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ABSTRACT

ROLE OF EDA AND TROY PATHWAYS IN ECTODERMAL ORGAN 
DEVELOPMENT

Several organs of the embryo develop as appendages of the ectoderm, the outermost 
layer of the embryo. These organs include hair follicles, teeth and mammary glands, 
which all develop as a result of reciprocal tissue interactions between the surface 
epithelium and the underlying mesenchyme. Several signalling molecules regulate 
ectodermal organogenesis the most important ones being Wnts, fi broblast growth factors 
(Fgfs), transforming growth factor -βs (Tgf-βs) including bone morphogenetic proteins 
(Bmps), hedgehogs (Hhs), and tumour necrosis factors (Tnfs). This study focuses on 
ectodysplasin (EDA), a signalling molecule of the TNF superfamily. The effects of 
EDA are mediated by its receptor EDAR, an intracellular adapter protein EDARADD, 
and downstream activation of the transcription factor nuclear factor kappa-B (NF-кB). 
Mice defi cient in Eda (Tabby mice), its receptor Edar (downless mice) or Edaradd 
(crinkled mice) show identical phenotypes characterised by defective ectodermal organ 
development. These mouse mutants serve as models for the human syndrome named 
hypohidrotic ectodermal dysplasia (HED) that is caused by mutations either in Eda, 
Edar or Edaradd. The purpose of this study was to characterize the ectodermal organ 
phenotype of transgenic mice overexpressing of Eda (K14-Eda mice), to study the role 
of Eda in ectodermal organogenesis using both in vivo and in vitro approaches, and to 
analyze the potential redundancy between the Eda pathway and other Tnf pathways. 
The results suggest that Eda plays a role during several stages of ectodermal organ 
development from initiation to differentiation. Eda signalling was shown to regulate 
the initiation of skin appendage development by promoting appendageal cell fate at the 
expense of epidermal cell fate. These effects of Eda were shown to be mediated, at least 
in part, through the transcriptional regulation of genes that antagonized Bmp signalling 
and stimulated Shh signalling. It was also shown that Eda/Edar signalling functions 
redundantly with Troy, which encodes a related TNF receptor, during hair development. 
This work has revealed several novel aspects of the function of the Eda pathway in hair 
and tooth development, and also suggests a previously unrecognized role for Eda in 
mammary gland development.
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1. Ectodermal organ 
development

Ectodermal organs such as hair follicles, 
teeth and mammary glands develop from 
the the outermost layer of the embryo 
(Figure 1). Reciprocal tissue interactions 
between surface ectoderm and underlying 
mesenchyme are the key for the 
development (Thesleff et al., 1995). Even 

though the morphology of the ectoderm-
derived adult organs is highly divergent, 
the early development is similar and 
shares many molecular cues that direct 
the initiation and morphogenesis of skin 
appendages. The first visible sign of 
ectodermal organogenesis is a placode, an 
ectodermal cell thickening and a signalling 
center (Hardy, 1992). Subsequently, 
placodal epithelial cells invaginate (or 
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Figure 1. Ectodermal organs develop through series of epithelial-mesenchymal interactions. Pla-
code functions as a signalling center controlling the development. Epithelial bud proliferates and 
invaginates into the underlying mesenchyme leading to the formation of the complete organs 
such as hair follicle, tooth or mammary gland.

Hair Mammary gland Tooth

Placode

Surface
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Bud
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evaginate in the case of feather) to the 
underlying mesenchyme to produce a 
bud. After this stage of development each 
ectodermal organ progresses towards its 
individual shape.

1.1. Hair development

Hairs have many roles in mammals. Hair 
protects against germs and cold, reduces 
friction and can even be involved in 
sensing the environment and attracting 
mates.  Hair follicles of the body are 
distributed in the skin in an organized 
pattern. During embryonic development, 
hair follicles develop through interactions 
between surface epithelial cells and 
underlying dermal cells resulting in 
differentiation of mature hair follicle 
structures, hair shaft, root sheaths and 
dermal papilla (Hardy, 1992).  

1.1.1. Initiation of hair follicle 
development

Hair follicle development (Figure 2) 
has been studied intensively for a long 
time and a model has been established 
for describing the hair follicle initiation 
(Hardy, 1992). According to this model, 
competence to induce hair follicle 
development in the embryo relies in the 
dermal mesenchyme (Hardy, 1992). Hair 
follicle development begins when dermal 
cells send a molecular signal (“fi rst dermal 
signal”) to above epithelial cells, which 
form a cell thickening called placode. 
Clustered epithelial cells signal back to 
the dermal cells (“epithelial signal”), 
which form a dermal condensate under 
the epithelial placode. Dermal condensate 
cells give rise to an early dermal papilla, 

Review of the Literature

Figure 2. The initiative signal from dermal cells induces the epithelial cells to form the  epithelial 
placode (A). Mesenchymal cells condense and form the dermal condensate under the placode. 
The placodal cells proliferate and form an epithelial bud, which encase the dermal condensate 
(B). The bud grows into the underlying mesenchyme (C) and the epithelial and dermal compo-
nents of the hair follicle differentiate resulting in a mature hair follicle (D). Distinctive hair fol-
licle structures include epithelium-derived bulge, outer root sheath (ORS), inner root sheath (IRS) 
and matrix cells and mesenchyme-derived dermal papilla (DP). Upper portion of the hair follicle 
is permanent while the lower part forms the regressing part of the hair follicle.
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which later comprises the dermal part of 
the adult hair follicle and is essential for 
hair follicle maintenance (Jahoda et al., 
1984; Hardy, 1992). Dermal papilla cells 
signal to the overlying epithelial cells 
(“second dermal signal”) instructing them 
to proliferate and invade to the dermis. 
Eventually, epithelial hair matrix cells 
fold around the dermal papilla cells. 
Hair matrix cells divide rapidly and 
differentiate to either hair forming cells or 
inner root sheat cells (Hardy, 1992).

1.1.2. Hair follicle morphogenesis and 
differentiation

During development, dividing hair matrix 
cells form the hair shaft and the epithelial 
layers surrounding it. Hair shaft, or the hair 
filament, is formed when hair follicular 
keratinocytes terminally differentiate. 
Keratinized hair can be divided into 
structures of a thin outer cuticle, a thick 
cortex and a medulla, which can be 
characterized by columnar air spaces in 
murine hair shafts (Sengel, 1976; Philpott 
and Paus, 1998; Hardy, 1992). Mature hair 
fi bers are composed of over 70 different 
proteins belonging primarily to two 
groups, keratin intermediate fi lament (IF) 
proteins and keratin-associated proteins 
(KAPs) (Powell and Rogers, 1997; Rogers 
et al., 1998). Proliferating hair matrix 
cells form also a structure surrounding the 
hair, the root sheaths. Inner layer begins to 
differentiate into a multilayered structure 
called inner root sheath (IRS). IRS 
eventually forms a channel for protruding 
hair and can be separated into three layers, 
Huxley’s and Henle’s layers and a cuticle. 
Cuticle of the hair is in contact to cuticle 
layer of IRS. The outermost layer of the 
follicular epithelium is called outer root 
sheath (ORS) that is continuous with 
the basal layer of the epidermis (Müller-

Röver, 2001). At the upper part of the 
follicle ORS extends to form a pouch 
called the bulge, where the stem cells of 
the hair follicles reside (Cotsarelis et al., 
1989; Lyle et al., 1999; Akiyama et al., 
2000). Bulge cells are thought to divide 
infrequently, but when a subset of these 
the cells exits the niche they proliferate 
and form the hair structures during anagen 
phase (Cotsarelis et al., 1990; Taylor et 
al., 2000; Tumbar et al., 2004). Stem 
cells of the bulge are multipotent so that 
they can generate also sebocytes and skin 
keratinocytes after wounding (Taylor et 
al., 2000). Mature hair follicle contains 
also a sebaceous gland, which is a small 
glandular appendage residing above the 
bulge area. Sebaceous glands mature by 
birth, and their major function is to secrete 
lipids and sebum. 

1.1.3. Hair cycling 

Hair grows in successive cycles 
throughout life. Hair follicle grows 
actively (anagen phase) after which it 
regress by apoptosis-driven process 
(catagen phase) and rests without growing 
(telogen phase) during the postnatal 
life (Fuchs et al., 2001; Stenn and Paus, 
2001; Millar, 2002). Only the upper one 
third of the follicle is permanent while the 
structures under the bulge area undergo 
consequential renewal and degeneration 
processes (Figure 2D). The structures of 
the lower two thirds of the hair follicle 
regress during the catagen phase after 
the active growth phase (anagen phase) 
and the dermal papilla moves towards 
the bulge area. The regressed hair follicle 
remains rather silent (telogen phase) 
before the onset of the new anagen phase 
(Fuchs et al., 2001; Stenn and Paus, 2001; 
Millar, 2002). 

Review of the Literature
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Shedding of the old club hair (exogen 
phase) can also be comprehended as a 
phase of hair cycling. As in the embryonic 
development, interactions between 
epithelial and dermal compartments of the 
hair follicle lead to hair renewal during 
onset of anagen phase (Olicer and Jahoda, 
1988). Follicular dermal papilla cells are 
able to signal to bulge cells, which begin 
to proliferate and differentiate into new 
hair structures (Kobayashi and Nishimura, 
1989; Paus and Cotsarelis, 1999). Bulge 
is the lowest part of the permanent hair 
follicle so at the onset of anagen phase 
the follicular epithelium invaginates 
into dermis resembling the situation 
during embryonic development. Hair 
length depends on the anagen phase, the 

growth phase of the hair follicle. In mice, 
duration of the anagen phase is around 
two weeks, more exactly 15 to 16 days 
(Paus and Cotsarelis, 1999; Stenn and 
Paus, 2001). The dermal papilla directs 
the proliferation of hair matrix cells, 
which leads to new hair shaft formation 
and displacement of the old hair. Later, the 
hair shaft and root sheath differentiation 
ceases and the hair follicle proceeds to 
a catagen phase. During this regression 
phase the lower two thirds of the follicle 
degenerates by apoptosis and the dermal 
papilla shifts towards proximal part of 
the hair follicle (Weedon and Strutton, 
1981; Stenn et al., 1998; Stenn and Paus, 
2001). Catagen phase lasts about three 
days in mice (Straile et al., 1961; Stenn 
et al., 1998; Stenn and Paus, 2001). Hair 

follicle rests as quiescent (telogen 
phase) before onset of a new anagen 
phase (Stenn et al., 1998; Stenn and 
Paus, 2001). Telogen phase varies in 
length from 3 to 4 days up to several 
weeks and depends of the hair follicle 
location, sex and age of the mouse 
(Stenn et al., 1998; Stenn and Paus, 
2001). In mice, telogen hair follicles 
may contain several hair shafts before 
old hair is shed away. 

Figure 3. Mouse hair types comprise long 
guard hairs (1), shorter awls hairs (2), zig 
zag hairs having several bends (3) and 
auchene hairs having only one bend (4). 
Hair types can also be distinguished by 
medullary air cells. Guard hairs have two 
rows of medullary cells (A) whereas awl 
hairs have two or three columns (B). Zig 
zag hairs show only one row of medullary 
cells (C). 

1

2

3

4

A B C
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1.1.4. Different hair types in Mus 
musculus

Mouse coat consists of hair follicles, 
which cover the body except the palms. 
In contrast to the body hair, vibrissae are 
long hairs in the nasal area specialized 
for sensing the environment. Mouse 
coat contains four different hair types 
(Figure 3) which have a typical length and 
curvature (Dry, 1926).  Monotrich hairs, 
called also guard, tylotrich, or primary 
hairs comprise the straight cover hair. 
Guard hair follicles can be distinguished 
by the presence of two sebaceous glands 
instead of one (Philpott and Paus, 1998). 
Awl or secondary hairs are also straight 
hairs but slightly shorter than guard 
hairs. Auchene hairs have one bend 
and a constriction in the hair fi ber while 
zigzag hairs have two or more bends, and 
a constriction at each bend, producing a 
zigzag appearance (Dry, 1926). Auchene 
hair type can be considered as a special 
form of awl hair having a single bend 
(Schlake, 2007). Hair types can also be 
distinguished by number of longitudinal 
medullary air columns, which are formed 
when medullary cells shrink during hair 
differentation (Figure 3) (Falconer, 1051; 
Sundberg et al., 1994; Schlake, 2007). 
Guard hairs have two rows of medullary 
air cells whereas awl hairs have two or 
more. Zigzag hair fi ber instead has only 
one row of medullary cells (Dry, 1926). 
Human hair fi bers have no medullary air 
spaces at all (Schlake, 2007). 

Development of different hair 
follicle types initiates at distinct stages 
of embryogenesis. Guard hair follicle 
development begins at E14, awl hair 
development around at E16 and zigzag 
and auchene hair follicles are formed 
around birth (Mann, 1962; Schlake, 2007). 
The majority of the coat hair consists of 

zigzag (~ 60-70 %) and awl (25-30 %) 
hairs and the rest is composed of guard 
(2-4 %) and auchene (5-10 %) hairs 
(Frazier, 1951). 

1.2. Mammary gland development

Mammary glands or  mammaries 
are organs specialized for lactation 
and thereby nursing the offspring in 
mammals. The number and positioning 
of mammary glands varies between 
species, a feature already recognized by 
Aristotle (translated by Peck, 1968). In 
general, the mammary glands appear 
in pairs and mice for instance have fi ve 
pairs of mammary glands (Figure 4). 
The number of mammaries in females 
usually correlates with the maximum 
number of the pups (Schultz, 1948; 
Cockburn et al., 1983). The number of 
the mammary glands has been proposed 
to operate as a selective constraint during 
the evolution of mammals (Gilbert, 
1986). Males normally do not have 
nipples or mammary glands at all, but for 
instance male Dyak fruit bat has lactating 
mammary glands (Francis et al., 1994). 
In humans, mammary gland development 
of males and females proceeds similarly 
until puberty (Howard and Gusterson, 
2000). One pair of mammary glands 
develops in both sexes but the glands 
are not functional in males. Mammary 
gland grows in cycles throughout life 
depending on the sexual and reproductive 
stages: embryonic, prepubertal, pubertal, 
lactating and involuting mammary 
glands appear very different. Branching 
of the mammary gland can be separated 
into embryonic, adolescent and adult 
phases. Embryonic mammary branching 
is regulated independently of hormones 
whereas pubertal and adult branching is 
hormonally regulated (Raynaud, 1961; 
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Curtis et al., 2000; Bocchinfuso et al., 
2000).

1.2.1. Embryonic mammary gland 
development

Mammary gland development also 
results from inductive tissue interactions 
(Figure 5.) First signs of mammary gland 
development are seen in mouse around 
at E10.5, when two parallel mammary 
lines running anterio-posteriorly between 

limbs are formed in (Propper, 1978; 
Veltmaat et al., 2003; Veltmaat et al., 
2004). During the following 24 hours, 
fi ve lens-shaped, elevated cell structures 
called mammary placodes appear in 
a characteristic order and in highly 
conserved positions along the mammary 
lines (Veltmaat et al., 2003). In the next 
stage, the placodal cells invaginate to 
the underlying mesenchyme forming a 
mammary bud which can be detected 
as elevated domes. Mesenchymal cells 
begin to differentiate around invaginated 
mammary bud and form an early 
mammary mesenchyme. Approximately 
at E14.5 the bud is no longer visible 
externally. Later, epithelial cells overlying 
the mammary bud specialize into a 
nipple epithelium. In male mice, the 
mammary buds degenerate due to fetal 
androgens (Kratochwil, 1971; Robinson 
et al., 1999). Androgen receptors are 
expressed in the mesenchyme surrounding 
the mammary bud in both sexes but are 
activated only in males due to circulating 
testosterone (Kratochwil and Schwartz, 
1976; Wasner et al., 1983). Consequently, 
the mesenchyme condenses around the 
male mammary bud at E14 causing the 
separation of the epithelial bud from the 
overlying epithelium, and eventually the 
rudimentary bud degenerates (Kratochwil, 
1971; Robinson et al., 1999). In females, 
the mammary bud is rather quiescent 
until around E16 when the epithelial 
bud elongates, bifurcates and begins 
to branch to form epithelial ducts into 
surrounding fat pad precursor tissue. By 
birth, the sprout has branched into a small 
epithelial tree. The amount of branches 
is not identical between the developing 
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Figure 4. Mice have fi ve pairs of mammary 
glands, which reside ventrally. Three pairs are 
in the thoracic region (1-3) and two pairs in 
the inguinal region (4-5). 
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mammary g lands .  For  ins tance , 
mammary glands number two and three 
in the thoracic region are more branched 
when compared to the mammary gland 
rudiments one and fi ve which have only 
few branches. 

1.2.2. Postnatal mammary gland growth 

After birth the mammary gland grows at 
the same rate with the rest of the body until 
puberty when the circulating hormones 
such as estrogen and progesterone affect 
the gland growth (Haslam, 1988; Wang 
et al., 1990; Robinson et al., 1999). 
In mice, mammary gland undergoes 
rapid branching and elongation at the 
onset of puberty (Nandi, 1959). This 
sprint in growth is induced by ovarian 
hormones and the growth hormone 
(Nandi, 1958). Ovarian steroid hormones 

estrogen and progesterone and estrogen-
induced prolactin are the key players in 
temporal regulation of mammary gland 
differentiation in adult mammary gland 
(Wang et al., 1990; Fendrick et al., 1998; 
Robinson et al., 1999). Ovarian hormones 
are also evidenced to have an important 
role in breast cancer development (Key 
and Pike, 1988; Pike et al., 1997; Russo 
and Russo, 1996).

The tips of the growing ducts 
are called terminal end buds (TEBs) 
(Williams and Daniel, 1983). TEBs 
are club-shaped structures, which are 
surrounded by epithelial cap cells and 
which have an inner core formed by 
body cells. Apoptosis of the body cells 
has been detected, and apoptosis might 
be a mechanism for mammary gland 
lumen formation (Humpreys et al., 
1996). Proliferation in TEBs results in 

Figure 5. Mammary gland development begins with the formation of an epithelial placode 
(A). Placodal epithelial cells proliferate and invaginate as a bud into the dermis underneath 
(B). Dermal cells condensing around the mammary bud form the mammary mesenchyme (C). 
Growing mammary bud sprouts into the developing fat pad tissue (D) and the epithelial bud 
branches forming the tree-like epithelial structure of the mature mammary gland (E). Nipple 
sheat differentiates into the nipple structures and later, the alveoli of the mammary gland are 
formed. 

Developing ectoderm

Mammary epithelium
Dermal mesenchyme

Nipple sheat

Mammary mesenchyme
Fatpad precursor

BIRTH
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elongation and branching of the ducts. 
Once the entire fat pad has been filled 
with ducts (in mouse at 10–12 weeks of 
age), the TEBs disappear (Silberstein, 
2001). Estrogen controls the ductal growth 
as the estrogen null mice show only a 
truncated ductal rudiment (Bocchinfuso 
and Korach, 1997). Lobuloalveolar 
development is extensive at pregnancy 
preparing the mammary gland for 
lactation. Progesterone is essential for 
side-branch formation and formation of 
the alveoli during pregnancy (Brisken et 
al., 1998). Moreover, progesterone acting 
together with prolactin hormone is crucial 
for alveoli differentiation, milk production 
and secretion (Silberstein, 2001). After 
weaning, the epithelial tubules and alveoli 
of the mammary gland undergo apoptotic 
regression to the state resembling that of 
the virgin gland (Lund et al., 1996).

1.3. Tooth development

Teeth are a characteristic feature of 
vertebrates. Tooth evolution is believed 
to be associated with the appearance of 
the neural crest, which is the source for 
the dental mesenchyme (Smith and Hall, 
1993). Teeth have several functions from 
food chopping, mastifi cation and gnawing. 
Carnivores use teeth also for hunting and 
defence functions. Also some herbivores 
such as elephants can defend themselves 
by using their tusks. Teeth in vertebrate 
jaw consist of a basic plan, a calcified 
tissue called dentine surrounded by pulp 
cavity rich in nerves and vessels (Peyer, 
1968).

1.3.1. Initiation of tooth development

Teeth are formed as a result of interactions 
between oral epithelium and the neural 
crest -derived mesenchyme (Figure 6) 

(Thesleff and Mikkola, 2002; Cobourne 
and Sharpe, 2003). Tissue recombination 
studies have shown that the competence to 
form teeth varies between oral epithelium 
and mesenchyme depending on the 
developmental stage (Mina and Kollar, 
1987; Lumsden, 1988; Kollar and Baird, 
1969; Kollar and Baird, 1970). First, 
the odontogenic potential resides in the 
epithelium specifi c to mandibular/maxillar 
region (Mina and Kollar, 1987; Lumsden, 
1988; Sharpe, 2001).  This has been 
demonstrated by tissue recombination 
studies where combined mandibular 
epithelium and cranial neural crest cells 
from E9 to E10 mouse embryo produced 
tooth structures, whereas combination of 
nondental limb epithelium and cranial 
mesenchyme did not (Mina and Kollar, 
1987; Lumsden, 1988).  In mouse, tooth 
development begins at around E10-E11 
when oral epithelial cells condence and 
form an epithelial thickening, a primary 
epithelial band (Mina and Kollar, 1987; 
Lumsden, 1988). Primary epithelial 
band (or dental lamina) defi nes the tooth 
forming region, so that dental placodes 
develop along the epithelial band at the 
sites of future molars and incisors. At 
E12, cells forming the dental placodes 
invaginate to the mesenchyme forming 
an epithelial placode and at the same time 
the competence to form a tooth shifts to 
the mesenchyme (Kollar and Baird, 1969; 
Kollar and Baird, 1970; Mina and Kollar, 
1987). The growth of the tooth bud is 
believed to be controlled by a transient 
signalling center called primary enamel 
knot, which appears at the distal center 
of the invaginating tooth bud epithelium 
(Butler, 1956; Jernvall, 1995; Vaahtokari 
et al., 1996; Jernvall and Thesleff, 2000). 
It is known that the primary enamel knot 
stimulates cell proliferation in developing 
tooth (Jernvall et al., 1994; Kettunen et 
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al., 1998) yet the enamel knot itself is not 
a permanent structure but the posterior 
part of it is removed later by apoptosis 
(Lesot et al., 1996; Vaahtokari et al., 
1996). Enamel knot regulates the folding 
of the tooth epithelium and transition 
from the bud to the cap stage when the 
bud grows and wraps the condensed 
mesenchyme inside (Jernvall et al., 1994; 
Jernvall and Thesleff, 2000). At bell 
stage tooth the condensed mesenchyme is 
enclosed completely by the invaginating 
tooth epithelium and the mesenchymal 
condensate is called a dental papilla. 
During the development primary enamel 
knot is removed and in developing 
multicuspid teeth, secondary enamel 
knots form (Jernvall et al., 1994; Jernvall, 
1995). Secondary enamel knots appear at 
the sites of epithelial folding that mark the 
cusp initiation sites (Jernvall and Thesleff, 
2000; Luukko et al., 2003; Cobourne and 
Sharpe, 2005; Kassai et al., 2005; Kondo 
and Townsend, 2006). In fact, secondary 
enamel knots are known to regulate cusp 
morphogenesis and determine the future 
cusp site in tooth (Jernvall et al., 1994; 
Jernvall and Thesleff., 2000). In molar 
tooth, deep epithelial projections around 
dental papilla constitute the developing 
cervical loops. The final tooth shape 
is determined by folding of the inner 
enamel epithelium and growth of the 
dental papilla (Butler, 1956; Ruch, 1987). 
Cytodifferentation occurs during the bell 
stage so that epithelial cells closest to the 
mesenchyme differentiate into enamel-
producing ameloblasts and adjacent 
mesenchymal cells into dentin-producing 
odontoblasts. Differentiation is gradual 
such that it occurs last in the cervical area. 
Dental mesenchymal cells which do not 
form odontoblasts differentiate into dental 
pulp (Thesleff and Nieminen, 1999). 
Root development occurs after crown 

development. Mesenchymal dental follicle 
cells differentiate into cementoblasts 
and secrete cementum, a hard bone-like 
material covering the roots. Dental follicle 
cells form then the periodontal ligament 
attaching the tooth to alveolar bone. Tooth 
eruption depends upon the creation of an 
eruption pathway through the alveolar 
bone. In mice, fi rst teeth erupt into the oral 
cavity approximately 8-9 days after birth 
(Cohn, 1957). 

1.3.2. Mouse dentition

Mammals have heterodontic teeth i.e. 
teeth show multiple shapes and types. In 
contrast to fi sh for instance, mammals have 
only one row of teeth in the jaw, which is 
typical to most of the vertebrates (Peyer, 
1968; Luckett, 1993). Basic dentition in 
mammals consists of molar, premolar, 
canine and incisor teeth. Mice have no 
canine or premolar teeth, but instead have 
three molars and one incisor tooth in each 
jaw quadrant (Long and Leininger; 1999; 
Wiggs and Lobprice, 1997). Molar and 
incisor teeth are separated by a toothless 
region called diastema (Ruch et al., 1997). 
In most of the vertebrates dentition is 
replaced one or more times (Peyer, 1968), 
such as in humans where deciduous teeth 
are later replaced by permanent teeth. 
However, mouse dentition is not replaced 
at all. Normally, a tooth erupts into the 
oral cavity when the structure and shape 
are complete. In mouse, the growth of 
the incisor tooth is continuous leading to 
perpetual eruption throughout the life. It is 
believed that the stem cells of the incisor 
reside in the apical part of the incisor 
epithelium (Harada et al., 1999). This 
apical part is called a cervical loop and the 
area is highly proliferative, which enables 
the continuous growth of the tooth.
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Figure 6. The dental placode develops along the primary dental band (A) and then the 
proliferating cells form an epithelial bud, which invaginates into the neural crest –derived 
mesenchyme (B). A transient signalling center called primary enamel knot (PEK) develops at the 
distal center of the invaginating tooth bud epithelium (C). Invaginating epithelial bud encloses 
the mesenchymal condensate and secondary enamel knots (SEK) are formed (D) Inner enamel 
epithelium (IEE) and outer enamel epithelium (OEE) outline the developing stellate reticulum 
(E). Cytodifferentiation of the developing ameloblasts and odontoblasts into mature secreting 
cells leads to the formation of the enamel and dentin, respectively (F). The dental pulp remains 
in the core of the developing tooth. After crown development, root development occurs and teeth 
erupt into the oral cavity. 
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The labial and lingual sides of the 
mouse incisor are different. Ameloblasts 
secrete enamel only in the labial side while 
cementum is produced on the lingual side, 
which is why the lingual side is often 
referred as a root analogue of the molar. 
Incisors develop like molars through 
epithelial-mesenchymal interactions, but 
early in the development the tooth acquires 
a cylindrical shape and fi nally occupies 

the whole distal part of the bony jaw. 
The lingual and labial sides of the incisor 
consist of the inner and outer epithelium. 
In addition, the labial side has two extra 
layers called stratum intermedium and 
stellate reticulum. Stratum intermedium 
and stellate reticulum are cell layers 
associated with cervical loops (Figure 7) 
and stellate reticulum has been proposed 

Figure 7. Cylindrical shaped incisor has cervical loops in its apical end. Stellate reticulum 
contains the stem cells of the developing incisor in the labial side of the incisor. Proliferating 
preameloblasts form the enamel-secreting ameloblasts and mesenchymal odontoblasts secrete the 
dentin. Cementum is produced in the lingual side of the incisor.
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to be the putative site for incisor stem cells 
(Harada et al., 1999). 

 
2. Molecular regulation of 
ectodermal organ development

2.1. Wnt signalling

2.1.1 Wnt signalling pathway

WNT molecules are secreted glycoproteins 
and 19 different WNT ligands have been 
identified in vertebrates (Miller, 2002; 
Clevers, 2006; Montcouquiol et al., 2006). 
WNT ligands are considered to act as 
morphogens: they act at long range and 
their signalling output is concentration 
dependent (Logan and Nusse, 2004). Wnt 
signal transduction is a conserved pathway 
in multicellular animals and it is known to 
regulate several developmental processes 
such as cell proliferation, migration, 
polarity and differentiation (Cadigan and 
Nusse, 1997; Peifer and Polakis, 2000; 
Katoh and Katoh, 2007). Wnt signalling 
is mediated through at least two different 
pathways, which are so-called canonical 
(Wnt/β-catenin) and noncanonical 
pathways (Cadigan and Liu, 2006; Kohn 
and Moon, 2005; Montcouquiol et al., 
2006). Canonical Wnt pathway operates 
by activation of β-catenin (β-CAT) and 
TCF/LEF-1 family of transcription factors 
whereas the noncanonical pathways are 
β-catenin independent. 

In the absence of any canonical WNT 
ligand, cytoplasmic β-CAT interacts 
with adenomatous polyposis coli (APC) 
and axin (Axin) proteins. This results 
in phosphorylation of β-CAT by CK1 
and GSK3β kinases, which leads to 
ubiquination and degradation of β-CAT 
(Price, 2006). Canonical β-catenin 
dependent Wnt pathway is activated 
when canonical WNT ligand is bound to 

a Frizzled (FZ) family receptor and LRP5/
LRP6 co-receptor leading to inhibition of 
APC/AXIN destruction complex (Clevers, 
2006). FZ interacts with Dishevelled 
(DSH), a cytoplasmic protein regulated by 
Wnt signalling (Wallingford and Habas, 
2005). As a result, β-CAT is stabilized 
and translocated into the nucleus (Willert 
and Jones, 2006). In the nucleus β-CAT 
associates with TCF/LEF-1 family of 
transcription factors, which stimulate 
target gene expression. In addition to 
intracellular signal transduction, β-CAT 
can interact with different cadherins 
modulating cell adhesion (Behrens et al., 
1996; Nusse, 1997).

The noncanonical Wnt pathways 
are not so well understood. They are 
known to regulate at least the activity of 
cytoskeleton, adhesion and cell polarity 
(Kühl et al., 2000; Kohn, 2005; Seifert 
and Mlodzik, 2007; Strutt and Strutt, 
2005; Kohn and Moon, 2005). There 
are three noncanonical Wnt signalling 
pathways termed as Wnt/Calcium 
(Kuhl et al., 2000; Wang and Malbon, 
2003) and Wnt/JNK (C-Jun N-terminal 
kinase) pathways (Boutros et al., 1998; 
Montcouquiol et al., 2006) and Wnt/ PCP 
(Planar Cell Polarity) pathway (Fanto and 
McNeill; 2004, Mlodzik, 2002), which 
is still poorly understood. Wnt/Calcium 
and Wnt/JNK pathways both use Frizzled 
receptors but β-catenin is not involved. 
Instead, Wnt/Calcium signalling triggers 
the release of intracellular calcium while 
the PCP pathway acts through activation 
of small GTPases, G proteins or C-Jun 
N-terminal kinase (JNK) (Wnt/JNK 
pathway) (Kuhl et al, 2000; Veeman et al., 
2003; Montcouquiol et al., 2006). 

Wnt pathway inhibitors can be 
divided into WNT ligand binding and 
LRP5/LRP6 interfering molecules 
(Kawano and Kypta, 2003). Members of 
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the first class, sFRPs (soluble Frizzled-
Related Proteins), bind directly to WNT 
ligands and alter the ability of WNTs to 
bind FZ receptors (Kawano and Kypta, 
2003; Bovolenta et al., 2008). sFRP class 
includes inhibitors such as Wnt inhibitory 
factor 1 (WIF-1) and cerberus (Cer). 
The second type of inhibitor molecules, 
Dickkopf (DKK) family members, inhibits 
Wnt signalling by binding to coreceptor 
LRP5/LRP6 (Niehrs, 2006; Glinka et 
al., 1998). It appears that sFRP class can 
inhibit both noncanonical and canonical 
pathways while DKKs specifically 
suppress β-catenin -dependent canonical 
signalling (Yoshiaki and Krypta, 2003).

2.1.2 Wnt signalling in ectodermal 
organogenesis

2.1.2.1. Wnt signalling in hair follicle 
development

Wnt/β-cat signalling is known to be 
essential for hair development and a 
number of Wnt genes are expressed 
in the skin (Millar et al., 1999). Wnt 
signalling has been shown to be essential 
for instance in regulation of formation of 
placode and mesenchymal condensation, 
controlling hair follicle spacing and 
polarity, hair shaft differentiation and also 
in hair cycling (Millar, 2002; Mikkola and 
Millar, 2006; MIkkola, 2007). During hair 
development, several Wnts are expressed 
in different compartments of early hair 
follicle and Wnt/β-cat signalling has been 
detected in both hair follicle epithelium 
and mesenchyme (Reddy et al., 2001; 
DasGupta and Fuchs, 1999). For instance 
Wnt10a and Wnt10b transcripts are 
detected in the early hair placodes and 
Wnt3, Wnt3a, Wnt4, Wnt5a, Wnt10a, 
Wnt10b and Wnt11 are all expressed 
in precortical cells of developing hair 

follicle (Reddy et al., 2001). Also Lef1, 
which encodes a transcription factor 
of LEF/TCF family proteins and is 
activated by canonical Wnt signalling, is 
expressed in hair follicle placodes and in 
underlying dermal condensates, and later 
in invaginating tip of the developing hair 
follicle (Zhou et al., 1995).

S tud ie s  u t i l i s i ng  t r ansgen ic 
approaches have shown that canonical 
Wnt signalling is crucial in several stages 
of hair follicle development. Specifi cally, 
Wnt signalling regulates early hair follicle 
formation as inhibition of Wnt signalling 
by overexpressing Wnt inhibitor 
Dickkopf1 in embryonic mouse skin 
epithelium results in a complete block 
of hair follicle development (Andl et al., 
2002). In addition, conditional epithelial 
deletion of β-cat during embryogenesis 
inhibits hair follicle formation whereas 
deletion of β-cat after birth prevents hair 
follicle renewal (Huelsken et al., 2001; 
Zhang et al., 2008). Moreover, Lef1 null 
mice display reduced number of body 
hair and lack of whiskers (van Genderen 
et al., 1994). Ectopic hair follicles arise 
when Lef1 is overexpressed (Zhou et al., 
1995) or if stabilized β-cat is ectopically 
expressed under the keratin-14 (K14) 
promoter in mouse (Gat et al., 1998; 
Närhi et al., 2008; Zhang et al., 2008). 
Wnt/β-cat signalling has been proposed to 
promote hair placode and hair shaft fate of 
the epidermis at the expense of epidermal 
differentiation (Närhi et al., 2008; Zhang 
et al., 2008). Wnt signalling has also 
been shown to control hair growth and 
structure as overexpression of Wnt3 in 
the skin and hair follicles leads to altered 
differentiation of hair shaft precursor cells 
resulting in shorter hair fi bers (Millar et 
al., 1999). In these mutants, defects in 
hair shaft structure and composition cause 
eventually cyclical balding.
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2.1.2.2. Wnt signalling in mammary 
gland development

Wnt signalling is involved in mammary 
gland development from initiation 
to pregnancy-induced branching and 
lobuloalveolar differentiation (Chu et 
al., 2004; Tepera et al., 2003; Miyoshi 
et al., 2002).  With other regulators of 
development Wnt signalling modulates 
mammary gland development in several 
stages such as determination of cell 
fate and promotion of cell survival and 
proliferation. For instance, Wnt signalling 
has been observed to mediate progesterone 
function during pregnancy (Brisken et al., 
2000). In addition to normal mammary 
gland development, activation of Wnt 
signalling has been linked to pathogenesis 
of mammary tumours in mice and humans 
(Lane and Leder, 1997; Tsukamoto et al., 
1988; Imbert et al., 2001; Michaelson and 
Leder, 2001).

In mice, several Wnt genes and 
their targets are expressed in the surface 
epithelium and later in the mammary 
placodes during the early mammary 
gland development. By using TOPGAL 
reporter mice, active Wnt signalling 
has been detected from E10.5 to E16.5 
mouse mammary gland (Chu et al., 
2004). Wnt10b expression is detected 
as early as about E10.5 onwards at 
mammary epithelium (Veltmaat et al., 
2004) and Wnt5a strongly in mesenchyme 
underlying the mammary region at 
E10.5-E12.5 (Chu et al., 2004). Active 
Wnt signalling through early mammary 
gland development suggests a role for 
Wnts in initiation of mammary glands. 
Mammary gland development  is 
completely blocked when Wnt signalling 
is inhibited by Dickkopf1 overexpression 
in early embryonic ectoderm (Andl et al., 
2002; Chu et al., 2004). On the contrary, 

forced activation of canonical Wnt 
signalling in cultured embryos promotes 
placode development resulting in larger 
mammary placodes (Chu et al., 2004).

Even though Wnt signalling has not 
been suggested to be essential for ductal 
branching Wnt4 expression is necessary 
for side-branching or tertiary branching 
(Brisken et al., 2000). Wnt5a and Wnt7b 
are expressed in TEB epithelium whereas 
Wnt2 is expressed in TEB stroma (Kouros-
Mehr and Werb, 2006). Ductal elongation 
and lateral branching are both promoted 
in Wnt5a null mammary glands (Roarty 
and Serra, 2007). When stabilized form of 
β-cat is expressed under mouse mammary 
tumour virus promoter lobuloalveolar 
development is precocious. These 
mice display also multiple aggressive 
adenocarcinomas (Imbert et al., 2001). 
Furthermore, expression of Axin, a protein 
promoting β-catenin degradation, causes 
defective alveolar formation during 
pregnancy when induced after birth (Hsu 
et al., 2001). In conclusion, Wnt signalling 
appears to inhibit ductal elongation and 
promote lobuloalveolar developmental in 
postnatal mammary gland.

2.1.2.3. Wnt signalling in tooth 
development

Several Wnt signalling pathway genes, 
such as Lef1 and Wnt10b, are expressed 
during tooth development. Lef1 is 
expressed in thickened oral epithelium at 
E10 and in the condensing mesenchyme 
at E11 (Kratochwil et al., 1996). Later 
in tooth development, Lef1 is detected 
both in mesenchymal and epithelial cells 
(Kratochwil et al., 1996). Wnt10b has 
been found in epithelium of E10-E11 tooth 
and Wnt10a in E14-E15 tooth (Sarkar 
and Sharpe, 1999). Wnt4, Wnt6 and 
Wnt10b are believed to be potential actors 

Review of the literature



15

involved in transition of primary dental 
epithelium to bud stage. These genes are 
also expressed in dental epithelium when 
tooth bud is formed from epithelium 
(Dassule and McMahon, 1998; Sarkar and 
Sharpe, 1999).

The importance of Wnt signalling in 
tooth development was fi rst demonstrated 
by the generation of Lef1 null mice, 
which lack teeth as a result of arrested 
development at late bud stage and failure 
in dental papilla formation (van Genderen 
et al., 1994). Tissue recombination studies 
have been shown that only epithelial Lef1 
is crucial for formation of dental papilla 
before E14 (Kratochwil et al., 1996). 
In these studies, Lef1 null epithelium 
recombined with wild type mesenchyme 
was not able to produce teeth if the 
epithelium was dissected before E14. If 
the Lef1 null epithelium was dissected at 
or after E14 and recombined with normal 
dental mesenchyme dental structures were 
detected. These studies indicate that Lef1 
is needed in the dental epithelium before 
E14 to instruct dental mesenchyme to form 
a dental papilla (Kratochwil et al., 1996). 
Tooth development is abolished when Wnt 
signalling is inhibited by overexpressing 
Dkk1 under keratin-14 promoter (Andl et 
al., 2002; Liu et al., 2008). Nevertheless, 
thickening of the oral epithelium took 
place indicating either that Wnt activity 
is dispensable for thickening of the dental 
epithelium or that in K14-Dkk1 embryos 
inhibition of Wnt signalling occurs too late 
to affect initiation of tooth development. 
The latter might be more likely as Wnt 
signalling has been shown to be operating 
throughout odontogenesis and that forced 
Wnt/β-cat signalling is able to initiate the 
formation of dental placodes (Järvinen 
et al., 2006; Liu et al., 2008). Moreover, 
enhanced epithelial Wnt signalling by 
overexpression of Lef1 results in ectopic 

tooth-like structures (Zhou et al., 1995). 
Wnt signalling has been shown to have a 
role also in enamel knot formation and in 
tooth renewal. When constitutively active 
β-cat was expressed in oral epithelium, 
new enamel knots were formed and 
ectopic teeth bud off from existing 
dental epithelium. In the end, multiple 
teeth developed showing that active 
Wnt signalling is able to stimulate tooth 
formation (Järvinen et al., 2006; Liu et al., 
2008). 

In addition to proper epithelial-
mesenchymal signall ing in tooth 
development, Wnts have been proposed to 
be involved in patterning of the boundaries 
between the oral and the dental epithelium 
(Sarkar et al., 2000). Wnt7b is expressed 
in all oral ectoderm except where Shh is 
expressed, i.e. at areas defi ning the dental 
ectoderm, and Shh expression stimulates 
proliferation of dental epithelial cells 
during tooth development. It has been 
shown in cultured mandibular explants 
that ectopic WNT7b is able to inhibit 
Shh  expression and subsequently 
tooth development is arrested, and that 
supplemented SHH is capable of restoring 
the inhibitory effect of WNT7b (Sarkar et 
al., 2000).

 
2.2 Fgf signalling

2.2.1 Fgf signalling pathway

Fibroblast growth factors (Fgf) form 
a highly conserved family of 22 
members in vertebrates regulating 
many developmental processes such 
as differentiation, cell migration and 
proliferation (Ornitz and Itoh, 2001; 
Thisse and Thisse, 2005). FGFs act 
through one of four receptor tyrosine 
kinases (FGFR1-4) (Johnson and 
Williams, 1993) and Fgf receptor genes 
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encode at least seven different receptor 
isoforms (Ornitz et al., 1996; McKeehan 
et al., 1998). Binding of an FGF ligand to 
its cell surface receptor induces receptor 
dimerization and phosphorylation 
of the cytoplasmic tail. Full receptor 
activation requires a co-receptor, a cell 
surface heparan sulphate proteoglycan 
(HSPG) (Lin et al., 1999; Ortnitz, 2000). 
Phosphorylation triggers then Ras-
dependent signal transduction pathway 
intracellularly (Fantl et al., 1993).  

2.2.2 Fgfs in ectodermal organogenesis

2.2.2.1. Fgfs in hair development

Fgf signalling has been shown to regulate 
ectodermal organogenesis (Chuong et 
al., 1998; Mailleux et al., 2002). Usually, 
FGFs signal directionally and reciprocally 
over epithelial-mesenchymal boundaries 
(Hogan, 1999). Fgf signalling is thought to 
regulate the number of hair follicles, since 
mice null for Fgfr2b show a reduced and 
abnormal development of hair follicles 
(Petiot et al., 2003). Also mice, which 
express a secreted soluble ectodomain of 
Fgfr2b, show a reduction in hair follicle 
number (Celli et al., 1998). Major ligand 
for FGFR2b is FGF10, but Fgf10 null 
mice have no noticeable hair phenotype, 
only reduction in whisker hair formation 
(Suzuki et al., 2000; Ohuchi et al., 2003). 
However, this might be due to redundancy 
to other FGF ligands such as FGF7, 
which is also known as keratinocyte 
growth factor (KGF). Kgf was originally 
discovered as a paracrine growth factor 
for epidermal keratinocytes (Rubin et al., 
1989; Finch et al., 1989). Anyhow, Fgf7 
null mice have no major hair phenotype 
either, just “greasy” or “matted” coat (Guo 
et al., 1996). Fgfs are also involved in 
regulation of hair cycling, since mutation 

in Fgf5 gene leads to prolonged anagen 
phase resulting in elongated hair of the 
angora mutant mice (Hebert et al., 1994).

2.2.2.2. Fgfs in mammary gland 
development

In mammary gland development, Fgfs 
have a signifi cant role. Fgfr2b is expressed 
in the mammary epithelium and Fgf10 in 
the somites nearby the future mammary 
glands and signalling between these 
tissues might be the key in mammary 
placode induction and mammary line 
patterning (Mailleux et al., 2002; Veltmaat 
et al., 2006). Interestingly, in Fgf10 null 
and Fgfr2b null mice placode number 
four is the only one to develop. In Fgfr2b 
null background placode 4 is however 
only transient whereas in Fgf10 null mice 
it is maintained. Fgf10 null phenotype 
might be a result from redundancy of 
Fgf10 to Fgf7, which is expressed at 
the mammary mesenchyme at E12.5 
whereas genes of other known FGFR2b 
ligands are not (Cunha and Hom, 1996; 
Mailleux et al., 2002). According to the 
studies using ectopic FGF inhibitors 
and analyzing mammary marker gene 
expressions, signalling through FGFR1 
has also proposed to be involved in early 
mammary placode development (Eblaghie 
et al., 2004). Also, ectopically added 
FGF8 is able to induce mammary placode 
markers in the fl ank ectoderm (Eblaghie 
et al., 2004). Fgf signalling appears to 
be upstream of Wnt pathway during 
mammary gland induction, since in K14-
Dkk mice Fgf expression in the somites is 
not affected and Wnt10b expression and 
canonical Wnt signalling have shown to 
be activated downstream of Fgf10/Fgfr2B 
signalling in the surface ectoderm (Chu et 
al., 2004; Liu et al., 2008). 
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2.2.2.3. Fgfs in tooth development

Several Fgfs has been shown to be 
involved in tooth development. In general, 
many Fgfs are expressed during tooth 
morphogenesis and Fgfs promote cell 
proliferation both in dental epithelium 
and dental mesenchyme during tooth 
development (Jernvall et al., 1994; 
Kettunen and Thesleff, 1998). Epithelial 
Fgf8 has been suggested to regulate tooth 
positioning in the branchial arch, since 
FGF8 is able to induce expression of the 
paired-box-containing transcription factor 
Pax9 in the prospective odontogenic 
mesenchyme (Neubuser et al., 1997). Also 
in branchial arch mesenchyme, FGF8 
has been shown to induce expression 
of activin βA (Acv- βA), which is 
required before bud formation in tooth 
development (Ferguson et al., 1998). 
Fgfr2b is also required for tooth formation 
as tooth morphogenesis does not proceed 
beyond the bud stage if signalling through 
FGFR2b is abolished (Celli et al., 1998; 
De Moerlooze et al., 2000). Fgf4 is 
localized into non-proliferating enamel 
knots but stimulates proliferation around 
enamel knot, in dental epithelium and 
mesenchyme, promoting tooth growth 
and cusp formation (Jernvall et al., 
1994; Kettunen et al., 1998). Fgfs might 
also be involved in epithelial folding 
of the tooth as mesenchymal FGF10 
promotes proliferation of the epithelial 
cells (Kettunen et al., 2000). In addition, 
Fgf10 signalling regulates the continuous 
growth of the incisor teeth since Fgf10 
null mice lack functional cervical loops 
and therefore continuous growth of the 
incisors is blocked (Harada et al., 2002). 
Accordingly, Fgf10 transcripts have been 
detected in dental papilla mesenchyme 
next to cervical loops of the incisors 
(Kettunen et al., 2000).

2.3 Tgf-β signalling 

2.3.1. Tgf-β signalling pathway

Tgf-β  superfamily is a conserved 
group of growth factors, which was 
originally named after discovery of 
the first member, Tgf-β (Roberts et al., 
1981).  This superfamily is composed 
of at least 35 different growth factors, 
such as bone morphogenetic proteins 
(Bmps), transforming growth factor βs 
(Tgf-β), activins (Acvs) and inhibins 
(Inhs) (Chang et al., 2002; Kingsley, 
1994). Members of Tgf-β superfamily are 
known to control a variety of processes 
including differentiation, apoptosis and 
proliferation (Glick et al., 1993; Guo and 
Kyprianou, 1999; Motyl et al., 1998). 
TGF-β superfamily ligands signal through 
type I and type II cell surface serine 
threonine kinase receptors and the signal 
is transmitted intracellularly by effector 
molecules called SMADs (Derynck and 
Feng, 1997; Massague, 1998).

When a ligand is bound to a receptor, 
activated ligand-receptor complex is able 
to phosphorylate a receptor-regulated 
SMAD protein (R-SMAD). Activated 
R-SMAD then binds to a common 
partner (Co-SMAD) SMAD4, which 
translocates into the nucleus and induces 
the transcription of target genes (Heldin 
et al., 1997). Five R-SMADs are known: 
SMAD1, SMAD2, SMAD3, SMAD5, 
and SMAD8. Smad1/5/8 mediate Bmp 
signalling whereas Smad2/3 are involved 
in activin and Tgf-β signal transduction 
(Massague and Wotton, 2000; Miyazono 
et al., 2001; Ten Dijke et al., 2002). There 
are also two inhibitory SMADs, SMAD6 
and SMAD7 (Imamura et al., 1997; 
Nakao et al., 1997), which inhibit Tgf-β 
signalling by recruiting ubiquitin ligases 
SMURF1 and SMURF2 resulting in 
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degradation of the activated receptors and 
R-SMADs (Ebisawa et al., 2001; Kavsak 
et al., 2000; Murakami et al., 2003). 
SMAD6 and SMAD7 act as a negative 
feedback for Tgf-β signalling since the 
expression of Smad6 is induced by BMPs 
and the expression of Smad7 is induced 
by Tgf-β/Acv signalling (Nagarajan et al., 
1999; Nakao et al., 1997; Takase et al., 
1998).

Tgf-β signalling may be inhibited 
by several extracellular antagonists. 
BMP2 and -4 bind to noggin (NOG) with 
higher affi nity than to BMP receptors and 
noggin signalling inhibits Bmp signalling 
(Zimmerman et al., 1996). NOG binds 
also BMP7, eventhough the affinity is 
much lower (Groppe et al., 2002). In 
addition, chordin(CHRD) antagonizes 
Bmp signalling by binding to BMP2 
and BMP4 but with lower affi nity when 
compared to NOG (Piccolo et al., 1996; 
Zimmermann et al., 1996). Follistatin 
(FST) binds to activin (ACV) thereby 
preventing binding of ACV to ACV 
receptors (Patel, 1998). Interestingly, FST 
can also interact with low affinity with 
BMP2, BMP4, BMP7 and BMP15 and 
modulate their function (Fainsod et al., 
1997; Patel et al., 1998; Otsuka et al., 
2001).

2.3.2. Tgf-βs in ectodermal 
organogenesis

Tgf-β signalling regulates ectodermal 
organogenesis in many ways. Especially 
BMP family of molecules control various 
developmental processes such as epithelial 
differentiation, hair follicle growth, wound 
healing and carcinogenesis in postnatal 
skin (Botchkarev, 2002). 

2.3.2.1. Tgf-β signalling in hair 
development

In developing hair follicle, Bmp2 and 
Bmpr1A are both expressed in the 
placode whereas Bmp4 and Nog are in 
mesenchymal condensation (Lyons et 
al., 1990; Jones et al., 1991, Botchkarev 
et al., 1999). In growing postnatal hair 
follicles, Bmp4, Bmpr1A and Nog are 
expressed in the dermal papilla, hair 
matrix and in proximal outer and inner 
root sheaths (Botchkarev et al., 2001). 
In general, BMPs have been described 
as placode inhibitors and ectopic BMP4 
has been shown to inhibit hair placode 
formation in skin explants (Botchkarev 
et al., 1999). Interestingly though, 
BMP7 may promote placode formation 
by positively regulating condensation 
of mesenchymal cells (Michon et al., 
2008). Mice lacking Bmp2, Bmp4 or 
Bmpr1 die during embryonic development 
before hair follicle formation (Zhang and 
Bradley, 1996; Ying and Zhao, 2001; 
Fujiwara et al., 2001; Oh et al., 2000; 
Mishina et al., 1999; Mishina et al., 1995), 
but overexpression of Bmp4 in outer root 
sheath results in aberrant whisker hair 
growth and progressive balding after fi rst 
hair cycle (Mishina, 2003; Blessing et al., 
1993). Epithelial Bmpr activity has been 
shown to be essential for differentiation 
of the IRS and the hair shaft. Conditional 
deletion of Bmpr-1A in surface ectoderm 
and its derivatives leads to absence of 
external hair (Kobielak et al., 2003, Andl 
et al., 2004).

Earlier studies have shown Wnt/β-
cat pathway and Bmp signalling to 
have antagonistic functions during 
development (Baker et al., 1999). Noggin 
has been considered to be one of the 
possible fi rst dermal messages initiating 
hair follicle development. When Nog 
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is deleted no secondary (non-tylotrich) 
hair follicles are formed (Botchkarev 
et al., 1999; Botchkarev et al., 2002). 
Also, β-cat levels in the epidermis are 
downregulated suggesting interaction of 
Wnt/β-cat and Bmp signalling pathways 
in hair follicle initiation (Botchkarev et 
al., 2002). Bmp4 and Bmpr1 are both 
significantly downregulated in early 
anagen hair follicle, and the proliferation 
of the keratinocytes is increased (Wilson 
et al., 1994). However, BMP4 has been 
postulated to act as an important inhibitor 
of telogen-anagen phase transition during 
hair cycling (Botchkarev et al., 2001).  In 
line with skin culture studies, NOG has 
been shown to be able to neutralize BMP4 
resulting in induction of a new hair growth 
phase in postnatal skin (Botchkarev et al., 
2002).  

Three specifi c Tgf-β isoforms, namely 
Tgf-β1, Tgf-β2 and Tgf-β3, are expressed 
in developing hair follicles.  All of them 
are also expressed in mature hair follicles 
in the epithelial compartments (St-Jacques 
et al., 1998; Pelton et al., 1991).  However, 
Tgf-β2 has been reported to be expressed 
in the dermis at E15.5 and in the epidermis 
at E18.5 (Pelton et al., 1989) and Tgf-β2 
has been shown to have a specific role 
in hair follicle morphogenesis (Foitzik et 
al., 1999). Tgf-2 is able to induce hair 
follicle development and is required for 
the later downgrowth of the epithelial 
placode. Whereas deficiency of Tgf-β2 
leads to delayed hair follicle development 
(but not delayed initiation) and reduction 
of the total number of the hair follicles, 
deficiency of Tgf-β1 results in a slight 
enhancement in hair follicle maturation 
(Foitzik et al., 1999). On the contrary, 
lack of Tgf-β3 has no recognizable effect 
on hair follicle morphogenesis. As shown 
in the same studies, TGF-β2 is capable 
of inducing hair follicle development 

in vitro whereas TGF-β1 inhibits hair 
follicle morphogenesis (Foitzik et al., 
1999). Thus, Tgf-β2 positively regulates 
hair follicle morphogenesis, a feature not 
shared with other Tgfs.

Activins, other members of the Tgf-β 
family, are dimeric proteins involved 
in development of several different 
organs (Massague, 1990; Phillips, 2000).  
ACV-A (βAβA) or ACV-B (βBβB) are 
homodimers, whereas ACV-AB (βAβB) 
is a heterodimer of one ACV-βA and one 
ACV-βB subunit. Biological activities of 
activins are transduced by heteromeric 
receptor complexes consisting of 
two different types of receptor, type I 
(ACVRIA and ACVRIB) and type II 
(ACVRIIA and ACVRIIB) (Mathews 
and Vale, 1993).  The activity of activin 
is regulated by follistatin, which functions 
as an inhibitor of activin (Ueno et al., 
1987; Nakamura et al., 1990). Fst is 
expressed in the hair follicle epithelium, 
whereas Acv-βA expression is found 
in the mesenchyme (Nakamura et al., 
2003). It has been shown that activin and 
follistatin signalling are both involved 
in morphogenesis of vibrissae and hair. 
Acv-βA deficient mice lack vibrissae 
(Matzuk et al., 1995a) and Fst null mice 
instead have thin and inappropriately 
oriented vibrissae (Matzuk et al., 1995b). 
In addition, hair development is retarded 
in Fst deficient mice (Nakamura et al., 
2003) and mice overexpressing Fst have 
abnormal pelage hair (Wankell et al., 
2001; Guo et al., 1998). 

2.3.2.2. Tgf-β signalling in mammary 
gland development

Tgf-βs have been studied as regulators of 
ductal and lobuloalveolar development 
during mammary gland development. 
Particularly Tgf-β has shown to have an 
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essential role in regulating growth and 
patterning of the mammary gland by 
inhibiting ductal elongation and branching 
(Daniel et al., 1989; Daniel et al., 1996; 
Ewan et al., 2002;). Embryonic aspects 
of Tgf-β signalling in mammary gland 
development have not been studied as 
extensively as those involved in postnatal 
growth. However, Bmp2  has been 
detected in the epithelium and Bmp4 
in the mesenchyme during initiation of 
mammary gland development (Phippard et 
al., 1996; Hens et al., 2007). On the other 
hand, Bmp4 expression has also been 
detected in ventral surface epithelium 
before mammary gland initiation and was 
suggested to be involved in regulation of 
dorsoventral positioning of the mammary 
glands (Cho et al., 2006). It has been 
shown that during the formation of the 
mammary buds, expression of Bmp1A 
receptor is stimulated in the mesenchymal 
cells underlying the mammary gland 
forming ventral epidermis by parathyroid 
hormone -related protein (PTHrP) (Hens 
et al., 2007). Accordingly, mesenchymal 
cells are sensitized for Bmp4 signalling 
and enhanced Bmp4 signalling in the 
mammary mesenchyme triggers epithelial 
downgrowth. Thus, Bmp signalling is 
involved in the regulation of epithelial 
bud formation during development of 
mammary gland (Hens et al., 2007).   

In postnatal mammary gland, TGF-β 
is secreted from epithelial and stromal 
mammary cells, activated extracellularly 
in order to stimulate its receptors resulting 
in inhibition of ductal growth and lateral 
branching (Ewan et al., 2002). Studies 
focusing on Tgf-β suggest that stromal 
Tgf-β is a critical inhibitor of ductal 
development. In mouse mammary glands, 
TGF-β molecules have been shown to 
localize to the stroma where the budding 
of the epithelium is suppressed and be 

selectively lost when lateral buds form 
(Silberstein et al., 1992). Increased 
ductal side branching was detected, when 
dominant-negative Tgf-β2R expression 
was driven by metallothionine promoter 
in the mammary stroma (Joseph et al., 
1999). In addition, transgenic expression 
of the active form of Tgf-β in mammary 
epithelium leads to hypoplastic mammary 
glands displaying delayed ductal growth 
and no side branches (Pierce et al., 1993). 
Tgf-β signalling has been connected to 
hepatocyte growth factor (Hgf) signalling 
since Hgf is inhibited by Tgf-β signalling 
and Hgf induce tubule formation in 
many epithelial cells (Cheng et al., 
2005; Niranjan et al., 1995). Moreover, 
overexpression of Hgf results in enhanced 
lateral branching and increased number 
of end buds in the mammary gland so 
in theory, Tgf-β signalling could inhibit 
ductal growth via suppression of Hgf 
(Kamalati et al., 1999). 

2.3.2.3. Tgf-β signalling in tooth 
development

Tgf-β signalling has been widely studied 
in tooth development. Many Bmp genes 
are expressed during odontogenesis and 
for instance expression of Bmp2, Bmp4 
and Bmp7 is detected both in the dental 
epithelium and mesenchyme (Vainio et 
al., 1993; Åberg et al., 1997). Mediators 
of Tgf-β signalling family molecules 
SMAD1 and SMAD2 are also expressed 
in the epithelium and mesenchyme of 
developing teeth (Dick et al., 1998) 
suggesting that Tgf-β signalling occurs 
between epithelial and mesenchymal 
tissue compartments. In fact, Bmp4 was 
the fi rst Bmp discovered to be involved 
in signalling between epithelial and 
mesenchymal tissues in the developing 
tooth. Bmp4 is fi rst expressed in the dental 
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epithelium and then in the mesenchyme; 
this transition is concurrent with the 
shift in the odontogenic potential from 
epithelium to mesenchyme (Vainio et 
al., 1993). Many Bmp null mutants are 
uninformative for tooth development 
studies, as mutation of Bmp2 or Bmp4 
leads to early embryonic lethality 
(Winnier et al., 1995; Zhang and Bradley, 
1996) and Bmpr1A null mutants lack 
mesoderm completely thereby preventing 
further embryonic development (Mishina 
et al., 1995). Bmp7 null mutants are 
viable yet display no tooth phenotype 
(Dudley and Robertson, 1997). However, 
it has been shown that Bmp2, Bmp4 and 
Bmp7 function in dental epithelium in 
order to shift the odontogenic capacity 
from epithelium to mesenchyme. More 
accurately, BMP2, BMP4 and BMP7 
are able to induce expression of the 
homeobox containing transcription 
factors Msx1 and Msx2 (Vainio et al., 
1993; Wang et al., 1999) and specifi cally 
Bmp4 marks the presumptive incisor-
forming ectomesenchyme by inducing the 
expression of Msx1 in distal mandibular 
arch mesenchyme (Vainio et al., 1993). 
In contrast to Bmp2 and Bmp4, Bmp7 is 
also able to stimulate cell proliferation in 
the mesenchyme similar to odontogenic 
epithelium (Wang et al., 1999). Bmp 
signalling has been suggested to regulate 
the sites of forming teeth (Neubuser et al., 
1997). Bmp signalling antagonizes tooth 
stimulating Fgf signalling preventing 
Fgf-mediated induction of Pax9, a paired 
box transcription factor required for tooth 
morphogenesis to proceed beyond the 
bud stage (Neubuser et al., 1997; Peters 
et al., 1998). Bmp signalling has also 
been suggested to regulate tooth identity 
as neutralization of Bmp4 function 
by ectopically added NOG in incisor 
area promotes formation of molar-like 

teeth instead of incisors (Tucker et al., 
1998). Moreover, Bmp4 expressed in the 
signalling centers (enamel knots) has been 
shown to regulate cusp morphogenesis 
(Jernvall et al., 1998).

Other Tgf-β family members are 
also involved in tooth development. 
For instance, epithelial Fgf8 induces 
expression of Acv-βA during early tooth 
development (Ferguson et al., 1998). Acv-
βA null mutants display a phenotype of an 
early arrest in tooth development leading 
to absence of all teeth except upper molars 
(Ferguson et al., 1998; Matzuk et al., 
1996). 

2.4 Hh signalling

2.4.1. Hh signalling pathway 

Hedgehogs (HH) are secreted proteins 
acting as morphogens. Hh signal 
transduction pathway appears to be 
conserved from Drosophila to mammals. 
Hh s ignal l ing  regula tes  var ious 
developmental processes such as cell 
proliferation and cell survival and has 
been linked for instance in limb and 
muscle development and formation of left-
right asymmetry (Ingham and McMahon, 
2001). In vertebrates, three HH ligands 
have been found: Sonic Hedgehog (SHH), 
Indian Hedhedog (IHH) and Desert 
Hedgehog (DHH). Ihh is known to be 
involded in bone morphogenesis whereas 
Dhh regulates testis development (Lanske 
et al., 1996; Bitgood et al., 1996). Shh 
instead has been shown to act in a variety 
of developmental processes such as limb 
and skin development and in neural stem 
cells (Riddle et al., 1993; Fuchs et al., 
2001; Lai et al., 2003).

HH molecules signal via two 
transmembrane cell surface proteins 
called Patched (PTC) and Smoothened 
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(SMO). PTC is a receptor for HH ligand 
and SMO is a signal transducer. Without 
any HH ligand PTC inhibits SMO activity. 
When HH binds to PTC, inhibition of 
SMO is relieved leading to the activation 
of GLI transcription factors (Ingham, 
1998). There are three GLI proteins 
in vertebrates: GLI1, GLI2 and GLI3. 
Activation of Hh target genes depends on 
relative activation levels of GLI proteins, 
but the mechanism how Smo modulates 
Gli activities is not fully understood. 
However, Gli1 and Gli2 are thought to 
act mainly as activators whereas Gli3 
acts as a repressor of transcription (Bai 
et al., 2004). In addition, Gli1 expression 
has been shown to be regulated by Hh 
signalling and be dependent on Gli2 and 
Gli3 as lack of both Gli2 and Gli3  leads to 
complete loss of Gli1 expression (Ingham 
and McMahon, 2001; Bai et al., 2004). 

2.4.2. Hh in ectodermal organogenesis

2.4.2.1. Hh in hair development

Hedgehog family of molecules regulate 
hair follicle morphogenesis in many 
ways. During early development, Shh is 
expressed in the epithelial thickening, 
then in the proximal tip of the ingrowing 
epithelium shifting later into the 
epithelially derived basal matrix cells as 
the development proceeds. Shh expression 
is also detected in the inner root sheath 
cells of the mature follicle (Bitgood and 
McMahon, 1995; Oro et al., 1997). Null 
mutants for Shh, Gli1, Ptc1 and Smo are 
all lethal (Chiang et al., 1996; Goodrich 
et al., 1997; Mo et al., 1997; Zhang et al., 
2001). In Shh null embryos hair follicle 
development is arrested at the bud stage 
without further epithelial differentiation 
(St-Jacques et al., 1998; Chiang et al., 
1999). In Shh null mutants, expression of 

Gli1 in both epithelium and mesenchyme 
and expression of Ptc1 in hair germ 
are reduced. These and earlier studies 
suggest Shh to be a positive regulator of 
Gli1 and moreover, Shh signalling to act 
over epithelial mesenchymal boundaries 
(Goodrich and Scott, 1998; Ingham, 1998; 
Chiang et al., 1999). In contrast to Gli1 
and Ptc1, abundant expression of Wnt10b 
and Lef1 in hair follicle epithelium in Shh 
null mutant suggests that Shh signalling 
is not needed for placodal Wnt activity 
(Chiang et al., 1999). 

Gli2 has been suggested to be the 
main mediator of Shh signalling during 
hair follicle development since the 
phenotype of Gli2 null mice is similar to 
that of Shh null mice. Yet the activator 
role of Gli2 seems to be Shh dependent 
as keratin-5 (K5) driven Gli2 is unable 
to restore the Shh null phenotype (Mill 
et al., 2003). During later hair follicle 
morphogenesis, Shh has been shown to be 
a key regulator of hair follicle growth and 
cycling being able to induce a new anagen 
cycle in telogen follicles. Topically added 
small-molecule agonist of Shh signalling 
is able to stimulate transition from telogen 
phase to active anagen phase (Paladini 
et al., 2005). Also, adenovirally driven 
Shh enhances the anagen phase onset 
in postnatal skin (Sato et al., 1999). In 
contrast, antibodies blocking the activity 
of SHH have shown to prevent hair 
growth phase in adult mice (Wang et al., 
2000).

Shh signalling has also been 
connected to cancer (Taipale and Beachy, 
2001). In humans, mutations in Ptc1 
gene lead to a basal cell carcinoma 
(BCC) (Hahn et al., 1996; Johnson et al., 
1996; Gailani et al., 1996). Also K14-
Shh mice develop basal cell carcinomas 
as a consequence of massive epidermal 
proliferation (Oro et al., 1997). However, 
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K14-Shh mice die perinatally but skin 
grafts from E18.5 mutants transplanted to 
donor mice eventually exhibit markedly 
reduced amount of hair follicles, but rather 
proper formed hair shafts and dermal 
papilla (Oro et al., 1997). Overexpression 
of Gli1 also results in tumours similar to 
basal cell carcinomas indicating that Gli1 
acts as an activator of basal cell tumours 
in mouse postnatal skin (Grachtchouk et 
al., 2000; Nilsson et al., 2000).

2.4.2.2. Hh in mammary gland 
development

Hh signalling appears to have no notable 
role in pre-pubertal mammary gland 
development and positive Hh signalling 
has shown to be absent during the 
development of the mammary glands 
(Hatsell and Cowin, 2006). In all, lack 
of expression of many Hh target genes, 
for instance Ptc1 or Gli1, distinguishes 
mammary glands from other ectodermal 
appendages. Furthermore, Shh, Ihh and 
Dhh are shown to be dispensable for 
mammary gland formation (Gallego et 
al., 2002; Bitgood et al., 1996). All fi ve 
pairs of mammary glands develop in Shh 
or Ihh null mutants, and normal mammary 
gland development occurs if Shh null or 
Ihh null mammary epithelium is combined 
with wild type fat pad (Gallego et al., 
2002). Deletion of activators Gli1 or Gli2 
leads to no mammary gland phenotype 
whereas mice lacking expression of Gli3 
show two missing mammary placodes and 
buds (Hatsell and Cowin, 2006). Thus, it 
seems that Gli3 mediated repression of 
Hh signalling is essential for mammary 
gland development. Also, if Hh signalling 
is misactivated by targeted expression 
of Gli1, mammary buds are lost as in 
Gli3 defi cient mice (Hatsell and Cowin, 
2006). In postnatal mammary gland, Shh 

expression has been detected in mammary 
gland from puberty to lactation whilst 
Ihh is expressed in alveolar cells during 
pregnancy (Lewis et al., 1999; Lewis et 
al., 2001). Hh signalling has shown to 
affect postnatal ductal morphogenesis as 
deletion of Ptc1 or Gli2 results in ductal 
defects in mice (Lewis et al., 2001). 

2.4.2.3. Hh in tooth development

Shh signalling has been detected in 
epithelial cells during tooth development 
(Bitgood and McMahon, 1995; Koyama et 
al., 1996). In particular, Shh is expressed 
in the epithelial thickening during early 
tooth development, later in the enamel 
knot, and as development proceeds it is 
localized into developing ameloblasts 
(Bitgood and McMahon, 1995; Vaahtokari 
et al., 1995). Whereas Gli2 and Gli3 
are widely expressed during early 
tooth development, Ptc1 and Gli1 are 
expressed in the mesenchymal condensate 
underlying the epithelial thickening and 
Smo has been found to be expressed 
ubiquitously throughout the mandibular 
and maxillary processes (Hardcastle et 
al., 1998). Shh null mutant mice exhibit a 
phenotype resembling holoprosencephalia 
(Chiang, 1996). Conditional removal 
of Shh from the dental epithelium alters 
growth and morphogenesis of teeth and 
the defects are both in the epithelial and 
mesenchymal compartments (Dassule 
et al., 2000). SHH is able to signal over 
long range, as evident during for instance 
neural tube and somite development. 
Long range signalling of SHH has 
been demonstrated also in cell cultures   
(Hardcastle et al., 1998; Gritli-Linde 
et al., 2001). The role of epithelial Shh 
signalling has been proposed by inhibiting 
epithelial Shh signalling by deleting Smo 
only in the epithelium, when mesenchymal 

Review of the literature



24

Shh signalling remains maintained (Gritli-
Linde et al., 2002). These mutant mice 
show fused molars, alterations in cusp 
morphology and imperfect proliferation of 
preameloblasts indicating a requirement 
of Shh activity in regulating epithelial 
proliferation (Gritli-Linde et al., 2002). 
Though Gli2 and Gli3 are both widely 
expressed during early odontogenesis 
(Hardcastle et al., 1998), Gli3 null mice 
have no tooth phenotype (Mo et al., 1997). 
In contrast, Gli2 defi ciency leads to fusion 
of incisors. However, Gli2 phenotype 
resembles holoprosencephaly and might 
be due to abnormal midfacial development 
(Hardcastle et al., 1998). Gli2 and Gli3 
might act redundantly during early tooth 
development since Gli2 -/-; Gli3+/- show 
no sign of molar development, and only 
a single rudimentary incisor tooth germ 
(Gli2;Gli3 double null mice die at E14.5) 
(Hardcastle et al., 1998). 

2.5. Summary of hair, mammary 
gland and tooth phenotypes arising 
from altered Wnt, Fgf, Tgf-β and Hh 
signalling

As described above, Wnt, Fgf, Tgf-β 
and Hh signalling pathways are crucial 
for ectodermal organ development. 
Selected hair, mammary gland and tooth 
phenotypes resulting from transgenetic 
deletion or overexpression of genes 
belonging to these signalling molecule 
families are depicted in Table 1. 

2.6. Other regulators of ectodermal 
organogenesis

In addition to Wnt, Fgf, Tgf-β and 
Hh pathways, several other signalling 
molecules are know to regulate skin 
appendage development (Pispa and 
Thesleff, 2003; Mikkola and Millar, 2006; 

Mikkola, 2007). Growth and transcription 
factors function often in a conserved 
manner and are used in many stages 
during development of different organs. 

2.6.1. Other regulators in hair follicle 
development

P63 is a transcription factor, which 
belongs to the p53 family (Mills, 
2006). Two different promoters drive 
the expression of p63, leading to two 
different isoforms of p63. The other has 
an N-terminal transactivation domain 
(TA) and the other lacks this domain 
(N- terminally truncated isoform) (Yang 
et al., 1998). P63 has shown to regulate 
ectodermal organogenesis as mice 
defi cient for p63 lack all skin appendages 
and limbs, and the epidermis is not 
stratifi ed at all (Mills et al., 1999; Yang 
et al., 1999). Humans heterozygous for 
mutations in P63 show defects in the same 
ectodermal organs that are affected in 
p63 null mice (Rinne et al., 2006; Rinne 
et al., 2007). The defects are less severe 
though including missing and abnormally 
shaped teeth, sparse or absent body and 
scalp hair and breast abnormalities such as 
hypoplastic mammary glands or nipples, 
and skin lesions. P63 is expressed in the 
epithelium of developing hair follicles 
and in the absence of p63 hair follicle 
development is not initiated (Laurikkala 
et al., 2006). Furthermore, the expression 
of placode markers β-cat and Edar is 
completely lost at the time of primary 
hair follicle formation. P63 deficiency 
leads also to absence of mammary buds 
but the role of p63 in mammary gland 
development has not been studied in detail 
(Mills et al., 1999). It has been suggested 
that Bmp and Fgf signalling could regulate 
p63 expression in embryonic ectoderm 
(Mikkola, 2007).
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Table 1. Transgenetic deletion or overexpression of Wnt, Fgf, Tgf-β or Hh signalling pathway 
genes during embryogenesis cause ectodermal defects. Selected phenotypes are listed for hair 
follicle, mammary gland and tooth.
Selected genes which cause hair defects when deleted or overexpressed
Wnt signalling pathway genes Phenotype Reference

Overexpression
Dkk1 B lock of d evelop m en t Andl et al ., 2002
b-catenin E ctop ic  h air follic les Gat et al ., 1998; Närhi et al ., 2008; Zhang et al. , 2008
Lef1 E ctop ic  h air follic les Zhou et al ., 1995
Wnt3 S h orter h air fib ers an d  cyc lical b ald in g Millar et al ., 1999
Dele on
b-catenin B lock of d evelop m en t Huelsken et al ., 2001
Lef1 R ed u ced  n u m b er of h air follic les, lack of van Genderen et al ., 1994

wh iskers
Fgf signalling pathway genes

Dele on
Fgfr2b R ed u ced  an d  ab n orm al d evelop m en t Pe ot et al ., 2003
Fgf10 R ed u ced  wh isker form ation Suzuki et al ., 2000; Ohuchi et al. , 2003
Fgf7 C oat ab n orm alities Guo et al., 1996
Fgf5 P rolon g ed  an ag en  p h ase Hebert et  al ., 1994

Tgf-β signalling pathway genes

Overepression
Bmp4 A b erran t wh isker d evelop m en t an d  Mishina et al ., 2003; Blessing et al ., 1993

p rog ress ive b ald in g
Dele on
Bmpr1A  (con d ition al d eletion  i A b sen ce of h air follic les Kobielak et al ., 2003; Andl et al ., 2004
noggin N o secon d ary h air d evelop m en t Botchkarev et a l., 1999; Botchkarev et al ., 2002

Hh signalling pathway genes

Dele on
Shh A rrest of d evelop m en t at b u d  stag e St-Jacques et al. , 1998; Chiang et al ., 1999

Selected genes which cause mammary gland defects when deleted or overexpressed
Wnt signalling pathway genes Phenotype References

Overexpression
Dkk1 B lock of d evelop m en t A n d l et al ., 2 0 0 2 ; C h u  et al ., 2 0 0 4
Wnt (canonical signalling) P lacod e exp an sion C h u  et al ., 2 0 0 4
b-catenin P recociou s lob u loalveolar d evelop m en t Im b ert et al ., 2 0 0 1
Axin (postnatally) D efective alveolar d evelop m en t H su  et al ., 2 0 0 1

Dele on
Wnt5a P rom oted  d u ctal elon g ation  an d  lateral R oarty an d  S erra, 2 0 0 7

b ran ch in g
Fgf signalling pathway genes

Dele on
Fgf10 O n ly on e p lacod e (4 th ) d evelop s M ailleu x et al ., 2 0 0 2
Fgfr2b O n ly on e p lacod e (4 th ) d evelop s M ailleu x et al ., 2 0 0 2

Tgf-β signalling pathway genes

Overexpression
Tgf- β D elayed  d u ctal g rowth  an d  lack of s id e P ierce et al ., 1 9 9 3

b ran ch es
Hh signalling pathway genes

Dele on
Shh N o p h en otyp e G alleg o et al ., 2 0 0 2
Ihh N o p h en otyp e G alleg o  et al ., 2 0 0 2
Gli3 Two m iss in g  m am m ary p lacod es H atsell an d  C owin , 2 0 0 6
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Hox genes are clustered in the genome 
and encode proteins containing the 
Antennapedia-type (Antp) homeodomain 
that is crucial for transcriptional regulation 
of target genes (McGinnis and Krumlauf, 
1992). Mouse genome contains 39 known 
members of Hox gene family which are 
organized into non-linked clusters from 
Hoxa to Hoxd (Scott, 1992). Hoxc13 
has been suggested to regulate hair shaft 
differentiation and expression of hair 
specific keratins in mouse. Hoxc13 has 
shown to be expressed in vibrissae and 
hair follicles of the body and specifi cally 
in differentiating keratinocytes (Godwin 
and Capecchi, 1998; Tkatchenko et al., 
2001). Deletion of Hoxc13 results in brittle 
hair fibers eventually breaking of and 
leading to alopecia and downregulation 
of hair specific keratins (Goodwin and 
Capecchi, 1998; Tkatchenko et al., 2001). 
Msx1 and Msx2 are expressed in the 
epithelial and mesenchymal compartments 
of the developing hair follicle and they are 
thought to have overlapping roles in hair 

development (Satokata and Maas, 1994; 
Stelnicki et al., 1997). Msx2 is known 
to regulate hair cycling as loss of Msx2 
leads to progressive hair loss (Satokata et 
al., 2000; Ma et al., 2003). Loss of Msx1 
instead leads to no hair defects (Satokata 
and Maas, 1994) but Msx1/2 double 
mutants have a reduced amount of hair 
follicles suggesting a redundant role in 
hair formation (Satokata et al., 2000). 

Parathyroid hormone –related protein 
(PTHrP) has originally been discovered 
as the causative gene in a paraneoplastic 
syndrome called humoral hypercalcemia 
of malignancy (Broadus, 1989). Tumours 
produce PTHrP, which stimulates 
bone resorption and/or tubular calcium 
reabsorption leading to hypercalcemia 
(Esbrit, 2001). PTHrP is structurally 
related to parathyroid hormone (PTH), 
which is the main regulator of calcium 
homeostasis (Philbrick et al., 1996). 
However, PTHrP has been found to 
be involved at least in regulation of 
keratinocyte proliferation (Henderson et 
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Selected genes which cause tooth defects when deleted or overexpressed
Wnt signalling pathway genes Tooth phenotype References

Overexpression
Dkk1 B lock of d evelop m en t A n d l et al. , 2 0 0 2 , L iu  et al. , 2 0 0 8
Lef1 E ctop ic  tooth -like s tru ctu res Zh ou  et al ., 1 9 9 5
b-catenin M u ltip le teeth Jä rvin en  et al. , 2 0 0 6 ; L iu  et al ., 2 0 0 8

Dele on
Lef1 A rrest of d evelop m en t at b u d  stag e, van  G en d eren  et al. , 1 9 9 4

failu re of d en tal p ap illa form ation
Fgf signalling pathway genes

Dele on
Fgfr2b B lock of d evelop m en t at b u d  stag e C elli et al , 1 9 9 8 ; D e M oerlooze et al ., 2 0 0 0
Fgf10 L ack of cervical loop s H arad a et al ., 2 0 0 2

Tgf-β signalling pathway genes

Dele on
Ac vin bA A b sen ce of teeth  excep t u p p er m olars Ferg u son  et al ., 1 9 9 8 ; M atzu k et al ., 1 9 9 6

Hh signalling pathway genes

Dele on
Shh H olop rosen cep h alia C h ian g , 1 9 9 6
Smo  (ep ith elial) Fu sed  m olars, im p aired  ep ith elial G ritli-L in d e et al ., 2 0 0 2

p roliferation

Table 1 continuing.
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al., 1992; Kaiser et al., 1992). PTHrP is 
expressed in the developing vibrissae and 
hair follicles and the receptor, PTH1R, is 
expressed in the surrounding mesenchyme 
(Lee et al., 1995). This suggests that 
PTHrP signalling may have a role in 
epithelial mesenchymal processes and 
according to several studies, PTHrP 
signalling is thought to regulate hair 
cycling (Holick et al., 1994; Holick et al., 
1996; Schilli et al., 1997; Peters et al., 
2001). Inhibition of PTH1R by injection 
of an antagonist into postnatal mouse 
increases the duration of anagen phase 
(Schilli et al., 1997) whereas an agonist 
triggers a premature catagen phase (Peters 
et al., 2001). Moreover, pelage hair of 
K14-PTHrP are shorter than in the wild 
type mice indicating a shorter anagen 
phase, and overexpression of PTHrP in 
Fgf5 null (angora) background (Hebert et 
al., 1994) reduces hair shaft length (Cho 
et al., 2003).

Notch genes comprise a conserved 
family of transmembrane receptors 
r egu la t ing  many  ce l l  f a t e  and 
differentiation processes in the embryo 
and postnatal animal (Artavanis-Tsakonas 
et al., 1995). In mammals, four Notch 
receptors are known (NOTCH1-4) and 
five transmembrane bound ligands 
have been found [Delta-like-1, -3 and 
-4 (DLL1, DLL3, DLL4), Jagged-1 
and -2 (JG1, JG2)] (Radtke and Raj, 
2003). NOTCH is activated by ligand 
binding of the neighboring cell, and a 
series of signalling cascades results in 
activation of target genes in the nucleus 
(Saxena et al., 2001; Mumm and Kopan, 
2000). Notch1 signalling functions as a 
regulator of differentiation in hair follicle 
development. In particular, Notch1 
defi ciency in the mouse epidermis leads 
to hyperproliferation and to loss of 
differentiation markers (Rangarajan et al., 

2001; Vauclair et al., 2005). Moreover, 
expression of active form of Notch1 in 
hair cortex under the control of mouse 
hair keratin A1 (MHKA1) promoter 
results in abnormal differentiation of 
the hair medulla and wavy, sheen pelage 
hairs (Lin et al., 2000). Notch1 has 
been also suggested to act as a tumour 
suppressor in the skin as deletion of 
Notch1 leads to upregulation of Gli2 and 
finally basal cell carcinomas (Nicolas 
et al., 2003). Notch1 signalling is also 
involved in regulation of hair cycling 
since deletion of Notch1 in postnatal 
skin impairs the differentiation program 
of hair follicle resulting in a permanent 
hair loss followed by a cyst formation 
(Vauclair et al., 2005). When γ-secretase 
gene, encoding an enzyme needed for 
NOTCH modification (Mizutani et al., 
2001; Saxena et al., 2001), is deleted 
in the embryonic ectoderm, Notch 
signalling is abolished completely and 
hair follicle morphogenesis is imperfect 
(Pan et al., 2004). These studies have 
shown that Notch signalling controls 
epithelial differentiation and is crucial for 
hair follicle homeostasis but not for the 
initiation of the hair placode development 
(Pan et al., 2004). 

2.6.2. Other regulators of mammary 
gland development

Neuregulins (NRGs) are a family of 
ligands that signal through the four 
receptor tyrosine kinases (ERBBs) 
and regulate a wide range of processes 
including cell adhesion, differentiation, 
proliferation, migration and cell death 
(Yarden and Sliwkowski ,  2001). 
Neuregulin3 (NRG3) is a ligand for the 
receptor tyrosine kinase ERBB4 and 
controls specification of the mammary 
placode and promotes early mammary 
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morphogenesis (Howard et al., 2005). 
In addition, it has been shown that 
ErbB4 signalling is required for terminal 
differentiation of the mammary gland 
and lactation fails if ErbB4 is lost (Long 
et al., 2003; Tidcombe et al., 2003). Nrg3 
is expressed in the developing embryonic 
mouse skin and especially in the dermal 
mesenchyme underlying the sites where 
the mammary placodes will form (Howard 
et al., 2005). In Nrg3 mutant mice 
(scaramanga) mammary bud number 3 
is hypoplastic/missing but also ectopic 
mammary glands are formed (Howard et 
al., 2005; Panchal et al., 2007). Nrg3 gene 
is encoded by the scaramanga (ska) locus 
(Howard and Gusterson, 2000) and the 
decreased expression of Nrg3 causes the 
mammary gland abnormalities in ska mice 
(Howard et al., 2005).  Overexpression 
of Nrg3 in developing epidermis results 
also in ectopic and enlarged mammary 
placodes suggesting that Nrg3 regulates 
the cell fate of the forming mammary 
precursor cells (Panchal et al., 2007).

PTHrP is expressed in the embryonic 
mammary gland epithelium and PTH1R 
in the mesenchyme (Wysolmerski et al., 
1998). PTHrP has been postulated to 
regulate branching morphogenesis in the 
mammary gland as loss of PTHrP results 
in failure of epithelial sprout growth and 
absence of branch formation which can 
be rescued by K14-driven expression of 
PTHrP in transgenic mice (Wysolmerski 
et al., 1995; Wysolmerski et al., 1998). In 
addition, deletion of PTH1R phenocopies 
the loss of PTHrP (Wysolmerski et al., 
1994). Overexpression of PTHrP under 
K14 promoter results in disruption of 
epithelial-mesenchymal signalling in 
hair follicle development (Wysolmerski 
et al., 1994). In particular, hair follicle 
morphogenesis is retarded and the ventral 
skin is void of hair yet displaying a nipple-

like phenotype. It has been suggested that 
inhibition of hair follicle morphogenesis 
is essential to the formation of nipple-
forming epidermis (Foley et al . , 
2001; Abdalkhani et al., 2002). Also, 
restriction of the epidermal K14-PTHrP 
phenotype to the ventral surface of the 
mouse just between the mammary line-
forming areas suggests that this area is 
specifi cally sensitive to PTHrP and that 
PTHrP signalling alters patterning of 
the ventral dermis towards mammary 
mesenchyme fate (Dunbar et al., 1999; 
Foley et al., 2001). PTHrP has been 
shown to affect the epithelial downgrowth 
by modulating Bmp signalling in the 
mammary mesenchyme (Hens et al., 
2007). Accordingly, PTHrP stimulates 
Bmpr1a expression in the mammary 
mesenchyme sensitizing the mesenchyme 
to Bmp4. In fact, treatment of BMP4 
can rescue PTHrP null bud downgrowth 
in culture (Hens et al., 2007). It has also 
been proposed that PTHrP might regulate 
postnatal mammary gland blood flow, 
myoepithelial cell tone and calcium 
homeostasis during lactation (Philbrick et 
al., 1996). 

T-box family member 3 (Tbx3), which 
is mutated in human ulnar mammary 
syndrome (OMIM 181450), is essential 
for proper mammary gland development 
(Bamshad et al., 1997). In addition to 
hypoproliferation symptoms including 
posterior forelimb deficiencies or 
duplications this syndrome is sometimes 
causing mammary gland hypoplasia or 
dysfunction with absent or abnormal 
nipples (Bamshad et al., 1995; Bamshad 
et al., 1999; Bamshad et al., 1996). 
Tbx3 has been postulated to be able to 
modulate cell proliferation and survival 
in several tissues, which are also affected 
in ulnar-mammary syndrome (Thijn et al., 
2002). In mice, Tbx3 is expressed in the 
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mammary bud epithelium and mutation 
of Tbx3 gene impairs mammary gland 
development so that placode 2 is the only 
one to develop (Chapman et al., 1996; 
Davenport et al., 2003). The expression 
of the earliest mammary placode markers, 
Wnt10b (Christiansen et al., 1995) 
and Lef1 (Mailleux et al., 2002), are 
both missing in Tbx3 null mutant mice 
(Davenport et al., 2003) suggesting that 
Tbx3 could be upstream of Wnt signalling 
in mammary gland development. During 
mammary gland initiation, both Fgf and 
Wnt signalling has been suggested to be 
downstream of Tbx3 signalling, but also 
upstream indicating an autoregulative 
control of Tbx3 signalling (Eblaghie et al., 
2004). 

Both Msx1 and Msx2 are expressed in 
the early mammary buds (Phippard et al., 
1996). Later as the development proceeds 
Msx1 is downregulated and Msx2 is 
localized into the adjacent mesenchymal 
tissue (Satokata et al., 2000). Deletion 
of Msx1 causes no mammary gland 
phenotype whereas deletion of Msx2 
results in arrest of growth and regression 
due to lack of epithelial invagination 
(Satokata and Maas, 1994; Satokata et 
al., 2000). Growth arrests at the same 
time when Msx2 expression shifts 
to the mesenchyme suggesting that 
mesenchymal Msx2  is crucial for 
promotion of branching morphogenesis, 
which is also suggested by studies using 
mammmary cell lines transfected with 
Msx2 (Hovey et al., 2001). Mammary 
glands are arrested already at the bud 
stage in double mutants for Msx1 and 
Msx2 proposing a redundant function 
for these genes (Phippard et al., 1996; 
Satokata et al., 2000). Postnatally, Msx1 
is expressed in the epithelium and Msx2 
in the periductal stroma of the virgin 
and early pregnant mammary glands 

(Friedmann and Daniel, 1996; Phippard 
et al., 1996). Msx1 is suggested to 
impair lobuloalveolar development as 
overexpression of Msx1 results in defects 
in lobuloalveolar development during 
pregnancy (Hu et al., 2001). Normally, 
Msx1 is downregulated at this point of 
postnatal mammary gland development 
(Hu et al., 2001).

Only few mammary gland phenotypes 
for mutated Hox genes have been 
described, which is most likely refl ecting 
functional redundancy (Lewis, 2000). 
Nevertheless, expression of several Hox 
genes has been detected in developing 
mammary glands in mice. For instance 
Hoxc6, Hoxc8, Hoxd8, Hoxd9 and Hoxd10 
are expressed in different compartments 
of the mammary gland (Friedmann and 
Daniel, 1996; Friedmann et al., 1994). 
Mutations for different Hox genes have 
suggested Hox genes to regulate ductal 
and lobuloalveolar development. Hoxc6 
null mutant mammary glands appear to 
be underdeveloped at birth with reduced 
ductal branching (Garcia-Gasca and 
Spyropoulos, 2000). In addition, triple 
mutant for Hoxa9, Hoxb9 and Hoxd9 
exhibit severely impaired lobuloalveolar 
development (Chen an Capecchi, 1999) 
while Hoxd10 deletion leads to failure of 
alveolar expansion (Lewis, 2000).

2.6.3. Other regulators of tooth 
development

Mammalian homeobox containing 
genes Dlx1 and Dlx2 are expressed 
in the branchial arches during early 
development and are thought to regulate 
proximodistal patterning of the branchial 
arches (Robinson and Mahon, 1994; 
Bulfone et al., 1993; Qiu et al., 1997).  
Mouse mutants for Dlx1 or Dlx2 have 
no tooth phenotype whereas compound 
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mutants show no molar development 
(Qiu et al., 1995; Qiu et al., 1997; 
Thomas et al., 1997). In these mice, 
molar  ectomesenchyme does not 
differentiate into molar mesenchyme 
but is reprogrammed to a chondrogenic 
fate (Qiu et al., 1997; Thomas et al., 
1997). Thus, Dlx1 and Dlx2 appear to 
be crucial for molar development and 
patterning of the ectomesenchyme for 
molar fate. Also, another homeobox-
containing transcription factor gene, 
Barx1, is expressed in mouse molar 
mesenchyme and absent from incisors 
during early odontogenesis (Tissier-Seta 
et al., 1995). The expression domain of 
Barx1 in molar-forming ectomesenchyme 
is restricted to the proximal region of the 
mandibular arch since Bmp4 signalling 
inhibits Barx1 expression in the distal 
regions (Tucker et al., 1998). In Dlx1/
Dlx2 mutants Barx1 expression is lost in 
molar-forming mesenchyme (Thomas et 
al., 1997) and in addition, when Barx1 is 
ectopically expressed in incisor-forming 
ectomesenchyme molar-like teeth are 
formed (Tucker et al., 1998). These 
results suggest also Barx1 to be necessary 
to specification of molar mesenchyme 
before tooth initiation. Barx1 has been 
shown to be dependent on epithelial 
Fgf8 signalling as removal of epithelium 
results in downregulation of Barx1 in 
the ectomesenchyme while ectopically 
added FGF8 can restore Barx1 expression 
(Tucker et al., 1998).

Pax9, a member of the paired-box-
containing transcription factor gene family, 
is suggested to control the sites where 
tooth development is initiated (Neubuser 
et al., 1995; Neubuser et al., 1997). 
Pax9 expression, which is later than the 
expression of Barx1, is restricted to tooth-
forming mesenchyme by epithelial Fgf8 
and Bmp4 signalling in a similar manner 

as Barx1 (Neubuser et al., 1997). Incisor 
and molar development is suggested to 
occur at the sites of mesenchymal Pax9 
expression which is where the activator 
signal (Fgf8) is present and the inhibitor 
signal (Bmp4) is absent (Neubuser et al., 
1997). In humans, mutations in PAX9 gene 
cause autosomal dominant familial tooth 
agenesis (Stockton et al., 2000). Primary 
teeth form but most of the permanent 
molars are missing. Pax9 is also essential 
in tooth development after bud stage as 
Pax9 defeciency in mice leads to an arrest 
of tooth development at the bud stage 
(Peters et al., 1998). 

In addition, genes of Pitx family have 
been shown to affect tooth development. 
In humans, mutation in PITX2 results 
in a syndrome called Rieger syndrome 
(OMIM 180500), which is characterized 
by defects in teeth and eyes (Semina 
et al., 1996). Also in mice, mutation 
is Pitx2 causes an early arrest in tooth 
development (Lu et al., 1999; Lin et al., 
1999). Expression of Pitx2 is restricted 
to dental epithelium and it has been 
suggested to regulate specifi cation of the 
odontogenic epithelium (Mucchielli et 
al., 1997). Moreover, epithelial Pitx2 has 
been proposed to be the earliest known 
molecular marker for dental epithelium 
(Mucchielli et al., 1997). In contrast, 
Pitx1 is expressed in both the presumptive 
dental epithelium and mesenchyme. 
Interestingly, also Pitx1 and Pitx2 are 
regulated by epithelial Fgf8 and Bmp4 
indicating again tooth-site specifi c control 
of gene expression (St Amand et al., 
2000).

The homeobox-containing genes 
Msx1 and Msx2 are both expressed in the 
early developing tooth germs suggesting 
a role in odontogenesis (McKenzie 
et al., 1991; McKenzie et al., 1992). 
Msx1 is strongly expressed in the dental 
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mesenchyme and in Msx1 null mice 
tooth development is arrested at the bud 
stage (McKenzie et al., 1991; Satokata 
and Maas, 1994). Msx2 is also expressed 
in the dental mesenchyme and localizes 
later into the dental papilla as well as the 
enamel knot (McKenzie et al., 1992). 
Deletion of Msx2 leads to defects in cusp 
morphogenesis and enamel formation (Bei 
et al., 2004). It has been suggested that 
Msx1 could control the inductive signals in 
tooth development and induction of Msx1 
in the mesenchyme would be a crucial 
step in early tooth initiation (Chen et al., 
1996). When the odontogenic potential 
is shifted from the epithelium into the 
mesenchyme, epithelial Bmp4 induces 
mesenchymal Bmp4 expression and this 
is mediated via Msx1 in the mesenchyme 
since in Msx1 mutants Bmp4 expression 
is not detected (Vainio et al., 1993; Chen 
et al., 1996). Moreover, ectopically added 
BMP4 or transgenic Bmp4 can bypass this 
need for Msx1 (Zhang et al., 2000; Zhao 
et al., 2000). Also FGF8 is able to induce 
Msx1 in dental mesenchyme and thus 
mimics the function of the oral ectoderm 
(Kettunen and Thesleff, 1998). Msx1 and 
Msx2 show a possible redundant function 
in tooth development as double mutant 
for Msx1 and Msx2 display a phenotype 
of arrested molar tooth development 
already at the primary dental epithelium 
stage (Bei and Maas, 1998). Mice, which 
are heterozygous for Msx1 but lack Msx2, 
show no early tooth defects suggesting 
also that Msx2 is not essential in early 
tooth development (Bei and Maas, 1998).

Notch signalling is also essential 
for tooth development. Notch receptors 
and ligands are expressed during several 
stages of tooth development both in 
epithelial and mesenchymal compartments 
(Mitsiadis et al., 1995; Mitsiadis et al., 
1997; Mitsiadis et al., 1998). Notch 

signalling has been suggested to direct 
cell fate specification in the developing 
incisor (Mucchielli and Mitsiadis, 2000). 
Fringe, a secreted protein regulating 
Notch pathway (Cohen et al., 1997; Blair, 
2000), has been shown to be expressed in 
the lingual epithelium of the developing 
incisor and thus might be involved in 
specifi cation of lingual incisor epithelium 
(Pouyet and Mitsiadis, 2000). It has been 
suggested that Notch signalling regulates 
cell differentiation by maintaining the 
competence of undifferentiated cells 
(Coffman et al., 1993; Fortini and 
Artavanis-Tsakonas, 1993). For instance 
developing dental mesenchymal cells, 
which are known to adopt odontoblast 
fate later, express Notch genes while in 
terminally differentiated odontoblasts no 
Notch signalling is observed (Mitsiadis et 
al., 1995).

3. The ectodysplasin pathway 

3.1 Tnf signalling

Some decades ago it was noticed that 
a factor secreted by lymphocytes and 
macrophages was able to cause lysis 
of tumour cells (Granger et al., 1969; 
Carswell et al., 1975). Later, this factor 
was identifi ed as TNF-α (Beutler et al., 
1985). Tnf-α and lymphotoxin β (Lt-β) 
were later cloned and they constituted the 
root of the Tnf superfamily (Pfeffer, 2003). 
There are at least 19 different TNF-related 
ligands and most of them are produced as 
type II transmembrane molecules having a 
conserved TNF-homology domain (THD) 
(Bodmer et al., 2002). Some TNF ligands 
are shed from the cell surface (Gruss and 
Dower, 1995) and for some of the TNF 
ligands solubilization is crucial for their 
physiological function. For instance Eda 
signalling is abolished if the cleavage site 
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is mutated (Chen et al., 2001). In contrast, 
a member of TNF superfamily Fas ligand 
(FASL) is not biologically active when 
shed from the cell surface (Tanaka et al., 
1998).

TNFs mediate their signals via 
cell surface TNF-receptor (TNFR) 
superfamily of molecules, which are 
primarily type I transmembrane proteins 
(Locksley et al., 2001; Bodmer at al., 
2002).  Depending on the conditions 
of the cell, activation of Tnfr can cause 
several responses for instance survival, 
proliferation, differentiation or even cell 
death (Figure 8) (Baker and Reddy, 1998; 
Jarpe et al., 1998). Cysteine-rich repeats 
in extracellular domain of the TNFRs are 
responsible for ligand binding and it is 

believed that a trimeric TNF ligand binds 
only to a trimerized receptor complex 
(Chan et al. 2000, Siegel et al., 2000).  As 
an exception, the ligand of the P75 TNF 
receptor is a nerve growth factor (NGF), 
which is not a member of the TNF ligand 
superfamily (Casaccia-Bonnefil et al., 
1999). 

TNF receptor signalling depends on 
the cytoplasmic domains of the receptors 
and signalling occurs through two 
different cytoplasmic adapter molecules, 
TNFR-associa ted  fac tor  (TRAF) 
family proteins or death domain (DD) 
containing adapter molecules (TRADDs 
and FADDs) (Fesik, 2000; Inoue et al., 
2000). In principle, the cytoplasmic 
adapter molecule is selected by whether 

Figure 8. TNF ligands bind to the TNF receptors (TNFR) and the signal is transmitted via TRAF 
or TRADD/FADD molecules depending on the potential death domain (DD) in the TNFR. Tnf 
signalling leads to either caspase-dependent apoptosis or NF-кB or JNK activation, which often 
induces cell survival. 
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the receptor molecule contains a DD or a 
TRAF-binding domain (Figure 8). Death 
domain containing TNFR can recruit 
death domain (DD) containing adapter 
molecules such as TNFR -associated 
death domain (TRADD) and then FAS 
-associated death domain (FADD) to 
recruit caspases and induce apoptosis 
(Hsu et al., 1995; Dempsey et al., 2003). 
On the other hand, TNFR can interact 
with TNFR-associated factor (TRAF) 
family proteins leading to activation of 
transcription factors such as nuclear factor 
kappa-B (NF-кB) or c-Jun N-terminal 
kinase (JNK) (Inoue et al., 2000; Chung 
et al., 2002). In addition, some TNFRs are 
suggested to function as decoy receptors 
as they have no cytoplasmic signalling 
domains but they can compete with other 
TNFRs for ligand binding (Dempsey et 
al., 2003). 

3.2. Ectodysplasin

Ectodysplasin (Eda) is a member of 
tumour necrosis factor (Tnf) superfamily 
(Srivastava et al., 1997; Ferguson et al., 
1997; Monreal et al., 1998; Mikkola et al., 
1999). April, Baff, Trail and Tweak are the 
closest known Tnf homologues for Eda 
(Bayes et al., 1998; Monreal et al., 1998; 
Mikkola et al., 1999; Schneider et al., 
2001). Like many other TNF ligands, EDA 
is produced as a type II transmembrane 
protein (Cosman, 1994; Ezer et al., 1999; 
Mikkola et al., 1999). Several different 
Eda transcipts are known to be produced 
as a result of complicated alternative 
splicing. Six different human transcripts 
(Eda-O, -B, -C, -D, -E and -F) lacking 
the Tnf domain have been described, two 
of which have also been found in mice 
(Srivastava et al., 1997; Bayes et al., 
1998; Mikkola et al., 1999). 

All of the Eda transcripts have a 
short intracellular N-terminus and a 
single transmembrane domain, but only 
two longest of the transcripts, Eda-A1 
and Eda-A2, are currently known to 
be biologically significant (Mikkola et 
al., 1999; Bayes, 1998). Interestingly, 
EDA-A1 (391 aa) and EDA-A2 (389 
aa) differ only by an insertion of two 
amino acids in the TNF domain (Bayes 
et al., 1998). The extracellular domain 
of EDA-A1 and EDA-A2 has a large 
collagenous domain with 19 repeats 
of Gly-X-Y triplet followed by the 
C-terminal part which comprises the TNF 
domain (Figure 9) (Mikkola et al., 1999; 
Ezer et al., 1999). Collagen-like domain 
distinguishes EDA from other TNF 
ligands (Mikkola et al., 1999; Schneider 
et al., 2001). Human and murine Eda-A1 
and Eda-A2 isoforms are highly conserved 
as the overall homology is 95% and the 
Tnf domains are 100% identical (Bayes et 
al., 1998). The extracellular part of EDA 
is cleaved by furin-mediated shedding 
releasing an active EDA molecule (Chen 
et al., 2001; Elomaa et al. 2001). Furin is a 
membrane-associated, calcium-dependent 
serine endoprotease mediating cleavage at 
the consensus site rich in arginine amino 
acids (Molloy et al., 1992). Ectodysplasin 
proteins form trimers and perhaps higher 
order multimers, and the collagenous 
domains seem to be necessary for the 
formation of stable trimer (Ezer et al., 
1999; Schneider et al., 2001).

3.2.1. Eda receptors

Even though EDA-A1 and EDA-A2 are 
different only by two amino acids they 
still have their own specifi c TNF receptors 
such that EDA-A1 binds only to EDAR 
and EDA-A2 only to XEDAR but not 
vice versa (Yan et al., 2000; Elomaa et 
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al., 2001; Tucker et al., 2000). EDAR 
is a type I membrane protein and the 
extracellular domain of EDAR is most 
similar to TNF receptor called TROY (Hu 
et al., 1999; Kojima et al., 2000; Eby et 
al., 2000) and the intracellular domain 
contains a death domain most similar 
to that of the P75 neurotrophin receptor 
(Headon and Overbeek, 1999). XEDAR 
is a type III transmembrane protein which 
contains an extracellular region with three 
cysteine-rich domains, a transmembrane 
region, and an intracellular region with 
no signifi cant homology to other TNFRs. 
The ligand-binding domain of XEDAR is 
about 32% identical with EDAR (Yan et 
al., 2000; Schneider et al., 2001).

Figure 9. Ectodysplasin molecule consists of a 
collagenous domain and a TNF domain. It has 
a furin cleavage site in the proximal part of its 
extracellular domain and the shedding releases 
an active EDA molecule.
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3.2.2. Eda signalling pathway

Similarly to other TNF receptors, EDAR 
can activate NF-кB in vitro (Yan et al., 
2000; Kumar et al., 2001; Koppinen et al., 
2001). In addition, Edar signalling may 
weakly activate the JNK pathway (Kumar 
et al., 2001). Like many other TNF 
receptors EDAR signalling activates NF-
кB via stimulation of TNFR-associated 
factors (TRAFs) (Inoue et al., 2000). 
EDAR is not able to bind any TRAFs 
directly but convey the signal through 
a unique adapter molecule EDARADD 
(Headon et al., 2001; Yan et al., 2002).  
Death domain is a sequence characteristic 
to some TNF ligands and receptors, and 
both EDAR and EDARADD contain it 
(Headon et al., 2001; Yan et al., 2002; 
Headon et al., 1999). Even though 
death domain is often referred to be 
part of cell death induction, it is more 
likely to be involved in protein-protein 
interactions in general (Feinstein et al., 
1995). Nevertheless, DD of EDARADD 
is crucial to binding to EDAR. Eda 
signalling pathway is depicted in Figure 
10.

The link between Eda/Edar/Edaradd 
and NF-κB activity has been supported 
by the analysis of mice with suppressed 
NF-κB activity (Shmidt-Ullrich et al., 
2001). The phenotype of mice possessing 
suppressed NF-κB activity is practically 
identical to Eda, Edar and Edaradd mutant 
mice and analogous to hypohidrotic 
ectodermal dysplasia (HED) in humans. 
These studies suggest that activation of 
NF-κB is essential for conveying Eda/
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Edar signalling (Shmidt-Ullrich et al., 
2001). Also Xedar signalling has been 
suggested to be able to activate NF-κB via 
IKK recruitment (Yan et al., 2000; Sinha 
et al., 2002). Xedar might also activate 
the JNK pathway (Sinha et al., 2002) 
and induce apoptosis through caspase 
activation (Sinha and Chaudhary, 2004). 
EDA-A2 has also been shown to block 
proliferation and induce differentiation 
and apoptosis in osteosarcoma cell lines 
(Chang et al., 2007).

Figure 10. EDA-A1 signals through its receptor EDAR, which binds to an adapter molecule 
EDARADD. TRAF molecules transmit the signal forward and recruit IкB kinase (IKK). 
IKK phosphorylates IкB, which masks the nuclear targeting signal of NF-кB molecule. 
Phosphorylation of Iк-B leads to its degradation and free NF-кB is able to translocate into the 
nucleus and activate transcription of target genes.
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3.2.3. NF-κB signalling

Nuclear factor κB (NF-κB) molecules 
constitute a group of dimeric transcription 
factors, which are involved in the 
transcriptional activation of infl ammatory 
genes in response to cytokines including 
the TNF family members. However, there 
is a notable amount of other agents which 
are also able to stimulate NF-κB activity, 
such as viral infection, UV radiation, 
oxidative stress and DNA damage 
(Pahl, 1999). Thus NF-κB signalling 
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is a mediator of cellular stress. NF-κB 
signalling has been linked to various 
biological phenomena such as immune 
response, development, cell growth 
and survival (Ghosh et al., 1998; Karin 
and Ben-Neriah, 2000; Silverman and 
Maniatis, 2001; Ghosh and Karin, 2002). 
NF- κB is a homo- or heterodimeric 
complex of some of the fi ve members of 
REL family: RELA (P65), RELB, C-REL, 
P50/P105 and P52/P100 (Verma et al., 
1995).  In unstimulated cells, NF- κB is 
masked by an inhibitory IκB molecule, 
which is either IκBα, IκBβ or IκBε. 
NF-κB/IκB complex is retained in the 
cytoplasm and expression of target genes 
is not induced. NF-κB is activated when 
inhibitory IκB molecule is degradaded 
and NF-κB is free to translocate into 
the nucleus and stimulate target gene 
transcription.

Basically, canonical NF-κB pathway 
is based on inducible IκB degradation 
allowing NF-κB dimers to accumulate in 
to the nucleus and activate transcription 
(Verma et al., 1995). The most common 
dimer mediating canonical NF-κB activity 
is a RELA/P50 dimer. When Tnf signalling 
is activated, IκB is phosphorylated by 
the IκB kinase complex (IKK) (Regnier 
et al., 1997; Mercurio et al., 1997). 
Phosphorylation of IκB molecules 
triggers their ubiquination leading to 
proteosome-mediated degradation. IKK 
is a complex of two highly homologous 
catalytic subunits (IKKα and IKKβ) and a 
regulatory unit (IKKγ or NEMO) (Karin 
and Ben-Neriah, 2000; Silverman and 
Maniatis, 2001; Ghosh and Karin, 2002). 
It has been suggested that IKK complex 
might also include another regulatory 
subunit in addition to IKKγ (Chen et 
al., 2002) and that IKKα and IKKβ 
activation is dependent on these regulatory 
subunits (Sigala et al., 2004; Schmidt et 

al., 2003). Also important for canonical 
NF-κB activation, phosphorylation of 
P65 subunit by several kinases might 
be crucial for DNA binding of NF-κB 
or stabilizing P65 that prevents IκBα 
interaction (Sun and Xiao, 2003; Ryo et 
al., 2003). Interestingly, a hypomorphic 
mutation in IKK (NEMO) leads to 
X-chromosome linked ectodermal 
dysplasia and immunodeficiency (XL-
EDA-ID) (Zonana et al., 2000; Jain et al., 
2001). Autosomal-dominant ectodermal 
dysplasia (AD-EDA-ID) with severe 
T cell immunodeficiency arises from 
hypermorphic mutation in IκBα (Courtois 
et al., 2003).

Noncanonical NF-κB pathway relies 
on processing of P100 subunit, which 
functions as an NF-κB inhibitory molecule 
when unprocessed (Verma et al., 1995). 
P100 is processed into P52 which typically 
dimerizes with RELB (Caamano et al., 
1998; Ishikawa et al., 1998; Fracchiolla 
et al., 1993). Processing of P100 is tighty 
regulated and signal specific (whereas 
processing of P105 to P50 is constitutive) 
(Xiao et al., 2001). Of the TNFs, tumour 
necrosis factor (TNF)-like weak inducer 
of apoptosis (TWEAK) and RANKL are 
currently known to be able to promote 
P105 processing (Saitoh et al., 2003; 
Cao et al., 2001; Novack et al., 2003). 
It is known that procession of P100 is 
positively regulated by NF-κB induced 
kinase (NIK) and negatively regulated by 
processing-inhibitory domain (PID) of 
P100 (Xiao et al., 2001). NIK functions as 
activating IKKα and recruits it to the P100 
complex resulting in P100 processing 
into P52. Whereas IKKα is necessary for 
processing of P100, IKKβ or IKKγ are 
not involved in the non-canonical NF-κB 
pathway (Senftleben et al., 2001; Xiao et 
al., 2001). 
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3.3. Eda in ectodermal organogenesis

3.3.1. Expression of Eda, Edar and 
Xedar

Eda and Edar are both expressed in 
several organs and both Eda and Edar 
have been detected in the surface 
ectoderm already at E11-E13 (Laurikkala 
et al., 2002). At E14 Edar expression 
concentrates on the hair placodes 
whereas Eda expression is detected in 
the interfollicular epithelium (Headon 
and Overbeek, 1999; Laurikkala et al., 
2002). Eda expression is later seen in the 
mature hair follicles at E18 localizing 
into the hair bulb (Mikkola et al., 1999). 
In developing vibrissae and mammary 
glands, Edar is also strongly expressed 
in the epithelial placodes and buds (Pispa 
et al., 2003). These complementary 
expression patters of Eda and Edar 
are detected also in developing tooth 
(Laurikkala et al., 2001; Tucker et al., 
2000). At E10 mandibular arch epithelium 
is expressing Eda as well as Edar. During 
the initiation of tooth development, Edar 
is intensively expressed in the epithelial 
thickening while Eda expression is seen 
in the the oral epithelium (Laurikkala et 
al., 2001). No Eda expression has been 
detected at E12 in tooth buds (but it is 
found in the surrounding oral epithelium) 
in contrast to Edar, which is expressed 
in the budding dental epithelium cells. 
These cells correspond particularly to 
the cells constituting the early signalling 
center in tooth. In the tooth bud at E13, 
Eda transcripts are seen in the basal cells 
of the bud but not at the tip of the bud 
that will form the enamel knot and where 
Edar is strongly expressed (Laurikkala 
et al., 2001). Later as tooth development 
proceeds, Eda is localized to the outer 
enamel epithelium but inner epithelium 

has been detected to be void of Eda 
expression (Srivastava et al., 1997; Pispa 
et al., 1999; Tucker et al., 2000). Eda 
expression has also been seen in postnatal 
teeth, whereas no Edar expression is 
seen in newborn mice (Pispa et al., 1999; 
Laurikkala et al., 2001). Taken together, 
Eda and Edar show a complementary 
expression patterns during hair and tooth 
development both being expressed in the 
epithelium. 

In addition to hair, teeth and 
mammary glands, Eda expression has 
been detected in various embryonic 
and adult human tissues, for instance in 
neuroectoderm, thymus, bone, epidermis 
and developing brain (Kere et al., 1996; 
Montonen et al., 1998; Elomaa et al., 
2001). In mice, Eda transcripts have been 
detected already at E6 in the visceral 
endoderm and at E7 in the visceral and 
definitive endoderm and few days later 
in the developing forebrain and Rathke’s 
pouch (Mikkola et al., 1999; Pispa et 
al., 2003). Edar is expressed also in 
the developing brain as the transcripts 
have been found in fore- and midbrain. 
In developing brain, Eda and Edar 
expression are seen in nonoverlapping 
patterns in adjacent tissues. Eda is 
also expressed in the developing eye, 
particularly in the corneal epithelium at 
E12 and at E14 (Pispa et al., 2003). Edar 
instead has been found to be expressed in 
the conjunctival epithelium of the eye and 
later in the lacrimal gland.

The analysis of Eda expression is 
based on probes that identify both Eda-A1 
and Eda-A2 isoforms. Expression pattern 
analyses based on specific binding of a 
recombinant Fc-XEDAR fusion protein 
to EDA-A2 have suggested that Eda-A2 
expression, in contrast to that of Eda-A1, 
is detected only after hair placode 
formation. Eda-A2 was also expressed 
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in the bulb regions of hair follicles and 
Xedar expression can be detected from 
E16 onwards by ISH in developing hair 
follicles (Yan et al., 2000). However, other 
researchers have not been able to confi rm 
the expression pattern analysis of Xedar 
by ISH (Pispa, Mikkola, and Thesleff, 
unpublished results), and thus the 
expression pattern of Xedar in developing 
skin appendages is currently not clear.

3.3.2. Role of Eda in ectodermal organ 
development

The fi rst epidermal defi ency disorder in 
mouse was found when a spontaneous 
mouse mutant Tabby was discovered 
(Falconer,  1952) .  Charac ter i s t ic 
symptoms such as defects in hair, teeth 
and in skin glands were reported so 
that defected organs were missing, 
reduced in size, or impaired in other 
ways (Falconer, 1952; Grüneberg, 1965; 
Blecher, 1986; Sundberg, 1994). Over 
20 glands are affected in Tabby mice 
and for instance sweat glands are absent 
from the mouse foot pads and lacrimal 
glands are smaller or not developed 
(Blecher, 1983; Grüneberg, 1971). The 
phenotype of Tabby mouse mutant was 
suggested to correspond to human sex-
linked hypohidrotic ectodermal dysplasia 
because of the similar symptoms and 
X-chromosomal location (Blecher, 1986). 
Later, when tabby (Ta) gene and human 
Eda gene were isolated and cloned they 
were confi rmed to be homologues (Kere et 
al., 1996; Srivastava et al., 1996; Ferguson 
et al., 1997; Srivastava et al., 1997). 

3.3.2.1. The Tabby (Eda defi cient) 
phenotype 

Tabby mice exhibit defects in several 
e c t o d e r m - d e r i v e d  o rg a n s .  H a i r 

composition is abnormal so that only one 
awl-like hairtype is produced and tail 
and some sensory vibrissae are lacking 
while mystacial vibrissae are not affected 
(Falconer, 1953; Grüneberg, 1966; 
Kindred, 1967; Claxton, 1966). Tabby hair 
fi ber is disrupted as the internal structure 
comprises irregular septa and septules 
(Grüneberg, 1966). The timing of the 
hair follicle development is delayed: the 
first signs of hair follicle development 
in Tabbies are seen at E16 (Vielkind and 
Hardy, 1996). Thus, Tabbies lack the fi rst 
wave hair follicles called also primary 
hair follicles, which normally begin to 
develop at E14 and give rise to guard hair 
follicles (Mann, 1962; Laurikkala et al., 
2002). No placodal marker molecules are 
focally expressed at the time when the 
primary hair follicles are about to form 
(Headon and Overbeek, 1999; Andl et al., 
2002; Laurikkala et al., 2002). Tabbies 
have a patch of hairless skin behind the 
ears, where zig zag hair follicles normally 
reside (Falconer et al., 1951; Grüneberg, 
1966).

Third molars (and occasionally 
incisors) are missing although with a 
variable penetrance and the cusps of the 
fi rst and second molars are reduced in size 
and number in Tabby mice (Grüneberg, 
1965; Pispa et al., 1999). It is said that 
the third molars is missing in half of 
the Tabby mice, but the variability in 
penetrance depends on the breeding 
strain used being ~20% in the strain used 
in this study (Grüneberg, 1965; Pispa 
et al., 1999; Kristenova-Cermakova et 
al., 2002). First disturbancies in tooth 
development in Tabbies are seen at the 
bud stage at E13 when the Tabby molar is 
signifi cantly smaller than wild type molar 
(Pispa et al., 1999). Infact, it was depicted 
already by Sofaer (Sofaer, 1969) that the 
Tabby molar is smaller and less mature 
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at late cap stage when compared to wild 
type. Primary enamel knot is smaller in 
Tabby embryos and secondary enamel 
knots are fused predicting the outcome 
in the adult molars where the size of the 
tooth crown and number of cusps are 
reduced (Laurikkala et al., 2001; Pispa et 
al., 1999). The expression of the essential 
signalling molecule genes such as Fgf4, 
Bmp4, Shh and Wnt10a in the signalling 
centers (enamel knots) are detected, but 
their expression domains are smaller 
corresponding to the smaller enamel knots 
in the Tabby molars (Pispa et al., 1999; 
Laurikkala et al., 2001; Kangas et al., 
2004). 

3.3.2.2. X-linked hypohidrotic 
ectodermal dysplasia (XL-HED)

Several different gene mutations can cause 
defects in ectodermal organs (Table 2) and 
Eda signalling especially is crucial for 
proper skin appendage development. In 
men and mice, an inactivating mutation in 
any of the Eda pathway genes (Eda, Edar, 
Edaradd) leads to a syndrome called 
hypohidrotic ectodermal dysplasia (HED) 
(Kere and Elomaa, 2002). There are at 
least 150 different ectodermal dysplasia 
(ED) forms and all are characterized by 
defects in at least two ectodermal organs. 
Symptoms include sparse hair, missing 
and misshapen teeth, reduced ability to 
sweat, defective development of skin 
glands and sometimes hypoplastic or 
missing nipples (Reed et al., 1970; Clarke 
et al., 1987; Pinheiro and Freire-Maia, 
1994, Kere et al., 1996).

Mutations in the human Eda gene 
result in an X-linked form of HED (XL-
HED; OMIM 305100) (Kere et al., 1996). 
Autosomal forms of HED, which are far 
less uncommon, are caused by mutations 
in Edar (Monreal et al., 1999) or Edaradd 

(Headon et al., 2001). Four mouse 
mutants, Tabby, downless, crinkled and 
Sleek, are described to be analogous to 
human HED (Falconer, 1952; Grüneberg, 
1965; Sofaer, 1969; Blake et al., 2002). 
Tabby (Ta) is homologous to human 
ectodysplasin (Eda) gene (Srivastava et 
al., 1997), recessive downless (dl) and 
dominant Sleek (Sl) to Edar (Headon 
and Overbeek, 1999) and crinkled (cr) 
is a counterpart of Edaradd (Headon et 
al., 2001; Yan et al., 2002). Mutation in 
any of these genes, in human or mouse, 
results in practically identical phenotype. 
In human patients, currently over 100 
different mutations have been described 
(The Human Gene Mutation Database: 
www.hgmd.cf.ac.uk). Generally, all of 
the Eda mutations are considered to be 
null mutations (Schneider et al., 2001; 
Pääkkönen et al., 2001). However, some 
families with missense mutation in EDA 
show non-syndromic tooth agenesis 
(Schneider et al., 2001; Tao et al., 
2006; Tarpey et al., 2007). It has been 
suggested that these mutations are actually 
hypomorphic ones (Schneider et al., 2001) 
indicating that tooth is more sensitive to 
reduction of Eda signalling activity than 
other ectodermal organs.

In veterinary literature, a number of 
dogs of various breeds have also been 
described to have similar ectodermal 
defects as in ectodermal dysplasias, 
particularly in XL-HED (Krai and 
Schwartzman 1964; Kunkle 1984; Muller 
et al. 1989; Selmanowitz et al., 1977). 
Breeding studies have suggested that the 
gene causing hypohidrotic ectodermal 
dysplasia in dogs is also inherited along 
the X-chromosome and the cloning of 
the canine Eda confi rmed that (Casal et 
al., 2005; Casal et al., 1997). The dog 
originally described in this study was a 
German shepherd puppy found to have 
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defects in several ectodermal organs. The 
puppy showed hairlessness over two-
thirds of the body and the hairy regions 
contained only primary hair whereas dogs 
normally have also fuzzier secondary 
hair. Skin biopsies showed that the skin 
contained no hair follicles, and no sweat 
glands were observed (in foot pads). 
Deciduous teeth were widely spaced and 
one canine and first three upper and all 
lower premolars were missing. As the 
dog matured it showed no changes in the 
hairless areas. Permanent teeth were also 
affected as the XL-HED dogs have only 
few incisors and almost all permanent 
premolars are missing. In all, this dog 
models human X-linked HED rather 
well. Further evidence supporting this 
suggestion came when it was noticed that 
the Egfr expression was reduced in the 
fi broblasts of these affected dogs as it is 
in human HED patients and in Tabbies 
(Casal et al., 1997; Vargas et al., 1996).

3.3.2.3. Molecular interactions of the 
Eda pathway

Based on the expression patterns, Eda/
Edar signalling is thought to act between 
epithelial compartments rather than 
across epithelial-mesenchymal tissues 
(Laurikkala et al., 2002). Wnt signalling, 
specifically Wnt6, has been shown to 
induce expression of Eda in the epithelium 
of cultured tooth and skin explants 
(Laurikkala et al., 2001; Laurikkala et 
al., 2002).  These studies suggest that 
Wnt signalling might be upstream of Eda 
in early embryonic ectoderm, prior to 
initiation of skin appendage development. 
In line with this assumption is that Lef1 
null mutants have defects in the same 
organs as in Tabbies, but the phenotype is 
much more severe and the development is 
blocked already at bud stage of the organs 

(van Genderen et al., 1994). In addition, 
it has been shown that expression of Eda 
requires Lef1 and that expression of Eda 
is dowregulated in Lef1 null branchial 
arch epithelium and in tooth germs 
(Laurikkala et al., 2002; Laurikkala et 
al., 2001). However, Edar expression is 
not downregulated in Lef1 null mice or in 
Tabbies indicating that Edar expression 
is not regulated by Wnt signalling or 
Eda expression (Laurikkala et al., 2002), 
or that Lef1 is redundant with another 
Tcf transcription factor. It is of note, 
however, that Wnt pathway activity (as 
revealed by reporter gene expression) 
in developing teeth, hair follicles and 
mammary glands do not coincide with 
sites of Eda expression but with that of 
Edar (Dasgupta and Fuchs, 1999; Chu et 
al., 2004; Järvinen et al., 2006; Närhi et 
al., 2008; Liu et al., 2008).

Activin A (Acv-A), a member of 
Tgf-β superfamily, is expressed in the 
dermal condensates just below the 
ectoderm before and at the time epithelial 
thickenings (placodes) form (Laurikkala et 
al., 2002). It has been shown that activin 
A is able to activate expression of Edar in 
the epithelial placodes of embryonic skin 
explants, but only when the mesenchyme 
is present (Laurikkala et al, 2002). In 
tooth, Acv-A induces Edar expression 
also in signalling centers of whole tooth 
explants but not if the epithelium is 
cultured alone (Laurikkala et al., 2001). 
These studies suggest that Edar expression 
in the epithelial placodes might require 
additional factors expressed in the dermal 
mesenchyme and that the activin A –
induced expression of Edar is restricted to 
placodes (Laurikkala et al., 2002). Tooth 
and whisker hair development is arrested 
in Acv-A null mice and even though no 
specifi c hair phenotype has been reported 
(Matzuk et al., 1995) mesenchymal 
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activin signalling might be needed for Eda 
signalling in the epithelium during early 
ectodermal development. 

It has been suggested that Eda and 
epidermal growth factor (Egf) signalling 
are somehow connected. This assumption 
originates from the studies where a series 
of local injections of EGF into the footpads 
of neonatal Tabby mice restored the 
sweating ability (Blecher et al., 1990) and 
from an observation that EGFR protein 
levels are reduced in dermal fi broblasts in 
Tabbies and in human Eda patients (Vargas 
et al., 1996). However, Egfr is expressed 
normally in the Tabby molars in the dental 
epithelium and the dental mesenchyme 
and culturing embryonic Tabby molars 
with EGF does not restore the tooth 
phenotype (Pispa et al., 1999). Moreover, 
EGF and EDA show no direct interactions 
in cell culture studies (Mikkola et al., 
1999). In contrast to EGF, FGF10 has 
been shown to enhance proliferation in 
the dental epithelium (Kettunen et al., 
2000). Fgf10 being normally expressed 
in the dental mesenchyme suggests that 
Fgf10 is able to signal from mesenchyme 
to epithelium. Indeed, FGF10 has been 
shown to stimulate proliferation and 
growth in cultured molars of Tabby mice 
(Pispa et al., 1999). The cusp phenotype 
of the Tabbies was partially rescued in 
these experiments indicating that Fgf10 
(or some other Fgf) would facilitate the 
epithelial proliferation during embryonic 
tooth development and that Fgf signalling 
may be compromised in Tabby teeth. 

4. The Troy pathway

TROY (TNFRSF19, TAJ) is a member of 
TNF receptors that was simultaneously 
identified by several laboratories (Hu 
et al., 1999; Kojima et al., 2000; Eby et 
al., 2000). TROY is produced as a type I 

membrane protein and has a characteristic 
cysteine rich motif in the extracellular 
domain (Kojima et al., 2000). In addition 
to the full length Troy cDNA, a shorter 
cDNA sequence (possibly representing 
a decoy receptor) has been identified 
(Kojima et al., 2000; Hu et al., 1999). 
The closest TNFR counterpart of TROY 
was fi rst found to be EDAR: the degree of 
homology in their extracellular domains 
is 33 % (Kojima et al., 2000). However, 
while EDAR contains a death domain 
used to recruit EDARADD for signal 
transduction, this domain is entirely absent 
in the mammalian TROY and XEDAR. In 
addition, TRAF6 binds to XEDAR and 
TROY directly but not to EDAR (Naito et 
al., 2002), so it seems that actually Troy is 
more similar to Xedar than Edar.

4.1. Expression of Troy

Troy has been decribed to be expressed 
strongly in the epithelium during 
early embryogenesis, especially in 
neuroepithelium, developing skin and 
bronchiolar epithelium (Kojima et al., 
2000). Troy expression has also been 
detected in tongue epithelium and 
mesenchyme at E12, in developing brain, 
in tooth germs and in mammary placodes 
(Hisaoka et al., 2003; Pispa et al., 2003). 
In general, the expression of Troy is 
very similar to that of Edar, and the 
expression pattern of Troy overlaps with 
that of Edar especially in non-tylotrich 
hair follicles (Kojima et al., 2000). In 
tooth, Troy is expressed from initiation of 
tooth development until bud stage in the 
dental epithelium, and seen later in the 
enamel knot as well as in the inner enamel 
epithelium after the expression is shifted 
into the dental mesenchyme (Pispa et al., 
2003). In addition, Troy expression is seen 
in olfactory system and in developing 
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brain in germinal zones (Hisaoka et al., 
2003). 

4.2. Troy signalling

In contrast to EDAR, TROY does not 
contain a death domain (Hu et al., 1999; 
Kojima et al., 2000; Eby et al., 2000). 
Troy has been linked to promotion of 
cell survival and proliferation as it has 
been shown to activate the transcription 
factor NF-кB in vitro. TROY is suggested 
to activate NF-кB by binding directly to 
TRAFs, as TROY has a TRAF2-binding 
sequence in the cytoplasmic tail (Kojima 
et al., 2000). Also, it has been shown that 
TROY can be coimmunoprecipitated with 
several TRAFs (Eby et al., 2000). The 
cytoplasmic tail appears to be crucial for 
NF-кB activation since a truncated version 
of TROY lacking the cytosolic terminal 
does not activate NF-кB (Hu et al., 1999). 
In addition, full lenght TROY is a potent 
activator the JNK pathway, in which the 
cytosolic domain is essential (Hu et al., 
1999; Eby et al., 2000). Even though Troy 
lacks a death domain it has been shown to 
induce apoptosis (Eby et al., 2000). The 
same studies also indicated that Troy-
induced apoptosis was not mediated via 
regular caspase-involved pathway but 
some other yet unidentified mechanism 
(Eby et al., 2000). Thus, Troy might be an 
important regulator of cell death during 
embryonic development. Nevertheless, 

during development of olfactory system 
Troy has been suggested to have a role in 
cell survival and cell proliferation, rather 
than apoptosis (Hisaoka et al., 2004).

In brain, Troy is broadly expressed 
in adult neurons and it is involved in 
myelin inhibited neurite outgrowth 
(Fournier et al., 2001) in the presence 
of myelin associated inhibitor factors 
(MAIFs) (Shao et al., 2005; Park et al., 
2005). Three major inhibitory molecules 
in myelin have been identifi ed including 
an oligodendrocyte-associated neurite 
growth inhibitor (NOGO-A), myelin-
associated glycoprotein (MAG) and 
oligodendrocyte myelin protein (OMGP) 
(Filbin, 2003; Yiu and He, 2003; He and 
Koprivica, 2004). MAIFs signal through 
a common receptor complex in neurons 
including Nogo-66 receptor (NGR) and 
two binding partners, P75 and leucine rich 
repeat and Ig domain containing protein 1 
(LINGO-1) (Domeniconi et al., 2002; Liu 
et al., 2002; Mi et al., 2004). It has been 
shown that TROY can substitute P75 in 
the mentioned complex and bind to Nogo-
66 receptor 1 (NGR1) resulting in RhoA 
activation and myelin-induced inhibition 
of neurite outgrowth (Shao et al., 2005; 
Park et al., 2005). It has been proposed 
that functional similarities between P75 
and TROY may explain the lacking CNS 
defects in p75 defi cient and Troy defi cient 
mice (Song et al., 2004; Shao et al., 2005). 
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Aims of the study

AIMS OF THE STUDY

The aim of this study was to explore the role of Eda in ectodermal organogenesis, 
particularly during hair follicle, tooth and mammary gland development. The specifi c 
aims were:

1. To characterize the ectodermal organ phenotype of K14-Eda-A1 mice.
2. To study the role of Eda in placode formation.
3. To search for signalling outcomes of the Eda pathway.
4. To analyze the potential redundancy between the Eda and Troy pathways.
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Materials and methods

MATERIALS AND METHODS

Mouse strains used Used in article Purpose
NMRI I, II, II, IV mRNA expression studies
Fvb I, II, III, IV control for K14-Eda-A1 mice
Tabby null mice (B6CBACa-Aw-J/A-Ta, 
Jackson Laboratories)

I, II, III, IV studies refering to loss of Eda 
expression

K14-Eda-A1 I, II, III studies refering to 
overexpression of Eda-A1

Troy null mice (a gift from Wyeth 
Pharmaceuticals Inc.)

IV studies refering to loss of Troy 
expression

NF-kB reporter mice IV NF-kB expression analysis

Probes Used in article Reference
Ectodysplasin pTaNcSp I Laurikkala et al., 2001
Edar PTOPOdl 3 I, II, III Laurikkala et al., 2001
Msx1 I Vainio et al., 1993
ß-catenin II, III, IV Laurikkala et al., 2002
Lef1 II, IV Travis et al., 1991
Pitx2 II Dassule and McMahon, 1998
Shh II, III, IV Vaahtokari et al., 1996
Ameloblastin III Wang et al., 2004
Follistatin III Wang et al., 2004
Ccn2 III Friedrichsen et al., 2003
Noggin III McMahon et al., 1998
Dan III Dionne et al., 2001
Bambi III Grotewold et al., 2001
Gremlin III Khokha et al., 2003
Troy IV Laurikkala et al., 2002

Method Used in article
Generation of K14-Eda-A1 and K14-
Eda-A2 mice

I

Hair analysis I, IV
Sweat analysis I, IV
Tooth analysis I, IV
Mammary gland staining I
Histology and in situ hybridization I, II, III, IV
Scanning electron microscopy I, II
Expression vectors II
Production of recombinant Eda-A1 and 
Eda-A1 (Y343C)

II

Organ culture II, III, IV
Whole mount in situ hybridization II
In vivo proliferation assay II
Hanging drop cultures III
Quantitative RT-PCR III, IV
Promoter analysis III
X-gal Staining IV
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Eda-A1 is crucial for ectodermal organ 
development whereas Eda-A2 is not (I, 
II, III, IV)

In this study, we have generated transgenic 
mice expressing Eda-A1 and Eda-A2 under 
keratin-14 (K14) promoter, which leads 
to ectopic expression in the developing 
ectoderm already at E9, and later in the 
basal layer of the skin and the outer root 
sheat of the hair follicles, as well as in the 
dental and in the oral epithelia (Vassar 
et al., 1989; Byrne et al., 1994; Dassule 
et al., 2000). Transgenic Eda-A2 mice 
showed no skin appendage phenotype. 
In line with our results, inducible 
overexpression of Eda-A2 does not affect 
ectodermal organogenesis and these mice 
show a phenotype comparable to wild type 
mice (Cui et al., 2003.) Overexpression of 
the ectodomain of Eda-A2 under either 
keratin-5 (K5) or myosin light chain 2 
promoter (MLHC) leads to no ectodermal 
organ phenotype either but cause a severe 
myodegeneration instead (Newton et al., 
2004). Recombinant EDA-A2 protein is 
not able to rescue any of the defects in Eda 
null mice when delivered by intravenous 
administration of EDA-A2 to pregnant 
Eda null mice (Gaide and Schneider, 
2003). On the contrary, administration 
of recombinant EDA-A1 restored many 
of the defects seen in Tabby mice, as did 
expression of Eda-A1 under the widely 
expressed human cytomegalovirus (CMV) 
promoter or inducible overexpression of 
Eda-A1 (Srivastava et al., 2001; Cui et 
al., 2003; Gaide and Schneider, 2003). 
Moreover, Xedar deficient mice are 
indistinguishable from their wild-type 
littermates (Newton et al., 2004). Taken 
together, it seems that Eda-A2/Xedar 
signalling is unnecessary in ectodermal 

RESULTS AND DISCUSSION
organ development. However, Xedar 
signalling has recently been proposed to 
be involved in hair loss syndrome called 
androgenetic alopecia (AGA), which 
affects up to 50% of the human males 
(Prodi et al., 2008; Hamilton, 1951), and 
to be associated with hair thickness in 
humans (Sabeti et al., Nature 2007). 

K14-Eda-A1 mice show a plethora 
of phenotypes suggesting an essential 
role for Eda in early ectodermal organ 
development. Eda-A1 overexpression 
results in supernumerary mammary 
glands, teeth, and vibrissae, altered hair 
type composition, structure and length, 
and excessive sweating. Also, a sebocyte 
defect resulting in a greasy-looking 
coat is detected when secreted Eda-A1 
is overexpressed in the skin or skeletal 
muscle cells (Newton et al., 2004). 

Simultaneously with us, several 
other groups generated transgenic mice 
overexpressing Eda-A1, but the phenotype 
was not as pronounced as we detected (Cui 
et al., 2003; Zhang et al., 2003; Nexton et 
al., 2004).  Mice overexpressing Eda-A1 
under involucrin (Ivl) promoter (active 
in epithelial cells undergoing terminal 
differentiation in the epidermis and hair 
follicles) showed only hair phenotype 
resembling K14-Eda-A1 whereas other 
organs were unaffected (Zhang et al., 
2003). Tetracycline-regulated (“Tet”) 
inducible overexpression of Eda-A1 
affected only particular glands, namely 
sweat and sebaceous glands and hair 
follicles (Cui et al., 2003). Overexpression 
of Eda-A1 under the control of the K5 or 
rat MLCH promoter leads to hair follicle 
and sebaceous gland phenotype (Newton 
et al., 2004). However, supernumerary 
teeth and mammary glands were not 
reported in any of these transgenic mouse 

Results and discussion
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Results and discussion

models. These varying phenotypes might 
be due to different expression levels, 
diverging transgene constructs or possibly 
different background strains of mice used. 
Our Eda-A1 transgene construct was a full-
length cDNA as was the construct used 
in Ivl-Eda-A1 mice whereas K5/MLHC-
Eda-A1 carried a shorter ectodomain of 
Eda-A1 (Zhang et al., 2003; Newton et al., 
2004). Also, involucrin promoter drove 
the expression from E16.5 onwards, so the 
defects in primary hair follicles could not 
have been expected (Zhang et al., 2003). 
Transgene construct used in conditional 
overexpression of Eda-A1 was a full 
length cDNA also, but the induction of 
the Eda-A1 expression was accomplished 
by tetracycline-regulated promoter, which 
might explain the phenotype difference 
when compared to K14-Eda-A1 mice (Cui 
et al., 2003).

Eda regulates hair shaft formation and 
hair cycling (I and III) 

In K14-Eda-A1 mice generated by us, hair 
fibers are longer and hair composition 
is altered so that instead of normal four 
pelage hair types (Mann, 1962) the mice 
possess only one, abnormal and long 
primary hair-like hair type. No zig zag 
hair type is formed in K14-Eda-A1 mice, 
which is true also for Eda null mice 
(Sundberg, 1994). In addition, inducible 
overexpression of Eda-A1 in wild type 
background leads to loss of the zig zag 
hair type (Cui et al., 2003). Interestingly, 
overexpression of Eda-A1 in Eda null mice 
or intravenous administration of soluble 
EDA-A1 into Eda null embryos did not 
restore the zig zag hair follicles either (Cui 
et al., 2003; Gaide and Schneider, 2003). 
It appears that correct spatio-temporal 
activation of Eda signalling is essential 
for zig zag hair formation. In fact, it has 

been shown, that Eda signalling has a 
role in determination of the hair types by 
controlling asymmetric expression of Shh 
within the hair follicle (Hammerschmidt 
and Schlake, 2007). Shh seems to regulate 
the orientation of the zig zag hair fiber 
growth as a result of its expression 
alternating between anterior and posterior 
side of the hair bulb (Hammerscmidt and 
Schlake, 2007). It is likely that effects of 
Eda on Shh expression are direct as we 
discovered that Shh is one of the target 
genes of Eda signalling during hair 
placode formation. In line with this, Shh 
and its downstream targets such as Ptc1 
were shown to be reduced in Tabby skin 
from E13 when analyzed by microarray 
and real-time PCR methods (Cui et al., 
2006). Thus, loss of Eda signalling or 
superfluous Eda signalling appears to 
disturb the correct localization of Shh 
activity during the growth of the zig zag 
hair fi ber. Moreover, in mice defi cient in 
lymphotoxin β (Lt-β), a recently identifi ed 
target gene of Eda, hair fiber structure 
is disturbed (Cui et al., 2006) indicating 
that Eda regulates hair shaft formation 
through multiple pathways. However, the 
hair fi ber defect of Lt-β null mice does not 
phenocopy that of the Tabbies. 

Recently, it was proposed that Eda 
signalling is also involved in hair fiber 
thickness. Genome-wide polymorphism 
data from multiple human populations 
suggest that a Val370Ala variant of Edar 
experienced strong positive selection 
in East Asians, and that this variant is 
associated with the typical East Asian hair 
phenotype characterized by straight hair 
fi bers with a large diameter (Sabeti et al., 
2007; Fujimoto et al., 2008 Bryk et al., 
2008). The Val370Ala variant of Edar was 
shown to enhance Edar signalling (NF-
B) activity (Mou et al., 2008; Bryk et 
al., 2008). Also in mice, elevation in Edar 
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copy number and thereby Edar signalling 
activity alters the hair morphology so 
that the hair fi ber is thicker and straighter 
(Mou et al., 2008). However, we did not 
analyze hair thickness in K14-Eda-A1 
mice.

The abnormally long hair fibers of 
K14-Eda-A1 mice suggested that Eda 
could regulate hair follicle cycling. 
Indeed, analysis of the fi rst anagen phase 
of transgenic Eda-A1 mice revealed 
that entry to the catagen phase was 
substantially delayed in transgenic 
mice suggesting that Edar signalling 
could regulate postnatal hair cycling. 
In line with this, it has been shown that 
components of the Eda signalling pathway 
are expressed differentially during the hair 
cycling so that the expression is strongest 
at the late anagen and early catagen phases 
(Fessing et al., 2006). Also, loss of Edar 
signalling has been shown to result in 
accelerated catagen phase (Fessing et al., 

2006). These data are consistent with our 
fi ndings. As the length of the hair fi ber is 
usually proportional to the duration of the 
anagen phase (Müller-Rover et al., 2001), 
our results suggest that the longer hairs 
in the transgenic mice resulted from a 
prolonged growth phase of the hair cycle. 

Eda regulates mammary gland 
development (I, II, IV and unpublished 
results) 

To further analyze the phenotype of 
K14-Eda-A1  mice,  the branching 
morphogenesis of transgenic embryos/
mice and their wild type littermates was 
analyzed. We found that mammary glands 
in embryonic (E18) and prepubertal (3 
weeks post natal) K14-Eda-A1 mice 
are more branched when compared to 
wild type litter mates (Figure 11). In 
Eda null mice the branching appears to 
be diminished to some extent, but the 
results are preliminary and need to be 
confirmed with the correct wild type 
controls, as mammary branching is 
known to be strongly dependent on the 
background strain (Naylor and Ormandy, 
2002). As pre-pubertal mammary gland 
branching requires PTHrP, Egfr ligand 
amphiregulin (Areg) and transmembrane 
metalloproteinase Adam17, that releases 
Areg from its inactive transmembrane 
form, (Hens et al., 2007; Sternlicht et 
al., 2005) it might be that Eda signalling 
regulates the expression of these genes. 
Recently, a genome wide screen was 
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Figure 11. Third thoracic mammary gland 
stained by carmine-aluminium. Wild type 
mammary gland is less branched (A) whereas 
more extensive epithelial tree is seen in K14-
Eda-A1 mammary gland (B). The developing 
nipple resides on the left side of the lymph 
node (LN).

A

B

LN

100 μm
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performed in our laboratory in order 
to identify direct target genes of Eda 
(Fliniaux et al., 2008). Here, E14 Eda 
null (Tabby) skin explants were exposed 
to 90 min and 4 h to recombinant EDA 
and differentially expressed genes were 
screened by an Affymetrix microarray 
(Fliniaux et al., 2008). PTHrP, Areg and 
another Egf-family ligand gene called 
epigen (Epgn) were found as putative 
target genes of Eda (Fliniaux et al., 
unpublished results). Some of these genes 
alone or together might mediate the effect 
of Eda-A1 during mammary branching 
morphogenesis. However, further studies 
are required to clarify this hypothesis. 

The role of Eda signalling in 
mammary gland development is rather 
poorly known and there are no puplished 
reports on the mammary gland phenotype 
of Tabby mice. However, a link between 
Eda pathway and mammary gland 
development was proposed based on 
the fact that similar mammary defect 
have been seen in approximately 30 
percent of human HED patients, which 
show hypoplastic nipples or mammary 
glands (Clarke et al., 1987). On the other 
hand, Tabbies have normal amount of 
mammary glands (five pairs) and they 
are able to feed their litter, which makes 
it rather surprising that K14-Eda-A1 
mice show supernumerary mammary 
glands. Supernumerary mammary glands 
developed in K14-Eda-A1 mice along 
the presumptive milk-line. All K14-
Eda-A1 embryos had either seven or 
eight mammary gland placodes in each 
mammary line, and all or most of them 
developed into mature organs. All the 
extra mammary placodes developed 
in the milk line and typically, in the so-
called diastema region between the third 
and fourth normal mammary placode. 
A role for Eda in initiation of mammary 

development was further supported by the 
strong, Eda –dependent, NF-κB reporter 
activity found in mammary placodes and 
buds of wild type mice.

We noticed also that the shape of the 
nipple was altered in K14-Eda-A1 mice, as 
well as in Tabby mice. Wild type nipple 
is a cone-shaped appendage. Currently, 
not much is known about the molecular 
regulation of nipple sheath formation, but 
it is known to be dependent on PTHrP 
(Wysolmerski et al., 1998; Dunbar et al., 
1999). Interestingly, as dicussed above, 
PTHrP could be a direct target gene of 
Eda (Fliniaux, Lefebvre, Mikkola and 
Thesleff, unpublished data).  In line with 
this finding, expression level of PTHrP 
correlates with that of Eda signalling 
activity in mammary primordia of Tabby, 
wild type, and K14-Eda-A1 embryos 
(Voutilainen and Mikkola, unpublished 
data). These results suggest that the nipple 
defects of mice with altered Eda signalling 
may arise as a consequence of disturbed 
PTHrP signalling.

Reduced enamel formation in mice with 
increased Eda activity (I, III)

The incisors of the K14-Eda-A1 mice 
were defected with no sign of the enamel. 
Enamel formation is dependent on Bmp 
signalling, which regulates differentiation 
of enamel-secreting ameloblasts in the 
labial side of the incisor (Wang et al., 
2004b). K14-driven overexpression of 
follistatin (Fst) in the lingual side prevents 
enamel formation by inhibiting Bmp 
signalling. Enamel is lost also if noggin 
(Nog), an inhibitor of Bmp signalling, is 
overexpressed in the developing ectoderm 
(Plikus et al., 2005) and the same incisor 
phenotype is also evident in K14-Edar 
mice (Tucker et al., 2004; Pispa et 
al., 2004).  These similar phenotypes 
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suggest that Eda signalling might inhibit 
Bmp signalling during differentiation 
of ameloblasts, and perhaps in other 
skin appendages as well (see below).  
In line with this, we were able to show 
in vitro that recombinant EDA-A1 
antagonizes BMP4-induced expression 
of ameloblastin (Ambn), an early marker 
of ameloblasts and a known target of 
Bmps in ameloblasts, in cultured incisors 
suggesting a plausible explanation for 
the observed incisor phenotype of K14-
Eda-A1 and K14-Edar mice. In addition, 
we showed that in embryonic skin 
explants, Eda regulates the expression of 
Fst and Ccn2, which may also inhibit Bmp 
signalling (see below). It has recently been 
shown that the stem cell compartment, 
in the cervical loop, is smaller in K14-
Eda-A1 incisors (Tummers and Thesleff, 
2008). Accordingly, the lack of enamel 
in K14-Eda-A1 incisor may result from 
the combined effect of a smaller pool of 
incisor epithelial stem cells and inhibition 
of ameloblast differentiation.

Eda-A1/Edar signalling regulates 
placode formation (II, III)

Epithelial placodes in K14-Eda-A1 
mice were enlarged and ectopic tooth 
and mammary placodes were detected. 
Expression patterns of several known 
placodal marker genes, e.g. β-cat and 
Lef1, were analysed and their expression 
domains were also found to be enlarged. 
Enlarged primary hair placodes in K14-
Eda-A1 mice together with the fact that 
primary hair follicles are missing in Eda- 
and Edar-deficient mice (Headon and 
Overbeek, 1999; Laurikkala et al., 2002) 
indicate that Eda signalling regulates the 
induction and/or growth of the placodes. 
In organ culture, recombinant EDA-A1 
protein stimulated growth and fusion of 

the hair placodes in Eda deficient skin 
explants when added before primary 
hair follicle formation (E13). Enlarged 
placodes were evident also in EDA-A1 
–treated wild type skin explants. Mouse 
hair follicles develop at successive waves 
starting at E14 and these hair placodes 
give rice to guard hair follicles (Mann, 
1962). The second and third wave of 
placode formation takes place at around 
E16 and E18, respectively (Mann, 1962, 
Fraser, 1951. No placode development 
was seen after 24 hours when wild 
type skin explants were cultured with 
recombinant EDA-A1 from E12, which 
suggests that Eda signalling does not 
accelerate the initiation of the fi rst wave 
hair follicles. Indeed, recent data indicates 
that Eda is dispensable for hair placode 
induction as rudimentary pre-placodes can 
be detected in Eda null embryos (Schmidt-
Ullrich et al., 2006; Fliniaux et al., 2008; 
see also below).

Recombinant EDA-A1 stimulated 
enlargement of the epithelial placodes in 
a dose-dependent manner so that higher 
doses gave more enlarged and fused 
placodes when compared to lower doses. 
Thus, these results suggest that Eda 
signalling promoted placodal cell fate in 
the expense of the interplacodal fate.  The 
mechanism how Eda signalling expands 
the epithelial placodes might involve 
regulating lateral inhibition controlling 
the size of the developing placodes. The 
formation of periodic patterns such as 
hair follicles or feathers can be explained 
by reaction-diffusion model originally 
formulated by Turing and later confi rmed 
by computational analysis of various tissue 
experiments (Turing, 1952; Gierer and 
Meinhardt, 1972). In the simplest form of 
the model there are two soluble factors, 
an activator and an inhibitor. Activator 
promotes its own production/activity as 

Results and discussion



51

well as the production of its own inhibitor. 
Placodes with high activator and inhibitor 
concentrations appear when the inhibitor 
diffuses more rapidly and/or decays faster 
than the activator. Activator amplifies 
its own signal in placodal cells while 
the inhibitor antagonizes the reaction 
in the surroundings (lateral inhibition). 
Eda signalling might stimulate placode 
expansion by promoting the activators or 
by restricting the inhibitory signals. The 
most characterized placode inhibitors are 
Bmps and ectopic expression of Bmp2 or 
Bmp4, or beads soaked in BMP4 inhibit 
hair and feather placode formation (Jung 
et al., 1998; Noramly and Morgan, 1998; 
Botchkarev et al., 1999). 

The absence of the first wave hair 
follicles and localized pattern of several 
placode markers at E14 in Eda defi cient 
embryos (Laurikkala et al., 2002) might 
refl ect the absence of Bmp inhibition due 
to lack of Eda. Enlarged hair follicles are 
also formed when noggin is overexpressed 
under keratin-5 (K5) promoter (Sharov et 
al., 2006).  Treatment of Eda deficient 
embryonic skin explants by NOG restored 
primary hair placodes partially, indicating 
that suppression of Bmp activity was 
compromised in embryonic skin in the 
absence of Eda. Similar results were 
obtained also by Mou et al. although 
the extent of rescue by NOG was more 
modest than in our experiments (Mou 
et al., 2006). In our experiments, NOG 
treatment lead to more noticeable placode 
formation when administered at E13, 
which is a day earlier than in experiments 
done by Mou et al. (Mou et al., 2006). 
The differences in these results might 
be perhaps because of the timing of the 
rescue experiments were slightly different 
or due to other differences in experimental 
procedures. In addition, Mou et al. also 
could detect phospho-SMAD1/5/8 in 

E15 interfollicular epidermis but not in 
the nascent hair follicles, which is in 
line with the idea that placode is void of 
Bmp action (Mou et al., 2006). Smad7 is 
a transcriptional target of Bmp signalling 
acting as a feedback inhibitor of Bmp 
signalling. Mou et al. also found out 
that SMAD7 activation and SMAD1/5/8 
phosphorylation was reduced when EDA 
and BMP were simultaneously added 
to the skin culture reflecting the ability 
of Eda to inhibit Bmp responses (Mou 
et al., 2006). However, we noticed that 
beads releasing BMP4 could still inhibit 
hair placode formation in the presence of 
exogenously added recombinant EDA-A1 
suggesting that Eda signalling could not 
directly override the inhibitory effect of 
Bmp signals. This is most likely due to the 
ability of BMPs to repress expression of 
Edar (Mou et al., 2006).

The similarities between the incisor 
phenotypes of mice overexpressing 
Eda-A1, Nog, and Fst (Plikus et al., 
2005; Wang et al., 2004b) and the fact 
that NOG could partially rescue primary 
hair placodes formation in Eda null skin 
suggested that Eda signalling might act 
via inhibition of Bmp signalling. Indeed, 
when developing incisors were cultured 
in the presence of EDA-releasing beads 
BMP4-induced ameloblastin (Wang et al., 
2004b) expression was suppressed. By 
using a novel tissue culture technique and 
quantitative analysis, we found out that 
Eda signalling upregulates expression of 
two genes encoding molecules with the 
capacity of suppress Bmp signalling, Ccn2 
and Fst. Ccn2 (also CTGF, connective 
tissue growth factor) is a member of CCN 
family proteins rich in cysteine (Brigstock, 
1999; Lau and Lam, 1999; Perbal, 2001). 
The abbreviation CCN is from the names 
of the fi rst three members of the family to 
be discovered, which are Cyr61 (cysteine-
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rich protein 61), CTGF (connective tissue 
growth factor) and NOV (nephroblastoma 
overexpressed gene) (Bork, 1993). The 
biological function of CCN proteins is 
diverse and among other features Ccn2 is 
known to inhibit Bmp signalling (Abreu et 
al., 2002). Ccn2 null mice show skeletal 
abnormalities and die at birth (Ivkovic et 
al., 2003), but their skin phenotype has not 
been described. The expression of Ccn2 
has been detected earlier in epithelium 
of developing tooth, enamel knot and 
later in preameloblasts (Shimo et al., 
2002; Friedrichsen et al., 2005; Yamaai 
et al., 2005) and we found that Ccn2 also 
colocalized into the placodes in the similar 
manner as Edar in wild type skin. The 
induction kinetics of Ccn2 by recombinant 
EDA in embryonic skin explants was very 
similar to I-кBα, a known direct target 
of NF-κB (Scott et al., 1993; Hoffmann 
et al., 2003). Expression and mouse 
and human CCN2 promoters revealed a 
conserved putative binding site of NF-B. 
Together, these results strongly suggest 
that Ccn2 is a direct transcriptional target 
of Eda signalling mediated via NF-κB.

We also found that Shh expression 
was upregulated in K14-Eda-A1 mice 
and when skin explants were treated 
with EDA-A1. Based on the Shh null 
phenotype, Shh has been thought to 
regulate not the initiation of the hair 
follicle development but the later 
downgrowth and proliferation of the 
hair bud (St-Jacques et al., 1998; 
Chiang et al., 1999). Indeed, no hair 
placode development was seen when 
Eda defi cient skin explants were treated 
with recombinant SHH protein. As NOG 
rescued Eda defi cient skin only partially, it 
might suggest that modulation (inhibition 
in this case) of Bmp signalling alone is not 
suffi cient for mimicking Eda action. As 
NOG was able to rescue Shh expression 

in Eda defi cient skin, Shh is likely to be 
negatively regulated by Bmp signalling in 
wild type skin.  In culture, kinetics of Shh 
upregulation was highly similar to Ccn2 
and analysis of Shh promoter revealed 
putative recognition sites for NF-κB. I  n 
conclusion, our results propose that Eda 
signalling might antagonize Bmp action 
by Ccn2 and follistatin, which enables 
expression of Shh during primary hair 
follicle development. Demonstration that 
Eda induces Bmp inhibitors other than 
noggin may also explain why primary hair 
placodes are unaffected in Nog defi cient 
embryos, which lack the secondary hair 
follicles (Botchkarev et al., 2002). It might 
be that in secondary hair follicles noggin 
is the main repressor of Bmp signalling 
(Botchkarev et al., 2002) and Wnts could 
induce the expression of Shh essential 
for hair development. In mammary 
placodes, Shh transcripts are practically 
absent and Shh is dispensable for placode 
development (Hatsell and Cowin, 2006), 
so it might be that the target genes of the 
Eda signalling would be slightly different 
in different organs. 

Enlarged hair placodes are also seen 
in mice overexpressing β-cat encoding 
stabilized form of β-CAT (Gat et al., 
1998; Närhi et al., 2008; Zhang et al., 
2008). These mouse mutants are thus far 
the only ones displaying precocious hair 
placode development and their analysis 
suggests that β-catenin is upstream of all 
known placode activators as activation 
of β-catenin is sufficient to induce hair 
placode formation. Intriguingly, even 
though Eda signalling is indispensable 
for the formation of the primary hair 
placodes and promotes placodal fate of 
ectodermal cells, forced stabilization of 
β-CAT was able to compensate for the 
absence of Eda signalling as evidenced 
by analysis of embryos with stabilized 
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β-CAT in Eda defi cient background (Närhi 
et al., 2008). These data suggest that Wnt 
signalling would be downstream of Eda 
signalling. However, no agonists of Wnt 
signalling are known to be induced by Eda 
(Närhi et al., 2008; Fliniaux et al., 2008). 
Interestingly, recent studies have indicated 
that Eda signalling is able to induce an 
expression of Dkk4 and thus inhibit Wnt 
signalling during hair placode formation 
(Fliniaux et al., 2008). Hypothesis based 
on these two studies (Fliniaux et al., 
2008; Närhi et al., 2008) is the following:  
Wnt/β-cat signalling is upstream of Eda 
signalling during placode induction but 
during placode formation Eda and Wnt 
pathways would act in parallel perhaps 
inducing both common and specifi c target 
genes to stabilize the placode (Närhi et 
al., 2008; Fliniaux et al., 2008). In line 
with this suggestion is that, unlike in 
embryos with forced β-catenin activity, 
K14-Eda-A1 mice show no precocious 
initiation of hair development nor ectopic 
hair placodes in regions typically devoid 
of hair follicles such as the paw. 

Eda and Troy are redundant during 
secondary hair follicle formation (IV)

Several studies suggest that NF-κB activity 
is required for ectodermal organogenesis 
and Edar signalling activates NF- κB in 
vitro (Schmidt-Ullrich et al., 2001, Yan et 
al., 2000; Koppinen et al., 2001; Kumar et 
al., 2001). Interestingly, using a transgenic 
reporter mouse, active NF- κB signalling 
has been detected in several developing 
ectodermal organs including those that 
are not severely affected in Eda/Edar/
Edaradd mutant mice such as mammary 
glands and whiskers (Bhakar et al. 2002; 
Dickson et al., 2004). These finding 
suggested that the Eda pathway might 
act redundantly with some other (Tnf) 

pathway in those ectodermal organs that 
are still forming in Eda null mice. Troy is 
a likely candidate as it is expressed in an 
overlapping manner with Edar (Kojima 
et al., 2000; Pispa et al., 2003; Schmidt-
Ullrich et al., 2006). Troy has been shown 
to be expressed in secondary hair follicles 
but not in developing primary hair follicles 
(Scmidt-Ullrich et al., 2006; Kojima 
et al., 2000). This could also reflect a 
possible redundancy of Edar and Troy 
signalling during secondary hair follicle 
development. Based on these studies it 
was also proposed that the reason why 
Troy does not compensate for the absence 
of Eda in primary hair placodes was due to 
lack of expression. However, we found a 
weak Troy expression also in developing 
primary hair placodes suggesting that this 
hypothesis may not be true.  

To address the role of Troy in skin 
appendage development, we analyzed 
the phenotype of single Troy null mice in 
detail, but found no obvious ectodermal 
phenotype, which is in line with studies 
made by others (Shao et al., 2005; 
Hashimoto et al., 2008). Double mutant 
mice for Eda/Troy generated by us showed 
a phenotype resembling Eda null mice, 
but in addition to absence of primary hair 
follicles the double mutants lacked also 
secondary hair follicles and exhibited a 
focal alopecia in the mid-crown due to the 
lack of all hair follicles. The phenotype 
might be due to redundant functions 
of Troy and Edar or Troy and Xedar, as 
both Eda-A1 and Eda-A2 isoforms of 
ectodysplasin are missing in Eda mutant 
mice. To clarify this hypothesis Eda/Troy 
double mutant skin was cultured in vitro 
with recombinant EDA-A1 and EDA-A2 
protein at E15.5, at time when the first 
molecular signs of secondary hair follicle 
formation can be detected (Bianchi et al., 
2005). EDA-A1 restored the secondary 
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hair follicle placodes after 24 h in culture 
whereas EDA-A2 had no effect suggesting 
that Eda-A1/Edar rather than Eda-A2/
Xedar funtions redundantly with Troy 
during secondary hair follicle formation. 
This is in line with a study where EDA-A1 
but not EDA-A2 protein was detected in 
developing skin at the time of secondary 
hair follicle formation (Yan et al., 2000). 
In conclusion, Troy is clearly essential 
for secondary hair follicle formation and 
Eda may compensate for it in Troy null 
mutants. 

TROY has long remained an orphan 
receptor. Lymphotoxin α (LT-α), a 
cytokine secreted by lymphocytes and 
able to bind to at least three different TNF 
receptors (LTβR, TNFR1 and TNFR2) 
(Ware, 2005), has been proposed to be a 
ligand for TROY and NF-кB signalling 
was shown to be activated by Lt-α/Troy 
signalling in cultured cells (Hashimoto 
et al., 2008). However, in a previous 
comprehensive study of TNF ligand-
receptor interactions, no ligand for TROY 
was found and no specific interaction 
between LT-α and TROY was observed 
(Bossen et al., 2006). LT-α knockout 
mice either show no ectodermal organ 
phenotype (Cui et al., 2006). Thus, 
the identity of the physiological ligand 
of TROY required for secondary hair 
follicles remains to be clarifi ed.

Edar and Troy signal transduction in 
vivo (IV)

It has been previously shown that 
EDAR-induced NF-κB activation is 
IKK-dependent in vitro (Döffi nger et al., 
2001). EDAR is not able to activate NF-
κB directly but activates EDARADD, 
which binds to TRAFs. EDARADD has 
been shown to bind at least TRAF1-3 and 
TRAF6 in vitro (Headon et al., 2001; Yan 

et al., 2002; Morlon et al., 2005). TRAF6-
mediated IKK activation is transmitted 
by TAB2 and TAK1 proteins. TAB2 is an 
adaptor protein which bridges TRAF6 to 
TAK1 (TGFβ-activated kinase 1) leading 
to TAK1-induced IKK activation. It 
has been shown that TAB2, TAK1 and 
TRAF6 are co-immunoprecipitated with 
EDARADD in cell culture suggesting that 
TAB2/TAK1/TRAF6 complex is involved 
in Edar signalling (Morlon et al., 2005). 
Moreover, dominant negative forms of 
TAB2, TRAF6 and TAK1 block activation 
of NF-κB induced by EDARADD 
(Morlon et al., 2005). These results also 
suggest that kinase activity of TAK1 is 
essential for Edar signalling as it is able 
to phosphorylate IKK complex directly 
(Wang et al., 2001). 

As  d iscussed  above ,  NF-κB 
signalling activity had been detected in 
several developing ectodermal organs but 
no detailed studies had been performed 
(Bhakar et al. 2002; Dickson et al., 2004). 
We analyzed in detail the NF-κB reporter 
activity in developing skin appendages 
during embryogenesis. Reporter activity 
was evident in primary and secondary 
hair placodes, mammary placodes, buds 
and branching organs from E11 onwards 
and in dental placodes at E12, in the 
bud stage teeth at E13, in the enamel 
knot region of the molars at E14–E15 
and in the epithelium of bell stage teeth 
at E16 and at E18. Expression was seen 
also in salivary and lacrimal glands, all 
vibrissae and eyelid structures. With few 
exceptions, no NF-κB reporter activity 
was detected in developing ectodermal 
organs of Eda null embryos. Analysis of 
NF-κB signalling (by the same reporter 
used in our study) releaved that Traf6 null 
mice do not show any NF-κB activity in 
developing skin appendages either, not at 
least when analyzed at E13 (Dickson et 
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al., 2004). In conclusion, it seems that in 
vivo, Eda-A1/Edar signalling is mediated 
by EDARADD/TRAF6/TAB2/TAK1 to 
activate IKK complex and fi nally NF-κB. 

In addition to EDAR, TROY has 
also been shown to bind to TRAF6 in 
vitro (Naito et al., 2002). Traf6 null mice 
have a phenotype resembling that of Eda 
and Edar defi cient mice except that Traf6 
null mice lack hair follicles until E18, 
a phenotype shared by compound Eda/
Troy mutants (Naito et al., 2002; Ohazama 
et al., 2004). Together, these findings 
indicate that Traf6 mediates signalling 
by both Edar and Troy in developing skin 
appendages. 

NF-κB is thought to be dispensable 
for secondary (awl) placode formation 
(Schmidt-Ullrich et al., 2006). Both Eda 
deficient mice and mice overexpressing 

a degradation resistant form of IκB (c 
IκBN mice) have secondary hair placodes 
indicating that Eda and NF-κB are not 
essential for secondary hair formation. 
Secondary hair placodes show no NF-κB 
activity in Eda deficient mice at E15.5 
to E17 i.e. at the time of their initiation. 
These data suggest that the functions of 
Edar and Troy in secondary hair placode 
formation might be mediated by an NF-
κB independent pathway (Figure 12). 
Alternatively, it might be that Edar/NF-
κB signalling is redundant with a Troy/
non-NF-κB pathway, or that Edar and 
Troy both activate NF-κB independent 
pathways, but two different ones, during 
awl placode formation. Identifi cation of 
these NF-κB independent pathway(s) is an 
interesting challenge for future research. 

Results and discussion

Figure 12. Possible redundant functions of Edar and Troy signalling pathways during secondary 
hair follicle development. Edar and Troy pathways might activate the same NF-κB independent 
pathway (1.) or NF-κB-dependent Edar signalling is redundant with NF-κB independent pathway 
activated by Troy (2.). Third option is that Edar and Troy function through two different NF-κB-
independent pathways (3.).
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CONCLUDING REMARKS

This study concentrates on Eda signalling 
during tooth, hair and mammary gland 
development. Our results suggest that Eda 
regulates placode formation or stability but 
not their induction. Eda signalling might 
thus be downstream of yet unknown “fi rst 
dermal signal” (Hardy, 1992; Houghton et 
al., 2005; Schmidt-Ullrich et al., 2006). 
In addition, these results suggest that 
suppression of Bmp signalling is essential 
in primary hair placode development and 
Eda signalling is able to antagonize Bmp 
action during hair placode development. In 
this study, some of the fi rst transcriptional 
target genes were identified, which 
elucidates the Eda action during primary 
hair development. Bmp inhibitors Ccn2 
and Fst were discovered to be under Eda 
signalling. In addition, expression of Shh 
is also regulated by the Eda pathway. 

Eda signalling pathway has been 
studied rather extensively in hair and tooth 
development. On the contrary, Eda action 
during mammary gland development 
is less well understood. Our findings 
suggest that Eda may regulate mammary 
gland develoment at multiple stages 
from embryonic to adult phases. Indeed, 
a recent study focusing on a female 
HED patient having a mutation in EDAR 
revealed complete absence of breasts 
(Megarbane et al., 2008). The specific 
role(s) of Eda signalling during mammary 
gland development will be a challenge for 
future research.

Interestingly, Eda and Troy pathways 
were found out to act redundantly in 
secondary hair follicles and in tertiary hair 
follicles in the mid-cranial region. This 
redundancy explains the hair phenotype 
of Eda defi cient mice, which show only 
one affected hair type. Also, these studies 

indicate that Eda is the main activator 
of NF-κB in ectodermal organs during 
embryogenesis. Studies suggest that 
pathways independent of NF-кB are also 
involved in the formation of secondary 
hair placodes.

Eda signalling pathway is conserved 
and perhaps has a common role in 
inductive signalling in skin appendages 
of different vertebrate species. Recently, 
it was shown that Eda signalling regulates 
the development of the fi ns and scales in 
zebrafi sh and the mutations in zebrafi sh 
Edar  leads to similar phenotypic 
consequenses as in human HED (Harris 
et al., 2008). Also, Eda is known to be 
responsible for adaptive variation of 
the body armor plates in a teleost fish, 
the threespine stickleback (Colosimo 
et al. 2005; Knecht et al. 2007). The 
components of Eda pathway have been 
found to be expressed during feather 
development as well and the expression 
patterns are comparable to mouse 
(Houghton et al., 2005). In conclusion, it 
seems that the Eda pathway can be linked 
into the evolution of skin appendages 
(Pantalacci et al., 2008).

Research focusing on Eda signalling 
pathway and its regulation might be 
beneficial for future medicine. It is 
possible that higlights of the Eda research 
will enable in the future more efficient 
and specifi c diagnosis and treatment for 
patients suffering HED. For instance, 
significant progress has been achieved 
by rescuing Eda deficient mice by 
injecting them with recombinant EDA 
protein (Gaide and Schneider, 2003). 
Also, permanent correction of some of 
the defects such as secondary dentition 
of HED dogs was achieved by postnatal 
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intravenous administration of recombinant 
EDA (Casal et al., 2007). The medical 

applications of the Eda pathway will be 
interesting areas of future research.
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