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Abstract: Ectodermal dysplasia (ED) are hereditary disorders characterized by the disturbance of
the ectodermal development of at least two of four ectodermal tissues: teeth, hair, nails and sweat
glands. Clinical classification of ED is challenged by overlapping features, variable expressivity,
and low number of patients, hindering full phenotypic spectrum identification. Disease-causing
variants in elements of major developmental pathways, e.g., Ectodysplasin/NF«B, Wnt, and Tp63
pathways, have been identified in fewer than half of ED phenotypes. Whole-exome sequencing (WES)
was performed for ten Egyptian ED patients presenting with tooth agenesis, normal sweating, scalp
hypotrichosis, and sharing characteristic facial features. WES was followed by in silico analysis of the
effects of novel detected genetic variants on mRNA and protein structure. The study identified four
novel rare pathogenic and likely pathogenic TSPEAR variants, a gene which was recently found to
be involved in ectodermal organogenesis. A novel in-frame deletion recurred in eight patients from
six unrelated families. Comparing our cohort to previously reported TSPEAR cohorts highlighted
the influence of ethnicity on TSPEAR phenotypic affection. Our study expands the clinical and
mutational spectrum of the growing TSPEAR associated phenotypes, and pinpoints the influence of
WES and in silico tools on identification of rare disease-causing variants.

Keywords: TSPEAR; ectodermal dysplasia; tooth agenesis; dysmorphic facial features; genetics of
North Africa

1. Introduction

Ectodermal dysplasia (ED) is a nosologic group of hereditary disorders of the devel-
opment and/or homeostasis of two or more tissue derivatives of the human ectoderm [1].
In 1970s, Freire-Maia classified 186 ED phenotypes into two groups: group A, in which at
least two of four classical ectodermal derivatives are affected, these being the hair, teeth,
nails, and sweat glands, and group B in, which only one of the classical ectodermal deriva-
tives is affected, together with at least one other tissue of ectodermal origin, e.g., central
nervous system, melanocytes, adrenal medulla, or lacrimal, Meibomian, mammary and
thyroid glands. Eleven subgroups stem from group A according to the affected struc-
tures, e.g., hair/teeth/nails/sweat glands, hair/teeth /nails, hair/nails, teeth/sweat glands,
etc. [2-7]. Concomitant disturbance of tissues originating from other embryonic layers has
been reported, e.g., cardiofaciocutaneous syndrome (OMIM #115150) and cleft lip / palate-
ED syndrome (OMIM#225060) [1]. A consensus on ED classification remains challenging
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owing to overlapping features, variable expressivity within the same disorder, allelic disor-
ders, incomplete penetrance, and low number of cases, hindering full phenotypic spectrum
identification. Consequently, the Freire-Maia classification system has been dynamically
updated to include newly emerging causative genes and syndromes, and exclude single
case reports [1,8,9].

Only 75 ED phenotypes have been linked to 77 genes and nine chromosomal re-
gions [8,9]. ED disease-causing variants are usually identified in genes encoding signaling
proteins, e.g., Ectodysplasin (Eda), transcription factors, e.g., tumor protein p63 (Tp63), and
structural proteins, e.g., cadherins, keratins, and connexins. These proteins are involved
in or closely interacting with highly conserved developmental pathways, e.g., ectodys-
plasin/nuclear factor kappa B (Eda/NFkB), wingless type/3 catenin (Wnt/{ catenin),
bone morphogenic protein (BMP), tumor protein p63 (Tp63), and fibroblast growth factor
(FGF) pathways [10]. During embryogenesis, signaling pathways cross-talk at the pla-
codes; the primary sites for ectodermal morphogenesis and organogenesis where epithelial-
mesenchymal transition occurs and different ectodermal derivatives arise [11,12]. Several
groups have proposed classification of EDs based on their molecular etiologies [13-16].
Recently, a molecular-based classification system classified different EDs according to the
disrupted molecular pathways into five clusters: (1) Eda/NFkB pathway, (2) Wnt pathway,
(3) Tp63 pathway, (4) structure group, and (5) other/unknown [1]. Given the current
emerging genomic revolution, a consensus on a multi-axis model of classification has been
adopted, incorporating phenotypes, modes of inheritance, causative genes and molecular
pathways involved [1,17]. Owing to the nature of ED as a nosologic group, the clinical-
based classification guides the identification and rapid diagnosis of cases, while gene
function-based classification is of importance for genotype-phenotype correlation, future
identification of new signaling pathways and the development of therapeutic options [18].

The most common ED phenotype is X-linked hypohidrotic ectodermal dysplasia (XL-
HED), also known as Christ-Siemens-Touraine syndrome (OMIM#305100); it accounts
for 80% of HED cases and has incidence of 1.6 in 100,000 male births [6,19]. HED is char-
acterized by the classical triad of sparse or absent hair (hypotrichosis/atrichosis), absent
or missing teeth (anodontia/hypodontia), and decreased or absent sweating (hypohidro-
sis/anhidrosis). Distinct facial features of HED patients include: short face, depressed
nasal bridge, frontal bossing, everted lips, alveolar bone hypoplasia, saddle nose, and large
low set ears [20]. XL-HED is exclusively caused by disease-causing variants of EDA gene
encoding the ligand ectodysplasin (Eda) of EDA/NFkB pathway, which activates NF«B, the
vital transcription factor regulating downstream targets in the ectodermal organogenesis.
Autosomal inheritance of HED was attributed to biallelic disease-causing variants of differ-
ent genes including the Eda receptor (EDAR), its associated death domain (EDARADD),
and wingless-type 10A (WNT10A) genes [21]. Of interest is the clinical spectrum of EDA
disease-causing variants, which in addition to HED, have been found to also cause non-
syndromic isolated tooth agenesis (NSTA) as well as ED without hypohidrosis. This
overlapping of phenotypes was also a feature of WNT10A disease-causing variants which
were identified in NSTA, HED, odontoonychodermal dysplasia (OODD; OMIM#257980)
and Schopf-Schulz-Passarge syndrome (OMIM#224750) [21-23].

Unlike ED causative genes that have been well phenotypically and molecularly char-
acterized, mutations of TSPEAR (OMIM#612920, located in chromosome 21q22.3), the
gene encoding Thrombospondin-type laminin G domain and Epilepsy-Associated Repeats
(EARs) protein, have been recently reported to cause different autosomal recessive ED
phenotypes and NSTA [24]. The 669-amino-acid-long Tspear protein is predicted to harbor
two protein-interacting functional domains: the N-terminal thrombospondin-like laminin
G domain and the C-terminal-seven EARs domain [25,26]. A homozygous frameshift
TSPEAR variant (c.1726_1728delGTCinsTT; p.(Val576Leufs*38)) was first reported to cause
sensorineural hearing loss (SNHL) in three siblings from one Iranian consanguineous
family who had no ED features [25]. However, subsequent reports identified the same
TSPEAR (c.1726_1728delGTCinsTT; p.(Val576Leufs*38)) variant in three patients: two ED
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patients and one NSTA patient all presented with normal hearing [27-29]. Among a total
of 22 previously reported unrelated families with probands harboring biallelic TSPEAR
disease-causing variants, the majority of TSPEAR associated phenotypes fall within ED or
TA spectra [24,29].

We identified four rare pathogenic and likely pathogenic TSPEAR variants in a North
African cohort of ten Egyptian ED patients descending from eight unrelated families. Our
patients were initially found to be negative for EDA, EDAR, EDARADD, and WNT10A
disease-causing variants, and thus were opted for whole exome sequencing (WES). Patients
presented with TA, scalp hypotrichosis, normal sweating, and shared common characteristic
facial features. Our study expands the clinical and mutational spectrum of TSPEAR
associated phenotypes, and highlights the power of WES in identification of rare disease-
causing variants.

2. Materials and Methods
2.1. Ethical Aspects

All patients, parents, legal guardians, and available family members signed written
informed consents to be included in our study after thorough explanation and discussion.
Study design and ethical procedures were approved by the institutional review boards
of the National Research Centre (NRC) of Egypt and the of the American University in
Cairo (AUC) according to the Declaration of Helsinki. Patients were recruited from the
Genodermatoses and Oro-Dental Genetics clinics of the Medical Research Excellence Centre,
NRC, Egypt.

2.2. Patient Phenotyping and Inclusion Criteria

Patients were included based on: (1) clinical diagnosis of ED in which at least two
ectodermal tissue derivatives (hair, nails, teeth and skin) were impaired, or diagnosis of
NSTA; and (2) previous molecular exclusion of EDA, EDAR, EDARADD, and WNT10A
disease-causing variants using targeted next generation sequencing (NGS) panel. De-
tailed medical and family histories were recorded, and three generation pedigrees were
constructed. Thorough medical examination of the patients was performed with special
emphasis on skin, hair, nails and other ectodermal elements. Hypohidrosis was assessed by
patients’ reports of unexplained fever attacks that are unresponsive to antipyretics, flushing
with warm temperature, and intolerance to hot temperatures (3540 °C), as well as clinical
examination of perspiration patterns with emphasis on armpits, palms, soles, and other
focal areas (craniofacial, buttocks, back, groin, and breasts).

Detailed oral and dental examination of the patients and parents was performed.
Panoramic dental radiographs were used to assess dental phenotype. Oligodontia describes
the agenesis of six teeth or more while hypodontia describes the agenesis of fewer than
six teeth, excluding third molars [30]. Clinical evaluation ensured that patients met the
inclusion criteria for ED and differentiated between syndromic and NSTA. Other associated
dental anomalies, such as conical teeth, were also recorded. Conical teeth denote teeth
exhibiting a sharply pointed crown or incisal edge [31]. All patients were referred for
hearing loss testing.

2.3. Molecular Analyses
2.3.1. DNA Extraction and Whole Exome Sequencing (WES)

Genomic DNA was extracted from peripheral blood samples of all participants using
QIAamp DNA Mini Kit (Qiagen, Hilden, Germany). Quality and quantity of DNA samples
of patients were assessed using fluorometric Denovix Qubit™ dsDNA BR Assay Kit (Ther-
moFisher, Waltham, MA, USA). DNA samples from 10 patients were sequenced using the
Twist Human Core Exome Plus kit (Twist Bioscience, San Francisco, CA, USA) and NovaSeq
6000 system (Illumina, San Diego, CA, USA) according to the manufacturer’s protocol.
Libraries were prepared in paired-end mode (2 x 100 bp) for an output of 6 GB per sample,
and an average coverage of 50X. Sequencing reads were demultiplexed using Illumina
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bcl2fastq (2.20) and adapter sequences were trimmed using Skewer (version 0.2.2) [32]. The
quality of the generated FASTQ files was analyzed with FastQC software (version 0.11.5;
Ilumina, San Diego, CA, USA). BAM files were generated using Burrows Wheeler Aligner
(BWA) by aligning reads against the GRCh37 /hg19 reference genome. Variant calling files
were generated using previously described pipeline [33].

2.3.2. Variant Annotation and Filtration

PhenoDB tool was used to annotate Vcf files using ANNOVAR [34,35]. Variants were
filtered based on depth of coverage and minor allele frequencies (MAF) (less than 1%
MAF) in large population databases, including dbSNP [36], 1000 Genomes Project [37],
and the Genome Aggregation Database (gnomAD v2.1.1) [38]. Prioritization of the filtered
variants was performed based on the following considerations: (1) mode of inheritance, e.g.,
homozygous and compound heterozygous, i.e., biallelic variants in case of recessive traits,
(2) gene function, ontology, pathways involved and associated disease(s), and (3) variant
type and predicted deleterious effects using different in silico prediction tools. Tools
targeting evolutionary conservation scores include SIFT (Sort Intolerant From Tolerant) [39],
Mutation Assessor [40], CADD (Combined Annotation Dependent Depletion) [41] and
GERP (Genomic Evolutionary Rate Profiling) [42], while those targeting evolutionary
conservation plus protein structural domains include Polyphen-2 [43], MutationTaster2 [44],
and PROVEAN (Protein Variation Effect Analyzer) [45]. The NMDEscPredictor tool was
used to predict the likelihood of nonsense-mediated decay (NMD) in the case of frameshift
variants [46].

2.3.3. Variant Segregation

Sanger sequencing was used to confirm that prioritized variants segregated consis-
tently among parents and available family members according to the predicted mode
of inheritance. We designed primers targeting TSPEAR exons which harbor the filtered
variants of interest using Primer3 tool [47], Table 1. PCR was carried out as previously
described [48]. Reactions were sequenced according to manufacturer’s recommendation
using the Big Dye Termination kit (Applied Biosystems, Waltham, MA, USA), and ABI
Prism 3500 Genetic Analyzer (Applied Biosystems, Waltham, MA, USA). Variants were
named based on Human Genome Variation Society nomenclature recommendations [49].
The standards of the American College of Medical Genetics and Genomics (ACMG) were
used to classify the level of variant pathogenicity, i.e., pathogenic, likely pathogenic, variant
of unknown significance (VUS), benign, or likely benign [50].

Table 1. Primer sequences used for variant segregation targeting TSPEAR exons.

Exon
Number

Annealing

. / /
Forward (F) and Reverse (R) Primers Sequences (5’ to 3’) Temperature (°C)

F-ACCTCTGTCCCCGCCTTAG

Exon 1 R-CCATCTCCACAGGGTGCTAC 61

Exon 5 F-AAGCTCAGTGGTCGCCTCC o
xon R-ACACGAGAGGGGCTGAGAG

Exono F-TGGGAATAGCACCTGTGATG 595
xon R-AGAGCAGCACTAGGTTTGGC :

Exonll F-CCCCGGCTCCTCCTCTATAA 615

R-CCTCGGCAGCTCATTACCT

2.3.4. In Silico Prediction of Protein Structural Alterations Caused by TSPEAR Variants

In silico tools were used to predict the potential impact of the missense variants on Ts-
pear structure. Since Tspear had no PDB (Protein Data Bank) crystal structure, we retrieved
a predicted protein structure model covering the entire Tspear amino acid chain generated
by AlphaFold [51] from the Uniprot database (Uniprot ID: Q8WU66) [52]. Two different
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in silico tools were used: PREMPS and Missense3D [53,54]. PremPS predicts the effect of
missense variants on protein stability via calculation of the change in the unfolding free
energy (AAG) for each mutated protein, i.e., the changes in Gibbs free energy between
folded and unfolded states of the protein. PREMPS also shows the location of the mutated
residue, i.e., on the surface or core of the protein, and provide the predicted 3D structure of
the mutated protein with emphasis on the changes in the types of bonding at the mutated
residue [53]. Missense3D predicts the mutated protein 3D structure to identify changes in
conformational features including changes in cavity volume, buried versus exposed states
of target residue, changes in charge and hydrophobicity, and changes in relative solvent
accessibility (RSA) [54].

2.4. Comparison of Phenotypic Variabilities among TSPEAR Cohorts in Relation to Ethnicities

We compared clinical phenotypes and dysmorphic facial features of our studied cohort
of patients to previously published cases that were similarly identified to harbor biallelic
TSPEAR disease causing variants [24,25,27-29,55,56]. Patients were grouped according to
their reported ethnicities into: North African, Middle Eastern, European and others. The
involvement of different ectodermal elements in ED phenotype of these cases was also
compared. Data are summarized as frequencies and percentages for categorical variables.
Chi-squared test for independence (x2) was used to compare each clinical feature across
different ethnicities. Statistical analyses were performed using IBM SPSS Statistics for
Windows, version 19.0. (IBM Corporation, Armonk, NY, USA). p-values < 0.001 were
considered statistically significant.

3. Results
3.1. Clinical Features

Ten patients descending from eight unrelated families of Egyptian origin were re-
cruited. All families showed parental consanguinity except family 3, see Figure 1. Clinical
data are summarized in Table 2. Patients showed normal sweating except P5, who had
hyperhidrosis of palms and soles. The involvement of teeth was consistent among the
entire cohort in the form of oligodontia except P7, who showed total agenesis of all teeth,
see Figure 2. Conical-shaped anterior teeth were observed in all patients with the exception
of P7, as she was completely edentulous, and P8, as she lacks any anterior teeth. Retained
deciduous teeth and delayed eruption of teeth were found in two patients (P1 and P10),
see Figure 3. None of the parents and family members showed ED-related features except
the mother of P1 and the parents of P2, who had hypodontia milder than their respective
probands or any other probands, see Figure 2.

Patients showed common characteristic facial features: broad forehead, short philtrum,
prominent and broad nasal root, broad nose, low set ears, and thick lips, see Figure 4A. Thick
and everted lips, particularly the lower lip, were common oral findings: thick lower lips
were found in eight patients and everted lower lips were also observed in eight patients, see
Table 2. Some patients had malar hypoplasia (P2, P4, P6 and P7), see Figure 4A. Common
hair-related features were scalp hypotrichosis, more prominent on the anterior part of the
scalp, and high anterior hairline, except for P2, who had a normal hairline, and density, see
Figure 4A,B. Five patients had hypotrichosis or atrichia of eyebrows (P5-P9). Dysplastic
nails were observed in four patients (P1, P2, P8 and P9), see Figure 4C. Hyperkeratotic skin
was observed in two patients (P1 and P5), and P1 had severe palmoplantar keratoderma,
see Figure 4D. Uncommon findings were skeletal abnormalities in P1, delayed motor and
mental milestones in P6, and decreased salivary flow in P7.
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Table 2. Clinical features of TSPEAR-ED cohort.
Conical Genotype Affected
Fa Consanguinity Sex Age Sweating Hair Skin Nails Teeth Shaped Other Oral Features Others Va ri?;ﬂ Ectodermal
Teeth Organs
Skeletal
Thick lips, everted abnormalities:
lips, talipes equinovarus,
Dry skin, severe macroglossia, median pes cavus, low
. . palmoplanter grooved tongue, iqserted third toes, Homozygous/ .
1 + M 16y N }I:I;ﬁizgtenor hyperkeratosis, D o + broad uvula, enamel clinodactyly (toes), c.44delC II;I;IE teeth and
and keratosis hypocalcification, arachnodactyly p-(Gly17Alafs*34)
pilaris. retained deciduous (hands), and no
teeth, and delayed ejaculation.
eruption. Mother has
hypodontia.
Thick lower lip,
everted lower lip,
macrostomia, short Both parents have Heterozygous/ .
2 * M 10y N N Dry palms b o * broad philtrum, and hypodontia c.668C>T p.(Ser223Leu) Teeth and nails
very narrow V
shaped palate.
. Thick lips, everted
9 Sparse scalp hair lips, deep labiomental
3 - F 6 Zln N *, and high N N (€] + pl s deep d dimpled Compound Hair and teeth
anterior hairline suicus, and dimple heterozygous/
chin. ¢.[1423G>C];
h [1788-1790delAGA]
Sparse scalp hair . . p-([Gly475Arg];
3 - M 6y N *,and high N N o) + T}“Cf g)lvyer lip, and [Glu596del]) Hair and teeth
anterior hairline everted ips.
Thick lips, prominent
Sparse scalp hair philtrum, lower
Hyperhidrosis ph h ant P pseudolabial cleft, Homozygous/ Hair, teeth and
4 + F 8y of palms + high anterior Hyperkeratosis N (@] + highly attached upper ¢.1788-1790del AGAp. ar, tectn an
and soles hairline and labial £ ) (Glu596del) sweat glands
sparse eyebrows abial renum, ong
uvula, and wide
overjet.
3 }S.LPa}:se Stca!p hair Everted lower lip, Delayed motor and Homozygous/
5 + M y N 1gh anterior N N O + and bow shape upper yean ¢.1788-1790delAGA Hair and teeth
8m hairline, and . mental milestones
lip. p-(Glu596del)

sparse eyebrows.
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Table 2. Cont.
Conical Genotype Affected

Fa P Consanguinit Sex Age Sweatin, Hair Skin Nails Teeth Shaped Other Oral Features Others typ Ectodermal

8 y 8 8 P /Variant
Teeth Organs
Thick lips, everted
. N/A lower lip, short
Ep;?rs; Scilp‘hall‘ (com- philtrum, mandibular Homozygous/
6 7 + F 25 N + Tugh anterior N N o pletely rognathism, fissured ¢.1788-1790del AGA Hair and teeth
y hairl d prog
airine, arl; edentu- tongue, and p-(Glu596del)
Sparse eyebrows. lous) decreased salivary
flow rate.
. N/A Familial
Sparse scalp hair S p
. . (missing . Mediterranean fever, Homozygous/ .

6 8 + F 21y N K hlgh anterior N D O all S}?Oitlphﬂmil.m’ and and bilateral .1788-1790delAGA Hacllr, tg?th
hairline, and anterior thick lower lip. syndactyly between p.(Glu596del) and nails
absent eyebrows. teeth) 2nd and 3rd toes.

Everted lower lip,
Sparse scalp hair, deep labiomental Homozygous/

79 4 F 2y N high anterior Dry skin D o + sulcus, asymmetry of ¢.1788-1790del AGA Haly, tecth
hairline, and the lower lip, and p(Glu596del) and nails
sparse eyebrows. bifid tip of the ’

tongue.
Thick lips, everted
lips, narrow philtrum,
avs Sparse scalp hair nar}rloi/v mandibular Homozygous/
8 10+ F y N *and high N N l¢) + arch, Ower ¢.1788-1790del AGA Hair and teeth
m pseudolabial cleft,

anterior hairline.

retained deciduous
teeth, and delayed
eruption.

p-(Glu596del)

Abbreviations: Fa: family, P: patient, +: present, -: absent, F: female, M: male, N: normal, N/A: not applicable, D: dysplastic, and O: oligodontia. Variants’ nomenclature is based on
TSPEAR (NM_144991.3, NP_659428.2) sequences. * Hypotrichosis was more prominent on the anterior part of the scalp.
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Family 1 Family 2

P!

P2 Muscle dystrophy
& NsTA
@ nsTA

Family 3 Family 4

o o o ® 5&5&]&; f{gﬁ%

Alblnlsm

Family 6

Ef'% fo b g

E Skeletal anomalies
@ Optic atrophy, CHD, delayed speech

Family 7 Family 8

@55@5@5 ?%
%‘M@H—% Sapon a5dd &4

E Intellectual disability

E oeaf mute © Infertility (congenital uterine defect)
E Down syndrome m]]]l D

Figure 1. Pedigrees of the ten ED patients (P1-P10). Parental consanguinity is evident in all families
except family 3. The presence of other genetic disorders is highlighted under each pedigree. The
mother of P1 and both parents of P2 had hypodontia (i.e., non-syndromic isolated tooth agenesis;
NSTA). Squares refer to males, circles refer to females, and triangles refer to miscarriages. Open
shapes refer to unaffected family members, closed shapes refer to affected family members, and
deceased family members are denoted by diagonal lines across their shapes. Probands are denoted
by arrows and designated the numbering (P1-P10). Double relationship lines refer to consanguinity.
Abbreviations: CHD: congenital heart disease, ID: intellectual disability, and NSTA: non-syndromic
tooth agenesis.
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Figure 2. Schematic representation of the missing teeth for different patients. White tooth color
denotes present teeth, and black denotes congenitally missing teeth. All patients showed oligodontia
except P4, who had hypodontia. The number of missing teeth in P2 is shown in comparison to

his heterozygous parents, who showed hypodontia. The number of missing teeth could not be

assessed in P9 due to her young age and the impossibility of performing a panoramic radiograph.

For panoramic radiographs, see Supplementary Figures.
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Figure 3. Intraoral photographs of ED patients (P1-P10). The figure shows conical teeth in P1-P6, P9 and P10 and retained deciduous teeth (indicated by asterisks)
in P1 and P10.
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Figure 4. Phenotypic features of the TSPEAR-ED cohort. (A) Facial photographs of P2-P10 showing
common characteristic facial features including broad forehead, short philtrum, prominent and broad
nasal root, broad nose, low set ears, and thick lips. Malar hypoplasia can be observed in P2, P4, P6
and P7. (B) Scalp hypotrichosis was more prominent on the anterior part of the scalp. (C) Dysplastic
nails. (D) Severe keratoderma observed in P1. P1 refused to be photographed, and P8 and P10 opted
to keep their hair covered.

3.2. Molecular Data
3.2.1. TSPEAR Variants’ Identification, Segregation and MAF
Exome analyses of the ten studied ED patients identified four different novel TSPEAR

variants (NM_144991.3, NP_659428.2), see Figure 5. P1 had a homozygous frameshift
deletion (c.44delC; p.(Glyl7Alafs*34)) in exon 1 that substitutes glycine residue with alanine
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and is predicted to create a frameshift of 33 amino acids. The resulting mRNA is predicted to
undergo NMD by NMDEscPredictor tool [46], see Figure 6A. Variant segregation identified
the heterozygous form of c.44delC in mother of P1, see Figure 5. The variant was not found
in any of the large population databases (dbSNP, 1000G and gnomAD), nor in our in-house
database of 55 Egyptian exomes. According to ACMG guidelines, c.44delC is classified as a
“pathogenic” variant, see Table 3.

Wildtype sequence = GCGGCCCCCGGCCACGGCAC

GCGGCCCCGGCCACGGCAC GCBGCCCCCGBGCCCCGO
P1: Homozygous c.44delC M1: Heterozygous c.44delC
CCGGBGGCTYAG ACGCCACC CcCGGGCTYAGACGCCACC CCGGGCTCAG ACGCCACC
P2: Heterozygous c.668C>T F2: Heterozygous c.668C>T M2: Wildtype
CACCTCCGGCGCCTAC! T .
NWWVC\ il c}iANCCI HCC[GCNGICCHAC!
P3: Heterozygous ¢.1423G>C P4: Heterozygous ¢.1423G>C M3/4 Heteroxygousc1423G>C F3/4: Wildtype
TCGGTGGGAG AWKATTWYYTSSTG! T1CGGTGGGAGAA A TA TTGG 6 TCOGGTGGGAGAAGA TCCTG TCGGTGGGAGATTATTTCTTGGTG

P3: Heterozygous P4: Heterozygous M3/4: Wildtype - F3/4: Heterozygous pros

€.1788-1790delAGA €.1788-1790delAGA €.1788-1790delAGA
TCGGTGGGAGATTATTTCCTG TCGGTGGGAGATTATTACT TG TCGGTGGGAGATTATTTCCTG!

P5: Homozygous c.1788-1790delAGA MS5: Heterozygous €.1788- 1790deIAGA F5: Heterozygous €.1788-1790delAGA
TCGGTGGGAGATTATTTCCTG AT rTT T
P6: Homozygous ¢.1788-1790delAGA M6: Heterozygous c.1788-1790delAGA
TCGG TGGG AGATTATTTCCTG TCGG TG GG AGATTATTTCCTG
P7: Homozygous P8: Homozygous M7/8: Heterozygous F7/8: Heterozygous
€.1788-1790delAGA €.1788-1790delAGA €.1788-1790delAGA €.1788-1790delAGA
TCGGT GGGI—GAYYA"’CCG TCGGTGGGBGAGAATATTTCCTG TCGGTGGG AGAAT AT TTCCTG

M/ ik

P9: Homozygous c.1788-1790delAGA M9: Heterozygous c.1788-1790delAGA F9: Heterozygous c.1788-1790delAGA
TCGGT GGGAGA"A"'CCYGI TCGGTGGGAGATTATTTCT TG TCGGTGGGAGAT TATT TCT TG

P10: Homozygous ¢.1788-1790delAGA M10: Heterozygous ¢.1788-1790delAGA F10: Heterozygous €.1788-1790delAGA

Figure 5. Segregation analysis of TSPEAR variants. The figure features the Sanger sequencing
chromatograms of ten patients (P1-P10), their fathers (F2-F10), and their mothers (M1-M10). Please
note that parents are assigned the same numbers as their corresponding proband/s. Variants of
TSPEAR (NM_144991.3) are designated under each chromatogram.
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Figure 6. Schematic representation of TSPEAR transcript, protein domains and 3D structure. (A) pre-
diction of nonsense-mediated decay (NMD) for the TSPEAR (NM_144991) c.44delC variant using
the NMDEscPredictor tool. The c.44delC variant is shown to be located in NMD susceptible re-
gion (NMD+, red colored) of the TSPEAR transcript. (B) Schematic diagram of Tspear protein
(Uniprot:Q8WU66); amino acid positions were retrieved from the Uniprot database. The locations of
the four identified TSPEAR variants relative to the thrombospondin-type laminin G domain (purple
box) and the seven Epilepsy-Associated Repeats (EARs) (pink boxes) are shown. (C) The predicted
3D structure of the Tspear protein (created by AlphaFold and retrieved from Uniprot database). Blue
arrows in (B) refer to laminin G domain and EARs domains in the 3D structure. The color-coded

per-residue model confidence score (pLDDT) is shown to be between 0 and 100.
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Table 3. Population data, in silico variant effect prediction tools and ACMG classification of TSPEAR variants.

TSPEAR
Variant Name Minor Allele . Mutation ClinVar Clinical ACMBG Classifica-
NM_144991.3 Frequencies (MAF) Polyphen-2 MutationTaster2 PROVEAN SIFT Assessor CADD GERP Significance tion/Evidence
NP_659428.2
c.44delC Disease-causing Pathogenic
p.(Glyl7Alafs3a  N/A N/A (Probability = 1) N/A N/A N/A N/A 191 N/A (PVS1, PM2, PP3)
gnomAD:0.0007259  poggibly Disease-causing Conflicting Likely pathogenic
c.668C>T 1000G:0.0008 : e Deleterious Deleterious Medium . > yp g
p.(Ser223Leu) dbSNP-0.000982 damaging (Probability = 0.99, (=2.962) (0.02) (0.828) 25.9 511 interpretations of %’PPI\AJ/LH, PM2, PP3,
(rs149481227) (0.521) score = 145) pathogen1c1ty )
c.1788- 15(‘)‘801255’/0;001204 Disease-causin Pathogenic (PS4,
1790del AGA dbSNI." 0.00026 N/A Probability & N/A N/A N/A N/A 3.44 N/A PM1, PM2, PM3,
(Glu596del) : 0. (Probability = 0.99) PP1)
p (rs782084367)
gnomAD:0.00003183 ; g ; . .
c.1423G>C 1000G: N/A g;ﬁgbg g,fgg;&iius_nbggg Deleterious Deleterious Medium 245 518 Uncertain T}iﬁ%},’ﬂg Oﬁfgc
p.(Gly475Arg) dbSNP: 0.00005 ging Y= (—6.024) (0.01) (0.828) : : significance %pl Pp3)y
(rs782056388) (0.994) score = 56) , )

Note: Polyphen-2 score is the probability that a substitution is damaging. MutationTaster2 provides the probability of the prediction, and a score in case of amino acid substitutions
according to an amino acid substitution matrix. PROVEAN score < —2.5 is predicted to be damaging. SIFT scores < 0.05 are considered deleterious or not tolerated. Mutation Assessor
ranks the functional impact of missense variants as neutral, low, medium, and high, with scores from 0 to 1, high impact, i.e., deleterious variants are close to 1. CADD score > 20 predicts
the missense variant is among the top 1% of the most deleterious substitutions of the human genome. The GERP score values are positive for conserved positions/constrained loci; in the
case of multiple base deletions, the highest score among the deleted bases is displayed. ACMG classification is assigned according to levels of evidence (reference in text). N/A: not
available. Abbreviations of the in silico tools’ names are in text.
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P2 had a heterozygous missense variant (c.668C>T; p.(Ser223Leu)) in exon 5 substi-
tuting serine for leucine. The variant was inherited from the father, who carries the same
heterozygous missense variant, unlike the wildtype mother, see Figure 5. Exome analysis
of P2 neither identified other variants in TSPEAR nor in other ED-related genes. MAF of
¢.668C>T are less than 0.1% in dbSNP, 1000G, and gnomAD, and the minor allele was not
found in our in-house database. The variant is classified as “likely pathogenic” according
to ACMG guidelines, see Table 3.

P3 and P4 are affected siblings, both of whom had compound heterozygous TSPEAR
variants: a missense (c.1423G>C; p.(Gly475Arg)) in exon 9 and an in-frame deletion (c.1788-
1790delAGA; p.(Glu596del)) in exon 11. Segregation analysis showed that the missense
allele was maternally inherited while the in-frame deletion allele was paternally inherited,
see Figure 5. The same in-frame deletion c.1788-1790del AGA (p.Glu596del) was identified
in six patients (P5 to P10) in homozygous form and variant segregation confirmed germline
inheritance in their families, see Figure 5. MAF for c.1788-1790del AGA are less than 0.026%
in dbSNP, and gnomAD, and the minor allele was found in neither the 1000G database nor
in our in-house database. The missense c¢.1423G>C variant has MAF of less than 0.0007%
in gnomAD, and the minor allele was not reported in dbSNP, 1000G, or in our in-house
database. Both c.1788-1790delAGA and c.1423G>C are classified according to ACMG
guidelines as “pathogenic” and “likely pathogenic” variants, respectively, see Table 3.

The four identified TSPEAR variants are located in highly conserved regions in func-
tional protein domains, see Figure 6B. This was also evident in their positive GERP scores,
which refers to constrained genomic regions across different species, see Table 3. Moreover,
the average CADD score for the two missense variants (c.668C>T and ¢.1423G>C) was
approximately equal to 25, which predicts these variants to be among the top 1% of the
most deleterious substitutions of the human genome, see Table 3. Both c.668C>T and
¢.1423G>C variants are reported in ClinVar; however, no clinical criteria/phenotypes are
provided for their entries.

3.2.2. In Silico Predicted Protein Structural Alterations of Missense TSPEAR Variants

The PremPS tool predicted that the two missense (c.1423G>C; p.(Gly475Arg)) and
(c.668C>T; p.(Ser223Leu)) variants are destabilizing, with AAG values of 0.53 and 0.9 kcal /mol,
respectively. For the (c.1423G>C; p.(Gly475Arg)) variant, the wildtype uncharged Gly475
residue has no side chain, is buried in the protein core, and interacts with His443, His449,
Tyrd77, Thr495, and Phe496 via polar interactions, see Figure 7A. The mutant Arg475 residue
introduces destabilizing conformational changes via its long positively charged side chain;
the long aliphatic side chain forms multiple hydrophobic interactions, particularly with
His449 and Phe496, and its positively charged amino groups result in increased polar
interactions, see Figure 7B,C. Missense 3D software predicted Gly475Arg mutation to
increase relative solvent accessibility (RSA) from 0 to 22%, i.e., the buried glycine switches
to an exposed arginine, with consequential damaging conformational changes. For the
(c.668C>T; p.(Ser223Leu)) variant, the change from wildtype polar Ser223 residue, which
is located on the protein surface, to the mutant non-polar Leu223 is predicted to cause
loss of polar interaction with Arg228 and the gain of a new hydrophobic interaction with
Pro227, thus destabilizing the protein, see Figure 7D-F. Missense 3D predicted a change
in RSA from 27.6% in the case of Ser223 to 53.6% for Leu223, and the expansion of the
surface pocket by 41.7 A%; however, predictions did not pass the software’s criteria for
structural damage (expansion/contraction of the surface pocket volume of > 70 A3, and
change in exposed /buried amino acid state where RSA is less than 9% for buried residue
and difference in RSA is at least 5%).
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Figure 7. In silico predicted protein structural alterations of the two missense TSPEAR variants
(c.1423G>C; p.(Gly475Arg)) and (c.668C>T; p.(Ser223Leu)). The color code of the non-covalent
interactions is shown at the top of the figure. The PremPS tool predicted that the 3D structure changes
from wildtype Gly475 residue (A) to the mutant Arg475 (B). (C) The Missense 3D tool shows the
difference between the side chain of wildtype Gly475 (green) and mutated Arg475 (red). Similarly,
the PremPS tool predicted that the 3D structure changes from the wildtype Ser223 residue (D) to
mutant Leu223 (E). (F) The Missense 3D tool shows the difference between the side chain of wildtype
Ser223 (green) and the mutated Leu223 (red).

3.3. Comparison of Clinical Phenotypes and Dysmorphic Facial Features of TSPEAR Cohorts of
Different Ethnicities

The clinical features of our TSPEAR-ED cohort (ten patients from eight unrelated
families) of Egyptian, i.e., North African origin are detailed in comparison to 28 previously
published TSPEAR cases from 22 unrelated families of different ethnicities, see Table 4.
Phenotypes associated with biallelic TSPEAR variants can be categorized into: (1) ED with
or without TA (57.9%); (2) TA without other ectodermal features (e.g., isolated TA or TA
with other non-ED-related features) (21.1%); (3) SNHL without ED features (18.4%); and
(4) SNHL with ED, which was reported in only one patient (2.6%). Only four previously
reported patients had ED without TA; however, they had conical-shaped teeth, which
does not fulfill the criteria of TA; still, it suggests the involvement of teeth [24]. Clinical
presentation of dysmorphic facial features showed statistically high significant dependence
(p =0.0001) on ethnic origin. North African as well as Middle Eastern patients were reported
to have characteristic dysmorphic facial features in contrast to patients of European origin.
The details of these dysmorphic features are summarized in Table 4. The involvement of
different ectodermal elements in a total of 24 TSPEAR-ED cases showed that teeth were
the most affected ectodermal derivative (82.6%), followed by the hair (78.3%), nails (43.5%)
and sweat glands (39.1%), see Table 4.
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Table 4. Comparison between clinical phenotypes and dysmorphic facial features of TSPEAR cohorts

of different ethnicities.

Repo.rt.e d North African Middle Eastern European Others * Total p-Value
Ethnicity
Number of 10/38 12/38 9/38 7/38 38/38 _
patients (26.3%) (31.6%) (23.7%) (18.4%) (100%)
TSPEAR-associated phenotypes **
10/10 4/12 6/9 2/7 22/38
ED (100%) (33.3%) (66.7%) (28.6%) (57.9%) 00046
TA without
other 0/10 3/12 3/9 2/7 8/38 0.2799
ectodermal (0%) (25%) (33.3%) (28.6%) (21.1%) ’
features
0/10 5/12 0/9 2/7 7/38
SNHL (0%) (41.7%) (0%) (28.6%) (18.4%) 0.0282
0/10 0/12 0/9 1/7 1/38
SNHL & ED (0%) (0%) (0%) (14.3%) e 02080
Dysmorphic facial features
Eﬁi‘mphlc 10/10 5/12 0/9 2/7 17/38 o001
features (100%) (41.7%) (0%) (28.6%) (44.7%)
Five reported cases:
1- Three ED cases of
Palestinian origin
featured:
e longoval face
e down slanting of Two reported cases:
palpebral fissures 1-  One ED case of
e  low insertion of Ashkenazi Jewish
Columella. ancestry showed:
square chin e longoval face
Ten ED patients of thick lips e down slanting of
Egyptian origin featured: and hypotrichosis palpebral fissures
e  broad forehead was more e low insertion of
e  short philtrum prominent on the columella
e  prominent and anterior of the square chin
. broad nasal root scalp [27]. thick lips
Detailed broad nose e i
dysmorphic low set ears 2- One ED case of Saudi N/A and hypotrichosis
facial thick and everted origin reported typical was more
features li ED facial features prominent on the
. IP; hvsotrichosi including anterior of the
and ypotrichosis o flat nasal bridge scalp [27].
was more

prominent on the
anterior of the scalp
in six patients.

e  everted lips [29].

3- Oneisolated TA case
of Turkish origin had
microcephaly, and
reported faces were:
narrow forehead
high arched palate
low set ears
abnormal
antitragus
° and increased hair
growth on the
forehead [28].

2-  The other case is

African American who

had TA, and featured:

e hypertelorism,

e  depressed nasal
bridge

e  small and cupped
ears [24].
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Table 4. Cont.

Repo.rt.e d North African Middle Eastern European Others * Total p-Value
Ethnicity
Ectodermal elements involvement in ED phenotype ***
10/10 4/4 3/6 2/3 19/23
Teeth (100%) (100%) (50%) (66.7%) 826%) 01737
. 9/10 4/4 3/6 2/3 18/23
Hair (90%) (100%) (50%) (66.7%) (783%) 00477
Sweat 0/10 4/4 4/6 1/3 9/23 0.0022
glands (0%) (100%) (66.7%) (33.3%) (39.1%) ’
. 4/10 0/4 4/6 2/3 10/23
Nails (40%) (0%) (66.7%) (66.7%) a35%) 01649
References Current study [24,25,27-29] [24] [24,27,55,56]

Abbreviations: N/A: not available. * Others includes reports of African American, Ashkenazi Jewish, Asian,
Korean, Caucasian or unspecified ethnicities. ** TSPEAR-associated phenotypes refers to the classification of
patients as ED (two or more of the four classical ectodermal elements are affected including teeth) or TA (missing
teeth with no other ectodermal elements involved) or SNHL (sensorineural hearing loss with no ED features) or
SNHL & ED (sensorineural hearing loss accompanied by ED features). *** Ectodermal elements involvement in ED
phenotype refers to the ectodermal element/s affected in the subset of patients classified as ED per each ethnicity.

4. Discussion

Our study expanded the limited reports of TSPEAR variants by adding ten patients
descending from eight unrelated Egyptian families to the previously published 28 probands
from 22 unrelated families of different ethnicities [24,25,27-29,55,56]. All of our ten reported
TSPEAR-ED patients harbored novel TSPEAR variants, and they all presented with TA,
scalp hypotrichosis, normal sweating, and common characteristic facial features. Similar
to the majority of reported cases with biallelic TSPEAR variants, all of our patients had
normal hearing, which did not support the disputed association between TSPEAR and
SNHL [57]. Four of seven previously reported TSPEAR-SNHL cases were identified to
have mutations in other hearing-loss-associated genes, e.g., G/B2, GJB6, TMPRSS3, and
SLC26A4 [24,58]. The other three TSPEAR-SNHL cases were three siblings from one family
in which a homozygous frameshift TSPEAR variant segregated with SNHL [25]. The
hearing loss expert panel of ClinGen database cited this family as the source of conflicting
evidence regarding TSPEAR and SNHL association, since the same TSPEAR variant was
identified in two ED families and one NSTA family with normal hearing [24,25,59]. It
was suggested that the SNHL phenotype might have reduced penetrance or that TSPEAR
variants might not be the monogenic cause of SNHL owing to the locus heterogeneity of
SNHL [24].

Our ten reported TSPEAR-ED patients shared characteristic dysmorphic facial features:
broad forehead, short philtrum, prominent and broad nasal root, broad nose, low set ears,
and thick and everted lips. We showed that TSPEAR-associated dysmorphic facial features
vary according to ethnic origin (p = 0.0001), with an emphasis on patients from North
African or Middle Eastern origin. The influence of ethnicity on disease phenotype has
been described before in rare and common disorders [60,61]. Our reported facies were
distinguishable from previously reported patients from other ethnicities, see Table 4. Some
features were shared with patients from Middle Eastern origin, e.g., scalp hypotrichosis,
which was more prominent on the anterior of the scalp in six of our ten reported TSPEAR-
ED patients, has similarly been reported in three Palestinian patients [27]. Everted lips
were common oral finding in our patients. Bondarets and McDonald [62] reported that
everted lips are characteristic feature of HED and that tooth agenesis results in poor
development of the alveolar ridge with a consequent reduction in lower facial height in
both HED and NSTA. The marked reduction in facial height was severe enough in HED to
cause everted lips, but not in isolated tooth agenesis. Retained primary teeth and delayed
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dental development seen in patients P1 and P10 were among dental anomalies that have
previously been reported to be found in association with tooth agenesis [63,64].

The involvement of different ectodermal elements in the TSPEAR-ED phenotype
showed that teeth and hair are affected at higher frequency than nails and sweat glands,
see Table 4. The involvement of TSPEAR in both hair and teeth ontogenesis was found to
be mediated functionally via Notch signaling, particularly Notchl [27]. Notch1 is one of
the four transmembrane receptors of the highly conserved Notch signaling pathway that is
essential for deciding cellular fate via cell-to-cell communication during embryogenesis,
and also in maintenance of homeostasis in adulthood [65,66]. The extracellular compart-
ment of Notch receptors transduces cell-to-cell signals by interacting with transmembrane
ligands of neighboring cells, e.g., Delta-like and Jagged ligands. Ligand-receptor binding
results in proteolytic cleavage of the Notch receptor’s intracellular domain (NICD), which
translocates to the nucleus, forming a ternary protein complex with the DNA-binding
factor (RBP-J) and Mastermindlike-1 (MAML) necessary for downstream transcriptional
regulation of target genes [67]. Microarray expression data of primary human keratinocytes
following TSPEAR knock down showed down-expression of NOTCH1, and altered expres-
sion of genes encoding proteins within NOTCH1 interactome, e.g., CDCA7, DLL1, IGFBP3,
and TP63, and/or genes encoding proteins involved in hair and tooth development, e.g.,
KRT1, KRT10 and WNT10A [27]. Further evidence of TSPEAR-NOTCH1-mediated function
was down-expression of NOTCH]1 in the epidermis of a skin biopsy obtained from an
ED patient bearing the homozygous TSPEAR loss of function (c.1726_ 1728delGTCinsTT,
p-(Val576Leufs*38)) variant [27]. It is unknown how Tspear and Notchl proteins interact or
if their interaction is mediated by proteins involved in previously identified ED pathways;
thus, the TSPEAR-ED phenotype might prospectively fit into one of the classified ED
pathway clusters or propose an additional cluster.

In mice, Tspear is expressed in the enamel, as well as different compartments of
the murine hair follicle, e.g., hair bulb, shaft, outer and inner sheaths. Knock down of
murine TSPEAR in vitro hair follicle culture decreased hair bulb size, arrested hair growth,
increased apoptosis, and reduced Notchl expression [27]. Murine models support the
critical role of Notch signaling in dental stem cell differentiation and enamel formation
throughout early embryogenesis [27,68]. On the other hand, Notch signaling was found to
be dispensable for initial placodal formation and hair follicle differentiation but indispens-
able for subsequent cellular differentiation postnatally [69-72]. The critical role of Notch
signaling in tooth and hair development might explain the higher occurrence of teeth and
hair manifestations in the TSPEAR-ED phenotype.

While TSPEAR expression in nails, sweat and salivary glands has not been studied,
Notch signaling is involved in their organogeneses in mice. Downregulation of Notch1
directs sweat gland differentiation, while its upregulation is required for salivary glands’
differentiation and growth and promoting mitosis in the nail matrix [73-75]. The ten
reported patients herein had ED without hypohidrosis, but only one patient showed
decreased salivary flow, which has not been reported in TSPEAR-ED cases before. Relatively
lower occurrence of sweat gland involvement in TSPEAR-ED cases might be attributed
to the differences in the roles of Notch signaling in these tissues or the differences in the
expression or functional role of TSPEAR in their ontogeneses.

Tspear is predicted to function via its two evolutionarily conserved domains, the
thrombospondin-like laminin G domain and the seven EARs domain. Based on sequence
similarity, Tspear is considered to be apart of a protein superfamily comprising EARs, which
form a seven-bladed 3 propeller domain that presumably acts as a ligand binding domain,
see Figure 6C [25,26,76]. Approximately 53% of the 30 TSPEAR disease-causing variants,
including our four identified TSPEAR variants, are missense variants, which are predicted
to affect one of these Tspear domains [77]. Other types of TSPEAR disease-causing variants
include small frameshift deletions predicted to produce mRNA that is NMD susceptible,
including the novel (c.44delC; p.(Glyl7Alafs*34)) variant identified in ED patient (P1).
Two previously reported small frameshift deletions featuring the ED phenotype, (c.38delT;
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p-(Leul3Argfs*38)) and (c.454_457delCTGG; p.(Leul52Trpfs*29)), were NMD susceptible,
while the (c.1505delA; p.(Lys502Argfs*67)) variant, featuring TA, was predicted to escape
NMD [24,27].

Interestingly, the mother of P1, a heterozygous carrier of the (c.44delC; p.(Gly17Alafs*34))
variant, showed mild hypodontia in the form of a missing upper later incisor, see Figure 2.
Mild phenotypic features of heterozygous carriers of recessive alleles have previously been
reported in carrier parents of ED patients harboring EDAR disease-causing variants [48,78],
and similarly in a carrier father of a TA patient who carried a TSPEAR missense (c.1877T>C;
p-(Phe626Ser)) variant [28]. Still, there is still the possibility that these parents carry a
deep intronic TSPEAR variant, or alternatively, a variant of another TA-causing gene. In
another proband, P2, a heterozygous likely pathogenic TSPEAR missense variant (c.668C>T;
p-(Ser223Leu)) was identified as being paternally inherited. The heterozygous carrier father
had hypodontia milder than that of P2, but with no other ED-related features, see Figure 2.
The second allele responsible for the ED phenotype could not be identified in P2, and
we suspect that the second allele might be outside the WES capture region, e.g., non-
coding or deep intronic variant, which necessitates the whole-genome or RNA sequencing
methods [79-81]. The second allele may be maternally inherited, since the mother of P2
also had mild hypodontia, see Figure 2.

We identified a novel in-frame deletion (c.1788-1790delAGA; p.(Glu596del)), affecting
the sixth EAR domain of Tspear through deletion of its 596th glutamic acid residue. This
is the first in-frame deletion to be reported for TSPEAR; it was identified in homozygous
form in six patients, and in heterozygous form in two other patients. The heterozygous
¢.1788-1790delAGA allele was found in trans with another TSPEAR novel missense variant
(c.1423G>C; p.(Gly475Arg)) affecting the fourth EAR of Tspear, see Figure 6B. Having a
relatively large number of phenotypically characterized ED patients from the same ethnic
origin harboring the same disease-causing variant might propose a founder effect for
¢.1788-1790del AGA variant. We have previously shown that the HED mutation spectrum
in Egyptians was different from that in other studied cohorts, whether this was due to the
genes responsible for the phenotype or the incidence of founder mutations owing to high
percentage of consanguineous marriages (~33-35%) among Egyptians [48,82,83]. Moreover,
the recurrence of the ¢.1788-1790del AGA variant in eight ED patients shows the phenotypic
heterogeneity of that variant. For example, variable patterns of TA were evident, as P7 had
total anodontia (28 missing teeth) in contrast to P10, who had ten missing teeth.

Our four reported TSPEAR variants were found to be rare and located at conserved
genomic locations by mining large population and in-house databases, and reviewing
GERP and CADD scores, respectively [41,42]. For missense variants, recent advances in
protein modelling and machine learning have allowed in silico variant visualization and
analysis of the two missense TSPEAR variants, (c.1423G>C; p.(Gly475Arg)) and (c.668C>T;
p.(Ser223Leu)). The predicted changes in the protein folding energy (AAG values>0.5), as
well as the predicted changes in the types of non-covalent bonding between the amino
acid residue of interest and the surrounding residues, were evident of destabilization of
the mutant proteins. The damaging effect of (c.1423G>C; p.(Gly475Arg)) variant on the
Tspear protein conformation is predicted to be more severe than (c.668C>T; p.(Ser223Leu))
variant which can be deduced given the greater difference in size, charge and polarity
between glycine and arginine compared to the difference in size and polarity between
serine and leucine.

5. Conclusions

We expanded the TSPEAR mutational spectrum by identifying four novel variants in
TSPEAR in ten Egyptian patients featuring TA, scalp hypotrichosis, normal sweating, and
characteristic facial features, confirming and expanding the clinical distinction of TSPEAR-
ED as an entity, as well as concluding the role ethnicity plays in TSPEAR phenotypic
spectrum. Our results do not support the association between TSPEAR and SNHL, and
show evidence of complete penetrance of TA in our cohort in contrast to other ectodermal
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elements. We underscore the power of WES for broadening the molecular spectrum of
unidentified ED cases. Nonetheless, WES is limited by its capture region, and in some
cases whole-genome sequencing or RNA sequencing might be useful in the identification of
deep intronic and non-coding variants. Furthermore, functional characterization of Tspear
protein-protein interactions could help in the delineation of the mutational and clinical
TSPEAR profiles.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/genes13061056/s1, Figures S1-S9: Panoramic radiographs of
P1-P8 & P10.

Author Contributions: Conceptualization, E. AR, G.E-K,, LS.M.S., K. A,, M.ILM. and SK.Z.; Method-
ology, EAR., HAA, HE.-S, LSMS., KA, NEH. and G.E.-K,; Data curation, EAR., HAA,,
HE.-S,, ILSM.S.,, K. A, N.EH. and G.E.-K.; Writing—original draft preparation, E.A.R. and L.S.M.S.;
Writing—review and editing, G.E.-K., K.A., M.ILM. and S.K.Z.; Funding acquisition, E.A.R., LS.M.S.,
K.A. and S.K.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Science, Technology and Innovation Funding Authority,
STIFA (project#33494), and the American University in Cairo (Graduate Support grant R34).

Institutional Review Board Statement: This study was approved by the Institutional Review Boards
of the American University in Cairo (AUC) and the National Research Centre (NRC), Egypt (Regis-
tration Number: 19-118).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. Whole exome sequencing data are not publicly available due to ethical
considerations of patients’ confidentiality.

Acknowledgments: The authors would like to thank patients and family members for their participation.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

O LN

10.
11.

12.
13.

14.
15.

16.

Wright, ].T.; Fete, M.; Schneider, H.; Zinser, M.; Koster, M.I; Clarke, A.].; Hadj-Rabia, S.; Tadini, G.; Pagnan, N.; Visinoni, A.F,; et al.
Ectodermal dysplasias: Classification and organization by phenotype, genotype and molecular pathway. Am. |. Med. Genet. Part
A 2019, 179, 442-447. [CrossRef] [PubMed]

Freire-Maia, N. Ectodermal dysplasias. Hum. Hered. 1971, 131, 309-312. [CrossRef] [PubMed]

Freire-Maia, N. Ectodermal dysplasias revisited. Acta Genet. Med. Gemellol. 1977, 26, 121-131. [CrossRef] [PubMed]
Freire-Maia, N.; Lisboa-Costa, T.; Pagnan, N.A. Ectodermal dysplasias: How many? Am. . Med. Genet. 2001, 104, 84. [CrossRef]
Pinheiro, M.; Freire-Maia, N. Ectodermal dysplasias: A clinical classification and a causal review. Am. J. Med. Genet. 1994, 53,
153-162. [CrossRef]

Nguyen-Nielsen, M.; Skovbo, S.; Svaneby, D.; Pedersen, L.; Fryzek, J. The prevalence of X-linked hypohidrotic ectodermal
dysplasia (XLHED) in Denmark, 1995-2010. Eur. |. Med. Genet. 2013, 56, 236—242. [CrossRef]

Asai, Y,; Irvine, A.D. Ectodermal dysplasias. In Harper’s Textbook of Pediatric Dermatology; Wiley Online Books: Hoboken, NJ, USA,
2011; pp. 127.1-127.104, ISBN 9781444345384.

Pagnan, N.A.B.; Visinoni, AF Update on ectodermal dysplasias clinical classification. Am. J. Med. Genet. Part A 2014, 164,
2415-2423. [CrossRef]

Visinoni, A.F,; Lisboa-Costa, T.; Pagnan, N.A.B.; Chautard-Freire-Maia, E.A. Ectodermal dysplasias: Clinical and molecular
review. Am. J. Med. Genet. Part A 2009, 149, 1980-2002. [CrossRef]

Patthey, C.; Gunhaga, L. Signaling pathways regulating ectodermal cell fate choices. Exp. Cell Res. 2014, 321, 11-16. [CrossRef]
Mikkola, M.L. Molecular aspects of hypohidrotic ectodermal dysplasia. Am. |. Med. Genet. Part A 2009, 149A, 2031-2036.
[CrossRef]

Mikkola, M.L.; Thesleff, I. Ectodysplasin signaling in development. Cytokine Growth Factor Rev. 2003, 14, 211-224. [CrossRef]
Lamartine, J. Towards a new classification of ectodermal dysplasias. Clin. Exp. Dermatol. Clin. Dermatol. 2003, 28, 351-355.
[CrossRef]

Priolo, M.; Lagana, C. Ectodermal dysplasias: A new clinical-genetic classification. ]. Med. Genet. 2001, 38, 579-585. [CrossRef]
Priolo, M,; Silengo, M.; Lerone, M.; Ravazzolo, R. Ectodermal dysplasias: Not only ‘skin’deep. Clin. Genet. 2000, 58, 415-430.
[CrossRef]

Itin, PH.; Fistarol, S.K. Ectodermal dysplasias. Am. ]. Med. Genet. Part C Semin. Med. Genet. 2004, 131C, 45-51. [CrossRef]


https://www.mdpi.com/article/10.3390/genes13061056/s1
https://www.mdpi.com/article/10.3390/genes13061056/s1
http://doi.org/10.1002/ajmg.a.61045
http://www.ncbi.nlm.nih.gov/pubmed/30703280
http://doi.org/10.1159/000152419
http://www.ncbi.nlm.nih.gov/pubmed/5139249
http://doi.org/10.1017/S0001566000009910
http://www.ncbi.nlm.nih.gov/pubmed/596110
http://doi.org/10.1002/ajmg.1586
http://doi.org/10.1002/ajmg.1320530207
http://doi.org/10.1016/j.ejmg.2013.01.012
http://doi.org/10.1002/ajmg.a.36616
http://doi.org/10.1002/ajmg.a.32864
http://doi.org/10.1016/j.yexcr.2013.08.002
http://doi.org/10.1002/ajmg.a.32855
http://doi.org/10.1016/S1359-6101(03)00020-0
http://doi.org/10.1046/j.1365-2230.2003.01319.x
http://doi.org/10.1136/jmg.38.9.579
http://doi.org/10.1034/j.1399-0004.2000.580601.x
http://doi.org/10.1002/ajmg.c.30033

Genes 2022, 13, 1056 22 of 24

17.
18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Itin, P.H. Etiology and pathogenesis of ectodermal dysplasias. Am. |. Med. Genet. Part A 2014, 164, 2472-2477. [CrossRef]
Salinas, C.F; Irvine, A.D.; Itin, PH.; Di Giovanna, J.J.; Schneider, H.; Clarke, A.J.; McGovern, L.S.; Fete, M. Second international
conference on a classification of ectodermal dysplasias: Development of a multiaxis model. Am. |. Med. Genet. Part A 2014, 164,
2482-2489. [CrossRef]

Mortier, K.; Wackens, G. Ectodermal dysplasia, anhidrotic. Orphanet Encycl. 2004, 3, 1-6.

Dellavia, C.; Catti, F; Sforza, C.; Tommasi, D.G.; Ferrario, V.E. Craniofacial growth in ectodermal dysplasia: An 8 year longitudinal
evaluation of Italian subjects. Angle Orthod. 2010, 80, 733-739. [CrossRef]

Cluzeau, C.; Hadj-Rabia, S.; Jambou, M.; Mansour, S.; Guigue, P.; Masmoudi, S.; Bal, E.; Chassaing, N.; Vincent, M.-C.; Viot,
G.; et al. Only four genes (EDA1, EDAR, EDARADD, and WNT10A) account for 90% of hypohidrotic/anhidrotic ectodermal
dysplasia cases. Hum. Mutat. 2011, 32, 70-72. [CrossRef]

Bohring, A.; Stamm, T.; Spaich, C.; Haase, C.; Spree, K.; Hehr, U.; Hoffmann, M.; Ledig, S.; Sel, S.; Wieacker, P. WNT10A mutations
are a frequent cause of a broad spectrum of ectodermal dysplasias with sex-biased manifestation pattern in heterozygotes. Am. J.
Hum. Genet. 2009, 85, 97-105. [CrossRef] [PubMed]

Adaimy, L.; Chouery, E.; Mégarbané, H.; Mroueh, S.; Delague, V.; Nicolas, E.; Belguith, H.; de Mazancourt, P.; Mégarbané, A.
Mutation in WNT10A is associated with an autosomal recessive ectodermal dysplasia: The odonto-onycho-dermal dysplasia. Am.
J. Hum. Genet. 2007, 81, 821-828. [CrossRef] [PubMed]

Bowles, B.; Ferrer, A.; Nishimura, C.J.; Pinto e Vairo, E; Rey, T.; Leheup, B.; Sullivan, J.; Schoch, K.; Stong, N.; Agolini, E. TSPEAR
variants are primarily associated with ectodermal dysplasia and tooth agenesis but not hearing loss: A novel cohort study. Am. J.
Med. Genet. Part A 2021, 185, 2417-2433. [CrossRef] [PubMed]

Delmaghani, S.; Aghaie, A.; Michalski, N.; Bonnet, C.; Weil, D.; Petit, C. Defect in the gene encoding the EAR/EPTP domain-
containing protein TSPEAR causes DFNB98 profound deafness. Hum. Mol. Genet. 2012, 21, 3835-3844. [CrossRef] [PubMed]
Scheel, H.; Tomiuk, S.; Hofmann, K. A common protein interaction domain links two recently identified epilepsy genes. Hum.
Mol. Genet. 2002, 11, 1757-1762. [CrossRef]

Peled, A.; Sarig, O.; Samuelov, L.; Bertolini, M.; Ziv, L.; Weissglas-Volkov, D.; Eskin-Schwartz, M.; Adase, C.A.; Malchin, N;
Bochner, R. Mutations in TSPEAR, encoding a regulator of notch signaling, affect tooth and hair follicle morphogenesis. PLoS
Genet. 2016, 12, €1006369. [CrossRef]

Du, R.; Dinckan, N.; Song, X.; Coban-Akdemir, Z.; Jhangiani, S.N.; Guven, Y.; Aktoren, O.; Kayserili, H.; Petty, L.E.; Muzny, D.M.
Identification of likely pathogenic and known variants in TSPEAR, LAMB3, BCOR, and WNT10A in four Turkish families with
tooth agenesis. Hum. Genet. 2018, 137, 689-703. [CrossRef]

Alshegifi, H.A.; Alamoudi, A.M.; Alrougi, A.; Alshaikh, H.; Alamri, A.; Shawli, A.M. Ectodermal Dysplasia: A Case Report.
Cureus 2022, 14, €21184. [CrossRef]

Zhou, M.; Zhang, H.; Camhi, H.; Seymen, E; Koruyucu, M.; Kasimoglu, Y.; Kim, J.-W.; Kim-Berman, H.; Yuson, N.M.R.; Benke, PJ.
Analyses of oligodontia phenotypes and genetic etiologies. Int. |. Oral Sci. 2021, 13, 32. [CrossRef]

De La Dure-Molla, M.; Fournier, B.P.; Manzanares, M.C.; Acevedo, A.C.; Hennekam, R.C.; Friedlander, L.; Boy-Leféevre, M;
Kerner, S.; Toupenay, S.; Garrec, P. Elements of morphology: Standard terminology for the teeth and classifying genetic dental
disorders. Am. J. Med. Genet. Part A 2019, 179, 1913-1981. [CrossRef]

Jiang, H.; Lei, R.; Ding, S.-W.; Zhu, S. Skewer: A fast and accurate adapter trimmer for next-generation sequencing paired-end
reads. BMC Bioinform. 2014, 15, 182. [CrossRef]

Reid, J.G.; Carroll, A.; Veeraraghavan, N.; Dahdouli, M.; Sundquist, A.; English, A.; Bainbridge, M.; White, S.; Salerno, W.; Buhay,
C. Launching genomics into the cloud: Deployment of Mercury, a next generation sequence analysis pipeline. BMC Bioinform.
2014, 15, 30. [CrossRef]

Wohler, E.; Martin, R.; Griffith, S.; Rodrigues, E.d.S.; Antonescu, C.; Posey, J.E.; Coban-Akdemir, Z.; Jhangiani, S.N.; Doheny, K.E;
Lupski, J.R. PhenoDB, GeneMatcher and VariantMatcher, tools for analysis and sharing of sequence data. Orphanet ]. Rare Dis.
2021, 16, 365. [CrossRef]

Wang, K.; Li, M.; Hakonarson, H. ANNOVAR: Functional annotation of genetic variants from high-throughput sequencing data.
Nucleic Acids Res. 2010, 38, e164. [CrossRef]

Sherry, S.T.; Ward, M.-H.; Kholodov, M.; Baker, J.; Phan, L.; Smigielski, E.M.; Sirotkin, K. dbSNP: The NCBI database of genetic
variation. Nucleic Acids Res. 2001, 29, 308-311. [CrossRef]

Auton, A.; Abecasis, G.R.; Altshuler, D.M.; Durbin, R.M.; Abecasis, G.R.; Bentley, D.R.; Chakravarti, A.; Clark, A.G.; Donnelly, P;
Eichler, E.E.; et al. A global reference for human genetic variation. Nature 2015, 526, 68-74. [CrossRef]

Karczewski, K.J.; Francioli, L.C.; Tiao, G.; Cummings, B.B.; Alfoldi, J.; Wang, Q.; Collins, R.L.; Laricchia, KM.; Ganna, A;
Birnbaum, D.P; et al. The mutational constraint spectrum quantified from variation in 141,456 humans. Nature 2020, 581, 434-443.
[CrossRef]

Sim, N.-L.; Kumar, P; Hu, J.; Henikoff, S.; Schneider, G.; Ng, P.C. SIFT web server: Predicting effects of amino acid substitutions
on proteins. Nucleic Acids Res. 2012, 40, W452-W457. [CrossRef]

Reva, B.; Antipin, Y.; Sander, C. Predicting the functional impact of protein mutations: Application to cancer genomics. Nucleic
Acids Res. 2011, 39, e118. [CrossRef]

Rentzsch, P.; Witten, D.; Cooper, G.M.; Shendure, J.; Kircher, M. CADD: Predicting the deleteriousness of variants throughout the
human genome. Nucleic Acids Res. 2019, 47, D886-D894. [CrossRef]


http://doi.org/10.1002/ajmg.a.36550
http://doi.org/10.1002/ajmg.a.36507
http://doi.org/10.2319/101909-584.1
http://doi.org/10.1002/humu.21384
http://doi.org/10.1016/j.ajhg.2009.06.001
http://www.ncbi.nlm.nih.gov/pubmed/19559398
http://doi.org/10.1086/520064
http://www.ncbi.nlm.nih.gov/pubmed/17847007
http://doi.org/10.1002/ajmg.a.62347
http://www.ncbi.nlm.nih.gov/pubmed/34042254
http://doi.org/10.1093/hmg/dds212
http://www.ncbi.nlm.nih.gov/pubmed/22678063
http://doi.org/10.1093/hmg/11.15.1757
http://doi.org/10.1371/journal.pgen.1006369
http://doi.org/10.1007/s00439-018-1907-y
http://doi.org/10.7759/cureus.21184
http://doi.org/10.1038/s41368-021-00135-3
http://doi.org/10.1002/ajmg.a.61316
http://doi.org/10.1186/1471-2105-15-182
http://doi.org/10.1186/1471-2105-15-30
http://doi.org/10.1186/s13023-021-01916-z
http://doi.org/10.1093/nar/gkq603
http://doi.org/10.1093/nar/29.1.308
http://doi.org/10.1038/nature15393
http://doi.org/10.1038/s41586-020-2308-7
http://doi.org/10.1093/nar/gks539
http://doi.org/10.1093/nar/gkr407
http://doi.org/10.1093/nar/gky1016

Genes 2022, 13, 1056 23 of 24

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Cooper, G.M.; Stone, E.A.; Asimenos, G.; Green, E.D.; Batzoglou, S.; Sidow, A. Distribution and intensity of constraint in
mammalian genomic sequence. Genome Res. 2005, 15, 901-913. [CrossRef] [PubMed]

Adzhubei, I.; Jordan, D.M.; Sunyaeyv, S.R. Predicting functional effect of human missense mutations using PolyPhen-2. Curr.
Protoc. Hum. Genet. 2013, 76, 7-20. [CrossRef] [PubMed]

Schwarz, ].M.; Cooper, D.N.; Schuelke, M.; Seelow, D. MutationTaster2: Mutation prediction for the deep-sequencing age. Nat.
Methods 2014, 11, 361-362. [CrossRef]

Choi, Y.; Sims, G.E.; Murphy, S.; Miller, ].R.; Chan, A.P. Predicting the functional effect of amino acid substitutions and indels.
PLoS ONE 2012, 7, e46688. [CrossRef] [PubMed]

Coban-Akdemir, Z.; White, ].].; Song, X.; Jhangiani, S.N.; Fatih, ] M.; Gambin, T.; Bayram, Y.; Chinn, I.K,; Karaca, E.; Punetha, J.
Identifying genes whose mutant transcripts cause dominant disease traits by potential gain-of-function alleles. Am. . Hum. Genet.
2018, 103, 171-187. [CrossRef] [PubMed]

Untergasser, A.; Cutcutache, I.; Koressaar, T.; Ye, J.; Faircloth, B.C.; Remm, M.; Rozen, S.G. Primer3—New capabilities and
interfaces. Nucleic Acids Res. 2012, 40, e115. [CrossRef] [PubMed]

Ahmed, H.A.; El-Kamah, G.Y.; Rabie, E.; Mostafa, M.1.; Abouzaid, M.R.; Hassib, N.E; Mehrez, M.I.; Abdel-Kader, M.A.; Mohsen,
Y.H.; Zada, S.K. Gene Mutations of the Three Ectodysplasin Pathway Key Players (EDA, EDAR, and EDARADD) Account for
More than 60% of Egyptian Ectodermal Dysplasia: A Report of Seven Novel Mutations. Genes 2021, 12, 1389. [CrossRef]

Den Dunnen, ]J.T.; Dalgleish, R.; Maglott, D.R.; Hart, R K.; Greenblatt, M.S.; McGowan-Jordan, J.; Roux, A.; Smith, T.; Antonarakis,
S.E.; Taschner, PE.M. HGVS recommendations for the description of sequence variants: 2016 update. Hum. Mutat. 2016, 37,
564-569. [CrossRef]

Richards, S.; Aziz, N.; Bale, S.; Bick, D.; Das, S.; Gastier-Foster, J.; Grody, WW.; Hegde, M.; Lyon, E.; Spector, E.; et al. Standards
and guidelines for the interpretation of sequence variants: A joint consensus recommendation of the American College of Medical
Genetics and Genomics and the Association for Molecular Pathology. Genet. Med. 2015, 17, 405-423. [CrossRef]

Jumper, J.; Evans, R,; Pritzel, A.; Green, T.; Figurnov, M.; Ronneberger, O.; Tunyasuvunakool, K.; Bates, R.; Zidek, A.; Potapenko,
A. Highly accurate protein structure prediction with AlphaFold. Nature 2021, 596, 583-589. [CrossRef]

UniProt: The universal protein knowledgebase in 2021. Nucleic Acids Res. 2021, 49, D480-D489. [CrossRef]

Chen, Y.; Lu, H.,; Zhang, N.; Zhu, Z.; Wang, S.; Li, M. PremPS: Predicting the impact of missense mutations on protein stability.
PLoS Comput. Biol. 2020, 16, €1008543. [CrossRef]

Ittisoponpisan, S.; Islam, S.A.; Khanna, T.; Alhuzimi, E.; David, A.; Sternberg, M.J.E. Can predicted protein 3D structures provide
reliable insights into whether missense variants are disease associated? J. Mol. Biol. 2019, 431, 2197-2212. [CrossRef]

Song, J.-S.; Bae, M.; Kim, J.-W. Novel TSPEAR mutations in non-syndromic oligodontia. Oral Dis. 2020, 26, 847-849. [CrossRef]

Sloan-Heggen, C.M.; Bierer, A.O.; Shearer, A.E.; Kolbe, D.L.; Nishimura, C.J.; Frees, K.L.; Ephraim, S.S.; Shibata, S.B.; Booth, K.T.;
Campbell, C.A. Comprehensive genetic testing in the clinical evaluation of 1119 patients with hearing loss. Hum. Genet. 2016, 135,
441-450. [CrossRef]

ClinGen Hearing Loss Expert Panel: TSPEAR—Nonsyndromic Genetic Hearing Loss. Available online: https://search.
clinicalgenome.org/kb/gene-validity /CGGV:assertion_f0928b06-d3bb-41fe-8222-d7f0e6c0a25a-2017-09-26T040000.000Z (ac-
cessed on 10 January 2022).

Smith, R.; University of Iowa, Iowa City, Iowa, US. Personal Communication, 2022.

Rehm, H.L.; Berg, ].S.; Brooks, L.D.; Bustamante, C.D.; Evans, ].P.; Landrum, M.].; Ledbetter, D.H.; Maglott, D.R.; Martin, C.L.;
Nussbaum, R.L. ClinGen—the clinical genome resource. N. Engl. . Med. 2015, 372, 2235-2242. [CrossRef]

Savey, L.; Resche-Rigon, M.; Wechsler, B.; Comarmond, C.; Piette, J.C.; Cacoub, P.; Saadoun, D. Ethnicity and association with
disease manifestations and mortality in Behget’s disease. Orphanet |. Rare Dis. 2014, 9, 42. [CrossRef]

Shi, H.Y.; Levy, AN,; Trivedi, H.D.; Chan, EK.L.; Ng, S.C.; Ananthakrishnan, A.N. Ethnicity influences phenotype and outcomes
in inflammatory bowel disease: A systematic review and meta-analysis of population-based studies. Clin. Gastroenterol. Hepatol.
2018, 16, 190-197. [CrossRef]

Bondarets, N.; McDonald, F. Analysis of the vertical facial form in patients with severe hypodontia. Am. J. Phys. Anthropol. 2000,
111, 177-184. [CrossRef]

Al-Abdallah, M.; AlHadidi, A.; Hammad, M.; Al-Ahmad, H. Prevalence and distribution of dental anomalies: A comparison
between maxillary and mandibular tooth agenesis. Am. J. Orthod. Dentofac. Orthop. 2015, 148, 793-798. [CrossRef]

Choi, S.J.; Lee, ].W.; Song, ].H. Dental anomaly patterns associated with tooth agenesis. Acta Odontol. Scand. 2017, 75, 161-165.
[CrossRef]

Lloyd-Lewis, B.; Mourikis, P; Fre, S. Notch signalling: Sensor and instructor of the microenvironment to coordinate cell fate and
organ morphogenesis. Curr. Opin. Cell Biol. 2019, 61, 16-23. [CrossRef]

Artavanis-Tsakonas, S.; Rand, M.D.; Lake, R.J. Notch signaling: Cell fate control and signal integration in development. Science
1999, 284, 770-776. [CrossRef]

Borggrefe, T.; Liefke, R. Fine-tuning of the intracellular canonical Notch signaling pathway. Cell Cycle 2012, 11, 264-276. [CrossRef]
[PubMed]

Felszeghy, S.; Suomalainen, M.; Thesleff, I. Notch signalling is required for the survival of epithelial stem cells in the continuously
growing mouse incisor. Differentiation 2010, 80, 241-248. [CrossRef] [PubMed]


http://doi.org/10.1101/gr.3577405
http://www.ncbi.nlm.nih.gov/pubmed/15965027
http://doi.org/10.1002/0471142905.hg0720s76
http://www.ncbi.nlm.nih.gov/pubmed/23315928
http://doi.org/10.1038/nmeth.2890
http://doi.org/10.1371/journal.pone.0046688
http://www.ncbi.nlm.nih.gov/pubmed/23056405
http://doi.org/10.1016/j.ajhg.2018.06.009
http://www.ncbi.nlm.nih.gov/pubmed/30032986
http://doi.org/10.1093/nar/gks596
http://www.ncbi.nlm.nih.gov/pubmed/22730293
http://doi.org/10.3390/genes12091389
http://doi.org/10.1002/humu.22981
http://doi.org/10.1038/gim.2015.30
http://doi.org/10.1038/s41586-021-03819-2
http://doi.org/10.1093/nar/gkaa1100
http://doi.org/10.1371/journal.pcbi.1008543
http://doi.org/10.1016/j.jmb.2019.04.009
http://doi.org/10.1111/odi.13316
http://doi.org/10.1007/s00439-016-1648-8
https://search.clinicalgenome.org/kb/gene-validity/CGGV:assertion_f0928b06-d3bb-41fe-8222-d7f0e6c0a25a-2017-09-26T040000.000Z
https://search.clinicalgenome.org/kb/gene-validity/CGGV:assertion_f0928b06-d3bb-41fe-8222-d7f0e6c0a25a-2017-09-26T040000.000Z
http://doi.org/10.1056/NEJMsr1406261
http://doi.org/10.1186/1750-1172-9-42
http://doi.org/10.1016/j.cgh.2017.05.047
http://doi.org/10.1002/(SICI)1096-8644(200002)111:2&lt;177::AID-AJPA4&gt;3.0.CO;2-8
http://doi.org/10.1016/j.ajodo.2015.05.024
http://doi.org/10.1080/00016357.2016.1273385
http://doi.org/10.1016/j.ceb.2019.06.003
http://doi.org/10.1126/science.284.5415.770
http://doi.org/10.4161/cc.11.2.18995
http://www.ncbi.nlm.nih.gov/pubmed/22223095
http://doi.org/10.1016/j.diff.2010.06.004
http://www.ncbi.nlm.nih.gov/pubmed/20692087

Genes 2022, 13, 1056 24 of 24

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.
83.

Lin, H.-Y.; Kao, C.-H.; Lin, KM.-C.; Kaartinen, V.; Yang, L.-T. Notch Signaling Regulates Late-Stage Epidermal Differentiation and
Maintains Postnatal Hair Cycle Homeostasis. PLoS ONE 2011, 6, €15842. [CrossRef] [PubMed]

Blanpain, C.; Lowry, W.E.; Pasolli, H.A.; Fuchs, E. Canonical notch signaling functions as a commitment switch in the epidermal
lineage. Genes Dev. 2006, 20, 3022-3035. [CrossRef] [PubMed]

Pan, Y.; Lin, M.-H,; Tian, X.; Cheng, H.-T.; Gridley, T.; Shen, J.; Kopan, R. y-Secretase functions through Notch signaling to
maintain skin appendages but is not required for their patterning or initial morphogenesis. Dev. Cell 2004, 7, 731-743. [CrossRef]
Aubin-Houzelstein, G. Notch signaling and the developing hair follicle. In Notch Signaling in Embryology and Cancer. Advances
in Experimental Medicine and Biology; Reichrath, J., Reichrath, S., Eds.; Springer US: New York, NY, USA, 2012; pp. 142-160.
[CrossRef]

Wang, Y.; Yao, B.; Duan, X; Li, J.; Song, W.; Jirigala, E.; Li, Z.; Yuan, X.; Kong, Y.; Zhang, Y. Notchl down-regulation in
lineage-restricted niches of mouse eccrine sweat glands [Preprint]. Res. Sq. 2021. [CrossRef]

Dang, H.; Lin, A.L.; Zhang, B.; Zhang, H.; Katz, M.S.; Yeh, C. Role for Notch signaling in salivary acinar cell growth and
differentiation. Dev. Dyn. 2009, 238, 724-731. [CrossRef]

Lin, M.-H.; Kopan, R. Long-range, nonautonomous effects of activated Notch1 on tissue homeostasis in the nail. Dev. Biol. 2003,
263, 343-359. [CrossRef]

Staub, E.; Pérez-Tur, J.; Siebert, R.; Nobile, C.; Moschonas, N.K.; Deloukas, P.; Hinzmann, B. The novel EPTP repeat defines a
superfamily of proteins implicated in epileptic disorders. Trends Biochem. Sci. 2002, 27, 441-444. [CrossRef]

Stenson, P.D.; Mort, M.; Ball, E.V.; Chapman, M.; Evans, K.; Azevedo, L.; Hayden, M.; Heywood, S.; Millar, D.S.; Phillips,
A.D,; et al. The Human Gene Mutation Database (HGMD®): Optimizing its use in a clinical diagnostic or research setting. Hurmn.
Genet. 2020, 139, 1197-1207. [CrossRef]

Van der Hout, A.H.; Oudesluijs, G.G.; Venema, A.; Verheij, ].B.G.M.; Mol, B.G.J.; Rump, P.,; Brunner, H.G.; Vos, Y.J.; van Essen, A.J.
Mutation screening of the Ectodysplasin-A receptor gene EDAR in hypohidrotic ectodermal dysplasia. Eur. ]. Hum. Genet. 2008,
16, 673-679. [CrossRef]

Bodle, E.E.; Zhu, W.; Velez-Bartolomei, F.; Tesi-Rocha, A.; Liu, P.; Bernstein, J.A. Combined Genome Sequencing and RNA
Analysis Reveals and Characterizes a Deep Intronic Variant in IGHMBP2 in a Patient with Spinal Muscular Atrophy with
Respiratory Distress Type 1. Pediatr. Neurol. 2021, 114, 16-20. [CrossRef]

Larrue, R.; Chamley, P.; Bardyn, T.; Lionet, A.; Gnemmi, V.; Cauffiez, C.; Glowacki, F; Pottier, N.; Broly, F. Diagnostic utility of
whole-genome sequencing for nephronophthisis. NPJ] Genom. Med. 2020, 5, 38. [CrossRef]

Di Scipio, M.; Tavares, E.; Deshmukh, S.; Audo, I.; Green-Sanderson, K.; Zubak, Y.; Zine-Eddine, E,; Pearson, A.; Vig, A.; Tang, C.Y.;
et al. Phenotype Driven Analysis of Whole Genome Sequencing Identifies Deep Intronic Variants that Cause Retinal Dystrophies
by Aberrant Exonization. Investig. Ophthalmol. Vis. Sci. 2020, 61, 36. [CrossRef]

Temtamy, S.; Aglan, M. Consanguinity and genetic disorders in Egypt. Middle East ]. Med. Genet. 2012, 1, 12-17. [CrossRef]
Shawky, R.M.; Elsayed, N.S.; Ibrahim, D.S.; Seifeldin, N.S. Profile of genetic disorders prevalent in northeast region of Cairo,
Egypt. EQypt. ]. Med. Hum. Genet. 2012, 13, 45-62. [CrossRef]


http://doi.org/10.1371/journal.pone.0015842
http://www.ncbi.nlm.nih.gov/pubmed/21267458
http://doi.org/10.1101/gad.1477606
http://www.ncbi.nlm.nih.gov/pubmed/17079689
http://doi.org/10.1016/j.devcel.2004.09.014
http://doi.org/10.1007/978-1-4614-0
http://doi.org/10.21203/rs.3.rs-596907/v1
http://doi.org/10.1002/dvdy.21875
http://doi.org/10.1016/j.ydbio.2003.07.007
http://doi.org/10.1016/S0968-0004(02)02163-1
http://doi.org/10.1007/s00439-020-02199-3
http://doi.org/10.1038/sj.ejhg.5202012
http://doi.org/10.1016/j.pediatrneurol.2020.09.011
http://doi.org/10.1038/s41525-020-00147-8
http://doi.org/10.1167/iovs.61.10.36
http://doi.org/10.1097/01.MXE.0000407744.14663.d8
http://doi.org/10.1016/j.ejmhg.2011.10.002

	Introduction 
	Materials and Methods 
	Ethical Aspects 
	Patient Phenotyping and Inclusion Criteria 
	Molecular Analyses 
	DNA Extraction and Whole Exome Sequencing (WES) 
	Variant Annotation and Filtration 
	Variant Segregation 
	In Silico Prediction of Protein Structural Alterations Caused by TSPEAR Variants 

	Comparison of Phenotypic Variabilities among TSPEAR Cohorts in Relation to Ethnicities 

	Results 
	Clinical Features 
	Molecular Data 
	TSPEAR Variants’ Identification, Segregation and MAF 
	In Silico Predicted Protein Structural Alterations of Missense TSPEAR Variants 

	Comparison of Clinical Phenotypes and Dysmorphic Facial Features of TSPEAR Cohorts of Different Ethnicities 

	Discussion 
	Conclusions 
	References

