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A B S T R A C T

Objective: To explore the gene mutation in an incontinentia pigmenti (IP) patient with syndromic tooth agenesis.
Methods: Long-range polymerase chain reaction (PCR) and Sanger sequencing were used to detect inhibitor of

nuclear factor kappa-B kinase subunit gamma (IKBKG) mutation in the IP patient. We used the nuclear factor kappa
B (NF-κB) reporter gene to assess activation of NF-κB, after transfecting an empty vector, wild-type, or mutant
NF-κB essential modulator (NEMO) plasmid into IKBKG-deficient HEK293T cells, respectively. Furthermore, we
performed immunoprecipitation and immunoblotting to describe the polyubiquitination of NEMO. Lastly, we
detected the interactions between mutant NEMO and I kappa B kinase alpha (IKKα), I kappa B kinase beta
(IKKβ), TNF receptor associated factor 6 (TRAF6), HOIL-1-interacting protein (HOIP), hemo-oxidized iron
regulatory protein 2 ligase 1 (HOIL-1), and SHANK-associated RH domain interactor (SHARPIN).

Results: A de novo nonsense mutation in IKBKG (c.924C > G; p.Tyr308*) was observed. The Tyr308* mu-
tation inhibited activation of the NF-κB pathway by reducing K63-linked polyubiquitination and linear poly-
ubiquitination. The mutant NEMO was not able to interact with TRAF6, HOIL-1, or SHARPIN.

Conclusions: We identified a novel nonsense IKBKG mutation (c.924C > G; p.Tyr308*) in an IP patient with
syndromic tooth agenesis. This research enriches the mutation spectrum of the IKBKG gene.

1. Introduction

Tooth agenesis is defined as the developmental absence of one or
more teeth (excluding the third molars). The prevalence of tooth
agenesis is 0.03–10.1% (Karadas, Celikoglu, & Akdag, 2014;
Nordgarden, Jensen, & Storhaug, 2002; Rolling & Poulsen, 2001).
Tooth agenesis may be isolated or present as part of a syndrome. There
are more than 150 syndromes related to tooth agenesis according to the
Online Mendelian Inheritance in Man (OMIM) database (Yin & Bian,
2015).

Incontinentia pigmenti (IP; OMIM#308300) is a rare X-linked
dominant genetic disorder that affects the skin, hair, teeth, nails, and
central nervous system (Ardelean & Pope, 2006; Landy & Donnai,
1993). IP was first reported by Garrod in 1906 (Minic, Trpinac, Gabriel,
Gencik, & Obradovic, 2013; Scheuerle & Ursini, 1993; Swinney, Han, &
Karth, 2015). The incidence of IP is 1–2 per 1 million in the live births
(www.orpha.net/). Roughly, 30–50% of IP patients exhibit tooth
agenesis or tooth/oral anomalies (Minic et al., 2013). Approximately
70% of IP cases have IKBKG mutations (Fusco et al., 2008). The pub-
lished data reports that 60–80% of cases have a recurrent deletion of
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exon 4–10 of IKBKG (Fusco et al., 2014). Other small mutations are
concentrated in exon 10 of IKBKG (Fusco et al., 2008).

NEMO, also known as I kappa B kinase kinase γ (IKKγ), is coded by
the IKBKG gene. NEMO acts as the regulatory subunit of the IKK
complex and a core component of the canonical NF-κB signalling
pathway (Zhang, Lenardo, & Baltimore, 2017). NF-κB regulates various
physiological functions, including immune responses, cell apoptosis and
survival, and organ development (Ghosh & Hayden, 2008). In the
resting state, NF-κB is confined to the cytoplasm as it interacts with
inhibitor of NF-κB (IκB) proteins. Under stimuli, canonical NF-κB is
activated and is translocated to the nucleus through NEMO-mediated
activation of the IKK complex (Zhang et al., 2017). Mutations in IKBKG
impair transduction of the NF-κB signalling pathway and cause IP,
immunodeficiency, or anhidrotic ectodermal dysplasia with im-
munodeficiency syndrome (Maubach, Schmadicke, & Naumann, 2018).
Tooth agenesis is also a common symptom of IP and ˜30% of cases
present with tooth agenesis (Swinney et al., 2015).

In this study, we identified a novel nonsense IKBKG mutation (c.924
C > G, p.Tyr308*) in a female Chinese patient with IP.

2. Materials and methods

2.1. Participants

The participants were referred from the Department of
Prosthodontics, Peking University School and Hospital of Stomatology.
The proband was a 15-year-old Chinese female patient receiving or-
thodontic treatment. Subsequently, her parents were also included in
this research. This study was conducted with the approval of the Ethics
Committee of Peking University School and the Hospital of
Stomatology. Written informed consent for DNA analyses and the re-
production of photographs was obtained from all participants.

2.2. Reagents and antibodies

Lipofectamine 3000 Transfection Reagent was obtained from
Thermo Fisher Scientific (St. Louis, MO, USA). Total RNA was isolated
using TRIzol® reagent (Thermo Fisher Scientific, Carlsbad, CA, USA)
from proband gingival tissue and converted to complementary DNA
(cDNA) using GoScriptTM Reverse Transcriptase (Promega
Corporation, Madison, WI, USA). The following antibodies were ob-
tained from Santa Cruz Biotechnology (Dallas, TX, USA): anti-NEMO,
anti-p65, and anti-HA. Anti-SHARPIN, anti-IKKα, anti-IKKβ, anti-HOIL-
1, anti-HOIP, anti-MYC, anti-FLAG, and anti-TRAF6 were purchased
from the Proteintech Group (Rosemont, IL, USA). Bound antibodies
were visualised with horseradish peroxidase (HRP)-conjugated goat
anti-mouse IgG light chain-specific antibody (Abbkine, Redlands, CA,
USA) or HRP-conjugated mouse anti-rabbit IgG light chain-specific
antibody (Proteintech Group) and an enhanced chemiluminescence kit
(Proteintech Group).

2.3. Plasmid construction

The wild-type human NEMO (WT-NEMO) expression plasmid,
which contains the full long-coding sequence in the pcDNA3.0-HA
vector was a gift from Kunliang Guan (Addgene, Plasmid #13512). The
mutant NEMO (MU-NEMO) expression plasmid was constructed by site-
directed mutagenesis through PCR as previously described (Lee, Shin,
Ryu, Kim, & Ryu, 2010). The following primers were used for muta-
genesis: forward, 5′-CCAGGCGGATATCTAGAAGGCGGACTTCCAG-3′;
and reverse, 5′-CTGGAAGTCCGCCTTCTAGATATCCGCCTGG-3′.

The additional plasmids used, including MYC-IKKα (Plasmid
#19739), FLAG-IKKβ (Plasmid #15465), FLAG-TRAF6 (Plasmid
#21624), HA-K63 ubiquitin (Plasmid #17606), MYC-SHARPIN
(Plasmid #50014), FLAG-HOIP (Plasmid #50015), and FLAG-HOIL-1
(Plasmid #50016) were obtained from Addgene (Watertown, MA,

USA).

2.4. Mutation detection

Genomic DNA was isolated from peripheral blood using the Tiangen
DNA Mini-Kit (Tiangen, Beijing, China), according to the manu-
facturer’s instructions. The pseudogene IKBKG has> 99% identity with
IKBKG for exons 3–10 (Frans et al., 2018). Due to the pseudogene,
routine direct-sequencing was insufficient to detect mutations in
IKBKG. Long-range PCR amplified exon 2–10 in IKBKG, which has
distinct mutations from the pseudogene (Zeevi et al., 2013). Exons 2–10
was amplified by long-range PCR using the primers, forward: 5′- TCG
TCAGCAGGCAATAGTTAGTTGGTTGA-3′ and reverse: 5′- TATGCCAAA
GATACGCACGACTAATGCAC-3′, after which a secondary PCR was
performed for exon 8 because of the existence of a highly homologous
pseudogene. The primers used to amplify exon 8 were as follows: for-
ward, 5′-CGAGGAATGCAGCTGGAAGA-3′ and reverse, 5′-CTCATGTCC
TCGATCCTGGC-3′. Total RNA of the gingival tissue was obtained and
converted to cDNA through reverse transcription-PCR. The DNA and
cDNA of the proband were amplified and sequenced (TSINGKE Biolo-
gical Technology, Beijing, China).

2.5. Generation of IKBKG-deficient HEK293T cells

Single-guide RNA (GTTGGATGAATAGGCACCTC) targeting the
second exon of IKBKG was subcloned into pSpCas9(BB)-2A-Puro
(PX459) V2.0, which was a gift from Feng Zhang (Addgene, Plasmid
#62988). The plasmid (2 μg/well) was transfected into 6-well plates
containing HEK293T cells. At 24 h after transfection, cells were selected
with puromycin (5 μg/ml) for 2 days. Individual cell clones were picked
and further expanded. Expression of NEMO was determined by im-
munoblotting.

2.6. NF-κB reporter gene activity

IKBKG-deficient HEK293T cells were transfected with an empty
vector, wild-type, or mutant NEMO plasmid (400 ng/well) in 24-well
plates using Lipofectamine 3000 reagent according to the manufac-
turer's instructions. The NF-κB and Renilla luciferase reporter vectors
(300 ng/well) were co-transfected. At 24 h after transfection, cells were
stimulated with 100 ng/ml human lipopolysaccharide (1 μg/ml) for 6 h.
Firefly and Renilla luciferase activities were then measured using the
Dual Reporter Assay system (Promega Corporation) according to the
manufacturer’s instructions.

2.7. Analysis of NF-κB activation

IKBKG-deficient HEK293T cells were cultured in high-glucose
Dulbecco’s modified Eagle’s medium (Invitrogen Life Technologies)
supplemented with 10% foetal bovine serum and 2mM L-glutamine.
Wild-type or mutant NEMO plasmid (3 μg/dish) was transiently trans-
fected into IKBKG-deficient HEK293T cells using Lipofectamine 3000
reagent in 100mm dishes. To analyse the functional changes of the
truncated mutation, lipopolysaccharide (1 μg/ml; Sigma-Aldrich) was
used to stimulate cells for 0, 5, 15, and 30min at 48 h after transfection.

2.8. Immunoprecipitation

HEK293T cells were transiently transfected with wild-type or mu-
tant NEMO plasmids/various plasmids (3 μg/dish) in 100mm dishes.
Cells were lysed with Native Lysis Buffer (Solarbio, Beijing, China),
1 mM phenylmethanesulfonyl fluoride, and a mixture of 1mM protease
inhibitors (Cwbiotech Beijing, China) at 24 h after transfection.
Immunoprecipitation was performed using Protein A/G Magnetic Beads
(MedChemExpress, Monmouth Junction, NJ, USA), followed by im-
munoblotting.
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Fig. 1. Clinical phenotypes of the proband.
(A) Reticular hyperpigmentation in the proband (black
arrows). (BeD) Intraoral photographs of the proband.
(E) Panoramic radiographs of the proband (*indicates
missing teeth). (F) Schematic representation of con-
genitally missing teeth of the proband (black squares
indicate missing teeth).

Fig. 2. Mutation analyses of the IKBKG gene.
(A) Pedigree chart of the proband. (B) DNA and cDNA sequencing of exon 8 of the IKBKG gene of the proband. A de novo nonsense mutation, c.924C > G, was
present in the proband but not in the patient’s parents. (C) Schematic diagram of wild-type and mutant NEMO. Blue, black and red indicate phosphorylation sites,
ubiquitination sites and the mutation site of IKBKG, respectively. Abbreviations: CC1, coil-coiled domain; LZ, leucine zipper; ZF, zinc finger.
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Fig. 3. Functional analysis of truncated NEMO.
(A) A dual-luciferase reporter assay showing NF-κB inactivity in truncated NEMO stimulated by lipopolysaccharide. The bar charts show the quantification of relative
fluorescence intensities (mean ± SD, n= 3, *p<0.05). (B) Immunoblot analysis showed that overexpression of the mutant protein resulted in severely impaired
phosphorylation of p65 and degradation of IκBα following lipopolysaccharide stimulation. The bar charts show the quantification of band intensities (mean ± SD,
n= 3, *p<0.05).
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2.9. Statistical analyses

Statistical analyses were performed using SPSS version 13.0 soft-
ware (SPSS Inc., Chicago, IL, USA). The data are presented as the mean
and standard deviation (mean ± SD) with error bars, and analysed by
one-way analysis of variance followed by Tukey's HSD test; p < 0.05
was taken to indicate statistical significance. Experiments were carried
out in triplicate.

3. Results

3.1. Clinical findings

General examination showed the proband manifested mild symp-
toms of ectodermal dysplasia, such as thin eyebrows, hypofunction of
sweat and salivary secretions, and deposition of reticular pigment in the
calf (Fig. 1A). Clinical and radiographic examination of the oral cavity
revealed 15 congenitally missing teeth, including the third molars (15,
17, 18, 22, 23, 24, 28, 34, 35, 37, 38, 44, 45, 46 and 48). Furthermore,
31, 32, 41 and 42 were conical (Fig. 1B–E). Her parents were asymp-
tomatic and did not show any family history of tooth agenesis or other
genetic diseases.

3.2. Mutation analysis

Using long-range PCR and Sanger sequencing, a novel nonsense
heterozygous mutation (c.924C > G, p.Tyr308*) was detected in exon
8 of IKBKG in the proband. The patient’s parents were asymptomatic
(Fig. 2A). Analysis of the mutation showed a heterozygous C to G
transition at nucleotide 924 (c.924C > G) of the coding sequence in
exon 8 of the IKBKG gene (Fig. 2B). The mutation c.924C > G changed
the tyrosine (TAC) residue at 308 to a stop codon (TAG) (p.Tyr308*),
resulting in truncation of NEMO and partial loss of the coil-coiled 2-
leucine zipper domain and zinc finger domain (Fig. 2C).

3.3. Functional analysis of truncated NEMO

A dual-luciferase reporter assay showed that NF-κB activity was
higher in WT-NEMO than in both the empty vector and MU-NEMO
(p<0.05); also, there was no difference between the latter two
(Fig. 3A). This indicated that truncated NEMO was unable to activate

NF-κB when stimulated by lipopolysaccharide. The mutation
(p.Tyr308*) inhibited NF-κB activity completely. As observed in IKBKG-
deficient cells, overexpression of the mutant protein (p.Tyr308*) ex-
hibited severely impaired phosphorylation of p65 and degradation of
IκBα following lipopolysaccharide stimulation (Fig. 3B). Phosphoryla-
tion of p65 and IκBα was higher in WT-NEMO than in both the empty
vector and MU-NEMO at 5, 15 and 30min (p<0.05). Therefore,
c.924C > G is a loss-of-function mutation that inactivates the NEMO
protein and impairs the NF-κB signalling pathway.

3.4. Truncated NEMO formed an IKK complex

Following co-transfection of HEK293T cells with wild-type or mu-
tant NEMO plasmid and MYC-IKKα or FLAG-IKKβ plasmid, im-
munoprecipitation and immunoblotting analyses revealed that the
truncated NEMO protein was assembled as part of the IKK complex with
IKKα or IKKβ (Fig. 4A and B).

3.5. Truncated NEMO suppressed K63-linked polyubiquitination

TRAF6 is a specific ubiquitin-ligase mediated K63-linked poly-
ubiquitination of NEMO. To detect K63-linked polyubiquitination of
NEMO, wild-type or mutant NEMO plasmid and FLAG-TRAF6 or HA-
K63 ubiquitin plasmid were co-transfected to HEK293T cells.
Immunoprecipitation and immunoblotting analyses revealed that
truncated NEMO did not interact with TRAF6 to the same extent as
wild-type NEMO (Fig. 5A). K63-linked polyubiquitination was limited
with truncated NEMO in immunoprecipitation and immunoblotting
analyses (Fig. 5B).

3.6. Truncated NEMO suppressed linear polyubiquitination by failing to
interact with HOIL-1 and SHARPIN

Linear ubiquitin chain assembly complex (LUBAC), consisted by
HOIP, HOIL-1, and SHARPIN, catalysed linear polyubiquitination of
NEMO. To assess the linear polyubiquitination of wild-type and trun-
cated NEMO proteins, the 3 LUBAC subunits (HOIP, HOIL-1, and
SHARPIN) and wild-type and truncated NEMO plasmids were co-
transfected into HEK293T cells. Immunoprecipitation and im-
munoblotting analyses showed a defect in linear polyubiquitination of
the truncated NEMO protein (Fig. 5C).

Fig. 4. Truncated NEMO integrated into IKKα and IKKβ.
Co-transfection of IKKα or IKKβ plasmids into HEK293T cells with wild-type or truncated NEMO constructs. Immunoprecipitation and immunoblotting analyses
revealed that truncated NEMO interacts with IKKα and IKKβ.
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To assess the effect of each subunit of LUBAC, wild-type and trun-
cated NEMO plasmids were co-transfected into HEK293T cells.
Immunoprecipitation and immunoblotting analyses revealed that wild-
type NEMO protein interacted with all of the subunits of LUBAC (HOIL-
1, HOIP, and SHARPIN). By contrast, the truncated NEMO interacted
with HOIP but not with SHARPIN or HOIL-1 (Fig. 5D–F).

4. Discussion

We identified a novel nonsense mutation in the IKBKG gene in a
Chinese female IP patient. The nonsense mutation (c.924C > G,
p.Tyr308*) resulted in a loss of the coil-coiled 2-leucine zipper and zinc
finger domains of NEMO.

IKBKG mutations result in IP, which is frequently accompanied by
various anomalies, including those of the teeth, eyes, hair, nails, or

central nervous system (Minic, Trpinac, & Obradovic, 2014). However,
the clinical characteristics of tooth agenesis with IKBKG mutations re-
main unclear because IKBKG mutations can cause abortion or early
death of infants (Conte et al., 2014). Minic et al. identified that the most
common dental anomalies in IP were tooth shape abnormity and oli-
godontia (36.42% and 31.22%, respectively) (Minic et al., 2013, 2014).
Roberts et al. identified the deletion 1182_1183delTT in the IKBKG
gene in a young male, which caused erupted conical teeth (Roberts
et al., 2010). In 2011, Hadj-Rabia et al. identified hypodontia in seven
teeth of a female IP patient (Hadj-Rabia et al., 2011). In 2012, Naoki
et al. reported a 10-year-old girl and her mother who manifested IP
with agenesis of the upper anterior teeth (Oiso et al., 2012). In the
present study, the proband had 15 congenitally missing permanent
teeth (including four third molars) and conical-shaped mandibular
central and lateral incisors. We also detected another IP patient

Fig. 5. Mutation inhibited ubiquitination of NEMO.
(A and B) Wild-type and truncated NEMO plasmids were transfected into HEK293T cells with a FLAG-TRAF6 (A) or HA-K63 ubiquitin plasmid (B).
Immunoprecipitation and immunoblotting analyses revealed that truncated NEMO loses its interaction with TRAF6 (A) and K63-linked polyubiquitination was
decreased in the mutant NEMO (B). (C) Three subunits of LUBAC (FLAG-HOIP, FLAG-HOIL-1 or MYC-SHARPIN) with the wild-type or mutant NEMO plasmid were
co-transfected in HEK293T cells. Immunoprecipitation and immunoblotting analyses demonstrated linear polyubiquitination was reduced in truncated NEMO. (D–F)
Interactions between LUBAC subunits and wild-type or truncated NEMO. FLAG-HOIP (D), FLAG-HOIL-1 (E), or MYC-SHARPIN (F) plasmids were transfected into
HEK293T cells with wild-type or truncated NEMO plasmid, respectively. Immunoprecipitation and immunoblotting analyses demonstrated that wild-type NEMO
interacted with all LUBAC subunits; however, the mutant NEMO did not interact with HOIL-1 or SHARPIN.
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carrying a common exon 4–10 deletion in IKBKG. The dental phenotype
of the patient was the loss of 19 permanent teeth (12, 14, 15, 17, 18, 22,
24, 25, 27, 28, 31, 32, 34, 38, 41, 44, 45, 47 and 48), with the majority
of these being posterior teeth; primary teeth (65, 74, and 85) were
retained (Figs. S1 and S2). This suggests that posterior teeth are at
greater risk in IP.

Deletion of exon 4–10 of IKBKG is most common in IP patients. In
vitro functional analysis demonstrated that genomic rearrangement in-
activated NF-κB, although it retained its interaction with IKKα and
IKKβ (Smahi et al., 2000). The nonsense mutation in the proband has
not been reported previously. Mutation analysis revealed that c.924C
> G impaired the major domain of NEMO (Fig. 2C). This was con-
firmed by the dual-luciferase reporter assay and immunoblotting
(Fig. 3). K63-linked polyubiquitin chains bind the zinc finger domain of
NEMO and this is important in activation of the IKK complex
(Laplantine et al., 2009). Sebban-Benin et al. reported that the mutation
A323P in the zinc finger domain of NEMO was responsible for severe IP.
A323P inhibited K63-linked polyubiquitination of NEMO by disturbing
the TRAF6/NEMO interaction (Sebban-Benin et al., 2007). Im-
munoprecipitation and immunoblotting analyses revealed that K63-
linked polyubiquitin chains were prevented from binding truncated
NEMO by the inactivation of TRAF6, which was not able to interact
with truncated NEMO (Fig. 5A and B). This indicates that truncated
NEMO inhibits K63-linked polyubiquitination. Recently, a new type of
ubiquitin chain, namely a linear polyubiquitin chain, was identified
(Ikeda, 2015). Linear polyubiquitination of NEMO was shown to be
essential to activate NF-κB (Niu, Shi, Iwai, & Wu, 2011). Linear poly-
ubiquitin chains demonstrated high-affinity binding to NEMO and
suppression of the LUBAC/NEMO interaction, which decreased NF-κB
activity (Ikeda, 2015; de Jong, Liu, Chen, & Alto, 2016). Linear poly-
ubiquitination of NEMO is mediated by LUBAC, which binds and cat-
alyses the linear polyubiquitination of NEMO at Lys285 and Lys309,
located in the coil-coiled 2-leucine zipper domain (Ebner, Versteeg, &
Ikeda, 2017; Hooper, Jackson, Coughlin, Coon, & Miyamoto, 2014;
Ikeda, 2015; Tokunaga et al., 2009). The Tyr308* mutation results in
loss of one of the linear polyubiquitination sites (Fig. 2C). Furthermore,
immunoprecipitation assays revealed that wild-type NEMO interacted
with all of the subunits of LUBAC. By contrast, truncated NEMO was
only able to interact with HOIP, but not with HOIL-1 and SHARPIN
(Fig. 5D–F). Recently, Elodie et al. reported that a splicing mutation led
to NEMO losing its ability to interact with SHARPIN, which inhibits
linear polyubiquitination of NEMO and leads to IP (Bal et al., 2017).
This mutation also disrupts the polyubiquitination of NEMO. Similarly,
the truncated NEMO does not interact with SHARPIN. Additionally,
Tyr308* perturbs the NEMO/HOIL-1 interaction, which is important for
LUBAC catalysing linear ubiquitination of NEMO. Recently, para-
caspase MALT-1 has been reported to decrease NF-κB activation by
impairing the HOIL-1/NEMO interaction through cleavage of HOIL-1
by MALT-1, resulting in disruption of linear polyubiquitination of
NEMO (Klein et al., 2015).

In conclusion, we identified a novel heterozygous nonsense muta-
tion (c.924C > G; p.Tyr308*) in IKBKG in an IP patient with syn-
dromic tooth agenesis in the Chinese population. This research enriches
our knowledge of the mutation and phenotype spectra of the IKBKG
gene. Furthermore, the functional analyses suggest that the mutation
impaired NF-κB activation. However, the precise role of IKBKG in tooth
agenesis remains to be clarified in further studies.
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