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Abstract

Nonsyndromic oligodontia is a rare congenital anomaly. Mutations in the ectodys-
plasin A receptor (EDAR) gene are the primary cause of hypohidrotic ectodermal
dysplasia but are rarely reported in nonsyndromic oligodontia. This study in-
vestigated EDAR mutations in multiplex nonsyndromic oligodontia and compara-
tively analyzed the EDAR- and EDA-related tooth agenesis patterns. Mutation
screening was carried out using whole-exome sequencing and familial segregation.
Evolutionary conservation and conformational analyses were used to evaluate the
potential pathogenic influence of EDAR mutants. EDAR mutations were found to
occur in 10.7% of nonsyndromic oligodontia cases. We reported seven hetero-
zygous mutations of EDAR, including five novel mutations (c.404G>A, c.871G>A,
c.43G>A, ¢c.1072C>T, and ¢c.1109T>C) and two known mutations (c.319A>G and
c.1138A>C). Genotype-phenotype correlation analysis demonstrated that the
EDAR-related tooth agenesis pattern was markedly different from EDA. The man-
dibular second premolars were most frequently missing (57.69%) in EDAR-mutated
patients. Our results provide new evidence for the genotypic study of nonsyndromic
oligodontia and suggest that EDAR haploinsufficiency results in nonsyndromic tooth
agenesis. Furthermore, the distinct pattern between EDAR- and EDA-related tooth
agenesis can be used as a guide for mutation screening during the clinical genetic

diagnosis of this genetic disorder.
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1 | INTRODUCTION

Oligodontia, a severe form of tooth agenesis, is a relatively rare
congenital anomaly distinguished by the developmental failure of six
or more teeth (excluding the third molars; Nieminen, 2009). The
prevalence rate of oligodontia ranges from 0.08% to 0.14% according
to studies on different populations (Dhamo et al., 2018; Schalk-van
der Weide, Beemer, Faber, & Bosman, 1994). In line with other types
of tooth agenesis, namely hypodontia (less than six missing teeth)
and anodontia (total agenesis of teeth), oligodontia is presented ei-
ther as an isolated trait that only affects the dentition (nonsyndromic
oligodontia), or as an oral manifestation of multiple clinical syn-
dromes (syndromic oligodontia), such as hypohidrotic ectodermal
dysplasia (HED; Chhabra, Goswami, & Chhabra, 2014; De Coster,
Marks, Martens, & Huysseune, 2009; Visinoni, Lisboa-Costa,
Pagnan, & Chautard-Freire-Maia, 2009).

Genetic factors implicated in tooth development play a major
role in both nonsyndromic and syndromic oligodontia (M. Yu, Wong,
Han, & Cai, 2019). Compared to a majority of syndromic oligodontia
which exhibit explicit etiologies (M. Yu et al., 2019), the pathogenic
genes in nonsyndromic oligodontia have not yet been fully identified
(Wong et al.,, 2018). To the best of our knowledge, only 11 genes
have been associated with nonsyndromic oligodontia thus far
(Massink et al., 2015; Ruf, Klimas, Honemann, & Jabir, 2013). Among
them, PAX9, MSX1, EDA, AXIN2, and WNT10A are the most frequent
causal genes, while the six other genes, namely EDAR, EDARADD,
KRT17, NEMO, LRP6, and WNT10B, have been rarely associated with
nonsyndromic oligodontia (Massink et al., 2015; Sun et al., 2019; M.
Yu et al, 2019; P. Yu et al,, 2016). Therefore, there is a need to
identify novel candidate genes or mutations associated with non-
syndromic oligodontia.

Mutations in members of the ectodysplasin A (EDA)/ectodys-
plasin A receptor (EDAR)/nuclear factor-xB (NF-xB) pathway, such as
EDA, EDAR, and EDAR-associated death domain (EDARADD), are
associated with HED-related tooth agenesis (Bashyam et al., 2012;
Feng et al., 2018; Wohlfart, Soder, Smahi, & Schneider, 2016). The
EDA/EDAR/NF-xB pathway has been previously found to be re-
quired for normal embryogenesis, particularly in the development of
tooth, hair, skin, and other ectodermal organs (Sadier, Viriot,
Pantalacci, & Laudet, 2014). In this pathway, EDAR functions as a
core member, interacting with its ligand, EDA, and its adaptor,
EDARADD, which results in the downstream activation of NF-xB
signaling (Okita, Asano, Yasuno, & Shimomura, 2019). EDAR contains
an extracellular ligand-binding domain (LBD), a single transmem-
brane region, and an intracellular death domain (DD), enabling it to
function as a transmembrane factor (Sadier et al., 2014).

Although approximately 70 EDAR mutations have been identi-
fied in autosomal dominant or recessive HED patients (Human Gene
Mutation Database, http://www.hgmd.cf.ac.uk/), 10 mutations have
been identified in nonsyndromic tooth agenesis (Eisenberg et al.,
2013; Yamaguchi et al., 2017; Zeng et al., 2017). Among these, only
four EDAR mutations were found to be associated with non-
syndromic oligodontia, including one nonsense mutation (c.73C>T;

p. Arg25*) and three missense mutations (c.973C>T; p. Arg325Trp,
c.1135G>A; p. Glu379Lys, c.1172T>A; p. Met391Lys). Previously, we
showed an association between EDAR polymorphisms and non-
syndromic oligodontia in a Chinese population (Chen, Liu, Han, Liu, &
Feng, 2017). Therefore, we hypothesize that EDAR is a reliable
causative gene for nonsyndromic oligodontia, and the EDAR mutation
spectrum and the phenotypic variability of EDAR-associated non-
syndromic oligodontia need to be further explored.

In this study, we performed mutation screening in a cohort of 112
unrelated patients with nonsyndromic oligodontia, and identified five
novel mutations (c.404G>A, c.871G>A, c43G>A, ¢.1072C>T, and
c.1109T>C) and two known mutations in EDAR. Tertiary structural
prediction suggested that the conformational changes observed in the
mutants might impair EDAR function. Furthermore, comparative ana-
lysis of the characteristics of tooth agenesis in EDAR- and EDA-related
nonsyndromic oligodontia indicated that EDAR can be a candidate gene
for the genetic screening of nonsyndromic oligodontia. This study is the
first to report the phenotypic comparison between EDAR- and EDA-

related tooth agenesis.

2 | MATERIALS AND METHODS

2.1 | Editorial policies and ethical considerations
Informed consent was obtained from the participants or the parents
or guardians of the patients for the mutational analyses and clinical
photographs. This study was approved by the Ethics Committee of
Peking University School and Hospital of Stomatology (PKUSSIRB-
201736082).

2.2 | Subjects

A cohort of 112 unrelated patients with nonsyndromic oligodontia (61
males and 51 females between 3 and 42 years of age) from 2008 to
2019, were recruited to participate in this study from the Department
of Prosthodontics, Peking University School of Stomatology. The pa-
tients all confirmed that their missing permanent teeth were not due to
extraction or injuries. The diagnosis of permanent tooth agenesis was
confirmed using panoramic radiographs. For accessing patients’ decid-
uous dentitions, we backtracked their pediatric dental records, and in-
quired the patients’ parents about the status of the primary dentition.
During dental comprehensive examinations, the dental specialist also
visually inspected patients’ ectodermal organs, such as hair, skin, and

nails, and asked if the patient had normal sweating.
2.3 | Whole-exome sequencing and mutation
screening

Genomic DNA was isolated from peripheral blood lymphocytes using
the Universal Genomic DNA Kit (ComWin Biotech) according to the
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manufacturer's protocols and was delivered to the ANGEN Gene
Medicine Technology Company (ANGEN) for whole-exome sequencing
analysis. The selection criteria of the pathogenic gene mutations were
as follows: (1) orodental development-related genes were included in
screening (Prasad et al., 2016); (2) both inDels (short insertions or de-
letions) and single-nucleotide polymorphisms (nonsense, missense, and
splicing mutations) with minor allele frequency <0.01 in Exome Ag-
gregation Consortium (http://exac.broadinstitute.org), 1000 Genomes
(http://www.1000genomes.org), and Genome Aggregation database
(http://gnomad.broadinstitute.org) were selected; (3) the functional
impact was preliminarily predicted using MutationTaster (http://www.
mutationtaster.org), Sorting Intolerant from Tolerant-SIFT (http://sift.
jeviorg/), and PolyPhen-2 (http://genetics.owh.harvard.edu/pph2) to

confirm the pathogenicity.

24 |
analysis

Mutation analysis and familial cosegregation

In total, seven predicted causative mutations of EDAR (RefSeq
NM_022336.4) were identified based on the selection criteria. The
probands were subjected to targeted Sanger sequencing. Cose-
gregation analysis was conducted in attainable nuclear family
members to validate candidate mutations. In total, 11 coding exons
and intron-exon boundaries of EDAR were amplified by polymerase
chain reaction (PCR). The PCR products were sent to RuiBiotech
Company for direct sequencing. PCR primers and conditions
(Table S1) were designed using Primer-Blast tools (National Center
for Biotechnology Information).

2.5 | Conservation analysis

The amino acid sequences of EDAR among different species, from
zebrafish to humans, were obtained from UniProt (https://www.
uniprot.org). Evolutionary conservation analysis of the missense
mutations was performed on the Multiple Sequence Alignment

Server (T-coffee, http://tcoffee.crg.cat).

2.6 | Three-dimensional structural analysis

Three-dimensional (3D) homo structures of the LBD (from amino
acid 1 to 151) and DD domains (from amino acid 343 to 426) of wild-
type EDAR were separately established via homology modeling using
the SWISS-MODEL (https://swiss-model.expasy.org). The two best
templates for the homology modeling of the LBD and DD were used,
as previously described (Parveen et al., 2019). Subsequently, the
conformational changes of the EDAR mutations were visualized
using the PyMOL software (PyMOL Molecular Graphics System;

DelLano Scientific).
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2.7 | Analysis of tooth agenesis pattern in
nonsyndromic individuals with EDAR or EDA
mutations

To study the tooth agenesis pattern caused by EDAR mutations, we
obtained data on 17 patients (10 males and 7 females) with defined
EDAR mutations from our medical record database and 9 patients
with detailed tooth agenesis sites reported in 2 previous studies
(Eisenberg et al., 2013; Zeng et al., 2017). We also included data on
84 patients with EDA-mutations (69 males and 15 females) with
detailed documentation of tooth agenesis sites (or with panoramic
film) from 14 studies. All the patients included were nonsyndromic.
The positions of congenital tooth agenesis were compiled in the
upper and lower arches, combined with the left and right sides
(upper right quadrant, upper left quadrant, lower left quadrant, and
lower right quadrant). The total number of missing teeth in the four
quadrants were counted to compare the differences between the
average rate of tooth agenesis of the upper and lower arches, as well
as the left and right sides. Moreover, the number of missing teeth at
each tooth position among the patients was counted to determine
the prevalence of tooth agenesis in different positions. Statistical
analysis was performed using the;(z test using SPSS 24.0 and Prism
8. A p <.05 was considered statistically significant.

3 | RESULTS

3.1 | Mutational analysis and tooth agenesis
phenotypic findings

All affected patients with oligodontia appeared to have normal facial
features, hair, skin, sweat glands, and nails according to our patient
database and through the follow-up examinations. Therefore, pa-
tients with syndromic tooth agenesis were excluded from this study.
In total, four distinct heterozygous EDAR mutations (10.7%) not
found in healthy controls (n = 100) were detected in 12 of the 112
unrelated patients with nonsyndromic oligodontia. All 12 patients
had agenesis of six or more teeth (excluding the third molars) and
thus were diagnosed with nonsyndromic oligodontia (Figure 1).
These four mutations, consisting of one heterozygous nonsense
mutation (c.1072C>T; p. Arg358*) and three heterozygous missense
mutations (c.404G>A; p. Cys135Tyr, c.1109T>C; p. Val370Ala, and
c.319A>G; p. Met107Val) are presented in Figures S1a-c and S1g). In
addition, three heterozygous missense mutations (c.871A>G; p.
Ala291Thr, c.43G>A; p. Val15lle, and c.1138A>C; p. Ser380Arg),
which were identified in our previous study, were included in the
genotype-phenotype correlation analysis, resulting in seven muta-
tions (Figure S1d-f). Notably, five of these seven mutations
(c.1072C>T, c.404G>A, c.1109T>C, c.871A>G, and c.43G>A) were
previously unreported. A summary of the location and potential

pathogenicity of these mutations is provided in Figure 2a.
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FIGURE 1 Dental characteristics of probands with distinct EDAR mutations. (a,b, c4_3, d, e1_5) Panoramic radiographs or cone-beam
computed tomography of #945 proband (l1:1), #952 proband (11:1), #892 proband (I1:1), #846 proband (l1:1), #889 proband (I1:1), #629 proband
(11:1), #667 proband (I1:1), and #002 proband (I1:1). Asterisks denote the position of missing teeth. Missing teeth are marked with black squares.

EDAR, ectodysplasin A receptor; Max, maxillary; Mand, mandibular

3.2 | Conservation analysis

Bioinformatics analysis was performed to predict the functional im-
pact of these seven EDAR mutations. The distribution of the 5 novel
and 10 reported EDAR heterozygous mutations involved in non-
syndromic tooth agenesis was annotated on the human EDAR
schematic structure (Figure 2b,c). Specifically, two missense muta-
tions (c.G404A; p. Cys135Tyr, c.A319G; p. Met107Val) were located
in the LBD and one missense mutations (c.T1109C; p. Val370Ala) and
one nonsense mutation (c.C1072T; p. Arg358*) were located in the

DD. The results of evolutionary conservation analysis revealed that
the EDAR amino acid residues Val15, Cys135, Ala291, Cys352,
Arg358, Val370, and Ser380 were highly conserved across several
species (Figure 2d).

3.3 | Conformational alterations of EDAR mutants

Homology modeling and 3D structural analysis were used to com-
pare the 3D conformational alterations between the wild-type and
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Nucleotide Mutation
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/Protein Change Type
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#945 5 LBD' Missense . . Not present
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(p.Val424Met)
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FIGURE 2 Functional impact prediction, location, and conservation analysis of EDAR mutations in nonsyndromic tooth agenesis. (a)
Functional impact prediction of four newly and three previously detected EDAR mutations. (b) Schematic diagram of the human EDAR gene. (c)
Distribution of mutations in the different domains of human EDAR protein. Mutations previously reported in nonsyndromic hypodontia and
nonsyndromic oligodontia and novel mutations are denoted in gray, black, and red, respectively. (d) Conservation analysis of affected amino
acids in EDAR missense mutations. DD, death domain; EDAR, ectodysplasin A receptor; LBD, ligand-binding domain; TM, transmembrane
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mutant EDAR proteins to evaluate the potential functional impact of
the EDAR mutations. The functional domains of wild-type EDAR
consisted of LBD (Figures 3a and 3c) and DD (Figures 3e, 3g, and 3i).
Structural analysis revealed that, in the LBD, the p. Cys135Tyr mu-
tation resulted in the hydrophobic residue Cys135 being substituted
with a Tyr, a polar amino acid with an aromatic ring, and a longer
side-chain than Cys, resulting in a significant conformational change
in the B-sheets near the 135th residue (Figure 3a,a’b,b’). The p.
Met107Val mutation resulted in the residue Met107 being sub-
stituted with Val, an amino acid with a longer side-chain than Met,
which may affect the interaction of 107th residue with the sur-
rounding residues (Figure 3c,c’,d,d’).

In the DD, the residue Val370 was found at the outer surface of
the loop (Figure 3e.e’). A substitution of Val with Ala, an amino acid
with a shorter side-chain than Val (Figure 3ff’), may result in a
conformational change. The p. Ser380Arg mutation resulted in the
residue Ser380 being substituted with Arg, an amino acid with a
longer positively charged side-chain than Ser, which may affect the

interaction of the 380th residue with the surrounding residues
(Figure 3g,g’,h,h’). In addition, the truncated p. Arg358* mutation
resulted in the complete disappearance of the conformation of the
358th residue, possibly abolishing its affinity to downstream adaptor
EDARADD (Figure 3i,i’j,j).

3.4 | Patterns of EDAR-/EDA-associated
nonsyndromic tooth agenesis

Although EDAR mutations have been previously demonstrated to be
associated with autosomal dominant nonsyndromic tooth agenesis
(Table S2), the pattern of tooth agenesis caused by EDAR mutations
has not yet been elucidated. In this study, statistical analysis was
used to find a unique tooth agenesis pattern in the permanent
dentition associated with EDAR mutations: the mandibular second
premolars (mandibular PM2) were the most affected (57.69%), while
the maxillary central incisor (maxillary Cl) was the least affected

Wild type-LBD ( 30—157aa) Cys135Tyr Wild type-LBD (30—157aa) Met107Val
W — A Loop
(@) Sheet
\ ( Helix
Cys135
. Tyr135
Wild type-DD (343—429aa) Val370Ala Wild type-DD (343—429aa) Ser380Arg Wild type-DD (343—429aa) Arg358*
&S i
@), 5 P ()
& Argasel” )
D> ({;\.
> o\
Arg358*

FIGURE 3 Structural modeling of the wild-type and mutated functional domains of EDAR protein. (a-d) Structural changes of the p.

Cys135Try and p. Met107Val mutants compared with the wild-type LBD domain (from 30 to 157 aa). Dashed boxes denote the location of the
(a) Cys135, (b) Tyr135, (c) Met107, and (d) Val107 residues. (a’-d’) Higher magnifications of the boxed region surrounding the residues in the
above images. Arrows indicate the hydrophobic residue Cys135 changed into the polar residue Tyr135 with an aromatic ring and a long side-
chain (a’,b’). Arrows indicate the residue Met107 substituted with Val with a longer side-chain (c’,d’). (e-j) Structural changes of the p.

Val370Ala, p. Ser380Arg, and p. Arg358* mutants compared with the wild-type DD domain (from 343 to 429 aa). Dashed boxes indicate the
location of the (e) Val370, (f) Ala370, (g) Ser380, (hArg380, and (i, j) Arg358 residues. (e’-j’) Higher magnifications of the boxed region

surrounding the residues in the above images. Arrows indicate the residue Val370 substituted with Ala with a shorter side-chain (¢’,f’). Arrows
indicate the residue Ser380 substituted with Arg with a positively charged side-chain (g',h’). Arrow indicates the structures of helices and loops
that disappeared after the 358th residue (i’, j’). aa, amino acid; DD, death domain; EDAR, ectodysplasin A receptor; LBD, ligand-binding domain
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(0%; Figure 4a-c). Compared with other areas, the average missing
rate of mandibular molar areas (7.69% and 11.54%) and maxillary
molar areas (7.69% and 15.38%) were markedly lower. Interestingly,
the average missing rate of maxillary Cl (0%) was significantly lower
than that of the mandibular CI (28.85%). However, there was no
significant difference (p >.05) in the average rates of tooth agenesis
between the maxillary dentition (30.22%) and the mandibular den-
tition (27.20%). Moreover, the rate of tooth agenesis on the left side
(29.95%) was comparable to that on the right (27.74%,; p > .05). More
importantly, based on the patients’ pediatric dental records and the
information acquired from the parents, the primary dentition ap-
peared unaffected.

Since EDA, the ligand of EDAR in the EDA/EDAR/NF-xB
pathway is one of the most common pathogenic genes of non-
syndromic oligodontia (Han et al., 2008; Song et al., 2009), we in-
vestigated whether there was a distinction between EDAR- and

(a)

Tooth position Total
Quadrant missing
cI LI Ca PMI  PM2 M1 M2 T

Max R 0/26 12/26 10/26 13/26 12/26 2/26 4/26 53/182
ax (0.00) (46.15)  (3846)  (50.00) (46.15) (7.69)  (15.38) (29.12)

Max L 0/26 15/26 9/26 13/26 14/26 2/26 4/26 57/182
ax (0.00) (57.69)  (34.62)  (50.00) (53.85) (7.69)  (15.38) (31.32)
Mand R 8/26 11/26 4/26 6/26 13/26 2/26 3/26 47/182
(30.77) (42.31) (15.38)  (23.08)  (50.00) (7.69) (11.54) (25.82)

Mand L 7/26 10/26 4/26 9/26 17/26 2/26 3/26 52/182
a (26.92) (38.46) (15.38)  (34.62)  (65.38) (7.69) (11.54) (28.57)

EDAR

Max 0/52 27/52 19/52 26/52 26/52 4/52 8/52 110/364
(0.00) (51.92) (36.54)  (50.00)  (50.00) (7.69) (15.38) (30.22)

Mand 15/52 21/52 8/52 15/52 30/52 4/52 6/52 99/364
(28.85) (40.38) (15.38)  (28.85)  (57.69) (7.69) (11.54) (27.20)
R 8/52 23/52 14/52 19/52 25/52 4/52 7/52 100/364
(1538)  (44.23)  (2692) (36.54) (48.08)  (7.69)  (13.46) (27.47)
L 7/52 25/52 13/52 22/52 31/52 4/52 7/52 109/364
(1346)  (48.08)  (25.00) (4231) (59.62) (7.69)  (13.46) (29.95)
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EDA-related tooth agenesis patterns. To this end, we summarized
the permanent tooth agenesis positions from a total of 84 reported
EDA-mutated patients. The male-female ratio was 4.6:1 (69:15),
and the female patients showed fewer teeth lost than affected
males or only loss of the upper lateral incisors (LIs; Table S3).
Subsequently, statistical analysis (Figure 4d-f and Table S4) re-
vealed that maxillary LI, mandibular LI, and mandibular CI had the
highest missing rate (73.81%, 75.00%, and 76.79%), with no sta-
tistically significant difference between them (p >.05). Moreover,
maxillary first molars (maxillary M1) had the lowest missing rate
(7.14%). Similar to the EDAR-related pattern, the rate of tooth
agenesis on the left (35.29%) and right (36.05%) sides, and in the
maxillary (33.50%) or mandibular (37.84%) dentition showed no
significant differences (p >.05) in EDA-related nonsyndromic oligo-
dontia. Concerning the deciduous dentition, about 30 EDA-mutated

patients with detailed records on deciduous teeth lacked 2-14

(d)

Tooth position Total

Quadrant missing

CI LI Ca PM1 PM2 M1 M2 number

Max R 27/84 62/84 33/84 32/84 24/84 5/84 16/84 199/588
(32.14) (73.81)  (3929) (38.09) (2857) (595  (19.05) (33.84)

Max L 27/84 62/84 30/84 32/84 23/84 7/84 14/84 195/588
ax (32.14)  (7381)  (3571) (38.09) (27.38) (833) (16.67) (33.16)
Mand R 67/84 65/84 24/84 23/84 22/84 11/84 13/84 225/588
@ (79.76) (77.38) (28.57)  (27.38) (26.19)  (13.10)  (15.48) (38.27)
Mand L 62/84 61/84 25/84 23/84 27/84 9/84 13/84 220/588
an (7381)  (72.62)  (29.76) (2738) (32.14) (10.71)  (15.48) (3741)

EDA

M 54/168 124/168 63/168 64/168 47/168 12/168 30/168 394/1176
ax (32.14)  (7381)  (37.50) (38.10) (27.98) (7.14)  (17.86) (33.50)

Mand 129/168 126/168 49/168 46/168 49/168 20/168 26/168 445/1176

(76.79) (75.00) (29.17)  (27.38)  (29.17)  (11.90)  (15.48) (37.84)

94/168  127/168  S7/168  S5/168  46/168  16/168  29/168  424/1176
(5595)  (75.60)  (33.93) (32.74) (2738) (9.52) (17.26)  (36.05)

89/168  123/168  55/168  55/168  50/168  16/168  27/168  415/1176
(5298)  (7321)  (3274)  (32.74) (2976)  (9.52)  (1607)  (35.29)

(b) (©)

EDAR

Rate of missing teeth(%)
Rate of missing teeth(%)
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FIGURE 4 Patterns of EDAR- and EDA-related nonsyndromic tooth agenesis. (a) Number of missing teeth among 26 nonsyndromic tooth
agenesis patients with EDAR mutations at each tooth position of their permanent dentition (excluding the third molars) based on our database
and previous reports. The numerator denotes the number of missing teeth in each tooth position and the denominator denotes the number of
patients with EDAR mutations. The number in brackets denotes the rate of missing teeth. (b,c) Percentage of missing tooth positions at each
maxillary and mandibular dentition in all nonsyndromic tooth agenesis patients with EDAR mutations (n = 26). (d) Number of missing teeth
among 84 nonsyndromic tooth agenesis patients with EDA mutations at each tooth position of their permanent dentition (excluding the third
molars) based on previous reports. The numerator denotes the number of missing teeth in each tooth position and the denominator denotes the
number of patients with EDA mutations. The number in brackets denotes the rate of missing teeth. (e, f) Percentage of missing tooth positions at
each maxillary and mandibular dentition in all nonsyndromic tooth agenesis patients with EDA mutations (n = 84). Ca, canine; Cl, central incisor;
EDA, ectodysplasin A; EDAR, ectodysplasin A receptor; L, left; LI, lateral incisor; Max, maxillary; Mand, mandibular; Mo1, first molar; Mo2,
second molar; PM1, first premolar; PM2, second premolar; R, right. Statistical significance p-value is marked with *<.05, **<.01, ***<.001,

and ****<,0001
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deciduous teeth, with the majority being deciduous mandibular

incisors and maxillary Lls (our unpublished data).

4 | DISCUSSION

In the literature, the etiopathogenesis of EDAR in autosomal domi-
nant or recessive HED is undoubted (Cluzeau et al., 2011; van der
Hout et al., 2008; Trzeciak & Koczorowski, 2016). However, only 10
mutations in the EDAR gene have been associated with non-
syndromic tooth agenesis (Eisenberg et al., 2013; Yamaguchi et al,,
2017; Zeng et al., 2017). Hence, the importance and functional role
of EDAR mutations in the pathogenesis of nonsyndromic tooth
agenesis are yet to be fully characterized. In this study, we reported
six missense and one nonsense EDAR mutations in nonsyndromic
oligodontia, five of which were novel. Our findings greatly expand
the spectrum of EDAR mutations and provide strong evidence for the
contribution of EDAR mutations to nonsyndromic oligodontia.

In the EDA/EDAR/NF-xB pathway, EDAR is a receptor of EDA,
as well as an adaptor of EDARADD (Sadier et al., 2014). The
cysteine-rich LBD in the extracellular region and the potential DD in
the intracellular region of EDAR play different roles in this pathway
(Mikkola, 2008). EDAR utilizes the LBD to combine with EDA, sub-
sequently associating with EDARADD via the DD, ultimately acti-
vating downstream NF-xB signaling (Mikkola & Thesleff, 2003;
Nieminen, 2009). Interestingly, we found that 53% of the EDAR
mutations that cause nonsyndromic tooth agenesis occurred in the
DD. However, only 27% of mutations were distributed in the LBD,
confirming that the DD is a hotspot for germline mutations. Con-
sistent with this, our previous studies on HED-related tooth agenesis
also reported 70% of EDAR mutations within the DD (our un-
published data). These results suggest that the DD, encoded by exon
12, is the main functional domain of EDAR. Therefore, genetic al-
terations in the DD severely affected the development of tooth and
other ectodermal organs in humans.

In this study, protein structure analysis revealed that the p.
Cys135Tyr and p. Met107Val mutations in the LBD and the p. Va-
1370Ala, p. Ser380Arg, and p. Arg358* mutations in the DD resulted
in various conformational changes in the mutant proteins, suggesting
that alterations in the EDAR structure reduce its affinity to EDA or
EDARADD and further affect the interrelations between EADR and
EDA or EDARADD, potentially disrupting the activity of the down-
stream NF-xB signaling pathway, and subsequently resulting in the
failure of tooth formation. Therefore, these results suggest that
heterozygous loss-of-function mutations in EDAR may contribute to
the nonsyndromic tooth agenesis through haploinsufficiency. How-
ever, further functional analyses of EDAR mutations will be required
to fully elucidate these pathogenic mechanisms.

It has been widely confirmed that the EDA/EDAR/NF-xB path-
way contributes to the clinical homogeneity and genetic hetero-
geneity of HED (Fournier et al., 2018). However, the nonsyndromic
tooth agenesis profile resulting from EDAR mutations was in-

comprehensive due to its low detection rate. In our study, we

elucidated the EDAR-related tooth agenesis pattern, which was
characterized by the mandibular second premolars being the most
affected tooth position (57.69%), while the maxillary Cls were the
least affected (0%). Our results suggest that the development of the
second premolars, rather than the maxillary Cls, is more dose-
sensitive to EDAR. Importantly, we found that heterozygous EDAR
mutations tended to result in nonsyndromic tooth agenesis, while
homozygous EDAR mutations were inclined to result in the occur-
rence of HED. These findings imply that EDAR acts in a
concentration-dependent manner during ectodermal development,
where relatively mild mutations result in isolated tooth agenesis,
while more severe mutations are manifested as dysplasia across all
ectodermal organs.

Murine studies have previously demonstrated that the precise
tuning of the EDAR-EDA interaction is responsible for the formation
of tooth and cusp number (Ohazama & Sharpe, 2004; Pispa et al.,
2004; Tucker, Headon, Courtney, Overbeek, & Sharpe, 2004). We
confirmed a 10.7% (12/112) detection rate of EDAR mutations in
nonsyndromic oligodontia, which was much lower than the EDA mu-
tation detection rate (27%; Han et al., 2008; Song et al., 2009). This
indicates that the importance of EDAR during tooth development is
relatively lower than that of EDA. Subsequently, the correlation and
distinction between EDAR- and EDA-related nonsyndromic tooth
agenesis was investigated. As a result, we found that the mandibular
incisors and maxillary Lls were the most commonly affected tooth
positions (76.79%, 75.00%, and 73.81%), while the maxillary first
molars were the least affected (7.14%) in patients with EDA mutations,
indicating that the development of the anterior region of the dentition
is more sensitive to EDA mutations (Fournier et al., 2018; Han et al.,
2008). Therefore, the comparative analysis of tooth agenesis patterns
in the permanent dentition demonstrates that the mandibular pre-
molars are more sensitive to EDAR mutations, while the anterior teeth
are more sensitive to EDA mutations. Furthermore, the molars appear
to be less susceptible to both EDA and EDAR mutations, with the
lowest missing rate at these positions. Interestingly, we observed a
notable phenotypic variation within the EDAR- and EDA-related non-
syndromic tooth agenesis families. For example, the dental pheno-
types of EDA ¢.947A>G mutation (p. Asp316Gly, NM_001399.5) range
from anodontia in three males to missing one tooth or a few teeth in
three females (Table S3), suggesting that this allele is linked to an
X-linked recessive-related phenotype. Other possible factors, such as
genetic and epigenetic modifiers, may also be implicated in the pa-
thogenesis of tooth agenesis.

It is worth noting that few studies in the literature have focused
on the tooth agenesis of the deciduous dentition. In the present
study, EDAR mutations were found to have little effect on the de-
ciduous teeth, while EDA mutations resulted in varying degrees of
deciduous tooth agenesis. Our results suggest that the development
of deciduous teeth may more rely on EDA, rather than EDAR. It is
possible that when comparing to EDAR, dysfunctional EDA might
severely impair the NF-xB activations in various stages during tooth
development, thus leading to abnormalities in the permanent den-
tition and even in the primary dentition.
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5 | CONCLUSIONS

In this study, five novel EDAR mutations responsible for nonsyndromic
oligodontia were identified, enriching the literature on the EDAR mu-
tation spectrum. Furthermore, this study is the first to characterize the
EDAR-related tooth agenesis pattern, systemically comparing the simi-
larities and differences of the EDAR- and EDA-related tooth agenesis
patterns in nonsyndromic tooth agenesis. Our findings provide new
evidence for the genotypic study of nonsyndromic oligodontia and fa-
cilitate the diagnosis, treatment, genetic counseling, and prenatal di-

agnosis of this rare congenital anomaly by health providers.
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