitination of NEMO.
Discussion

Here, we showed that a noM&IBKG splice site mutation in an affected male fetusnfra large 1P
kindred resulted in truncation of the NEMO prot€i@1 and HLX2 domains. The truncated form of
NEMO dimerizes/oligomerizes less readily than thiel type. Moreover, the interaction between the
truncated NEMO protein and SHARPIN is specificalfgpaired and results in defective linear
ubiquitination. In contrast, the truncated NEMO tpio interacted normally with HOIL-1, HOIP,
RIP1, TRAF2 and TRAF6. K63-linked polyubiquitinatioof truncated NEMO by TRAF6 was

normal, and the mutant protein was still recruited the IKK complex.

Transfection/fimmunoprecipitation assays and PLAwviged evidence of loss of interaction of the
truncated form of NEMO with SHARPIN and maintenao€¢he interaction with HOIP and HOIL-1.
Given that the PLAs did not provide any evidenceaflose interaction between wild-type NEMO
and HOIP (in contrast to the immunoblots), we sgtjgbat these two proteins interact through
SHARPIN, HOIL-1 or Ub chains in humans. This wouliffer from the situation in mice, where
HOIP binds directly to NEMO via the HOIP NZF1 domaMoreover, we found that the 134
induced formation of NEMO-containing structuredibroblasts carrying the truncated NEMO protein
was impaired (as has already been reported for HOlNnd HOIP-deficient fibroblast§)?
Furthermore, we showed that the colocalizationimédr polyubiquitin aggregates and NEMO is
severely impaired in fibroblasts carrying the tratecd NEMO protein (as in HOIL-1 and NEMO-
deficient fibroblasts) treated with ILB1 Immunoblot analyses confirmed the defect of linea

ubiquitination of the truncated NEMO protein. Lgstive observed abnormally low expression of all



234  three LUBAC subunits in IP fibroblasts carrying thencated NEMO species. Based on these results,
235  we suggest that NEMO is essential for the staltibneof LUBAC at the protein level.

236 Otherwise, concerning the other major disease &dsdcto IKBKG mutations, the anhidrotic
237  ectodermal dysplasia with immunodeficiency, we nmdmrule out the possibility that the responsible
238  hypomorphic mutations located in the Q134-R256 tddledomain could impair the interaction
239  between NEMO and SHARPIN. Indeed, thanr2 mouse described below carrying the L153P
240  hypomorphic mutation inlkbkg gene impairs the interaction between Nemo and pBifar
241  Interestingly, an EDA-ID patient has been repottedarry a mutation in the hum#ikBKG gene that
242  affects the same amino acid that is mutated irp#me2 mouse (L153R¥. Hence, one cannot rule out
243  the possibility that the human L153R mutation impdne NEMO-SHARPIN interaction as it does in
244 mice. Thus, a defect in interaction between NEM@ SRHARPIN is an attractive mechanism for both
245 IP and EDA.

246  Non-degradative, linear ubiquitination has recemttyerged as a key mediator of NB-signaling.
247  This LUBAC-mediated process is involved in the NB-pathway responses to both TMFand IL-
248 1B. Linear polyubiquitin chains are conjugated toci#fie Lys residues in NEMO and RIP1. This
249  activity is essential for full NkB activation and has a key role in inflammatory damimune
250  responses in both mice and hunfaR% Based on findings in both human and mice, the thuteinits
251 of LUBAC could have functions independently of LUBAenzymatic activity. For instancelpip-/-
252  mice are lethal whereaoil-1-/- mice are viables and present immunodeficiétity Sharpin
253  deficient mice is characterized by a chronic peséfive dermatitis and a multiorgan inflammation,
254  phenotype further more different from the two o#ffer® Moreover, in our immunofluorescence
255  experiments, in addition to their cytoplasmic laration, both NEMO and SHARPIN have been
256 found to interact into the nucleu$ig 4, B), which is consistent with SHARPIN function(s)

257  independently to LUBAC complex.

258 In human, the link between NEB and autoinflammation was suggested by the redemtonstration
259 that genetic deficiency of HOIL-1, HOIP and OTULINoteins (involved in regulation of NEMO

260 linear ubiquitination) arises in atypical autoimfimatory diseasés®*? In mice, deficiency oSharpin
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also results in an autoinflammatory phenofype However, a direct link between NEMO and

autoinflammation in human has not been previousiy@hstrated. We suggest that autoinflammation
as well as immunodeficiency and may be other unifieth symptoms are probably masked via the
total skewed X-inactivation, a hallmark of IP feeml Since NRB protect against apoptosis, the total

skewed X-inactivation is actually the results ofmgete elimination, shortly after birth, of cellstiv

the active X chromosome bearing the mutakdsKG allele.

To the best of our knowledge, the link betweendFand autoinflammation has been highlighted by
publications of IP females displaying Behcet syna#3*' an authentic multisystem autoinflammatory
disease. Moreover, a heterozygous D406V mutatiecifgally in thelKBKG gene was identified in

an IP female with Behcet's syndroffieln the latter case, the X-inactivation was nomptetely
skewed, which suggests that cells carrying thevactiutated X-chromosome had not been completely
eliminated, probably because théBKG mutation is less severe. Furthermore, an in-fradeenovo
deletion of 51 amino acids in NEMO protein was fouto result in a deficient IRF3-mediated
response, constituting a novel mechanism for afli&minmatory disease via NEMO (ACR/ARHP

Annual Meeting, 2013).

Another IKBKG splice mutation (c.518+5G>A) has been reported Bevere form of EDA-If5. It
was also predicted to result in the skipping ofrexd-6 and thus a similarly truncated form of NEMO
protein. In fact, this genotype corresponded tesa harmful, non-lethal EDA-ID phenotype in which
some normal splicing of théKkBKG mRNA probably persisted. These normilBKG mRNA

molecules probably provided some residual®-activity and rendered the mutation non-lethal.

SHARPIN is a key regulator of immune and inflamnmgteesponses and cytokine production. It is
also involved in TNFa-dependent N&B activation and anti-apoptotic signaling in hepstes”.
Interestingly, the spontaneow®&harpirdeficient mutation in mice (thepdm mouse) resulted in
epidermal hyperplasia and inflammation with thespreee of apoptotic bodies in keratinocytes and

elevated rates of cell death in the skin (as alsserved inlkbkg/- mice and in IP¥*® Although

11
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SHARPINmutations have never been described in humangnthg conceivably be associated with a

complex inflammatory phenotype with skin involverhen

In conclusion, we demonstrated that the interactmiween a truncated NEMO protein and
SHARPIN (but not HOIL-1 or HOIP) was specificalljnpaired in fibroblasts obtained from a male
fetus with IP. Defective linear ubiquitination oEMO may therefore constitute a hitherto unreported

disease mechanism in IP.

Material and Methods

Case reports. Carrier females and most of their unaffected nadat underwent a full clinical
examination. All females with IP met the 1993 red<riteria for the classification of IP. The feerwml
with IP had a history of perinatal blistering antdeast one of the other skin lesion stages. Severa
early, spontaneous abortions were reported, althoogpst had not been investigated further.
Biological material was only collected after thdigats’ had given their written, informed consent,

accordance with the tenets of the Declaration d$iH.

Linkage analysis. DNA was extracted from peripheral blood lymphesybr (for the IP fetus I11.4)
fibroblasts via conventional phenol-chloroform figetion. Linkage analysis was performed using
fluorescent polymorphic microsatellite markers (pBXS1073 and F8c). After amplification, PCR
products were mixed with the GeneScan 400D ROX sizrdard ladder (PE Applied Biosystems,
Foster City, CA) and analyzed with an automatic useger (ABI PRISM 3130™, Applied

Biosystems) using Genotyper™ and GeneScan™ sofiwarikeages (Applied Biosystems).

X-inactivation analysis. X-inactivation patterns in the patients' periphdsiod lymphocytes were
determined by PCR amplification of the androgerepeéar locus. The procedures for digestions and
PCR have been described elsewffefeCR products were migrated on an automatic seguéABI
PRISM 3130™) with GeneScan 400D ROX size standaddidr (PE Applied Biosystems, Foster

City, CA), and analyzed using the Genotyper™ andgSean™ software packages.
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Sequencing.All of the IKBKG gene exons and flanking intronic sequences werdifed by PCR
with specific primers. Both DNA strands were sequehusing the Big DY& Terminator Cycle
Sequencing Ready Reaction Kit version 3.1 (AppBéukystems). PCR products were migrated on an
ABI PRISM 3130™ sequencer (Applied Biosystems) andlyzed with Seqscape Analysis software.
Sequence variations dKBKG were numbered with the adenine of the ATG initiatcodon as the

first nucleotide (GenBank accession NM_003639.3).

RT-PCR and real time PCR.Total RNA was isolated from cultured fibroblaste(ved from a male
fetus with IP or from healthy controls) using an ¢asy® Plus Minikit (Qiagen GmbH, Hilden,
Germany), according to the manufacturer’s instamsi RNA samples were reverse-transcribed into
cDNA using the High Capacity cDNA Reverse Trandesp Kit (Applied Biosystems). Reverse
transcript (RT)-real time PCR was carried out udimg Power SYBR Green PCR Master Mix (PE
Applied) on an ABI prism 7000 (PE Applied Biosys®min triplicate. Dissociation analysis for each

primer pair and reaction was performed to verifgafic amplification.

Structural modeling of the fully dimeric NEMO and its mutant (Del 134-256) complexed with
IKK- g and linear or K63-di-Ubs. The complex comprising human dimeric NEMO protegsidues
49-419) and linear or K63-di-Ub chains was modelising the COILE and PAIRCOILZ’ coiled-
coil prediction algorithms and the following crylstand NMR structures of NEMO fragments: KBD
(PDB ID: 3BRYV, residues 49-109); HLX2 (PBD ID: 3CLBesidues 193-249), CC2-LZ (PDB ID:
2V4H and 4BWN, residues 257-344) and ZF (PDB IDV2Jresidues 392-419). All the regular
heptad phases (abcdefgyithin the predicted coiled-coil fragment of NEM@esidues 49-364) and
common coiled-coil discontinuities such as stut{dedetion of three residues) and stammers (deletio
of four residues) were correctly predicted by PABRC2, when compared with the heptad phases
identified from the available crystal structuresthg coiled-coil analysis program SOCKETThis
included (for example) a stutter at position 108 arstammer at position 295, respectively. Twomthe
highly predictable discontinuities at position 2@ stutter) and 256 (the deletion of two residues)
were taken into account to accommodate the heptadgs at the KD/HLX2 and HLX2/CC2-LZ

junctions. The first model was built by assemblicrgstal and NMR NEMO fragments with the
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following modeled regions: 110-192 (CC1, 83 aa))-256 (7 aa), 345-364 (20 aa) and 365-391 (27
aa). The long WT CC1 fragment (110-192) and thertshmutant CC1 fragment (110-133) were
generated with CC Builder, using a radius of 5.Q7afpitch of 225.8 A and an interface angle of
26.42%. The model of the linker region between CC2-LZ &@ftldomains (365-391) was based on
the CD spectra analyzes of the 248-344, 248-419 20@+419 constructs of human NEMO
(unpublished data). This 365-391 fragment was ggedrmanually and refined from initial atomic
coordinates derived from a I-TASSER-generated mdmeed on a threading algorittfmThe
NEMO:IKK-B: K63-diUb: linear-di-Ub complexes (wild type andutant) were built by homology
modeling; the structural templates were the crystraicture of the mouse CC2-LZ complexed with a
linear di-Ub chain (PDB ID: 2ZVO) and the modeleBEMO ZF complexed with a K63 di-Ub chain.
The short C-terminal fragment of IKE{i.e. the NEMO binding domain) bound to the N-temas of
NEMO had already been described as residues S783-@7PDB ID: 3BRV". PyMOL (version 1.7,
Schrédinger) was used for molecular display andcttral figures. Ubiquitin KO cDNA (were all
Lysine residues were replaced by Arginine, genemfisrom R. Baer, Columbia University, New

York) was subcloned into pcDNA3.1.

Plasmid constructions.Human cDNA containing the entire open reading fraaméruncated cDNA
of NEMO was amplified respectively from control RNA orroblast RNA from a male fetus with IP.
The amplified DNA was then cloned into the pcDNA 8xpression vector, with either an HA epitope

or a FLAG epitope N-terminal tag.

Reagents.The following antibodies were used: anti-NEMO (Bib&iences Pharmingen, San Jose,
CA, USA), anti-kBa (sc-371, Santa Cruz Biotechnology, Inc.), anti-KKK(BD Biosciences
Pharmingen), anti-IKK3 (BD Biosciences Pharmingen), anti-RIP (BD BioscesPharmingen), anti-
TRAF6 (sc-7221, Santa Cruz Biotechnology, Inc.lji-&RAF2 (sc-876, Santa-Cruz Biotechnology,
Inc., anti-SHARPIN (14626-1-AP; ProteinTech, IL, A)Santi V5 (Sigma Aldrich, MO, USA), anti-
FLAG (Sigma Aldrich), anti HA (Sigma Aldrich). Thepecific human antibody against linear

polyubiquitin chains (1F11/3F5/Y102L) was provideadGenentech (CA, USA).
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Fibroblast stimulation and II-8/IL-6 production. Control and patient-derived fibroblasts were
immortalized by transfection with a plasmid encadihe SV40 large-T antigen. Transformed cell
lines were grown in DMEM (Invitrogen) supplementeith 10% fetal calf serum (FCS) (Invitrogen).
Immortalized cells were grown in 24-well plates dndubated with 10 ng/ml of ILfLor TNFa

(R&D Systems, MN, USA). 24 h after stimulation, supatants were collected and IL-8 or IL-6
production was assessed with an ELISA, accordinghto manufacturer’'s instructions (Sanquin,

Amsterdam, The Netherlands).

Cell line complementation and transactivation assay Nemd” MEFs in 300 ul of PBS were
transiently transfected by electroporation (500 pdnd 160V, with a Gene Pulser X-cell
Electroporation System, BioRad, Hercules, CA, US4th 200 ng of either full length or truncated
NEMO expression plasmid and 200 ng of plgk-luc plascarrying the firefly luciferase gene under
the control of a NReB promoter. pRenilla vector (100 ng) carrying Renillaluciferase gene under
the control of a ubiquitous promoter was used tomadize the transfection efficiency. After
electroporation, cells were resuspended in DMEM/I02& and plated in 6-well dishes. Cells were
serum-starved 24 hours later by adding DMEM withB@S. After 16 h of starvation, cells were
stimulated with buffer alone, TNé&-(10 ng/ml) or IL-B (10 ng/ml). Four hours later, cells were
recovered in 100 pl of lysis buffer (25 mM Tris-ppbate pH 7.8, 8 MM Mgg&l1l mM DTT, Triton
X-100, 25% glycerol) and firefly anenilla luciferase activities were measured accordinght t

manufacturer’s instructions for the dual-luciferagstem (Promega, Madison, WI, USA).

Immunoprecipitation. 2x1F HEK293T cells were transiently transfected (using jetPRIME
reagent; Polyplus-transfection Inc., New York, NYSA) with mutant or wild-typdNEMO constructs
(2 ng per dish) and various partners of interesu@® 24 h after transfection, cells were lysed in
special buffer (50 mM Tris-HCI pH 8, 170 mM NaCl;59 NP-40, 50 mM NaF) with protease
inhibitors (Roche Diagnostics Gmbh, Mannheim, Geryhalmmunoprecipitation was performed
using HMACS HA Isolation Kit or uMACS protein G Mibeads (Miltenyi Biotec, Bergisch
Gladbach, Germany). Bound antibodies were visudlineth horseradish-peroxidase-conjugated

antibodies against rabbit or mouse IgG (Santa Bratechnology Inc., Heidelberg, Germany) and the
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Enhanced Chemiluminescence Kit with SuperSignalt\Wesa Extended Duration Substrate (Thermo

Scientific, Rockford, IL, USA)

In situ PLAs of LUBAC compounds with wild-type and NEMO truncated forms in cultured
cells. In situ PLAs (Duolinkin situ PLA, from Olink Biosciences, Uppsala, Sweden) wegied out
according to the manufacturer's instructions. Irsagere acquired and processed with Zeiss LSM-700

and Zen software.

Immunofluorescence Cells cultured on glass coverslips were treat@det with ice-cold saponin
extraction buffer (80 mM PIPES, pH 6.8, 1 mM MgCl mM EGTA, and 0.1% saponin) for 2 min
and 4 min on ice, as previously descrifedhe cells were then washed twice with PBS before
fixation in 100% methanol. The cells were progreslsi rehydrated by successive washes with 85%,
70%, and 50% ethanol in water and two final washiés PBS. For linear polyubiquitin staining,
slides were treated with vOTU deubiquitinase (1rladuB7°C). This eliminates unspecific interactions
with the anti-linear-Ub chain antibody, since vOTlg@aves all Ub chain linkages other than linear
chains. After blocking by incubation with 1% BSARBS, the slides were incubated with rabbit anti-
SHARPIN, mouse anti-NEMO or human anti-linear pdlyguwitin antibody, washed with PBS and
incubated either with anti—-rabbit Alexa Fluor 488 anti-human Alexa Fluor 546 secondary
antibodies (Life Technologies). The slides were healsagain and incubated with DAPI (Sigma-
Aldrich) to stain the nuclei. The coverslips wereunted in Mowiol supplemented with an anti-fading
agent (AF100; Biovalley). Image acquisition was fpened with Zeiss LSM 700 (Carl Zeiss
Microscopy GmbH, Oberkochen, Germany) and Zen Sw#wCarl Zeiss Microscopy GmbH). For
the quantification of NEMO, SHARPIN and linear Ubcf (presented in Fig 5 and 6), randomly
selected fields acquired with a 63x objective land Z-stack were processed with ICY open source

software and the Spot Detector tool (icy.bioimagédgsis.org/).
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Figure legends

Figure 1: Identification of a mutation in the IKBKG/NEMO gene in a male fetus with IP (111.4).

A. Pedigree of family A, showing the segregatiomafrosatellite markers flanking tHEBKG gene.
The black haplotype corresponds to three polymaerpharkers surrounding thiiKBKG gene and
spanning a 4 Mb region, that segregates with Ithénfamily. X inactivation status in IP females: R:

random X inactivation, S: skewed X-inactivation.

B. DNA sequence electropherograms around the exadonér splice site ofKBKG in a male fetus
with IP (family A, Il.4) carrying the ¢.518+2T>G utation, and in a control individual. Note a peak

at the same position, corresponding to the pseumoge

C. An electropherogram of the RT-PCR products, shgwtie full-lengtiKBKG cDNA (1200 bp) in

a healthy individual and the abnormal band (ard@®@ bp) in the male fetus with IP (family A, 111.4)

D. cDNA sequence electropherograms showing the skippi IKBKG exons 4-6 in fibroblasts from

the male fetus with IP, compared with control fitdiasts.

E. Immunoblot assays showing the wild-type NEMO eiin two fetal controls fibroblasts (42 kDa)
and a smaller band (32 kDa) in the affected malesfevith IP carrying the ¢.518+2T>G mutation (p.

DelQ134_R256).
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Figure 2: Functional organization domains and structural modés of the wild type andI KBKG

mutant (Del 134-256).

A. The deletion mutant (Del 134-256) consists of ai+NEMO protein devoid of part of the CC1
coiled-coil and of the HLX2 helical domains as wmated. It contains all essential domains
theoretically required for producing a functiondEMO protein. All NEMO structures solved to date

are depicted in bright colors, whereas the modetex are in grey.

B. The two Ub-binding domains (the ZF domain andNEMO-optineurin-ABIN domain, NOA, also
referred to as UBAN or NUB) are shown as complexeth linear and K63 di-Ub chains,
respectively. The figure shows the two C-termin@Kip fragments (the NEMO binding domain,
NBD, in light orange) interacting with NEMO kinabanding domain (KBD, in blue) and the binding
site (NFZ1 BD) for the LUBAC subunit HOIP in the €Coiled-coil domain. The deletion introduces
a novel junction between Q133 (CC1) and G257 (CZR-lwhich causes a discontinuity in the
regular heptad repeats in the CC1 and CC2-LZ dmsndtarthermore, the deletion shortens the
superhelical coiled-coil structure and thus chanthesorientation of the NOA Ub-binding domain

relative to the IKKB binding site.

Figure 3: The NF«B signaling pathway is impaired in patient cells caying the IKBKG

mutation.

A. Immunoblot assays showing the normal degradatfohxBo proteins in control fibroblasts, as
evidenced by the disappearance of ttieol protein band after 10 or 20 minutes of stimulatigith
TNF-o or IL-1B. Degradation ofdBa was impaired in fibroblasts from the male fetugeted by IP

(fetus 111.4 and fetus NEMO -/- carrying the freqaéKBKG rearrangement Del exons 4-10) .

B. ELISAs of levels of interleukin-8 and 6 (IL-8 arid-6) in the supernatants of non-stimulated,
TNF-o-stimulated and IL-fi-stimulated fibroblasts. There was almost no ILR8 #L-6 expression in
fibroblasts from the male fetus with IP (11l.4) cging the IVS4+2 T>GIKBKG mutation or in IP

fibroblasts carrying the most frequelitBKG gene mutation (deletion of exon 4 to 10, with full
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inhibition of the NF«B signaling pathways), relative to controls. Erl@ars: standard error of the

mean (n=3); *** p<0.001.

C. Complementation assayshtemd MEFs after transfection with HA-tagged wild-typetauncated
NEMO constructs and ki.uc andRenilla constructs. Luciferase was assayed after compleaien
cells had been stimulated with TNFand IL-13 for 24h. The truncated form of NEMO was unable to
activate NFkB in response to either TNér-or IL-1B. Error bars: standard error of the mean (n=3); **

p<0.01.

D. IKK-B or IKK-a plasmids were transfected into HEK293T cells witA-tagged wild-type or
truncated NEMO constructs. Immunoprecipitation vpesformed with anti-IKKe or anti-IKK§
antibodies. Immunoblotting analysis was then pemnfat with an anti-HA antibody. The HA-tagged

truncated NEMO interacted with IKK-and IKK.

E. TRAF6, TRAF2 or RIP1 plasmids were transfected IHEK293T cells with HA-tagged wild-type
or truncated NEMO constructs. Immunoprecipitatiaswwerformed with anti-TRAF6, anti-TRAF2 or
anti-RIP1 antibodies. Immunoblotting was then pemied with anti-HA antibody. The same
experiments were performed with inversion of thebmalies (i.e. immunoprecipitation with anti-HA
antibodies and immunoblotting with anti-TRAF6, ahRAF2 or anti-RIP1 antibodies). The HA-

tagged truncated NEMO interacted with TRAF6, TRAF2 RIP1.

F. HA-tagged wild-type or truncated NEMO constructgeveansfected into HEK293T cells with an
HA-Ub expression vector in the presence or absehd@&RAF6. Immunoblotting with an anti-NEMO

antibody revealed similar K63-linked polyubiquitiitan patterns for the wild-type and truncated
forms. Immunoblotting with an anti-TRAF6 antibodiiosved that TRAF6 was auto-ubiquitinated

(bottom of the figure).

G. HA-tagged and FLAG-tagged wild-type or truncate8NND constructs were transfected into
HEK293T cells. Immunoprecipitation was performedthwian anti-FLAG antibody, and then
immunoblotting was performed an anti-HA antibodyruficated NEMO forms formed fewer

homo/heterodimers than wild-type NEMO did.
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The data are representative of three independgetiexents.

Figure 4: Interactions between LUBAC complex sub-uits and wild-type or truncated NEMO

forms.

A. V5-SHARPIN, V5-HOIP or FLAG-HOIL-1 constructs wetensfected into HEK293T cells with
HA-tagged wild-type or truncated NEMO constructsuriunoprecipitation was performed with an
anti-HA antibody, and the subsequent immunoblotsewgerformed with anti-FLAG or anti-V5
antibodies. Wild-type NEMO interacted with all tere UBAC sub-units. The truncated NEMO

protein interacted with HOIL-1 and HOIP but notwEHARPIN.

B. Analysis of the interaction between wild-type auncated NEMO forms and LUBAC subunits
using DuoLink PLAs in transfected HEK293T cells.llGaiclei were stained with DAPI (in blue).
Signals indicating interaction or close relativesipons were detected with confocal microscopy and
appear as fluorescent dots (in red). In the PLAy orteracting epitopes located no more than 10-30
nm away from each other are labelled. Wild-type NEMteracted with SHARPIN and HOIL-1 but
not with HOIP. The truncated forms of NEMO inteexttwith HOIL-1 but not with HOIP or

SHARPIN. Scale bar: 10 um. The data are representatt three independent experiments.

Figure 5: Impaired recruitment of NEMO and SHARPIN to punctate structures in cultured
fibroblasts.

Non-treated or IL-f-stimulated cells were permeabilized with saponiiorpto fixation and then
immunolocalization with anti-NEMO (green) and a8#ARPIN (red) antibodies. The merged image
shows that the NEMO-containing structures coloedizith SHARPIN in control fibroblasts from a
healthy control. Recruitment of NEMO and SHARPIN ganctuate structures is impaired in (i)
cultured fibroblasts from a male fetus carrying smice ¢.518+2T>GEKBKG mutation, (ii) IP
fibroblasts carrying the frequetBKG rearrangement Del exons 4-10 (NEK)Cand (iii) recently
characterized HOIL-1-deficient fibroblasts from riéh patients. Nuclei were stained with DAPI.

Scale bar: 10 um.
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646  B. Quantification of NEMO and SHARPIN in punctuateustures, showing a significant reduction in
647  both NEMO and SHARPIN expression in patient c&llsantification of the number of NEMO- and
648 SHARPIN-containing spots per cell was performedafidieast 50 cells.

649 C. Immunoblot assays show abnormally low of SHARPHODIP and HOIL-1 in a patient’s
650 fibroblasts (carrying the truncated NEMO), relatigecontrol fibroblasts.

651 D. Q-RT-PCR analysis d8HARPIN HOIP andHOIL-1 showed similar mRNA levels in fibroblasts
652  from two fetal controls and fetus Ill.4. Resultsrer@ormalized t®GK-1

653  Figure 6: Linear ubiquitination is defective in the patient’s fibroblasts.

654  Non-treated or IL-fg-stimulated cells were permeabilized with saponiiorpto fixation and then
655 immunolocalization with anti-NEMO (green) and alimiear Ub chains (red) antibodies. Merged
656  staining images show that the NEMO-containing $tm&s colocalized with linear Ub chains in
657  control fibroblasts but not in (i) IP cells carrgithe splice mutation ¢.518+2T>G, (ii) IP cellsrgarg
658 the frequentKBKG rearrangement del exons 4-10 (NEX)or (iii) recently characterized HOIL-1-
659  deficient fibroblasts from non-IP patients.

660 B. Quantification of the number of NEMO- and lineab-tontaining spots per cell (performed on at
661 least 50 cells).

662 C. HA-tagged wild-type or truncated NEMO construcesrevtransfected into HEK293T cells with an
663  Ubiquitin KO expression vector in the presence lisemce of LUBAC (V5-SHARPIN, V5-HOIP or
664  FLAG-HOIL-1). Immunoprecipitation and imunoblottingith an anti-HA antibody revealed a linear

665  ubiquitination pattern for the wild-type NEMO buttrfor the truncated form.

666  Supplementary Figure 1: Coiled-coil sequences andrsctural models of the WT and mutant

667  NEMO (Del 134-256).

668  A. The respective amino acid sequences of the WTttendhutant (Del 134-256) are shown with the
669 heptad positions (letters (abcdetelow the sequence). Only regions near the deldbathin in the
670 mutant are shown. The solved structures of NEM@nfrents (HLX2, PDB ID: 3CL3 and CC2-LZ,
671 PDB ID: 2V4H) are indicated as cylinders above skquence. The heptad phases predicted by the

672  PAIRCOIL2 coiled-coil prediction algorithm or deteined from the crystal structures with the
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673

674

675

676

677

678

679
680
681
682
683
684

685

SOCKET program are identical, as indicated by thdeulined heptad repeat. Sequence analysis
revealed atypical coiled-coil discontinuities inethtHLX2:CC2-LZ region of the WT and at the
CC1:CC2-LZ junction in the mutant (phase shiftlaty, with a deletion of two residues indicated in
bold type). Nevertheless, modeling studies reve#iad this region (which is better tolerated in the
WT than in the mutant) can form a continuous ceded structure by changing the local structure of

thea-helix and the left-handed superhelix.

B. Two different views of the superposed WT and muttructures (based on thex ©f the N-
terminal kinase domain (KD). K63-di-Ub chains bouadNOA or ZF sites are depicted at the surface
for the WT (in bright red) and the mutant (the kdade). The deletion of 123 residues in the mutant
(residues 134-256) shortens the left-handed sulperbiethe NEMO coiled coil structure and thus
modifies the orientations of the NOA and ZF Ub-bingddomains relative to the IKR-binding site.
These differences in the spatial arrangement ofubinding domains may also contribute to the

production of inactive NEMO-IKK- complexes.
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ACCEPTED MANUSCRIPT
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Figure 4
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Figure 5
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Figure 6
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Supplementary Figure
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