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Inherited disorders of the skin in human and mouse: from
development to differentiation
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ABSTRACT The last ten years has revealed some of the key players in the development and
differentiation of the hair follicle and the epidermis in general. In this review, we discuss how our
current understanding of these processes has been made possible by the elucidation of the molecular
basis of human inherited diseases and mouse mutants which display defects in the hair and epidermis.
For examples, the study of ectodermal dysplasias and the basal cell carcinoma predisposition disease
Gorlin syndrome have allowed the determination of signalling hierarchies critical in the formation of
the hair follicle. Epidermolytic diseases and hyperkeratoses have focussed attention on the impor-
tance of the programs of keratin expression, while ichthyoses provide insight in the final stage of
epidermal development, cornification. Finally, the increasing range of diseases and mouse models
exhibiting alopecias are revealing the critical pathways in control of the hair follicle cycle.
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An overview of epidermal development

The epidermis is almost unique in that it continues to proliferate
and differentiate throughoutlife. These processes are manifestin the
formation of cornified squames and the continual cycling of hair
follicles. There are many diseases that effect the development and
differentiation of the epidermis and its adnexae, including the hair,
teeth, nails and sweat glands. The discovery of the genetic basis of
these diseases is the primary source of insight into the molecular
mechanisms of epidermal development and differentiation. Also
targeted and tissue specific disruption of genes in the mouse that
lead to epidermal defects are providing valuable approaches in
determining the genes responsible for as yet uncharacterized dis-
eases.

The epidermis and its associated appendages, such as hair,
claws and sweat glands, arise from the embryonic ectoderm. It
should be noted that at the beginning of embryogenesis, the ecto-
derm gives rise to two distinct lineages. These are the ectoderm
proper, which is the source of the epidermis, the corneal, nasal,
vaginal and part of the oral epithelia, and the neuroderm, which gives
rise to the cells of the central nervous system and neural crest cells.
The latter develop into several types of cells including melanocytes.
The appendages associated with the oral epithelia are the teeth,
which in early development use the same gene cascade as that of
hair formation (Pispa and Thesleff, 2003). The development of the
mouse epidermis from the ectoderm starts at E9.5, concomitantly
with dermis individualization, with the formation of a single layer of
epidermal cells overlayed by the periderm, a protective simple

epithelium. From E13.5 onwards, this single layer of keratinocytes
develops into a stratified epithelium, with a complete barrier forming
before birth from around E16.5-17, when the periderm sheds (Fig. 1).
The presence of an epidermal barrier at this time point can be
demonstrated by the ability of the embryos to exclude dye (Hardman
etal, 1998). The tooth germs appear by E12 in the oral cavity, while
the sweat buds form in the E16 foot pad epidermis. Concerning hair
follicle morphogenesis, the first vibrissa (whisker) placodes appear
at E12.5, whereas the hair pelage placodes form from E14.5 on-
wards. It should be noted that not only are vibrissa patterned earlier
than pelage hair follicles, but that there are many other differences
during morphogenesis and cycling. At birth, the whisker shafts are
present, whereas the pelage hairs have notyetemerged fromthe hair
follicles. The first pelage hair cycle proper starts around three weeks
postnatally, with the first regression phase. The hair follicles then
progress through cycles of growth (anagen), involution (catagen)
andregression (telogen) which takes approximately 20 days through-
outthe life of the mouse and anywhere up to sixyears in humans. The
epidermis is also constantly renewing itself every 10-12 days in the
mouse (28 days in the human), as there is a need to replace shed
squamesto maintain barrier function. There are human diseases that
effect any or all of this processes, from the earliest point of differen-
tiation of the ectoderm, through to terminal differentiation of the
epidermis and hair follicle cycling (Fig. 1). In this review, we aim to
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provide a broad overview of the field, providing examples of some of
the diseases that affect skin differentiation and development and
examining the potential molecular basis of these diseases. Wherever
possible comparison with spontaneous mouse mutants or transgenic
models that recapitulate the human disease will be made.

Diseases of development: the ectodermal dysplasias

The blueprint for hair follicles, sweat glands, claws and teethis laid
down during embryonic development. This process starts with the
formation of thickenings of the epidermal layer, called placodes.
These are brought about by reciprocal signaling between the
epithelial cells and the underlying mesenchyme. The nature of
these signals has been well studied during hair and tooth develop-
ment in the mouse embryo. In humans, the inability to properly
produce or pattern these placodes leads to diseases referred to as
the ectodermal dysplasias. Classical ectodermal dysplasias present
with the following generalized symptoms: lack or dysgenesis of the
teeth, hair follicles, nails and sweat glands with in some cases
associated neurological disorders. The recent discovery of the
genes responsible for one of these diseases has shed light on the
molecular basis of epidermal appendage development and has
focused attention on one important signaling pathway in particular.
Hypohidrotic ectodermal dysplasias (HED) are a class of diseases
in which patients display abnormalities in the teeth, hair and sweat
glands. There are two forms with identical symptoms, X linked

lchthyoses and
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(MIM:305100) and autosomal recessive (MIM:224900). Both forms
present with dry skin, absence of sweating as a result of lack of
sweat glands, hypodontia and sparse hair on the body and head.
Recently mutations in the genes responsible for several forms
have been identified. Ectodysplasin | (EDAL), the gene mutated in
X-linked HED, encodes for a 45 kDa transmembrane protein and
is a member of the tumour necrosis factor family (Kere etal/,, 1996;
Elomaa et a/, 2001). The C-terminal region has a characteristic
death domain and a collagen-like domain through which is has
been shown that EDA1 can trimerise. Also the extracellular domain
of the protein can be cleaved into a 20 kDa soluble form (Elomaa
et al, 2001). The mouse homologue of this gene is mutated in
labbymice (Srivastava et al, 1997). The gene responsible for the
autosomal recessive form is the receptor for EDA (EDAr), the
human homologue of the gene mutated in dowr/ess mice and as
such is a putative member of the tumour necrosis factor receptor
family (Headon and Overbeek, 1999). Analogous to HED, the
phenotypes of fabby and downless mice are identical, both auto-
somal recessive, with lack of hair behind the ear and on the tall,
along with tooth malformation and an absence of sweat glands.
Evidence for interactions between Edar/Eda and the NFkB/IkB
pathway have been shownrecently. Although the NFkB nullmouse
is an embryonic lethal, mice null for IKKa (a subunit of IkB) die
perinatally and display severe abnormalities in epidermal differen-
tiation and appendage formation (Hu ez a/, 1999). Recently it has
been shown that mice expressing a super repressor of NFKB have
an identical phenotype to rabby and
downless mice (Schmidt-Ullrich et al,
2001). In fact impaired NFkB signalling
leads to HED with immunodeficiency
(Doffinger et a/., 2001).
. Additionally an important member of the
| ket | p53 family, p63, when knocked outin mice,
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Fig. 1. An overview of epidermal development. /n mice, the development of the epidermis and
hair happens simultaneously just before and just after birth. Around E9, the first signals to make a
placode are transduced to the epidermis. Placodes form around E15 and the formation of a hair
follicle, morphogenesis continues until day 9 post partum, at which point the hair cycle starts with
the the catagen-telogen transition around 16 days post partum. During the same time, the epidermis
forms into an impermeable barrier from a single layer of cells around E9.
formed, complete with cornified layer just prior to birth. The diseases which show their first effects
at particular time points are shown in blue. DC, dermal condensate; DP, dermal papilla.
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| | > produces a very similar phenotype to the
IKKa knockout (Mills et a/, 1999; Yang ef

. al, 1999), with heterozygous germline
mutations in the DNA binding domain of

p63 being detected in the diseases EEC
(ectrodactyly, ectodermal dysplasia and
[ cleft lip/palate; MIM: 604292). Mutations in
p63 are also detected in Hay Wells Syn-

drome or AEC (ankyloblepharon-ectoder-

28 42

4 T mal dysplasia-clefting) (MIM: 106260) (Celli
\ W A etal, 1999, McGrath etal,, 2001). The final
g ""\ piece of this puzzle fell into place with the

\ ] = very recent discovery of the gene encoded

\ §| by the crinkled locus. The crinkled gene

\ 98 productis called Edaradd (for Edar-associ-
\'\Ff,.f" ated death domain). A missense mutation

in the human homologue of crinkled,
EDARADD has been discovered in afamily
presenting with HED (Headon eta/, 2001).
It appears that Edaradd binds the death
domain present in EdaR and links Eda and
EdaR to the NFkB/IKK complex down-
stream. (Fig. 2) EdaR and Eda are at the
top of a genetic hierarchy that organizes
the spacing and development of the
placodes. In downless and rabby mice,

An intact epidermis is



50% of the hair follicle types are missing, namely the zig-
zag and guard hairs, suggesting that the gene products of
both tabbyand downl/essare critical in the development of
placodes that produce these hair follicle types. However
the pathway is less important in the development of
vibrissae, awl or tylotrich hairs. Mice null for the transcrip- |
tion factor Lefl lacks whiskers, tooth and hair as well as !
other organs induced by mesenchymal-epithelial interac-
tions, highlighting its overall importance in epidermal
appendage development (Van Genderen er a/, 1994).
However a corresponding human disorder with mutations
in LEF1 is yet to be identified. It is generally thought that
the presence of soluble Eda may transduce a primary
“make a placode” signal through the NFkB/IKB signalling
pathway, which is modulated by downstream signals from
bone morphogenetic proteins, the Bcatenin pathway and
other soluble effectors such as sonic hedgehog. The
understanding of the molecular basis of the ectodermal
dysplasia, although far advanced by this work, is far from
complete. Over 150 human diseases are termed ectoder-
mal dysplasias and as yet very few genes responsible
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have been cloned. However particular families of genes
responsible for other ectodermal dysplasias have been
identified. Trichothiodystrophy (MIM:601675) is an auto-
somal recessive disease in which the hair is brittle due to
a reduction in the sulphur content of the hair shaft. There
is associated light sensitivity as well as neurological de-
fects due to mutationsinthe helicasesERCC2 and ERCC3
(For example Weeda et al, 1997), which are also mutated
in xeroderma pigmentosa groups B and D as well as
Cockayne syndrome. Tricho-dento-osseus syndrome
(MIM:190320) is a disease in which there is also increased
bone density in the skulland long bones as well as hair and

Fig. 2. A pathway to hypohidrotic ectodermal dysplasia. /n the mouse, there
are three loci which when mutated give rise to the tabby phenotype. In humans
there are at least five diseases which lead to HED-like symptoms. All these genes
are part of the ectodysplasin (EDA) pathway. EDA is expressed in response to
LEF1/B catenin and is expressed on the surface of cells. The extracellular domain
can be proteolytically cleaved to produce a soluble signalling molecule which binds
to the ectodysplasin receptor (EDAR). EDAR interacts with the NFkB signalling
complex via the EDARADD (crinkled) protein. Downstream signalling by NFKB, IkB
and p63 leads to the expression of genes specific for the epidermis, hair, teeth and
nails. Grey arrows indicate mouse mutations (italics) or human genetic diseases
associated with the gene. AEC, ankyloblepharon-ectodermal dysplasia clefting
syndrome; EEC, ectrodactyly-ectodermal dysplasia-cleft lip/palate; HED,
hypohidrotic ectordermal dysplasia.

teeth defects, results from mutations in the homeodomain

transcription factor DLX3 (Price et a/, 1998). Finally,

dyskeratosis congenita, X-linked (MIM:305000), a recessive dis-
ease where the patient displays severe changes in the skin and the
epidermal appendages, as well as leukoplakia of the mucosa,
gastrointestinal lesions and bone marrow defects, is caused by
mutations in the gene encoding the nuclear protein DKC1, thought
tobe importantintelomere conservation (Heiss eza/, 1998). These
diseases illustrate that not only mutations in genes important in
development lead to ectodermal dysplasias, but that genes impor-
tant in DNA repair, when mutated, cause defects in tissues of high
metabolic rate and proliferative capacity,, producing ectodermal
dysplasia like symptoms. It is a challenge to cleanly categorise
human disorders into those that cause developmental defects from
those that cause epidermal defects in the adult epidermis. Two
such crossover diseases are the fragile skin disorder (MIM:604536)
and Papillon-Lefevre syndrome (MIM:245000). Both have charac-
teristics of classic ectodermal dyplasias, with malformations of the
hair and nails. Essentially, patients with fragile skin disorder
present as a classical HED with additional skin fragility. Patients
with this disease are compound heterozygotes for two mutationsin
plakophilin-1 (McGrath er a/, 1997, Whittock er a/, 2000).
Plakophilin-1 is a protein that is present in the desmosomes of
keratinocytes and as a member of the Bcatenin/armadillo family
genes, it is likely to have a duel structural and signalling role in
keratinocytes, providing a possible explanation for both the ecto-

dermal dysplasia and the skin fragility. Papillon-Lefevre patients
have most of the features of classical ectodermal dysplasia, with
hypotrichosis, nail fragility and periodonitis with associated early
tooth loss. No sweat gland abnormalities have been reported in this
disease. However there is a marked plantar hyperkeratosis that
distinguishes it from classical ectodermal dysplasias. Patients with
this disease have mutations in the lysosomal protease cathepsin
C (Toomes et al, 1999). The function of cathepsin C in the
epidermis is unclear, however, it does have a role in removing
dipeptides from proteins during degradation and judging by the
hyperkeratosis, it may have arole to play in keratin processing, as
well as other important processes involving protein degradation
during development.

Attempting to make hair: the hedgehog pathway

The skin is the most environmentally exposed organ of the
human body. As such, somatic mutations accumulate in the
epidermis far more than any other region of the body. As has been
known for many years, mutations of genes involved in DNA repair
can lead to skin cancer predisposition, the classical example being
xeroderma pigmentosum (Cleaver et a/, 1999) However in 1996,
it was shown that one particular skin cancer predisposition syn-
drome is actually a developmental disorder. Gorlin syndrome
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(Naevoid Basal Cell Carcinoma Syndrome—NBCCS, MIM:109400)
is a disorder that predisposes to the formation of basal cell
carcinomas, that is tumours arising from the lowest layer of the
epidermis. It manifests as multiple basal cell carcinomas,
palmoplantar pits, indicative of incorrect expression of keratin, as
well as developmental disorders including, but not limited to, bifid
ribs and jaw cysts. The gene mutated in this autosomal dominant
disorder is the human homologue of the drosophila segment
polarity gene partched (Hahn et a/, 1996; Johnson et a/,, 1996),
part of the hedgehog signalling pathway (Fig. 3). Mutations not
only in the tumour suppressor PATCHED, but also HSMO (the
human homologue of arosgphila smoothened) are associated
with basal cell carcinoma (Gailiani et a/, 1996; Reifenburger e
al, 1998), as is over-expression of the protein GLI1 (Ghali et a/,
1999). Although mutations in SHH are not seen in spontaneous
basal cell carcinomas, a spectum of germline mutations cause
holoprosencephely as well as phenomena sach as single inci-
sors, indicative of patterning defects (Belloni efa/, 1996, Nanni ef
al, 1999, Nanni ez a/, 2001, Onioli et a/, 2001). Mouse models
either expressing Shh or Glil in the basal layer of mouse epider-
mis or expressing mutant forms of Smoothened have the charac-
teristics of basal cell carcinoma formation (Oro er a/,1997;
Reifenburger er a/, 1998; Nilsson et a/, 2000) and more impor-
tantly their formation is not predicated on the mutation of either the
oncogene Ras or the tumour suppressor p53.

So what is the function of the hedgehog pathway during
development? In the mouse, both Patched and Shh are ex-
pressed in the hair germ and in the developing hair follicle in the
epithelium, adjacent to the dermal papilla, as well as during hair
follicle cycling where Shh is periodically expressed in the prolif-
erative cells of the matrix. Tumors such as BCCs may well be
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Fig. 3. The mammalian hedgehogpathway. Smoothened (SMO) can only
signal to the protein complex containing Gli 1 when Sonic Hedgehog (SHH)
is bound to Patched (PTCH). Under this circumstances, Gli 1 is translocated
into the nucleus where it transcribes genes including PTCH which are
responsible for the progression of the morphogenesis of the hair follicle, or
when ectopically activated, causes the formation of a basal cell carcinoma.

attempts to produce a hair follicle de-novoin the adult, a process
first postulated by Pinkus over 40 years ago (Pinkus, 1959). The
importance of Shh in hair cycling has been highlighted by ectopic
expression of Shh in mouse epidermis using an adenovirus
leading to the premature initiation of anagen in telogen hairs.
Interestingly, ectopic expression of Shh during anagen leads to
the premature stop of hair growth (Sato ez a/, 1999). Antibody
treatments of embryos has revealed that inhibiting Shh function
prevents morphogenesis of hair follicles beyond the hair germ
stage, just after placode formation, with the viable offspring
having no visible hair (Wang ef a/, 2000).

The classical ectodermal dysplasias, as well as fragile skin
disorder and Gorlin syndrome, have contributed significantly to
the field of epidermal development as it allows us to ascertain the
sequence of signalling cascades that produces a mature hair
follicle. So far the furthest upstream on the pathway are Eda and
Edar, mutations in both genes lead to ectodermal dysplasia and
they are essential for correct placode formation. Next Bcatenin
signalling (of which Plakophilin-1 is an important part), allows
further development of the placode into the hair germ. Shh
signalling is then required for the morphogenesis of hair follicles
after hair germ formation.

Diseases of epidermal differentiation: keratins and the
cornified envelope

The interfollicular epidermis can essentially be divided into
three basic compartments. The basal epidermis where the prolif-
eration occurs, the suprabasal epidermis, containing post-mitotic
keratinocytes committed to differentiation and the cornified layer,
where differentiated squames are produced. During this differen-
tiation process there are tightly regulated programs of gene
expression, one well studied example being the change in expres-
sion of keratins from the basal to the suprabasal layers.
Keratinocytes produce large amounts of keratin for intermediate
filaments, giving the keratinocytes their characteristic strength.
There are human inherited disorders that disrupt the correct
formation of keratin filaments. Mutations in the basal keratins 5
and 14 leads to the autosomal dominant disease epidermolysis
bullosa simplex (Coulombe ef a/, 1991, MIM:131760), in which
the epidermis blisters upon mild trauma, due to degeneration and
rupture of basal keratinocytes. Mutations in the suprabasal kera-
tin, keratin 10, cause the disease, epidermolytic hyperkeratosis,
which causes a similar degeneration and blistering, but in the
suprabasal layers of the epidermis (Rothnagel ef a/, 1992, MIM:
600648), Mutations the palmoplantar keratin 9, lead to the same
phenotype being restricted to the palms and feet (MIM: 144200,
Rothnagel ef a/, 1995). Transgenic mouse models in which the
human mutant keratin is expressed at the same level as the
wildtype keratin, produce phenotypes analogous to the inherited
diseases (Fuchs eral, 1992; Cao eral,, 2001). In almost all cases
of keratin mutations, the mutation interferes with the region of the
keratin monomers required for proper assembly of intermediate
filaments.Mutations in other keratins cause diseases that have
more in common with ectodermal dysplasia than epidermolysis.
Mutations in the suprabasal keratins 6 and 16 cause a disorder
known as pachyonychia congenita (PC1, MIM: 167200), in which
there are severe nail defects, as well as palmoplantar hyperkera-
tosis, follicular hyperkeratosis and oral leukoplakia (McLean er



al, 1995). Mutations in keratin 17 cause a similar disorder (PC2,
MIM: 167210), but without the leukoplakia and with the presence
of neonatal teeth and cutaneous cysts (McLean er a/, 1995). To
further complicate the matter and to highlight the heterogeneity
that can arise in human keratin diseases, mutations in keratin 17
can also cause a sebaceous cyst disease called steatocystoma
multiplex (MIM: 184500). In some cases these two different
diseases can be caused by the same mutation (Covello ef a/,
1998). Keratin 16 mutations can also cause focal non-epidermolytic
palmoplantar keratoderma (MIM: 600962) (Shamsher eza/, 1995).
The end point of epidermal differentiation is the squame, the
production of which is tightly controlled in the granular and
cornified layers. Mutations in the genes necessary for squame
formation lead to the barrier deficiency diseases known as ichthy-
oses. The classical ichthyosis and the first for which a mutation
was discovered is lamellar ichthyosis (MIM: 242300). In this
disease, the patients suffer from a severe skin disorder in which
there is an appearance of large scales (hence the name), asso-
ciated with variable redness. The disease is caused by mutations
in the keratinocyte transglutaminase gene (TG-1) (Russell et al/,
1995). This gene is essential in the formation of squames as it
allows the cross-linking of the various cornified envelope scaffold
proteins to the plasma membrane. The mouse knockout for Tg-1
has a similar phenotype, with redness and scales and soon after
birth the newborns exhibit significant trans-epidermal water loss
(TEWL) and associated neonatal death (Matsuki e a/, 1998). In
fact there are other knockout mice and transgenics that display
TEWL and the genes in question almost always have a role in
maintaining barrier function. One naturally occurring mouse mu-
tant, the recessive flaky tail mouse presents with a phenotype
similar to the symptoms of another of these diseases, ichthyosis
vulgaris (MIM: 146700). The mouse has large scales on the paws
and tail, a marked decrease in the number of cells in the granular
layer, as well as acanthosis and orthokeratotic hyperkeratosis,
downward projections of the epidermis with hyperproliferation of
the epidermis, however with normal keratin expression. These
mice have reduced amounts of mature filaggrin and an increased
amount of immature filaggrin, which is unable to be processed to
produce keratohyalin granules, an essential constituent in the
formation of squames (Presland et a/, 2000). The flaky tail mouse
also displays one other feature - constrictions in the tails and palm
— which is one of the major characteristics of another autosomal
dominant inherited disorder in humans, Vohwinkels syndrome,
both the classical form presenting with deafness (MIM: 124500)
or the variant form (MIM:604117). Vohwinkels syndrome is an-
other generalised ichthyosis. Autoamputation of digits is often
seen, the result of constrictions at joints in the fingers and toes,
called pseudoainhum. Mutations in the cornified envelope protein
loricrin are responsible for the variant form of Vohwinkles syn-
drome (Maestrini eta/, 1996), whereas mutations in connexin 26,
encoding a gap junction protein are responsible for classical
Vohwinkels syndrome (Maestrini efa/,, 1999). Mutations in loricrin
are also associated with the essentially identical disease progres-
sive symmetric erythrokeratoderma (MIM:602036) Recent work
using transgenic mice expressing these mutant forms of loricrin,
has revealed that these mice have a phenotype very similar to
both diseases. The mutant gene has a frameshift that allows the
translation of another 22 amino acids that appear to encode a
nuclear localization signal. The mutant loricrin accumulates in the
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nucleus and is therefore not deposited in the cornified envelope
(Suga et al, 2000). Mating the knockout to the transgenic mouse
causes an increase in severity of the phenotype. The mutant
loricrin appears to have a dominant negative effect that is dose
dependent and prevents the proper formation of anucleate
squames. Keratins also appear to have a role to play in the
ichthyosiform diseases. As mentioned earlier, all the other geno-
dermatoses involving mutations in keratins to date, are due to
mutations in the beginning and end of the rod area of the protein,
important for proper assembly of the keratin filaments. However,
a novel mutation in the variable tail region of keratin 1 appears to
be the cause of a severe hyperkeratosis called ichthyosis hystrix
Curth-Macklin (MIM:146590). This keratin mutation impairs the
ability of loricrin to be translocated to the desmosomes in prepa-
ration for cornified envelope assembly (Sprecher er a/, 2001).
Keratin 2e is expressed late in keratinocyte differentiation. A
spectrum of different mutations leads to another ichthyosiform
disease, ichthyosis bullosa of Siemens (Rothnagel er a/, 1994,
Kremer et a/, 1994)

The desmosome and diseases of epidermal integrity

The epidermis is under considerable stress, both external and
mechanical. To protect the keratinocytes from damage they are
connected by an extensive network of cell-cell junctions called
desmosomes. The fragile skin disorder due to plakophilin-1
mutations described earlier is one disease caused by abnormali-
tiesinthe desmosomes. There are several inherited diseases that
are caused by mutations in genes encoding componants of the
desmosome, which usually result is skin fragility phenotypes.
Striate palmoplantar keratoderma is a disease in which patients
have hyperkeratotic bands on the plams and the feet. The disease
is inherited in an autosomal dominant fashion and is the result of
haploinsufficiency of desmoplakin, or the desmosomal cadherin,
desmoglein 1, brought about by the deletion of the N-terminal
portion. (Armstrong et a/, 1999, Rickman eta/., 1999, Whittock ef
al, 1999). By contrast, when the desmoplakin gene exhibits
recessive mutations, or compound heterozygosity, the resultis a
keratoderma with wooly hair and associated cardiomyopathy
commonly known as Naxos disease (MIM:601214). Patients with
Naxos disease can also have mutations in the armadillo repeat
containing (Bcatenin like) gene plakoglobin (Norgett ez a/, 2000).
At least one other locus for Naxos disease exists, as shown in a
recent report, excluding linkage to either of the known genes
(Djabali er af., 2002)

As with some of the ectodermal dysplasias, it's not entirely
clear why mutations in genes should lead to skin phenotypes. Two
such diseases are Hailey-Hailey (MIM:169600) and Darier dis-
ease (MIM:124200). Hailey-Hailey Disease presents as a recur-
rent eruption of vesicles and bullae at the neck, groin and axillary
regions, while patients with Darier disease have keratotic papules
associated with seborrheic areas. Both have subclincal
keratinocyte cell-cell interaction abnormalities. Histological stud-
ies have revealed acantholysis, that is separation of the
keratinocytes, in the suprabasal region of the epidermis. Muta-
tions in the sarco/endoplasmic reticulum calcium pump ATP2A2
are responsible for Darier disease, while mutations in ATP2C1
are responsible for the Hailey-Hailey disease (Sudbrak er al.,
2000; Sakuntabhai er a/, 1999). What has become clear by the
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variety of gene mutations that cause epidermal defects is that the
differentiating epidermis is a tightly controlled tissue in which the
slightest perturbation can cause severe abnormalities.

Diseases of hair cycling and hair shaft formation

Abnormality of the hair follicle is one area in which knowledge
about mouse mutations far exceeds the human diseases. The
presence of vibrissae and the synchronisation of the hair cycle are
the two main reasons that make it easier to detect subtle changes
in hair follicle phenotype. Having said this, many human inherited
hair defects exist which fall into two main categories, defects in
hair shaft formation and defects in hair cycling. Hair cycling is a
specialized developmental process dependent on the continued
interaction between the mesenchymal tissue, the dermal papilla
and corresponding epithelial cells either the so called bulge cells
of the hair follicle, or the rapidly proliferating matrix keratinocytes.
Hair shaft growth is a result of the proliferation of the matrix and
is an exquisitely organized combination of patterning and differ-
entiation that leads to the formation of a mature hair shaft
consisting of six concentrically arranged cylinders of specially
differentiated keratinocytes.

The hair shaft consists of at least 100 proteins, mutations in
some of which lead to hair shaft malformations. An example of
such a disease is monilethrix (MIM:158000), in which patients
have sparse visible hair due to fragility. Microscopic analysis of
the hair reveals characteristic beading down the length of the
shaft, which presumably contributes to the comparatively easy
breakage of the shaft. Mutations in two hair keratins to date have
been implicated in this disease, hair keratin 6 and more recently
hair keratin 1 (Winter er a/, 1997a; Winter er a/, 1997b). Both
keratins are expressed in the cortex cells of the hair follicles and
presumably contribute to the physical strength of the mature hair
shaft. Like the other keratinopathies, monilethrix is a dominantly
inherited disease reflecting the mechanism of action of keratin
mutations in intermediate filament assembly.

The recessive rnude phenotype in the mouse displays a
congenitial absence of hair as well as severe immunological
deficiency. The analogous human disease (MIM:601705) dis-
plays an identical phenotype. In fact the hair follicles are present,
but the hair shafts are abnormal and unable to penetrate the
surface. Mutations in the winged helix gene Whn (winged helix
nude, now called Foxn1) are responsible for the mutant mouse as
well as the associated human disorder (Brissette ef a/, 1996;
Frank er a/, 1999). Although how mutations in the Whn gene
contribute to the disease is not yet known, it is thought that the
phenotype is due to a problem with the correct expression of
keratins in the differentiating hair shaft. This leads to a character-
istic convoluted upper hair shaft that does not have the ability to
penetrate the skin surface.

There are a large number of disorders that lead to hair shaft
malformation. Other diseases including Netherton syndrome
(MIM:256500), an autosomal recessive ichthyosis, exhibits a
characteristic hair shaft malformation known as trichorrhexis
invaginata (bamboo hair). Mutations in the SPINK5 gene, coding
for the serine protease inhibitor LEKTI, have recently been
detected in Netherton syndrome (Chavanas et a/, 2000), al-
though rather like WHN, the function of this gene in the formation
of the hair shaft is not clear. Mutations in a copper transporter

gene are responsible for the X-linked disease Menkes kinky hair
syndrome (MIM:309400, summarised by Davies, 1993), where
patients have sparse hair as well as neurological dysfunction.
Microscopic analysis reveals pili torti (twisted hair), trichorrhexis
nodosa (focal fractures in the hair shaft) and hypopigmented hair.
Again the biological function of the copper transporter gene in
normal hair shaft formation is unclear. Recently a link between
cell-cell adhesion and the integrity of the hair shaft has been
elucidated in the discovery of the gene mutated in the /asncolate
mouse and rat and the corresponding human disease, localised
autosomal recessive hypotrichosis, LAH, which causes the pro-
duction of large blobs in the growing hair shaft that break the hair
shaft as it penetrates the epidermis and produces a “lance-head”
appearance (Kjulic et al., 2003; Jahoda er a/, 2004). In all these
cases mutations in a novel desmosomal cadherin, desmoglein 4
(Kjulic etal., 2004 and Whittock and Bower, 2003), causes severe
abnormalities in cell-cell adhesion in the hair follicle, as well as
mild hyperplasiain the interfollicular epidermis, further reinforcing
the requirement for correct cell-cell contacts in the maintainence
of skin and hair.

As mentioned earlier, after morphogenesis the hair follicle
proceeds through cycles of three distinct phases. First an active
growth phase oranagen, then aninvolution phase, called catagen,
which involves the dermal papilla, the mesenchymal organizing
centre of the hair follicle moving up to the bulge region and finally
a quiesent phase known as telogen. Disorders in anagen would
conceivably lead to a change in hair length. This is the case in the
angora mouse, where there is 50% longer hair growth due to an
50% longer anagen phase as a result of a mutation in the
fibroblast growth factor 5 gene (Fgf5), which delays the onset of
catagen (Hebert er a/, 1994). As mentioned earlier, mutations
affecting anagen are easy to detect in the mouse with its
synchronised hair cycles. However angora mutations in humans
would be difficult to detect, as the anagen phase is very long in
humans from 3 months to 6 years. Very rarely hair overgrowth
syndromes, or hypertrichoses, occur in humans, however the
molecular basis of these hypertrichoses is unknown.

During hair follicle cycling, after the active growth phase, a
program or keratinization of the hair shaft starts, which ultimately
forms the club hair, which is anchored in the hair follicle during
telogen. There are human diseases in which club hairs easily fall
out, such as loose anagen syndrome or telogen effuvium (Sinclair
et al, 1999, Rebora er a/, 1997). A genetic basis for these
diseases is unknown. Insight has come from mice null for
desmosomal cadherin demoglein 3 (dsg3), the pemphigus vul-
garis antigen. In addition to a pemphigus vulgaris phenotype, the
mice showed early loss of hair during telogen (Koch ez a/, 1998).
In wildtype and human telogen follicles, there is intense staining
with a antibody to dgs3 on the surface of keratinocytes in contact
with the club hair. This is the first evidence to date of a gene
responsible for anchoring the hair during telogen.

Diseases that affect the ability of the hair follicle to progress
through catagen would show a similar phenotype in both the
mouse and humans. Thorough investigation of the hairless (hr)
mouse has shown that the alopecia associated with the pheno-
type is a result of a defect in catagen (Panteleyev efa/, 1999). In
the hairless mouse, there is anincrease in the degree of apoptosis
in the hair follicle at the onset of catagen, destroying the epithelial
sheath that allows the dermal papilla to return to the bulge of the



hair follicle. As a result the dermal papilla is stranded in the deep
dermis and the hair follicle is unable to continue to cycle. Large
openings in the upper region of the hair follicle, called utricles,
form and in some cases these produce large cysts. The follicle is
never again able to cycle and loses the ability to produce hair. The
corresponding human disorder is known (MIM:209500) affecting
all hairs. As would be expected, mutations in the HR gene were
found to be responsible for the disease in a large number of
families (Ahmed et a/, 1998, Ahmed et a/, 1999, Ahmed ef a/,
1999,Aita et a/, 2000, Zlotogorski et a/, 1998). Also, akin to the
two forms of HED, there is a similar disease due to mutations in
the vitamin D receptor (VDR) in humans, as well as in mice null for
either the VDR or the retinoid X receptor o subunit (Miller ez a/,
2001, Li et al, 1997, Li et al, 2001).

Conclusions, future directions, complex traits

The exploding field of trangenic mice and more recently the
advent of tissue specific transgenics and knockout mice has
allowed the manipulation of not only genes implicated in human
monogenetic disorders (such as the keratins) but also the inves-
tigation of genes that are normally critical for the development of
the organism. The combination of these approaches as well as
mouse mutants both identified and unidentified, has and will
continue to reveal large amounts of information on the develop-
ment and differentiation of the epidermis and its appendages, as
well as inherited disorders. There are still many mouse mutants
that have abnormalities in skin and hair as well as hair cycling.
Many of these mutants have no human counterpart to date, but
the hope is that important connections can be made between
mouse and man with the near completion of the sequence of both
genomes will continue to lead to the identification of new genes.
The use of comparative genomics approaches allows the linking
of mouse mutations to a syntenic region in the human and wvice
Versa.

Psoriasis and alopecia are at a are common diseases, the first
a disease of abnormal differentiation of the epidermis, the second
the reversible destruction of structures of the hair follicle. Both
diseases exhibit hallmarks of inheritance as complex genetic
traits (Aita et al., 1999, Barker 2000). The power of mouse models
has failed in trying to determine a basis of these diseases as they
are impossible to model in congenic mouse strains. Alternative
approaches mustbe usedto zeroin on the cause of diseases such
as these. Classical approaches such as linkage analysis and
analysis of affected pairs of siblings to discover shared alleles are
used to discover regions of the genome associated, linkage to
specific HLA alleles has also been investigated. However this is
still a long way from identifying the gene(s) responsible for either
psoriasis or alopecia areata. Coupling these approaches with the
comprehensive expression analysis afforded by microarray tech-
nology will enable the detection of differentially expressed fami-
lies of genes in the regions of interest and has already been
perform to some degree in alopecia areata. In addition, widescale
screening of SNPs, single nucleotide polymorphisms, particularly
in the coding regions of genes could lead to an elucidation of the
genotype of individuals with the disease and maybe recapitulation
of the disease in the mouse.

To conclude, the last five years have been interesting times in
the discovery of the molecular basis of many inherited disorders.
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The benefit that this has had to the understanding of the basic
biology of the skin and its appendages cannot be over-emphasised.
In the next five years, there will no doubt be an even greater body
of knowledge accrued on the subject, as the discovery of muta-
tions in monogenetic disorders, more accurate chromosomal
linkage and the discovery of susceptibility loci in complex disor-
ders continues.
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