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Abstract. Primary defects in the development of two or more ectoderm-derived
tissues are shared by a rare heterogeneous group of inherited disorders called ecto-
dermal dysplasia (ED) syndrome. The affected tissues are primarily the hair, skin,
teeth, sweat glands, and nails. The most common phenotype of ED is hypohidrotic
ED (HED), which is characterized by hypohidrosis/anhidrosis, hypotrichosis, and
hypodontia/anodontia. Other clinical features of HED include frontal bossing with
prominent supraorbital ridges, nasal bridge depression, and protuberant lips. There
are three subtypes of HED: autosomal recessive, autosomal dominant, and X-
linked. Mutations to four genes (EDA, EDAR, EDARADD, and WNT10A) are re-
sponsible for most cases of ED. Besides gene mutations, epigenetics also influences
gene expression and activity in ED syndrome. DNA methylation and histone mod-
ification are vital to the epigenetic regulation of the development of female carriers
of the X-linked subtype of HED.
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1 Introduction

At about day 21 of development, the gastrulation process results in the formation of
three primitive embryonic components, the ectoderm, mesoderm, and endoderm. Of
these, the ectoderm undergoes subdivision into the neuroectoderm, which gives rise
to the early nervous system. At this time, the entire embryonic surface is enveloped
by the ectoderm, which also gives rise to the tooth enamel, epidermal appendages,
and epidermis [1]. The development of such multipurpose and complex structures
is regulated by an extremely coordinated interaction of numerous genetic signaling
pathways within and between the mesenchymal and ectodermal layers of the em-
bryonic tissue. Malfunction at any point during the development of these ectodermal
structures will result in phenotypical variations of specific entities, in a syndrome
known as ectodermal dysplasia (ED) [2].

ED describes a range of inheritable disorders that are characterized by particular
shared functional and structural anomalies in ectoderm-derived tissues. Any of the
possible Mendelian inheritance patterns can transmit these rare conditions. ED can
also affect the retina and lens, as well as the skin, parts of the inner ear, the nerves,
development of the fingers and toes, and other parts of the body based on the par-
ticular syndrome. Individual syndromes are characterized by distinct combinations
of symptoms that usually manifest from mild to severe. At present, combination of
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about 30 causative gene mutations have been associated with more than 200 differ-
ent ED syndromes [1].

2 Definition and History

ED encompasses a large group of hereditary disorders caused by primary defects in
the development of two or more tissues derived from the ectoderm. The affected
tissues are the hair, skin, teeth, sweat glands, and nails [3]. Danz first recorded ED
in 1792. In 1838, ED was documented in 10 Hindu male family members by Wed-
derburn. Moreover, two cases of the hypohidrotic form of ED were reported by
Thurnam in 1848, and Guilford and Hutchinson reported similar cases in 1883 and
1886, respectively. The term “hereditary ED” was introduced by Weech in 1929,
who also proposed the term “anhidrotic” to describe those with the incapability to
perspire. Because persons with the hypohidrotic form of ED are not actually devoid
of eccrine glands, Felsher proposed changing the term “anhidrotic” to “hypohi-
drotic” in 1994 [2].

3  Classification

ED describes a diffuse range of nonprogressive, congenital disorders with more than
200 distinctive syndromes identified to date. A specific ED-related syndrome is
classified on the basis of unique clinical features composed of a combination of
ectodermal defects and other anomalies, while “pure ED” is characterized by de-
fects only to the ectodermal structures [4].

The most common phenotypes of ED are hidrotic, also known as Clouston syn-
drome, and hypohidrotic (anhidrotic), which is also known as Christ—Siemens—Tou-
raine syndrome [5]. The most common phenotype is hypohidrotic ED (HED), which
is characterized by abnormal development of the teeth (anodontia or hypo dontia),
hair (hypotrichosis), and sweat glands (anhidrosis or hypohidrosis) [2,6].

The dental manifestations of HED include abnormal crown formation (conical
shape or pegged teeth), delayed eruption of the permanent teeth, hypoplastic labial
frenum, and a wide midline diastema in the autosomal recessive form. Other clinical
features of HED include frontal bossing, prominent supraorbital ridges, depression
of the nasal bridge and midface, prominent and obliquely set ears, protuberant lips,
and a lack of alveolar bone development causing the lower third of the face to appear
small [5]. There are three types of HED: (1) autosomal recessive, (2) autosomal
dominant, and (3) X-linked HED (XLHED) [7].

4 Etiology and Prevalence

HED is caused by mutations in any of the three ectodysplasin pathway genes: (1)
ectodysplasin A (EDA), which encodes a ligand for the (2) EDA receptor (EDAR),
and (3) the EDAR-associated death domain (EDARADD), which encodes an intra-
cellular signaling mediator of this single linear pathway [5]. A new gene, WNT104,
was recently identified and suggested as one of the genes responsible for the various
autosomal recessive forms of ED [8]. In rare cases, mutations in further downstream
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components of the EDA pathway cause a form of HED that is associated with im-
mune deficiency [5].

The prevalence of HED is estimated at one case for every 17,000 persons world-
wide [5]. According to McKusick, any form of ED is rare with an incidence of ap-
proximately seven cases per 10,000 births [9]. with a prevalence ranging from one
in 10,000 to 100,000 live male births [2,4].

5  Genetic Inheritance Patterns

Mutations or deletions of certain genes located on other chromosomes have also
been associated with the familial inheritance of several types of ED. However, in
some cases, ED has been known to affect individuals with no familial history of the
disease, as with a case of a de novo mutation reported by Deshmukh and Prashanth
[2]. Most cases of HED show an X-linked recessive inheritance pattern, although
cases of autosomal recessive and dominant inheritance patterns have also been re-
ported [10].

6 HED-Associated Genes and Its Function

Most cases of HED are associated with mutations to genes involved in the ectodys-
plasin pathway (i.e., EDA, EDAR, EDARADD, and WNT10A) [8]. The EDA protein,
which is encoded by the EDA gene [11] is a type 2 membrane protein of the tumor
necrosis factor (TNF) family composed of 391 amino acids. Ectodysplasin Al
(EDA-A1), which binds to EDAR, and ectodysplasin A2 (EDA-A2), which binds
to the ligand of X-linked EDAR A2, are the most important isoforms of EDA.

The EDAR gene encodes EDAR, which is a type 1 transmembrane protein be-
longing to the TNF receptor superfamily that is composed of 448 amino acids.
EDAR has a transmembrane region, a death domain (DD) in its intracellular region,
and an extracellular region [12].

A DD is a protein interaction module that interacts with the DDs of other pro-
teins and generates metabolic cascades that are frequently involved in the regulation
of inflammation and apoptosis through the NF-kB cascade. EDA-A1 binds to the
extracellular domain of EDAR, while apoptotic transduction signals are initiated by
the association of the DD with the intracellular region of EDARADD [1,10].

The EDARADD gene encodes the 208-amino acid sequence, the EDAR-
associated DD protein [ 13]. The normal interaction between these two proteins and
the subsequent regulation of embryonic morphogenesis are dependent on the inte-
gration of the DDs. Thus, it is important that the EDA-mediated signaling pathway
is appropriate for the development of organs and ectoderm-derived structures, such
as the mammary glands, nails, hair, pituitary gland, eyes, nose, tooth enamel, and
sweat glands [1].

7  Genetic Pathogenesis

Defective ectodysplasin, which results from mutations to the EDA, EDAR, or
EDARADD gene, prevents normal interactions between the mesoderm and ecto-
derm and results impairment to the normal development of the teeth, hair, and sweat
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glands. The characteristic features of HED are induced by improper formation of
these ectodermal structures [2].

8 EDA Gene Mutation

Mutations to the £DA gene (also known as £DI) are the most common cause of
XLHED [14] with an incidence of approximately 1:100,000 births, which accounts
for approximately 95% of HED cases [1,2]. The locus of the mutated EDA gene is
on the long arm of the X chromosome at Xq12-q13 [1,5,15].

In regard to the heritance pattern of HED, the EDA gene is carried by females
and manifested in males. The X-linked inheritance pattern occurs when the mutated
gene is located on one of the two X chromosomes of the female. If both copies of
the gene are mutated, the disorder will present in females. On the contrary, if the
mutated gene is carried by only one X chromosome in each cell, the disorder will
present in males, as males have only one X chromosome.

In other words, the daughter of a male with the XLHED genotype will be a carrier
because of the transmission of the EDA allele from her father. She may also exhibit
a mild manifestation of ED. However, his son will never be affected. In contrast,
half of the offspring of woman with the XLHED genotype will be affected regard-
less of gender. Therefore, 50% of her daughters will be carriers and 50% of her sons
will be affected. The carrier daughters may exhibit mild manifestations, such as
pegged-shaped teeth, hypodontia, and reduced sweat excretion [2].

During the induction process of epithelial-mesenchymal transition, the mutant
EDA affects cell migration or cell signaling transduction [14]. Exons 3 and 5-9 are
the most frequent locations of the mutation to the EDA gene [16]. The occurrence
of an insertion or deletion of genetic material and alteration in single DNA base
pairs are the result of mutations to the £DA gene, which causes the formation of a
nonfunctional protein. Non-stimulating chemical signals result from this abnormal
protein formation, as normal signaling is required for the interaction between the
mesoderm and ectoderm structures. So without these signals, the teeth, sweat
glands, hair follicles, and other ectodermal structures are not formed properly,
which manifests into the clinical features of HED [15].

Only one EDA mutation accounts for 80% of HED cases, even though many
studies have reported a wide range of insertions and deletions. Moreover, more than
204 distinctive mutations of the £DA gene have been identified [1], with several
having been detected in Chinese populations. In a recent study, Zeng et al. identified
eight mutations in seven unrelated HED families. Of these eight mutations, two
were novel: a heterozygous mutation of the £DA gene found in families 1-5, and
one mutation of the EDAR gene identified in family 6. In addition, there were two
mutations of WNT10A and two single-nucleotide polymorphisms of EDAR in family 7.

The collagen-like domain of the EDA protein is the site of a novel mutation of
EDA (i.e., c.662G>A (p.Gly221Asp). The collagen-like domain functions as a
connector for EDA trimerization, which has been interfered by point mutations, of
which about 86% (12 of 14) are glycine mutations, indicating the necessity of
glycine in maintaining the function and structure of the collagen-like domain. The
mutation ¢.662G>A causes a replacement of a glycine residue with aspartic acid in
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the collagen-like domain, which results in a mutated protein that may not achieve
trimerization.

A cohort study about the distribution of EDA mutations established that each of
these mutations occurred in the collagen-like domain, furin sites, of the TNF-
binding domain, except c.741G>A (p.GIn247GIn). Because the ¢.741G>A mutation
is located prior to the TNF domain, the functional domain may also be affected,
which results in alterations to the splicing of the £DA transcript [7].

9 EDAR Gene Mutation

Mutations to the EDAR gene occur precisely at locus 2q11-q113 of the long arm of
chromosome 2. The EDAR gene has 12 exons and encodes the EDAR protein [12].
So far, of the 41 mutations to EDAR that have been identified to date, most involve
exon 12. The mutated gene encodes the C-terminal region of the receptor protein
(the location of the DD) [1] which contains a single amino acid substitution. In ad-
dition, deletions of genetic material from the EDAR gene also occur. The production
of an abnormal receptor of EDA is induced by several EDAR mutations. As a result
of these genetic changes, the signaling pathway necessary for the interactions of the
mesoderm—ectoderm structures and normal formation of the ectodermal structures,
such as sweat glands and hair follicles, is disrupted [17].

EDAR gene mutations are responsible for the autosomal dominant and autosomal
recessive forms of HED. In the autosomal dominant form of HED, one copy of the
mutated EDAR gene is present in each cell, and this single alteration is sufficient to
cause problems in a carrier. In contrast, in the autosomal recessive form of HED,
two copies of the mutated EDAR gene are present in each cell. It is frequently found
that the asymptomatic parents of a person with an autosomal recessive disorder are
carriers who each bring one copy of the mutated gene [17,18].

Shimomura et al [10] found two novel heterozygous EDAR mutations in a Jap-
anese female patient affected with HED, including one that produces an amino acid
substitution in the DD of the EDAR: a heterozygous G — A transition occurring at
the first base pair of intron 2 of the EDAR gene (exon 2 IVS + 1G — A). The
splice—donor—site mutation at the 5’-end of intron 2 (Fig. 8) was found only in the
genomic DNA of the patient, but not her parents. A heterozygous G — A transition
(1124G — A), which occurs in exon 12 of the EDAR gene, was the second novel
mutation, which results a R375H substitution at the protein level that is predicted to
generate a substitution of arginine by histidine at amino acid residue 375 in exon 12
. This mutation was also found to have been inherited from the patient's unaffected
father.

Initially, Chassaing et al. found that about 25% of EDAR mutations are non-
ED1-related. The recessive effect will be obtained if the mutations lead to a prem-
ature stop codon, unless the stop codon is in the last exon, whereas the dominant
negative effect, which results in many variations in expression, will be obtained if
a heterozygous missense mutation occurs in the functional domain. A more severe
phenotype occurs in patients with compound heterozygous or homozygous EDAR
mutations than in those with heterozygous nonsense, frameshift, or missense muta-
tions [19].
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10 EDARADD Gene Mutation

The EDARADD gene, which encodes the EDARADD protein, is located on chro-
mosome 1 at locus 1q42-q43 [1,19]. Acting as an adapter in triggering chemical
signals within celsl, the EDARADD protein interacts with the EDAR [18]. The mu-
tation of EDARADD gene, which occurs in the DD, causes a single amino acid sub-
stitution of a glutamine residue with a lysine residue at position 142 (Glul42Lys)
of the EDARADD protein. This mutation prevents normal interactions between the
EDAR and EDARADD protein. In this scenario, the receptor is unable to trigger
signals that are required for mesoderm—ectoderm interactions as well as the normal
development of sweat glands, hair follicles, and other ectodermal structures [13]
This mutation of the EDARADD gene is related with the autosomal recessive pattern
of HED inheritance. In fact, this autosomal recessive form of HED has been identi-
fied in a family with a homozygous missense mutation of the EDARADD gene [10].

11 WNT10A Gene Mutation

The WNTI10A gene, which is located at locus 2q35 on chromosome 2, encodes a
large family of glycoproteins involved in the Wnt signaling pathway that play im-
portant roles in the development and differentiation of cells derived from ectoder-
mal tissue during the adult and embryogenic stages [1,7]. Mutations of the WNT10A4
gene have been suggested to generate some forms of autosomal ED inheritance.
HED, Schopf-Schulz—Passarge syndrome (SSPS), and odonto-onycho-dermal dys-
plasia (OODD) are examples of the autosomal forms of ED. One of the rarest forms
of ED is OODD. Its characteristics are especially found in palmoplantar kerato-
derma, the formation of abnormal teeth, hypotrichosis, nail dystrophy, and many
other symptoms, including neoplasms related to ectodermal abnormalities. SSPPS
is another form of ED similar to OODD, which can be differentiated by the presence
of cysts in the eyelid [20].

According to a recent study by Zeng [7], SSPS and OODD are the same disease
with varying symptoms caused by mutations of the WNT10A gene. HED has milder
manifestations than OODD, but more severe than oligodontia. They consider that
HED, oligodontia, and OODD describe the whole clinical manifestations of ED in
relation to WNT10A mutations. It is rare that the same mutated gene causes different
phenotypes. In this study, Zeng found two mutations of the WNT10A gene: a novel
¢.354T>G (p.Tyrl18*) mutation and the previously described c.637G>A
(p.Gly213Ser) mutation.

12 Epigenetics

Epigenetics is the study of meiotic and mitotic changes in the control of gene ex-
pression that can be inherited without changes to nucleotide sequences in the ge-
nome [21]. Epigenetics sometimes indicate changes in a chromosome that influence
gene expression and activity. The effects on physiological and cellular phenotypic
traits may be part of the normal developmental program (flexible and dynamic re-
sponse to extracellular or intracellular stimuli) or can be affected by environmental
or external factors. For example, alterations in hormonal levels, cytokines, response
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of stress, growth factors, and neurotropic factors are modulated by environmental
factors [22]. Epigenetics can be basically defined as inheritable changes in the cells
of offspring. The term epigenetics also refers to the changes themselves, that is,
functional genomic changes that do not involve changes in the nucleotide sequence,
such as DNA methylation and histone modification. Each of these modifications
changes how genes are expressed without changing the main sequence of the DNA
[23].

DNA methylation is the process of adding a methyl group to a cytosine residue
occurring just before a guanine residue by DNA methyltransferases. This process is
biological and occurs after DNA duplication. It has been reported that in living cells,
methylation is the most common type of DNA modification and has both mutagenic
and epigenetic effects on chromatin inactivation, gene expression, cell differentia-
tion, oncogenesis, and embryonic growth.

EDA contains a large CpG island in its promoter, which acts as the main target
of DNA hypermethylation, and specific or regional methylation events interfere
with transcription. Hypermethylation of the CpG island promoter assists in gene
silencing by remodeling the chromatin, preventing the bonding of specific transcrip-
tion factors to their recognition sequence, and attracting methylated DNA-binding
proteins [14].

Histone modification is the post-translational change to the histone tail involving
flexible stretches of C or N terminal residues extending from the globular histone
octamers [22]. It is becoming more and more obvious in the post-genomic era that
epigenetic control of gene expression plays an important role in determining the
phenotype. Histone alterations and DNA methylation—demethylation events are vi-
tal to epigenetic regulation during the development of female carriers of the X-
linked form of HED. These alterations also result in mosaics of functionally normal
and abnormal cells. However, whether EDA promoter methylation contributes at all
to the phenotype of XLHED carriers remains unclear. With the use of a quantitative
pyrosequencing method to analyze the methylation level of the £EDA promoter, the
Chinese carriers of XLHED have a hypermethylated £DA promoter [24]; some with
a methylation level 50% higher than in normal controls. There are no regular pat-
terns among the mutation sites, methylation states, clinical features, or mutation
types, although hypermethylated carriers are more inclined to have conical-shaped
teeth and nail dysplasia than the hypomethylated group [14].

13 Conclusion

ED is a large hereditary group of disorders caused by primary defects in the devel-
opment of two or more tissues derived from the ectoderm. The affected tissues are
the hair, skin, teeth, sweat glands, and nails. HED is the most common phenotype
of ED, which is a congenital syndrome characterized by hypohidrosis, hypotricho-
sis, and hypodontia. HED is mainly caused by mutations of four genes: EDA on
chromosome Xq12-q13.1, which accounts for the X-linked form, EDAR on chro-
mosome 2q11-q13 and EDARADD on chromosome 1q42-q43, which cause both the
autosomal recessive and dominant forms, and WNT/0A on chromosome 2q35,
which results in the autosomal recessive form. Besides these genetic factors, epige-
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netic factors, such as histone modification and DNA methylation, control gene ex-
pression. These modifications play significant roles in the establishment of the HED
phenotype, while hypermethylation of the EDA promoter occurs in the X-linked

form of HED.
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