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Abstract — Ectodermal dysplasias are a large group of rare genetic disorders characterized by
impaired development of hair, teeth, and eccrine glands in humans, mice, and cattle. Here, we
review the cloning, mutation analyses, and functional studies of the known causative genes for
the X-chromosomal anhidrotic ectodermal dysplasia (ED1) in these species. Mutations in the
ectodysplasin 1 (EDI) gene are responsible for X-linked anhidrotic ectodermal dysplasia. The
EDI gene encodes a signaling molecule of the tumor necrosis factor family that is involved in
development of ectodermal appendages. The bovine disorder may serve as an animal model for
human ED1.

ED1 / ectodysplasin / comparative bovine genome mapping / hypotrichosis / anodontia

1. ANHIDROTIC ECTODERMAL DYSPLASIA IN MEN AND MICE
1.1. Phenotype

Clinical geneticists have recorded over 100 evidently distinct human syn-
dromes named ectodermal dysplasia (ED) that affect the development of sweat
glands, hair, teeth and nails, together or in different combinations [22]. The
embryonic development of all these structures is the result of interactions
between the epithelium and mesenchyme. The most common form of ED
in man, the anhidrotic (hypohidrotic) ectodermal dysplasia (ED1, also called
EDA, HED or Christ-Siemens-Touraine syndrome) is characterized by heat
intolerance with excessively dry skin due to the absence of sweat glands, and
abnormal spiky or absent teeth. Affected individuals have sparse hair on the
scalp and body, whereas facial and pubic hair are unaffected. Recently, the
genes for the X-linked ED1 (MIM305100 [14,22]) and two indistinguishable,
autosomally inherited types of ED (MIM604095; MIM606603 [12,13,22])
were cloned.
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1.2. Genetics

Mutations in the X-linked EDI gene have been shown to be causative for
human X-linked ED1 [14,25] as well as for the similar phenotype of the tabby
(ta) mouse mutant [11,27]. Structural analysis of the human ectodysplasin 1
and murine tabby protein revealed that ED1/Ta is a member of the tumor
necrosis factor (TNF) family [10,18]. The transcription of the EDI gene
has been found to undergo complicated alternative splicing yielding different
ectodysplasin 1 isoforms [1], but only the two longest splice variants, the
391-residue Al isoform and the 389-residue A2 isoform, encode proteins with
a partially defined physiological function. EDI-A1 and ED1-A2 represent
transmembrane proteins with an intracellular N-terminus. The extracellular
part of these two isoforms contains a collagen-like Gly-X-Y repeat that medi-
ates trimerization and the TNF-like signaling domain at the C-terminus. The
two isoforms differ by the presence or absence of the two amino acids 'V
and *%E located in the TNF domain. EDI1-A1l and ED1-A2 bind to their
specific receptors in a distinct class of epithelial cells [30]. The Al isoform
binds specifically to a receptor called downless (DL) or EDA receptor (EDAR)
while ED1-A2 binds to a different receptor termed the X-linked EDA receptor
(XEDAR). Before ectodysplasin 1 isoforms can bind to their receptors, they
need to be cleaved and released from the cell surface as soluble homotrimeric
ligands by furin proteases [3,9]. Until now no report describing a mutation of
XEDAR in any mammalian species has been published, and the function of the
ED1-A2 isoform and its receptor XEDAR remain elusive. The degree to which
any particular ED1 isoform is sufficient for the formation of hair, sweat glands
or teeth remained unclear until it was shown that the transgenic expression of
the mouse ED1-Al1 isoform in tabby males rescued the development of several
skin appendages [28]. The importance of the ED1-A1 isoform is highlighted
by the fact that mutations in its receptor DL/EDAR are responsible for the ED
phenotype of downless mice as well as some rare cases of human autosomal
dominant and recessive inherited ED [12,20].

The superfamilies of TNF ligands and TNFR receptors have been known
as key regulators of apotosis and cell death [17], but the role in the formation
of hair follicles and eccrine glands became apparent when ED1 and EDAR
were discovered. Members of the TNFR family that contain an intracellular
death domain initiate signaling by recruiting cytoplasmic death domain adapter
proteins [17]. The signaling routes downstream of DL/EDAR are mediated by
the kinase-dependent activation of the nuclear factor (NF) B in a dose depend-
ent manner and these activities are impaired in tabby and downless mice [15,
16]. Through the cloning of the murine crinkled gene, the next element of the
EDI1-DL/EDAR signal transduction chain was discovered. The crinkled mouse
mutant has a hypohidrotic ectodermal dysplasia phenotype identical to that of
the downless and tabby mutants. The crinkled gene product represents an



X-linked ED1 in cattle S139

adaptor protein that was subsequently termed EDAR associated death domain
protein (EDARADD) [13,31]. A missense mutation in the orthologous HSA
1q42-q43 EDARADD gene was reported in a family segregating for autosomal
ED [13]. During hair follicle morphogenesis and in the epidermis, EDAR is
activated by ED1-A1 and uses EDARADD as an adaptor to form an intracellular
signal-transducing complex that leads to NFxB activation [13]. A possible
function of NFkB is to regulate the cellular decision between proliferation
and differentiation. A recent study showed that mice with suppressed NFxB
revealed defective early morphogenesis of hair follicles, exocrine glands and
teeth, identical to tabby and downless mutant mice [24].

2. ANHIDROTIC ECTODERMAL DYSPLASIA IN CATTLE
2.1. Phenotype

Hereditary and congenital ectodermal dysplasias in cattle are reported in
a variety of clinical reports [26]. Under this heading, a broad spectrum of
inherited ectodermal abnormalities are summarized ranging from alterations
of certain appendages of the skin to the absence of hair in variable areas of
the integument [21]. A rare bovine X-linked ectodermal dysplasia phenotype
(MIA000543 [21]) shows striking similarities to the human X-linked EDI1
phenotype. This congenital X-linked hypotrichosis with missing teeth in
cattle appears in clinically slightly variable forms with graded severity of
tooth and hair defects in different breeds [2,4,23,29]. Other reported forms of
hypotrichosis in cattle are phenotypically less similar to these cases. Recently,
two independent cattle pedigrees showed congenital hypotrichosis with oli-
godontia [6,8]. The affected bulls of a black-and-white German Holstein
cattle pedigree showed a generalized hypotrichosis, an almost complete lack of
teeth, and the complete absence of eccrine nasolabial glands (Fig. 1D) [6].
A further case of a similar phenotype characterized by hypotrichosis and
nearly completely missing teeth has been observed in a family of red-and-
white German Holstein cattle (Fig. 1C) [8]. The histological examination of
the skin showed a very thin dermis with sparse, atrophic hair follicles and a
reduced density of sweat glands. Furthermore, a complete absence of eccrine
nasolabial, tracheal and bronchial glands was observed [8]. For the affected
male animals in both families a common ancestor could only be found on the
maternal path indicating an X-chromosomal monogenic recessive inheritance
of the disorder (Figs. 1A, 1B). These new cases prompted a molecular genetic
investigation of this congenital disorder in cattle.

2.2. Cloning of the bovine EDI gene

The X-chromosomal ED/ gene was selected as a candidate gene for this
bovine disorder. Using the comparative mapping approach to isolate the bovine
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Figure 1. Experimental findings in X-linked anhidrotic ectodermal dysplasia (ED1)
in cattle. (A) Pedigree of the black-and-white German Holstein cattle family. Samples
from the numbered animals were available for the molecular genetic analyses. (B) Ped-
igree of the red-and-white German Holstein family. Samples from the numbered anim-
als were available for the molecular genetic analyses. Phenotypic data from the other
affected animals were obtained from the farmer’s records. (C) Red-and-white German
Holstein calf affected with anhidrotic ectodermal dysplasia. Generalised hypotrichosis
is clearly visible. (D) Black-and-white German Holstein calf affected with anhidrotic
ectodermal dysplasia. Moderate hypotrichosis can be seen. (E) Mutation analysis
of genomic DNA of the animals of pedigree I. EDI exons were PCR amplified from
animals 1-12 (Fig. 1A). PCR primers flanking exon 3 did not generate the 409 bp
PCR product on the DNA of affected animals 5, 6 and 8 indicating a deletion of
this genomic region (M: 100 bp-ladder; wt: wild-type cattle DNA). (F) Sequence
analysis of genomic DNA of the animals 1 and 2 of pedigree II (Fig. 1B). PCR
products from exon 8 together with flanking regions were obtained from each animal
and directly sequenced. An arrow denotes the position of the point mutation. Note that
the affected animal (No. 2) is hemizygous for the IVS8 +2T > G mutation while its
mother (No. 1) is a heterozygous carrier of this mutation (wt: wild-type cattle DNA).
(G) Consequences of the EDI gene splice site point mutation. Splicing patterns in
wildtype (wt) and affected (mut) animals. Normal splicing results in the production
of ED1-A1 and ED1-A2, which differ by the presence or absence of six nucleotides
encoded by exon 8b. The two transcripts ED1-Al and ED1-A2 are schematically
indicated in the upper part. RT-PCR sequencing revealed that in the affected calf
with the IVS8 +2T > G mutation, not only splicing at the 5’ splice site following
exon 8b is disrupted, but also the splicing at the 5 splice site following exon 8a.
Even more surprising, the splicing at the 3’ splice site before exon 8 is also altered
and a cryptic 3’ splice site within the normal exon 8 is used to give a single type of
aberrant transcripts (lower part). (H) Genomic organization and splicing pattern of
the bovine EDI gene. The mutations in the examined pedigrees are indicated by the
arrows. (I) A schematic representation of ectodysplasin-Al protein (modified from
[19]). TM, transmembrane domain; COL, collagen-like (Gly-X-Y) repeats; TNEF,
tumor necrosis factor homology subdomain. The affected animals from pedigree A
express a truncated ED1 protein lacking amino acids 133-391. In the affected calf
from pedigree B amino acids 265-267 and 295-308 are missing from the mutant ED1
protein.

EDI gene, cattle BAC libraries were screened with a heterologous cDNA
probe from the human ED/ gene and additional heterologous PCR-amplified
probes. This resulted in the construction of a 480-kb BAC contig mapped
on BTA Xq22-Xq24 [5]. Partial sequence analysis of this contig revealed the
presence of eight ED/ exons with the entire open reading frame of the ED1-A1
and ED1-A2 isoforms [5]. The observed genomic organization of the bovine
EDI gene was very similar to that of the human ED/ gene and the mouse fa
gene.
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2.3. Mutation analyses

For mutation detection of the coding parts of the EDI gene, primer pairs
flanking the exons were designed to amplify DNA samples from the available
family members by PCR [5]. Subsequently each individual ED/ exon could
be screened for mutations by sequencing in comparison to a wild-type bovine
control DNA. Additional RT-PCR experiments were performed to confirm
detected genomic mutations at the ED/ mRNA level. Amplified RT-PCR
products were again directly sequenced.

In a family of black-and-white German Holstein cattle, PCR analyses of
twelve available animals revealed that ED/ exon 3 could not be amplified from
affected animals indicating a genomic deletion of this exon (Fig. 1E). Unlike
the situation in the first family, an ED/ point mutation was observed in a
second family of red-and-white German Holstein cattle. Sequencing of PCR
products belonging to one affected male offspring (Fig. 1B: No. 2) and his dam
(Fig. 1B: No. 1) revealed that the affected bull calf was hemizygous G while the
mother was heterozygous T/G at the second position of intron 8 (Fig. 1F) [7].
In both families all other ED/ exons were unobtrusive and did not show any
polymorphisms between the affected and unaffected animals [5,7].

The RT-PCR assay confirmed that the EDI mRNA from all affected animals
of the black-and-white German Holstein family lacked exon 3 and revealed
that three female individuals (Fig. 1A: No. 2, 7 and 10) were heterozygous
carriers of the pathological X-linked inherited causative mutation [5,6]. RT-
PCR and cDNA sequencing demonstrated that a point mutation in the 5" splice
site following exon 8b can affect the correct splicing of both the ED1-A1 and
the ED1-A2 splice form. In an affected animal of the red-and-white German
Holstein family the use of cryptic internal splice donor and acceptor sites
within exon 8 (Fig. 1G) led to the production of a single transcript lacking
51 or 45 bp with respect to the physiological ED1-A1 or ED1-A2 transcripts,
respectively [7]. In one human EDI1 patient, a related mutation in the 5" splice
site following exon 8b (IVS8 +5G > A) of the EDI gene has been reported and
it is speculated that this mutation might affect the ED1-A1 transcript only [25].
Since the analyses indicate the presence of an important splice enhancer at the
beginning of intron 8, it might be worthwhile to investigate the consequences
on transcript processing in this human patient experimentally.

The deletion of EDI exon 3 (Fig. 1H) produces a frameshift leading to
a truncated protein that lacks the collagen-like trimerization domain as well
as the functionally important TNF-like signaling domain of the ectodysplasin
Al and A2 proteins (Fig. 1I). On the protein level the consequence of the
splice site mutation (Fig. 1H) was predicted to result in an in-frame deletion
of a large portion of the functionally important TNF-like signaling domain of
ectodysplasin 1 (Fig. 11). Reasoning from the genetic findings the X-linked
inherited phenotype in the affected cattle with hypotrichosis, oligodontia,
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and absent eccrine glands is indeed caused by mutations of the EDI gene
and therefore accordingly termed as anhidrotic ectodermal dysplasia (ED1) in
cattle.

3. CONCLUDING REMARKS

The cloning and sequence characterization of the bovine ED/ gene as
one of the largest known genes in cattle will extend our understanding of
the bovine genome where still only very limited genomic DNA information
is available. Furthermore, the reviewed EDI mutations causing X-linked
anhidrotic ectodermal dysplasia in two independent cattle families represent
an excellent example for the successful application of the comparative gene
mapping approach. RT-PCR sequencing confirmed the genomic findings and
represents a molecular genetic test system for the unequivocal classification
of affected animals and the identification of heterozygous carriers. Both
mutations cause rather large deletions within the ectodysplasin proteins and
probably represent a complete loss of functional mutants. Therefore, the bovine
ectodermal dysplasia phenotype described here represents a suitable animal
model for the comparable ED1 phenotype in man and for the investigation of
ectodysplasin 1 signaling pathways in development.
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