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Abstract

Molecular genetic studies have been performed on two forms of X-linked
hypohidrotic ectodermal dysplasias, EDA the classic form, and a rarer form which
includes an immunodeficiency with hyper IgM. Hypohidrotic ectodermal
dysplasia (EDA) is the most common form of ectodermal dysplasia. EDA is an X-
linked disorder mapping to the Xq13.1 region. Efforts have been focused upon
cloning the EDA gene using a positional cloning strategy. A mouse probe, pcos
169E/4, identifies one locus, DXCrc169, tightly linked to tabby in the mouse, and
a second locus, DXS732E, in humans which is tightly linked to EDA. Tabby is
the putative murine homolog to EDA. Tabby and EDA phenotypes are similar
and the disorders map between homologous loci on syntenic regions of the
human and mouse X chromosomes. The probe pcos 169E/4 and a homologous
human genomic cosmid clone, ICRFc104HO41.43 detect a deletion in one EDA
patient ED1015. In addition, mouse probe pcos 169E/4 is conserved in many
species supporting the hypothesis that pcos 169E/4 represents an expressed
sequence and is part of a candidate gene for EDA. In order to test this
hypothesis, a subclone from human cosmid ICRFc104HO41.43, homologous to
pcos 169E/4, was used as a probe to screen a human fetal brain cDNA library.
Eight overlapping cDNA clones were isolated and characterized. Sequence from
three cDNA clones and a genomic fragment from the putative 5' exon of the gene
at the DXS732E locus, termed TED for Two Established Domains, was used in
BLAST analyses and resulted in the identification of two domains of homology
with the HUMMRNAC cDNA characterized by Li et al. 1993. The function of the
TED gene has not been determined, however patient ED1015 is at a minimum
deleted for the 3' exon of the TED gene. Seven additional deletion and

translocation breakpoints identified in EDA patients do not disrupt the TED gene,
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and the rearrangements map beyond its 3' end. Additional studies are necessary
before the TED gene can be ruled out as a candidate for EDA.

Ectodermal dysplasias are a heterogeneous group of disorders with
primary defects in ectodermal derivatives. Over 100 forms of ectodermal
dysplasia have been described and classified according to mode of inheritance
and phenotypic involvement of hair, teeth, nails and sweat glands. The grouping
of EDs continues to evolve as new forms of ectodermal dysplasia are identified.
Two families are presented with hypohidrotic ectodermal dysplasia similar to the
EDA phenotype and an immunodeficiency with hyper IgM similar to the
phenotype of X-linked immunodeficiency with hyper IgM (HIGM1). The pair of
affected half-brothers from each of these families have different fathers and the
same mother. Twenty-four polymorphic loci spanning the X chromosome,
including loci linked to EDA and HIGM1, were analyzed for concordance in two
pairs of maternally related half brothers. In family ED 1136, the half-brothers
were discordant for loci tightly linked to EDA, and concordant at a locus tightly
linked to HIGM1. In family ED 1082, the half-brothers were concordant at loci
tightly linked to EDA but discordant at the HIGM1 locus (CD40L). If the
mutations in the two families are allelic, then the disorder would be distinct from
EDA and HIGM1 and would map to the regions where both pairs of half-brothers
are concordant. Both pairs of half-brothers appear to be concordant at loci in the

Xq21.1-g26.1 region and the Xq26.2-28 region.
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Introduction

l Human Ectodermal Dysplasias

The ectodermal dysplasias, genetic disorders with primary involvement of
ectodermal derivatives, are both phenotypically and genetically heterogeneous.
Over 100 ectodermal dysplasias, including those with malformation syndromes,
have been identified and grouped according to mode of inheritance, and
phenotypic involvement of various combinations of ectodermal derivatives
(Freire-Maia and Pinheuro 1984). Classification of the ectodermal dysplasias
continues to evolve as new cases are categorized and new forms of ectodermal
dysplasias, EDs, continue to be discovered. A genetic etiology has been
identified for most forms of ED based upon inheritance patterns. The most
progress towards gene identification has been made for hypohidrotic ectodermal
dysplasia, EDA, which maps to the Xq13.1 region. Forms of ED have been
identified and mapped in the mouse, such as naked, tabby, downless, sleek, and
crinkled. The genes causing most forms of ectodermal dysplasia have not been
identified.

According to Freire-Maia and Pinheiro in 1984, 91% of EDs involve
abnormalities of hair, 80% involve teeth abnormalities, 75% involve nail
abnormalities, and 42% involve sweat gland abnormalities. Ectodermal
dysplasias result from abnormal morphogenesis of ectodermal derivatives such
as hair, teeth, nails and sweat glands. We are only beginning to understand the
processes of hair, teeth, nail and sweat gland morphogenesis. Elucidation of
both the developmental pathways involved in forming these cutaneous
structures, and the etiologies of ectodermal dysplasias are reciprocal processes.
Analysis and understanding of the genetic bases and pathophysiology of the

ectodermal dysplasias can contribute greatly to our knowledge of the normal



organization, function, and regulation of the hair, nail, teeth and sweat gland

developmental pathways.

I Morphogenesis of Ectodermal Derivatives

a. Epithelial-mesenchymal interactions

Early in embryogenesis, after the cleavage stage where cells undergo
rapid mitotic divisions, gastrulation occurs. During gastrulation, the cells
rearrange to form three cell layers or germ layers. The germ layers include the
outer ectoderm, the inner endoderm and the interstitial mesoderm. Each of these
layers gives rise to different structures during the developmental stages to follow.
The ectoderm is composed of epidermal and nervous system progenitor cells.
The fate of the cells forming the ectodermal layer will be progressively
determined through a series of cellular interactions. The complexities of
induction pathways are not completely understood.

Induction is a common mechanism involved in cell differentiation and
organogenesis. Induction is the determination of the developmental fate of one
cell mass by another. Epithelio-mesenchymal interactions, involving epithelial
sheets, the cells which develop into the tissues which line organs and adjacent
mesénchyme, are known as secondary inductions. Skin is composed of both an
epithelial component, the outer epidermis derived from ectoderm, and a
mesenchymal component, the dermis derived from mesoderm. There are
several fundamental steps to epithelial-mesenchymal interactions. The
mesenchyme or dermis starts the induction process by sending a signal to the

epidermis. There are three general mechanisms of cell-cell communication.



Communication can transpire through celi-cell contact, celi-matrix contact, and
through diffusion of signal molecules. Any of these types of cell-cell
communications could be used between the epidermis and the dermis. The
message from the dermis is specific, determining the fate of the epidermis by
directing its differentiation into one cutaneous structure. The epidermis must be
competent to receive the signal and respond by both altering the expression of
specific genes and by sending a signal back to the mesenchyme. The
differentiation process is complex, requiring precise timing of intracellular and
intercellular signaling pathways. The signaling pathways must coordinate the
spatial arrangements, proliferation, death and movements of cells.

The continuous cellular interactions between the epidermis, and the
dermis are essential for normal differentiation into a variety of cutaneous
structures including hair, teeth, nails, sweat glands, and mammary glands in
mammals. These cutaneous structures are malformed, reduced in number or
missing in patients with ectodermal dysplasia. The process of induction is
essential for initiating development of cutaneous structures. Absence of hair,
teeth, nails and sweat glands may be the result of an error in the
epitheliomesenchymal induction pathway in developing skin. Malformed
structures could result from errors in morphologic signals throughout the

development of these cutaneous structures.

b. Eccrine sweat gland morphogenesis

Karen Holbrook has summarized the development of human eccrine

sweat glands in the book, Recent Advances in Ectodermal Dysplasias. The first

visible sweat gland structure to form, the primary epidermal ridges, can be

identified between the third and fourth month of gestation. Sweat ducts form by



growing from the epidermal ridges into the dermis between the third and fourth
month of gestation on the volar surfaces of the digits, and in the fifth month on
the rest of the body. Sweat glands are formed as a bulbous expansion of the
duct between the fourth and fifth month of gestation on volar surfaces, and in the
sixth month on other regions of the body. The sweat glands on the body do not
complete their maturation process and become functional until after birth.

The hypohidrotic forms of ectodermal dysplasia result in diminished
sweating frequently associated with a reduced number, or total absence of sweat
glands. ltis likely that a reduction in the number of sweat glands is the result of
them never having developed. Blecher in 1986, upon examination of serial
sections of volar and palmar surfaces on the paws of tabby mice, found no
evidence of sweat gland formation. These results support the hypothesis that
these structures failed to form. Failure of any step during induction, initiation of
sweat gland formation, may result in reducing the number of sweat glands

formed.

c. Hair follicle morphogenesis

There are four general stages in hair follicle formation defined by the
histological formation of particular structures in human fetuses (Figure 1)(Muller
et al. 1991). Hair follicle development occurs first on the scalp and face: trunk
skin starts to form follicles around 80 days estimated gestational age (Salinas et
al. 1988, p20). Induction processes takes place before these identifiable
structures are formed. The first stage, hair bud formation, takes place at
approximately 11 weeks, 77 days, of intrauterine life. The second stage which
transforms the hair bud into the hair bulb takes place at 12-13 weeks of

intrauterine life. The third stage takes place around the 15th week of intrauterine



life and is identified by the formation of the hair cone, keratinization of epithelial
cells, and the rough formation of sebaceous glands. At the final stage, the
sebaceous gland is differentiated and a hair is formed that comes to the skin
surface at the 18th week of intrauterine life.

Many molecules known to be expressed during hair follicle formation have
already been identified. Retinoic acid receptors (o.,B,y) are expressed in
developing mouse vibrissa and hair follicles. Cytoplasmic retinoic acid binding
protein (CRABP) is expressed in the hair follicle wall and is thought to sequester
free retinoic acid (Hardy 1992). Retinoids interfere with hair follicle and vibrissa
development by acting through mesenchymal cells. Recombinations with mouse
retinoid-treated dermis and untreated epidermis, grafted to chicken, arrests hair
follicle development and results in mucous gland development, suggesting
retinoic acid response proteins may participate in sending or receiving the
second dermal message. The second dermal message, transmitted during stage
Il in the developmental scheme presented earlier, is responsible for directing
development towards one cutaneous structure. Retinoids disrupt a hair follicle
signal, resulting in mucous gland formation (Hardy 1992).

Many growth factor families and their receptors are expressed during hair
follicle development including, epidermal growth factor (EGF) and its receptor
EGF-R, Notch (Weinmaster et al. 1991, and Kopan and Weintraub 1993),
transforming growth factor alpha (TGFw), transforming growth factors beta 1-3
(TGFB-1, TGFB-2, TGFB-3), bone morphogenetic protein-2 and 4, acidic
fibroblast growth factor (aFGF), basic FGF, and insulin-like growth factor (Hardy
1992, du Cros 1993a and b). TGFo is involved in hair morphology as well as the
pattern of hair follicle development. Disruption of TGFa in the mouse results in
wavy hair and disoriented, misaligned hair follicles (Luetteke et al. 1993). BMP-

4, EGF and its receptor, aFGF, and bFGF are implicated in induction of hair



follicles because they are expressed before the first developing hair follicle
structure is visible. Injections of EGF, before and during hair follicle
development, into newborn mice delayed or slowed hair follicle formation in the
coat (du Cros 1993a). Injections of bFGF, before and during hair follicle
morphogenesis, delayed formation of hair follicles surrounding the injection site
(du Cros 1993a and b). These results support the hypothesis that EGF and
bFGF may be involved in initiation and development of hair follicles.

Cell adhesion molecules such as E-cadherin, and P-cadherin in mouse
(Hardy 1992) and tenascin, neural cell adhesion molecule and integrin in chicken
(Jiang and Chuong 1991 and Chuong et al. 1993) are expressed in specific
structures during hair development, but not during initiation of hair follicle
formation (Hardy 1992). Hox 3.1, and Hoxc-8, are expressed during hair follicle
morphogenesis, not during induction, but their function is unknown (Messenger et
al. 1993; Hardy 1992).

Over expression of parathyroid hormone-related peptide (PTHrP) and
keratinocyte growth factor in the skin of transgenic mice results in failure to
develop ventral hair follicles (Wysolmerski et al. 1994 and Guo et al. 1993).
Tabby mice lack ventral hair, so these molecules may interact in the same
pathway as the tabby gene product. Despite the identification of multiple proteins
expressed during hair follicle development, the function of these molecules,
including the ones that may be involved in the induction of hair follicles, has not
been determined.

Several abnormalities in hair are found in patients with an ectodermal
dysplasia. Sparse or missing hair could result from a primary failure to induce
hair follicle formation. Abnormal hair structure, and delayed growth could result
from an error in mesenchymal influence, and hypopigmentation could result from

the failure of melanocytes to synthesize pigment (Salinas et al. 1988, p18).



Molecules described here are good candidates for ectodermal dysplasias
because they are expressed during hair follicle morphogenesis, and have been
characterized as either growth factors, cell adhesion molecules, transcription
factors or hormones . None of the molecules mentioned map to the X
chromosome so they are not good candidates for the EDA gene. Structural
proteins expressed during hair follicle development are the result of

morphogenesis, and may not be involved in regulating morphogenesis.

d. Tooth morphogenesis

Humans have 20 primary teeth and 32 permanent teeth. Although each
tooth is anatomically unique, teeth go through the same general developmental
stages (Figure 2), (Avery 1994). Oral epithelium and underlying mesenchyme
interact to induce the development of a bud, the first recognized structure in tooth
formation. Buds are formed by proliferating oral epithelium which protrudes into
the mesenchyme, forming a bud shaped structure. The bud stage occurs
between the sixth and eight weeks in utero for developing primary teeth, at the
fifth prenatal month for permanent incisors, at the tenth prenatal month for
permanent premolars, at the fourth prenatal month for the first permanent molars
and at 4 years for the second permanent molars (Avery 1994, p 73). Partial or
total anodontia is thought to be the result of disruption at or before the bud stage
in developing teeth. After the bud stage, the developing tooth enters the cap
stage, a proliferative stage, when the oral epithelium continues to divide and a
concave surface is formed surrounded by the dental papilla, a mesenchymal
component. By the end of the cap stage three structures are formed, the enamel

organ which later forms enamel, the dental papilla which later forms both the



dentin and the pulp, and the dental follicle which later forms supporting
structures. During the bell stage, the enamel epithelial cells differentiate into
ameloblasts, and the process of morphodifferentiation occurs, forming a crown
outline of a differentiated adult-looking bell stage tooth. Cells from the
prospective enamel continue to differentiate. Both the incremental deposition of
predentin secreted by odontoblasts and the predentin mineralization to form
dentin, are characteristic of the dentinogenesis stage. The incremental
deposition of partially mineralized enamel matrix by amelobiasts and the
continued mineralization to form enamel is known at the amelogenesis stage.
After crown growth through continued dentin and enamel deposition and
mineralization or calcification tooth development is completed.

Retinoid, fibronectin, tenascin and growth factors (EGF family members)
are molecules that have been implicated in tooth development. BMP 4 is
expressed during the cap and bell stages in the dental papilla (Heikinheimo,
1994). BMP 6 is expressed in dental lamina in the cap stage, odontoblasts and
dental papilla during the bell stage (Heikinheimo, 1994). BMP 2 is present during
odontoblast differentiation and dentin secretion. Heikinheimo, found bone
morphogenetic protein, BMP 4 and 2 to be expressed in mandibular bone and
the alveolar bone respectively. Notch is expressed in developing tooth buds,
among other developing organs. It is thought to be involved in cell-fate decisions

(Weinmaster et al. 1991).

]| Hypohidrotic (Anhidrotic) Ectodermal Dysplasia (EDA)

a. EDA Phenotype



Hypohidrotic (Anhidrotic) ectodermal dysplasia, EDA, (Mendelian
Inheritance in Man (MIM) # 305100, 1995), results from abnormal morphogenesis
of hair, teeth and eccrine sweat glands. It was first described by Thurnam in
1848 (MIM # 305100, 1995). EDA is synonymous with both Christ-Siemens-
Touraine syndrome and hypohidrotic ectodermal dysplasia, HED. It is the most
common form of ectodermal dysplasia, however it is still is a rare disorder. The
frequency of the disorder has not been accurately estimated. However, one
estimate of the prevalence of EDA is 1/100,000 births (Stevenson and Kerr et al.
1967). EDA exhibits an X-linked mode of inheritance which was first described
by Darwin in 1875, and EDA was first recognized as an X-linked disorder by
Thadini in 1921 (MIM #305100, 1995). Males who are hemizygous for the
mutant EDA gene, fully manifest the EDA phenotype. EDA is associated with
several widely recognized physical abnormalities. A cardinal feature of EDA is
the reduction in the numbers or absence of eccrine sweat glands. In addition,
scalp hair is sparse and thin. Primary and permanent dentition is absent or
conically misshapen. Other features found in EDA patients include periorbital
hyperpigmentation with wrinkling, a saddle-nose, short stature, and lacrimal
gland hypoplasia (MIM #305100, 1995). Diagnosis of EDA at birth is difficult
because the diagnostic features of the disease are subtle in infants. Infants
normally lack teeth, hair, and don't sweat very much. Early diagnosis and
preventative care is important, since affected individuals are susceptible to both
severe infections and hyperthermia which may result in death (Clarke et al.
1987). In a study done by Clarke et al. in 1987, the mortality rated was estimated
at 30% in infants with unrecognized EDA. Chronic upper respiratory tract
infections may result from a reduced number of mucous glands in the pharynx,
larynx, trachea, bronchi, and esophagus (Siegel et al. 1990). Females

heterozygous for the mutant EDA gene, exhibit variable degrees of severity in the



EDA phenotype, presumably due to X-chromosome inactivation. In one study
done by Clarke, et al. in 1987, 78% of women who were obligate carriers had

some type of dental abnormality. In addition, many carrier females frequently
have mosaic patterns hypohidrosis and lactation insufficiency (Happle and

Frosch 1985)(Clarke et al. 1987, 1991).
b. EDA and X inactivation

X-chromosome inactivation, first hypothesized by Mary Lyon in 1961, is
the means by which dosage compensation, or the regulation of the expression of
X-linked genes, is achieved between mammalian females and males. X-
chromosome inactivation is generally a random event resulting in inactivation of
on average 50% of either the paternally or maternally inherited X chromosomes
in a female individual. Presumably, the females manifesting the EDA phenotype
as severely as affected males, have preferentially inactivated the normal X
chromosome resulting in expression of the X chromosome with the mutant EDA
gene on it. Skewing of X inactivation can be due to random chance, or to X-
autosome translocations. Schmidt and Du Sart showed in 1992 that 77% of
patients with balanced X-autosome translocations had inactive normal X
chromosomes. Apparently, inactivation of the normal X chromosome alleviates
the consequences of X inactivation spreading to an autosome. Inactivation of the
X chromosome involved in the translocation may result in a functional autosomal
monosomy, or the lack of complete X inactivation resultinghin a partial functional
X disomy. Cells which have an active normal X chromosome have either the
derivative (X) inactivated or the derivative (autosome) inactivated, depending on

the presence of the X inactivation center at Xq12-q13. So, these cells are
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hypothesized to be selected against because they result in autosomal monosomy

or an X disomy (Schmidt and Du Sart 1992).

c. Carrier detection

Diagnosis of EDA is based upon phenotypic findings, making the
diagnosis of a carrier female difficult. The identification of closely linked markers
to EDA is important for carrier detection and prenatal testing in families where
there are at least two people known to have EDA (Zonana et al. 1989). When
only one person in a family is affected, the case might be sporadic, so the risk to
possible carriers can only be reduced if that person does not have the haplotype
carrying the mutated EDA gene on it in the proband of that family. By
determining the alleles at various loci linked to EDA, one can construct the
haplotype which is segregating with the EDA phenotype. The prediction of
carrier status based upon haplotype analysis is most accurate when female
offspring of an obligate carrier are looked at. Daughters of affected males and
women with affected sons, in addition to other affected relatives are obligate
carriers. The most accurate way to determine carrier status is to look directly for
the presence of a mutation. Carrier status of EDA has already been determined
based upon direct mutation analysis (Zonana et al. in 1994). Carrier status was
established by detecting a large genomic deletion, originally identified in a boy
with EDA, in female relatives. Once the EDA gene and its mutations have been
identified, the mutations can be used to screen potential carriers of the EDA
mutation. This approach has been successful for carrier detection of the DF508
mutation which accounts for approximately 70% of the mutations causing cystic
fibrosis. It is unlikely that one EDA mutation will be as common as 70% in

affected individuals and carriers. The majority of disorders result from different
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mutations. The identification and characterization of the EDA gene and its
mutations will improve the accuracy of detecting both carriers and affected

individuals in families where one affected individual has already been identified.

d. EDA and the Tabby Mouse

Tabby, a sex linked disorder in the mouse, was initially described by
Falconer in 1953. Since the original Ta mutation, several other mutations arose
at the same locus, 41 cM from the X centromere (Sundberg 1994). Based upon
the syntenic relationship of genes flanking the EDA and tabby loci, and their
similar phenotypes, EDA and tabby are reputed homologous disorders. The
tabby and EDA loci are flanked by the androgen receptor proximally, and the
PGK-1 gene distally (Keer 1990, Zonana et al. 1992). This syntenic region is
fairly large (Figure 3). The tabby phenotype is very similar to EDA in humans.
Tabby mice, Ta/Y males, lack sweat glands and dermal ridges on the volar and
plantar surfaces of their paws (Blecher 1986). The hair of the tabby mouse is
also abnormal, consisting of only one abnormally formed type of fur, the awl
hairs, out of the four types of pelage hairs normally found on mice (Blecher et al.
1983). The mice have focal and ventral alopecia, or lack hair behind their ears,
and absence of hair on their ventral surface. The tails, which completely lack hair
and hair follicles, are frequently kinked at the tip. The number of secondary
vibrissa, whiskers, are extraordinarily variable in tabby mice. The molars and
incisors of the tabby mouse erupt late and are generally small or absent (Blecher
et al. 1983). Many exocrine glands involved in secreting components of lacrimal
fluid (tears) function abnormally or are absent in the tabby mouse. The glands
affected include the meibomian glands, which contribute to conjunctival sac fluid

and secrete fluid during the final stages of eyelid separation; the lacrimal gland,
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which is likely to be involved in conjunctival sac formation; and the harderian
glands found behind the eyeball (Gruneberg 1966, Kapalanga and Blecher
1991). In addition to the similar phenotype to EDA, the eyelids of tabby mice are
delayed in opening, and the mice have narrow palpebral fissures.

The tabby mouse was named after the black striped coat of females
heterozygous for the tabby mutation, which resembles the coat of a tabby cat
(Sundberg 1994, p 455). It is interesting to note that these stripes are not
produced by wild-type and tabby-type hair bands. Tabby and wild type hairs are
found in both stripes, however there is more of the normal zigzag type of hairs in
the light stripes (Kindred 1967). The Ta/+ skin is made up of mosaic patches of
Ta and wild type dermis and epidermis, but this does not affect follicle density on
the body or tail (Kindred 1967). One explanation for this result is that the normal
tabby gene product diffuses to the X 72 patches and is able to signal hair follicle
formation. Scalp hair is not in mosaic patterns in female carriers of EDA.

Biochemically, tabby and crinkled mice are reported to have high
sulfhydryl:disulfide (SH:S-S) ratios in ectodermally derived components of skin
and hair in addition to elevated sulfhydryl levels in their tooth germs (Weeks and
Blecher 1983). Sulfhydryl and disulfide groups were measured by quantitating
fluorescent emission of N-(7-dimethylamino-4-methylcoumarinyl)-maleimide stain
of tissue sections for sulfhydryl groups. High SH;S-S ratios may affect coenzyme
catalysis, tertiary structure formation in proteins such as keratins, a major
epidermal protein. This biochemical feature, the elevated SH:S-S ratio, was first
described as being characteristic of patients with Clouston's hidrotic ectodermal
dysplasia in humans (Gold and Scriver 1971). It is not clear whether this
biochemical finding is characteristic of other forms of ectodermal dysplasias,
such as EDA, because studies addressing this question have not been done.

The significance of these biochemical findings will become clear as the
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tabby/EDA genes and their function are characterized. In cultured mouse skin, it
was shown that at a particular concentration of EGF in the medium, the SH:S-S
ratio could be lowered, but at all the other levels of EGF tested in culture, the
ratio was generally increased (Robertson and Blecher 1987). Therefore, the
SH;S-8S ratio is affected by the amount of EGF in the medium but the relation
between EGF and thiols is variable.

The effects of EGF have been extensively studied in the tabby mouse.
EGF maps to the 4q25-g27 region, and EGF receptor maps to chromosome 7.
EGF is a 53 amino acid serum protein, a growth hormone, which is known to
stimulate division in a wide variety of cells. Most of EGF is produced by the
granular convoluted tubules, GCT, within the submandibular gland, a salivary
gland. In 1983, Blecher et al. found that the proportion of GCT in the
submandibular glands of tabby mice were reduced in number. Presumptive
evidence suggested that EGF production may be deficient in the tabby mouse.
In one laboratory it was shown that tabby mice, before the time sweat glands are
formed, injected subcutaneously between the shoulders with EGF, developed
some dermal ridges as well as some functional sweat glands (Blecher et al.
1990). EGF has been shown to promote eyelid opening and incisor eruption in
mice, whereas the tabby mutation results in delayed eyelid opening and incisor
eruption (Hoath 1986; Rhodes et al. 1987). In addition, neonatal tabby mice
injected with EGF, had accelerated rates of both eyelid opening and the
morphological changes associated with eyelid opening, including conjunctival sac
formation and keratinization of the epidermal connection between the upper and
lower eyelids. Conjunctival sac formation and eyelid separation may depend
upon glandular development. The meibomian, lacrimal, and harderian glands are
known to be malformed or absent in the tabby mouse. The hypothesis proposed

in conclusion of all this EGF and tabby work is that the Ta mutation may interfere
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with the role of EGF as it is involved in tooth bud, sweat gland, dermal ridge and
eyelid development. It was suggested that the Ta gene may act by reducing the
size of the submandibular gland and therefore cause a decrease in EGF
production. Without direct evidence showing EGF levels are reduced in the
tabby mouse this hypothesis remains speculative. More recent work by du Cros,
1993a, has shown that injection with EGF delays hair follicle development in
mice, suggesting EGF can act similarly to tabby. Because EGF does not map to
the tabby or EDA region it is not a candidate for these disorders. However, an
EGF-related molecule mapping to the region would be an excellent candidate.
Tabby-25H (Ta25H) is a radiation-induced X chromosome deletion
spanning both the tabby and testicular feminization loci, Ar, in the mouse
(Cattanach, et al. 1991). The deletion is a minimum of approximately 1.5 cM, the
distance between the Arand Ta loci, and a maximum of around 4 cM, the
distance between the flanking loci, Zfx and Ccg-1, known to be present. The
resulting phenotype described by Cattanach et al. in 1991 is complex. In
hemizygous Ta25H male mice, the phenotype includes both the tabby and
testicular feminization phenotypes. Testicular feminization occurs when there is
a defect in the androgen receptor. Mice chromosomally male, (40,XY),
developed external female genitalia without developing internal female
reproductive organs. Testes develop but were located in the abdomen. Unlike
Ta males and females, both the Ta25H/Y mice and the Ta25H/+ mice were
small, runted, and had reduced prenatal viability; some had exencephaly in utero.
The Ta25H/Y mice were sterile. The Ta25H/+ females frequently exhibited
abnormalities not found in either their Ta25Hyy, siblings or in other Ta females.
They occasionally had extra incisors, a shortening and doming of the skull, some
with lateral distortions. Front or rear feet syndactyly involving the first or second

digit was found. Polydactyly was seen on the rear feet. The cause of the unique
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phenotype seen only in heterozygous, Ta2°H/+ females was not evident, and the
only explanation offered was that X-chromosome inactivation might be involved.
The chromosome with the Ta25H deletion is subject to X-chromosome
inactivation like normal X chromosomes are. The cause of the additional
phenotype in general, not seen in testicular feminization or the tabby mouse, was
attributed to the deletion of other genes in the region which have not yet been
identified. In 1991, Brockdorff et al. identified two additional loci (DXCrc131 and
DXCrc169) deleted for in the Ta25H mouse. Eag I and Not I, single copy linking
clones from an X chromosome linking library, were localized to the central span
of the X chromosome through both somatic cell hybrids analysis containing
known translocations and interspecific Mus spretus/Mus musculus domesticus
backcross analysis segregating for the Ta locus (Brockdorff et al. 1990, 1991).
Linking libraries are constructed so that DNA with CpG islands and the genes
associated with them are enriched. It has been estimated, using sequence
database information, that approximately 56% of genes in humans and 47% of
genes in mice are associated with CpG islands (Antequera and Bird 1993). The
DXCrc169 locus segregates with the Ta locus with no recombinants in over 100
informative meioses (Brockdorff et al 1991). The DXCrc169 locus was analyzed
further because it was genetically inseparable from the Ta locus and therefore a
good candidate for the Ta gene. A genomic mouse cosmid, pcos 169, was
identified by the probe, pEM169A, in a library screen. The probe pEM169A,
identifies the polymorphism at the DXCrc169 locus. A Pst | subclone from
cosmid 169, pcos 169E/4, was found to be conserved in rabbit, dog, pig, cow,
chicken, monkey and humans, suggesting the probe is an expressed sequence.
In addition, the probe detected related sequences from autosomes and the
mouse X chromosome, suggesting that this putative gene at the DXCrc169 locus

is part of a multigene family.
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e. Positional cloning

Positional cloning is a strategy employed in the isolation of a gene based
upon its location in the genome. The hypothesis being tested when using a
positional cloning strategy is that the underlying disease mechanism is genetic
and the chromosome region containing the gene causing the phenotype will
segregate with the disease. Mapping a disease gene to a chromosomal region
limits the number of candidate genes one needs to consider for the disorder to
those genes shown to map to the region. For example, without knowing where
the EDA gene maps, one would have to consider all the genes expressed in
developing hair follicles, sweat glands, and in developing teeth as possible
candidates for the disorder. Positional cloning has been used in the efforts
toward isolation of the EDA gene. EDA exhibits an X-linked mode of inheritance,
simplifying the first step in positional cloning; mapping the gene to a particular
chromosome. The process of linkage exclusion mapping of the X chromosome in
the search for where the EDA gene maps was facilitated by the discovery of a
patient with EDA and a translocation. In 1988, the significance of a fibroblast cell
line, GMO705 or AnLy, established from a female with an X;autosome
translocation, fully manifesting EDA in addition to having moderate mental
retardation, was rediscovered (Zonana et al. 1988). This was the first EDA
patient to be identified with an X-autosome balanced translocation. The
hypothesis that the AnLy translocation breakpoint interrupts the EDA gene was
first proposed by Dr. P. J. L. Cook in 1973 at the first Human Gene Mapping
Workshop. In theory the X;autosome translocation results in the inactivation of
the EDA allele on the normal X chromosome at the same time it disrupts the

other allele of the EDA gene. Elaboration of this theory is discussed in the EDA
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and X-chromosome inactivation section of this introduction. As a result of the
translocation, neither the inactivated allele nor the disrupted allele is expressed,
and the female fully manifests the EDA phenotype. The discovery of the AnLy
translocation and the identification of the breakpoint in the Xq13.1 region quickly
focused linkage analysis on this region. The next step in positional cloning is to
close in on the disease locus using polymorphic markers for linkage analysis.
Linkage analysis is a method used to determine the location of a locus relative to
other loci with known locations on a genetic linkage map. Linkage analysis is a
statistical method which determines the likelihood of two loci cosegregating
through meiosis if the loci are linked versus if they are not genetically linked.
When loci are linked, they segregate together through meiosis more often than
would be expected from independent assortment. A linkage map can determine
the physical order of linked loci, provided there is at least one recombination
between the loci of interest. Linkage maps roughly correlate with physical
distance between loci. 1 centiMorgan, cM, meaning one observes a
recombination 1% of the time between the loci being tested, is approximately
one million base pairs in humans (Hartley et al. 1984). Loci that are not
genetically linked can be on the same chromosome if they are further than 50 cM
apart. Confirmation that the EDA locus maps to the Xq13.1 region was shown
with genetic mapping. Polymorphic marker loci in this region show linkage to the
EDA locus in families with multiple members affected with EDA (Zonana et al.
1988, and 1992). Analysis of 10 marker loci in 41 families resulted in the
identification of four loci, DXS159, DXS339, DXS732E, DXS348, that were tightly
linked to the EDA locus at 8=0 with Zmax ranging from 9.84 to 28.91 (Zonana et
al. 1992). HPRT-deficient hamster fibroblasts were fused with AnLy fibroblasts to
make a somatic cell hybrid cell line known to contain the derivative 9. This AnLy

somatic cell hybrid cell line was used to show, by Southern analysis, that the
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DXS732E locus is proximal to the AnLy breakpoint and that the DXS453 locus is
distal to the AnLy breakpoint (Thomas et al 1993). The DXS732E locus was
identified with the conserved mouse probe pcos169E/4 (see tabby mouse section
for more details). The probe detects two polymorphic alleles (13.3 kb and 8.4 kb)
with an Xba | digest in humans. One affected male, EDA 1015, was found to be
deleted for the probe which identifies the DXS732E locus (Zonana et al. 1993).
Identification of the first submicroscopic deletion in an EDA patient with the
conserved probe pcos 169E/4 led to the hypothesis that the probe represented
part of a candidate gene for EDA.

When using positional cloning it is important to constantly look for gene
candidates, such as the genes known to map to the particular region, or genes
known to be involved in relevant biological pathways. All the genes involved in
hair, teeth and sweat gland morphogenesis are considered candidates for EDA
unless they do not map to the EDA region at Xq13.1. To date none of the genes
identified from cutaneous morphogenic pathways have mapped to the EDA
region. However, these genes may be involved in one of the many other forms of
ectodermal dysplasia. The rate limiting step in postitional cloning, unless of
course the gene of interest has already been characterized, is the identification of
expressed sequences from the region of interest. Closely linked flanking markers
may be hundreds of kilobases to megabases apart. The most abundant size
class of mammalian genes is between 2 and 10 kb in genomic length, the
average length is 16.6 kb (Lewin 1994, p685 and 687). So, numerous genes
may be found between two closely linked markers. In order to accurately
determine the distance between the linked markers, a physical map of the region,
generated from restriction mapping using pulsed-field gel electrophoresis, is
necessary. ldentification of closely linked flanking markers is ideal, because the

markers delimit a region which contains the gene and enables one to build a
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physical map of the region extending from both ends. These loci, DXS453, and
DXS732E were used to screen an ICRF X chromosome enriched library, and
several YACs (yeast artificial chromosomes) were identified which mapped back
to the region (Thomas et al. 1993). Two YACs, clone 4757 and 4758, were
shown to span the AnLy, GM0705, translocation breakpoint by use of situ
hybridization. These YACs were used as probes to screen an ICRF flow-sorted
X-chromosome cosmid library. Many cosmids were identified and shown to
overlap, forming four noncontiguous groups. The cosmid groups were ordered
through Southern analysis of DNA from both somatic cell hybrids containing
various parts of the X chromosome including the derivative 9 chromosome of the
AnLy translocation, and deletion patient 1015. A cosmid clone from group C was
shown with in situ hybridization AnLy cells in metaphase to span the AnLy
translocation (Thomas et al. 1993). Cosmids from each group were used to
screen a panel of 80 unrelated males affected with EDA (Zonana et al. 1994).
Three additional submicroscopic deletions were identified in EDA patients, and
the extent of these deletions could be roughly estimated, based upon Southern
analyses using cosmids from the EDA region (Figure 4 from Zonana et al. 1994).
Independent physical mapping and identification of translocation breakpoints has
roughly confirmed the limits of the critical region. ldentifying and mapping
translocation and deletion break points is extremely helpful in narrowing the
critical region (Kere et al. 1993). Several other balanced translocations have
been reported which have not been localized on a physical map but disrupt the
Xq13.1 region based on cytogenetic findings (Turleau et al. 1989, Plougastel et
al. 1992). The EDA critical region is still quite large, possibly around 300-400 kb.
The EDA gene may span the entire critical region. The dystrophin gene spans
approximately 2.3 Mb of sequence (Tennyson et al. 1995). Other more complex

explanations must be invoked to explain how the EDA gene may not span the
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entire EDA critical region, and these theories are explored in the discussion of

this thesis.
f. Major thesis hypothesis

The conserved mouse clone, pcos 169E/4, identifies two loci, one human
locus tightly linked to the EDA locus, DXS732E, and one mouse locus tightly
linked to the tabby locus, DXCrc169 (Zonana et al. 1992 and Brockdorff et al.
1991). One patient with EDA and no other abnormalities was found to be deleted
for the homologous human genomic sequence normally identified by pcos
169E/4 using Southern analysis. The major hypothesis being tested in the first
paper is that the clone pcos 169E/4 represents part of a gene which is partially

deleted in at least one EDA patient, and is therefore a candidate gene for EDA.

v X-Linked Hypohidrotic Ectodermal Dysplasia and Immunodeficiency with

Hyper IgM
a. Genetic heterogeneity

Of the over 100 types of ectodermal dysplasias, approximately half include
hypohidrotic forms, resulting in decreased sweat production, according to Freire-
Maia and Pinheiro. Of these the X-linked hypohidrotic forms of ectodermal
dysplasia include focal dermal hypoplasia (FDH) syndrome (MIM#305600),
dyskeratosis congenita, mapping to Xq28 (MIM#305000), EDA, Dermotrichic
syndrome and Lenz-Passarge's dysplasia (Freire-Maia and Pinheiro 1988). It is
unclear whether Camarena syndrome, another hypohidrotic form of ectodermal

dysplasia, is X-linked or exhibits autosomal dominant inheritance. Focal dermal
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hypoplasia has been shown to be an X-linked dominant disorder with in utero
lethality in males, and females affected with apocrine gland anomalies, dysplastic
nails, hypodontia and a number of other severe abnormalities. Dermotrichic
syndrome is not listed in MIM and is extremely rare. Only one family including six
affected men over two generations, suggesting X-linked recessive inheritance,
has been reported with lack of hair, normal teeth, dystrophic fingernails,
hypohidrosis among other abnormalities (Freire-Maia and Pinheiro 1988). Lenz-
Passarge's dysplasia, not found in MIM, has been described in a few families,
with men more severely affected than women. The phenotype inciudes
hypohidrosis, hypodontia, precocious balding in men and nonspecific skin
lesions. The phenotype is similar to EDA and one large family thought to have
Lenz-Passarge's dysplasia by Freire-Maia, was diagnosed as having EDA by
Settineri et al, 1976. Camarena syndrome has been described in one family and
is not listed in MIM. The phenotype of this disorder includes thin brittle hair,
anodontia, dysplastic nails, and anhidrosis. Descriptions of the disorders not
listed in MIM, are from the book written by Freire-Maia and Pinheiro in 1984.

EDA is clearly an X-linked disorder; however, a rare autosomal recessive
hypohidrotic form of ED, clinically identical to EDA, has been described
supporting non-allelic genetic heterogeneity (Passarge et al. 1966 and 1977,
Crump and Danks 1971). Autosomal recessive inheritance of an EDA phenotype
has not been conclusively proven and remains controversial (Sybert 1989).
Linkage studies of families with vertical transmission of EDA report no evidence
of non-allelic heterogeneity (MacDermot et al. 1986, Kolvraa et al. 1986, Zonana
et al. 1988 and 1992). However, families analyzed in the EDA linkage analyses
have multiple affected individual in more than one generation and are consistent
with X-linked patterns of inheritance. It would be unusual for an autosomal

recessive disorder to have affected individuals in multiple generations. The
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autosomal recessive form of EDA might affect more than one generation in a
family with a high degree of inbreeding (Ellis and Ahmed 1993). Ellis and Ahmed
describe a consanguineous family with apparent autosomal recessive inheritance
affecting more than one generation. Without haplotype analysis, recessive
inheritance cannot be proven in this family, due to variable expression of the EDA
phenotype in carrier females. Families including fully manifesting females in
addition to haplotype analysis of markers linked to the EDA locus to show that
the phenotype is not segregating with a certain X chromosome haplotype, are
particularly useful in identifying autosomal recessive forms of EDA. Markers from
EDA linkage studies have been useful in haplotype analysis to determine carrier
status and assess risks of EDA family members. In 1990, Goodship et al.
described a family with an affected boy with phenotypic findings that were most
consistent with EDA and three mildly affected women, his mom and two aunts,
that were presumed to be carriers. Haplotype analysis of this family, using
flanking polymorphic markers shown to be linked to EDA, DXS159 and PGK1,
indicates that the disease is not segregating with the Xq13.1 region. Possible
explanations invoke either non-allelic heterogeneity or misdiagnosis of the carrier
females, meaning the affected boy's condition could be the result of a new
mutation.

The study of mouse models of human genetic diseases frequently
provides important clues to the genetics, and pathophysiology, and to effective
treatment of the disorder. There are several mouse models that phenotypically
mimic hypohidrotic ectodermal dysplasia including tabby (Ta), downless (dl),
sleek (DISK), and crinkled (cr). Downless and sleek are allelic mutations in the
mouse which map to chromosome 10 approximately 29 cM from the centromere.
They map one ¢cM from an area with a syntenic region to 10g22 in humans

(Sundberg 1994, p 242). Affected mice are phenotypically indistinguishable from
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the fabby mouse. Downless is a recessive mutation, whereas sleek, DISK is a
dominant mutation. Another autosomal recessive disorder with a similar
phenotype, crinkled, has been mapped to chromosome 13, 17 cM from the
centromere. This region is syntenic with the 1943 region in humans (Sundberg
1994, p 222). Dietary copper supplements during gestation and lactation
corrects both the decreased activity of superoxide dismutase, a copper
containing enzyme in the liver, and the delay and lack of hair growth in the
crinkled affected mice in a litter. Perhaps the crinkled defect is somehow linked
to copper metabolism; mutations have not been found in superoxide dismutase.
dland cr effects of hair follicle initiation were examined through a series of
experiments involving grafting skin, before hair follicle development had started,
composed of reciprocal recombinations between df and cr mouse tail dermis and
epidermis. Only epidermis homozygous for these mutations failed to produce
hair follicles suggesting that the primary defect in d/ and cris likely to be in the
epidermis (Sofaer 1973, Mayer et al. 1977). In 1984, Pennycuik and Raphael
analyzed the effects of the Ta mutation on both hair follicle initiation and hair
morphology. When a Ta epidermis and a wild-type dermis are combined, zigzag
hairs fail to form. The results indicate that the tabby gene in the epidermis
determines hair morphology. The effects of Ta on hair follicle density were not
conclusive. It is not known whether Ta expression from the dermis or the
epidermis changes hair follicle development (Pennycuik and Raphael 1984).
There are four genetically distinct disorders in the mouse that are
phenotypically indistinguishable from tabby, the reputed mouse homologous
disorder to EDA. It is possible that considerable locus heterogeneity exists for
EDA in humans, with disorders homologéus to each of the mouse mutations, Ta,

cr, dl, DISk.
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Four families have been reported with many of the classic features of EDA
in addition to an immunodeficiency with hyper IgM. It is not clear whether all four
families share the same disorder because the severity of both the hypohidrotic
ectodermal dysplasia and the immunodeficiency with hyper IgM varies. The
mothers in three families are unaffected, with two affected sons that are
maternally related half-brothers, supporting the hypothesis that the disorders in
these three families are X-linked. Although there is clear evidence for genetic
heterogeneity in hypohidrotic ectodermal dysplasia, there has not been any
evidence for another locus on the X chromosome. Either the EDA locus is
involved in causing the ectodermal dysplasia in these families, or some other

hypohidrotic ectodermal dysplasia X-linked locus is involved.

b. EDA and Immunodeficiency

There are five classes of immunoglobulins, 1gG, IgA, IgM, IgE and IgD.
Serum levels of IgG, IgA, IgM and IgE are important indicators of primary and
secondary immunodeficiencies. Humoral immunodeficiency, antibody deficiency
disorders, are diagnosed when serum levels of IgG, IgA, or IgM are below the
95% confidence limits of age-matched controls and when the patients have
suffered recurrent, severe infections. Immunologic defects have been found in a
number of ectodermal dysplasia cases that have been associated with
opportunistic infections (Brooks et al. 1994, Davis et al. 1967, Fulginjiti et al.
1967, Gatti et al. 1969, Lux et al. 1970, Jhaveri et al. 1975). Some EDA cases
have been associated with different types of immunological defects (Clarke et al.
1987, Huntley and Ross 1981). EDA patients' increased susceptibility to
respiratory infections is possibly due to decreased seromucous glands (DeJager

1965). In 1987, Clarke et al. sought to document the possibility of a primary
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immunological defect in EDA patients as a possible cause of recurrent infections.
Immunogiobulins E, A, M, and G (including subclasses of G) were measured in
thirty-six boys affected with EDA. Nineteen out of twenty-eight individuals had
raised IgE levels ranging from 109->1000 kU/I. Eight out of thirty-six had low IgA
concentrations ranging from 0.025-0.79 g/I. IgM concentrations were high in
three cases (2.39-2.79 g/l) and low in six (0.39-0.49 g/l). Ten patients had high
IgG concentrations ranging from 14.5-48.2 g/I. The IgG subclasses, light chains
(kappa and lambda) were normal except for one individual with reduced 1gG3.

The affected boys also had normal antibody titers to E. coli and C. albicans,

except one boy did not have a titer for C. albicans. Cellular immunity was tested
in some individuals. T cell number and subsets were normal in six out of eight
boys indicating normal lymphoid immunity. Consistent primary immunological
abnormalities were not found.

A case was reported of a boy with EDA having recurrent respiratory
infections with transient hypogammaglobulinemia. Serum immunoglobulins were
low at 8 months of age with defects identified in antibody production or cell-
mediated immunity, but increased to normal levels at 11 months of age. His
transient hypogammaglobulinemia could have been caused by either EDA or his
mother's treatment with glucocorticoids during pregnancy (Huntley and Ross et
al. 1981).

Immunodeficiency with hyper IgM is an unusual finding in patients with
EDA. Therefore, if this disorder involves the EDA locus, an additional locus
would probably be involved in causing an immunodeficiency with hyper IgM
found in the three families with affected maternally related half-brothers with
hypohidrotic ectodermal dysplasia. A sub-microscopic deletion affecting both an
immunodeficiency locus and an ectodermal dysplasia locus could be the cause of

the phenotype seen in these families.
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c. Types of X-linked immunodeficiencies

There are seven well characterized types of genetic immunodeficiencies
that map to the X chromosome, including chronic granulomatous disease at
Xp21, properdin deficiency at Xp11, Weskit Aldrich syndrome at Xp11, X-linked
severe combined immunodeficiency (XSCID) at Xq13.1, X-linked
agammagiobulinemia (XLA) at Xq22, X-linked lymphoproliferative syndrome at
Xq25, and X-linked hyper IgM at Xq28 (Conley 1994).

EDA and XSCID are both linked to the DXS159 locus. It is possible that a
sub-microscopic deletion affecting both of these loci could cause the phenotype
seen in the four families. The XSCID phenotype includes impairment of cellular
and humoral immune function, causing severe infections and failure to thrive.
Lymphopenia is mild, serum levels of IgG and IgA are low, and IgM levels are low
to normal in range. XSCID is usually fatal unless treated with a bone marrow
transplant (Puck et al. 1994).

X-linked hyper-IgM (HIGM1, MIM#308230) syndrome is another candidate
locus to consider in the families with hypohidrotic ectodermal dysplasia and
immunodeficiency with hyper-IgM. Unique mutations including three
microdeletions in the human CD40 ligand gene have been identified in HIGM1
patients, proving that HIGM1 is caused by mutations in the CD40L gene. CD40L,
expressed on T helper cells, and CD40, a B cell surface receptor, interact and
activate B cells (Puck et al. 1994).

The affected half-brothers' immunodeficiency is consistent with the HIGM1
phenotype because they have recurrent infections, low serum IgA, IgE, and IgG
with high or normal levels of hyper-IgM. Upper respiratory tract infections, (73%),

frequently caused by pyogenic bacteria, and diarrhea, (58%), are frequently
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found in primary HIGM (Notarangelo et al. 1992). Hypohidrotic ectodermal
dysplasia is not a feature of HIGM1. In addition HIGM1 does not map near EDA.
It is possible that this locus is involved as part of a submicroscopic deletion, or
these families represent allelic heterogeneity at the HIGM1 locus.

The other types of immunodeficiencies are less obvious candidates for the
hyponhidrotic ectodermal dysplasia and immunodeficiencies seen in these

families.
d. Minor thesis hypothesis

The hypothesis being tested in the second paper is whether either the
EDA and X-linked SCID loci or the HIGM1 locus could be involved in causing the

hypohidrotic ectodermal dysplasia and immunodeficiency with hyper IgM

phenotype found in the maternally related half-brothers of two families.
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Figure 1 Hair follicle morphogenesis
From Muller et al. 1991. A sketch of the visible morphological structures during
the four general stages of hair follicle development, the estimated time these

structure are formed in the skin of a developing human fetus.
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Figure 2 Tooth development

A diagram modified from the book Oral Development and Histology by James

Avery depicting the stages of tooth development in humans (A-H).
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Figure 3 Syntenic regions of mouse and human X chromosomes
The human (left) and mouse (right) X chromosomes and their syntenic regions

indicated by like patterns. Arrows indicate the tabby and EDA loci.
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Figure 4 A map of the EDA region

From Zonana et al. 1994. Mapping of both cosmid clones, and EDA patient
chromosomal aberrations Witvhin the EDA region. Cosmid clone C03.184 spans
the AnLy translocation and is deleted in patient ED1015. Deletion breakpoints

are indicated with a vertical bar, unknown breakpoints are indicated by a hatched

bar.
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Hypohidrotic ectodermal dysplasia (EDA) results in abnormal
morphogenesis of hair, teeth and eccrine sweat glands. EDA is an X-
linked disorder which maps to the Xq13.1 region. A positional cloning
strategy towards isolating the EDA gene has been used and deletions in
affected males and X-autosome translocations in fully manifesting
females have been analyzed to define the EDA critical region. A mouse
genomic clone, closely linked to the tabby (Ta) locus, the putative
murine homologue to EDA, was used to identify a homologous human
genomic clone, cosmid ICRFc104H041.43, from the DXS732E locus.
This human clone was subsequently used to isolate cDNAs from a
human fetal brain library. Eight overlapping cDNAs were isolated.
Sequence analysis, totaling 4038 base pairs, of three cDNAs and a
genomic fragment containing the putative first exon, identified a 1422
base pair ORF. GRAIL analysis of the region supported the hypothesis
that the putative ORF codes for a protein. A nucleic acid database
search identified significant homology to two regions of the
HUMMRNAC mRNA from a human frontal cortex brain library (Li et al.
1993). The gene, termed TED (Two Established Domains), at the
DXS732E locus is expressed in human fetal kidney, intestine, brain,
muscle, and in 77 day skin, a time when hair follicle formation begins.
The TED gene, from the DXS732E locus, has been shown to be partially
deleted in one EDA patient who does not appear to have any additional
abnormalities. No large genomic rearrangements of the gene have been
detected in 80 unrelated patients, including two females with X-
autosome translocations and four additional males with submicroscopic

molecular deletions. The additional deletions and translocations map
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beyond the 3' end of the TED gene and it has not been determined if
they interfere with TED gene expression. Until further analysis is

performed, the TED gene remains a candidate for EDA.
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INTRODUCTION

The ectodermal dysplasias are a group of genetic disorders that result from
abnormal morphogenesis of some ectodermal derivatives including teeth,
hair, and eccrine sweat glands. X-linked hypohidrotic ectodermal dysplasia
(EDA) is the most common form of ectodermal dysplasia. The EDA
phenotype includes sparse hair, missing and conical shaped teeth, and lack
of sweat glands. Males that inherit this disorder exhibit full expression of the
EDA phenotype whereas carrier females exhibit variable phenotypic
expression, probably due to X-chromosome inactivation. One of the two
copies of the EDA gene is inactivated in females and the severity of the
phenotypic expression in carrier females depends upon the percentage of
cells which inactivate the mutated gene in the relevant tissues. The EDA
gene has been localized to the Xq13.1 region, using both genetic and
physical mapping.

Tabby (Ta)is the putative mouse disorder homologous to EDA, based on
phenotype, and the syntenic relationship between conserved genes flanking
the EDA and Ta loci (Blecher 1986; Searle et al. 1987). The DXCrc169 locus
is closely linked to the tabby locus with no recombinants in over 100
informative meioses (Brockdorff et al. 1991). The DXCrc169 locus is also
deleted in the Ta25H mouse. The Ta 25H mutation is a radiation induced
deletion between 1.5 cM and 4 cM, which spans the androgen receptor (AR)
and tabby (Ta)loci. In 1991, Brockdorff et al. described a highly conserved
mouse genomic clone pcos169E/4, from the DXCrc169 region. Human
genomic cosmid ICRFc104HO41.43, contains sequence homologous to
pcos169E/4, and defines the DXS732E locus which is closely linked to EDA

(0 max =0, Zmax =21.2) (Zonana et al. 1988). In addition, cosmid
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ICRFc104HO41.43 is partially deleted in DNA from a patient, ED1015, with
EDA and no other apparent abnormalities (Zonana et al. 1993).

A positional cloning approach has been taken towards cloning the EDA gene
and transcripts are being sought within the EDA critical region. Mapping,
expression studies and the identification of a deletion in one patient, supports
the hypothesis that this conserved sequence represents a candidate gene at
the DXS732E locus. We identified and characterized a gene from the

DXS732E locus in order to investigate it as a candidate for the EDA gene.

RESULTS

Gene identification and mapping

Sequence analysis of a subclone, HO41.43-9, of human genomic cosmid
ICRFc104HO41.43 showed 82% identity, over an 800 bp region, with mouse
clone, pcos169E/4 (Figure 1). A 250 bp portion of this sequence, bold in
Figure 1, was rated as having excellent coding potential by GRAIL analysis.
Primers designed from this putative coding sequence were used in RTPCR
analysis and expression in human fetal brain was detected (Figure 1 and 2).
The human clone HO41.43-9 was used as a probe to screen a human fetal
brain library. Initially three unique clones, 3, 10, and 11 were identified. A
fragment from cDNA 11 was used to rescreen the library. A total of eight
unique overlapping cDNA clones have been identified that mapped back to
the Xq13.1 region (Figure 3). Four cDNAs were chimeric, indicated by a
failure of all of the EcoRl inserts to map back to the Xq13.1 region. Divergent
sequence identified in cDNA 11, failed to map to the X chromosome. This
clone was chimeric without the presence of an EcoRl site. Primers, not
shown, designed from cDNA sequence were used as probes to orient the

gene relative to the genomic map of cosmid ICRFc104HO41.43 (Figure 4).



The most 3' exon, and the putative 5' exon have been mapped as shown.
However the position of the intervening exon(s) is not known. The cDNAs

extend over approximately 15 kb of genomic sequence.

Sequence analysis and homology search

Three overlapping cDNA clones and one genomic clone containing the 5'
untranslated region and the first exon, have been sequenced totaling 4038
base pairs. Intron/exon boundaries at the putative 5' exon and the most 3'
exon have been identified based upon both sequence divergence between
the cDNAs and genomic DNA, and splice site consensus sequence (Figure
5). The splice sites confirm that the clones are expressed sequences and not
genomic contaminants in the library. The 5' end of the sequence maps within
one of the two CpG islands mapped on cosmid ICRFc104HO41.43,
recognized by the presence of multiple rare cutting restriction endonuclease
sites (Figure 4). The cDNA sequence has a GC content of 58.4% overall, and
is 69.8% GC with 9.2% occurence of the doublet CpG in the first 750 bp. At
least six known Eag | sites, known to map within the upper 3 kb Pst | band,
which is only detected in females, are hypermethylated on the inactive X
chromosome. At least two of these six Eag | sites are hypomethylated on the
active X chromosome producing the 306 bp band, the same size as the
probe, seen in both males and females (Figure 6). The 3' end of the
sequence contains a poly A addition site (ATAAA) 17 bps from a 33 bp poly A
tail (Figure 7).

Both sequence and GRAIL analysis identified a 1468 base pair putative ORF
(Figure 7). Using BLASTN, two segments of the putative ORF showed
significant homology with the human HUMMRNAC (clone CTG-A4) mRNA

sequence indicating potential domains of function (Figures 8 and 9). In
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domain 1 there is 77% identity and 16% conservative substitutions over 43
amino acids. Domain 2 is 66% identical with 14% conservative substitutions
over 118 amino acids. The domains are similarly spaced, having 19 and 13
amino acids 5' to domain 1, and having 172 and 197 amino acids between
domains, in the genes at the DXS732E locus and the HUMMRNAC locus
respectively. The HUMMRNAC Human (clone CTG-A4) cDNA, was cloned
by Li et al. 1993 who were identifying cDNAs with triplet repeats from an adult
human cerebral cortex cDNA library. Two short trinucleotide repeats coding
for cysteine, (TGC), and proline, (GGC) have been identified in the TED gene.
The HUMMRNAC gene contains a long interrupted CAG repeat coding for
glutamine. The HUMMRNAC message is 5 kb in length and is expressed in
cerebral and cerebellar cortex. The cDNA maps to chromosome 13 but the
gene's function has not been determined. Southern analysis using a genomic
Eag | fragment from cosmid ICRFc104HO41.43 as a probe containing domain
1, hybridized to the two bands from the DXS732E locus in addition to multiple
related sequences not found at the DXS732E locus (Figure 6).

Expression studies

Expression analysis by Northern blot indicates that the gene at the DXS732E
locus, is expressed in multiple tissues including human fetal brain, and adult
heart, brain, kidney, and pancreas (Figure 10). The message is
approximately 5 kilobases in length indicating that an additional one kilobase
if cDNA has not been isolated or sequenced from the 5' untranslated region.
RTPCR analyses (Figure 11) indicate the gene is expressed in 77 day skin, a
time when hair follicle formation begins. The gene is not expressed in

fibroblasts or lymphoblasts according to both Northern and RTPCR results.

Search for genomic rearrangements
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Using Southern analysis, overlapping cDNA clones are either completely
deleted (cDNA 11) or partially deleted (¢cDNAs 3 and 10) in patient (ED1015)
who has EDA and no other apparent abnormalities (Figure 12). ED1015 is
deleted for the most 3' exon of the TED gene including part of the putative
ORF sequence. The centromeric deletion breakpoint lies somewhere in the
first 1.1 kb of sequence as presented here, and could include domains 1 and
2. Expression studies of this gene in fibroblasts or lymphoblasts from patient
ED1015 have not been possibie since the gene is not expressed in these
tissues. No deletions or rearrangements in these cDNAs have been identified
in two female patients with X-autosome translocations or in four additional
EDA patients with submicroscopic deletions. The translocation and additional
deletions map beyond the 3' end of the gene in a telomeric direction (Figure
13). The position of the TED gene is based upon three findings. First, the
TED gene lies centromeric to the AnlLy translocation. Southern analysis of a
somatic cell hybrid cell line known to contain the derivative 9 chromosome
indicates TED is not on the translocated portion of the X chromosome.
Second, patient ED1015 is deleted for the 3' end of the TED gene based upon
Southern analysis. Third, there is a cosmid in contig C that spans the AnLy
translocation according to in situ hybridization results, and is deleted in patient
ED 1015. This cosmid is telomeric to cosmid ICRFc104HO41.43, the cosmid
containing the TED gene. According to this data, the deletions and

translocations map beyond the 3' end of the TED gene.
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DISCUSSION

Assessment of the TED gene as an EDA candidate

There are several characteristics of the TED gene at the DXS732E locus
described in this study which are consistent with it being a good candidate
gene for EDA. The TED gene maps to the EDA critical region at Xq13.1. The
TED gene at the DXS732E locus is conserved in mouse, which would be
expected since tabby is the reputed homologous mouse disorder to EDA. It is
likely that this gene is subject to X-chromosome inactivation because it is
differentially methylated. At least five known Eag | sites are hypermethylated
on the inactive X chromosome and at least two Eag | sites are
hypomethylated on the active X chromosome. It has been hypothesized that
the EDA gene will be subject to X chromosome inactivation because carrier
females of EDA have variable expression of the EDA phenotype. It is likely,
however, that several genes in the EDA region are subject to X inactivation,
and conserved in the mouse. Genes from this region in humans probably
map to the the tabby region in mice because of the syntenic relationship
between the human and mouse X chromosomes in this region. Of greater
significance, the TED gene at the DXS732E locus is expressed at the
appropriate time in development, early during hair follicle development and
during sweat gland morphogenesis (data not shown done by Joan Zeltinger).
In addition, one EDA patient, ED1015, with no additional abnormalities, is
deleted for the 3' end of this gene. The TED gene may be a less likely
candidate gene for EDA because two translocation breakpoints and four
additional submicroscopic deletions found in EDA patients, lie telomeric,
beyond the 3' end of this gene. It is impossible to completely exclude the
TED gene as the EDA gene at this time because the additional deletions and

translocations may decrease expression of this gene resulting in EDA. The
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POUS3F4 gene, thought to be the gene causing X-linked mixed deafness, is
not physically disrupted by four deletions mapping from 14 to 400 kb from the
POUS3F4 gene (de Kok et al. 1995). Mutations in the PAX6 gene are
associated with aniridia. However, two families have chromosome deletions,
segregating with aniridia, that do not disrupt the PAX6 gene, and map at least
85 kb away (Fantes et al. 1995).

Several theories have been proposed to explain how expression of the
POUSF4 gene and the PAX6 gene may be affected by chromosome
rearrangements that map beyond the genes. These theories explain why the
TED gene is still an EDA candidate, even though seven chromosome
aberrations identified in EDA patients do not physically disrupt the TED gene.
An enhancer may be deleted or the aberrations may cause position effects,
preventing normal expression of the gene. Deletions and translocations could
bring a heterochromatic region close enough to the gene at the DXS732E
locus to affect its expression as a result of heterochromatin spreading.

If mutations in the TED gene do not result in EDA, one would need to explain
why patient ED 1015 does not appear to show a phenotype in addition to
EDA. ltis also possible that the deletion in patient ED1015 does not affect
expression or function of this gene and its product, resulting in no phenotypic
effect. Even if the deletion of the 3' end of this gene causes it to be
nonfunctional it may not have a phenotypic effect. The lack of additional
phenotypic finding, in this case, could be explained if the function of this gene
is redundant and other genes are capable of acting in its place. Evidence in
support of this hypothesis comes from the identification of two domains with a
high degree of sequence homology and similar spacing with the HUMMRNAC
gene (Accession # L10374). ltis likely that the domain 1 probe from the TED
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gene detects a HUMMRNAC gene band (Figure 6). The function of these two
domains awaits further analysis but they may define a new multigene family.
It is also possible that the deletion is deleterious, causing an abnormality that
will become apparent in patient ED1015 at a latter date. Evidence supporting
the hypothesis that mutations in the gene at the DXS732E locus may result in
a phenotype other than EDA comes from analysis of the tabby-25H mouse.
The mouse gene homologous to the TED gene has not been isolated. It is
likely that at least part of the mouse homolog of the TED gene is deleted in
the Ta 25H mouse because the sequence normally detected by conserved
genomic subclone pcos169E/4 is not present in the Ta 25H mouse
(Brockdortf et al. 1991). In addition to the tabby and testicular feminization
phenotypes, the Ta 25H phenotype includes increased neonatal and prenatal
loss. Occasionally abnormalities including exencephaly (Ta 25H /Y and Ta
25H 1) were found. The carrier females (Ta 25H 14) occasionally had
additional abnormalities including, shortening and doming of the skull, extra
incisors, syndactyly and polydactyly. The additional phenotype seen in the Ta
25H mice maybe due to mutations in the mouse-homolog of the TED gene.
The final proof of whether this is the EDA gene or not will come from mutation
analysis of this and other genes in the EDA critical region.

MATERIALS AND METHODS

cDNA isolation A Stratagene human fetal brain cDNA library (18 weeks
gestation), inserted into an EcoRl site of the Lambda ZAP Il vector was
screened by hybridization with a human genomic subclone, HO41.43-9,
homologous to mouse clone pcos169 E/4. The standard Stratagene protocol
was followed using Hybond-N, 0.45 Micron, nylon membranes from

Amersham.
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cDNA mapping Restriction maps of the cDNAs were constructed to first
identify potential chimeric cDNA clones, detected upon EcoRlI digestion.
More detailed restrictions maps were constructed from EcoRI, BamH], Pstl,
Hindlil, single and double digests of DNA from the cDNA clones to determine
their degree of overlap. Identified cDNA clones were mapped to the Xq13.1
region through Southern analysis of DNA from the cosmid
ICRFc104HO41.43, an X-only human hamster hybrid cell line, and the patient
ED1015 with a known deletion in the region. The map of cosmid
ICRFc104HO41.43 (Nizetic et al. 1991) is based upon analysis of single and
double digests of cosmid ICRFc104HO41.43, using Eag |, Sac Il, Not I, Kpn |
and Bam HI restriction enzymes. The approximate positions of cDNAs from
the DXS732E locus were determined through Southern analysis of cosmid
ICRFc104HO41.43 DNA using cDNA sequencing primers which were end-
labeled as probes. ‘
Sequence analysis The sequencing strategies employed for these clones
involved exonuclease deletion analysis, primer walking, and cycle
sequencing. Sequencing was done manually using Sequenase version 2 kits
and a BRL double strand cycle sequencing kit. Exonuclease digestion was
performed using standard methods outlined in the laboratory manual by
Sambrook et al. 1989. The sequencing project was managed with
IntelliGenetics computer program. The sequence was computer analyzed
using GRAIL, Prosite, and BLAST programs (BLASTX, BLASTN, BLASTP,
TBLASTN). GRAIL, Gene Recognition and Analysis Internet Link, recognizes
coding potential of human sequence based upon human codon usage (Shah
et al. 1994). BLAST, Basic Local Alignment Search Tool, programs search
protein and nucleic acid databases for identity or homology to the query

sequences (Altschul et al. 1990).
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Methylation analysis Five Eag | restriction sites from the 5' region of this
gene were identified from both genomic Eag | subclones from cosmid
ICRFc104HO41.43, and cDNA sequence analysis. Methylation analysis of
Eag | sites at the 5' end of this gene was done by Southern analysis using
both Pst | and Eag | restriction digests of DNA extracted from control females
and males. DNA digests were separated by gel electrophoresis on a 1.5 %
agarose gel and alkaline transferred onto a hybond N+ nylon membrane. The
probe, a 301 bp Eag | fragment from cosmid ICRFc104HO41.43, was isolated
on a low melting point gel and oligo labelled.

Expression analysis Multiple tissue, poly A+, Clontech Northern blots from
both fetal and adult tissues were hybridized using a random primed cDNA 11
probe and washed in 0.1% SDS, 0.1x SSC at 65°C for 15 minutes.

(Isolation of human fetal RNA samples, preparation of Northern blots from the
RNA, and hybridization of the blots to the relevant probes were performed by
Dr. Joan Zeltinger, Post-doctoral fellow in the laboratory of Dr. Karen
Holbrook at the Univ. of Washington). Northern blots on Hybond N nylon
membranes from Amersham were made using the recommended procedures.
Total RNAs were isolated from human fetal tissues using the method
described by Puissant and Houdebine (1990). Polyadenylated RNA was
isolated from the total RNAs using poly-AT-tract systems from Promega.

For RTPCR analysis10 ug total RNA, was reverse transcribed with
Superscript reverse transcriptase from GIBCO BRL. An aliquot was
subseqently used in PCR with primers designed from sequence thought to be
expressed.

Deletion patient Southern analysis DNAs from eighty unrelated patients

with EDA and no other abnormalities were used in Southern analysis to detect
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new deletions or rearrangements as described in Zonana et al. 1993. (This

work was done by Research Associate Marilyn Jones.)
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Figure 1 Sequence comparison of mouse genomic clone pcos 169E/4 and
homologous human clone HO41.43-9

Comparison of homologous sequence between human genomic clone
HO41.43-9, bottom sequence, and mouse genomic clone pcos 169E/4,
upper underlined sequence. GRAIL rating of 250 bp region with coding
potential in bold print. CAG// indicates the most 3' splice site shown in Figure
4, and TGA is the putative stop codon. * indicates homology between the
mouse and human sequences. RTPCR human primers Z17F and Z17R are

indicated with an arrow above the lower case human sequence.
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AAGCTGGAGC-TCCACCGCGGTGCACCGGAAACCAAGTGCTGTGATGTGC

* k kK ok k * Kk Ak kK * % * khkhkdkhkhkkkhkhhkhkhhhkhkr kAR

CAG//GGTTGCTGGATACTTCACCAAAGCGT—CTGGAAACCaagtgctgtgacgtgc

AGTGGGTCTCCTCGTGAGTCGGAGAAGAAGAAGTTCAAGGACTCTGAGCCC

LA S A E R EEREREEREE XYY * % AR A A EEERE S EREEE N T NYY *dkkkh Rk & *

agtgGGTCTCCTGTGAGGCGAAGAAGAAGAAGTTCAAGGAGTCTGAGGCC

CCTAAAACCCACCACCAGCAATTCCACCACTCCTATTTTCACCACTACCA

* % hkkhkhkhkkhkdkn khkkhkhhdhdhhhkhdhhkhhhhhhxn hkdhdhhkhkx

CCCAAAACCCACCAGCAGCAATTCCACCACTCCTATTTCCACCActacca

CCATCAGTACCACCACTACCATCCCCGCCATGAACCCCCAAGCCGAGTCA

* %k LR R R R X XX kkkkkhhR * &k k * % bk ok *kkkkk * %k k *kk*

CccaacagtaccatcactACCACCCCCATCATGATCCCCCAGGCCGTGETCA

GCAACAAGCCCTCCCTGCTGCCGGTCTCTGEGGEGEGCTCCC-~-CTCAGTCCC

LR A R R R R AR EE R EEEE R E R TR E B E R R R R IR R R R g *k ok kk * % %

GCAACAAGCCCGCCCTGCTGCCGGTCTCTGEGGEGGCTCCCGCCTCAGCCCT

AGCAGGATCCGGCTCTGTGTCCTTGCTCTTATACTCCTCCATACAGTAGT

LEREE A X EEEEEE SR RY kb ok ok kkk * k% * % Tk hhhkkx Kk * % * %

AGCAGGATCCGGCTCTGCGTCCTTGTTCTCATGCTCCTCCATACCGTGET

GTCCTTCTCCAGCAGCCAGAGTGATGGGGGACTEGCACTGGAGACACTGC

KhhkAhdhhbhdhkhkhd hhkhk hhkk Xhkhkkrdkh hhhkhk *hkrrhdkrhhkhkh*r

GTCCTTCTCCAGCAACCAGGGTGGTGGGGCATTGCGGCTGGAGACACTGC

CTGCCCTCGAGGAGGGGTTGATGCTAGGAAGAG TGACCACAGGGAGGGACS

AAhkEI AKX hk Fhkhk kA ok kk * kK * Kok ok ok ok ok ok k Kk hkkkhkkhkkokokkk

CTGCCCTAGAGGAGGGCCTGACACGGGAACAGTGACAGTAGGGAGGGAGG

ACAAACCTCCACCACATACTGACATCAGCTCCAGCCCAGCTCCAGGCTGG

hhkk khkhkkkkhhkkkhkkhk hkhkkdkhhkdhhhkiodhkrdhrxt * * kkk kK Kok xk

ACAGACCTCCACCACA--CTGACATCAGCTCCAGCTC--CCCCAGGTTGG

GGAAGGAA - -GCATCTCCCACAGGAGGTGTAGCATCAGGTGCCGCTGGGE

* Kk * * K *kkkkk hhkhkkkkhkhkhkhkkdk dhkdkhkhkkkhkid *kk*x

GGGGGAGGGGGCTCCTCCCATGGGAGGTGTAGGATAACGGTEEGGGNGGGE

AGAAATGGGGGACCAG-ATATCGT-CCCAATCTACCCCTGCCTATGAAAG

* Kk kkokokokkox * Kk kK khkkhkk KAhkhk kxk * k * kK Kk

NAAA-TGGGGGAATGACACATCCNNCCCAACCTANCCCCACCCCA-AAAG

CAGCTTCAACNAAATGAC-AGAGGGCCCCCAAGGAGCTATAAAACTCACC

*kkkk kk koK *khkkk h KkhkkhkhkAhkk Kk Kk *hkkkhxxk Ak khkkkhkx k

CAGCTCCAACAGAATGGCCAGAGGGCCTC-AGGGAGCTGCAAAACTCATC




CAGTAGGGAAAGGTAGCAGCAGCAGGTGTCCCCTCCCAAGC-CCCACCTT

*hk kK hkhkhkdk khkkhkhkhkhkhhkrt khhkhk khhkdkkhhkkhkhkhkdhd *khkdkx *%x

CAGGAGAAAAAGGCAGGAGCAGCAAGTGACCCCTCCCAAGCTCCCATCTA

TGGGGCTTAGTTCTNAAAAGCGGGGA -~ - ~GGGGCTCGAGTTGCCCACTCC

* ok ko k ok k ok okk kkk kk Kkkhkk K,k k ok ok ok ok ok k *hkhkkkkkhk Kk

TGGGGCTTAGCAAAAAAAGGGAGGAAGTGGGGGCTGGATATGCCCACCCC

TGCCAAAAGCCCTGACCCCAGGGAAGGAGGCTGCTTGCTCAGCCTCAGCCA

Ak kR hkrAAhhddhhbhdhhohhhrhdrhhkhohkrrrrrxt * Xk khKhkk * ok k

TGCCAAAAGCCCTGACCCCAGGGAAGGAGGCTGCTCACCCAGCCTTGGCCC

TGCAGGGAATGTTGGGGGGCACAGAGGGGAGANNTCTNN



Figure 2 RTPCR results

RTPCR using primer set Z17F and Z17R (primer sequence shown in Figure
1). - lanes indicate negative controls to test for genomic DNA contamination.
+ lanes indicate reverse transcribed RNA from the tissues indicated. The

expected product, 134 bp, is produced from 18 week EGA human fetal brain.
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Figure 3 Alignment of cDNA clones
Alignment of eight cDNA clones, Il from the TED gene at the DXS732E
is chimeric portions of the cDNAs, E is the genomic clone

locus. &

used as a probe, B= Bam Hl sites, P= Pst | sites. Fragment sizes are indicated

in kb.
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Figure 4 Map of the TED gene on cosmid ICRFc104HO41.43

Distribution of the TED gene,E.:>, over a map of genomic sequence contained
in cosmid ICRFc104HO41 .43.- is TED gene coding sequence. The most 5', at
least 910 bp, and 3', 2964 bp, exons have been mapped as shown; the
intervening exon(s),I , totaling 169 bp, have not been localized within the eleven
kb genomic fragment. K= Kpn | sites. The first CpG island contains at least six
Eag | sites, two of which are also Not | sites, and at least three Sma | sites. The

second CpG island contains at least one Eag | site and one Sac |l site.
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Figure 5 TED gene splice sites

Comparison of TED gene cDNA and genomic sequence at splice sites. Slice site
consensus sequences listed below. A. The most 5' splice site identified at base
910. B. The most 3' spice site at base 1079. Additional splice sites may be

found in the intervening 169 bp sequence. * indicates identity, / indicates

predicted splicing cleavage site.
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Figure 6 Eag | digest of human genomic DNA

DNA from males and females as indicated, digested with Pst | and Eag 1. The
presence of the upper band, a 3 kb a Pst | fragment, indicates at least six Eag |
sites are methylated. The lower 306 bp band indicates two of the Eag | sites are
not methylated. The Southern blot was probed with the 306 bp Eag | genomic

fragment.
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Figure 7 TED gene sequence

Sequence and predicted amino acid sequence from the TED gene at the
DXS732E locus. ATG's are the two potential start codons. / indicate splice sites.
TGA is the predicted stop codon. The ATAAA poly (A) signal sequence is

indicated in bold. Underlined sequence indicates triplet repeats. Domain 1 and

2 are in bold. @ indicate the last base of an Eag | site.
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Figure 8 Alignment of the TED and HUMMRNAC cDNAs

i indicates domain 1, Il indicates domain 2. Both messages are

approximately 5 kb in length.
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Figure 9 Nucleic acid and amino acid alignment of the domains of the TED gene
and HUMMRNAC cDNA.

A. Domain 1 is 43 amino acids long with 77% identical amino acids, and 16%
conservative substitutions. Nucleic acids are 72% identical over 93 bp. B.
Domain 2 is 118 amino acids long with 66% identical amino acids, and 14%
conservative substitutions. Nucleic acids are 68% identical over 354 bp. *

indicates identity, + indicates conservative substitution.

55



123

TED gene GCT

HUMMRNAC

GCG
Ala

GCT
Ala

GCT
Ala

TCT
Ser

TED

CAG
Gln

CAG
Gln

GAC
Asp

GAT
Asp

Ala
*

Ala

CGA TGG
Arg Trp
+ *
AAA TGG
Lys Trp

CAT CTG

His Leu
* *

CAC TTG
His Leu

774
CGT
Cys

HUOMMRNAC TGC

CTE
Gln

CAG
Gln

AAG
Glu

GAG
Glu

GGC
Leu

CTC
Leu

CCT
Cys

TGC
Cys

ACA
Asn

Agn

TGG
Asp

GAA
Glu

AGG
Glu

GAG
Glu

AGT
Tyr

TAC
Tyr

TGT
Cys

TGT
Cys

GCA
Lys

AAG
Lys

ATG
Glu

GAT
Asp

ATA
b

ACC
Thr

Cys

AAA AAT
Lys Tyr
*

AAA TAC
Lys Tyr

ACT CAA
Ser Ile

TCG GTG
Ser Val

GCT CAG
Ser Glu

TCC CAG
Ser Gln

AGC AAT
Gln Tyr

CAA TAC
Gln Tyr

AGG AAA
Glu MET

GAA GTC
Glu val

CTT CAC
Ser Pro

TTT CTA
Phe Leu

CCC AGG CCG AGC
Pro Arg Pro Ser

*

*

+

GCA CCC CGA GAG AAC

Pro Arg Glu Asn

CGA

Arg
*

CGA
Arg

TGG
ED
+
TGG
Trp

GTA
Ser

AGG
Arg

ATG
Asp

GAA
Glu

TCC
Arg

Lys

AAT
Tyr

TAT
Tyr

ACT
Cys
*

TGT
Cys

TGG
Val

ATC
Ile

CAA
Lys

ACC
Thr

CTG

Leu
*

cTG
Leu

CTG

Leu
*

TTC
Phe

GCA
Asn

CAG
Gln

ACG
Glu

GAG
Glu

GGT
Ser

TCC
Ser

ACT
Phe

™rT
Phe

GCC
Leu

TTG
Leu

TGT
Tyr

TAC
Tyr

AGC
Arg

AAT
Asn

TCC

Ser
*

TCT
Ser

TGC

Cys
*

TGC
Cys

ACT
Cys

TGC
Cys

AGT
Phe

TTT
Phe

cCT
Cys

TGT
Cys

TCA
ser

GAA
Glu

TGG
Glu

GAG
Glu

ACG
Gly

GGA
Gly

GTC
Leu

GAT
Asp

CTG

Leu
*

CTG
Leu

GCG
Ala

GCcC
Ala

GTA
Ile

GTC
Val

TCG
Asp

GAA
Glu

GCA
Thr

CCT
Pro

GCG
val

GTC
val

AGG
Val

GTT
Val

GAG
Gly
*

GGC
Gly

TGG
Glu

Glu

GAC AAA CCT TGC GCC GAC TCC GAG CGcC
Asp Lys Pro Cys Ala Asp Ser Glu Arg

+

*

*

+

*

*

*

*

GAG AAA CCG TTC ATC GAT TCC GAG AGG
Glu Lys Pro Phe Ile Asp Ser Glu Arg

GCG

Ala
*

GCA
Ala

GGG

Gly
*

GAG
Glu

TCG
Glu

GAG
Glu

ACC
Leu

AGC
Ser

CGA
Lys

GAA
Glu

TGA
Thr

ACA
Thr

TGC
Gln

CAG
Gln

GGC
Leu

CTC
Leu

AAA
Thr

CCA
Pro

TCC

Ser
*

TCT
Ser

GCC
Ala
+
GCC
Ala

AGG
Ala

GCT
Ala

TCG
Val

GTG
vVal

AAG
Gly

GAC
Asp

cCcE
Gln

CAG
Gln

AGA
Thae

ACG
Thr

TEE
P16

TCC
Ser

CCA
Lys

Glu

CTG

Leu
*

cTC
Leu

CGG
Arg
+
AAG
Lys

CGT
Tyxr

TAC
Tyr

TGC
Leu

CTC
Leu

GCT
Cys

TGT
Cys

AGC
Gln

TTT
Phe

cce
Arg

AGG
Arg

CTG
Gly

AGT
Ser

AGT
Cys
*

TGC
Cys

(@ILE

Leu
*

TTG
Leu

ACC
Gln

CAG
Gln

TGC
His
CAC
His
GTA
Lys
*
AAG
Lys

AGG
Glu

AAC
Asn

GGT
Cys

TGT
Cys

GCT
Phe

TTC
Phe

GCT
Cys

TGT
Cys

TTE

Phe
*

TTT
Phe

AGC
Arg

GAC
Asp

ATA
Lys
Lys

AGG
Ala

ATT
Ile

AAT
Cys

TGC
Cys

GCC
Pro

CCA
Pro

TTA
Ile

ATC
Ile

GTG
Asp

GAC
Asp

TTC

Phe
*

TTC
Phe

GGC
Leu

TAT
Tyr

AAT
Tyr
*
TAT
Tvr

CTG
Val

GTC
Val

GCC
Gln

AGA
Arg

CCT
Phe

TTT
Phe

TCT
Cys

TGT
Cys

ACC

Thr
*

ACA
Thr

TGG
Asp

GAC
Asp

ACT
Leu

TTA
Leu

TCT
Tyr

TAC
Tyr

AGC
Arg
Lys

TTA
Ile

ATA
Ile

GTA
Thr

ACA
Thr

GTG

vVal
*

GTC
vVal

ACC
Arg

CAC
His

TAC
Gln

CAG
Gln

ACA
Lys
Lys

GCT
Trp

ACA
Thr

TAC
Leu

TTG
Leu

CAG
Gly
*

GGG
Gly

CTG

Leu
*

CcTG
Leu

GAC
His

CAT
His
AGG
Ala

TCG
Ser

AGG
Ala

GCC
Ala

GGG
Val

ATT
Ile

TCC
Pro

ccc
Pro

GGT
Leu

CTT
Leu

CTC
Leu

CTC
Leu

ACG
Ala

GCT
Ala

CGG
Glu

GAG
Glu

EeT
Trp

TGG
Trp

TGC
Pro

ccT
Pro

CCG
Asp

GAC
AsSpD

TGC
Leu

TAT
Tyr



Figure 10 Result from probing Clontech multiple tissue Northern blots with
cDNA 11

A. Human fetal tissues from 20-26 week EGA. Brain 5 kb band (1), lung (2),
liver (3), kidney, (4). B. Human adult tissues. Heart 5 kb band (1), brain 5 kb
band (2), placenta (3), lung (4), liver (5), skeletal muscle faint 5 kb band (6),
kidney 5 kb band (7), pancreas 5 kb band (8).
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Figure 11 RTPCR analysis of TED gene in human fetal skin

RTPCR results using TED cDNA specific primers that span an intron. Primers Z-
25 F (ACACCCTGATGGGGGACCTG) and Z-26 F
(AAGTATCCAGCAACCCTGTAC). Lanes A, 77 day EGA human fetal skin.
Lanes B, 94 day EGA skin. Lane C, 123 bp ladder. Lanes D, 120 day EGA skin.
Lane E, HoO control. Lane F, 107 dilution of TED ¢cDNA. Lane G, 106 dilution of
TED cDNA. + lanes indicate reverse transcription of RNA samples, - (negative
control) lanes contain ail the components of the reverse transcription reaction
except reverse transcriptase. The expected 400 bp band indicates TED

expression in the 77 day human fetal skin.
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Figure 12 Southern blot showing the junctional fragment in patient ED 1015
EcoRI Southern blot hybridized with cDNA 3 from the TED gene. Lanes A, B
D, E, are EDA males with the normal pattern. Lane C contains DNA from
EDA patient 1015. ED1015 is missing the upper EcoRI band and the arrow

indicates the detection of a junctional fragment.
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Figure 13 Map of EDA region

A scale at the top estimates the distance between the DXS732E locus and
the DXS453 locus. The TED gene is indicated by the arrow above the
DXS732E locus. Translocation breakpoints are indicated by a vertical bar if
localized to a cosmid, and a bracket if the exact location is not known.
Cosmid contigs (A-D) were constructed by our collaborators (Jamel Chelly
and Nick Thomas) using the indicated YACs as a probe. A total of five
patients with deletion have been identified. Breakpoints known to map within
a particular cosmid are indicated with a vertical bar at the end. Unknown

breakpoint are indicated by an open bar.
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SUMMARY

We describe two families exhibiting X-linked inheritance of a disorder with the
general features of hypohidrotic ectodermal dysplasia and an immunodeficiency
with hyper IgM. These families show differences in the severity of the features of
hypohidrotic ectodermal dysplasia and immunodeficiency. The disorder is so
severe in one family, ED 1082, that the affected members died. In the other
family the affected individuals are managing relatively well. These differences
may be due to variable expressivity of the same disorder or these families may
have different disorders. In both families the disorders are most probably X-
linked. The affected half-brothers in each family have different fathers and their
mothers appear normal.

The phenotypes found in both families are most consistent with two well
characterized X-linked disorders, hypohidrotic (anhidrotic) ectodermal dysplasia,
EDA, and immunodeficiency with hyper-IgM, HIGM. The phenotype includes
significant hypohidrosis, hypodontia, and immunodeficiency with hyper-IgM.
Hypohidrotic ectodermal dysplasia (EDA) has been localized to the region Xq12-
q13.1 by both genetic analyses and by the location of the chromosomal
breakpoints in females with EDA and X:autosome balanced translocations.
Severe immunodeficiency is not a known feature of EDA, and hypohidrotic
ectodermal dysplasia is not a recognized feature of HIGM1. We wished to see if
the disorder(s) might represent a contiguous gene deletion syndrome involving
either the EDA or HIGM1 loci, or if these disorders segregate with markers
flanking the EDA locus, HIGM1 locus, or other X-linked loci associated with
immunodeficiency.

The segregation of alleles from 24 polymorphic loci spanning the X

chromosome were analyzed. In family ED 11386, the brothers had discordant
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alleles at loci extending from Xp22.33 (DXYS17) to Xq21.1 (DXS72), including
the DXS732E locus, located at or very near the EDA locus. In family ED 1082,
the brothers were concordant for all informative loci tested between Xp22.33 to
Xqg24, including six loci flanking the EDA locus. However, discordant alleles were
present at the HPRT and CD40 ligand loci (Xq26). The CD40 ligand, is a
candidate gene for HIGM1, and has been demonstrated to be mutated in multiple
patients with this disorder. No deletions were observed at any of the loci tested.
If both families are affected with the same disorder, then the disorder must be
distinct from both the EDA and HIGM1 loci and may map to the Xg21.1-Xq26.1 or
Xq26.2-Xq28 regions.
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INTRODUCTION

The X-linked locus for hypohidrotic (anhidrotic) ectodermal dysplasia
(EDA), characterized by abnormal morphogenesis of hair, teeth and eccrine
sweat glands (Clarke et al. 1987), has been mapped to the region Xq12-q13.1 by
both genetic and physical mapping methods (Zonana et al. 1992; Plougastel et
al. 1992; Thomas, et al. 1993, Kere et al. 1993). Although there has been
controversy about the existence and frequency of an autosomal recessive
genocopy of the disorder (Sybert 1989), there has been no convincing evidence
for a second X-linked locus. Linkage-based heterogeneity analyses (Zonana et
al. 1992), and the localization of common breakpoints in several females with
EDA and X;autosome balanced translocations (Plougastel et al. 1992; Thomas,
et al. 1993, Kere et al. 1993), have supported a single X-locus, with the exception
of a couple of atypical families (Goodship et al. 1990; Zonana et al. 1992).

Immunodeficiency with hyper-IgM, a disorder characterized by recurrent
infections with low levels of IgG and IgA and normal-to- increased levels of IgM,
may be genetically heterogeneous with both X-linked and autosomal loci
(Notarangelo et al. 1992). The X-linked locus (HIGM1) has been mapped to
Xq26 without evidence for a second X-linked locus (Padayachee et al. 1992).
Recently, the CD40 ligand (CD40L), a candidate gene for HIGM1, has been
cloned and mapped to the Xq26 region, and shown to be mutated in mulitiple
affected individuals (Korthauer et al. 1993; Allen et al. 1993; Arrufo et al. 1993,
DiSanto et al. 1993, Ramesh et al. 1993).

We describe two families, each with a pair of affected half-brothers with
different fathers, who have an ectodermal dysplasia with hypohidrosis, and an
immunodeficiency with hyper-lgM. The disorder may be due to either a
contiguous gene deletion syndrome involving either the EDA or HIGM1 locus, or

to an intragenic mutation at either of these loci with unusual pleiotropic affects.
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Alternatively, the disorder may represent a new entity at a distinct locus on the X
chromosome. In order to distinguish among these possibilities, we have tested
multiple polymorphic marker loci spanning the X chromosome in an attempt to
exclude involvement of either the EDA or HIGM1 locus in each family, and to
identify candidate regions for a potentially distinct X-linked locus.
PATIENTS, MATERIAL, and METHODS
Families studied
Family ED 1082: The full clinical and laboratory details of the immunodeficiency
in this family are described elsewhere (Schneider et al. 1992; Wang et al.
submitted). The proband (llI-1) (Figures 1 and 2) was hospitalized multiple times
during his first year of life with bacterial infections of both soft tissue and bone.
Laboratory studies demonstrated immunodeficiency with low levels of IgG (143
mg/dl) and IgA (8 mg/dl), and abnormally elevated levels of IgM (868 mg/dl).
Studies of cellular immunity and a karyotype were normal. At 17 months of age,
he developed diffuse mycobacterial granulomatosis, and despite aggressive
treatment, he expired at two years of age. A post-mortem examination was
refused. In addition to his immunodeficiency, he was noted to sweat abnormally,
and a quantitative sweat test demonstrated a very low amount of sweat
production (13 mg). He had sparse, thin scalp hair and eyebrows, frontal
bossing, deep-set eyes, and mild mid-facial hypoplasia (Fig. 2). Broad fingernails
with splayed tips, and deep-set toe nails with slight cracking and brittleness were
also noted. His dentition was abnormal, and at 20 months of age only two
widely-spaced conical upper incisors had erupted. Dental X-rays revealed two
conically-shaped upper incisors, and absence or extreme hypoplasia of the four
lower incisors.

The proband's younger half-brother (l11-2), from a different unrelated

father, presented with bacterial sepsis and meningitis at three months of age. He
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subsequently developed Pneumocystis carinii pneumonia, and disseminated
Mycobacterium avium intracellulare infection. Immunologic work-up showed
hypo-gammaglobulinemia (IgG - 154 mg/di, IgA - 15 mg/dl) except for elevated
levels of IgM (251 mg/dl). He was noted to have sparse, fine scalp hair, frontal
bossing, deep-set eyes. and mild mid-facial hypoplasia with two conical shaped
maxillary central incisors. Normal laboratory studies included a karyotype, blood
lactate and pyruvate levels, quantitative plasma amino acids, and urine organic
acids. A skin biopsy from his thigh demonstrated parakeratosis and
dyskeratosis, and a quantitative sweat test was abnormally low. He died at 35
months of age. Family history was unremarkable without signs or symptoms of
ectodermal dysplasia or immunodeficiency. Their mother (1I-2) had normal

dentition, scalp and body hair, and breast development.

Family ED 1136: The proband (lli-1) is a 12 year old white male who presented
for evaluation of recurrent aphthous stomatitis (Figures 1 and 3a). His past
medical history was significant for recurrent infections inciuding otitis media,
sinusitis, and purulent nasal discharge. He had been hospitalized four times for
pneumohia, once for osteomyelitis of the femur, and once for an abscess of the
biceps muscle. A diagnosis of immunodeficiency with hyper-IgM was made at
ten months of age based on persistent low levels of IgG (<200 mg/dl - normal
range of 294-1069 mg/dl), low-to-normal IgA, and elevated levels of IgM (1100
mg/dl - normal range 41-148 mg/dl). He has been maintained on monthly
intravenous gamma globulin therapy, and oral antibiotics. Of significance, he
was noted to be unable to sweat as an infant, necessitating air conditioning and
aggressive cooling measures. He had conical shaped maxillary lateral incisors,
and was missing four of his primary and seven of his secondary dentition,

excluding the third molars. Based on these findings he had received a diagnosis
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of hypohidrotic ectodermal dysplasia. Laboratory studies included a normai
46,XY karyotype. On examination at twelve years of age he showed periorbital
wrinkling, and hypodontia with widely spaced conical teeth. Mild eczematous
changes were present on the trunk, and superficial erosions were present on the
tongue and buccal mucosa. Scrapings failed to demonstrate the presence of
multinucleated giant cells.

The proband's six year old half-brother (11I-2) (Figures 1 and 3b), with a
different unrelated father, was studied during infancy because of his brother's
disorder, and found to have a similar immunodeficiency with elevated levels of
IgM. He was begun on treatment with immunogiobulin and had recurrent
episodes of otitis media, but was hospitalized only once, due to an abscess of the
right thigh. A typical trough level on therapy at the age of two showed an IgG
level of 603 mg/dl (normal range 538-1400 mg/dl), and an IgM level of 723 mg/dl
(normal range of 54-206 mg/dl). Similar to his brother, he did not sweat and
needed air conditioning and cooling measures. He had conical shaped primary
incisbrs, and was missing four primary teeth. The absence of four of his
secondary dentition, excluding the third molars, was demonstrated radiologically.
Family history was unremarkable. Their mother (lI-2) had normal dentition,

sweating, scalp and body hair, breast development, and immunogiobulin levels.

DNA Samples

DNA samples were obtained from the mother and her two sons in family
ED 1082, but neither father was available for testing. Since both boys were
deceased, DNA samples were extracted from cultured skin fibroblasts by
standard methods (Miller et al. 1988). In family ED 1136, blood samples were
obtained from the affected boys, their mother, and the father (l1-3) of the

proband's half-brother (111-2).
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Nucleated cell pellets were prepared from 10-15 ml of whole biood
(anticoagulated with ACD or EDTA) using a blood cell lysis buffer (BCL) (0.32 M
sucrose, 0.01M Tris HCI pH 7.5, 0.005 M MgCl», 1% triton X-100). Cold BCL
was added to the blood to a total volume of 50 mi, incubated on ice for 10
minutes, and centrifuged at 850xg for 15 minutes at 4~ C. The supernatant was
removed, the pellet resuspended in 30 ml cold BCL, and re-centrifuged. The
supernatant was removed and DNA was extracted from the pellet using

previously described methods (Miller et al. 1988).

Polymorphic Loci Analyzed

Twenty-four polymorphic marker loci spanning the X chromosome were
analyzed in both families (Table 1). The concordance or discordance of alleles at
informative loci was scored for each set of brothers. This method has been used
previously in the analysis of Rett syndrome when the number of informative
meioses was too small for conventional linkage analysis (Ellison et al. 1992).
Particular emphasis in our study, was placed on loci in the Xq12-q13.1 and Xq26
region, at or near the EDA and HIGM1 (CD40L) loci, respectively. The location
and order of the loci are as reported in the current X chromosome consensus
map (Schlessinger et al. 1993) and the data of Weissenbach et al. (1992a and
1992b).

PCR reactions were performed in a 13 pl volume including 25 ng of
genomic DNA, 0.26 units of Taq polymerase (Ampli-Taq), 10 pmoles of each
primer, 1.5 mM MgCl,, 200 puM dNTPs, 50 mM KCI, 10 mM Tris-HCI pH 8.3, 0.25
mM spermidine, and 0.01% gelatin. Published sequence and annealing
temperatures were used for each locus (Table 1), except for the CD40L locus.
Primers (TCCCCCAGTCTCTCTTCTCA; TTTCGTAATGAGGAGTGGGC)

flanking the polymorphic (CA)n dinucleotide repeat at this locus (DiSanto et al.
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1993) were designed from sequence deposited in GenBank to give a product of
216 bp, using an annealing temperature of 58°C. "Touchdown® PCR
amplification was performed in a MJ Research PTC-100 thermocycler, using an
initial temperature 10°C higher than the annealing temperature of the primers,
and decreased 2°C in each cycle for the first 5 cycles. The temperature was then
held constant at the annealing temperature of the primers for 30 additional
cycles. Each cycle consisted of 30 seconds denaturing at 94°C, 30 seconds at
the specific annealing temperature, and a 30 second extension at 74°C. PCR
products were resolved on a 32% formamide-7% polyacrylamide sequencing gel,
capillary blotted on to Hybond N+ membrane (Amersham), and probed with [32P]
end-labeled (CA) g oligonuclectide (1 pmole/mi of hybridization solution). Blots
were hybridized in 5X SSPE/0.1% SDS at 65 C for one hour, and subsequently
washed 2 to 3 times at 60°C in 6x SSC/0.1% SDS. Autoradiography was
performed using Kodak X-OMAT AR film with an intensifying screen for 1 to 3
days at -80°C.
| The AR and HPRT loci were detected by internal labeling using 0.5 uCi of
alpha [32P] dCTP and 2 uM cold dCTP, in a 15 ul reaction mixture as described
above (Edwards et al. 1992). DMSO was added to the reaction mixture to a final
concentration of 10% for the analysis of the AR locus. The internally labeled
PCR products were resolved on a 7% polyacrylamide gel, which was
subsequently dried, and autoradiography was performed.

Southern anaiyses were used to detect polymorphisms at the DXS255,
DXS732E, and DXS72 loci. These analyses could not be performed on family
ED 1082 due to insufficient DNA secondary to the loss of all of the fibroblast cell
lines on individual 111-2. Genomic DNA was digested with the appropriate
restriction enzyme, electrophoresed on 0.8% agarose gels, transferred to Hybond

N+ membranes using 0.4N NaOH, and probed with the appropriate oligo-labeled
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probe. Hybridizations were performed in 7% PEG, 10% SDS, 50 mM POy,

200ug/ml human placental DNA, and 1.5 - 2X106 cpm per ml probe, at 65°C
overnight. Blots were washed sequentially in 2X SSC/0.1% SDS followed by
0.1X SSC/0.1% SDS for 15 minutes at room temperature. A final wash was done

in 0.1% SSC/0.1% SDS at 60°C, and autoradiography was performed.

RESULTS

Nine out of twenty-four loci were informative in both families, ten were
informative in oniy one family, and five were uninformative in both families. No
deletions were observed for any of the loci tested in either family, including the
CD40 ligand and DXS732E loci. The concordance or discordance for alleles at
each of the loci tested is shown in Figure 4. [n family EDA 1138, the brothers
were discordant for alleles at nine loci extending from Xp22.33 (DXYS17) to
Xqg21.1 (DXS72). Of significance, they were discordant for alieles both proximal
(AR, DXS732E) and distal (DXS872) to the EDA locus. Barring gene conversion
or double recombination within a very small region, the results seen in family
EDA 1136 excludes the disorder from the Xq12-q13 region, wherein the EDA
locus has been localized. The discordant alleles at the DXS732E locus are of
significance, since resuits of previous two-point linkage analyses demonstrate a
Bmax of 0.00 (Zmax 21.2) between the EDA and the DXS732E loci, and the
DXS732E locus has been shown to be deleted in an otherwise normal male with
EDA and a submicroscopic molecular deletion (Zonana et al. 1993). The
DXS732E locus is also present on a yeast artificial chromosome shown to span
the breakpoint in a fefnale with EDA and an X;autosome translocation (Thomas
et al. 1993). The brothers were concordant at five loci within the interval Xq21.3-

Xq28.
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In family EDA 1082, the brothers were concordant at twelve loci from
Xp22.33 to q24, and at the DXS998 locus (Xq27.3). Of significance, they were
concordant at the DXS339 locus, which on a two-point analysis has a 6max of
0.00 (Zmax 28.19) between it and the EDA locus (Zonana et al. 1992). However,
they were discordant for alleles at the HPRT locus, and for the (CA)n dinucleotide
repeat located within the 3' untranslated region of the CD40 ligand, both located
at Xq26. This would likely exclude involvement of the HIGM1 locus. To further
support this conclusion, one of the brothers (lil-2) has been shown to have
normal CD40 ligand expression on the surface of his T celis (R. Fuleihan,
unpublished data), which has been shown to be deficient in males with X-linked
immunodeficiency and hyper-IlgM (Fuleihan et al. 1993). Neither family showed
any evidence for submicroscopic deletions involving either the HIGM1 or EDA
loci. Insufficient DNA was available for RFLP analysis at the DXS732E locus in
family EDA 1082. However, results of a previous study that included the probénd
as part of a patient panel, showed no evidence for a deletion upon Southern
blotting with cosmid ICRFc104HO41.43 (DXS732E) used as a probe (Zonana st
al. 1993).

Two half-brothers in each family were stated to have been fathered by
different unrelated men, and had clinically unaffected mothers. Analysis of DNA
polymorphisms in family ED 1136 at the D11S533 (Litt et al. 1992) and DXYS17
loci (Decorte et al. submitted) were consistent with individual li-3 being the father
of 1li-2, but not of llI-1 (Fig. 5). Sixteen autosomal loci, heterozygosity 0.75, at
least 50 cM apart were analyzed in the mother and her two sons of family ED
1082, to test the hypothesis that the boys had the same father (loci analysis done
by Todd Taylor). The boys shared alleles at 4 of the loci and were discordant at
12 of the loci. Using Chi-square probability, the boys have a 1% probability of

having the same fathers.
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DISCUSSION

Confirmation that the brothers in family ED 1136 had different fathers
supports inheritance of the discrder as a probable X-linked recessive trait. The
immunodeficiency in both families was characterized by low levels of IgG and
IgA, but abnormally elevated levels of IgM. Although minor abnormaiities of
immunoglobulin levels have been reported in males with X-linked hypohidrotic
ectodermal dysplasia (Clarke et al. 1987), they have been clinically insignificant,
and have not been characterized by markedly elevated levels of IgM. The clinical
and laboratory findings in families ED 1082 and 1136 are compatible with a
diagnosis of immunodeficiency with hyper IgM, a causally heterogeneous
disorder (Notarangelo 1992). The immunodeficiency was more severe in family
ED 1082, resulting in infection with opportunistic organisms and early death.
Both marked variability in clinical severity, and opportunistic infections have been
described in other patients with immunodeficiency and hyper-IgM, despite the
inability to demonstrate deficient cell-mediated immunity in the laboratory
(Notarangelo 1992).

The males in both families showed clear signs of hypohidrosis and
hypodontia. Family ED 1082 appeared to have more marked manifestations of
ectodermal dysplasia, with sparser hair and mid-face hypoplasia. The hair and
dental involvement in family ED 1136 was less severe than that usually seen in
X-linked hypohidrotic ectodermal dysplasia (EDA). If the disorder in the two
families are allelic, the difference in the severity of manifestations could be
explained by the site and nature of their respective mutations. One cannot prove
that the disorders are allelic until the basic defect is identified.

Therefore, if the mutations in both families involve the same locus, the

evidence suggests a locus for the disorder on the X chromosome distinct from
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either the EDA or HIGM1 loci. Although the density of the informative marker loci
tested is insufficient to completely exclude all of the regions between discordant
loci, the data support a possible location for such a locus within either the
Xq21.1-g26.1 or Xg26.2-q28 intervals. At least three disorders with
immunodeficiency or ectodermal dysplasia have been localized to the Xg21.1-
g26.1 and Xq26.2-q28 regions. The gene responsible for agammaglobuiinemia
(AGMX1) has been cloned and localized to Xq21.3-q22 (Tsukada et al. 1993;
Vetrie et al. 1993), however, these patients do not have elevated levels of IgM
nor ectodermal dysplasia. Elevated levels of IgM can be seen in the X-linked
lymphoproliferative syndrome (LYP) at Xq25 (Grierson et al. 1991), but males
with this disorder and large microscopic and submicroscopic deletions (2-4 Mb)
have been described, and have no signs of ectodermal dysplasia (Wu et al.
1993). Dyskeratosis congenita maps to Xq28 and may have manifestations of
immunodeficiency and hypohidrosis (Davidson et al. 1988; Amagrimsson et al.
1993). However, neither hypodontia nor immunodeficiency with hyper-IlgM has
been associated with this disorder, and other major clinical features of the
disorder are absent in our patients. Additional families with immunodeficiency
and hypohidrotic ectodermal dysplasia may be required to further localize and

define this disorder.
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Figure 1 Pedigrees of families ED 1082 and ED 1136
Blackened squares represent affected males, dotted circles denote obligate

carrier females, and arrows indicate the probands.
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Figure 2 Proband (l1I-1) from family ED 1082

Note his sparse scalp hair and eyebrows, and mild mid-faciai hypoplasia.
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Figure 3 The proband from family ED 1136 and his half-brother
(a) Proband (llI-1) from family ED 1136 (left) (b) his affected half-brother (lIl-2)

(right). Note his missing and conical shaped teeth.
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Figure 4 Results displaying concordance/discordance in each pair of half-

brothers
Concordance/discordance analysis of twenty-four polymorphic loci spanning the

X chromosome for the pairs of maternally related half-brothers from families ED

1136 and ED 1082.
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Figure 5 Results of analysis of the DXYS17 and D118533 loci in family ED 1136
Alleles at the DXYS17 and D11S533 loci in family ED 11386, consistent with
individual 11-3 being the father of one of the affected boys (Ill-2), but not of his

affected half-brother (Ili-1).
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Discussion and Conclusions
Discussion of chapter 1
Characterization of the TED gene at the DXS732E locus

A novel gene, termed TED, mapping to the DXS732E locus has been
isolated and characterized. Sequence analysis of three cDNAs and part of a Not
I genomic subclone, containing part of the putative first exon, totals 4038 base
pairs. Sequence analysis using a primer walking approach produced 3.4 kb of
single stranded non-contiguous sequence. Sequence analysis using a nested
deletion approach, cDNAs were prepared with excnuclease digestion, resulted in
0.9 kb of double stranded sequence and 3.2 kb of single stranded sequence.
Other sequencing methods used include sequencing cDNA subclones and cycle
sequencing. In total 4038 base pairs were sequenced by different methods with
approximately 3200 bases of sequence from both strands. The most abundant
transcript of the gene is estimated to be 5 kb in length according to Northern
analysis. The entire 5' untransiated region has not been cloned. Primer
extension experiments could be used to estimate the distance between the 5'
end of the mRNA and the current sequence. 5' rapid amplification of cDNA ends,
RACE, eXperiments could be used to clone the 5' sequence. In addition the fetal
brain library could be re-screened by hybridization using the most 5' sequence as
a probe. The 5' end of the gene that has not been cloned is approximately 800
bp from the current 5' end based upon comparing the message size to the total
length of the contiguous cDNA clones. The size of the poly A tail may account
for part of the additional sequence. Only 34 A's were sequence from cDNA 10
and poly A tails are approximately 200-250 bp in length (Lewin 1994, p875). ltis
likely that the remaining sequence is noncoding because it lies 5' of the two
putative start methionines and GRAIL does not rate sequence beyond the two

start methionines as being coding.
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The putative open reading frame, 1422 base pairs, was identified through
sequence analysis and confirmed with GRAIL analysis (Shah et al. 1994). The
ORF has been rated as having "excellent’ coding potential by GRAIL analysis.
GRAIL predictions of "excellent" coding potential have been accurate throughout
this project. Initially, GRAIL rated a 250 bp portion of an 800 bp human genomic
sequence as having "excellent" coding potential. Forty-two base pairs 5' of the
"excellent" human sequence is a splice site and 94 base pairs 3' of this sequence
is the putative stop codon from the identified ORF (Figure 1). In this example,
GRAIL roughly estimated an intron exon boundary and the stop codon. The
homologous mouse genomic sequence was rated as "marginal” for only 10 bp
over the homologous region. GRAIL is designed for the analysis of human
sequences, but reportedly has successfully identified coding regions in other
mammalian DNA. It is possible that GRAIL is not as sensitive at detecting coding
regions in mouse, even if the coding region is 82% homologous to the human
sequence. There are at least two suspected sequence errors in the putative
coding mouse genomic sequence indicated by gaps in the alignment of human
and mouse sequence (Figure 1). One gap of one base pair in the alignment is 13
bp from the splice site and a second gap of two base pairs is 243 bp from the
splice site. The clone pcos 169E/4 was sequenced by Neil Brockdorff, and the
autorads are not available to check the sequence in these regions. These gaps
could have decreased the sensitivity of GRAIL analysis by changing the frame
(Figure 1).

GRAIL was extremely useful in determining which frame of sequence was
coding, allowing one to focus in on potential sequence errors indicated by GRAIL
ratings as "excellent" in different frames. GRAIL analysis gave the first indication
that the ORF continued beyond the cDNA clones. The 5' sequences of cDNA

clones 3 and 10 start at the same base, supporting the hypothesis that both
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~ contained the 5' end. This hypothesis turmned out to be false, and the sequences
may have the same start as a result of secondary structure in the RNA causing
the reverse transcriptase tc terminate at the same position in both cDNAs. The
two cDNAs start after the third triplet repeat of an (ACG)x®6 triplet repeat. This
repeat may promote the formation of secondary structures that are difficult to
transcribe through. GRAIL anaiysis recognized coding potential in one frame of
sequence near the most 5' cDNA sequence. The sequence was rated
‘moderate” but the sequence in that frame did not contain any start methionines.
Identification of domain 1, a stretch of sequence thought to be coding with
homology to the HUMMRNAC cDNA sequence, supported the hypothesis that
the start methionine was 5' of the cDNA clones. if the structure between the
HUMMRNAC gene and the gene from the DXS732E locus were similar, the start
methionine would not be far beyond the cDNA clones. After cloning and
sequencing the Not | genomic fragment from cosmid ICRFc104H0O41.43 which
contains the most 5' sequence of the cDNAs, the putative start codon(s) were
identified.

There are two potential start methionines in the same frame only 41 and
65 bases &' of the sites were cDNA 10 and 3 are cloned into the polylinker. The
putative ORF starts just 3 or 21 bases after a stop codon depending on which
start methionine is used, supporting the hypothesis that one of two close
methionines is the start methionine (Figure 2). The identified stop codon at the
end of this putative ORF is probably correct since no errors were found in
sequence from both strands. In addition, multiple gaps, not in multiples of three,
are found in the mouse and human sequence alignment in the region following
the putative stop codon. Before the stop codon (TGA in bold, Figure 1) only two
gaps are present. One may be due to a compression in the mouse sequence.

Multiple sequencing errors would have to be present near the putative stop
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codon causing the frame to shift a number of times in order to extend the ORF
significantly (Figure 3). Grail rated two sequences beyond the putative stop
codon as having some coding potential. One short stretch of 12 bases was rated
as marginal in one frame approximately 700 bases from the putative stop codon,
and one 50 base pair sequence in one frame was rated as "good" approximately
1660 bases beyond the putative stop. In a study described in the GRAIL manual
sequences rated as "marginal" and "good" turned out to be coding 16% and 69%
of the time respectively.

Two intron-exon boundaries have been identified based upon divergent
sequence between cDNAs and genomic clones. Restriction maps of cDNAs and
genomic clones coincide before the first splice site over 310 base pairs and after
the last splice site over 2965 base pairs, supporting the hypothesis that the last
exon of this gene has been identified and part of the first exon may be identified.
Final proof that the 5' exon has been identified will come with cloning the 5'
region including the promoter. The putative ORF begins in the first identified
exon and ends in the last exon containing a poly (A) addition site based upon
cDNA sequence analysis. Additional splice sites have not been identified and
may exist in the 169 bp intervening coding sequence or in the region beyond (5')
of the current sequence (Figure 4).

A restriction site discrepancy between the genomic Not | clone and cDNA
3 was identified within the first exon. Genomic and cDNA sequence were in
agreement on either side of this discrepant region. The genomic sequence
contained an Eag | site at base 301, while cDNA 3 does not based upon
Southern analysis of Eag | digested DNA. Southern analysis of DNA from normal
males and females was used to test for the presence of this Eag | site. Ten X
chromosomes tested were in agreement with the cosmid restriction map which

shows the Eag | site at position 301. The loss of this Eag | site may represent a
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rare polymorphism or a mutation in cDNA 3. Sequence through this region from
cDNA 3 is not complete, despite multiple sequencing attempts, due to the high
GC content of this region. Therefore, the exact nucleotides which differ have not
been identified.

Sequence from the TED gene has been used to search sequence and
protein databases for identical or homologous sequences. BLAST programs
have been the most efficient method for database searching (Altschul et al.
1980). No identical sequences have been found, but one sequence with a high
degree of homology in two domains was identified. Two homologous regions of
sequence are shared between the TED gene and the HUMMRNAC gene that
maps to chromosome 13 (Li et al., 1993). These domains are compared in detail
in Chapter 1 of this thesis (Figures 8 and 9). These two domains have been
identified as a result of cloning and sequencing the gene at the DXS732E locus.
The gene at the DXS732E locus has been termed TED for Two Established
Domains. The genes have similar transcript sizes and spacing of the two
domains. Both genes contain expressed triplet repeat sequences. The
HUMMRNAC gene has an interrupted repeat of CAGs coding for Gln (GInX4,
GInX89, GIn X6) 3' of domain 1. The repeat is not very polymorphic (Li et al.,
1993). Two alleles were identified giving an average heterozygosity of 20%. The
TED gene has two short repeat sequences one either side of domain 1 including
6 TGCs and 4 CCGs that code for cysteine and proline respectively. The
expressed triplet repeats may not be characteristic of the gene family. Itis
difficult to determine the significance of these triplet repeats since the repeats do
not code for the same amino acid and are not in the same relative positions.

It is possible that the homologous domains are characteristic of multiple
genes, members of the same gene family, that have not yet been entered into the

sequence databases. Hybridization with a probe containing domain 1 to human
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genomic DNA shows multiple bands in addition to the expected bands from the
DXS732E locus even after stringent washing (0.1X SSC, 0.1% SDS at 60 C for
10 minutes).

The entire TED gene isolated to date maps within cosmid
ICRFc104HO41.43 (Figure 4). A map of the cosmid was constructed with Kpn |,
Eag I, Not I, and Sac Il single and double digests. The TED gene was placed on
the map through a series of primer hybridizations to Southern blots of cosmid
DNA digested with single and double digests of Kpn |, Eag |, Not |, Bam HI, and
Sac 1l (Figure 4). Identification of the most 5' and most 3' splice sites of clones
were essential to the construction of the map. A detailed map of the CpG island
that includes the 5' exon of the TED gene was mapped by cloning the 1.3 kb Not
| fragment from ICRFc104H041.43, and then sequencing subcloned Eag |
fragments from the Not | clone (Figure 4). The efficiency of sequencing GC rich
regions in CpG islands can be increased by subcloning fragments generated
from rare cutting restriction digests. Few compressions were present upon
sequencing the six Eag | subclones. The most difficult compressions to get
sequence from seemed to correspond to Eag | sites when using primer walking,
exonuclease sequencing or cycle sequencing. By subcloning at the Eag | sites
compressions were reduced perhaps by circumventing the problem of secondary
structure formation at these GC rich palindromic sequences. In addition,
sequencing from vector primers consistently resulted in cleaner sequence. The
CpG island also contains at least three Sma | sites. Additional Eag | sites from
this island may map outside of the Not | fragment and could not be detected with
this analysis. The 169 bp exon(s) maps somewhere in between the 5' and 3'
exon. This 169 bp fragment could be localized to a specific region by using
primers designed from this region as probes against a Southern with single and

double digests of the cosmid. The second CpG island, 3' to the TED gene,
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contains at least one Eag I site and Sac |l sites. These enzymes could cut

multiple times in this island and not be detected in this analysis.

Is the TED gene a candidate gene for EDA?

Several lines of evidence support the hypothesis that the TED gene might
be involved in EDA. This gene maps to the DXS732E locus at Xq13.1.
Recombinations have not been detected between the DXS732E locus and the
EDA locus, 8max=0(Zmax=21.2) (Zonana et al. 1992). It is likely that many
genes will map to or between the DXS732E and DXS453 loci, the two tightly
linked markers flanking the EDA locus, since they are about 400 kb apart. One
recombination between the DXS453 locus and the EDA locus was found in a
family used in the analysis by Zonana et al. 1992. This family may be useful in
mapping genes in the region between the EDA and DSX453 loci. The TED gene
is homologous to a gene at the DXCrc169 locus in mouse which is tightly linked
to the tabby locus. Every gene that maps to the EDA or tabby region should
initially be considered a candidate gene and worth further investigation.

The EDA gene should be conserved in the mouse, and subject to X-
chromosome inactivation, like the TED gene is. Although these characteristics
are essential to an EDA candidate gene, they are less discriminating and it is
likely that several genes in this region share these characteristics. The
differential methylation pattern found in the putative first exon, showing
hypermethylation of five Eag | sites on the inactive X chromosome and
hypomethylation of the active X chromosome, is characteristic of genes that are
subject to X inactivation. There is no simple way to prove that this gene is not
expressed from the inactive X chromosome because the gene is not expressed
in fibroblasts or lymphoblasts. A gene subject to X inactivation would be

differentially expressed in somatic cell hybrids, constructed from fibroblasts, one
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retaining an active X chromosome, and the other an inactive X chromosome
(Brown and Willard 1990). The TED gene and the putative homologous mouse
gene at the DXCrc169 locus are highly conserved based upon hybridization
results and partial sequence comparisons between the two genes. Even the
putative three prime untranslated regions are highly conserved between mouse
and humans based upon comparison of cDNA sequence from the TED gene and
genomic sequence from the putative mouse gene.

Expression analysis results are consistent with the TED gene being an
good EDA candidate. Northern analysis done by our collaborator, Joan Zeitinger
working in the laboratory of Karen Holbrook, PhD. at the University of
Washington, shows the TED gene is expressed at low levels at 55 and 96 days
estimated gestational age (EGA), and higher levels at 77 and 84 days EGA in
human fetal skin. At 77 days EGA, the first developing hair follicle structures
become visibly identifiable. Many hair follicles are missing in EDA patients,
probably resulting from a failure to induce hair follicle formation. if the EDA gene
is involved in the induction of hair follicle formation, one would expect it to be
expressed in human skin before 77 days EGA. Based upon Northern analysis,
probed With cDNAs 11 and 3, the TED gene is expressed at low levels at 55 days
EGA and either increases consistently throughout the intervening 20 days to the
levels seen at 77 days EGA, or the levels remain low and are increased to the
levels seen at 77 days EGA at some point between 55 and 77 days EGA. ltis
possible that the TED gene is expressed at relatively high ievels before the first
sign of hair follicle development is visible. The first visible structure in developing
eccrine sweat glands forms at 90-120 days EGA. A weaker signal is detected at
96 day whole body skin, 105 day scalp, 120 day scalp, and adult skin according
to Joan Zeltinger's Northern analysis results. Induction of eccrine sweat gland

formation must occur some time before 90 days and expression of the TED gene
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was relatively high at 84 days EGA. The expression pattern of the TED gene is
consistent with a gene involved in both the induction of hair follicie and sweat
gland formation. In situ hybridization in necessary to prove the TED gene is
expressed in presumptive and developing hair follicles and sweat glands.
Expression analysis of tissues from presumptive tooth germs was not done.

The most convincing evidence in support of the TED gene being a good
EDA candidate was the finding that one patient ED1015, with EDA and no other
apparent abnormaiities, was deleted for the 3' end of the TED gene. The deletion
involves at least 388 bases of coding sequence and the entire 3' untranslated
region including the poly (A) addition site based upon Southern analysis (Figure
5). The function of poly (A) tails is not known, but histone messages are
processed without poly (A) tails. Lack of a poly (A) addition site couid interfere
with transcription, the stability of the transcript, and translation. Normally RNA
polymerase transcription is terminated downstream of the poly (A) signal (Dameil
et al. 1990). The signal to terminate transcription is not known but may involve
the pély (A) site. Poly (A) tails are thought to stabilize mRNAs since it has been
shown that they are removed before degradation of certain messages (Darnell et
al. 1990). Removing poly A tails from transcripts has been shown to inhibit in
vitro translation (Darnell et al. 1990). Modification, a two base pair deletion, of
the poly(A) addition site has been shown to cause disease (thalassaemia) by
Harteveld et al. 1994. The TED gene could be inefficiently transcribed, unstabie
as a transcript or incapable of being translated in ED1015 because it lacks the
poly(A) addition site.

Deletion of the 3' untranslated region could interfere with
posttranscriptional regulation of translation. lron responsive element-binding
protein, has been shown to bind to the 3' untranslated region of members of the

IRE family messages to protect the mRNA from degradation (Theil, 1994).
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ED1015 is deleted for the entire 3' untranslated region of the TED gene, 2576 bp
in size.

Domain 2 may be important for protein functioning, and is at least partially
deleted for in patient ED 1015. The breakpoint of the deletion through the TED
gene has been estimated to lie within a 10 kb of genomic DNA between the two
identified splice sites. A more precise estimate of the deletion breakpoint could
be determined by sequentially probing a Southem blot of DNA from ED1015 with
small subclones of the cDNAs or using PCR primer sets along the region which is
potentially deleted. It seems likely that the deletion would disrupt transcription,
processing, or function of the TED gene. The gene is not expressed in
lymphobiasts or fibroblasts, so we have been unable to determine if the TED
gene is transcribed in patient ED1015. One might expect to see a phenotype
associated with the loss of function of the TED gene. The expected phenotype
should be related to the expression pattern of the TED gene. The TED gene is
expressed in skin during hair follicle and sweat gland formation so one might see
a phenotype involving these ectodermal derivatives. This gene is expressed in
other fetal tissues including brain (18 and 21 weeks EGA), kidney (18 weeks
EGA), and heart (15 weeks J. Zeltinger). The gene is also expressed in adult
brain, heart (highest levels), kidney, skin (J. Zeltinger), and at low levels in
skeletal muscle and pancreas. ED 1015 does not exhibit known phenotypic
abnormalities involving the tissues TED is expressed in except those
abnormalities associated with EDA. It is possible that abnormalities in addition to
EDA will become apparent at a later date. It is also possible that the TED gene
does not have an essential role in other tissues where it is expressed. The
function of the TED gene may be redundant in various tissues. Probes from the
TED gene cross hybridize with genomic DNA that is not from the DXS732E locus
invoking the hypothesis that the TED gene is part of a multigene family. The
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function of the TED gene may be redundant, and other members of this family
that are expressed in the same tissues as the TED gene, may be able to
compensate for the loss of TED function in these tissues. One gene
HUMMRBNAC, is a member of this gene family and is known to be expressed in
the brain.

Additional evidence supporting the hypothesis that other members of this
family are expressed in some of the same tissues that the TED gene is, comes
from Joan Zeitinger's Northern analysis. She detected two messages (2.52-2.9
kb and 1.6-1.9 kb) in addition to the most abundant 5 kb message when using
cRNA labeled probes generated from cDNA 3 and 11. These bands were not
seen when cDNA 11 was used as an oligo-labeled DNA probe on Clontech
Northern blots. It is possible that her cRNA labeled probes were hotter and that's
why she detected additional messages. It is also possible that the additional
bands were specific to the age and tissue types that she tested. This could be
determined by probing her Northern with a oligo-labeled cDNA 11 probe. The
fainter bands detected by the riboprobes, could represent less abundant
alternately spliced TED gene messages, or they could be the resuit of
hybridizaﬁ'on that is not as robust because the messages are related but not
identical to the probe. These messages could be from homologous genes
expressed in some of the same tissues as the TED gene. The only way to prove
that these band represented either alternate splicing or a member of a multigene
family with similar expression, would be to clone and characterize additional
cDNAs from the specific tissues with these messages. We have the
HUMMRNAC clone but it is expected to hybridize to a five kb band,
approximately the same size as the major band detected by cDNAs from the TED

gene.
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If the deletion in ED1015 results in juxtapositioning the TED gene to
another gene, a chimeric message could be formed that allows normal
processing and expression of the TED gene. This possibility seems unlikely, but
would easily explain why no phenotype in addition to EDA is seen in ED1015, if
the TED gene is not responsible for the EDA phenotype. If this explanation were
true and a chimeric gene was formed one would still have to explain why
disruption of the second gene involved in forming the chimera does not produce
a phenotype in addition to EDA. The second gene could be the EDA gene, a
nonfunctional pseudogene, or its product could have a redundant function.

The most convincing evidence that the TED gene may not be the EDA
gene comes from the physical mapping data and the placement of patients'
deletion and translocation breakpoints within the physical maﬁ. The orientation
of the TED gene (Figure 6) is based upon the identification of the poly (A) tail, the
results indicating that the 3' end of the TED gene is deleted for in patient
ED1015, the results indicating that this gene is proximal to the AnLy
translocation. and the identification of a cosmid, C03.184, which is deleted for in
patient ED1015 and identifies the AnLy translocation breakpoint (Thomas et al.
1893). Additional deletions found in EDA patients also map 3' of the TED gene
approximately 100-300 kb away.

The ideal candidate for the EDA gene is one that is disrupted by all the
deletions and translocations. This would mean the EDA gene and its regulatory
elements, span a minimum distance between the AnLy translocation breakpoint,
and the LePu translocétion breakpoint. The distance between these breakpoints
has not been determined because the LePu translocation breakpoint has not
been localized. These breakpoints may be as much as 150-200 kb apart based
upon the estimated distance from the AnLy breakpoint to the DXS453 locus

which maps beyond the translocation and deletion breakpoints (work done by our
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collaborators). An additional translocation has been shown to map proximal to
the AnLy breakpoint, AK, (Kere et al. 1993) suggesting the minimum EDA critical
region is closer to 200-550 kb. AK and AnLy breakpoints are a minimum of 50 kb
apart and a maximum of 350 kb apart according to Kere et al. 1993.

de Kok et al. 1995, discovered point mutations in the POU3F4 gene in
muitiple patients with X-linked mixed deafness. They identified a 500 kb critical
region based upon characterization of eight patients' deletions. The POU3F4
gene spans approximately 120 kb of this critical region and three deletions and
one duplication do not physically disrupt the POU3F4 gene. It is thought that the
four rearrangements disrupt regulatory regions mapping between 15 and 400 kb
away, the distances the POU3F4 gene maps from the deletions. Another
explanation could be that expression of the POU3F4 gene is silenced as a result
of the aberrations changing the chromosomal structure in the region. Recently,
Fantes et al. in 1995 describe two families with aniridia and chromosomal
rearrangements that map at least 85 kb beyond the 3' end of the PAX6 gene.
Multiple intragenic PAX6 mutations have been described in patients with aniridia
supporting the theory that mutations in PAX6 cause aniridia. Mutations have not
been detected in the PAX6 open reading frame in the two families with
rearrangements segregating with aniridia. However they cannot confirm that
both alleles of the PAX6 gene were analyzed and the promoter, and untranslated
region of the gene have not been analyzed. The hypothesis that PAX6
expression is silenced through changes in chromatin structure caused by the two
described deletions has been suggested as the underlying mechanism of disease
in these two families.

The EDA gene may only span a portion of the EDA critical region, and
may not be disrupted by all of the chromosomal aberrations found in EDA

patients. It is possible that some translocations and deletions disrupt an EDA



gene enhancer. In addition, deletions or translocations could result in position
effects where constitutive heterochromatin is juxtapositioned close enough to
heterochromatin or a silencer to affect expression of genes that are normalily
capable of expression. Clearly, the TED gene does not span the translocation
and deletion breakpoints and the maijority of these aberratiohs map beyond its 3'
end. Only one of the nine aberrations detected in this region disrupts the TED
gene. It is possible that the aberrations disrupt a reguiatory element, or the
chromatin structure of the TED gene. This theory could be tested by looking at
whether the TED gene is expressed in the patients with chromosomal
aberrations. However, the TED gene is not expressed in fibroblasts or
lymphoblasts making this analysis dependent upon illegitimate transcription.
Since TED expression apparently correlates with methylation status of at least
two Eag | sites, looking at these sites might give an indication of whether the TED
gene is expressed in patients with aberrations which don't physically disrupt the
TED gene. If the TED gene is methylated at the six Eag | sites in affected males
with known chromosome deletions then there would be significant evidence
supporting the hypothesis that the deletions 100-300 kb away may silence the
TED gené, perhaps through changes in chromatin structure as a result of
enhancer elements being deleted.

The EDA critical region, defined by translocation and deletion breakpoints,
is quite large and it is possible that a single gene does not span the entire length.
The large EDA critical region could contain a cluster of genes involved in hair,
tooth and sweat gland morphogenesis. Keratins, intermediate filaments of the
cytoskeleton of epithelial cells, are encoded by a large family of approximately 20
genes. There are two intermediate filament keratin gene families, the acidic type
| family and the neutral-basic type Il keratins. Members of the type | keratins are

clustered in sheep (Powell et al. 1986). The type Il keratins are clustered in
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sheep and in humans in the 12q11-q13 region (Wanner et al. 1993). Typically
only one type | keratin and one type |l keratin are expressed in a particular
phenotype, suggesting coordinated regulation of the two clusters of genes.
Keratins are structural proteins in hair and are expressed in hair follicles. itis
possible that there are muitiple genes involved in hair follicle, sweat gland, and
tooth morphogenesis that are clustered in the Xq13.1 region. There are two
types of clustered genes, one type involves genes that arose by gene duplication
events and include the keratin genes, as well as the globin (Goodman et al.
1987) and homeobox genes (Kessel and Gruss, 1990, and Akam 1989). If the
TED gene is part of the cluster of genes in the EDA region, it is unlikely that the
cluster is composed of homologous genes. Genes with homology to the TED
gene have not been shown to map to the EDA critical region. It is possible that
one of the genes homologous to the TED gene maps to the X chromosome since
two X loci were detected by pcos 169E/4 in mouse (Brockdorff et al. 1991). One
would expect this homologous X sequence to be deleted in the Ta25H mouse if
it maps to the tabby region and is part of a gene cluster. The second X band
appears to be present in the Ta25H . No additional X loci that map to the EDA
region have been detected with Southern analysis using cDNAs from the TED
gene. However, the studies addressing the hypothesis that there is a cluster of
homologous genes in the EDA critical region have not been done. Ideally, small
probes would be used covering the entire length of the TED gene in order to
detect small regions of homology between genes. Additional bands identified
would then have to be map to the EDA critical region.

It is possible that a cluster of genes in the EDA region would have related
functions but do not have sequence or protein homology. An example of clusters
of gene with related function without homology include the housekeeping genes

at the mouse surfeit locus (Colombo et al. 1992). Genes in this type of cluster,
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are thought to remain ciustered because of cis-acting elements that act on the
cluster. Regulation of expression would be one reason why genes might cluster
at the Xq13.1 region. In order to prove this hypothesis one would have to clone
additional genes in the EDA region, and show that they are expressed during hair
foilicle, and sweat giand morphogenesis. If this hypothesis is correct, one might
find mutations in the various genes within the cluster, including the TED gene,
that result in the EDA phenotype.

In conclusion, the TED gene at the DXS732E locus cannot be ruled out as
a candidate gene for EDA at this time. Its expression pattern in skin coincides
with hair follicle and sweat gland morphogenesis. It is partiaily deleted in one
EDA patient, and it seems that the deletion would interfere with normal TED gene
processing. Most of the deletion and translocation breakpoints do not physically
disrupt the TED gene and map about 100-300 kb beyond the 3' end. It is difficult
to determine whether expression of the TED gene is silenced as a result of
deletions and translocation because the TED gene is not expressed in fibroblasts
or lymphoblasts. Nested primers could be used in an attempt to detect
illegitimate transcription in these tissues. ldentification of point mutations is
necessary to provide further evidence for or against the hypothesis that the TED
gene is an EDA candidate. Chemical mismatch cleavage might be the most
efficient method to detect mutations in the TED gene given the large size of at
least two exons (Grompe et al. 1989). PCR through the GC rich region of the
putative 5' exon might be a problem since multiple attempts at PCR in this region
have failed. If mutations were not found in the known sequences of the TED
gene it would most likely not be the EDA gene. However, the TED gene could
still not be ruled out because mutations could be found in the five prime
untranslated or promoter regions that have not yet been characterized. Other

candidate genes expressed at the appropriate time in fetal skin from the EDA
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critical region may be identified which are disrupted by all or most of the genomic
rearrangements.

Characterization of the TED gene contributes to our knowledge of the
human genome. One objective of the Human Genome Project is to develop
various maps of the entire human genome including a map of all expressed
genes (a haploid human genome is estimated to consist of three billion base
pairs, and code for approximately 100,000 expressed genes). This ambitious
goal will ultimately lead to biomedical applications which prevent and treat human
diseases and disorders. There are at least four thousand genetic disorders
which are caused by defects in single genes. If the TED gene is not the EDA
gene, it may be involved in another genetic disorder, perhaps a multifactorial
disorder involving more than one locus. While the function of the TED gene is
not currently known, the analyses described here likely will be usefui in future

investigations.
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Discussion of chapter 2

The ectodermal dysplasia described in both families is most consistent
with an EDA phenotype. The half-brothers from both families had abnormally low
levels of sweat production, hypohidrosis, a cardinal feature of EDA. In addition,
the boys had a few small or conical shaped teeth with multiple missing teeth.
The half-brothers from family ED 1082 had thin, sparse, hair on both their scalp
and eyebrows, well known features of EDA that were not part of the phenotype
seen in the boys from family ED 1136. The boys from family ED 1082 were
noted to have a characteristic facies found in EDA patients, which included
frontal bossing, deep-set eyes, with mild mid-face hypoplasia. One of the boys
from family ED 1136 was noted as having periorbital wrinkling, sometimes
described in EDA patients. In addition to the EDA phenotype, one boy from
family ED 1082 showed nail abnormalities. In general, the symptoms found in
family ED 1136 were less severe than both those found in family ED 1082 and in
most male patients affected with EDA. However, the severity of the phenotype in
males with EDA is variable. Studies performed by Angus Clarke showed inter-
and intra-familiai variation. One family had affected males with no secondary
teeth and males with as many as 28 teeth. Hair is usually sparse but this is not
always an obvious feature. Sweat pores can be absent or less than 50% of
normal, but all the patients in Clarke's study had a reduced number of sweat
glands. Clearly, patients with EDA manifest the phenotype to various degrees.

The affected boys from both families had an immunodeficiency
characterized by low levels of IgG and IgA, but with high levels of IgM and
recurrent infections. This type of immunodeficiency is consistent with HIGM1 and
has not been described in EDA patients. Affected members of family ED 1082

had a severe immuncdeficiency resulting in opportunistic infections which led to
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their early death despite intravenous immunoglobulin infusions and antibiotic
treatment. Patients with HIGM1, frequently suffer from life threatening infections
despite immunoglobulin and antibiotic treatments and the early mortality rate is
approximately 10% (Kroczek et al. 1994). Treatment with intravenous gamma
globulin therapy and oral antibiotic was successful for the boys from family ED
1136, suggesting that their immunodeficiency is less severe than in the boys from
family 1082. Both marked variability in clinical severity and in opportunistic
infections have been described in patients with HIGM.

The affected half-brothers in each family were stated to have different
fathers and the same mother who was unaffected, suggesting X-linked recessive
inheritance of their disorder(s). Analysis of polymorphic markers in one father,
the unaffected mother and the two affected boys, were consistent with the half-
brothers having different fathers. Analysis of multiple markers in the mother and
her two sons from family ED 1136 were consistent with the boys having different
fathers (Markers run by Todd Taylor).

There are other possible ways this disorder(s) was inherited. A new
autosomal dominant mutation could have occurred in the mothers' germline
resulting in mosaicism. In this case only the mothers' offspring would be
affected. If the germline itself was mosaic, the mother could have both normal
and affected children. Excluding germline mosaicism, the mutated allele(s) and
the loci linked to the disorder are shared by the half-brothers and their mother,
since it is unlikely that new mutations at the same locus occurred independently.
Half-brothers share on average a quarter of their DNA with each other and half of
their DNA with their mother. It is possible, that this disorder(s) is autosomal
dominant with incomplete penetrance. Autosomal dominant disorders with

reduced penetrance can skip generations, so the mother could be carrying the
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disorder but not manifesting it. With these forms of inheritance in mind, it is most
likely that these families exhibit X-linked inheritance.

Although both families had affected individuals with similar generali
features of an X-linked hypohidrotic ectodermal dysplasia, in addition to an
immunodeficiency with hyper-IgM, it cannot be proven, without identifying the
molecular defects, that these families share the same disorder. The disorders
could be distinct, in which case the disorder in family 1082 could be allelic to the
EDA locus and the disorder in family ED 1136 could invoive the CD40L (HIGM1)
locus, based upon the concordance data presented. The fact that deletions of
either loci flanking the EDA locus or the HIGM1 locus were not detected in the
families, is evidence against the hypothesis that these disorders resuit from a
sub-microscopic deletion syndrome involving either the EDA or HIGM1 locus.
However, family ED 1082 couid have a rare mutation distinct from all the
mutations that result in the EDA phenotype only. Based upon the concordance
data the disorder segregating in family ED 1136 could map to the Xp21.3-g28,
and the disorder segregating in family ED 1082 could map to either the Xg22.3-
q26 or Xq26-g28 interval.

The differences in phenotypic severity seen in the two families could be
the result of allelic heterogeneity. A correlation between allelic mutations and the
severity of a disorder has been found in various disorders including Duchenne
and Becker muscular dystrophy and Hurler-Scheie syndrome. If the clinical
heterogeneity found in these two families results from allelic mutations and the
disorder is X-linked, then the discordance data presented suggests that this
immunodeficiency and hypohidrotic ectodermal dysplasia disorder is distinct from
both the EDA and HIGM1. Markers at or near the EDA locus were discordant in
the boys from family 1136, and markers at or near the HIGM1 locus were

discordant in the boys from family 1082. If the boys have the same disorder, one

98



would expect each pair of boys to be concordant at and around the disease
locus. The loci tested were spaced approximately 10 cM apart so that the
chance of a double recombination occurring between two of these loci is about
one percent. Some loci are less than 10 cM apart including the AR, PGKP1,
DSX339, DXS732E and DXS453 loci which are tightly linked to the EDA locus,
and the CD40L and HPRT loci which are tightly linked to the HIGM1. Not all the
markers tested were informative, so the interval between some markers is
greater than 10 cM. The density of informative markers is insufficient to
completely exclude regions of the X chromosome based upon discordant loci. A
double recombination could occur between the loci, resulting in concordant
regions that would not be detected by this analysis. On average there are 1.5
recombinations along the X chromosome during meiosis. A recombination
between the mother's X chromosomes can be detected by using
discordance/concordance analysis of loci on the X chromosomes of her sons.
One recombination in the Xq21-q22 region was indicated by a transition from
concordance to discordance in the boys from family ED 1136 (Figure 7). Two
recombinations were detected in the Xq24-q26 region and in the Xq26-g27
region in the boys from family ED 1082 (Figure 7). It is possible that doubie
recombination occurred between loci in either of these families but was not
detected in this analysis. The concordant/discordant analysis identified
overiapping concordant regions between the pairs of boys from family ED 1136
and ED1082. The disease locus may map to the Xg21.1-q26.1 and Xq26.2-q28
regions because both pairs of half-brothers are concordant in these intervals.
Both families are concordant for the DXS456, and DXS424 loci in the Xq21.1-
q26.1 and for the DXS998 locus in the Xq26.2-q28 interval.

One form of ectodermal dysplasia, dyskeratosis congenita (MIM #305000),

maps to the Xq28 region. Dyskeratosis congenita, (DKC), is genetically
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heterogeneous, with the most common form being the X-linked recessive
disorder, characterized by cutaneous pigmentation, nail dystrophy, lacrimal duct
obstruction, decreased blood platelets, bone marrow hypofunction, and
malignancy predisposition (Arngrimsson et al. 1993). DKC may have
hypohidrotic manifestations. immunodeficiency with hyper IgM, and hypodontia
are not characteristic of DKC. Other forms of hypohidrotic ectodermal dysplasia
that have not been mapped or well characterized may map to this interval.

Two immunodeficiency disorders, X-linked agammaglobulinemia, (XLA,
MIM#300300), at Xgq22 and X-linked lymphoproliferative disease, (XLPD,
MIM#308240), at Xg25, map to the regions of concordance between the two
pairs of maternally related haif-brothers. Phenotypic expression of XLPD can be
triggered by an Epstein:-Barr viral (EBV) infection, although immune defects are
present before EBV infection (Grierson et al. 1991). Following EBV infection,
affected males may develop hypogammaglobulinemia, or non-Hodgkin's
lymphoma, but most affected individuals develop a fatal infectious
mononucleosis. Hyper IgM has been reported to occur after EBV infection in a
few individuals, and Grierson et al. in 1991 found IgM levels to be elevated at
times in eight out of thirteen XLPD males that were not infected with EBV.
Hypohidrotic ectodermal dysplasia is not part of the XLPD disorder. However, a
deletion couid affect both this locus and an ED locus, presently unknown to map
to this region, resulting in the phenotype seen in the two families. Three large
overlapping deletions have been identified in unrelated males affected with XLPD
with both Southern analysis and chromosome banding (Skare et al. 1993). Two
of the three boys were healthy with elevated levels of IgM, the third boy died
following EBV infection. It is felt that the two boys will remain healthy as long as
they escape EBV infection. The two brothers were identified because they had

brothers with XLPD that died following EBV infection. The deletions in these
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boys were cytogenetically detectable, yet there was no evidence for a contiguous
gene deletion syndrome. The families studied with a hypohidrotic ectodermal
dysplasia and immunodeficiency with hyper IgM had normal karyotypes.
Assuming the karyotypes were done at the resolution level needed to visualize
Xg25 deletions in these families, it is uniikely that a cytogenetically undetectable
deletion in these families could result in a contiguous gene syndrome when there
are three affected boys with cytcgenetically detectable deletions without any
phenotype in addition to XLPD. Markers known to be linked to the XLPD locus
were not typed in the two families, however surrounding loci are concordant.
Without typing the loci linked to XLPD one cannot rule out a microdeletion.

X-linked agammaglobulinemia is characterized by profound
hypogammaglobulinemia and lack of mature B cells. The disorder is treated
effectively with immunoglobulin infusions. Patients are prone to bacterial but not
viral infections. The Bruton's agammaglobulinemia tyrosine kinase gene, BTK,
was found to have deficient expression and to be mutated in patients with XLA
(Tsukada et al. 1993, Vetrie et al. 1993). Ectodermal dysplasia and hyper IgM
are not part of the XLA phenotype.

There are a few mouse disorders that include immunodeficiency and
abnormalities in hair, but none of them map to the X chromosome. The
motheaten, me, mutation maps to chromosome 6 (Green et al. 1976). The me
phenotype includes skin lesions displacing hair follicles and causing areas of
hypopigmentation (Sundberg 1994, p 351. The nude, nu, maps to chromosome
11 (Sundberg 1994, p 371). Nude mice develop short thin hair with a reduced
number of whiskers (Sundberg 1994, p379). The hairless, hr, mutation maps to
chromosome 14 in the mouse (Morrissey et al. 1980). Hairless mice loose their
hair at about 14 days, and their immunodeficiency is less severe than the other

mutations mentioned here (Sundberg 1994, p291).
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Allelic heterogeneity could explain involvement of any of the DKC,
XLPD or XLA loci. Analysis of more families with phenotypes similar to those
in the families described here are needed in order both to establish whether
these families have the same disorder, and to determine which locus or loci
are involved. Two additional families with a similar phenotype have been
reported to us, supporting the hypothesis that the phenotype seen results
from a single disorder. One family seen at UCSF reffered to us, has two
affected maternally related half-brothers. The other family was seen in France
had two deceased affected brothers. Results from DNA analysis of X-linked
polymorphic markers in these families should help us narrow the candidate

regions.
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Figure 1 Sequence comparison of mouse genomic clone pcos 169E/4 and
homologous human clone HO41.43-9

Comparison of homologous sequence between human genomic clone HO41.43-
9, bottom sequence, and mouse genomic clone pcos 169E/4, upper underlined
sequence. GRAIL rating of 250 bp region with coding potential in bold print.
CAG// indicates the most 3' splice site and TGA is the putative stop codon. *
indicates homology between the mouse and human sequences. RTPCR human

primers Z17F and Z17R are indicated with a line above the lower case human

sequence.
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AAGCTGGAGC-TCCACCGCGGTGCACCGGAAACCAAGTGCTGTGATGTGC

* Kk kkkk * kK ok Kk E k kkkhkkhk kA dkkkhkhkhdhhkdk ThAk%

CAG//GGTTGCTGGATACTTCACCAAAGCGT—CTGGAAACcaagthtgtgacgtgc

AGTGGGTCTCCTGTGAGTCGGAGAAGAAGAAGTTCAAGGACTCTGAGCCC

khhkkhkhkhkhkkhkkhkkdhdd %* % I E A A S R EEEEEEREEEXEEX] hkhkhhk® * %

agtgGGTCTCCTGCTCGAGGCGAAGAAGAAGAAGTTCAAGGAGTCTGAGGCC

CCTAAAACCCACCACCAGCAATTCCACCACTCCTATTTTCACCACTACCA

* % *hkhkhkkkhkkkk* hhhhkhkkkhkkhkkdhkhkhhhkhkhkik hkkkdhkkkkkk

CCCAAAACCCACCAGCAGCAATTCCACCACTCCTATTTCCACCAcCtacca

CCATCAGTACCACCACTACCATCCCCGCCATGAACCCCCAAGCCGAGTCA

* ok k dkkkhkkkk *hkkhdkhkhk * % %k %k khkkh® %k k ok kk * %k Rk k * %k k

ccaacagtaccatcactACCACCCCCATCATGATCCCCCAGGCCGTGTCA

GCAACAAGCCCTCCCTGCTGCCGGTCTCTGGEEBECTCCC--CTCAGTCCC

kkkkkkkhkhd*k (R R A A EEEEEEETEEEEEEE L X EEEE N *kkkk L X

GCAACAAGCCCGCCCTGCTGCCGGTCTCTGGGGEGCTCCCGCCTCAGCCCT

AGCAGGATCCGGCTCTEGTGTCCTTGCTCTTATACTCCTCCATACAGTAGT

LA R R R E R EEEEEEREEEE ] dhkhkkk*k * &k % * % hkhkhkkdkxkx * % * %

AGCAGGATCCGGCTCTGCGTCCTTGTTCTCATGCTCCTCCATACCGTGGT

GTCCTTCTCCAGCAGCCAGAGTGATGCEGGCACTGGGACTGGAGACACTGC

hkhkkhkdkhhkdhdhhhkhhht dhhhkk dhhkkhk dhhhhdhh *hhkk hhkkkhkkrkkkhkhkk

GTCCTTCTCCAGCAACCAGGGTGGTGGGGGATTGGGGCTGGAGACACTGC

CTGCCCTCGAGGAGGGGTTGATCTAGGAAGAGTGACCACAGGCAGGGAGG

kkkkhkkk hhkkhkkkk L Kok okokkok ok dodkdk hhkkkhkkhhdkkk*t

CTGCCCTAGAGGAGGGCCTGACACGGGAAGAGTGACAGTAGCCAGGGAGG

ACAAACCTCCACCACATACTGACATCAGCTCCAGCCCAGCTCCAGGCTGE

X khkhk KAk hkhhkkhkkhkhkkkk Fhkhkhkhkkhkhhhhkdhhdrddxx * * kkhkkhkkkhk Kk k

ACAGACCTCCACCACA--CTGACATCAGCTCCAGCTC--CCCCAGCGTTGG

GGAAGGAA--GCATCTCCCACAGGAGGTGTAGGATCAGCTGGGGGCTGEGGE

* k * * * Kk k ok okk KAk kdrkdkrhkrdx HAhhkhhdhhd *hkki

GGGGGAGGGGGCTCCTCCCATGGGAGGTGTAGGATAAGCGTGGGGENGGGG

AGAAATGGGGGACCAG-ATATCGT-CCCAATCTACCCCTGCCTATGAAACG

*k KkEhkhkkkhkkk *x ok k ok *khkkkhkk khhkh Kkkh*k * % * Kk kK

NAAA-TGGGGGAATGACACATCCNNCCCAACCTANCCCCACCCCA-AAAG

CAGCTTCAACNAAATGAC -AGAGGGCCCCCAAGGAGCTATAAAACTCACC

kkhkkhdk hkkhkkk khkkk Kk khkkhkhkkhkkkhk K Kk Kkhkkkhkhk Xk hhkKkkhkk ok

CAGCTCCAACAGAATGGCCAGAGGGCCTC-AGGGAGCTGCAAAACTCATC




CAGTAGGGAAAGGTAGGAGCAGCAGGTGTCCCCTCCCAAGC~CCCACCTT

* ok k k Kk hhkhkdk khhkhkhhkArhkrx *xhk dhhhdhhkdrhid Hxhkkh **

CAGGAGAAAANGGCAGGAGCAGCAAGTGACCCCTCCCAAGCTCCCATCTA

TCCGGCTTAGTTCTNAAAAGGGGGA ~— — — ~GGGGCTGGAGTTGCCCACTCC

* ok ok ok ok ok ok ok kok *kk  kk  kohkKk *kk kA Kk ok Ak *hkkhkkhkhkk Kk

TGGGGCTTAGCAAAAAANAGGGAGGAAGTGGGGGCTGGATATGCCCACCCC

TGCCAAAAGCCCTGACCCCAGGGAAGGAGGCTGCTTGCTCAGCCTCAGCCA

AKhkhkAhAAkkhhkhhkhkAXArddTrdrhhohdrhdrdrdrxktxk * KAk kkKhk * % %

TGCCAAAAGCCCTGACCCCAGGGAAGGAGGCTGCTCACCCAGCCTTGGECCC

TGCAGGGAATGTTGGGGGGCACAGAGGGGAGANNTCTNN



Figure 2 Start codon analysis
Translation in three frames near the putative start methionines in bold and

underlined. A stop codon in the same frame before the start is in bold and

underlined.
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Start Codon Analysis

27 54
GTC TGG CTC GCG CCT GCC TGT TCC CTC CAG CCC GGA CCC CCC TGA AAT ATG TTC
Val Trp Leu Ala Pro Ala Cys Ser Leu Gln Pro Gly Pro Pro . Asn MET Phe

Ser Gly Ser Arg Leu Pro Val Pro Ser Ser Pro Asp Pro Pro Glu Ile Cys Ser
Leu Ala Arg Ala Cys Leu Phe Pro Pro Ala Arg Thr Pro Leu Lys Tyr Val Gln

81 108

AGG GGC GCT TGG ATG TGG CCC GGG AAA GAC GCC GCC GCC CTG ACT ATC TGC TCC

Arg Gly Ala Trp MET Trp Pro Gly Livs Asp Ala Ala Ala Leu Thr Ile Cys Cvs
Gly Ala Leu Gly Cys Gly Pro Gly Lys Thr Pro Pro Arg . Leu Ser Ala Ala
Gly Arg Leu Asp Val Ala Arg Glu Arg Arg Arg Arg Ala Asp Tyr Leu Leu Leu

Two Potential Start Methionines
Underlined Frame Rated Excellent By GRAIL

Start Methionines Preceeded By Stop Codon



Figure 3 Stop codon analysis
Analysis of the putative stop codon in bold. The putative ORF is underlined.

Notice the stops in frame 2 before and after the putative stop codon. Frame 3

contains several stops.
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1431 1458

GGT GGT GGG GGA TTG GGG CTG GAG ACA CTG CCT GCC CTA GAG GAG GGC CTC ACA

CCA CCA CCC CCT AAC CCC GAC CTC TGT GAC GGA CGG GAT CTC CTC CCG GAC TGT

Gly Gly Gly Gly Leu Glv Leu Glu Thr Leu Pro Ala Leu Glu Glu Glv Leu Thr

Val Val Gly Asp Trp Gly Trp Arg His Cys Leu Pro . Arg Arg Ala . His
Trp Trp Gly Ile Gly Ala Gly Asp Thr Ala Cys Pre Arg Gly Gly Pro Asp Thr

1485 1512
CGG GAA GAG TGA CAG TAG GGA GGG AGG ACA GAC CTC CAC CAC ACT GAC ATC AGC
GCC CTT CTC ACT GTC ATC CCT CCC TCC TGT CTG GAG GTG GTG TGA CTG TAG TCG

Arg Glu Glu . Gln . Gly Gly Arg Thr Asp Leu His His Thr Asp Ile Ser
Gly Lys Ser Asp Ser Arg Glu Gly Gly Gln Thr Ser Thr Thr Leu Thr Ser 2Ala
Gly Arg Val Thr Val Gly Arg Glu Asp Arg Pro Pro Pro His . His Gln Leu
1539 1566

TCC AGC TCC CCC AGG TTG GGG GGG AGG GGC TCC TCC CAT GGG AGG TGT AGG ATA
AGG TCG AGG GGG TCC AAC CCC CCC TCC CCG AGG AGG GTA CCC TCC ACA TCC TAT
Ser Ser Ser Pro Arg Leu Gly Gly Arg Gly Ser Ser His Gly Arg Cys Arg Ile
Pro Ala Pro Pro Gly Trp Gly Gly Gly Ala Pro Pro MET Gly Gly Val Gly
Gln Leu Pro Gln Val Gly Gly Glu Gly Leu Leu Pro Trp Glu Val . Asp Lys

1593 1620

AGG TGG GGG CGG GGG AAA TGG GGG AAT GAC ACA TCC CCC CCA ACC TAC CCC CAC

TCC ACC CCC GCC CCC TTT ACC CCC TTA CTG TGT AGGE GGG GGT TGG ATG GGG GTG

Arg Trp Gly Arg Gly Lys Trp Gly Asn Asp Thr Ser Pro Pro Thr Tyr Pro His
Gly Gly Gly Gly Gly Asn Gly Gly MET Thr His Pro Pro Gln Pro Thr Pro Thr
Val Gly Ala Gly Glu MET Gly Glu . His Ile Pro Pro Asn Leu Pro Pro Pro

1647 1674

CCC AAA AGC AGC TCC AAC AGA ATG GCC AGA GGG CCT CAG GGA GCT GCA AAA COTC

GGG TTT TCG TCG AGG TTG TCT TAC CGG TCT CCC GGA GTC CCT CGA CCGT TTT CGAG

Pro Lys Ser Ser Ser Asn Arg MET Ala Arg Gly Pro Gln Gly Ala Ala Lys Leu
Pro Lys Ala Ala Pro Thr Glu Trp Pro Glu Gly Leu Arg Glu Leu Gln Asn Ser
Gln Lys Gln Leu Gln Gln Asn Gly Gln Arg Ala Ser Gly Ser Cys Lys Thr His

1701 1728

ATC CAG GAG AAA AAG GCA GGA GCA GCA AGT GAC CCC TCC CAA GCT CCC ATC TAT

TAG GTC CTC TTT TTC CGT CCT CGT CGT TCA CTG GGG AGG GTT CGA GGG TAG ATA

Ile Gln Glu Lys Lys Ala Gly Ala Ala Ser Asp Pro Ser Gln Ala Pro Ile Tyr
Ser Arg Arg Lys Arg Gln Glu Gln Gln Val Thr Pro Pro Lys Leu Pro Ser MET
Pro Gly Glu Lys Gly Arg Ser Ser Lys . Pro Leu Pro Ser Ser His Leu Trp

%55 1782

GGG GCT TAG CAA AAA AAG GGA GGA AGT GGG GGC TGGE ATA TGC CCA CCC CTC CCA

CCC CGA ATC GTT TTT TTC CCT CCT TCA CCC CCG ACC TAT ACG GGT GGG GAC GGT

Gly Ala . Gln Lys Lys Gly Gly Ser Gly Gly Trp Ile Cys Pro Pro Leu Pro
Gly Leu Ser Lys Lys Arg Glu Glu Val Gly Ala Gly Tyr Ala His Pro Cys Gln
Gly Leu Ala Lys Lys Gly Arg Lys Trp Gly Leu Asp MET Pro Thr Pro Ala Lys



Figure 4 Map of TED gene on cosmid ICRFc104H041.43
The positions in () of restriction sites relative to the Eag I site in the vector

sequence. The cosmid is approximately 40 kb, and the TED gene isolated to

date, spans approximately 15 kb of genomic sequence. The TED gene,E.::>.
= is TED gene ccding sequence. The 5' exon, at least 910 bp, and most 3'
exon, 2964 bp, have been mapped as shown; the intervening exon(s),l , totaling
169 bp, have not been localized within the eleven kb genomic fragment. K= Kpn
| sites. The first CpG island contains at least six Eag | sites, two of which are
also Not | sites, and at least three Sma | sites. The second CpG island contains

at least one Eag | site and one Sac |l site.
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The TED gene map within cosmid

ICRFc104HO41.43

Kpn

Sac li
Eag |

Kpnl -




Figure 5 Map of Deletion in patient ED 1015

Top of figure indicates patient ED 1015 is not deleted for the first identified exon.
His deletion breakpoint, indicated by dashed line, lies within the ten kb of
genomic sequence between the first identified exon and the last identified exon.
This patient is deleted for the entire 3' exon including part of domain 2, 388 bp of
coding sequence, the 3' untranslated sequence and the poly (A) addition site. K

= Kpn | sites. E = Eag | sites, B= BamHI sites and P= Pst | sites.

107



The Proximal Deletion Breakpoint
in Patient ED 1015
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