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with cell compartmentalisation in vitro, and it has also 
survived and developed into a mature tooth by trans-
plantation in vivo2. Thus, tooth organ regeneration is 
becoming a reality.

The development of a functional tooth organ still 
requires information and insight from basic research, 
including the study of tooth development and tooth 
eruption. Tooth development in mice begins at embry-
onic day (E) 9.5. The reciprocal interactions between 
the dental epithelium and cranial neural crest (CNC)-
derived mesenchyme result in the induction of previously 
quiescent genes that determine the fate of undifferen-
tiated cells8-10. Signals from members of the hedgehog 
(Hh)11-13, Wnt14-16, fibroblast growth factor (FGF)17-21 
and the transforming growth factor-β (TGF-β) super-
family21-28 are involved in the epithelial-mesenchymal 
interactions required for regulating tooth development.

TGF-β was initially identified by the pioneering 
work of de Larco and Todaro29. TGF-βs are secreted 
proteins recognised as multifunctional growth factors 
that mediate a variety of biological functions essential 
for gastrulation, organogenesis, embryonic and post-
natal development, and oncogenesis30,31. TGF-βs are 
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Members of the transforming growth factor-β (TGF-β) superfamily are critical regulators 
that control cell proliferation, differentiation and apoptosis. TGF-β signalling also regulates 
the  morphogenesis of many developing organs. The development of mouse tooth germ, which 
is a good model for organogenesis, provides a powerful tool for elucidating the molecular 
mechanisms that control organogenesis. As ectodermal appendages, the tooth organ arises 
from complex and progressive interactions between an ectoderm, the oral epithelium and an 
underlying mesenchyme. Their morphogenesis is regulated by conserved signalling pathways, 
including TGF-β. In this review, the essential function of the TGF-β superfamily will be dis-
cussed in detail, including TGF-β, bone morphogenetic proteins (BMP), activin, etc, during 
tooth crown patterning and following tooth root development. The review also highlights 
recent advances in the understanding of Smad-dependent and Smad–independent pathways in 
regulating tissue–tissue interactions during patterning of tooth crown and root.
Key words: TGF-β, tooth development, BMP, Smad, root development

Organ regeneration, in which fully functional bio-
engineered organs can be developed to replace 

lost or damaged ones, is a promising and challenging 
goal. The approaches that have been adopted in regen-
erative medicine are based on current understanding of 
embryonic development, stem-cell biology and tissue-
engineering technology1-5. The tooth is one of the best 
models for developmental biology and organ regenera-
tion. In recent years, multiple studies have addressed the 
process of tooth development and its reciprocal induc-
tion events1,6-10. The study of tooth regeneration has 
progressed as well. Tooth germ has been bioengineered 
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important regulators during craniofacial development, 
including tooth formation32. How these conserved sig-
nals regulate the development of the mammalian tooth 
remains an interesting and challenging issue.

In the present review, the roles of TGF-β superfamily 
members in tooth development are discussed in detail, 
with a focus on recent advances.

TGF-β signalling pathway

The TGF-β superfamily of cytokines is a large group 
of extracellular growth factors including TGF-β, bone 
morphogenetic proteins (BMP), activin, growth and dif-
ferentiation factor (GDF), inhibins, anti-Müllerian hor-
mone (AMH), nodal and myostatin30,31. In the canonical 
TGF-β signalling pathway, the TGF-β ligand binds to 
the TGF-β type II receptor (Tgfbr2) and triggers het-
erodimerisation with a TGF-β type I receptor (Tgfbr1)33. 
Following heterodimerisation, the Tgfbr2 serine/threo-
nine kinase transphosphorylates Tgfbr1, resulting in the 
propagation of a phosphorylation signal to downstream 
substrate Smad proteins (R-Smads), which form a com-
plex with the common Smad (Smad4). The Smad com-
plex then translocates into the nucleus where it binds 
with transcriptional coactivators and/or co-repressors to 
regulate the expression of an array of target genes30,31.

Most mammalian cells express members of the 
TGF-β receptor family, some of which may be utilised 
by multiple TGF-β ligands. The activated type I recep-
tor phosphorylates Smad proteins in the cytoplasm. The 
type I receptors for TGF-β, activin, nodal and myosta-
tin (ALK 4, 5 and 7) phosphorylate Smads 2 and 3, 
whereas the BMP and AMH type I receptors (ALK 1, 2, 
3 and 6) phosphorylate Smads 1, 5 and 830,34-37. Smad4 
is a central mediator of the canonical TGF-β signalling 
pathway34,38,39. However, Smad4 is not essential for 
TGF-β responses. Some TGF-β responses occur in the 
absence of Smad4. TGF-β activates mediators other 
than Smad4, such as PP2A phosphatases, Rho family 
members and the mitogen-activated protein kinases 
(MAPKs), including ERK, Jun N-terminal kinase 
(JNK), p38 and PI3K kinases40-43. Moreover, some 
genetic studies suggest that certain Smad-dependent 
effects may not require Smad444,45. Smad6 and Smad7 
are structurally divergent from other members of the 
Smad family and function as inhibitors of TGF-β, 
activin and BMP signalling46-48.

Tooth development

As an epidermis-derived organ, the tooth is one of the 
best-studied models of craniofacial organogenesis to 

identify and analyse specific signalling cascades that 
play essential roles in regulating patterning and morpho-
genesis during development. Embryonic development 
of the tooth relies on a series of sequential and recipro-
cal homotypic and heterotypic molecular interactions 
between the oral epithelium and the underlying mesen-
chyme that derive from the CNC1,6,9,10,49-51. The factors 
that trigger the initiation of tooth development remain to 
be determined. Prior to the initiation of tooth morphol-
ogy, BMP4 and FGF8, two important early signals in 
the oral epithelia, are expressed in the incisor and molar 
regions, respectively22,52. By E9.5, several secreted lig-
ands and transcription factors are expressed in the oral 
epithelia, such as Pitx2 and Shh, and the underlying 
mesenchyme, such as Barx1 and Msx1/2, suggesting 
that the identity of the tooth organ has been determined 
at this point52-57. 

The first morphological sign of mammalian tooth 
development is a thickening of the oral epithelium, 
named the dental placode, at E11.5. Cells of the epithe-
lial thickening proliferate and invaginate further into the 
CNC-derived mesenchyme to form a tooth bud (E12 
to 13). Next, the epithelium expands deeper to form 
a tooth germ at the cap (E13 to 14) and the bell (E16) 
stage. At the cap stage, a cluster of epithelial cells in the 
center of the tooth bud, named the primary enamel knot, 
acts a signalling center that controls the process of tooth 
morphogenesis. The enamel knot produces signalling 
molecules essential for the formation of the tooth organ 
and then undergoes programmed cell death at the late 
cap stage. In multicuspid teeth, secondary enamel knots 
occur at the sites of future cusps after the disappearance 
of the primary enamel knot. The function of the second-
ary enamel knots, which differ from the primary enamel 
knot, is to trigger the folding of the inner enamel epi-
thelium and the formation of the cusps. The ameloblasts 
and odontoblasts, cells that produce the hard tissue of 
the tooth, begin to differentiate after the cusp pattern is 
formed. Mesenchymal cells adjacent to the basement 
membrane differentiate into dentine-producing odon-
toblasts and start to form predentine. After deposition 
of predentine, the adjacent layer of epithelial cells dif-
ferentiate into ameloblasts and secrete enamel matrix 
for the organisation of enamel and the formation of the 
hard tissue of the crown1,6,8-10(Fig 1). 

At the newborn stage in mice, the crown formation 
is almost completed. The tooth organ is comprised of 
dental epithelium, dental papilla and dental follicle. 
The latter two structures are derived from the CNC51. 
The dental epithelium contains the outer enamel epi-
thelium (OEE), inner enamel epithelium (IEE), stellate 
reticulum and stratum intermedium. Following crown 
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Fig 1  The development of tooth crown in mice: X-gal staining of sections showing molars in K14-Cre;R26 mice at lamina stage, E12.5 
(a); bud stage, E13.5 (b); cap stage, E14.5 (c); E15.5 (d); bell stage, E16.5 (e); later bell stage, E17.5 (f) and newborn stage (g).

Fig 2  The development of a tooth root in 
mice. X-gal staining of sections showing upper 
molars of K14-Cre;R26R mice (a to f) and lat-
eral surface of the root (g to m). After birth, 
cells from the ameloblast layer and the outer 
enamel epithelium are elongated and begin to 
form a bilayer (a, b, g and h). At PN 7.5, the 
Hertwig’s epithelial root sheath (HERS) forms 
a bilayer of flat cells and extends in an apical 
direction at the interface between dental follicle 
and dental pulp (c and i). Dissociation of HERS 
is observed at PN 10.5 (j). The developed root 
and the HERS are dissociated further after PN 
10.5, and HERS cells remain detectable on the 
surface of the root until the mature and func-
tional tooth at PN 30.5 (d to f and k to m). 
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development, the IEE and OEE form a bilayer epi-
thelial structure, named the Hertwig’s epithelial root 
sheath (HERS). The HERS migrates apically, and then 
participates in root formation and the completion of 
tooth organ development. Morphologically, HERS is a 
structural boundary between two dental mesenchymal 
tissues, the dental papilla and follicle. This strategic 
position suggests an important role for HERS during 
critical interactions between the dental epithelium and 
mesenchyme. During root development, HERS induces 
differentiation of the dental papilla cells into odonto-
blasts. Interestingly, HERS breaks up into epithelial 
rests and cords, but these are still connected to each 
other by an epithelial network, allowing dental follicle 
cells to come in contact with the outer surface of the 
root. Both dental follicle cells and HERS cells can dif-
ferentiate into cementoblasts and lay cementum on the 
root, which is required for root maturation58. Cells of 
the outer layer of the dental follicle differentiate into 
fibroblasts and osteoblasts that, together with cemen-
tum, contribute to the periodontium59,60. The interplay 
of dental follicle cells, osteoblasts and osteoclasts is 
necessary for mineralised teeth to erupt and later to 
reach a position for functional occlusion61 (Fig 2). 

Expression patterns of members of the TGF-β family 
during tooth development

Hundreds of growth and transcription factors, including 
TGF-β, are involved in tooth development6,9,10. Mem-
bers of the TGF-β superfamily mediate a variety of bio-
logical functions for embryonic development, including 
tooth development. TGF-β family members, such as 
activin, BMP2 to 7, TGF-β1 to 3, and their intracellular 
transducers, such as Smad1 to 7, are expressed in a time- 
and tissue-specific manner and serve as regulators for 
tooth development (Table 1).

Activin-βA
During tooth development, activin-βA is expressed in 
the dental mesenchyme, but not in the epithelium, from 
the initiation to the late bell stage. It is also expressed in 
the dental follicle at the bell stage62.

BMP
BMP2 expression is detectable in dental epithelia during 
the initiation, bud and cap stages. It is also expressed 
in both epithelia and mesenchyme at the late bell stage 
and in odontoblasts and ameloblasts at the secretion and 
differentiation stages63,64. During root development, 
BMP2 is expressed in the dental papilla and odonto-
blasts65. BMP2 is also expressed in the epithelia of the 

diastema bud66. BMP3 is expressed in the dental papilla 
and dental follicle at the cap stage. It is also detectable 
in the dental papilla after the bell stage and in odonto-
blasts and cementoblasts during root development64,65. 
BMP4 is localised in both the epithelia and mesenchyme 
at the initiation stage, then in the dental mesenchyme 
and the enamel knot at the cap and bell stages. At the 
secretion and differentiation stages, it is detected in 
ameloblasts and odontoblasts. BMP4 is also expressed 
in dental papilla and odontoblasts during root develop-
ment64,65,67. BMP5 is only expressed in pre-ameloblasts 
and ameloblasts after the late bell stage, and BMP6 is 
only expressed in the dental mesenchyme at the bud 
and cap stages. BMP7 expression is detectable in the 
dental epithelia throughout tooth development and also 
in odontoblasts after the bell stage. It is also expressed 
in dental papilla and odontoblasts during root develop-
ment64,65.

TGF-β
TGF-β1 is expressed in dental epithelia and mesenchyme 
at the bud and cap stages, and also in pre- ameloblasts, 
ameloblasts, pre-odontoblasts and odontoblasts68. 
TGF-β2 expression is detectable in dental papilla and 
pre-odontoblasts, but not in dental epithelium. TGF-β3 
is mainly expressed in the stellate reticulum at the cap 
and bell stages, and in the dental mesenchyme after the 
bell stage69.

Smad
Smad1 is present in the dental lamina and mesenchyme 
throughout tooth development. At the early bell stage, 
Smad1 is expressed in the enamel knot. Smad2 is 
expressed in the dental epithelium and mesenchyme at 
the initiation, bud stage and cap stage. At the bell stage, 
Smad2 is expressed in the inner enamel organ epithelium 
and dental mesenchyme. Smad3 is expressed in the den-
tal epithelium and mesenchyme at the lamina, bud and 
cap stages. At the bell stage, Smad3 is localised to the 
inner enamel organ epithelium and adjacent dental mes-
enchyme. Smad4 is detectable in the dental epithelium 
and mesenchyme at all stages, in the enamel knot at the 
cup and bell stages, and also in the HERS and dental 
pulp during root development25. Smad5 is present in the 
dental lamina and mesenchyme at the lamina stage. At 
the bud and cap stages, Smad5 is primarily detectable in 
the dental epithelium. At the early bell stage, Smad5 is 
mainly localised to the inner enamel organ epithelium, 
including the enamel knot and mesenchyme. At the late 
bell stage, Smad5 expression is restricted to the inner 
enamel organ epithelium, dental mesenchyme and fol-
licle. Smad6 and Smad7 expression is detectable in the 
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dental lamina and mesenchyme at the laminar, bud and 
cap stages. Smad6 expression shifts to become predomi-
nately detectable in the inner enamel organ epithelium 
and adjacent dental mesenchyme at the early and late 
bell stages, respectively70.

Function of TGF-β members in the regulation of tooth 
development

TGF-β and tooth development
Multiple lines of evidence suggest that odontoblast 
maturation is controlled by TGF-β signalling. TGF-β 
ligands and TGF-β1 to 3, are detectable in the inner 
dental epithelium and in polarising and functional odon-
toblasts. Analysis of the expression patterns of TGF-β 
suggests that they contribute to odontoblast terminal 
differentiation68,69. Studies using mice with a TGF-β1 
null mutation or overexpression of TGF-β1 support an 
essential role for TGF-β1 signalling in dentine minerali-
sation71,72. Moreover, exogenous TGF-β2 induced den-
tine sialophosphoprotein (DSPP) expression in wild type 
dental mesenchymal cells73. Loss of TGF-β signalling in 
the CNC-derived mesenchyme in Wnt1-Cre;Tgfbr2fl/fl 
mutant mice affects the terminal differentiation of odon-

toblasts. Expression of Type I collagen (Col1) and DSPP, 
which are differentiation markers for odonto blasts, is 
diminished in the CNC-derived mesenchyme in the 
absence of Tgfbr274. Tooth root development is also 
affected in Wnt1-Cre;Tgfbr2fl/fl mutant mice. However, 
the molecular and cellular mechanism of TGF-β signal-
ling in regulating root formation is still unknown73.

Activin
Activin-βA expression is localised in the presumptive 
tooth mesenchyme of all teeth, where it is an essential 
early mesenchymal signal in tooth development that is 
required for patterning of the murine dentition74. Beads 
with activin protein can induce the expression of the 
ectodysplasin A receptor (EDAR), which is a member 
of the tumour necrosis factor (TNF) family and impor-
tant in the epithelium for tooth development75. In new-
born activin-βA mutant mice, all teeth are absent, except 
maxillary molars, which exhibit normal development. 
Activin target gene expression is down-regulated in the 
dental epithelium of all tooth germs of activin-βA mutant 
mice, including the maxillary molars. This indicates that 
other factors may compensate for the loss of activin-βA 
activity in the maxillary molars74. 

Table 1 Expression of relevant members of the TGF-β and Smad families during tooth development .

Initiate S Bud S Cap S Bell S Dif & Sec S Root S

DE DM DE DM DE DM DE DM DE DM DE DM

Activin-βA n y n y n y n y n y - -

BMP2 y - y - y - y y - - - y

BMP3 - - - - - y - y - y - y

BMP4 y y n y y y n y n y n y

BMP5 n n n n n n n n y n Y n

BMP6 - - n y n y - - - - - -

BMP7 y n y n y n y n y y y y

TGF-β1 n n y y y y y y y y y y

TGF-β2 - - - - - - n n n y n y

TGF-β3 - - - - y n y n n y n y

Smad1 y y y y y y y y y y - -

Smad2 y y y y y y y y y y - -

Smad3 y y y y y y y y y y - -

Smad4 y y y y y y y y y y y y

Smad5 y y y - y y y y y - -

Smad6 y y y y y y y y y y - -

Smad7 y y y y y y y y y y - -

S: stage, y: yes, n: no, -: unknown, DE: dental epithelium, DM: dental mesenchyme
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BMP signalling and tooth development
BMP signalling has multiple roles in the initiation of 
tooth development, including regulating the distance 
between adjacent secondary enamel knots to control the 
positioning of cusps, and in root development22,64,75-78. 
BMP is expressed in a gradient in the oral ectoderm 
of the first branchial arch22. Early in the tooth initia-
tion stage, BMP2, 4 and 7 expression is detectable in 
the dental epithelia, and they play an important role in 
epithelial-mesenchymal interactions that induce tooth 
formation64. BMP mediates epithelial-mesenchymal 
interactions via regulation of the expression of Shh57 
and transcription factors, such as members of the Pitx or 
Msx family9,79. Repression of BMP signalling by Nog-
gin, which is a wide-range inhibitor of BMP, results in 
the transformation of tooth shape from incisor to molar22 
and the decreased expression of Shh57. Moreover, tooth 
development is arrested at the bud stage in Bmpr1a-
 deficient mice, indicating that BMP signalling is essen-
tial for tooth development23,24.

During the bud-to-cap stage transition, a BMP/Msx 
signal loop mediates reciprocal interactions between 
the epithelium and mesenchyme that triggers tooth 
initiation and crown morphogenesis. BMP4 induces 
the expression of Msx1 and Msx2 in the mesenchyme; 
then, in a feedback mechanism, Msx1 further induces 
BMP4 expression in the mesenchyme. Ectopic BMP4 
expression driven by the mouse Msx1 promoter par-
tially rescues tooth development in Msx1-deficient 
mice55,57,80.

At the cap and bell stages, BMP4 signalling to form 
the enamel knot is crucial for the progression of tooth 
development54,55. BMP4 signalling in the mesenchyme 
also has been proposed to induce expression of p21 and 
cell cycle arrest in cells of the prospective enamel knot. 
BMP4 functions to regulate tooth organ shape by con-
trolling cell cycle progression and apoptosis78. BMP2, 
4 and 7 up-regulate the expression of ectodin, another 
inhibitor of BMP and Wnt signalling, in the enamel 
knot. Thus, the extent of BMP signalling is negatively 
controlled by the domain of ectodin expression that 
surrounds the enamel knot81. Mice deficient in ectodin 
have an expanded domain of BMP signalling, increased 
expression of Shh and enlarged primary enamel knots 
during early morphogenesis. The final dentition is 
composed of large molars with a longitudinal crest con-
necting cusps and supernumerary teeth82. In subsequent 
development, BMP4 is expressed in pre-odontoblasts 
and its expression is sharply down-regulated after 
their differentiation, whereas BMP2 expression is up-
regulated during the terminal differentiation of odon-
toblasts83,84. During root development, BMP2, 3 and 7 

are expressed in early odontoblasts in the apical region. 
Strong BMP3 expression is detectable in cementoblasts, 
as well as the dental follicle and osteoblasts. BMP4 
expression appeared early in the pre-odontoblast cells 
adjacent to the epithelial root sheath. However, when 
pre-odontoblasts differentiated and started to secrete 
dentine matrix, BMP4 expression was down-regulated 
almost completely. BMP4 and BMP7 are also detect-
able in ameloblasts, alveolar bone and the periodon-
tal ligament-mesenchyme65. In in vitro experiments, 
ectopic BMP4 protein in the mesenchyme regulates 
HERS development by preventing elongation and main-
taining cell proliferation85. Moreover, mild inhibition of 
BMP signalling in K14-Noggin mice results in severe 
crown and root defects, suggesting that BMP signalling 
is essential for tooth hard tissue formation and root 
development86.

Smad4 dependent and independent TGF-β signalling 
during tooth development
Smad4, the center of the canonic TGF-β signalling 
pathway, plays important roles in regulating cell differ-
entiation and proliferation during tooth development. 
In mice lacking Smad4 expression in the CNC-derived 
dental mesenchyme (Wnt1-Cre;Smad4fl/fl), tooth germ-
like structures are not detectable beyond the dental 
lamina stage. Conditional inactivation of Smad4 in the 
oral epithelium results in the delayed differentiation of 
the inner enamel epithelium at the newborn stage. In 
addition, dental cusp formation is severely affected and 
there is a disorganised cell mass located in the dental 
epithelium. Therefore, Smad4 appears to be crucial for 
dental epithelium patterning. Disrupting the TGF-β/
BMP signalling pathway by eliminating Smad4 in the 
dental epithelium results in down-regulation of Msx2 
and Shh, which are downstream targets of BMP sig-
nalling and are essential for the patterning of dental 
cusps54,56. However, conditional inactivation of Smad4 
in the oral epithelium results in much milder phenotypes 
than those seen in the corresponding receptor mutant 
mice (K14-Cre;Bmpr1afl/fl)23, leading to the hypoth-
esis that a Smad4-independent pathway compensates 
in K14-Cre;Smad4fl/fl conditional knockout mice. In 
fact, p38 MAPK functions redundantly with Smad4 to 
mediate TGF-β/BMP signalling during tooth develop-
ment, and tooth development can only be arrested at 
the bud stage by blocking both Smad4 and p38 MAPK 
in vitro26.

During tooth root development, conditional inactiva-
tion of Smad4 in the dental epithelium results not only 
in abnormal enamel and dentine formation but also 
defective tooth root development. In the absence of 
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Smad4 in the epithelium, HERS can enlarge, but fails to 
elongate. Root development halts at the initiation stage. 
Shh and Nfic are essential for root development87,88. 
Without Smad4 in the dental epithelium, expression 
of Shh in the dental epithelia and Nfic in the dental 
mesenchyme is dramatically decreased. Interestingly, 
ectopic Shh can induce Nfic expression in the dental 
mesenchyme and rescue root development in K14-
Cre;Smad4fl/fl, but not Nfic-/- mice. Thus, TGF-β/BMP 
signalling relies on a Smad4-dependent mechanism in 
regulating Nfic expression via Shh signalling to control 
tooth root development25.

Summary

TGF-β signalling is essential for tooth development 
and in regulating early tooth morphogenesis, subse-
quent odontoblast differentiation and root development. 
Members of the TGF-β superfamily, such as TGF-β, 
BMP, activin and their downstream targets, such as 
Smad, play critical roles in odontogenesis. TGF-β medi-
ates tooth and root development not only though the 
canonical Smad-dependent pathway but also through a 
Smad- independent pathway. Ultimately, the functional 
outcome of TGF-β/BMP signalling in regulating tooth 
development is determined by the cell type upon which 
TGF-β/BMP signals. This is because the unique tran-
scription activators/repressors as well as co-factors will 
associate with the Smad complex to initiate cell-type 
specific events to control ameloblast, odontoblast and 
other specific cellular differentiation during tooth mor-
phogenesis. 
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