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Hypohidrotic ectodermal dysplasia (HED) is characterized by abnormal
development of ectodermal structures and its molecular etiology
corresponds to mutations of EDA-EDAR genes. The aim of this study was
first to investigate the genotype and dental phenotype associated with HED
and second, to explore possible correlations between dental features and
molecular defects. A total of 27 patients from 24 unrelated families
exhibiting clinical signs of HED (22 XLHED males, 5 autosomal recessive
forms) were retrospectively included. In the sample, 25 different mutations
on EDA and EDAR genes were detected; 10 were not previously
described. EDA and EDAR mutations corresponded respectively to 80.0%
and 20.0% of the mutations. The dental phenotype analysis revealed a
mean number of primary and permanent missing teeth ranging respectively
from 14.5 (4-20) to 22.5 (10—28); the majority of the patients exhibited
dysmorphic teeth. Overall, no differential expression in the degree of
oligodontia according to either the mutated gene, the mutated functional
sub-domains, or the mutation type, could be observed. Nevertheless, the
furin group exhibited severe phenotypes unobserved in the TNF group.
Significant differences in the number of some primary missing teeth
(incisor and canine) related to EDA-EDAR genes defects were detected for
the first time between XLHED and autosomal recessive HED, suggesting
differential local effects of EDA-EDAR genes during odontogenesis. The
present genotypic-phenotypic findings may add to the knowledge of the
consequences of the molecular dysfunction of EDA-NF-kB in
odontogenesis, and could be helpful in genetic counseling to distinguish
autosomal forms from other HED syndromes.
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opmental defects of ectoderm-derived organs (1).

Phenotype is complex and associates hypotrichosis,

Hypohidrotic ectodermal dysplasia (HED) is a
heterogeneous condition characterized by devel-

sweat gland dysfunctions, nail and tooth defects,
skin lesions and craniofacial dysmorphies. Oral
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phenotype includes multiple congenitally missing
teeth, root and crown dysmorphies, mainly conical-
shaped incisors, slightly abnormal molar crown
shape, and reduced saliva flow (2—4). Besides
X-linked HED (OMIM 305100), autosomal dom-
inant and recessive forms have been described
(OMIM 224900) (5-9). Molecular etiology of
HED consists of mutations in genes coding for
the Ectodysplasin (EDA)-Ectodysplasin Recep-
tor (EDAR)-Ectodysplasin Receptor Associated
Death-Domain (EDARADD) complex, which is
implicated in epithelial-mesenchymal interactions
during ectodermal morphogenesis and odontogen-
esis (10—11). EDA gene is mutated in XLHED;
EDAR and EDARADD genes are mutated both
in autosomal dominant and recessive forms of
HED (12-13). However, precise genotype-dental
phenotype correlations have not been identified in
HED (14-15).

The aim of this study was first to investigate the
dental phenotype associated with HED, and second
to determine a potential correlation between the
severity of the observed dental features and
(i) the involved gene (EDA or EDAR), (ii) the
EDA mutation type (missense or truncating), (iii)
or the EDA mutation location (TNF homology
subdomain or furin proteolytic cleavage site).

Materials and methods
Study group

The patients were recruited from the National
French Reference Center for Dental Manifes-
tations of Rare Diseases (University Hospital,
Strasbourg) and the Reference Center for Geno-
dermatosis (Department of Dermatology, Necker-
Enfants Malades Hospital, AP-HP, Paris), and
were examined in their corresponding center. A
total of 27 patients from 24 unrelated families
exhibiting the clinical signs of HED were ret-
rospectively reviewed. Mutations were identified
either in EDA or EDAR genes. Genotyping was
performed by the Department of Medical Genetics
(Purpan University Hospital) and the Laboratory
of Genetics (Necker-Enfants Malades Hospital,
AP-HP, Paris) using protocols previously pub-
lished (6, 12, 14). The study was approved by
the Ethical Committee of Necker-Enfants Malades
Hospital.

Inclusion criteria

The age of the HED patients included in the
study ranged from 3 to 51 years. A clinical and
molecular diagnosis of XLHED or autosomal
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recessive HED was undertaken for each patient.
An appropriate informed consent was obtained
from all the patients or their parents when they
were under the age of 18.

Dental phenotypic analysis

All HED patients were followed-up clinically
and radiographically by the same examiner using
panoramic radiographs, intra-oral photographs and
plaster casts. In addition, dental history was
recorded to exclude tooth loss as a consequence of
extraction or dento-alveolar trauma. Such follow-
ups allowed for a phenotypic analysis of primary
and permanent dentition in patients starting at
3 years of age. The analysis of permanent den-
tition in young children was therefore performed
from the dental germs of permanent teeth visible
on the panoramic radiograph. The identification
of the existing teeth was based on topographic
and morphological criteria. The analysis of crown
shape anomalies was particularly focused on the
incisors and molars. Both first and second molars
were pooled for further analyses because the clin-
ical and radiographic diagnoses of first or second
molar agenesis are difficult given the malposi-
tions and dysmorphologies of these teeth in HED.
The relationships between phenotypic severity and
gene defects-EDA or EDAR mutations, truncat-
ing or non-truncating EDA mutations, and EDA
furin or TNF domains mutation location—were
evaluated.

Genotyping and EDA-EDAR genes mutation analysis

EDA gene

Genomic DNA was prepared from venous blood
using standard protocols. The eight exons of the
EDA gene and the flanking intronic sequences
were amplified by PCR using previously published
primers (5). For SSCA analysis, denatured PCR
products were separated on a denaturing MDE
gel and run at 4°C under 2 conditions: overnight
at 3W and 4-5 hours at 12W. For sequencing,
PCR fragments were purified using QIAquick
Gel Extraction and sequenced using the Perkin-
Elmer Dye-terminator cycle sequence kit (Applied
Biosystems, UK). Reactions were analyzed in an
ABI373Strecht sequencer and sequence analysis
was carried out using Max Vector Programs. Some
mutations were screened by restriction enzyme
digestion of PCR amplified exons, as R156H
mutation abolish the Frnu4HI restriction site.



EDAR gene

The 12 EDAR gene exons with the exon-intron
borders were amplified by PCR, the PCR prod-
ucts were subsequently purified using QIAquick
Gel Extraction kits and sequenced using a Big
Dye DNA sequencing kit (Applied Biosystems,
UK). Reactions were analyzed in an ABI3100
sequencer.

Statistical analysis

Statistical analyses were performed with the Sta-
tistica 7.0® software (Statsoft, Tulsa, OK, USA).
For each mutation, the mean number of miss-
ing teeth and the corresponding range of variation
(minimum-maximum) were calculated. Compar-
isons of mutation-related total number of missing
teeth in the primary and permanent dentitions were
performed using Mann-Whitney non parametric
test; similar comparisons were then carried out
separately for maxillary and mandibular dentitions.
For each mutation, pairwise comparisons between
maxillary and mandibular number of agenesis in
primary and permanent dentition were performed
using a Wilcoxon test. For each tooth-type in each
dentition, differences in mutation-related agenesis
were then detected through a Mann-Whitney test.

Results
Mutation analysis

The diagnosed genotypes are listed in Table 1.
In the sample studied, 25 different mutations on
EDA and EDAR genes were detected in the 24
families; 10 were not previously described. The
number and proportions of mutation types and
locations affecting our cohort of patients are listed
in details in Table 2. A majority of EDA muta-
tions corresponded to missense mutations (60.0%)
whereas nonsense and frameshifting mutations rep-
resented 10.0% and 15.0% of EDA pathogenic
mutations. Two inframe deletions (10.0%) local-
ized in exon 2 and exon 8 and one large genic
deletion (5.0%) were also identified in our XLHED
study group.

EDAR gene mutations were identified in 5
patients affected by autosomal recessive HED.
These genetic defects consisted in a splice site
mutation of exon 6 (cytoplasmic death domain),
and two missense mutations localized respectively
on exons 3—4 (ligand binding domain) and exon
12 (cytoplasmic death domain). Polymorphism of
exons 5, 7, 9 and 11 was also detected in one
family. The genetic defects in both heterozygous
patients linked respectively exon 3 and exon 4
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missense mutations with the same exon 6 splice
mutation (Table 1). The three homozygous patients
had exon 12 missense mutations. No mutations of
EDARADD gene were included.

Novel mutations were detected in 10 fami-
lies; most of them (9/10) concerned the EDA
gene: 4 missense, 2 frameshift and 2 nonsense
mutations were identified. In autosomal HED, the
novel EDAR mutation corresponded to a missense
change affecting exon 12. Precise descriptions of
the defects are listed in Table 1.

Dental phenotype analysis

Dental features of the HED patients included in
this study are summarized in Tables 1 and 3. Con-
sidering all HED patients, the mean number of
primary and permanent congenitally missing teeth
was respectively of 14.5 (range 4-20) and 22.5
(range 10—28). The majority of the patients exhib-
ited dysmorphic primary and permanent teeth.

The number of missing teeth in the EDA and
EDAR groups of patients presented no significant
statistical differences. Nevertheless the autosomal
recessive HED patients tended to exhibit slightly
more tooth agenesis in the primary dentition
(respectively an average of 16.5 and 14.0 primary
missing teeth); this is observed either in the
maxillary teeth than in the mandibular teeth
(Table 3). In contrast, the XLHED patients tended
to present slightly more agenesis in the permanent
dentition (respectively an average of 22.8 and 21.0
permanent missing teeth).

Considering the major functional domains of
EDA, the dental phenotype related respectively
to the mutations altering the TNF homology
domain or the furin recognition site presented
no significant statistical differences. An absence
of significant phenotypic difference was also
observed between the EDA truncating and non-
truncating mutations (Table 3).

Maxillary-mandibular differences in the number
of primary or permanent tooth agenesis were sig-
nificant within EDA and EDAR groups of patients
(p < 0.01); the phenotype being systematically
more severe in the mandible. Such discrepancy
was also encountered for the TNF and furin muta-
tion groups (p < 0.05).

Considering tooth-type affected by agenesis,
only significant differences between EDA and
EDAR mutations groups were demonstrated in the
primary dentition (Fig. 1a,b). Agenesis of maxil-
lary central incisor and canine, as well as mandibu-
lar canine were more frequent in the EDAR group
of patients (p < 0.05). No differences were found
between the TNF and furin mutations groups.
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Table 2. Number and proportions of HED patients recruited according to EDA-EDAR mutation types and locations.

EDA

Gene involved

EDAR

Type of mutations

Type of mutations

Truncating Non-truncating ~ Missense AllEDA  Missense/Splice
mutations mutations Furine Missense TNF mutations mutations
6 16 7 7 22 5
27.2% 72.7%"* 31.8%" 31.8%* 81.5% 18.5%
——
Exon 2 Exon 6 Exon 7 Exon 8
7 2 3 2
31.8% 9.1% 13.6% 9.1%

*For the different types of EDA mutations, the corresponding proportions are calculated according to all EDA patients; for EDA-EDAR
patients, the proportions are calculated according to the whole cohort of HED patients.

Table 3. Number of congenitally missing teeth in primary and permanent dentitions according to HED patient genotype

Number of congenitally missing teeth according to genotype

Gene involved

All mutations
considered
EDA EDAR together
Type of
Type of mutations mutations
Type of Truncating Non-truncating  Missense Missense All Missense
dentition Localization mutations mutations TNF Furine domains Splice
Primary Maxilla 6.0 6.0 5.0 6.3 6.1 7.5 6.4
dentition (4-10) (2-10) (2-8) (4-10) (2-10) 6-10) (2-10)
Mandible 8.2 8.2 7.4 8.8 7.8 9.5 8.1
(4-10) (2-10) (2-10) (8-10) (2-10) (8-10) (2-10)
Full mouth 14.2 14.0 10.0 15.1 14.0 16.5 14.5
(8-20) (4-20) (4-14) (12-20) (4-20) (14-20) (4-20)
Permanent Maxilla 11.0 10.5 8.6 11.8 10.5 9.5 10.3
dentition 9-14) (3-14) (3-12) (10-14) (8-14) (7-12) (3-14)
Mandible 13.0 12.3 11.8 12.5 12.2 11.0 12.0
(12-14) (7-14) (7-14) (12-14) (7-14) (10-14) (7-14)
Full mouth 24.0 22.5 19.0 24.4 22.8 21.0 22.5
(23-28) (10-28) (10-24) (22-28) (10-28) (17-25) (10-28)

For each type of mutations, the mean number of congenitally missing teeth and the corresponding range of variation (min-max) are

respectively given.

Discussion
Genetic epidemiology

This study reports genetic mutations linked to
HED in a group of 27 patients from 24 unre-
lated families. Most of the mutations are EDA
mutations (80.0 %), EDAR gene defects being
reported in 20.0 % of the sample. Surprisingly,
our cohort of HED patients includes an excep-
tional number of individuals affected by EDAR
mutations (12). This may be due to the inclusion
protocol of the National French Reference Center
for Genodermatosis (Department of Dermatology,

Necker-Enfants Malades Hospital, AP-HP, Paris)
which recruits patients with this type of syndrome
from all over French territory.

Of the EDA mutations encountered in the
present study, a large proportion (60.0%) corre-
sponds to missense mutations whereas 15.0% are
frameshift mutations, 10.0% are nonsense, 10.0%
are inframe deletions and 5.0% represent large
deletion. This result confirms the high preva-
lence of missense mutations (14, 16—19). The high
frequency of defects located in exon 2 (30.0%)
emphasizes the existence of a mutational hot spot
in the EDA gene (14).
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Fig. 1. Topographic distribution of dental agenesis in primary dentition for HED patients. a) Maxillary agenesis in individuals
exhibiting mutations of EDA gene (n = 14), EDAR gene (n = 4), EDA-A1 TNF sub-domain (n = 4) and EDA-A1 furin recognition
site (n = 4). b) Mandibular agenesis in individuals exhibiting mutations of EDA gene (n = 17), EDAR gene (n = 4), EDA-A1 TNF
sub-domain (n = 6) and EDA-A1 furin recognition site (n = 4). dI1: deciduous central incisor; dI2: deciduous lateral incisor; dC:
deciduous canine; dM: deciduous molars. In bold, significant differences in tooth-type agenesis number between EDA and EDAR

mutations groups (results of the Mann-Whitney test).

The novel mutations identified in the present
study correspond to 40.0 % of the EDA-EDAR
genes mutations. This finding paralells the 41.1%
detection rate of novel mutations observed by
Vincent et al. (2001) (14).

The missense mutations (4/10 novel mutations)
correspond to the majority of these novel muta-
tions (13, 18, 20-24). These genetic defects inv-
olve systematically exons 2 or the coding regions

6

of exons 6-8, as previously reported (3, 13, 14,
17, 20). The two nonsense mutations of EDA gene
exons 1 and 4 identified in our study are both novel
variants (Table 1). Novel frameshift mutations are
detected on EDA gene exon 4 and for the first
time on exon 7 (Table 1). Concerning EDA gene
inframe deletions, the prevalence observed in our
study (10.0 %) appears relatively lower than those
previously described, i.e. 21.0% and 28.2% (14,



23). The exons 2 and 8 inframe deletions identified
in our group of patients remain relatively unfre-
quent (14), exons 1 and 4 being predominantly
affected (14, 23). The large deletion encompassing
exons 3-8 is unique. Most of them are known to
involve indeed between 1 and 3 exons (5, 18, 25).
Interestingly, Vincent et al. (2001) (14) described
a large deletion involving all the EDA gene exons.
However, these genetic defects exhibit low preva-
lences, i.e. 5.5% and 5.9% as respectively reported
in the literature (14, 18).

Concerning EDAR gene, most of the mutations
are missense mutations (4/5) (Table 1). This find-
ing is in accordance with the proportion of 72.2%
of missense mutations reported by Chassaing et
al. (2006) (12). Compound heterozygous muta-
tions of EDAR gene are rare (12, 26, 27). The
allelic association—exon 3 and exon 4 missense
mutations with the same exon 6 splicing alter-
ation—was not previously described. Moreover, a
novel missense mutation—c.1302 G>T of EDAR
gene exon 12—was identified in a family affected
by an autosomal recessive form of HED (Table 1).
A very uncommon clinical situation concerns the
familly 23 with two brothers affected by an autoso-
mal recessive form of HED. They are homozygous
with the same EDAR gene exon 12 ¢.1208 C>T
missense mutation (Table 1). Interestingly, the het-
erozygous mother exhibited moderate dental phe-
notypic manifestations. Such original observation
underlines the necessity of clinical investigation in
all the relatives of families affected by an autoso-
mal recessive HED form.

Dental phenotypic manifestations in X-linked
and autosomal recessive HED.

Oligodontia in both primary and permanent den-
titions is frequently encountered in HED (28).
Nevertheless, the degree of oligodontia affecting
our patients appears more severe than that previ-
ously reported in the literature. An average of 14.5
primary missing teeth was found in our HED sam-
ple compared to the 8.8 dental ageneses reported
by Barberia et al. (2006) (29). In permanent denti-
tion, a severe oligodontia is observed (an average
of 22.5 missing teeth in our group); the degree of
oligodontia seems also to be more severe than pre-
viously reported in the literature, i.e. Prager et al.
(2006) (2) reported an average of 13.8 absent teeth.
A hypothesis for interpreting this relative pheno-
typic discrepancy could be the possible inclusion
in previous studies of other forms of HED as those
associating EDARADD or NEMO genes mutation
for example.

A phenotypic similarity in the degree of
oligodontia between X-linked HED and autosomal
recessive HED is observed, as suggested by the

Dental phenotype and genotype in HED

absence of statistical differences in the correspond-
ing average number of missing teeth (Table 3). Our
observation confirms previous dental findings sup-
porting a similar severity of oligodontia in both
autosomal and XLHED forms (9, 12). Moreover,
the severity of the dental manifestations seems to
parallel the general clinical picture found in these
two HED forms.

According to the functional domains of EDA-A1
mutated, no differential dental phenotypic expres-
sion was observed between the furin recogni-
tion site and TNF domain mutations in the pri-
mary or the permanent dentitions. Nevertheless,
the dental agenesis range of variation seems to
be more important in the TNF group than in the
furin group, especially regarding the mandible in
primary dentition and both jaws in permanent den-
tition. Besides, the TNF group exhibits moder-
ate phenotypes, remaining unobserved in the furin
group. No considerations about these between-
group variations have been mentioned anteriorly in
the literature. A molecular hypothesis could be that
mutations in the TNF homology sub-domain can
lead to partial or total inhibition of the EDA-A1-
EDAR interaction, regarding the mutation location
or the molecular tridimensional alterations of the
binding site (18, 30). The most severe degrees of
oligodontia in the TNF group involve exon 7 mis-
sense mutations, suggesting a major role of the
proteic sequence in the binding to EDAR or in
the TNF domain folding. In furin group, the most
severe oligodontia seem to be associated with EDA
exon 2 missense mutations affecting residue 156
(Table 1); this functionally important amino-acid
is indeed located on the two overlapping furin
recognition sequences (RVRR and RNKR span-
ning aa 153—156 and 156159, respectively) (24).
Mutations in these sequences lead to important
alterations in the initiation process of odontoge-
nesis (31-32) and thus to severe oligodontia.

Concerning the autosomal recessive form of
HED, no apparent discrepancy in the dental phe-
notype could be detected between the two func-
tional domains of EDAR mutated—Ligand Binding
Domain and Death-Domain. Since similar observa-
tions are reported in Chassaing et al. (2006) (12),
it could be hypothesized that both of these molecu-
lar domains appear to be characterized by the same
functional importance in the dental morphogenetic
functions of the EDA-EDAR-NF-kB pathway.

Non-truncating mutations and truncating muta-
tions exhibit no phenotypic differences. This is
also reported by Lexner et al. (2008) (4), patients
with truncating and non-truncating EDA mutations
exhibiting all severe oligodontia. As truncating
mutations lead to non-functional EDA-A1 isoform,
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the consequence of these molecular defects could
be severe dental phenotypes. Interestingly, such
dental phenotypes are also encountered in the non-
truncating mutations (Table 1). This last type of
mutation encoding for a functional EDA-A1 iso-
form affects indeed important functional domains
as proteolytic cleavage and EDA-A1-EDAR bind-
ing sites known to be involved in early steps of
odontogenesis (14, 24).

A more severe oligodontia in the mandible than
in the maxilla is systematically found irrespec-
tive of the type of dentition (primary or perma-
nent dentitions), the gene impaired (EDA-EDAR)
and the functional domain affected (furin or TNF
domains) (Fig. 1). This discrepancy in maxillary-
mandibular ageneses mirrors a preferential alter-
ation of mandibular odontogenesis and confirms
the exitence of a differential molecular regula-
tion in maxillary and mandibular odontogenesis,
each of these morphogenetic process being related
to a specific odontogenic homeobox code (33).
Indeed, some homeotic genes, as Alx3, DIx5/6
or Msxl/2 are expressed preferentially in the
mandibular ectomesenchyme and their expression
could be particularly altered by the molecular
dysfunction of the EDA-NF-kB signaling path-
way (34).

Primary dentition exhibits significant differ-
ences in tooth-type agenesis number according
to EDA-EDAR gene defects (Fig. 1). The maxil-
lary central incisors and canines as well as the
mandibular canines seem to be more frequently
absent in autosomal recessive HED. This finding
suggests differential local effects of EDA-EDAR
genes in odontogenesis of the primary dentition.
Such an original phenotypic observation could
provide an interesting phenotypic marker of the
EDAR mutations.

In novel EDA-EDAR mutations, it is interest-
ing to note that close genetic defects affecting the
same amino-acid are responsible of very distinct
dental phenotypic manifestations. Exon 6 muta-
tions c.754 C>A and c. 756 T>G lead indeed
respectively to minor and moderate oligodontia;
10 congenitally missing teeth are observed in
the ¢.756 T>G mutation and 20 missing teeth
are linked to the c.754 C>A mutation (Table 1).
Such data emphasize the strong phenotypic vari-
ability in XLHED even in a context of close
molecular status, and a potential role of epi-
genetic factors might be evoked for interpret-
ing the previous differential phenotypic expres-
sion (35).

The large EDA gene deletion involving exons
3-8 is responsible for severe dental phenotypic
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manifestations in primary and permanent denti-
tions (Table 1). Moreover, this defect leads also
to severe sweat glands dysfunction, hypotrichosis
and facial dysmorphies. A nearly identical clinical
picture has been described in an individual affected
by an EDA gene complete deletion (14). The exons
3-8 deletion leads to the loss of the EDA-Al
collagen and TNF sub-domains interfering with
the trimerization and EDAR binding. The result-
ing severe molecular anomalies seem therefore to
induce marked dental phenotypic manifestations,
emphasizing thus the major role of these different
proteic domains in odontogenesis.

In conclusion, this detailed analysis of dental
anomalies in our cohort of HED patients screened
for EDA-EDAR mutations allows for a better
understanding of the phenotypic variations associ-
ated with these genetic defects. Novel mutations
are also depicted and their corresponding den-
tal and general phenotypic expression described.
Overall, no phenotypic difference could be put
in an obvious place as well between X-linked
and autosomal recessive HED, as between the
two functional sub-domains of EDA-A1 mutated
or else between the different types of mutations.
Nevertheless, subtle differences seem to exist: the
TNF group exhibits some moderate phenotypes
that remain unobserved in the furine group. A
more severe oligodontia in the mandible than in the
maxilla is systematically found irrespective of the
type of dentition, the gene impaired and the func-
tional domain affected. Besides, primary dentition
exhibits significant differences in tooth-type agen-
esis number related to EDA-EDAR genes defects,
suggesting differential local effects of EDA-EDAR
genes in odontogenesis of the primary dentition.
This original phenotypic observation could provide
an interesting phenotypic marker of the autosomal
form of HED and more generally, it may add to
the knowledge of the consequences of the molec-
ular dysfuntion of EDA-NF-kB signaling pathway
in the odontogenetic processes.

Acknowledgements

We are very grateful to the patients and their families. Our thanks
also go to Olivia Niclas and AFDE (French Association for
Ectodermal Dysplasia) who put us in contact with the families.
We thank P. Meyer and B. Senger for statistical assistance and C
Tardieu, B Richard for referring patients.

Grant sponsor: Programme Hospitalier de Recherches Cliniques
(PHRC, 2006).

Conflict of interest

All authors state that there are no actual or
potential conflicts of interest in the present study,



including any financial, personal or other relation-
ships with other people or organizations.

References

1.

10.

11.

13.

14.

15.

16.

Pinheiro M, Freire-Maia N. Ectodermal dysplasias: a clinical
classification and a causal review. Am J Med Genet 1994: 53:
153-162.

Prager TM, Finke C, Miethke RR. Dental findings in patients
with ectodermal dysplasia. J Orofac Orthop 2006: 67:
347-355.

Lexner MO, Bardow A, Hertz JM, Nielsen LA, Kreiborg S.
Anomalies of tooth formation in hypohidrotic ectodermal
dysplasia. Int J Paediatr Dent 2007: 17: 10—18.

Lexner M, Bardow A, Juncker I, Jensen L, Almer L, Krei-
borg S, Hertz J. X-linked hypohidrotic ectodermal dysplasia.
Genetic and dental findings in 67 Danish patients from 19
families. Clin Genet 2008: 74: 252-259.

Kere J, Srivastava AK, Montonen O, Zonana J, Thomas N,
Ferguson B et al. X-linked anhidrotic (hypohidrotic) ectoder-
mal dysplasia is caused by mutation in a novel transmembrane
protein. Nat Genet 1996: 13: 409-416.

Bal E, Baala L, Cluzeau C, El Kerch F, Ouldim K, Hadj-
Rabia S et al. Autosomal dominant anhidrotic ectodermal
dysplasias at the EDARADD locus. Hum Mutat 2007: 28:
703-709.

Tariq M, Wasif N, Ayub M, Ahmad W. A novel 4-bp insertion
in EDAI gene in a Pakistani family with X-linked hypohidrotic
ectodermal dysplasia. Eur J Dermatol 2007: 17: 209-212.
Tarig M, Wasif N, Ahmad W. A novel deletion mutation in
the EDAR gene in a Pakistani family with autosomal recessive
hypohidrotic ectodermal dysplasia. Br J Dermatol 2007: 157:
207-209.

Van der Hout AH, Oudesluijs GG, Venema A, Verheij JB,
Mol BG, Rump B, Brunner HG, Vos YJ, Van Essen Al.
Mutation screening of the Ectodysplasin-A receptor gene
EDAR in hypohidrotic ectodermal dysplasia. Eur ] Hum Genet
2008: 16: 673-679.

Courtney JM, Blackburn J, Sharpe PT. The Ectodysplasin and
NFkappaB signalling pathways in odontogenesis. Arch Oral
Biol 2005: 50: 159-163.

Cui CY, Durmowicz M, Tanaka TS, Hartung AJ, Tezuka T,
Hashimoto K et al. EDA targets revealed by skin gene
expression profiles of wild-type, Tabby and Tabby EDA-A1
transgenic mice. Hum Mol Genet 2002: 11: 1763-1773.
Chassaing N, Bourthoumieu S, Cossee M, Calvas P, Vin-
cent MC. Mutations in EDAR account for one-quarter of
non-ED] -related hypohidrotic ectodermal dysplasia. Hum
Mutat 2006: 27: 255-259.

RamaDevi AR, Reddy EC, Ranjan S, Bashyam MD. Molecu-
lar genetic analysis of patients from India with hypohidrotic
ectodermal dysplasia reveals novel mutations in the EDA and
EDAR genes. Br J Dermatol 2008: 158: 163—-167.

Vincent MC, Biancalana V, Ginisty D, Mandel JL, Calvas P.
Mutational spectrum of the ED/ in X-linked hypohidrotic
ectodermal dysplasia. Eur J Hum Genet 2001: 9: 355-363.
Kobielak K, Kobielak A, Roszkiewicz J, Wierzba J, Limon J,
Trzeciak WH. Mutations in the EDA gene in three unre-
lated families reveal no apparent correlation between phe-
notype and genotype in the patients with an X-linked
anhidrotic ectodermal dysplasia. Am J Med Genet 2001: 100:
191-197.

Hashiguchi T, Yotsumoto S, Kanzaki T. Mutations in the
EDI gene in Japanese families with X-linked hypohidrotic
ectodermal dysplasia. Exp Dermatol 2003: 12: 518-522.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Dental phenotype and genotype in HED

Padkkonen K, Cambiaghi S, Novelli G, Ouzts LV, Penttinen
M, Kere J, Srivastava AK. The mutation spectrum of the EDA
gene in X-linked anhidrotic ectodermal dysplasia. Hum Mutat
2001: 17: 349.

Conte C, Gambardella S, Bulli C, Rinaldi F, Di Marino D,
Falconi M, Bramanti P, Desideri A, Novelli G. Screening of
EDA1 gene in X-linked anhidrotic ectodermal dysplasia
using DHPLC: identification of 14 novel mutations in Italian
patients. Genet Test 2008: 12: 437-442.

Song S, Han D, Qu H, Gong Y, Wu H, Zhang X, Zhong N,
Feng H. EDA gene mutations underlie non-syndromic oligo-
dontia. J Dent Res 2009: 88: 126—131.

Fan H, Ye X, Shi L, Yin W, Hua B, Song G, Shi B, Bian
Z. Mutations in the EDA gene are responsible for X-linked
hypohidrotic ectodermal dysplasia and hypodontia in Chinese
kindreds. Eur J Oral Sci 2008: 116: 412—-417.

Zhao J, Hua R, Zhao X, Meng Y, Ao Y, Liu Q, Shang D,
Sun M, Lo WH, Zhang X. Three novel mutations of the
EDA gene in Chinese patients with X-linked hypohidrotic
ectodermal dysplasia. Br J Dermatol. 2008: 158: 614-617.
Monreal AW, Zonana J, Ferguson B. Identification of a new
splice form of the EDAI gene permits detection of nearly
all X-linked hypohidrotic ectodermal dysplasia mutations. Am
J Hum Genet 1998: 63: 380—389.

Visinoni AF, de Souza RL, Freire-Maia N, Gollop TR,
Chautard-Freire-Maia EA. X-linked hypohidrotic ectodermal
dysplasia mutations in Brazilian families. Am J Med Genet
2003: 122: 51-55.

Schneider P, Street SL, Gaide O, Hertig S, Tardivel A,
Tschopp J, Runkel L, Alevizopoulos K, Ferguson BM,
Zonana J. Mutations leading to X-linked hypohidrotic ecto-
dermal dysplasia affect three major functional domains in the
tumor necrosis factor family member ectodysplasin-A. J Biol
Chem 2001: 276: 18819-18827.

Bayés M, Hartung AJ, Ezer S, Pispa J, Thesleff I, Srivastava
AK, Kere J. The anhidrotic ectodermal dysplasia gene (EDA)
undergoes alternative splicing and encodes ectodysplasin-A
with deletion mutations in collagenous repeats. Hum Mol
Genet 1998: 7: 1661-1669.

Shimomura Y, Sato N, Miyashita A, Hashimoto T, Ito M,
Kuwano R. A rare case of hypohidrotic ectodermal dysplasia
caused by compound heterozygous mutations in the EDAR
gene. J Invest Dermatol 2004: 123: 649-655.

Lind LK, Stecksén-Blicks C, Lejon K, Schmitt-Egenolf M.
EDAR mutation in autosomal dominant hypohidrotic ectoder-
mal dysplasia in two Swedish families. BMC Med Genet.
2006: 7: 80.

Yavuz I, Baskan Z, Ulku R, Dulgergil TC, Dari O, Ece A,
Yavuz Y, Dari KO. Ectodermal dysplasia: Retrospective study
of fifteen cases. Arch Med Res 2006: 37: 403—-409.

Barberia E, Saavedra D, Arenas M, Maroto M. Multiple
agenesis and anhidrotic ectodermal dysplasia: a comparative
longitudinal study of dental similarities and genetic differences
in two groups of children. Eur J Paediatr Dent 2006: 7:
113-121.

Gunadi, Miura K, Ohta M, Sugano A, Lee MJ, Sato Y,
Matsunaga A, Hayashi K, Horikawa T, Miki K, Wataya-
Kaneda M, Katayama I, Nishigori C, Matsuo M, Takaoka Y,
Nishio H. Two novel mutations in the ED/ gene in Japanese
families with X-linked hypohidrotic ectodermal dysplasia.
Pediatr Res 2009: 65: 453-457.

Smahi A, Courtois G, Rabia SH, Doffinger R, Bodemer C,
Munnich A et al. The NF-kappaB signalling pathway in
human diseases: from incontinentia pigmenti to ectodermal
dysplasias and immune-deficiency syndromes. Hum Mol
Genet 2002: 11: 2371-2375.



Clauss et al.

32.

33.

10

Mikkola ML, Thesleff I. Ectodysplasin signaling in develop-
ment. Cytokine Growth Factor Rev 2003: 14: 211-224.
Clauss F, Maniere M-C, Obry F, Waltmann E, Hadj-Rabia
S, Bodemer C, Alembik Y, Lesot H, Schmittbuhl M.
Dento-Craniofacial Phenotypes and Underlying Molecular
Mechanisms in Hypohidrotic Ectodermal Dysplasia (HED): A
Review. J Dent Res 2008: 87: 1089—-1099.

34.

35.

Cobourne MT, Sharpe PT. Tooth and jaw: molecular mecha-
nisms of patterning in the first branchial arch. Arch Oral Biol
2003: 48: 1-14.

Townsend G, Harris EF, Lesot H, Clauss F, Brook A. Mor-
phogenetic fields within the human dentition: A new, clinically
relevant synthesis of an old concept. Arch Oral Biol 2008:
proofs ahead of print.



