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Introduction

Summary The mammalian jaw apparatus is ultimately derived from the first bran-
chial arch derivatives, the maxillary and mandibular processes, and composed of a
highly specialised group of structures. Principle amongst these are the skeletal
components of the mandible and maxilla and the teeth of the mature dentition.
Integral to the development of these structures are signalling interactions between
the stomodeal ectoderm and underlying neural crest-derived ectomesenchymal cells
that populate this region. Recent evidence suggests that in the early mouse embryo,
regionally restricted expression of homeobox-containing genes, such as members of
the Dlx, Lhx and Gsc classes, are responsible for generating early polarity in the first
branchial arch and establishing the molecular foundations for patterning of the
skeletal elements. Teeth also develop on the first branchial arch and are derived
from both ectoderm and the underlying ectomesenchyme. Reciprocal signalling
interactions between these cell populations also control the odontogenic develop-
mental programme, from early patterning of the future dental axis to the initiation of
tooth development at specific sites within the ectoderm. In particular, members of
the Fibroblast growth factor (Fgf), Bmp, Hedgehog and Wnt families of signalling
molecules induce regionally restricted expression of downstream target genes in
the odontogenic ectomesenchyme. Finally, the processes of morphogenesis and
cellular differentiation ultimately generate a tooth of specific class. Many of the
same genetic interactions that are involved in early tooth development mediate
these effects through the activity of localised signalling centres within the developing
tooth germ.

© 2003 Elsevier Science Ltd. All rights reserved.

and cranial neural crest-derived ectomesenchyme.
The ectodermal component gives rise only to the

In mammals, teeth form on the oral surface of the
fronto-nasal process and first branchial arch deri-
vatives, the maxillary and mandibular processes and
are derived from two principle cell types, ectoderm
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ameloblasts that form the enamel of the tooth
crown. The remaining structures of the tooth,
including the dentine, pulp and periodontal tissues,
are derived from ectomesenchyme. In the early
embryo, cranial neural crest cells migrate from
the forebrain, midbrain and hindbrain regions to
populate the fronto-nasal, maxillary and mandibu-
lar processes. The generation of a tooth relies
upon a sequence of tightly regulated and reciprocal
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signalling interactions between the ectoderm lining
the future oral cavity and these neural crest-
derived ectomesenchymal cells." Over 200 genes
have now been demonstrated to be active in the
developing tooth, many of which can be viewed
within a comprehensive graphical database of gene
expression profiles, available at http://bite-it.hel-
sinki.fi.*

Embryological origins of the dental
tissues

There have been no detailed fate mapping studies of
the ectodermal origins of developing tooth germs.
Indeed, there has also been the suggestion that
foregut endoderm may have an early role in estab-
lishing the sites of molar tooth development.® In
contrast, the migratory pathways of cranial neural
crest cells have been extensively studied in a variety
of species.®'® The vertebrate neural crest is a
pluripotent cell population, derived from the lat-
eral ridges of the neural plate during the early
stages of embryogenesis. Neural crest cells disperse
from the dorsal surface of the neural tube and
migrate extensively throughout the embryo, giving
rise to a wide variety of differentiated cell types.'
Cell-labelling studies in the mouse have demon-
strated that the fronto-nasal process is formed by
neural crest cells derived from the mid and fore-
brain regions'? and the first branchial arch is popu-
lated by crest cells from more caudal regions of the
midbrain and the hindbrain.'?

Whilst these cell-labelling studies have been use-
ful in the identification of neural crest migratory
pathways in mammals, they have not provided a
comprehensive cell lineage analysis of these cells as
they become terminally differentiated. Recently, a
genetic marker has been utilised to follow neural
crest migration and differentiation in the mouse.
Transgenic mice, generated by conditional gene
knockout and exhibiting ubiquitous lacZ reporter
gene expression in neural crest precursors, have
allowed a method of staining and therefore identi-
fication of these cells at later stages of develop-
ment. This has clearly demonstrated that in the
developing tooth germ, cranial neural crest-derived
ectomesenchyme contributes to the formation of
condensed dental ectomesenchyme at the initial
bud stage and subsequently to the formation of
the dental papilla and follicle. In addition, the
analysis of 6-week-old mice demonstrated defini-
tively a cranial neural crest origin for the odonto-
blasts, dentine matrix, pulp tissue, cementum and
periodontal ligaments of teeth in the adult murine
dentition.™

Early generation of polarity in the first
branchial arch

Teeth are highly specialised structures found
nowhere else in the body; therefore, the evolution
of jawed vertebrates and concomitant development
of a species-specific dentition has provided a unique
identity to the structures derived from the first
branchial arch. A fundamental question is how the
first arch initially becomes patterned in the devel-
oping embryo to ultimately give rise to these char-
acteristic dental and skeletal structures. During
early development the maxillary and mandibular
primordia are broadly divided into an oral region,
which gives rise to the dentition and an aboral region,
which forms the skeletal elements. In the mandibular
arch the oral region lies cranially and the aboral
region more caudally, whilst a converse arrangement
exists in the maxilla. Recently, some progress has
been made in elucidating the molecular mechanisms
that are responsible for patterning these regions.
Homeobox genes are a large group of genes that
encode transcription factors responsible for regulat-
ing the expression of downstream target genes. The
homeobox is a highly conserved 180 base pair
sequence originally discovered in the homeotic
selector genes of the fruitfly Drosophila melanoga-
ster. Homeotic genes are a family of master regula-
tory homeobox genes, ultimately responsible for
specifying segment identity along the anterior—pos-
terior axis of the developing fly. The vertebrate
homologues are the Hox genes and these genes
specify the vertebrate embryonic body axis during
development. In addition, segment-specific com-
binatorial Hox gene expression in migrating neural
crest cells is also responsible for generating diversity
in the branchial arch system.'® However, Hox genes
are not expressed in the first branchial arch and it has
been suggested that this loss of Hox gene expression
has been essential for the skeletal rearrangements to
occur that are necessary for the development of a
jaw.'” Indeed, overexpression of Hox genes in the
first branchial arch neural crest leads to a failure of
differentiation into cartilage and bone.'®'® If Hox
genes are not directly responsible for patterning the
first arch, then what mechanisms exist to establish
the positional fate of these ectomesenchymal cells?
The ectoderm and endoderm that covers the first
arch derivatives is characterised by distinct tem-
pero-spatial regions of gene expression. Many of
these genes encode secreted molecules and one
candidate for playing an early role in patterning
the first branchial arch is the signalling peptide
encoded by Fgf-8. Fgf-8 is amember of the Fibroblast
growth factor (Fgf) family of signalling molecules and
is expressed in the oral ectoderm of the murine first
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Figure 1 Early generation of polarity in the first
branchial arch. (A) Expression of Fgf-8 in the proximal
oral ectoderm of the maxillary and mandibular processes
at E10.5. (B) Expression of Lhx-7 in the tooth-forming
ectomesenchyme of the maxillary and mandibular pro-
cesses at E10.5. (C) Schematic diagram representing the
establishment of rostral-caudal polarity in the mandibular
process at E10. Fgf-8 (light blue) in the rostral ectoderm
induces Lhx-7 (green) in the underlying ectomesenchyme.
Within this rostral ectomesenchyme Lhx-7 inhibits Gsc
(purple) expression, with the result that Gsc is limited to
the caudal regions. Lhx-7 expression is maintained by Fgf-
8 from the oral ectoderm, whilst Gsc is maintained by Et-1
(yellow) in the aboral ectoderm. Note that Et-1 is
expressed throughout the branchial arch ectoderm, but
is only shown in the caudal regions for simplicity. Diagram
adapted from Tucker et al.??

branchial arch from around embryonic day (E) 92%2'

(Fig. 1A). It has been proposed that this specific
expression of Fgf-8 is involved in the early determi-
nation of polarity in the first branchial arch.?? Lhx-6
and Lhx-7 are two LIM homeobox domain genes that
are characteristically restricted to the ectome-
senchyme within the oral half of the first arch?>?3
(Fig. 1B). However, this restricted expression
domain is not an inherent property of these cells;
ectomesenchyme derived from the second branchial
arch, which does not normally express either of these
genes, can be induced to express both Lhx-6 and Lhx-
7 when recombined with ectoderm from the oral
surface of the first branchial arch.?? Fgf-8 is the
most likely candidate as the endogenous inducer,
its epithelial expression domain complements the
ectomesenchymal domains of both genes and beads
soaked in recombinant Fgf-8 protein can induce both
Lhx-6 and Lhx-7 expression in a concentration-

dependent manner in isolated mandibular ectome-
senchymal cultures.?? Goosecoid (Gsc) is another
homeobox-containing gene expressed within the
ectomesenchyme of the first branchial arch, how-
ever, in contrast to Lhx-6 and Lhx-7, Gsc expression is
restricted to the aboral regions?* (Fig. 1C). Consis-
tent with this restricted expression, mice with tar-
geted mutations in Gsc have skeletal abnormalities
of the mandible, including hypoplasia and malforma-
tions in Meckel’s cartilage.?>%¢ Interestingly, Fgf-8
also has an indirect role in defining the expression of
Gsc in the first arch via the induction of Lhx-6 and
Lhx-7, which restricts Gsc expression to the aboral
regions.?% Gsc expression, in turn, is dependent upon
signalling from Endothelin-1 (ET-1) in the aboral
ectoderm of the first arch.?**” ET-1 encodes a sig-
nalling peptide, which is expressed throughout the
mandibular arch ectoderm. ET-1 seems to mediate
these effects on mandibular development through
binding of the ETA receptor, which is expressed
throughout the ectomesenchyme of the mandibular
arch. Targeted mutation of ET-1 or ETA both result in
mandibular skeletal phenotypes similar to those of
Gsc—/— embryos.?”?® The generation of mice exhi-
biting a conditional loss of Fgf-8 function in the
ectoderm of the first branchial arch has further
defined the important role of this signalling peptide
during early patterning.?’ These mice exhibit an
almost complete loss of first arch-derived skeletal
structures. Pertinently, the only structures to
develop are the malleus posteriorly and the mandib-
ular midline anteriorly, including cartilage, bone and
the incisor teeth. In the conditional mutants, the
only region where functional Fgf-8 remains is a small
patch of ectoderm posteriorly. Therefore, whilst
Fgf-8is essential for normal patterning of the major-
ity of the axis of the first arch, distally in the future
incisor regions an alternative regulatory cascade
seems to be important.?’

Distal-less genes incorporate a six-gene family of
mammalian homeobox genes (DIx-1, -2, -3, -5, -6
and -7) that also exhibit highly nested domains of
expression in the branchial arches during early
development.3°~32 Within the mammalian genome,
these genes are arranged in convergent pairs, with
each pair having similar domains of expression (Dlx-
1/-2; DIx-3/-7; DIx-5/-6).>% In particular, along the
rostral-caudal axis of the branchial arches Dix-1 and
-2 are expressed more-or-less continuously, whilst
the expression domains of DIx-5/-6 and DIx-3/-7 are
found to be progressively more restricted in a cau-
dal direction.?"*? The study of mice with targeted
mutations in D{x genes has suggested that a DIx code
of expression might be important in establishing
inter-arch identity within the branchial region.
Certainly, mice with loss of either Dix-1, DIx-2 or
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Dlx-1/-2 function exhibit progressively more severe
anomalies in structures derived from the more ros-
tral regions of the branchial arches, in particular the
maxillary process of the first branchial arch.3?33
Even though they are expressed in caudal struc-
tures, the loss of DIx-1/-2 does not seem to affect
the patterning of these regions because of compen-
satory action by other Dix genes, a finding con-
firmed by the presence of defects in regions of
the mandibular arch of Dix-5—/— mice.?"3*
Further, in mice lacking the function of both Dix-
5 and -6, genes that are only expressed in more
caudal regions of the branchial arches, a homeotic
transformation is found to occur; these mice have a
conversion of mandibular arch structures to max-
illary®> (Fig. 2). Thus, nested DIx gene expression
appears to play a fundamental role in establishing
both the identity of different branchial arches and
the identity of the maxillary and mandibular pro-
cesses of the first branchial arch.

Patterning the dental axis

The mammalian dentition itself comprises a group
of serially homologous structures whose differences
along the proximal-distal axis of the jaw can be
described in terms of changes in both shape and
size. In simple terms, this means that along the
dental axis incisors will develop in the distal regions
and molars more proximally. Mechanisms are there-
fore in place that are responsible for patterning
different regions of the future dentition along this
proximal-distal axis. It is clear from studies of gene
expression that these events occur at the molecular
level within the ectomesenchyme of the mandibular
arch prior to any morphological evidence of the
initiation of tooth development. In recent years,
considerable progress has been made in understand-
ing how positional fate is ascribed to the neural
crest cells that make up the tooth-forming regions
of the first branchial arch.

An odontogenic homeobox code

Hox gene expression is not found in the ectome-
senchyme of the first branchial arch and teeth can
develop in a Hoxa-2 positive environment, suggest-
ing that these genes are not involved in patterning
the dentition and that the evolution of a dentition
has been independent of the loss of Hox gene
expression necessary for the development of a
jaw.3¢ However, a number of subfamilies of homeo-
box-containing genes are expressed in the ectome-
senchyme of the first branchial arch, including
members of the Alx, Barx, Dlx, Lhx, Pitx, Msx and

E10.5 Wild type

BA 2

DIx 1/2  DIx1/2 DlIx 3/7

E10.5 DIx-5/6 knockout

Dix 5/6 DIx5/6 Dlx 3/7

Figure 2 Patterning of the branchial arches by Dix
genes. Schematic diagram representing the restricted
fields of Dix gene expression within ectomesenchyme of
the branchial arches in the developing mouse embryo.
The upper panel represents a wild type embryo at
E10.5. DIx-1/-2 expression (violet) is present within the
ectomesenchyme throughout most of the rostral-caudal
axis of the branchial arches, whilst the domains of DIx-
5/-6 (purple) and DIx-3/-7 (dark blue) expression are
progressively more restricted in a caudal direction.
These expression domains result in normal patterning
of the maxillary (Mx) and mandibular (Md) processes of
the first arch (BA 1) and second arch (BA 2) structures. In
the lower panel a DIx-5/-6 mutant embryo is shown.
In the mutant, a loss of functional DIx-5/-6 results in
re-programming of the mandibular process into an
ectopic maxilla (Mx highlighted in yellow). Alteration of
the DI(x code within the branchial arch system can thus
produce a homeotic transformation. Diagram adapted
from Depew et al.*®

Gsc classes. These genes do not exhibit the genomic
colinearity of Hox genes but they do demonstrate
regionally restricted and highly specific domains of
expression within the ectomesenchyme of the first
branchial arch and it has been suggested that these
gene expression patterns may act to ultimately
specify tooth shape’-*® (Fig. 3). This ‘odontogenic
homeobox code’ infers that for each tooth-forming
region, a specific combination of homeobox genes
within the ectomesenchyme dictates the ultimate
morphology that a tooth primordium will develop
into following initiation.3” There are now examples
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Figure 3 The odontogenic homeobox code. Schematic
diagram illustrating homeobox gene expression in the
ectomesenchyme of the maxillary and mandibular
processes. (A) The restricted ectomesenchymal expres-
sion of several homeobox genes is thought to provide the
necessary spatial information to determine tooth shape.
In the proximal molar-forming regions DI(x-1/-2 and Barx-1
positive ectomesenchyme results in the formation of
molar teeth. In the distal incisor-forming regions Msx-1/-2
and Alx-3 positive ectomesenchyme results in the
formation of incisor teeth. (B) In mice lacking both Dix-1
and DIx-2 function, therefore having DIx-1/-2 negative
and Barx-1 positive ectomesenchyme in the molar-
forming regions, maxillary molars fail to develop. Thus,
whilst DIx-1/-2 are dispensable for mandibular molar
development, they are essential for development of the
maxillary molars. It should be noted that in the maxilla,
incisors do not form instead of molars because Alx-3 and
Msx-1 expression is also required for incisor specifica-
tion. (C) Manipulation of homeobox gene expression,
resulting in ectopic expression of Barx-1 and loss of
Msx-1 (and possibly Msx-2) in the distal incisor-forming
ectomesenchyme produces a transformation of tooth
type; molar teeth form instead of incisors. Thus, a gain
of a molar-patterning gene (Barx-1) and loss of an
incisor-patterning gene (Msx-1) re-directs incisor mor-
phogenesis into molar morphogenesis.

of both loss- and gain-of-function experiments that
go some way to supporting this theory. Targeted
disruption of both DIx- 1 and DIx-2 in transgenic mice
results in an absence of maxillary molar teeth.3%3°
These genes are both expressed in the maxillary and
mandibular molar ectomesenchyme suggesting that
for maxillary molar specification, both Dix-1 and -2
are required. In the absence of DIlx-1 and -2, max-
illary molar ectomesenchyme is re-programmed to
a chondrogenic fate.??3° Recently, a transforma-
tion of tooth type has been demonstrated by manip-
ulating homeobox gene expression in the future
incisor-forming ectomesenchyme of the mandibular
process.*’ Barx-1 (BarH-like homeobox-1) encodes
another homeobox-containing transcription factor
and is homologous to the Drosophila BarH-1 and -2
genes.*! Barx-1 is normally expressed specifically in
the proximal molar-forming ectomesenchyme
where its expression is induced by Fgf-8 in the
overlying ectoderm. This expression domain is
restricted to the proximal regions by antagonistic
signalling from Bmp-4 in the distal incisor-forming
ectoderm. In vitro inhibition of Bmp-4 signalling in
the distal region of the mandibular arch extends the
normal expression domain of Barx-1 and downregu-
lates the normal endogenous expression of Msx-1,
which is normally induced in the distal ectome-
senchyme by Bmp-4 in the overlying ectoderm.
Transplantation of these early incisor regions
(exposed to an altered code of ectopic Barx-1 and
loss of Msx-1) in vivo results in the formation of
multicusped molar teeth rather than incisors. Thus,
an alteration of homeobox gene expression domains
is capable of re-specifying the identity of develop-
ing incisor teeth.*

There are several important points to note with
regard to the homeobox model. Firstly, there is not
one specific gene responsible for each tooth shape;
secondly, the absence of a gene is as important as
the presence in terms of reading the code; and
thirdly, because the code is overlapping it can
specify a wide range of subtle differences in tooth
shape.*? This third point is important because the
peripheral regions of overlap between teeth of
different classes appears to be particularly vulner-
able with regard to human hypodontia.*® In these
cases, teeth at the end of a series (upper lateral
incisors, lower second premolars, third molars)
are those that are most frequently congenitally
absent.*

Induction of the patterning process

The evidence to suggest that restricted patterns of
homeobox gene expression in the ectomesenchyme
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of the first branchial arch derivatives are respon-
sible for patterning the dentition leads to the ques-
tion of how these domains are established. Either
the neural crest cells are pre-patterned prior to
their arrival in the first arch or these domains result
from the interaction of neural crest cells with the
oral ectoderm following migration. Early recombi-
nation experiments of embryonic tissues have
hinted at the latter hypothesis, principally because
they demonstrate that non-first arch neural crest
cells can also support tooth development; the abil-
ity to participate in odontogenesis is not an exclu-
sive feature of the neural crest cells that migrate
into the first branchial arch.*>*¢ The concept that a
relative plasticity of neural crest cells exists has
now found some support at the molecular level. A
role has been established for the presumptive oral
ectoderm in inducing the regionally restricted
homeobox gene expression that occurs in the under-
lying ectomesenchyme of the mandibular pro-
cess.4°’47 48

In the early murine mandibular process prior to
E10, approximately 24 h before any morphological
sign of tooth development has occurred, removal of
the oral ectoderm leads to a rapid loss of almost all
ectomesenchymal homeobox gene expression.
Importantly, the addition of exogenous Fgf-8 onto
these explants is able to restore the expression of
many of these genes, consistent with the idea that
this signalling protein is one source of the signals
responsible for patterning the early maudible.*
However, this response of mandibular ectomesench-
yme to Fgf-8 is highly dynamic (Fig. 4). Prior to E10,
all mandibular ectomesenchymal cells are equally
competent to respond, homeobox genes can be
induced in regions outside their normal restricted
expression domains but only in close proximity to the
source of Fgf-8. By E10.5, whilst removal of the oral
ectoderm still results in downregulation of homeo-
box gene expression in isolated ectomesenchyme,
addition of exogenous Fgf-8 can only restore
gene expression in the original domains. However,
removal at E11 or after does not effect gene expres-
sion, at this stage the ectomesenchymal expression
domains are established and importantly, indepen-
dent of epithelial signals.*’ These findings have ulti-
mately provided a molecular explanation for the
results of previous recombination experiments.
Thus, in the mouse prior to the bud stage the oral
ectoderm is able to induce odontogenesis and deter-
mine tooth type.*>°%" However, the recombination
of dental tissues taken from later stages of develop-
ment has demonstrated that after the bud stage, the
necessary information required for determination of
tooth shape resides in the ectomesenchyme of the
dental papilla.>?
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Figure 4 Responses of mandibular ectomesenchyme to
ectodermal signalling. Schematic diagram illustrating the
time-dependent response of ectomesenchymal homeobox
gene expression to ectodermal signalling in the mandib-
ular process. Light blue shading in the ectomesenchyme
indicates competence to express homeobox-containing
genes, such as Msx-1, Barx-1 and Lhx-7. Dark blue shading
in the ectoderm indicates the position of the active signal
(i.e. Fgf-8). Arrows indicate the direction of signalling
between ectoderm and underlying ectomesenchyme. At
E9.5, ectomesenchymal gene expression is dependent
upon the overlying ectoderm and all regions of the
ectomesenchyme are equally competent to respond. At
E10.5, ectomesenchymal gene expression is still depen-
dent upon the ectoderm, but these expression domains
have now become regionally restricted. At E11.5, the
ectomesenchymal gene expression domains have become
fixed and are no longer dependent upon the overlying
ectoderm. At this stage, the ectomesenchyme is able to
signal back to the ectoderm. Diagram adapted from
Ferguson et al.*

These findings not withstanding, the maxillary and
mandibular ectomesenchyme does seem to respond
differently to ectodermal signalling for certain
genetic pathways.“® Fgf-8 can induce the expression
of DIx-2 and DIx-5 in isolated mandibular ectome-
senchyme, but only DI(x-2 can be induced in maxillary
ectomesenchyme. These observations are consistent
with the observed expression patterns of these two
genes; DIx-2 is expressed in the ectomesenchyme of
the maxillary and mandibular processes, whereas
DIx-5 is essentially only expressed in mandibular
ectomesenchyme.3? However, maxillary ectoderm
is capable of inducing D(x-5 expression in mandibular
arch ectomesenchyme, implying that the ectome-
senchyme of the maxillary and mandibular primordia
behave fundamentally differently to each other.
Further, reciprocal transplantations of isolated ecto-
mesenchyme from the molar regions of the mandible
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or maxilla demonstrate that between E9.5 and
E10.25 the ectomesenchyme of the mandible and
maxilla do not take on the expression characteristics
of their host, they appear to be intrinsically different
in their responses to ectodermal signalling. These
findings invite speculation as to how a seemingly
homogenous population of cranial neural crest cells
that migrate into the maxillary and mandibular pri-
mordia acquire subtle differences in their ability to
respond to instructive signals from the ectoderm.*
Clearly, some degree of pre-patterning may be pre-
sent in these cells.

Initiation of tooth development

Having established discreet and fixed domains of
ectomesenchymal cells that can dictate future pat-
tern in the tooth-forming ectomesenchyme of the
first branchial arch, the next stage is the actual
generation of a tooth. In the mouse, the first mor-
phological sign of tooth development occurs at
approximately E11, with the formation of localised
thickenings at specific locations in the ectoderm of
the maxillary and mandibular processes. These
ectodermal thickenings undergo localised prolifera-
tion to form the tooth buds, and in conjunction with
the condensation of neural crest-derived ectome-
senchymal cells around the bud tips, the tooth
germs are formed. The oral ectoderm is crucial
for this process to occur; only the ectoderm of
the first branchial arch derivatives is able to induce
odontogenesis. 4>:46-51

Early interactions between odontogenic
ectoderm and ectomesenchyme

Some of the first molecular data regarding odonto-
genic initiation has come from studies of Bmp-4
expression in the first branchial arch.>®* Bmp-4 is
one member of a large group of signalling molecules
known as Bone morphogenetic proteins. The expres-
sion domains of Bmp-4 in the maxillary and man-
dibular processes are suggestive of a role in early
tooth development.®® In particular, in the mandib-
ular process from E10, Bmp-4 demonstrates a spa-
tially restricted expression pattern in the
presumptive incisor and, approximately 12 h later,
presumptive molar ectoderm prior to the initiation
of tooth development. However, by the time of
tooth initiation this ectodermal expression is lost
and Bmp-4 begins to upregulate in the underlying
ectomesenchyme in regions corresponding to the
ectomesenchymal condensations beneath the loca-
lised thickenings of the developing tooth germs. At
later stages, Bmp-4 is clearly restricted to the

ectomesenchyme of the bud and cap stage tooth
germs.>37>° Tissue recombination experiments have
further demonstrated that Bmp-4 is able to auto-
regulate its own expression in odontogenic ectome-
senchyme, but this induction is dependent upon
Msx-1.>® Msx-1 (formerly Hox-7) is a member of a
distinct subfamily of homeobox genes which is
widely expressed in craniofacial ectomesench-
yme® € and interestingly, Bmp-4 is also able to
induce the expression of Msx-1in oral ectomesench-
yme.>32%%6 A feedback loop seems to exist between
Bmp-4 and Msx- 1; once the expression of Bmp-4 has
shifted to the ectomesenchyme, the continued
expression of these two genes becomes indepen-
dent of the ectoderm. The subsequent progressive
localisation of Msx-1 expression to the developing
ectomesenchyme of the tooth buds is a direct result
of this interaction.®® Of particular interest is the
finding that the timing of Msx-1 localisation to the
ectomesenchyme around the tooth buds coincides
with the shift in odontogenic potential that occurs
from ectoderm to the ectomesenchyme. Further,
the analysis of mice with targeted mutations in Msx-
1 reveals that in the absence of functional Msx- 1, all
tooth development arrests at the bud stage.®' These
findings demonstrate that Msx-1 is essential for
normal tooth development to occur.

Bmp-4 can also induce the expression of Lym-
phoid enhancer-binding factor 1 (Lef-1) in dental
ectomesenchyme in a manner independent of Lef-1
transcription itself.®? Lef-1, a member of the high
mobility group (HMG) of proteins, is a cell type-
specific transcription factor found in a number of
tissues in the developing mouse embryo.%? %4
Within these cells, Lef-1 is known to be involved
in mediating transcription of downstream targets
during Wnt signalling. The Wnt gene family incor-
porates a large group of developmental genes that
encode secreted cysteine-rich glycosylated pro-
teins.® Early in tooth development Lef-1 is initially
expressed in the ectodermal thickenings, but during
the bud stage this expression shifts to the conden-
sing ectomesenchyme. At later stages of develop-
ment, Lef-1 transcripts continue to be localised to
the ectomesenchymal component of the tooth germ
but also upregulate in ectodermal cells of the
enamel knot.® In Lef-1—/— mice, whilst the initia-
tion of tooth development occurs, the dental
papilla fails to form and in all the teeth a simple
rudimentary bud remains as the only evidence of
any odontogenesis.®® Recombination experiments
between tissues derived from normal and mutant
embryos have demonstrated that in the tooth, Lef-1
in the dental ectoderm is both necessary and suffi-
cient to overcome the developmental arrest in
tooth development. Once the dental papilla had
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formed, Lef-1 is no longer required for morphogen-
esis. Therefore, Lef-1 in the dental ectoderm
appears to be essential for the induction of the
ectomesenchyme to form a dental papilla, but is
dispensable for both initiation and later cytodiffer-
entiation.®?

Sonic hedgehog

Another important component of the odontogenic
initiation process is the signalling peptide encoded
by the Sonic hedgehog (Shh) gene. In the murine
first branchial arch at E11.5, the expression of Shh is
highly localised to the ectodermal thickenings of
the future tooth germs.®”~"" There is evidence to
suggest that this restricted domain of Shh is respon-
sible for inducing localised proliferation of the
dental ectoderm as it invaginates into the under-
lying ectomesenchyme to form a tooth bud. The
addition of Shh protein, ectopically to tooth germs
or non-dental oral ectoderm, has been shown to
alter the morphology of tooth germs and to create
ectodermal thickenings or invaginations in the non-
dental ectoderm.”® In addition, pharmacological
inhibition of Shh signalling in E10.5 murine mandib-
ular processes in vitro results in an arrest of tooth
development associated specifically with reduced
levels of ectodermal proliferation.®® Further, con-
ditional inactivation of Shh in developing tooth
germs from slightly later stages of tooth develop-
ment results in a reduction in size of the tooth bud.”?

A number of proteins are known to be involved in
the Shh signalling pathway, including the receptor
complex formed by the transmembrane domain
proteins Patched (Ptc) and Smoothened (Smo)
and the Gli family of zinc finger transcription fac-
tors.”>”* Unusually for a signalling pathway, binding
of Shh ligand to the Ptc receptor relieves Ptc-
mediated repression of Smo, which then activates
the pathway.”® Gli transcription factors have been
demonstrated to have both activating and inhibitory
roles in downstream signalling within the cell.”®””
These components of the pathway are widely
expressed in both the ectoderm and ectomesench-
yme of the developing tooth.®” 7! The Shh pathway
is known to be a powerful signalling cascade in both
embryonic and adult tissues.”*”* Mutations in the
human PTC gene are associated with the autosomal
dominant Nevoid Basal Cell Carcinoma syndrome
(NBCCS or Gorlin syndrome).”® Patients with NBCCS
exhibit a wide range of phenotypes including multi-
ple basal cell carcinomas (BCC), recurring kerato-
cysts of the jaws and a predisposition to
medulloblastoma and meningioma. PTC mutations
have also been described in sporadic BCC, the most
common form of Caucasian human cancer.” 8" It is

clearly important that this signalling cascade is
appropriately restricted given its potent regulatory
effects upon the cell cycle and this is reflected in
the fact that many of the constituent components
are intimately involved in inhibition of the signal.
The demonstration that Shh protein has a direct
long-range mode of action during odontogenesis
suggests that it is also important to restrict Shh
signalling in the tooth-forming regions of the first
branchial arch.®? Several recently discovered inhi-
bitors of this pathway are expressed in the periph-
eral regions of odontogenic ectomesenchyme,
providing some insight into how this restriction
occurs. These include Gas-1, a glycosylphosphati-
dylinositol-linked membrane glycoprotein®® (MTC,
PTS unpublished observations) and Hedgehog-inter-
acting protein (Hip). Hip encodes a membrane-
associated glycoprotein that can bind Shh directly
and attenuate the signal.®* During odontogenesis,
Hip expression is not found immediately adjacent to
Shh-expressing cells, but rather at a distance and
separated by cells expressing Ptc. Hip therefore
seems to function in preventing the spread of excess
Shh ligand beyond an immediate Ptc-induced zone
in odontogenic ectomesenchyme.®

This highly localised role of Shh, inducing prolif-
eration of dental ectoderm at specific tooth-form-
ing sites along the future dental axis, makes the
restriction of Shh transcription crucial in ensuring
that tooth buds form in the correct place. Recent
evidence in the mouse has demonstrated a mechan-
ism whereby Shh transcription is restricted to the
tooth-forming regions of the first branchial arch.”
At E11.5, whilst Shh is localised to the ectodermal
thickenings of the future incisor and molar teeth,
the expression of Wnt-7b, a member of the Wnt
gene family, is continuous throughout the oral ecto-
derm but noticeably absent from the tooth-forming
regions that express Shh (Fig. 5). This expression
pattern implies a possible relationship between
these two genes in restricting Shh to the future
dental ectoderm. The overexpression of a Wnt-7b
murine retrovirus throughout the ectoderm of man-
dibular explants in vitro results in downregulation of
Shh transcription in dental ectoderm and an arrest
of tooth development at the ectodermal thickening
stage. Further, this odontogenic phenotype is a
direct result of the absence of Shh transcription
in the dental ectoderm; exogenous Shh protein
delivered to the tooth-forming regions via agarose
beads is able to rescue tooth development when
these explants are cultured in vivo.”" These results
are of particular significance for two reasons:
firstly, they are some of the first to demonstrate
how early regionalisation of first branchial arch
ectoderm is controlled and secondly, they suggest
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Figure 5 Expression of Shh and Wnt-7b in first branchial
arch ectoderm. Coronal sections through the incisor and
molar tooth-forming regions of the mouse embryo at
E11.5, demonstrating Shh expression restricted to the
ectodermal thickenings of the developing teeth (A, C, E)
and Wnt-7b expression throughout the oral ectoderm,
but noticeably absent from the tooth-forming regions (B,
D, F). The developing teeth are outlined in red. (A and B)
Maxillary incisors; (C and D) Mandibular incisors; (E and F)
Maxillary and mandibular molars. The schematic diagram
below represents the restricted Shh expression in the
future incisor and molar ectoderm of the first arch and
expression of Wnt-7b throughout the oral ectoderm.
Note that Wnt-7b is not expressed in dental ectoderm
and it inhibits Shh expression in these regions.

considerable conservation in the mechanisms
involved in establishing ectodermal boundaries dur-
ing development. A similar interaction exists
between hedgehog and wingless signalling in the
ectoderm of Drosophila.®®®” These genes are the
homologues of Shh and Wnt-7b in the fruitfly and
they interact to establish boundaries in the ecto-
derm of the developing Drosophila larvae.

Tooth morphogenesis

Morphogenesis is the process whereby the dental
lamina generates a tooth with a characteristic mor-
phology. Initiation essentially links patterning
with morphogenesis, but integral to all of these

mechanisms is differentiation, whereby the consti-
tuent epithelial and mesenchymal cells of the tooth
germ ultimately form the specific structures of the
adult tooth.?3 The transition from bud to cap stage
is a critical step in tooth morphogenesis, marking
the onset of development of the tooth crown.
Integral to this process is the primary enamel knot,
a discreet, non-proliferating and transient signal-
ling centre, which is formed by ectodermal cells
situated at the tip of the tooth bud.31

Initially, the primary enamel knot is thought to be
involved in directing the formation of the cap stage
tooth germ. Tooth development arrests at the bud
stage in a number of mouse mutants, including Lef-
1, Msx-1 and Pax-9 and no enamel knots develop in
these arrested tooth buds.®'"®>°? As a proposed
signalling centre, the primary enamel knot
expresses many of the signals seen in early odonto-
genic ectoderm.” In the developing murine molar
tooth, the first site of enamel knot cells occurs in
the mesial part of the bud ectoderm, marked by the
localised expression of Shh, Bmp-2, Bmp-7 and Fgf-
9.21:9% These cells also express p-21 (a cyclin-depen-
dent kinase inhibitor of cell proliferation) just prior
to their withdrawal from the cell cycle.®° This induc-
tion of the primary enamel knot is thought to be a
prerequisite for tooth development to proceed to the
cap stage’ and there is evidence to suggest that Bmp
signalling is involved in this induction. Both Bmp-2
and Bmp-4 are able to induce p-21 and Msx-2 expres-
sion in explants of oral ectoderm; thus, ectome-
senchymal Bmp-4 may serve this function in vivo.%’
In addition, in several of the mouse mutants where
tooth development fails to progress beyond the bud
stage, Bmp-4 expression is downregulated in the
odontogenic ectomesenchyme.®'-62:92

By the cap stage, the primary enamel knot forms
a recognisable histological structure within the
internal enamel epithelium and is clearly demar-
cated by the continued expression of Shh, Bmp-2,
Bmp-7 and Fgf-9, with additional upregulation of
Bmp-4, Fgf-4 and members of the Wnt signalling
family.2!-69-88:90.93 The |ocalised expression of Shh
in the enamel knot indicates a further role for this
signalling pathway during tooth morphogenesis and
the generation of mice lacking Shh function speci-
fically in the tooth germ has confirmed this.”? Whilst
the incisor and molar teeth are present in these
mutant mice, they are generally small and abnor-
mally shaped. In addition, the dental cords are
absent and the teeth fuse to the oral ectoderm,
with an associated failure of alveolar bone forma-
tion on the oral side of the tooth crypts. Whilst a
normal enamel knot is present in the mutant tooth
germs (identified by an absence of proliferation,
high incidence of programmed cell death and the
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normal restricted expression of enamel knot marker
genes), in cells of the lingual epithelium both Wnt-
10b and Lef-1 are inappropriately expressed. These
genes are normally restricted to the enamel knot
and it would appear that in the absence of Shh, cells
of the lingual epithelium undergo a partial fate
change, assuming some characteristics of the less
proliferative enamel knot population. Shh would
seem to be required for asymmetrical development
of the dental cap, which is an essential part of
normal odontogenesis being responsible for the
production of normal cuspal architecture that dif-
ferentiates teeth of different classes.”? Fgfs are
also candidates for being key signals in regulating
the growth and folding of the enamel organ after
the bud stage. In transgenic mice overexpressing a
soluble negative Fgf receptor’ and lacking a func-
tional Fgfr-2 receptor Illb isoform”® tooth morpho-
genesis fails to progress beyond the bud stage.
Further, Fgf peptides have been shown to act as
potent mitogens in both dental ectoderm and ecto-
mesenchyme.?%%¢ These findings present something
of a paradox in that the primary enamel knot
expresses a number of growth stimulatory signals,
whilst its own cells remain non-proliferative.’ How-
ever, a region of non-dividing cells within an area of
active proliferation within the internal enamel
epithelium may well explain the basic mechanism
of folding of the enamel organ. The importance of
the primary enamel knot has been demonstrated in
the analysis of Downless mutant mice. In these mice
the primary enamel knot is absent, the cells being
distributed in a different shape with altered expres-
sion of signalling molecules. The molar teeth of
these mice are considerably reduced in size and
have flattened cusps that are reduced in number.®’
Between E14.5 and E15 in the developing mouse
molar, the primary enamel knot progressively dis-
appears in a mesial direction with the cells being
removed by apoptosis.®®' The mechanism by which
this apoptosis is induced is not fully understood,
however, Bmp-4 is a candidate for regulating this
activity. Bmp-4 expression is closely associated with
cells undergoing apoptosis in the cap stage primary
enamel knot and recombination experiments have
demonstrated that Bmp-4 can induce apoptosis in
mandibular explants.®’

In teeth with many cusps, after the disappear-
ance of the primary enamel knot at the late cap
stage, secondary enamel knots form at the sites of
the future cusp tips within the internal enamel
epithelium.® These secondary knots are intimately
involved with regulating formation of the bell stage
tooth germ. In common with the primary enamel
knots, the secondary enamel knots are non-prolif-
erative, show localised expression of Fgf-4 and are

also ultimately removed by apoptosis.®®°" Apopto-
sis in the secondary knots is also closely associated
with the expression domains of Bmp-4.>* The sec-
ondary enamel knots mark the first signs of a spe-
cies-specific cusp pattern and their normal
positioning is clearly important for this process to
occur. In the Tabby mouse mutant, molar cusp
patterns are compressed and the tips of the cusps
are close to each other or completely absent. In
these mice, deficient growth of the internal enamel
epithelium leads to inappropriate approximation of
the secondary enamel knots, resulting in these
cuspal defects.”® This control of secondary enamel
knot spacing may well be dictated by the highly
localised expression of Fgf-4 within the knots them-
selves, accompanied by more diffuse expression
domains of other signals such as Shh in the ectoderm
and Bmp-4 in the ectomesenchyme.” The exact
mechanisms involved in controlling this differential
growth are not, however, well understood.

Human tooth agenesis

The absence of one or more teeth is a common
developmental anomaly in man and whilst this con-
dition is not life threatening, it can represent a
significant clinical problem. The incidence of miss-
ing teeth or hypodontia has been reported to vary
from 1.6 to 9.6%, excluding third molars, which are
absent in around 20% of the population.** Interest-
ingly, the incidence of missing teeth in the primary
dentition is considerably lower, reported to be
between 0.5 and 0.9% in a sample of Finnish chil-
dren.”® Several types of hypodontia are recognised
in humans; the absence of one or a few or many
teeth can occur as an isolated condition and is
essentially a reflection of normal variation. Alter-
natively, hypodontia can be associated with one of
the number of clinically recognised syndromes.
Recent advances in our understanding of the
molecular mechanisms involved in murine tooth
development have led to the identification of many
candidate genes that might be involved in human
hypodontia. A study by Nieminen and colleagues
analysed the relationship of MSX-1 and MSX-2 to
familial incisor-premolar hypodontia in five Finnish
families with a total of 20 affected individuals.
However, linkage analysis excluded these genes
as loci for this form of hypodontia.'® Nevertheless,
these findings did not rule out a defect in either
of these genes being associated with other forms
of hypodontia and genetic linkage analysis of a
family affected with a rather more severe form,
involving the absence of all second premolars and
third molars, has identified a causative locus on
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chromosome 4p where the MSX-1 gene resides.'”'
Sequence analysis demonstrated a missense muta-
tion within the homeodomain of the MSX-1 protein
in all affected family members. This protein was
subsequently found to be inactive in vivo and hap-
loinsufficiency concluded to be the probable cause
of the phenotype.'®? Interestingly, a mutation in
PAX-9 has also been identified in association with
severe hypodontia in a family affected with agen-
esis of most permanent molars and a variable
absence of second premolars and mandibular inci-
sors. The insertion of a Guanine at position 219
produced a frameshift and premature termination
of the protein. In addition, the mutation also
altered the amino acid sequence within the highly
conserved paired-domain.'®

Whilst several other genes have been excluded as
candidate genes for familial incisor-premolar hypo-
dontia, notably EGF, EGFR and FGF-3,"%* progress
has been made in the elucidation of genes mutated
in several forms of syndromic hypodontia. A Dutch
family showing various combinations of cleft lip,
cleft palate and tooth agenesis were demonstrated
to have a nonsense mutation in exon 1 of MSX-1.%°
Further, Kere, Srivastava and co-workers'% suc-
ceeded in cloning the EDA (or EDA-1) gene, respon-
sible for X-linked anhidrotic ectodermal dysplasia
(EDA), a disorder associated with defects in the
hair, skin, nails and teeth. The tooth defect man-
ifests as severe hypodontia with abnormalities in
the size and shape of the remaining dentition.
Interestingly, the gene responsible for the sponta-
neous X-linked mouse mutation Tabby, which has
an identical phenotype to EDA, has also been
cloned.' "% The products of these genes are a
group of alternatively spliced novel transmembrane
proteins called Ectodysplasins, with some homology
to tumour necrosis factor (TNF)-like proteins.'%®~
""" The analysis of Tabby mice has suggested that
the tooth phenotype is essentially due to deficien-
cies in growth of the dental ectoderm.’® Further,
the Downless mouse mutant, which has an indis-
tinguishable phenotype from Tabby, has been
demonstrated to have mutations in the ectodermal
dysplasia receptor (Edar) gene, which encodes a
novel member of the TNF receptor family.''? Muta-
tions in the human homologue of mouse Downless
cause autosomal recessive and autosomal dominant
EDA, both clinically indistinguishable from the more
common X-linked EDA.""® Whilst the precise devel-
opmental mechanisms responsible for these various
forms of hypodontia are not fully understood, the
findings that premolars, lateral incisors and third
molars are the teeth most frequently affected
invites speculation that the timing of their devel-
opment, being the last teeth within each series to

develop, may make them more susceptible to fall-
ing below a developmental threshold.*?

Conclusions

As this review has demonstrated, considerable pro-
gress has been made over the last decade in dis-
seminating some of the molecular mechanisms that
are involved during early development of the jaws
and dental tissues, but areas do still remain where
relatively little is known. In particular, how the
early domains of signalling peptides are established
in first branchial arch ectoderm prior to odonto-
genic initiation. Nonetheless, with advances in our
present knowledge likely to increase with the pace
that has occurred over the last decade, a much
more thorough understanding can be expected
in the not too distant future. This may well lead
to the application of genetic engineering in the
treatment of many craniofacial anomalies, includ-
ing hypodontia.
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