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Abstract

Background: Hypohidrotic ectodermal dysplasia (HED) mainly results from
gene mutations in the EDA/EDAR/NF-«xB pathway. Function analysis of the mu-
tations in the collagen domain of ectodysplasin A (EDA)result in HED has been
rarely studied. This study aimed at determining the mechanism by which the
novel collagen domain mutation of EDA results in HED.

Methods: We analyzed the DNAs from a Chinese family with HED and per-
formed bioinformatics analysis. A new three-dimensional structure model of the
EDA trimer was built and used to predict the effect of the mutations on EDA. We
performed a western blot to detect EDA1 proteins in cell lysates and superna-
tants. We then performed coimmunoprecipitation to determine whether the mu-
tation would affect the interaction of EDA1 with the EDA receptor (EDAR). Dual
luciferase reporter assay and immunofluorescence were performed to detect the
effect of the mutant EDA1 protein on nuclear factor kappa B (NF-kB) activation.
Results: A novel missense mutation (c.593G > A, p. Gly198Glu) in the collagen
domain of EDA was detected. The mutation was predicted to be disease-causing.
A three-dimensional structure model of the EDA trimer was first built in this
study, in which the mutation site is located around the receptor binding domain.
Functional studies showed that there was no difference in the secretion activ-
ity between the mutant EDA1 and the wild-type EDA1. However, the receptor-
binding activity and the transcription activation of NF-kB were impaired by the
mutation.

Conclusion: We identified a novel mutation (c.593G > A, p. Gly198Glu) in the
collagen domain of EDA. Bioinformatics analysis and functional studies showed
this mutation was damaging, indicating that mutations in the collagen domain of
EDA could result in HED by affecting the receptor-binding activity of EDA and
the transcriptional activity of NF-kB.
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1 | INTRODUCTION

Ectodermal dysplasia (ED, MIM: 305100) refers to a
group of inherited disorders with abnormal develop-
ment of two or more ectoderm structures, such as hair,
teeth, nails, and sweat glands (Visinoni et al., 2009;
Wohlfart et al., 2016). Hypohidrotic ectodermal dyspla-
sia (HED) characterized by hypotrichosis, hypohidro-
sis, and hypodontia is the most common form of ED
(Cluzeau et al., 2011; Keller et al., 2011). Tissues and
organs derived from the ectoderm are developed from
placodes. As the signaling center of embryonic develop-
ment, placodes express signaling molecules of the WNT
signaling pathway, the Hedgehog signaling pathway, the
fibroblast growth factor (FGF) family, the transforming
growth factor-beta (TGF-f) family, and the TNF family
(Norderyd, 2012). HED mainly results from gene mu-
tations in TNF-a and related pathways, especially the
EDA/EDAR/NF-kB pathway (Cluzeau et al., 2011).

Mutations of many genes in the EDA/EDAR/NF-xB
pathway result in HED, which interferes with epithelium-
mesenchymal interactions and gives rise to developmental
anomalies and dysmorphogenesis of ectodermal struc-
tures (Cui & Schlessinger, 2006). Mutations of the EDA
gene (MIM: 300451) have been detected in more than 50%
of reported HED cases (Cluzeau et al., 2011; Martinez-
Romero et al., 2019). EDA1 (391 aa) and EDA2 (389 aa) are
the only two isoforms of EDA containing a TNF homol-
ogy domain (THD) as a receptor-binding site. EDA1 binds
to EDAR, while EDA2 binds to XEDAR. As a member of
the TNF family, EDA consists of several functional do-
mains, including the transmembrane domain, the Furin
cleavage site, the collagen domain, and the THD (Cui &
Schlessinger, 2006). Functional analyses were performed
to reveal the pathogenic mechanism of HED. Previous
functional studies mainly focus on THD and Furin cleav-
age site, while the mechanism by which the mutations in
the collagen domain result in hypohidrotic ectodermal
dysplasia has been rarely studied.

A proteolytically processed homotrimer form is es-
sential for EDA to bind receptors and then activate
downstream pathways. The collagen domain contains a
(Gly-X-Y),4 collagen-like repeat. It was hypothesized that
the collagen triple helix yielded a multimeric protein
through assembly into an N-terminal bundle structure
(Kishore & Reid, 1999), which induced the multimeriza-
tion of the TNF homology region. Furthermore, the
multimerization of EDA could be disrupted by point
mutations in the collagen domain rather than in-frame
deletions (Schneider et al., 2001). However, the position
of the collagen domain in EDA protein conformation
and how mutations in the collagen domain cause HED
are still uncertain.

In this study, we described the clinical features and mo-
lecular characterizations of a novel mutation in the colla-
gen domain of EDA identified in a Chinese family with
HED. We performed three-dimensional protein structure
prediction and functional studies to explore the molecu-
lar mechanisms underlying the effects of mutations in the
collagen domain of EDA.

2 | PATIENTS AND METHODS

21 | Subjects

The proband was an 8-year-old boy referred to Peking
University School and Hospital of Stomatology for his
oligodontia condition. He showed mild hypohidrosis
with obvious heat intolerance, proneness to eczema,
and difficulty eating. His mother and sisters also had
hypodontia. Clinical examination showed short stature,
sparse hair and eyebrows, and periorbital hyperpigmen-
tation. His skin was soft and dry and showed desqua-
mation and crusting. He also showed facial features,
including frontal bossing, chin prominence, maxillary
hypoplasia, and protuberant lips. Intraoral examination
revealed anodontia and a lack of alveolar bone devel-
opment. The phenotypic features of the proband are
shown in Figure 1.

2.2 | Mutation detection
Peripheral blood was collected from the proband and his
family. A TIANamp Blood DNA Kit (Tiangen Biotech,
Beijing, China) was used for the extraction of genomic
DNA according to the manufacturer's instructions. We
selected the proband for whole-exome sequencing. After
target enrichment and library preparations, 100-base
paired-end reads were generated and sequenced by combi-
natorial probe-anchor synthesis (cPAS) on the BGISEQ-500
platform (BGI-Shenzhen, China). The proband was se-
quenced to a mean depth of 94.30X, and approximately
98.87% of the target region was covered by 10 or more reads.
First, all of the non-coding and synonymous variants
were removed. Then, all candidate variants were filte-
red according to minor allele frequency against public
databases, including the 1000 Genomes Project, the
Single Nucleotide Polymorphism Database (dbSNP),
and the NHLBI exome sequencing project (ESP) 6500.
Finally, we focused the analysis on known HED-
related genes, including EDA (NM_001399.5), EDAR,
EDARADD, TRAF, NEMO, and WNTI10A. The variant-
encompassing region was amplified by polymerase
chain reaction (PCR) using specific primers as described
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FIGURE 1 Phenotypic features of members of the pedigree. (a and b) Photograph of the proband showing facial features including
frontal bossing, chin prominence, maxillary hypoplasia, protuberant lips, sparse hair and eyebrows, and periorbital hyperpigmentation.

(c and e) Intraoral photograph and panoramic radiograph of the proband showing anodontia and a lack of alveolar bone development. (d)
Pedigree chart of the family. The affected individual is represented by filled squares (male), while carriers are represented by circles with a
vertical line (females). (f and g) Panoramic radiograph of the elder sister and younger sister of the proband showing the reduced number of

permanent teeth.

previously (Fan et al., 2008). Then, Sanger sequencing of
all individuals in this family was performed to validate
the candidate variant, and the sequences were analyzed
using Chromas chromatogram viewer (http://technelysi
um.com.au/wp/chromas/).

2.3 | Bioinformatics study and
structural modeling

The prediction tools MutationTaster (http://www.mutat
iontaster.org/), PolyPhen2 (http://genetics.bwh.harva
rd.edu/pph2/), Sorting Intolerant from Tolerant (SIFT)
(https://sift.bii.a-star.edu.sg/), and CADD (https://
cadd.gs.washington.edu/score/) were used to estimate
the likelihood that an amino acid transition may affect
the function of the protein. In addition, the secondary
structures of wild-type EDA1 and mutant EDA1 were
predicted by PSIPRED 4.0 (http://bioinf.cs.ucl.ac.uk/
psipred/).

The three-dimensional (3D) structures of wild-type
and mutant EDA1 were modeled and visualized with
PyMOL2.0 (The PyMOL Molecular Graphics System,
Version 2.0 Schrodinger, LLC). We aligned the EDA1
monomer structure predicted by the AlphaFold Protein
Structure Database (https://alphafold.ebi.ac.uk/) with the
crystal structure of the EDA1 trimer (PDB ID 1RJ7; X-ray,
resolution 2.3 A) for modeling.

2.4 | Construction of EDA1
expression vectors

Mammalian vectors pcDNA3.1 were used to construct
expression vectors for secreted wild-type EDA1 and mu-
tant EDA1 with p.Gly198Glu (G198E) and p.Gly198Ala
(G198A). Mutant EDA1 with p.His252Leu (H252L)
and p.Ser374Arg (S374R) (Schneider et al., 2001) were
also constructed to make a contrast as HED-causing
mutation and non-syndromic tooth agenesis-causing
mutation, respectively. The expression vector se-
quence is composed of an HA signal peptide, a FLAG
tag, a linker (GGACC CGGACAGGTGCAGCTGCAG
GTCGACGAAAATCAG), and the coding sequence of
all the amino acids of EDA1. Expression vectors for
EDAR:Fc were constructed with a sequence including
an Fc tag and all the amino acids of EDAR. All the above
expression vectors were constructed and verified using
direct sequencing by GENEWIZ, Suzhou, China.

2.5 | Expression of soluble EDA1 in
cells and supernatants

The abovementioned vectors were transfected into
human embryonic kidney 293T (HEK293T) cells using
Lipofectamine 3000 (Invitrogen Corporation, Carlsbad,
CA, USA), and then the cells were maintained in
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serum-free OptiMEM (Invitrogen Corporation, Carlsbad,
CA, USA) culture medium for 48h. Then, the EDA1
proteins in cell lysates and supernatants were collected
separately and detected by anti-EDA (Abcam, Shanghai,
China) western blot.

2.6 | Coimmunoprecipitation assay
Receptor EDAR: Fc (~500pg in 200-500pl of cell lysates)
was added to 20-30ul protein G agarose (Beyotime In-
stitute of Biotechnology, Beijing, China), mixed with EDA1
proteins (~1 mg in 200-500pl of cell supernatants) and
incubated on a rotating wheel overnight at 4°C. Protein G
agarose was washed three times with 1 ml PBS after cen-
trifugation at 3000rpm for 5 min at 4°C. An equal volume
of 2x sodium dodecyl sulfate (SDS) loading buffer was
added to Protein G agarose for resuspension and boiled
for 10 min. Samples were analyzed by western blot with
an anti-EDA antibody (Abcam, Shanghai, China) and an
anti-Fc antibody (Abcam, Shanghai, China) for western
blot analysis. Each experiment was repeated three times.

2.7 | Luciferase reporter assay

Three plasmids (pNF-kB-luc plasmid, EDA1 mutant plas-
mid, and pRL-TK plasmid) were cotransfected into mouse
ameloblast-derived LS8 cells (Chen et al., 1992). The
pcDNA3.1 vector was used as a negative control, while
the wild-type EDAL1 vector was used as a positive control.
After culturing for 48 hours, a dual luciferase assay system
(Promega Corporation, Madison, WI, USA) was used to
measure the firefly and Renilla luciferase activities with
a Synergy 2 Multi-Detection Microplate Reader (BioTek,
Winooski, VT, USA). Firefly luciferase activity was nor-
malized to Renilla luciferase activity. All experiments
were performed in triplicate, and each experiment was
repeated three times. The results were assessed for statis-
tical significance using the Student's ¢ test and analysis of
variance.

2.8 | Immunofluorescence

The pcDNA3.1 vector and wild-type or mutant vec-
tors described before were transfected into LS8 cells.
Immunofluorescence was performed using a primary
antibody against NF-kB p65 (Abcam, Shanghai, China).
Goat anti-rabbit IgG/RBITC (Solarbio, Beijing, China) was
used for detection. Slides were mounted with mounting
medium, antifaded with DAPI (Solarbio, Beijing, China),
and imaged by fluorescence microscopy.

3 | RESULTS

3.1 | Identification and bioinformatics
study of mutations in the EDA gene

Out of the 21,765 variants identified by WES, 6 nonsyn-
onymous variants occurred in known HED-related genes
(EDA, EDAR, EDARADD, WNT10A, NEMO, and TRAF®).
After removing common variants with MAF>0.01,
we identified a novel missense mutation p.Gly198Glu
(c.593T>A) in EDA. The variant was further confirmed
by Sanger sequencing and was carried by the proband's
mother and sisters (Figure 2b,c,e). The variant was pre-
dicted to be damaging by Mutation Taster, PolyPhen2,
and SIFT with a CADD score of 25.8. The site of the vari-
ant is highly conserved among human, chimpanzee, rhe-
sus, horse, bovine, dog, rabbit, rat, and mouse protein
sequences (Figure 2f). In 2002, a de novo mutation in this
site p.Gly198Ala (c.593G > C) was reported in a French boy
with XLHED, and no functional studies were performed.

3.2 | The collagen domain closely
surrounds the THD in the EDA1 trimer

The secondary structure prediction of the EDA1 protein
by PsiPred showed that residue Gly198 was located in a
coil structure, and the mutation p.Gly198Glu could affect
the secondary structure of the protein. By aligning the
monomer structure predicted by AlphaFold (Figure 3a-
¢) to the known model PDB ID: 1RJ7, we built a new
three-dimensional structure of the EDA1 trimer. Residue
Gly198 and the collagen domain (180-235aa) closely sur-
round the THD (Figure 3d-f). The nonpolar Ala residue
has a methyl for its side chain (Figure 3h), while the nega-
tively charged hydrophilic Glu residue has a y-carboxyl
instead of a hydrogen atom of the hydrophobic Gly resi-
due (Figure 3g,i). Thus, the side chain volume and polar-
ity with hydrophobic interactions of the residue changed
when the two mutations p.Glyl198Ala and p.Gly198Glu
occurred, which could impair the stability of the EDA1
trimer.

3.3 | The p.Gly198Glu and p.Gly198Ala
mutations affect the receptor-binding
capability of EDA1

The mutation p.Gly198Glu identified in this study and
the same site mutation p.Gly198Ala with pathogenic mu-
tations p.His252Leu and p.Ser374Arg were tested for the
expression and receptor-binding capability. The results
showed that all the wild-type and mutant EDA1 could
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be expressed in both the cell lysates and supernatants
(Figure 4a), which indicated that mutants affecting the
collagen domain could be expressed as soluble secreted
proteins. Coimmunoprecipitation was performed to de-
tect the receptor-binding ability of the mutant proteins.
As described before, EDA1 p.His252Leu lost almost all
the ability, and EDA1 p.Ser374Arg lost the partial abil-
ity to interact with EDAR. EDA1 p.Gly198Glu and EDA1
p-Gly198Ala both displayed weaker binding to EDAR
than wild-type EDA1 (Figure 4b).

3.4 | The p.Gly198Glu and p.Gly198Ala
mutations impair the transcriptional
activation of NF-«kB

The EDA/EDAR/NF-kB signaling pathway plays an im-
portant role in the development of ectodermal append-
ages. Regarding tooth development, EDA is expressed in
the dental epithelium. LS8, an epithelium-derived amelo-
blast cell line that has been proven to express EDAR (Shen
etal.,2016), was used in this study to detect the activation of
the EDA/EDAR/NF-kB signaling pathway. The receptor-
binding capability of p.Gly198Glu and p.Gly198Ala mu-
tant proteins was only partially impaired, but the impact
of this impaired binding on the downstream NF-kB path-
way remained unknown. When the NF-xB pathway is ac-
tivated, its component p65 transfer into the cell nucleus.
Thus, immunofluorescence and dual luciferase assays of
NF-xB submitted to p65 were performed.

According to the immunofluorescence results, the red
fluorescence of p65 was more intense and gathered more

at nucleoli in wild-type EDA1-transfected LS8 cells than
in pcDNA3.1-transfected LS8 cells. However, the nuclear
expression of p65 decreased in p.Gly198Glu-, p.Gly198A-
la-, and p.His252Leu mutant EDA1-transfected LS8 cells,
and no nucleolar aggregation could be detected. In some
p-Ser374Arg mutant EDA1-transfected LS8 cells, we ob-
served nuclear expression and nucleolar aggregation
(Figure 5a-r). As known disease-caused mutations, we
found p.His252Leu and p.Ser374Arg interfered the trans-
fer of p65 toward the nucleus and the transcriptional activ-
ity of NF-xB, which is consistent with previous literature.
The dual-luciferase assay results showed that there was a
significant difference in the transcriptional activation of
p65 between all the mutant EDA1- and wild-type EDA1-
transfected LS8 cells, and the activation was higher in the
p-Ser374Arg mutant EDA1-transfected LS8 cells than in
the other mutant EDA1-transfected LS8 cells, which sup-
ported the immunofluorescence results (Figure 5s). Taken
together, these results indicated that p.Gly198Glu and
p.Gly198Ala mutant EDAI1 reduced the activation of the
NF-kB pathway in LS8 cells.

4 | DISCUSSION

X-linked HED (XLHED) caused by mutations in the
EDA gene is the most frequent form of HED (Cluzeau
et al., 2011; Keller et al., 2011). There are only 20 reported
mutations in the collagen domain of EDA among all 176
reported EDA point mutations according to the public
Human Gene Mutation Database, and few of them have
been studied by functional analysis. In this study, we
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FIGURE 3 Three-dimensional structure prediction of the EDA1 trimer. (a—c) The monomer structure of EDA1 predicted by AlphaFold.
(d-f) Residue Gly198 closely surrounds the THD in the new three-dimensional structure of the EDA1 trimer. (g and h) The negatively
charged hydrophilic Glu residue has a y-carboxyl group instead of a hydrogen atom of the hydrophobic Gly residue.
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identified a novel collagen domain mutation p.Gly198Glu
in a Chinese XLHED family. The proband showed a typi-
cal phenotype of HED characterized by hypotrichosis, hy-
pohidrosis, and hypodontia with some facial features. The
mother and two sisters showed only defective dentition
without hypotrichosis or hypohidrosis, which is consist-
ent with the mild phenotype in female carriers (Reyes-
Reali et al., 2018). Interestingly, there is a clear distinction
between the number of missing teeth of the two sisters,
indicating that the phenotype is not only determined by
gene mutations but also by the penetrance and expressiv-
ity of genes, as well as a potential effect of genetic modifiers
(Rahit & Tarailo-Graovac, 2020; Reyes-Reali et al., 2018).
The p.Gly198Glu mutation was predicted to be disease-
causing and change the secondary structure of EDA. The
results of immunofluorescence and dual luciferase assays
of NF-kB were powerful support for the bioinformatic pre-
diction. As far as we know, the previous three-dimensional
model of EDA covered only the THD (Mues et al., 2010;
Wang et al., 2020; Zeng et al., 2015), which was built up
according to the crystal structure of EDA1 determined by
X-ray diffraction. During this year, the AlphaFold Protein
Structure Database released structures of the ~20,000
known proteins expressed in the human body, including
the monomer structure of EDA. By aligning these two
models, we built the first model of a bioactive trimeric
EDA. On the basis of this model, the protein structure
prediction after various mutations for the bioactive form
of EDA could be performed. The three-dimensional struc-
tures of the transmembrane domain, the Furin cleavage
site, and the collagen domain have been shown for the
first time. In this model, three Gly198 amino acid residues
of the collagen domain are located around the trimeric

THD. Changes resulting from mutations in the side chain
volume and polarity with hydrophobic interactions of
amino acid residues may prevent the oligomerization of
THD and EDAR, thus impairing the receptor-binding abil-
ity and bioactivity of EDA.

In contrast to previous functional studies into the colla-
gen domain (Schneider et al., 2001), we found that p.Gly-
198Glu and p.Gly198Ala impaired the receptor-binding
activity of EDA1 proteins. In our study, we first constructed
EDA1 expression vectors EDA1 S160 containing only 161
aa-391 aa as described before (Schneider et al., 2001).
Coimmunoprecipitation showed the same result as pre-
vious studies in which collagen domain mutations had
no direct affections on the receptor-binding ability. To re-
veal whether the full-length EDA1 protein has different
impacts on receptor-binding activity, we then constructed
full-length EDA1 expression vectors and found a different
result. The full-length EDA1 expression vectors gener-
ate proteins more similar to in vivo proteins, and amino
acids before S160 could theoretically influence the protein
structure, which could affect the receptor-binding activity.
Furthermore, PsiPred predicted that a huge difference oc-
curred in the secondary structure of THD (250 aa-391 aa).
This indicates that full-length protein is an alternative for
functional studies if possible.

EDAR is activated by EDA1 and uses EDARADD as
an adapter to build a signal-transducing complex that
leads to NF-kB activation during the growth and devel-
opment of ectodermal appendages. (Headon et al., 2001)
(Smahi et al., 2002) The phenotypes of C™*BaAN mice and
Eda (tabby)- or Edar (downless)-deficient mice reveal that
the Eda/Edar/NF-kB pathway regulates the developmen-
tal process and that gene mutations in this pathway result

85U0| 7 SUOLUWIOD AIea1D) 3|edl|dde 8y Aq peusenob are Ss|oike YO @SN JO Sa|nJ o} AIq1T8UIIUO A8|IAR UO (SUO I IPUOD-PUE-SWLB}/W0D" A3 1M Afe.d U1 |UO//SANY) SUORIPUOD PUe SWiS | 8U388S [220z/zT/T0] Uo Areiqi8uliuo A8|1Mm BuIyDeURILR0D Ad 6TTZ €6BLI/Z00T OT/I0p/W00™A8 1M AeIq1jeuluo//Sdny woj papeojumod ‘0 ‘692672E2



8 of 10 W __Molecular Genetics & Genomic Medicine LIU ET AL.

p65 DAPI p65 DAPI FIGURE 5 Transcriptional activation
of NF-xB in LS8 cells expressing wild-

type and mutant EDA1 proteins. (a-1)
Immunofluorescence of NF-kB subunit
p65 (p65, red; DAPI, blue) in LS8 cells
transfected with wild-type EDA1: (a-c),
pCR3.1 (d-f), HED-causing EDA1
mutants (d-o0), and nonsyndromic tooth

WT

agenesis-causing EDA1 mutants (p-r).
(s) Dual-luciferase assay revealed that

pcDNA3.1

mutant EDA1 proteins showed an obvious
inhibitory effect on the transcriptional
activation of NF-kB. *p <0.05; **p <0.01;
#kp < 0,001.
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in abnormalities in ectodermal appendages. (Schmidt-
Ullrich et al., 2006) According to the dual luciferase assay
and immunofluorescence results in this study, EDA mu-
tations downregulate the transcriptional activation of NF-
kB in LS8 cells, which is in keeping with earlier findings
and indicates that p.Gly198Glu causes HED by interfering
with NF-kB and its downstream signaling pathways.

In conclusion, we identified a novel mutation, p.Gly-
198Glu, in the collagen domain of EDA. Bioinformatics
and functional studies results showed that mutations in
this site affected the receptor binding and transcriptional
activation of NF-«xB, indicating that mutations in the col-
lagen domain of EDA could result in HED by affecting the
receptor-binding activity of EDA and transcriptional ac-
tivity of NF-xB.
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