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Four  conserved  signaling  pathways,  including  the  bone  morphogenetic  proteins  (Bmp),  fibroblast  growth
factors  (Fgf),  sonic  hedgehog  (Shh),  and  wingless-related  (Wnt)  pathways,  are each  repeatedly  used
throughout  tooth  development.  Inactivation  of  any  of  these  resulted  in  early  tooth  developmental  arrest
in mice.  The  mutations  identified  thus  far  in  human  patients  with  tooth  agenesis  also  affect  these  path-
ways.  Recent  studies  show  that  these  signaling  pathways  interact  through  positive  and  negative  feedback
loops  to  regulate  not  only  morphogenesis  of  individual  teeth  but also  tooth  number,  shape,  and  spatial
pattern.  Increased  activity  of  each  of  the Fgf, Shh,  and  canonical  Wnt  signaling  pathways  revitalizes  devel-
opment  of  the  physiologically  arrested  mouse  diastemal  tooth  germs  whereas  constitutive  activation  of
canonical  Wnt  signaling  in the  dental  epithelium  is  able  to  induce  supernumerary  tooth  formation  even  in
the absence  of  Msx1  and  Pax9,  two transcription  factors  required  for normal  tooth  development  beyond
the early  bud  stage.  Bmp4  and  Msx1  act in  a positive  feedback  loop  to  drive  sequential  tooth  formation
whereas  the  Osr2  transcription  factor  restricts  Msx1-mediated  expansion  of the  mesenchymal  odonto-

genic  field  along  both  the  buccolingual  and  anteroposterior  axes  to  pattern  mouse  molar  teeth  in a  single
row.  Moreover,  the  ectodermal-specific  ectodysplasin  (EDA)  signaling  pathway  controls  tooth  number
and  tooth  shape  through  regulation  of  Fgf20  expression  in  the  dental  epithelium,  whereas  Shh  suppresses
Wnt  signaling  through  a negative  feedback  loop  to regulate  spatial  patterning  of  teeth.  In this article,  we
attempt  to  integrate  these  exciting  findings  in  the understanding  of  the  molecular  networks  regulating
tooth  development  and  patterning.
©  2013  Elsevier  Ltd. All  rights  reserved.

ontents

1. Introduction  .  . . .  . .  .  . .  .  . . .  .  . . .  . . .  . . . .  . . .  .  . . .  .  . . .  .  . . . . . . . . . .  . . . . . . .  .  . . . . . . .  . . . .  . . .  . . .  . . . . . . .  . . . . .  . . .  . . . . .  . . .  . . .  . .  .  .  . . .  . . .  .  . . .  . .  .  . .  . . . . . . . . . . .  .  . .  . .  .  . .  .  . . 62
2.  The Bmp,  Fgf,  Shh,  and Wnt  signaling  pathways  are each  repeatedly  required  for  tooth  initiation  and  morphogenesis  .  .  .  . . .  . .  .  . .  .  . . . . . . .  . . . . .  . . 62

2.1.  Regulation  of  tooth  initiation  and  tooth  bud  formation .  . . . .  . . . . . .  . .  . . . . .  .  . . .  . . . . .  . .  . . .  . . . .  . . . .  .  .  . . . . . .  . . .  . . .  . . . .  . . . .  . . .  . . . . .  .  . . . .  .  . .  .  . .  .  . .  .  . 62
2.2. Formation  of the  primary  enamel  knot  and  tooth  morphogenesis  . .  . . .  . . . . . . .  .  . .  .  . . . . . .  . . . . . . .  . . . . . . .  . . .  . . . .  .  . . . . .  .  .  .  .  .  . . . . . .  . . . .  .  .  .  . . .  . .  .  .  63

3.  An  integrated  network  of  activators  and  inhibitors  of  the  Bmp,  Fgf,  Wnt,  and  Shh  pathways  regulates  tooth  number  and  pattern  along  the
tooth  row  . .  .  . . . .  .  . .  .  . . .  .  . . .  .  . . .  .  . .  .  . . .  . . .  .  . . .  .  . . .  .  . . . . . . .  . . .  . . .  .  . . . .  . . . . .  . .  . . .  . . .  . . . . . .  .  .  . . .  .  . .  .  . . .  . .  . . .  . . . . . . .  . . .  . . . .  .  . . . .  .  .  . . . .  .  . . . .  .  . .  .  .  .  .  . . .  .  . .  .  63

3.1.  Regulation  of  tooth  number  in  mice  by  the  Sprouty  family  of  antagonists  of  Fgf  signaling  . .  . .  . . .  .  . . . . . . .  .  . . . . . . . .  . .  .  .  . . .  .  .  . . . . . . . .  .  .  . . .  .  . .  63
3.2.  Supernumerary  tooth  formation  resulting  from  increased  Shh  signaling  in  the mouse  embryonic  diastema  mesenchyme  . .  . . .  .  . .  . . . . .  . .  64
3.3.  Sostdc1  and  Lrp4  function  as a ligand–receptor  pair  to  regulate  tooth  number  and  tooth  shape  via  suppression  of canonical  Wnt

signaling  .  . . . .  . . . . .  . . . . . .  . . .  .  . . .  .  . . .  . . . .  .  . . .  . . .  .  . . . .  . . .  . . . . . . .  .  .  . . .  . . . .  . . .  . .  .  . . . . . .  .  . . . . .  . . .  . . . . . . . .  . .  . . . .  .  . . .  . . .  .  . .  .  . . .  .  . . . .  .  .  .  . . .  .  . . .  . . .  . . .  .  . . 64
3.4.  The  ectodysplasin  (Eda)  signaling  pathway  regulates  tooth  number,  size,  and  shape  through  Fgf20  . .  . . .  . . . .  .  . . . . . . . . .  .  .  .  . . .  .  . . . . . . . . .  .  . . 65

4.  The  Bmp4–Msx1  positive  feedback  loop  propagates  mesenchymal  odontogenic  potential  for  sequential  tooth  formation  . . . . . . . .  .  . .  . . . .  .  .  .  .  .  . .  65
5.  Osr2  patterns  mammalian  molar  teeth  into  a single  row  by antagonizing  Msx1-mediated  expansion  of  the  mesenchymal  odontogenic  field  . . 66

6.  Concluding  remarks  .  .  . . .  .  . . .  .  . .  . . . .  . . . .  . . .  .  . . . .  . . .  .  . . .  .  . . .  . . . . . . .  . . . . . . .  . . .

Acknowledgements  .  .  . . . . . .  . . . .  . . .  . . . .  .  . . .  .  . .  .  .  . .  .  .  . . .  . .  .  .  . . . . . .  . . . . . . . .  .  . .
References  . .  .  . . .  . .  . . . . . . . . . . .  . . . .  . . .  .  . . .  .  . . .  . . . . . . . . . . .  . . . .  . . .  . . . .  . .  .  .  . . .  . . .

∗ Corresponding author at: Division of Developmental Biology, Cincinnati Children’s Ho
el.:  +1 513 636 3212; fax: +1 513 636 4317.

E-mail address: Rulang.Jiang@CCHMC.Org (R. Jiang).

084-9521/$ – see front matter © 2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.semcdb.2013.12.003
 .  . . . . . . . . .  . . .  . . .  . . .  . . . .  .  . . . . .  . .  . . .  . . .  . . . . .  . .  .  . . .  .  . . . .  .  .  . .  . .  .  . . . . . . . . .  .  . . . . 67
 . . . .  . .  . . . .  . .  . . . . .  . . .  . . . .  . . . .  . . . . . . .  . . . . . . . .  . .  . . . . .  .  .  .  .  .  . . . . . .  .  . . .  .  . .  .  . . .  .  .  68

 .  . . .  . . . . . . . . . . . .  . . .  . . . .  .  . . . . . . . .  . . . . .  .  . . . .  . . .  .  . . .  . .  .  . . . .  .  .  . . . . . . . .  . .  . . .  .  . .  68

spital Medical Center, 3333 Burnet Avenue, MLC  7007, Cincinnati, OH 45229, USA.

dx.doi.org/10.1016/j.semcdb.2013.12.003
http://www.sciencedirect.com/science/journal/10849521
http://www.elsevier.com/locate/semcdb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.semcdb.2013.12.003&domain=pdf
mailto:Rulang.Jiang@CCHMC.Org
dx.doi.org/10.1016/j.semcdb.2013.12.003


6 elopm

1

c
t
o
c
g
(
t
u
d
o
w
m
p
m
r

i
e
r
m
i
[
b
l
t
t
s
t
i
e
s
t
g
d
p
g
s
o
i
o
p
i
m
t
(
F
m

2
r

n
m
l
a
a
b
i
f
f
o

2 Y. Lan et al. / Seminars in Cell & Dev

. Introduction

Cell–cell interactions through signal transduction pathways are
rucial for the development of all multicellular organisms. Despite
he enormous number of distinct cell types and a wide variety
f tissue structures and patterns in the animal kingdom, a few
onserved cell–cell signaling pathways, including the fibroblast
rowth factor (Fgf), hedgehog, transforming growth factor-beta
Tgf�) and wingless-related (Wnt) signaling, are used repeatedly
o regulate most of the developmental programs within individ-
al animals and throughout vertebrate evolution [1]. Whereas
ecades of genetic and biochemical studies have identified many
f the molecular components of each of these signaling path-
ays and revealed extensive cross-talk among them, the detailed
echanisms regarding how they are modulated and how new com-

onents are integrated into existing signaling networks to control
orphogenesis and patterning during mammalian organogenesis

emain to be elucidated.
Teeth, like many organs, form through sequential and reciprocal

nductive interactions between the adjacent epithelium and mes-
nchyme [2–5]. Tooth development is largely independent from the
est of the body, and isolated, even dissociated and recombined,
ammalian tooth germs can continue to develop to mineral-

zed teeth upon transplantation to ectopic sites in adult animals
6,7], such as the renal capsule. Thus, tooth development has long
een used as a model for studying inductive interactions regu-

ating organogenesis. In addition to allowing detailed analysis of
he mechanisms regulating initiation, morphogenesis, and matura-
ion of the individual organ, teeth exhibit species-specific number,
hape, and patterns, and therefore provide a general paradigm for
he studies of molecular mechanisms of developmental pattern-
ng and of evolution [8,9]. Through combinations of experimental
mbryological manipulations and transgenic and gene knockout
tudies in mice, research in the past 20 years have investigated
he roles of each of the major signaling pathways in tooth organo-
enesis [2–5,10–13]. Whereas many mutant mice exhibit tooth
evelopmental arrest phenotypes and revealed requirements of
articular genes and pathways for specific steps of tooth organo-
enesis [10], several transgenic or gene-knockout mutant mouse
trains exhibit alterations in the number, shape, and/or pattern
f teeth, of which recent studies have provided fascinating new
nsights into the integration of signaling networks regulating tooth
rganogenesis and dentition patterning [13]. Many review articles
ublished previously provide excellent references on the progress

n the studies of the molecular mechanisms of tooth develop-
ent [2–5,9–13]. In this review, we highlight the integration of

he actions of networks of activators and inhibitors of the Bmp
bone morphogenetic proteins, members of the Tgf� superfamily),
gf, Shh, and Wnt  signaling pathways in the regulation of tooth
orphogenesis and spatial patterning of the dentition.

. The Bmp, Fgf, Shh, and Wnt  signaling pathways are each
epeatedly required for tooth initiation and morphogenesis

Whereas most of our understanding of the molecular mecha-
isms of tooth development has been derived from studies using
ouse models, the basic steps of tooth organogenesis are simi-

ar in all vertebrates [8,9]. In mice, tooth development begins as
 thickening of the oral epithelium, termed dental lamina (Fig. 1A),
t 11 days of gestation (E11). The dental lamina proliferates and
uds into the underlying neural crest-derived mesenchyme and
nduces the mesenchyme to condense around the epithelial bud
rom E12 to E13 (Fig. 1B). The dental mesenchyme in turn induces
ormation of an epithelial signaling center in the distal region
f the epithelial bud, termed primary enamel knot, which drives
ental Biology 25–26 (2014) 61–70

tooth morphogenesis through the “cap” and “bell” stages (Fig. 1C
and D). As development proceeds, the epithelial cells in contact
with the dental papilla mesenchyme differentiate into ameloblasts
and the adjacent mesenchymal cells differentiate into odontoblasts
(Fig. 1E) [14]. The ameloblasts and odontoblasts deposit enamel and
dentin matrices, respectively back-to-back and subsequent miner-
alization of these matrices forms the hard tissues of the tooth [6].
Thus, formation of each individual tooth, from its initiation through
morphogenesis to cytodifferentiation, involves an extensive series
of reciprocal interactions between the dental epithelium and the
neural crest derived mesenchyme.

2.1. Regulation of tooth initiation and tooth bud formation

At the beginning of tooth development, multiple members of
the Bmp, Fgf, and Wnt  families, including Bmp2, Bmp4,  Bmp7, Fgf8,
Fgf9, Wnt4, Wnt6, Wnt10a, and Wnt10b, and Shh are expressed in the
presumptive dental epithelium [15–22]. Blocking each of these four
signaling pathways at the beginning of tooth development genet-
ically or in explant culture causes tooth developmental arrest at
the dental lamina or early bud stage [4,5,7,10–12]. Bmp  and Fgf
signaling is necessary for activation of expression of the Msx1 and
Pax9 transcription factors, respectively, in the presumptive tooth
mesenchyme [17,19,22,23]. Mice lacking either Msx1 or Pax9 func-
tion exhibit tooth developmental arrest at the bud stage [24,25].
Expression of Bmp4 shifts from the presumptive dental epithe-
lium to the developing tooth mesenchyme at the early bud stage
during normal tooth development and is significantly reduced in
the developing tooth mesenchyme in either Msx1−/− or Pax9−/−

mutant mice [17,25,26]. In addition, Fgf8 induces Fgf3 expression
in the dental mesenchyme in an Msx1-dependent manner [27].
Although teeth develop nearly normally in Fgf3−/− mutant mice
[28,29], mice homozygous for null mutations in both Fgf3 and Fgf10,
which are both expressed in the developing tooth mesenchyme,
exhibit tooth developmental arrest at the bud stage [29]. Fgf8 also
induces expression of Inhibin-ˇA (Inhba) (also known as Activin-
ˇA), another member of the Tgf� superfamily, in the developing
tooth mesenchyme [30]. Mice lacking Inhba function exhibit early
developmental arrest of incisors and mandibular molar tooth germs
[30,31]. In addition, tissue-specific inactivation of the Bmp  receptor
gene Bmpr1a in either the neural crest lineage or the oral epithe-
lium caused tooth developmental arrest at the bud stage [32–34].
Mice with a deletion of the epithelial isoform of the type-2 Fgf
receptor also exhibit tooth developmental arrest at the bud stage
[35]. Thus, both Bmp  and Fgf signaling are critical for the recipro-
cal interactions between the epithelium and mesenchyme during
early tooth development. On the other hand, although expression
of the Wnt  ligands is mostly restricted to the dental epithelium,
with exception of expression of Wnt5a in the dental mesenchyme
[21], tissue-specific inactivation of �-catenin, the obligatory intra-
cellular mediator of the canonical Wnt  signaling pathway, in either
the dental epithelium or the dental mesenchyme also caused tooth
developmental arrest at the bud stage [36,37].

Recently, O’Connell et al. [38] analyzed properties of
the gene regulatory networks mediating the reciprocal
epithelial–mesenchymal interactions during early mouse molar
development through systematic analyses of previously reported
gene expression data together with more than one hundred
new microarray-based gene expression profiling datasets from
isolated early tooth epithelial and mesenchymal tissues. They
identified the Wnt  and Bmp  pathways as the two  major mediators
of epithelial–mesenchymal signaling in early tooth development.

The Wnt  and Bmp  pathways collectively control the production of
signaling molecules in all major pathways, including Bmp4, Shh,
Fgfs, and Wnts in the epithelium and Fgfs, Bmp4, and Inhba in
the mesenchyme of the early tooth germs [38]. Whereas a simple
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ig. 1. Histology of first molar tooth development in mice. (A–E) Selected coronal s
ap  (E14.5, C), early bell (E16.5, D), and late bell (P0, E) stages are shown. ab, amelo
ek,  primary enamel knot; sek, secondary enamel knot.

rdinary differential equation model shows that the structure
f a Wnt–Bmp feedback circuit recapitulates key features of the
bserved sequential and reciprocal epithelial–mesenchymal sig-
aling [38], the exact mechanisms that control the cross-regulation
nd integration of the Bmp, Fgf, Shh, and Wnt  signaling pathways
emain to be elucidated.

.2. Formation of the primary enamel knot and tooth
orphogenesis

Just prior to transition of the tooth bud to the cap stage, the pri-
ary enamel knot forms at the tip of the tooth bud and exhibits

estricted expression of multiple members of the Bmp, Fgf, and
nt  families, including Bmp2, Bmp4, Bmp7, Fgf3, Fgf4, Fgf9, Fgf20,
nt3, Wnt6, Wnt10a, Wnt10b, as well as Shh [4,10–12,17–21].

he primary enamel knot has a central role in patterning the tooth
rown by regulating growth and folding of the dental epithelium
s well as regulating secondary enamel knot formation during
olar development [3,10,39,40]. Interestingly, while the enamel

not expresses multiple Fgf ligands, expression of Fgf receptors is
ramatically down-regulated and, concomitantly, expression of the
yclin-dependent kinase inhibitor gene p21 (also known as Cdkn1a)
s highly activated in the enamel knot [40,41]. Thus, the enamel knot
timulates proliferation of the surrounding epithelial cells but cells
ithin the enamel knot do not proliferate, causing epithelial folding

o form the “cap” and subsequently “bell” shaped tooth germs [12].
Induction of the enamel knot depends on a combination of

ignals from the epithelium and mesenchyme. Of the mesenchy-
ally expressed signals, Bmp4 is able to induce expression of

everal primary enamel knot markers, including p21 in isolated
ental epithelium [40] as well as to rescue the bud-to-cap tran-
ition of the Msx1−/− mutant molar tooth germs in explant culture
26,42]. On the other hand, Wnt/�-catenin signaling in the den-
al epithelium plays a critical role in the induction and function
f the enamel knot. Constitutive stabilization of �-catenin in the
ral epithelium through direct overexpression using the human
eratin-14 (K14) gene promoter, as well as epithelial-specific dele-
ion of Apc, resulted in continuous formation of enamel knots in
he dental epithelium and subsequently supernumerary tooth for-

ation [43,44]. Deletion of Bmpr1a together with Apc in the oral
pithelium, however, blocked enamel knot formation and resulted
n tooth bud developmental arrest similar to that in mice lacking
pithelial Bmpr1a alone [38], indicating that both Bmp  and Wnt
ignaling activities are required for enamel knot formation.

Integration of Bmp  and Wnt  signaling during the bud-to-cap
ransition is mediated in part by Lef1, a transcription factor that
nteracts with �-catenin to regulate expression of Wnt  target genes
45]. Lef1 is expressed in both the dental epithelium and mes-
nchyme at the bud stage, with the epithelial expression restricted
o the primary enamel knot by the cap stage [20,46]. Both Bmp4

nd Wnt10b are able to induce Lef1 mRNA expression in E10.5
ouse embryonic mandibular explants [20,26]. Lef1 function is

equired for Fgf4 expression in the primary enamel knot and exoge-
ous Fgf4 is able to rescue Lef1−/− mutant tooth germs from a bud
s of developing first molar tooth germs at dental lamina (E11.5, A), bud (E13.5, B),
 de, dental epithelium; dm,  dental mesenchyme; dp, dental pulp; ob, odontoblast;

stage developmental arrest [46,47]. Thus, the Bmp, Fgf, and Wnt
signaling pathways are all required for tooth development through
the bud-to-cap transition. Further growth and morphogenesis of
the tooth germ through the cap and bell stages largely depend on
Fgf signaling, with the different Fgf family members acting par-
tially redundantly [11,48]. Shh signaling also plays a critical role
in proliferation of both the dental epithelium and mesenchyme
[49,50].

Taken together, the reiterative use of the Bmp, Fgf, Shh, and
Wnt  signaling pathways during tooth development, combined with
a large number of mutant mouse strains for their detailed anal-
ysis in tooth initiation and morphogenesis, makes mouse tooth
development an excellent model for further studies of the molecu-
lar mechanisms integrating these and other signaling networks in
mammalian organogenesis.

3. An integrated network of activators and inhibitors of the
Bmp, Fgf, Wnt, and Shh pathways regulates tooth number
and pattern along the tooth row

Mammals have a single row of teeth along the oral margin of
the upper and lower jaws. The ancestral tooth formula of placental
mammals consists of three incisors, one canine, four premolars, and
three molars in each half of the jaw [51]. In comparison, humans
have a reduced number of teeth but still a full complement of tooth
types, whereas mice have only one incisor and three molars, sepa-
rated by a toothless diastema, in each jaw quadrant. The lack of
teeth in the mouse diastema region is not due to lack of tooth
initiation during embryogenesis, however. Careful 3D reconstruc-
tion analyses of histological sections and molecular marker studies
showed that at least two rudimentary buds, which exhibit transient
Shh expression, form in the diastema region prior to first molar mor-
phogenesis in each quadrant of the embryonic mouse jaws [51–54].
In the maxilla, both diastemal tooth buds, called R1 and R2, regress
by apoptosis. In the mandible, whereas the anterior bud regresses,
the posterior bud, also called R2, is only transiently affected by
apoptosis and subsequently incorporated into the anterior part
of the first molar [51–55]. These transient tooth buds anterior to
the first molar tooth germs have been interpreted as evolution-
ary remnants of premolars that were lost during rodent evolution
[51–56]. Remarkably, premolar-like supernumerary teeth anterior
to the first molars have been reported in mice carrying distinct
mutations that affect each of the Bmp, Fgf, Shh, and Wnt  signaling
pathways [55–60], which provide new insights into the complex
cross-regulation and integration of these pathways in the regula-
tion of tooth morphogenesis and patterning.

3.1. Regulation of tooth number in mice by the Sprouty family of
antagonists of Fgf signaling
The sprouty (spry) gene was  first identified in Drosophila for its
role in negatively regulating Fgf induction of tracheal branching
[61]. Fgf signaling induces spry expression, but the Spry protein
acts in a competitive fashion to block Fgf signaling [61]. Of four spry
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omologs in mice, three are expressed during tooth development,
ith Spry2 abundantly expressed in the tooth bud epithelium, Spry4

n the tooth mesenchyme whereas Spry1 is expressed in both tooth
pithelium and mesenchyme [56]. Most Spry2-null mice exhibit a
upernumerary tooth anterior to the first molar in each half of the
andible. Histological and 3D reconstruction analyses of the devel-

ping tooth germs suggest that the supernumerary teeth result
rom revitalization of the diastemal R2 buds [55,56]. Whereas the
ildtype mouse mandibular R2 buds never express Fgf4 and only

ransiently express Shh, the Spry2-null mouse embryos show robust
xpression of both Fgf4 and Shh mRNAs in each mandibular R2
ud. Heterozygosity of either Fgf3 or Fgf10 suppressed the super-
umerary tooth phenotype in Spry2-null mice, indicating that the
evitalization of the diastemal tooth germs is due to increased Fgf
ignaling [56]. Whereas explant culture assays showed that Fgf3
nd Fgf10 could induce Shh expression in the dental epithelium
47,56], however, the mechanisms underlying the induction of Fgf4
xpression and of enamel knot function in the Spry2-null diastemal
ooth buds have not been resolved.

Some Spry4-null mice also develop supernumerary diastemal
eeth in the mandible, which appeared to correlate with ectopic
ctivation of Fgf3 expression in the R2 bud mesenchyme [56]. In
ddition, although the Spry1−/− mice do not have supernumerary
eeth, the frequency of supernumerary tooth formation in Spry4−/−

utant mice is increased 3-fold by Spry1 heterozygosity [56]. Dose-
ependent genetic interactions between Spry2 and Spry4 as well
s between Spry1 and Spry4 have also been shown to regulate
he number of incisors, with Spry2+/−Spry4−/− mice having dupli-
ated upper incisors and Spry2−/−Spry4−/− mutant mice showing
uplicated upper and lower incisors [62]. Thus, the Spry family
roteins play critical roles in antagonizing the reciprocal Fgf sig-
aling between the developing tooth epithelium and mesenchyme
o regulate the number of teeth in the mammalian dentition.

.2. Supernumerary tooth formation resulting from increased Shh
ignaling in the mouse embryonic diastema mesenchyme

Mice homozygous for a transgenic insertion Tg737orpk, which
auses partial loss of function of the Ift88 gene encoding the
ntraflagellar transport (IFT) protein Polaris, exhibit a supernumer-
ry tooth in the diastema in all four quadrants [58,63]. IFT proteins
re essential for the formation of cilia, hair-like appendages on
he cell surface. Most mammalian cells have a single primary cil-
um, which plays essential roles in processing the Gli2 and Gli3
ranscription factors, effectors of the Hedgehog signaling pathway
64]. In the Tg737orpk mutant embryos, expression of both Ptc1
nd Gli1, transcriptional target genes of Hedgehog signaling, was
pparently increased in the diastemal tooth mesenchyme, suggest-
ng that increased Shh signaling underlies the revitalization of the
iastemal teeth in these mutant mice [58]. Whereas Shh signaling
lays critical roles in regulating proliferation and differentiation of
he developing dental epithelium [49,65], tissue-specific inactiva-
ion studies showed that the formation of diastemal teeth occurred
n mice lacking Polaris function in the neural crest derived dental

esenchyme but not in those lacking Polaris in the oral epithe-
ium [58]. Since Shh is the only hedgehog signal expressed in the
eveloping tooth germs, these results suggest that a mesenchymal
actor(s) downstream of increased Shh signaling is responsible for
timulating the continued development of the diastemal tooth buds
n the Polaris-deficient mouse embryos. Mice homozygous for a tar-
eted disruption of growth arrest specific-1 (Gas1), which encodes
n inhibitor of Shh signaling and is expressed in the diastema

esenchyme [66,67], also exhibit supernumerary diastemal teeth

n all four quadrants [58], further supporting the hypothesis that
ncreased Shh signaling activates a mesenchymal factor(s) which
n turn induces/maintains a functional primary enamel knot in the
ental Biology 25–26 (2014) 61–70

diastemal tooth buds to stimulate continued tooth morphogene-
sis. The responsible mesenchymal factor(s) has not been identified,
however.

3.3. Sostdc1 and Lrp4 function as a ligand–receptor pair to
regulate tooth number and tooth shape via suppression of
canonical Wnt  signaling

Whereas a positive feedback circuit between Wnt  and Bmp4
signaling appears to be the major mediator of the reciprocal
epithelial–mesenchymal interactions during early molar tooth
development [38], Bmp  signaling also induces expression of
Sostdc1 (also known as ectodin, Wise, and USAG1), a secreted
protein that can antagonize both Bmp  and canonical Wnt  signal-
ing [68–70]. During early tooth development, Sostdc1 is expressed
in the epithelium and mesenchyme surrounding the developing
tooth bud but its expression is excluded from the enamel knot and
adjacent epithelial and mesenchymal cells [57,59,69]. Targeted dis-
ruption of Sostdc1 in mice resulted in multiple tooth developmental
defects including molar fusions, supernumerary incisors, and a
supernumerary tooth anterior to the first molar in each quadrant
[59,60,71,72]. The Sostdc1−/− mutant tooth germs show increased
canonical Wnt  signaling, as demonstrated by using the Top-Gal
transgenic reporter [60]. Reduction in gene dosage of Lrp5 (low den-
sity lipoprotein receptor related protein 5) and Lrp6, which encode
co-receptors for canonical Wnt  signaling, showed dose-dependent
rescue of the tooth anomalies whereas heterozygosity of Fgfr1,
Fgfr2, Fgf10, or Bmpr1a did not affect diastemal tooth development
in the Sostdc1−/− mutant mice [60], suggesting that supernumer-
ary tooth formation in these mutant mice primarily resulted from
increased canonical Wnt  signaling.

Remarkably, mice homozygous for a hypomorphic mutation in
the Lrp4 gene exhibit tooth phenotypes almost identical to the
Sostdc1−/− mice [57]. Lrp4 shares extensive structural similarity
in its extracellular domain with those of Lrp5 and Lrp6 [73,74].
Although Sostdc1 has been shown to physically interact with both
Lrp6 and Lrp4 in vitro [57,67,70], recent genetic analysis showed
that Lrp4 is required for Sostdc1 to exert its function in regulat-
ing epidermal appendage development in vivo [75], suggesting that
Sostdc1 and Lrp4 act as a ligand–receptor pair to antagonize Lrp5/6-
mediated canonical Wnt  signaling [57,75].

Paradoxically, whereas Shh mRNA expression and Shh signal-
ing activity are significantly increased in the R2 tooth germs in
the Sostdc1−/− mouse embryos [60], Shh+/−Sostdc1+/− double het-
erozygous mice exhibited high penetrance of diastemal teeth while
no tooth defects were detected in either Shh+/− or Sostdc1+/− mice
[60]. Reducing the gene dosage of either Ptch1 or Lrp6 by 50%
significantly reduced the frequency of the supernumerary tooth
phenotype in Shh+/−Sostdc1+/− mice [60], suggesting that Shh and
Sostdc1 act synergistically to antagonize canonical Wnt  signaling
in the diastemal tooth buds. Furthermore, tissue-specific dele-
tion of Shh in the oral epithelium caused significantly increased
and expanded the domain of Top-Gal reporter expression in the
diastemal tooth buds, indicating that Shh inhibits canonical Wnt
signaling. Ahn et al. further showed that Dkk1 mRNA expression
was significantly reduced in the E13.5 Shh+/−Sostdc1+/− tooth germs
in comparison with the Sostdc1+/− tooth germs [60]. These data
uncover a Wnt–Shh negative feedback loop as part of the tooth
developmental regulatory network [60] (Fig. 2).

Consistent with the previous finding that Fgf4 acts downstream
of Lef1-mediated canonical Wnt  signaling at the bud-to-cap tran-
sition [47], expression of several Fgf ligands, including Fgf3 and

Fgf4, is significantly increased in the E13.5 Sostdc1−/− tooth germs
[60]. Thus, in Sostdc1−/− as well as Lrp4-deficient mice, increased
canonical Wnt  signaling activates the expression of multiple Fgf
ligands in the tooth bud epithelium and the increased Fgf signaling
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work of positive and negative feedback loops to regulate early tooth development
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cinnamon color whereas the primary enamel knot (not drawn to scale) is repre-
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mark is placed next to Dkk1 because it has not been experimentally confirmed as
the  mediator of repression of Wnt  signaling by Shh. The mesenchymal signal down-
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inhibited second molar development and proposed an inhibitory
nd  it is not clear how increased Shh signaling in the tooth mesenchyme stimulates
rimary enamel knot function.

vercomes Spry2/4 inhibition to stimulate continued development
f the R2 tooth buds [60] (Fig. 2).

Whereas the increased Wnt  signaling resulted in significantly
ncreased Shh mRNA expression in the R2 tooth buds at E13.5, Shh

RNA expression was significantly reduced in the first molar tooth
erms at E14.5 in Sostdc1−/− mouse embryos in comparison with
ontrol littermates [57,60]. Similarly, Shh mRNA expression was
ignificantly reduced in the first molar tooth germs in Lrp4-deficient
ouse embryos at E14.5 [57]. Tissue-specific inactivation of either

hh or Smo in the oral epithelium caused molar tooth fusions similar
o that in Sostdc1−/− and Lrp4-deficient mice [49,57,60,65]. Molar
usion was also induced in the mouse pups by injecting pregnant

ice with the Shh function-blocking antibody 5E1 between E10
nd E16 [76]. These results suggest that the molar fusion pheno-
ype in all of these mutant or experimentally treated mice is due to
educed Shh signaling.

Why  is Shh expression significantly increased in the diastemal
ooth buds but significantly reduced in the molar tooth germs in
he Sostdc1−/− and Lrp4-deficient mouse embryos? The answer

ay  lie in the finding that Sostdc1 is an antagonist of both Wnt
nd Bmp  signaling [68–70]. Both Sostdc1−/− and Lrp4-deficient
ooth germs showed increased Bmp  signaling activity, as demon-
trated by increased accumulation of phosphorylated Smad1/5/8
57,72]. In addition, Sostdc1−/− mutant molar tooth germs showed

arkedly increased sensitivity to Bmp4 in explant culture [59].
t was shown previously that transgenic overexpression of Bmp4
n the tooth mesenchyme suppressed Shh expression in the tooth
pithelium [77]. Thus, increased Bmp  signaling activity might have
ontributed to the molar fusion phenotype of the Sostdc1−/− or
rp4-deficient mice by suppressing Shh expression in the molar
ooth epithelium. However, Ahn et al. [60] showed that deleting

oth copies of Lrp5 and one copy of Lrp6 suppressed both the super-
umerary teeth and molar fusion phenotypes in Sostdc1−/− mice. It

s not known whether the rescuing effects of loss of Lrp5 and Lrp6
ental Biology 25–26 (2014) 61–70 65

on the Sostdc1−/− mutant tooth germs occurred upstream or down-
stream of Shh signaling. Canonical Wnt  signaling is also required
for Bmp4 expression in the developing tooth germs [36]. Thus,
the genetic rescue of Sostdc1−/− tooth phenotypes by inactivation
of Lrp5 and Lrp6 does not exclude the possibility that Sostdc1-
mediated inhibition of Bmp  signaling may  play a primary role in
preventing molar tooth fusion. Further investigation is needed to
clarify the detailed biochemical mechanisms involving Sostdc1 and
Lrp4 in tooth development and patterning.

3.4. The ectodysplasin (Eda) signaling pathway regulates tooth
number, size, and shape through Fgf20

The EDA gene was  first identified by positional cloning of the
gene responsible for X-linked hipohidrotic/anhidrotic ectodermal
dysplasia (XLHED) in humans, characterized by missing or abnor-
mally shaped teeth, sparse hair, and impaired exocrine glands
[78–80]. A classical spontaneous mouse mutation, Tabby, causes
similar ectodermal developmental defects, including missing teeth,
smaller teeth, and reduced molar cusps, and was shown to be due
to a mutation in the mouse Eda gene [81–83]. Eda is a signal of the
tumor necrosis factor (TNF) superfamily [80]. During early tooth
development, expression of Eda and its receptor Edar are both
restricted to the epithelium, with Eda mRNAs broadly expressed in
the oral and tooth bud epithelium while Edar mRNAs restricted to
the epithelial signaling centers, the placodes and enamel knots [84].
Eda mRNA expression in the early tooth epithelium depends on Lef1
function and is induced by exogenous Wnt6 [84], indicating that
Eda acts downstream of Wnt  signaling during early tooth devel-
opment. Interestingly, overexpression of either Eda or an active
form of Edar in the oral epithelium resulted in development of
supernumerary teeth anterior to the first molars, most likely due to
revitalization of the R2 diastemal tooth germs [48,85,86]. Recently,
Häärä et al. [48] identified Fgf20 as a downstream target gene of Eda
signaling in the developing tooth epithelium. Mice lacking Fgf20
exhibit tooth phenotypes similar to the Tabby mice. Paradoxically,
reduction in Fgf20 gene dosage increased the frequency of supernu-
merary teeth in the K14-Eda transgenic mice: while 50% of K14-Eda
mice had supernumerary teeth, 76% of K14-Eda;Fgf20+/− and 88%
of K14-Eda;Fgf20−/− mutant mice had supernumerary teeth. Häärä
et al. [48] further showed that Fgf20 was able to induce Spry2
and Spry4 expression in the tooth epithelium and mesenchyme,
respectively, and that decreased levels of expression of these Fgf
signaling antagonists likely underlie the increased frequency of
supernumerary tooth development in the compound transgenic
mice. Additional studies have shown that Eda signaling also reg-
ulates expression of Shh, Dkk4, follistatin,  and Lrp4 in epidermal
placode development [87,88], suggesting that Eda signaling may
modulate multiple components of the integrated signaling net-
work that regulates the balance of activators and inhibitors of tooth
morphogenesis and patterning (Fig. 2).

4. The Bmp4–Msx1 positive feedback loop propagates
mesenchymal odontogenic potential for sequential tooth
formation

Mammalian molars form sequentially in an anterior-to-
posterior direction but the molecular mechanisms regulating
sequential tooth formation are not well understood. Kavanagh et
al. [89] showed that mouse mandibular first molar tooth germ
cascade model, in which initiation of posterior molars depends on
a balance between intermolar inhibition and mesenchymal activa-
tion, to account for sequential molar initiation in mammals. The
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andidate mesenchymal activators include Inhibin-�A and Bmp4
hereas Sostdc1 is an excellent candidate intermolar inhibitor [89].

During mouse tooth development, Bmp4 is first expressed in the
ooth epithelium at about E11 and its expression shifts to the den-
al mesenchyme by E12, coincident with the transfer of the tooth
nductive potential from the epithelium to mesenchyme [6,17].
xogenous Bmp4 protein induced Msx1 and Bmp4 gene expression
n cultured mandibular mesenchyme explants [17,18]. Msx1 gene
nockout mouse embryos exhibit developmental arrest of all tooth
erms at the bud stage, with significantly reduced Bmp4 mRNA
xpression in the dental mesenchyme [24,26]. Remarkably, exoge-
ous Bmp4 protein partly rescued morphogenesis of the Msx1−/−

utant mandibular molar tooth germs in explant culture [26,42],
uggesting that Bmp4 and Msx1 function in a positive feedback
oop to regulate early tooth morphogenesis. Maas and Bei [90]
roposed that the Bmp4–Msx1 positive feedback loop functions
s a molecular amplifier to rapidly propagate the Bmp4 signal
hroughout the developing tooth mesenchyme during the transfer
f the odontogenic potential from the epithelium to mesenchyme.
n contrast to Msx1−/− mutant mice, however, the Bmp4f/f;Wnt1Cre

ice, which lack functional Bmp4 mRNA expression in the tooth
esenchyme, showed only developmental arrest of the mandibu-

ar molar but the mutant maxillary first and second molars as
ell as all incisors continued to develop to mineralized teeth [91]

Fig. 3A, B, F and G). The mandibular molar developmental arrest
n the Bmp4f/f;Wnt1Cre embryos correlated with a more significant
ecrease in Msx1 mRNA expression in the mandibular molar mes-
nchyme than in the maxillary molar mesenchyme [91], confirming

 critical role for mesenchymal Bmp4 in the maintenance of Msx1
xpression and suggesting that other Msx1-dependent mesenchy-
al  odontogenic factors can partially complement for loss of Bmp4

n driving tooth morphogenesis through the bud-to-cap transition.
educing Msx1 gene dosage by 50% in the Bmp4f/f;Wnt1Cre mice
nhanced the maxillary molar developmental defects such that the
rst molar tooth germ was  significantly retarded and the second
olar failed to develop (Fig. 3C). These results indicate that the

mp4–Msx1 positive feedback loop plays a critical role in propa-
ating the mesenchymal odontogenic signals to drive sequential
ooth formation.

Cho et al. [76] recently showed that development of the second
olar was accelerated in mouse embryos by the Shh function-

locking antibody 5E1 and proposed a Wnt–Shh–Sostdc1 negative
eedback loop, in which Wnt  signaling induces Shh and Shh
uppresses Wnt/�-catenin pathway indirectly via Sostdc1, as a
andidate mechanism for spatial tooth patterning. Although math-

matical simulation of this model could generate the molar tooth
atterns of wildtype and several mutant mouse conditions [76],
xperimental evidence points to inability of Shh in inducing Sostdc1
xpression in the intact tooth germ [69,76]. Laurikkala et al. [69]

ig. 3. Genetic interactions between Bmp4, Msx1, and Osr2 regulate sequential mo
A–E)  and mandibular molar (F–J) regions of Bmp4f/+;Wnt1Cre (A, F), Bmp4f/f ;Wnt1
sx1+/−OSR2+/−Bmp4f/f ;Wnt1Cre (E, J) mice at 21 days after birth. M1,  M2,  and M3 indica
ental Biology 25–26 (2014) 61–70

showed that Shh antagonized Bmp  induction of Sostdc1 expression.
Although exogenous Shh protein could bring about weak Sostdc1
mRNA expression in isolated tooth mesenchyme [76], Bmp lig-
ands induced much more robust Sostdc1 expression in whole tooth
germ explants [69]. Moreover, reducing Shh gene dosage further
enhanced the molar fusion phenotype in Sostdc1−/− mice [60], indi-
cating that Shh acts downstream of Sostdc1 in preventing molar
tooth fusion. Ahn et al. [60] suggest that Shh antagonizes Wnt  sig-
naling through upregulation of Dkk1.

Taken together, the mechanism underlying sequential forma-
tion and spatial patterning of teeth involves integration of the
Bmp4–Msx1 positive feedback loop for propagation of mesenchy-
mal  odontogenic activators, the Bmp–Wnt inter-tissue feedback
circuit driving tooth morphogenesis, Bmp  induction of the Sostdc1
inhibitor, and the feedback repression of Wnt  signaling by Shh.

5. Osr2 patterns mammalian molar teeth into a single row
by antagonizing Msx1-mediated expansion of the
mesenchymal odontogenic field

Mammals have teeth in a single row whereas many verte-
brates have multirowed dentitions. The Osr2−/− mutant mice were
found to develop supernumerary molar teeth from oral epithe-
lium lingual to the normal tooth row [92]. Osr2 is expressed in
a lingual-to-buccal gradient in the developing tooth mesenchyme
surrounding the early molar tooth buds, with higher levels on the
lingual side (Fig. 4A). Tissue recombination assays demonstrate
that the mesenchymal odontogenic potential is expanded to the
mandibular mesenchyme lingual to the molar tooth germs in the
Osr2−/− mutant embryos [92]. Remarkably, Bmp4 mRNA expres-
sion exhibits a complementary pattern to that of Osr2 along the
buccolingual axis of the developing molar tooth mesenchyme in
wildtype mouse embryos even though Msx1 is expressed through-
out the tooth mesenchyme (Fig. 4B and C). Bmp4 expression is
significantly increased and expanded into the lingual side of the
developing tooth mesenchyme in the Osr2−/− mutant embryos [92].
Moreover, whereas Msx1−/− mutant embryos exhibit tooth bud
developmental arrest accompanied by significantly reduced Bmp4
expression in the tooth mesenchyme, Msx1−/−Osr2−/− compound
mutant embryos show partial restoration of Bmp4 expression and
their first molar tooth germs continue to develop beyond the bud
stage [92]. Together with biochemical studies showing physical
interaction between Msx1 and Osr2 proteins [93], these data sug-
gest that Osr2 patterns the buccolingual axis of the developing

tooth mesenchyme by antagonizing Msx1-mediated activation of
mesenchymal odontogenic signals, including Bmp4 expression, in
the developing tooth mesenchyme to restrict mammalian molar
tooth development in a single row (Fig. 5).

lar development in mice. (A–J) Skeleton preparations showing the maxillary
Cre (B, G), Msx1+/−Bmp4f/f ;Wnt1Cre (C, H), Osr2+/−Bmp4f/f ;Wnt1Cre (D, I) and
te first, second, and third molars, respectively.
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Fig. 4. Differential gene expression along the buccolingual axis of the developing mouse tooth bud mesenchyme at E13.5. (A–E) Spatial patterns of Osr2 (A), Bmp4 (B), Msx1
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C),  Dkk2 (D), and Sfrp2 (E) mRNAs are detected by in situ hybridization of coronal se
ingual side is to the left for all panels. Red dashed lines mark the boundary betwee
nd  mandibular (bottom) first molar tooth germs.

Whereas the Msx1−/−Osr2−/− compound mutant mice showed
early normal morphogenesis of the first molars, they failed to
evelop either the supernumerary teeth or the second and third
olars, in contrast to the Osr2−/− single mutants [92], suggesting

hat, in addition to patterning the buccolingual axis of the develop-
ng tooth mesenchyme, Osr2 interaction with Msx1 also regulates
equential tooth formation along the tooth row. This is confirmed
y further analysis in the Bmp4f/f;Wnt1Cre mice. Whereas the
mp4f/f;Wnt1Cre mice exhibit mandibular molar developmental
rrest at the bud stage, reducing Osr2 gene dosage by 50% res-
ued mandibular first molar tooth germs to small mineralized
eeth in the Osr2+/−Bmp4f/f;Wnt1Cre mice [91] (Fig. 3H and I).

oreover, whereas the maxillary second molars failed to develop
n the Msx1+/−Bmp4f/f;Wnt1Cre mice, they were rescued in the
Msx1+/−Osr2+/−Bmp4f/f;Wnt1Cre mice (Fig. 3E). Together, these
ata indicate that Osr2 patterns the mesenchymal odontogenic
eld along both the buccolingual and anteroposterior axes by

estricting the domain of Msx1-mediated propagation of mes-
nchymal odontogenic potential (Fig. 5).

Another important finding by Jia et al. [91] is that the mandibu-
ar molar mesenchyme expresses significantly higher levels of

ig. 5. Schematic diagram depicting antagonistic interactions between Msx1 and
sr2 in patterning the molar tooth developmental field. Msx1 and Bmp4 act in a
ositive feedback loop in the tooth mesenchyme. Osr2 restricts Msx1-mediated acti-
ation of Bmp4 and other mesenchymal odontogenic signals (represented by X) to
he  buccal side of the tooth mesenchyme. Expression of Dkk2 and Sfrp2 are nega-
ively regulated by Msx1 and restricted to the lingual side, possibly resulting from
sr2-mediated repression of Msx1 function. Epi, epithelium; Mes, mesenchyme.
 of E13.5 mouse first molar tooth germs. The mRNA signals are shown in blue color.
tooth bud epithelium and mesenchyme. Each panel shows both the maxillary (top)

Wnt  antagonists, including Dkk2 and Wif1, than the maxillary
molar mesenchyme during normal tooth development. Previous
studies of the Dlx1−/−Dlx2−/− and Inhba−/− mutant mice [30,94],
showing maxillary-only and mandibular-only molar developmen-
tal arrest, respectively, suggested that maxillary and mandibular
molar development involved distinct genetic pathways [94,95]. The
findings of Jia et al. [91] suggest that normal mandibular molar
morphogenesis through the bud-to-cap transition requires higher
levels of mesenchymal activators than the maxillary molar tooth
germs to counteract the higher levels of Wnt  antagonists. Expres-
sion of Dkk2 and Wif1 mRNAs were significantly increased in the
Bmp4f/f;Wnt1Cre mutant tooth mesenchyme [91], suggesting that
Bmp4 signaling might cross-regulate Wnt  signaling activity by reg-
ulating expression of the Wnt  antagonists in the developing tooth
mesenchyme. Remarkably, Dkk2 mRNA expression in the devel-
oping molar tooth mesenchyme exhibits a strong lingual bias [96]
(Fig. 4D). Another Wnt  antagonist Sfrp2 also exhibits preferential
expression on the lingual side of the developing molar tooth mes-
enchyme (Fig. 4E). Recently, we  carried out quantitative real-time
RT-PCR analysis of microdissected E13.5 Msx1−/− and control tooth
bud mesenchyme and found that expression of both Dkk2 and Sfrp2
is significantly upregulated in the Msx1−/− molar mesenchyme.
Thus, the antagonistic actions of Osr2 and Msx1 might pattern the
buccolingual axis of the molar tooth developmental field through
modulation of both Bmp4 and Wnt  signaling (Fig. 5).

6. Concluding remarks

Research in the past 20 years has revealed that development of
both the individual teeth and the whole dentition is controlled by
coordinated actions of only a few conserved intercellular signaling
pathways. Whereas each of the Bmp, Fgf, Shh, and Wnt  signaling
pathways is repeatedly used throughout tooth organogenesis and
regulated by a number of activators and inhibitors, the revitaliza-
tion of the same physiologically arrested diastemal tooth germs
in mice due to mutations affecting distinct pathways demonstrate
that these signaling pathways act in highly integrated networks
regulating tooth development (Fig. 2). These data suggest that
tinkering with the activity of one pathway has the potential to over-
come activator insufficiency in another to rescue morphogenesis of
arrested tooth germs. This is further supported by the findings that
constitutive activation of the canonical Wnt  signaling pathway in
the dental epithelium is able to induce supernumerary tooth devel-

opment even in mice lacking Msx1 or Pax9 [38,44]. Although much
of the molecular mechanisms mediating the coordination and inte-
gration of the signaling pathways and gene regulatory networks in
tooth organogenesis remains to be elucidated, these findings have
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reat implications for development of therapeutic strategies for
ooth developmental abnormalities, particularly for congenitally

issing or hypoplastic teeth.
Approximately 20% of people do not develop all third molars and

% lack some of the other permanent teeth, with agenesis of six or
ore permanent teeth (apart from the third molars) occurring in

bout 1 in 1000 [97]. Mutations in MSX1, PAX9, AXIN2,  EDA, and
NT10A, have been detected in a large number of nonsyndromic

ooth agenesis patients [97–99]. Most patients with tooth agenesis
xhibit relatively normal primary tooth development and missing
nly some, but not all, of the permanent teeth, indicating that the
henotype is caused by perturbation of the activator–inhibitor bal-
nce, such as reduced Wnt  signaling activity, rather than complete
isruption of the tooth developmental gene regulatory network.
he revitalization of the physiologically arrested diastemal tooth
erms in mice by increased activity in Eda, Fgf, or Wnt  signaling,
uggests that it is possible to rescue the missing permanent teeth
f specific and safe pharmacological agonists of these pathways can
e developed and administered at the appropriate developmental
tage. Following an experimental study that demonstrated effec-
ive correction of tooth and other ectodermal defects in Tabby mice
ith recombinant EDA protein [100], short postnatal treatment

f XLHED dogs with recombinant EDA protein showed remark-
ble rescue of development of permanent teeth as well as other
ffected ectodermal organs [101,102]. These data provide proof of
oncept for development of a pharmacological cure of congenital
ooth defects.

Because humans and most other mammals replace their teeth
nly once, tooth loss due to decay or accident is a major health
roblem. Development of strategies for biological replacement of

ost teeth requires better understanding of the detailed molecular
echanisms controlling tooth induction and morphogenesis. Clas-

ic tissue recombination experiments demonstrated that, while
ooth initiation signals first arise in the presumptive dental epithe-
ium, the odontogenic potential shifts into the tooth mesenchyme
t the early bud stage such that mouse molar mesenchyme
rom E12 through E16 could induce complete tooth forma-
ion when recombined with embryonic non-dental epithelium
6,103–108]. More recently, it was reported that the E13 mouse

olar tooth mesenchyme instructed tooth formation when recom-
ined with cultured human primary keratinocytes, with the human
ells differentiating into enamel-secreting ameloblasts and mouse
ooth mesenchyme to dentin-secreting odontoblasts [109]. Thus,
nderstanding the genetic program controlling the mesenchymal
dontogenic potential will facilitate development of strategies for
ooth bioengineering. The findings that the Bmp4–Msx1 pathway
rives expansion of, whereas the Osr2 transcription factor sup-
resses, the inductive potential of the dental mesenchyme [91,92]
rovide an excellent opening to uncovering the molecular network
egulating mesenchymal odontogenic potential.
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