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ABSTRACT
The tooth provides an excellent system for deciphering the molecular
mechanisms of organogenesis, and has thus been of longstanding
interest to developmental and stem cell biologists studying embryonic
morphogenesis and adult tissue renewal. In recent years, analyses of
molecular signaling networks, together with new insights into cellular
heterogeneity, have greatly improved our knowledge of the dynamic
epithelial-mesenchymal interactions that take place during tooth
development and homeostasis. Here, we review recent progress in
the field of mammalian tooth morphogenesis and also discuss the
mechanisms regulating stem cell-based dental tissue homeostasis,
regeneration and repair. These exciting findings help to lay a
foundation that will ultimately enable the application of fundamental
research discoveries toward therapies to improve oral health.
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Introduction
Teeth, which are anchored in maxillary and mandibular jaw bones,
are the organs responsible for biting and gnawing. During evolution,
tooth morphology tends to increase in complexity, while tooth
number decreases. Indeed, fish and reptiles have larger numbers of
simple teeth, whereas mammalian teeth form cusps with complex
shapes that vary dramatically among different species. Mammals
have four principal tooth types – incisors, canines, pre-molars and
molars – that all vary in shape (Jernvall and Thesleff, 2012). These
variations in tooth shape are based on the location of the tooth in the
mouth, and are subject to strong selection during evolution in
response to environmental pressures, such as diet.
Teeth develop inside the jaw bone and then erupt postnatally into

the oral cavity. The upper portion of the mammalian tooth, which is
exposed to the oral cavity, is known as the dental crown, and the
portion buried inside the jaw bone is called the dental root. Based
on the crown/root proportion, mammalian teeth can be divided
into four main types: brachydont, mesodont, hypsodont and
hypselodont. Brachydont teeth, commonly seen in omnivores
such as humans and mice, have a low crown-to-root ratio, with no
crown extension into the jaw bones after eruption. Herbivorous
mammals have evolved higher crowned mesodont and hypsodont
molars, in which a portion of the crown is reserved within the jaw
bones, enabling these animals to contend with increased dental wear
while processing abrasive food (Raia et al., 2011). Hypselodont, or

ever-growing, teeth, are highly specialized and erupt continuously
throughout the animal’s life, with a large percentage of their crowns
remaining buried inside the jaw bones. Moreover, hypselodont
teeth, such as the incisors of lagomorph and rodent lineages, as well
as the molars of voles and a number of other animals, preserve their
dental stem cells and are able to produce various cell lineages
through adulthood to support the continuous formation of the crown
(Harjunmaa et al., 2014; Tapaltsyan et al., 2015).

Owing to its easy accessibility in the oral cavity and to the wide
availability of relevant mutant and transgenic animal lines, the tooth
provides a superb system to study the molecular mechanisms and
cellular functions that govern organogenesis during development and
homeostasis. The epithelial-mesenchymal interactions that drive tooth
development, or odontogenesis, occur in many other ectodermal
appendages, making the tooth a suitable model to answer questions
such as how an epithelium interacts with mesenchymal tissue to shape
the features of an organ. Furthermore, studying how the regenerative
capability of hypselodont teeth is maintained by dental stem cells
during homeostasis and tissue repair can improve our knowledge of
stem cell-driven organ renewal and facilitate the development of
therapeutic treatments for patients with dental diseases.

In this Review, we summarize the latest progress in our
understanding of how epithelial-mesenchymal signaling networks
regulate mammalian tooth development and adult tissue
homeostasis. We explore the cellular and molecular mechanisms
supporting mineralization as well as the response to injury, and we
discuss how our view of dental stem cell behaviors has changed over
the past few years, with some key findings related to the
identification and heterogeneity of dental stem cells. Finally, we
provide perspectives on the potential of technical advances that
could help answer open questions regarding dental epithelial-
mesenchymal interactions, as well as themigration, lineage plasticity
and commitment of dental stem cells.

An overview of early tooth development in mice
Early development of the rooted molar
The development of mammalian brachydont molars can be divided
into two main stages: shaping of the crown and formation of the
root. In the mouse, molar development initiates at around embryonic
day (E) 11.5. The first morphological sign of tooth development is a
thickening of the oral epithelium as it forms the dental placode
(Fig. 1A). In the following 48 h, the dental epithelium proliferates
and invaginates into the underlying mesenchyme and forms the
dental lamina, and the dental mesenchyme condenses around the
epithelium. Over the next 4 days, the epithelium continues to
proliferate and elongate around the dental mesenchyme, thus
shaping the tooth through the bud, cap and bell stages.

Early tooth development during the bud-to-cap transition
requires signals from a transient signaling center named the
primary enamel knot (EK) (Jernvall et al., 2002). At the end of the
cap stage of molar development, the primary EK undergoes
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apoptosis and is subsequently succeeded by secondary EKs at the
bell stage (Fig. 1A) (Jernvall et al., 1998; Coin et al., 1999). Some
of the primary EK cells are recruited during the formation of the
secondary EKs (Du et al., 2017), with the numbers and positions
of secondary EKs corresponding to the numbers and positions of
future tooth cusps. In monocuspid teeth such as incisors and

canines, only one EK develops and no secondary EKs form, in
contrast to what is observed in multicuspid molars, where
multiple knots are seen (Vaahtokari et al., 1996; Jernvall and
Thesleff, 2012). Although the mechanisms facilitating the
transition from primary to secondary EKs are still unclear, the
proper formation of secondary EKs relies on the primary EK. For
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Fig. 1. Schematic of rodent molar development. (A) The initiation of mouse molar formation starts a little later than E11 with the thickening of dental epithelium
(green). The tooth bud then forms via invagination of the dental epithelium into the underlying condensing mesenchyme (orange) at E12.5-E13.5. Signals
sent from the primary (pEK) and secondary (sEK) enamel knots guide the formation and elongation of the cervical loop (CL), with the inner (IEE) and outer
(OEE) enamel epithelium surrounding the stellate reticulum (SR). The rudimentary successional dental lamina (RSDL), which is a transient structure in most
species, also begins to form at this time. (B) During the later stages of mouse molar development, the dental epithelium of the CL grows apically to become
a transient structure called Hertwig’s epithelial root sheath (HERS) and the epithelial cell rests of Malassez (ERM), facilitating root formation. (C) During the
later stages of molar development in voles, multiple intercuspal loops (icls) form and persist throughout the postnatal stages. These are then responsible for
enamel deposition in between the icls. PN, postnatal day.

2

REVIEW Development (2020) 147, dev184754. doi:10.1242/dev.184754

D
E
V
E
LO

P
M

E
N
T



example, the size of the primary EK can affect the position of the
secondary EKs (Pispa et al., 1999; Ohazama et al., 2004).
During the cap-to-bell transition, continuous folding divides the

dental epithelium into inner and outer enamel epithelium (IEE and
OEE). Mesenchymal cells adjacent to the IEE form the dental
papilla, whereas cells around the OEE form the dental follicle. Distal
dental epithelial tissues further invaginate into the underlying dental
papilla, forming cervical loops (CLs) on each side of the secondary
EKs, with the OEE and IEE surrounding cells known as the stellate
reticulum (SR) (Fig. 1A). At the later stages of crown formation,
mineralization starts with the distribution of dentin and enamel
secreted by mesenchyme-derived odontoblasts and epithelium-
derived ameloblasts, respectively (Fig. 1B). The CL dental
epithelium elongates further into the underlying mesenchyme and
grows into a transient structure called Hertwig’s epithelial root
sheath (HERS) (Fig. 1B), which regulates epithelial-mesenchymal
interactions during root elongation (Li et al., 2015).

Early development of the incisor
Development of the mouse incisor initiates at around E11 with the
formation of the dental placode (Fig. 2). A population of non-
mitotic cells that regulates incisor formation has recently been
identified within the incisor placode (Ahtiainen et al., 2016). These
cells accumulate to form an early signaling center named the
initiation knot (IK). The IK appears early at the initiation stage,
remaining on the oral surface to promote the proliferation of
neighboring non-IK placodal cells and tooth germ formation
(Fig. 2). The IK regulates tooth bud size during the transition into
the early incisor bud stage at around E12.5. Accordingly, a smaller
IK volume leads to tooth buds with smaller sizes (Ahtiainen et al.,
2016). Adjacent to the developing tooth bud, another epithelial
structure called the vestibular lamina forms, contributing to the
formation of the future space between the lips and teeth
(Hovorakova et al., 2016).

At the cap stage at around E14.5, incisor dental epithelial tissue
expands longitudinally, receiving signals from the de novo-formed
EK that replaces the IK (Ahtiainen et al., 2016) (Fig. 2). Distinct to
the cell recruitment happening during the transition from primary to
secondary EK formation during molar development, progeny of the
incisor IK do not appear to contribute to EK formation (Du et al.,
2017). At this stage, the CLs grow asymmetrically along the labial-
lingual axis around the dental papilla. While the development of the
labial CL (laCL) proceeds through the bell stage, the lingual CL
(liCL) grows more slowly on the medial side. Later, only the laCL
houses the dental epithelial stem cells that allow a continuous supply
of enamel-producing ameloblasts to the labial side of mouse
incisors. As occurs in molars, mineralization then occurs during the
later stages of development to give rise to the final tooth structure
(Fig. 3). Dental pulp becomes enclosed by dentin produced by
mesenchyme-derived odontoblasts, whereas the lingual root analog
is covered by cementum, which anchors the incisor to the adjacent
alveolar bone via periodontium (Fig. 3C).

Signaling pathways involved in tooth initiation, budding and
early morphogenesis
Early tooth development relies heavily on components of major
signaling pathways expressed by both epithelial and mesenchymal
tissues. Among these, the Wnt, BMP, FGF, Shh and EDA pathways
play important roles in guiding tooth development through
initiation, budding and morphogenesis.

Tooth initiation
Shh and FGF signaling are required from the initiation stage of tooth
development onwards. At around E11.5 during mouse molar
formation, a group of Fgf8-expressing cells form a rosette-like
structure and move towards a Shh-expressing signaling center
(Prochazka et al., 2015). Chemical inhibition of Shh signaling arrests
the growth and invagination of dental epithelium (Li et al., 2016),
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Fig. 2. Schematic of mouse incisor development. The development of the mouse incisor initiates at around E11. Dental epithelium (green) invaginates
into the mesenchyme (orange), forming the dental placode at around E11.5. A population of non-mitotic cells within the placode accumulates to form an
early signaling center termed the initiation knot (IK), which guides the formation of the tooth bud. Vestibular lamina (vl) forms adjacent to the developing tooth
bud. During the bud-to-cap transition, the signaling activity of the IK switches to the enamel knot (EK). At the cap stage at around E14.5, lingual and labial
cervical loops (liCL and laCL) form on each side of the EK in an asymmetrical pattern along the labial-lingual axis around the dental papilla. Continuous
folding further divides dental epithelium into inner (IEE) and outer (OEE) enamel epithelium, surrounding the stellate reticulum (SR) region. The development
of the laCL proceeds through the bell stage, whereas the formation of the liCL is disproportionally slower on the medial side. Hertwig’s epithelial root sheath
(HERS) then forms at the lingual side. PN, postnatal day.
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and also induces a more dispersed distribution of Fgf8+ cells
(Prochazka et al., 2015). Blocking the FGF pathway at the early
initiation stage disrupts cell migration, resulting in smaller,
posteriorly formed molar tooth buds (Prochazka et al., 2015). On
the other hand, blocking FGF signaling after molar placode
formation affects cell proliferation but not invagination, resulting
in smaller tooth buds with similar depth (Li et al., 2016).
Wnt/β-catenin signaling is also required for early tooth

morphogenesis, both in the epithelium and the mesenchyme.
Suppression of epithelial Wnt via overexpression of the Wnt
inhibitor Dkk1 arrests the initiation of tooth development (Andl
et al., 2002), and inactivation of mesenchymal β-catenin disrupts
EK formation as well as the expression of Lef1 and Fgf3, arresting
tooth development at the bud stage (Chen et al., 2009). In the
dental mesenchyme, the expression of Pax9 and Msx1 is a
hallmark of mesenchymal condensation at the bud stage (Vainio
et al., 1993; Satokata and Maas, 1994; Peters et al., 1998). These
two transcription factors are initially regulated by epithelial FGFs
and BMPs but subsequently function upstream of these signaling
molecules. During early incisor development, MSX1 and PAX9

interact to initiate the expression of Fgf3 and Fgf10 at the budding
stage (Zhao et al., 2008; Nakatomi et al., 2010). In line with this,
Msx1 mutant mice exhibit downregulation of Bmp4 and Fgf3,
leading to arrest of early molar development (Wang et al., 2009).

The bud-to-cap transition
The primary EK forms at the basal layer of the epithelium, sending
signals to shape the tooth bud into the cap stage tooth. The expression
ofWnts, Shh, BMPs and FGFs promotes expansion and elongation of
adjacent epithelial tissue into dental cusps (Thesleff et al., 2001;
Harjunmaa et al., 2014). At the same time, primary EK cells express
Msx2, Bmp2/4 and the cell cycle inhibitor P21 (Cdkn1a) to block the
proliferation of EK cells, and subsequently induce apoptosis of the
transient signaling center (Laurikkala et al., 2003). Bmp4 prompts
the expression of Sostdc1 (also known as ectodin), a secretedWnt and
BMP antagonist, which in turn acts on Bmp4 through a negative-
feedback loop, leading to restricted induction of Cdkn1a (Laurikkala
et al., 2003). The level of Cdkn1a correlates with primary EK size.
Indeed, overexpression of Cdkn1a due to Sostdc1 knockout results in
enlarged EKs and cuspal defects (Kassai et al., 2005).
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The size of the primary EK is also controlled by the activity of the
TNF family ligand ectodysplasin A (Eda). Humans with mutations
in EDA, EDAR or EDARADD have hypohidrotic ectodermal
dysplasia, with reduced cusps on the molars (Kere et al., 1996;
Headon et al., 2001). Mice with mutations in Eda have small EKs,
exhibiting defects in epithelial invagination and CL formation,
leading to flattened cusps (Pispa et al., 1999; Ohazama et al., 2004;
Charles et al., 2011). Eda mutant mice also have disrupted
formation of secondary EKs, which leads to flattened cusps (Liu
et al., 2008). The expression of Eda is regulated by Wnt signaling
during early molar morphogenesis. Inhibiting epithelial Wnt
signaling at the early bell stage results in reduced expression of
Eda. A major downstream effector of Eda is Fgf20, which affects
tooth morphogenesis regulated by Eda, including the number, size
and shape of teeth. Accordingly, removal of Fgf20 in an Eda
gain-of-function mouse model results in an Eda loss-of-function
phenotype, with reduced tooth complexity (Häärä et al., 2012). The
function of Fgf20 is redundant with that of other Fgfs, in particular
Fgf9 and Fgf4, and forms part of an FGF signaling loop between the
dental epithelium and mesenchyme.

The cap and bell stages
During the cap/bell stages, the proliferation and differentiation of
progenitors residing in the CLs ensures the further elongation and
invagination of dental epithelium. Mesenchymal Fgf10 plays an
important role in maintaining the survival of dental epithelial
progenitors, starting at the cap stage of molar development. Indeed,
the loss of Fgf10 expression during molar development results in a
shrunken epithelial layer and a loss of the sustained supply of
progenitors for ameloblast production and epithelial growth (Harada
et al., 2002). The spatial and temporal expression of FGFs is
carefully regulated during early dental epithelial proliferation and
invagination. For example, members of the Sprouty (Spry) gene
family act as important negative regulators of FGF signaling. Loss
of Spry2 and Spry4 results in persistent expression of FGFs during
early tooth development, inducing ectopic molar formation in the
normally toothless region called the diastema (Klein et al., 2006).
Conversely, epithelial overexpression of Spry4 represses FGF
signaling, resulting in delayed development of the mouse molar
(Marangoni et al., 2019).
At the late cap stage, CLs elongate and further invaginate into the

underlying dental mesenchyme. A group of Sox2-expressing
epithelial cells residing in the CLs has been identified as dental
stem cells, supporting the continued growth of the tooth and giving
rise to all dental epithelial lineages during the formation of both
rooted molars (Fig. 4A) and ever-growing mouse incisors (Juuri
et al., 2013). Epithelial deletion of Sox2 using either ShhCre or
Pitx2Cre leads to abnormal development of mouse posterior molars
or incisors, respectively (Fig. 4A) (Juuri et al., 2013; Sun et al.,
2016), indicating that Sox2 expression is required for tooth
development, cell proliferation and differentiation. The
transcription factor lymphoid enhancer-binding factor 1 LEF1
also plays a role in cell proliferation during incisor development.
Pitx2Cre-driven overexpression of Lef1 in the mouse incisor
epithelium induces the formation of an extra stem cell
compartment in the laCL with increased cell proliferation, and
this can partially rescue tooth arrest and restore cell proliferation and
differentiation in Pitx2Cre;Sox2fl/flmutant incisors (Sun et al., 2016).
This result reveals a Pitx2-Sox2-Lef-1 transcriptional interaction in
early mouse incisor development. A recent study showed that the
incisor EK is derived from a group of Sox2-expressing progenitors
from the posterior half of the tooth germ (Du et al., 2017). Whether

the defects observed in Pitx2Cre;Sox2fl/fl mutant incisors are in part
due to abnormal EK formation and signaling interaction requires
further studies.

Tooth eruption and formation of the tooth root
Loss of Sox2 expression coincides with crown eruption in mouse
molars, and this is controlled by inhibition of Shh-Gli1 activity
through BMP-Smad4 signaling. Dental epithelial deletion of Smad4
prolongs the survival of Sox2-expressing cells and postpones the
loss of dental epithelium until postnatal day 31.5 (Li et al., 2015).
Moreover, molar CLs are maintained in Smad4 mutants, exhibiting
increased proliferation and an absence of cell differentiation. The
formation of HERS is also strongly affected in Smad4 mutants,
resulting in limited root growth postnatally and a much taller crown,
resembling the crown/root proportion observed in hypselodont
teeth. Further deletion of Shh in Smad4 mutants depletes postnatal
Sox2+ cells and restores root formation (Li et al., 2015).

Acting as an interface between the tooth root and bone, the dental
follicle houses a group of highly heterogeneous mesenchymal
progenitors that differentiate into multiple lineages to facilitate root
formation. The dental follicle forms around the OEE at the bell stage
and expands longitudinally alongside the HERS. The fates of dental
follicle progenitors are maintained through signaling from
parathyroid hormone-related peptide (PTHrP; also known as
Pthlh) and its receptor (PPR; also known as Pth1r). Lineage
tracing has shown that Pthrp+ dental follicle progenitors can
differentiate into cementoblasts, periodontal ligament fibroblasts
and osteoblasts during tooth root formation (Takahashi et al., 2019).
Loss of PPR causes premature differentiation into cementoblast-like
cells, resulting in defective periodontal attachment. In this context,
mutant molars are submerged below the gingiva (gum) and fail to
erupt (Takahashi et al., 2019), similar to the situation observed in
human patients with mutations in the gene encoding PTH receptor
type 1 (PTH1R) (Subramanian et al., 2016).

Tooth number and replacement in mice and humans
Tooth number
There is great diversity in the number and shape of teeth among
mammals. For example, humans possess 20 primary teeth and
32 adult teeth, including eight incisors, four canines, eight
premolars and 12 molars. Mice, on the other hand, possess four
incisors and 12 molars. Interestingly, the number of initial tooth
germs does not always correspond to the final tooth number. In
humans, as well as in rats and mice, tooth germs appear to fuse
during the formation of the maxillary incisors (Hovorakova et al.,
2006; Kriangkrai et al., 2006).

Epithelial Wnt signaling is carefully regulated to control the
number of teeth formed. During mouse tooth formation, Lrp4
mediates the Wnt inhibitory function of Sostdc1 to induce the
degeneration of two vestigial tooth buds, named the mesial segment
and rudiment 2 (R2), which ensures formation of the diastema (Ahn,
2015). Both Sostdc1 null and Lrp4 null mice show persistent
development of R2, which gives rise to a supernumerary tooth and
delays formation of the first molar, pushing it to the further proximal
region (Ahn et al., 2010, 2017). Mutations in WNT10A also cause
missing teeth in humans (Yang et al., 2015; Bergendal et al., 2016),
and disruption of the Wnt co-receptor LRP6 similarly does so
(Massink et al., 2015). However, Wnt10a null mice develop
supernumerary molars, indicating that Wnt signaling can have
distinct roles in different species during early tooth development
(Yang et al., 2015). In contrast, enhancing FGF and Wnt signaling
leads to an increased number of tooth buds. As mentioned above,
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hyperactivating FGF signaling by deleting its Sprouty family
antagonists results in the formation of supernumerary teeth (Klein
et al., 2006). Likewise, increasing Wnt/β-catenin activity by
introducing mutations in Apc, which encodes a protein that
negatively regulates Wnt signaling by degrading β-catenin, results in
formation of multiple tooth buds and supernumerary teeth (Wang
et al., 1998; Kuraguchi et al., 2006; Wang et al., 2009). Upregulation

of the Wnt target Lef1 also induces up to 50 incisors and 16 molars in
1-year-old mice (Nakamura et al., 2008), and hyperactivation of Wnt
signaling by overexpression of β-catenin induces the formation of
molar germs, leading to additional EKs and up to 40 teeth (Järvinen
et al., 2006). Interestingly, mutations in the Wnt target gene AXIN2
also arrest the development of replacement teeth in humans, indicating
that Wnt/β-catenin upregulation could also suppress normal tooth
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formation (Lammi et al., 2004). As Axin2 is expressed in both the
dental epithelium and mesenchyme, and the activation of epithelial
Wnt signaling promotes tooth development in mouse, the hypodontia
phenotype observed in patients with AXIN2 mutations is most likely
due to increased mesenchymal Wnt activity (Järvinen et al., 2018).

Tooth replacement
Most mammals, including humans, have only two successive sets of
teeth (i.e. they exhibit diphyodonty). Around the beginning of root
formation in the primary teeth, the dental lamina (an epithelial
structure connecting tooth buds) degrades, and the connection
between the permanent and the primary tooth buds is lost (Fig. 4B).
Therefore, diphyodont mammals have only one set of permanent teeth
to replace deciduous teeth (Luo et al., 2004; Buchtová et al., 2012). By
contrast, non-mammalian vertebrates are polyphyodont, exhibiting
multiple cycles of tooth replacement throughout their lifetime. In these
species, the dental lamina persists to ensure several rounds of tooth
generation at different stages of development (Fig. 4C), and later teeth
can gradually grow larger in size to keep up with their continuously
developing skulls (O’Meara and Asher, 2016).
The mechanisms regulating tooth replacement are still not clear.

Recently, the transient rudimentary successional dental lamina
(RSDL) that forms during mouse molar formation has been used to
study the molecular and cellular regulation of tooth replacement
(Dosede ̌lová et al., 2015). This study showed that formation of the
first molar represses development of any replacement tooth at the
RSDL, and that under normal conditions the RSDL lacks Wnt/β-
catenin activity. However, the RSDL still possesses odontogenic
potential, and overactive Wnt signaling in the RSDL can induce the
formation of ectopic teeth (Fig. 4A) (Popa et al., 2019). A group of
Sox2+ label-retaining cells has been observed in the transient RSDL
in mice (Fig. 4A) (Juuri et al., 2013; Popa et al., 2019), and lineage
tracing has shown that Sox2+ dental lamina cells contribute to the
formation of the second and third molars. Similarly, a population of
Sox2+ cells has been identified at the lingual side of the dental
lamina in reptiles (Fig. 4C), and may potentially function as an adult
stem cell reservoir to ensure a continuous supply of various cell
lineages for the formation of successional teeth (Juuri et al., 2013).
Interestingly, the expression of Sox2 is downregulated in the

ectopic tooth bud induced by overexpression of Wnt in the mouse
RSDL (Fig. 4A), suggesting a negative-feedback loop during molar
development (Popa et al., 2019). Currently, the exact nature of the
signals generated to inhibit tooth replacement during mouse molar
formation remain unclear. The induction of ectopic tooth germs at
the RSDL with the removal of the first molar indicates that this
transient dental epithelium is likely to provide more insights into the
mechanisms influencing tooth replacement. Using mouse models to
improve our understanding of how dental cells are activated during
tooth replacement could therefore provide insights into how human
tooth regeneration could potentially be facilitated.

The roles and regulation of dental stem cells during tissue
homeostasis and repair
Types of dental stem cells
Brachydont teeth, such as human molars, are not able to regenerate
their crowns because of loss of dental epithelial tissue after tooth
eruption (Balic, 2018). However, dental mesenchymal tissues in
adults do possess a limited regenerative capacity that enables them
to produce dentin, cementum and pulp (Sharpe, 2016). This
regenerative capacity is driven by different populations of dental
mesenchymal stem cells (MSCs). For example, dental pulp stem
cells (DPSCs) isolated from the pulp of adult teeth can give rise to

odontoblast-like cells after dentin damage (Feng et al., 2011).
Periodontal ligament stem cells (PDLSCs) are responsible for
maintaining periodontal ligament cell numbers and are capable of
differentiating into cementoblast-like cells, as well as connective
tissue rich in collagen I (Shi et al., 2005).Moreover, co-transplanting
PDLSCs with stem cells isolated from the root apical papilla can
induce formation of dentin and periodontal ligament in minipigs
(Sonoyama et al., 2006).

In contrast to brachydont teeth with limited regenerative
capability, hypselodont teeth, such as incisors in all rodents, as
well as molars in voles, guinea pigs and sloths, contain dental
epithelial stem cells that are maintained in CLs throughout the
lifespan of the animals (Tummers and Thesleff, 2003; Ohshima
et al., 2005). Interestingly, some continuously growing teeth, such as
themolars of sloths, lack enamel. However, the CLs in these teeth are
maintained, hosting a smaller core of SR cells surrounded by IEE and
OEE (Tummers and Thesleff, 2008). The early development of vole
and mouse molars is remarkably similar from initiation to the late
bell stage. However, whereas the mouse molar develops roots and
stops growing, the molars of some vole species are able to renew
throughout the animal’s lifetime (Figs 1C and 3B). This is because
the epithelium of vole molars folds several times to form multiple
intercuspal loops (icls), almost reaching the base of the dental
mesenchyme and creating large epithelial compartments (Fig. 1C),
which retain a crown fate, allowing for continuous growth (Tummers
and Thesleff, 2003). The mouse incisor, by contrast, does not
develop icls, but rather has a persistent laCL, containing a larger SR,
sandwiched between the OEE and IEE (Fig. 2). This laCL houses the
dental epithelial stem cells that fuel the production of enamel-
producing ameloblasts and, hence, drive tooth growth. The
continuously growing mouse incisor has therefore emerged as an
attractive model system in which to study adult stem cell-fueled
tissue homeostasis, regeneration and repair. As we discuss below,
significant advances have been made using this system in identifying
dental stem cells, understanding their functions and characterizing
the molecular mechanisms that regulate their dynamics.

The molecular identity of dental stem cells
In the classical model of tissue renewal, a small number of quiescent
stem cells act as the starting point for renewal, being responsible for
the formation of rapidly dividing transit-amplifying progenitors,
which later differentiate into multiple lineages (Cotsarelis et al.,
1990; Fuchs, 2009). Based on this model, a population of long-
lived, label-retaining cells residing in the OEE and the adjacent SR
region in the proximal part of the adult mouse laCL were proposed
to function as dental epithelial stem cells, (Fig. 5A) (Harada et al.,
1999; Biehs et al., 2013). Genetic lineage tracing – one of the
principal methods for identifying stem cells in a tissue – has since
been used to study this population further. In this approach, a
population of cells is marked and their ability to give rise to multiple
downstream cell lineages is then assessed. Typically, the Cre-loxP
system is used to conditionally activate Cre recombinase at specific
time points under the control of either a tissue- or cell-specific
promoter via tamoxifen induction. The loxP sites are recombined by
Cre and the flanking STOP cassette is removed to induce reporter
expression (e.g. mGFP) in the cells and their progeny. Using this
approach, several putative dental epithelial stem cell markers have
been identified. For example, it has been shown that both Gli1+ and
Bmi1+ cells located in the proximal laCL are able to self-renew and
give rise to various epithelial cell lineages, including enamel-
producing ameloblasts and stratum intermedium (SI) cells
underlying ameloblasts (Seidel et al., 2010; Biehs et al., 2013).
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Sox2+ cells have also been recognized as epithelial stem cells that
contribute to both early tooth development and maintenance of
adult dental tissue homeostasis. As mentioned above, Sox2-
expressing cells in the CLs of developing incisors and molars at
the bell stage can differentiate into all dental epithelial lineages.
Whereas they persist in mouse incisors into adulthood, Sox2+ cells

are not detectable in mouse molars after birth (Fig. 4A), consistent
with the notion that epithelial stem cells are lost in molars (Juuri
et al., 2012; Li et al., 2015; Sanz-Navarro et al., 2018).

Analyses of gene co-expression modules in the mouse incisor
have identified additional markers for dental stem cells, including
Igfbp5 and Lrig1 (Seidel et al., 2017). Lineage tracing has shown
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that cells expressing either of these two markers can give rise to both
epithelial and mesenchymal dental lineages (Seidel et al., 2017). In
the mesenchyme of mouse incisors, it is thought that slow-cycling,
label-retaining MSCs are located in a niche region between the
labial and lingual CLs near the neurovascular bundle (Seidel et al.,
2010; Zhao et al., 2014). A number of other cell types have been
suggested to function as stem cells in the dental mesenchyme,
including derivatives of glial cells and pericytes, which contribute
to the formation of highly proliferative cells in the fast-cycling
region to support the rapid turnover of incisor mesenchymal cells in
the dental pulp (Fig. 5C). Several markers of such dental MSCs have
been identified, including Thy1 (CD90) and Gli1, both of which
label cells in theMSC niche that give rise to odontoblasts and dental
pulp cells throughout the animal’s life (Kaukua et al., 2014; Zhao
et al., 2014; Feng et al., 2011; An et al., 2018; Shi et al., 2019).

The heterogeneity of dental stem cells in the mouse incisor
Recent studies of organs such as the skeleton, hair follicle and blood
have shown that what were previously thought to be homogeneous
stem cell populations are actually highly heterogeneous (Chan et al.,
2015; Paul et al., 2015; Yang et al., 2017). Similar observations have
also been reported in mouse incisors. In the dental mesenchyme,
lineage tracing using the stochastic multicolor confetti reporter
mouse with two glial ERT2-Cre drivers (Plp1 and Sox10) has
revealed a population of slow-cycling peripheral glial MSCs, which
can give rise to odontoblasts and dental pulp cells (Kaukua et al.,
2014). Additionally, another distinct population of non-glial-derived
dental MSCs that are Shh responsive and reside in the neurovascular
bundle has been reported (Zhao et al., 2014). Lineage tracing of these
non-glial-derived cells using Ng2-Cre and Nestin-Cre showed that
they arise from pericytes and are also responsible for the constant
production of odontoblasts for dentin deposition in the mouse
incisor, as well as for responding to odontoblast damage in explant
cultures (Feng et al., 2011; Zhao et al., 2014; Pang et al., 2016).
These findings suggest that dental MSCs can have both glial and
pericyte origins, revealing a highly dynamic and heterogeneous
cellular environment, as well as an essential role of nerve and
vascular systems during tooth development (Fig. 5C) (Zhao et al.,
2014; Kaukua et al., 2014; Kramann et al., 2015).
Although for a number of years it was thought that the non-

proliferative OEE housed the epithelial stem cells of the adult
mouse incisor, more recent investigations have revealed that some
of the previously identified stem cell markers are not completely
restricted to the OEE, but are also expressed in proliferating cells
(Sharir et al., 2019). Following this, the identity of mouse incisor
epithelial stem cells was characterized using a combination of single
cell RNA sequencing (scRNAseq) and advanced computational
approaches. This led to the proposal of a highly dynamic dental stem
cell model in which there are three main classes of cells: dividing
cells, ameloblasts and adjacent non-ameloblasts (Fig. 5B). The
dividing cells of the IEE are the only ones that appear to undergo
self-renewal during homeostasis. Adding more complexity, the
actively cycling epithelial progenitors can give rise to both
ameloblasts as well as adjacent non-ameloblast cells. Furthermore,
during injury, plasticity in the normal patterns of differentiation is
observed (Sharir et al., 2019).

The regulation of dental stem cells during tissue homeostasis
and repair
A number of signaling pathways are crucial for the homeostasis of
the adult mouse incisor, with FGF signaling being one of the most
important for maintaining incisor renewal (Li et al., 2014). Both

Fgf3 and Fgf10 are essential for supporting the growth of CLs and
maintaining cell survival. Deletion of the transcription factor
Bcl11b results in an inverted expression pattern of Fgf3 and Fgf10
in the lingual and labial mesenchyme; in this context, the CL
expands and ameloblasts form at the lingual side, whereas the size
of the laCL is reduced, accompanied by disrupted ameloblast
formation (Kyrylkova et al., 2012). Epithelial Fgf9 also plays key
roles in regulating the level of mesenchymal FGF signaling to
maintain epithelial stem cells in the developing incisor CLs. Loss
of FGF9 abrogates the expression of Fgf3 and Fgf10 in the dental
mesenchyme (Wang et al., 2007; Kurosaka et al., 2011). FGF
signaling is modulated by BMP4 and activin, which belong to the
TGFβ family. BMP4 represses Fgf3 expression in both the lingual and
labial mesenchyme, while only inhibiting labial Fgf10 expression.
Activin is expressed more robustly in the labial mesenchyme,
counteracting the activity of BMP4. Thus, Fgf3 expression is
maintained on the labial side to promote stem cell proliferation
(Wang et al., 2007). On the lingual side, the repression of BMP4 by
activin is diminished by follistatin (Fst) from the epithelium.
Therefore, lingual BMP4 activity is less affected, and it can further
repress Fgf3 expression, resulting in inhibition of cell proliferation
and differentiation in the lingual dental epithelium. Deletion of Fst
accordingly results in ectopic Fgf3 expression, leading to an expanded
liCL as well as ameloblast formation and enamel production on the
lingual side (Wang et al., 2007). The TGFβ receptor type I encoded
by Alk5 (Tgfbr1) can also regulate mesenchymal Fgf3 and Fgf10
expression. Mesenchymal deletion of Alk5 in teeth leads to
downregulation of Fgf3, Fgf9 and Fgf10, resulting in reduced
proliferation in epithelium. However, epithelial deletion of Alk5
has no effect in CLs, indicating a directionality of TGFβ signaling
in regulating dental mesenchymal-epithelial interactions (Zhao
et al., 2011). Deletion of Tgfbr2 (TGFβ receptor type II) also
results in disrupted incisor formation due to upregulation ofWnt5a
and downregulation of Fgf3/10 in the dental mesenchyme, as well
as enhanced epithelial Lrp5/6-β-catenin signaling. This highlights
the importance of cross-talk between the TGFβ, Wnt and FGF
signaling pathways in regulating dental epithelium-mesenchyme
interactions (Yang et al., 2014). It has also been shown that FGFs
bind to receptor tyrosine kinases (RTKs) to activate Ras signaling,
which signals through the MAPK and PI3K pathways to regulate
epithelial stem cell maintenance and ameloblast differentiation in
the adult mouse incisor (Zheng et al., 2017).

Recently, Hippo signaling has also been shown to play an
important role in coordinating dental cell proliferation and
differentiation in the epithelial progenitor population (Hu et al., 2017).
The effectors of the Hippo pathway, yes-associated protein (YAP; also
known as YAP1) and its homolog, transcriptional co-activator with
PDZ-binding motif (TAZ), are strongly expressed in the nuclei of
proliferating cells in the laCL. Deletion of both Yap and Taz causes
loss of proliferation and increased cell death, resulting in remarkable
tissue loss in the SR and proliferating regions of the adult incisor
epithelium. YAP/TAZ regulate the expression of Rheb to
subsequently activate mTOR signaling, and a FAK-YAP-mTOR
signaling axis controls the spatial expression of nuclear YAP, enabling
the production of highly proliferative progenitors to maintain adult
dental tissue homeostasis (Hu et al., 2017).

Wnt signaling is essential for maintaining epithelial stem cell
niches in many epithelial systems, such as hair follicles and
intestinal crypts (Huelsken et al., 2001; He et al., 2004; Haegebarth
and Clevers, 2009). However, although Wnt signaling is crucial for
tooth morphogenesis, it does not seem to be heavily involved during
the process of adult incisor renewal. Several Wnt inhibitors, such as
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Dkk1 and Dkk3, are expressed in the laCL. Moreover, the Wnt-
responsive gene Axin2, often used as a marker of Wnt activity, is
not expressed in the apical region of the incisor CL and is only
weakly expressed in differentiating ameloblasts (Suomalainen and
Thesleff, 2010). Upregulation of epithelial Wnt3 expression
disrupts maintenance of the incisor stem cell niche, as well as the
differentiation of ameloblasts (Millar et al., 2003; Liu et al., 2010), and
upregulation of Wnt signaling in Sox2+ cells induces the formation of
odontomas (Xavier et al., 2015). These findings suggest that a lower
level of Wnt activity is desirable for maintaining the adult CL. The
expression of Lgr5, a Wnt target gene that marks adult stem cells in
many other tissues, can be detected by E15.5 in the SR of the laCL in
both developing and adult mouse incisors, strongly overlapping with
the expression pattern of Sox2 (Suomalainen and Thesleff, 2010;
Sanz-Navarro et al., 2018). However, Lgr5 null mice show no
morphological abnormalities in the developing laCL (Sanz-Navarro
et al., 2018). The dispensable role ofWnt signaling in the adult mouse
incisor laCL, compared with its essential role in epithelial stem cell
niches in other systems, indicates a unique regulatory network in this
system and highlights the importance of studying stem cell regulation
case by case. In addition to being regulated by a host of signaling
pathways, tooth development is also controlled through the fine-
tuning of microRNA (miRNA) networks (see Box 1).
Themaintenance of both epithelial and mesenchymal stem cells is

not only essential for continuous incisor growth under homeostasis
but is also required during injury repair. As a highly plastic tissue, the
dental epithelium of the mouse incisor can regenerate within 10 days
after the elimination of themajority of proliferating progenitors using
5-fluorouracil (5FU) (Sharir et al., 2019). This regeneration is driven
by progenitors that are not actively proliferating and hence survive
the 5FU treatment and quickly respond to tissue damage by dividing.
Non-mitotic pre-ameloblasts, before switching on expression of
differentiation markers, can also reinitiate cycling, leading to an
expansion of the proliferating region and delayed onset of ameloblast
differentiation (Fig. 5B).
The roles of signaling pathways regulating dental tissue regeneration

and repair remain largely unknown. Notch signaling has been
reported to regulate the differentiation of SI cells, which function as a
reserve progenitor pool that can give rise to SR/OEE cells as well as
partially contribute to ameloblast turnover during homeostasis
(Harada et al., 2006). During tissue repair after 5FU treatment, a
significant number of Notch1-expressing SI cells migrate into the

IEE/ameloblast layer to regenerate the damaged tissue (Fig. 5B); in
line with this, elimination of Notch1+ cells significantly disrupts
injury recovery (Sharir et al., 2019). Given the role of Notch signaling
in cell fate determination and its specific expression in the SI cells that
subtend the IEE, it is possible that the Notch pathway is involved in
determining SI fate. However, future exploration with in vivo mouse
genetics is required to address this question.

During tissue homeostasis in the adult mouse incisors, Thy1-
expressing cells residing in the dental mesenchyme between the
liCL and laCL act as a subpopulation of MSCs that can differentiate
into dental pulp cells and odontoblasts (An et al., 2018). In the case
of tissue regeneration stimulated by clipping of the incisor, a group
of Celsr1+ cells in the dental mesenchyme is able to switch from
quiescent to active status and replenish Thy1+ MSCs (An et al.,
2018). These results reveal that dental MSCs are also responsive to
tissue damage and can be re-activated during injury repair.

Dental tissue mineralization and damage repair
During the later stages of tooth development, ameloblasts and
odontoblasts derived from dental stem cells secrete various types of
proteins for biomineralization. In the case of ever-growing teeth,
this dynamic process continues throughout the animal’s lifetime,
contributing to the formation of dental tissue such as enamel and
dentin. Understanding the process of mineral deposition could shed
light on the mechanisms underlying mineralization diseases, such as
amelogenesis imperfecta, as well as facilitate the development of
therapeutic treatments and novel biomaterial scaffolds.

Starting at the late bell stage, differentiated ameloblasts begin to
produce the enamel layer. Enamel, which is the only calcified tissue
derived from epithelial cells in mammals, is built up by a unique set
of enamel matrix proteins (EMPs) that govern hydroxyapatite
deposition (Gajjeraman et al., 2007). Amelogenin, ameloblastin and
enamelin are the major structural constituents of secretory-stage
enamel. Amelotin and odontogenic ameloblast-associated protein
are then secreted at the maturation stage during enamel deposition.
Genetic and evolutionary analyses have revealed that the genes
encoding these proteins all originated from a common ancestor gene,
SPARCL1, through a process of tandem duplication followed by neo-
functionalization (Kawasaki and Weiss, 2003). With the exception
of amelogenin, the genes encoding EMPs form a cluster on human
chromosome 5, forming a larger family of secretory calcium-
binding phosphoproteins (Kawasaki and Weiss, 2003). After
secretion, the nascent EMPs undergo proteolytic processing by
matrix metalloprotease 20 (MMP20), resulting in the release of
different protein moieties exhibiting distinct calcium-binding
properties, hydrophobicity and spatial distribution in the matrix
during amelogenesis (Iwata et al., 2007; Nagano et al., 2009;
Bartlett, 2013). Around 90% of the enamel matrix is composed of
amelogenin-derived peptides, which are believed to be the principal
organizers of hydroxyapatite deposition. Ameloblastin and enamelin
make up the remaining 10% of the enamel matrix and function
cooperatively with amelogenin to achieve the optimal scaffolding
needed for the formation of enamel matrix. Both amelogenin and
ameloblastin form higher-ordered structures via evolutionarily
conserved self-assembly motifs (Ravindranath et al., 2004).

Mutations in all major structural EMPs have been identified as
causes of amelogenesis imperfecta (AI) in humans, underscoring the
importance of EMPs in tooth development and enamel formation.
Furthermore, the deletion of AMBN exon 6 leads to hypoplastic AI
with aprismatic enamel (Poulter et al., 2014). Mutations in the
enamelin gene lead to an autosomal-inherited form of AI, whereas
mutations in amelogenin lead to X-linked AI (Kim et al., 2004, 2005).

Box 1. miRNA regulation during tooth formation
Dozens of miRNAs are differentially expressed in the tooth and have
been shown to interact with various signaling pathways to govern
odontogenic differentiation of primary cultured human dental pulp cells
(Gong et al., 2012). Deletion of Dicer1, the gene encoding an enzyme
required for miRNA processing, leads to a general disruption of tooth
formation in mice (Cao et al., 2010; Michon et al., 2010; Oommen et al.,
2012). Epithelial deletion of Dicer1 with two different Cre drivers
(Pitx2Cre;Dicerfl/fl or ShhCre;Dicerfl/fl) results in ectopic formation of
mouse incisors (Cao et al., 2010; Oommen et al., 2012). Mesenchymal
deletion of Dicer1, on the other hand, causes defects of varying severity,
depending on tooth location and type (Oommen et al., 2012). Future
studies will be required to establish a more precise expression profile of
miRNAs during early tooth development, as well as during homeostasis
and injury repair in adult dental tissues. With the advent of single cell
RNAseq, information from different cell populations can be collected to
understand further the complex regulation of miRNAs and the
interactions between miRNAs and signaling pathways.
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A central regulator of enamel mineralization is Wnt signaling.
Indeed, epithelial deletion of a combination of the Wnt/β-catenin
transcriptional co-factors Bcl9 and Bcl9l affects the composition of
enamel (Cantù et al., 2017). The differentiation of ameloblasts also
requires the presence of functional odontoblasts or a predentin
matrix (Karcher-Djuricic et al., 1985; Zeichner-David et al., 1995),
and deficiency in dentin mineralization results in amelogenin
accumulation in the matrix adjacent to odontoblasts (Fanchon
et al., 2004). Dentin itself is secreted by mesenchyme-derived
odontoblasts, and the process of odontogenesis relies on a similar
set of proteins as does bone development. The most important
structural proteins are collagen type 1, osteocalcin (Bglap), bone
sialoprotein (Bsp), osteopontin (Spp1), dentin matrix protein 1
(Dmp1) and dentin sialophosphoprotein (Dspp); Dspp encodes two
dentin matrix proteins: dentin sialoprotein (DSP) and dentin
phosphoprotein (DPP) via the process of alternative splicing
(Narayanan et al., 2001). Compared with the extensively studied
process of enamel formation, the regulation of dentin
mineralization is less well understood. DMP1 directly regulates
Dspp expression by binding to its promoter and activates its
transcription, which is important for early odontoblast
differentiation (Narayanan et al., 2006). A recent study showed
that Sp7 (also known as osterix), a transcription factor essential for
bone development, is also required for maintaining the size and
shape of mouse molars and incisors (Bae et al., 2018). Although
tooth initiation and early morphogenesis are not affected in Sp7
null mice, the polarity and differentiation of odontoblasts and
ameloblasts are disrupted, resulting in the absence of dentin and
enamel deposition. Interestingly, Sp7 is only expressed in dental
mesenchymal cells, indicating a non-cell-autonomous effect on
epithelial ameloblasts, potentially through direct regulation of FGF
ligands (Bae et al., 2018).

The dentin-pulp complex is able to repair in response to external
damage (Fig. 6). Mild injury in the molar stimulates reactionary
dentinogenesis by upregulating dentin secretion from existing
postmitotic odontoblasts (Duque et al., 2006). By contrast, severe
injury involving the death of local odontoblasts requires recruitment
of dental progenitors and differentiation of odontoblast-like cells for
reparative dentinogenesis (Fig. 6). In response to severe damage,
expression of the Wnt-responsive gene Axin2 becomes upregulated.
Lineage tracing has shown that, in this context, Axin2+ cells expand
through proliferation and give rise to odontoblast-like cells for
reparative dentin secretion (Babb et al., 2017). Odontoblast-specific
deletion of Wntless (Wls), which encodes a chaperone protein
required forWnt secretion, causes significant downregulation ofDcn,
Col1a1 andDsp in mutant crowns and reduced expression ofWnt10a
and Axin2 in mutant roots, resulting in reduced dentin thickness,
enlarged dental pulp chamber and impaired root elongation (Bae
et al., 2015). Another study has shown that non-ionizing, low-power
laser treatment can re-activate endogenous growth factors, such as
TGFβ1 in the mineralized tissue, to stimulate differentiation from
dental progenitors to odontoblasts and promote tissue repair (Arany
et al., 2014). This finding indicates that external damage might also
release other bioactive molecules, such as FGF2, PDGF and VEGF,
from the dentin matrix to aid repair. Inflammatory cells are also
recruited to the injury site (Fig. 6). They can release growth factors
such as TNFα to promote odontogenesis and dentin re-deposition
(Cooper and Smith, 2013; Cooper et al., 2014).

Conclusions and future perspectives
Tooth organogenesis is a complex process involving the repeated
utilization of several pathways that can trigger different effects in
distinct compartments of dental tissues. This is an exciting time in the
field, with many open questions. How do cells tell different signals
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Fig. 6. Dentin repair in the human molar. Schematic of a human molar showing dentin mineralization around the dental pulp, enamel deposition on the tooth
crown, and cementum coverage around the root surface. The tooth is attached to the alveolar bone via periodontal ligaments. The dental pulp houses blood
vessels and nerves. Various types of stem cells, such as dental pulp stem cells (DPSCs), periodontal ligament stem cells (PDLSCs) and stem cells from the root
apical papilla (SCAPs) can be found in the dental pulp and periodontal ligament around the tooth root. Mild injury induces reactionary dentinogenesis, which
stimulates increased dentin secretion by odontoblasts. By contrast, reparative dentinogenesis takes place in response to severe injury and requires the
recruitment of dental progenitors, which differentiate into odontoblast-like cells to fuel dentin production. Bioactive molecules released from mineralized dental
tissues, as well as growth factors produced by recruited inflammatory cells, can promote both odontogenesis and tissue repair.

11

REVIEW Development (2020) 147, dev184754. doi:10.1242/dev.184754

D
E
V
E
LO

P
M

E
N
T



apart? What mechanisms are used to achieve specific lineage
commitment between cell populations? How are all these molecules
controlled at a systems level?What are the activators and inhibitors of
morphogenesis and differentiation within the system? Studies of the
behaviors of dental stem cells under different conditions have also
raised a number of questions that merit further analysis. How is
plasticity maintained in stem cells/progenitors in adult tissue
responding to different levels of injury repair? How does aging
affect their potency? The mechanisms regulating dental epithelial-
mesenchymal interactions and cellular activities during progenitor
migration and cell fate decisions also require in-depth investigation.
Moving forward, technical advances can be used to help decipher

these questions. For example, rapidly developing bioengineering and
tissue culture systems can serve as important platforms to recapitulate
molecular and cellular interactions in vitro.Recent studies have shown
that modifying cell culture conditions can stimulate the lineage
commitment of dental pulp stem cells towards osteogenesis or
pericyte-like cells (Delle Monache et al., 2019; Noda et al., 2019).
A natural extracellular matrix scaffold can be achieved by
decellularization of unerupted tooth buds, which holds promise for
future application in whole-tooth regeneration (Zhang et al., 2017).
Computer modeling can also contribute to our understanding of
organogenesis. A multi-scale, cell-based computational model was
recently built to analyze the mechanical properties of epithelial and
mesenchymal cells during tooth development. By visualizing
outputs with various parameters and comparing computational
stimulations with morphology observed in histological sections,
differential growth and differential adhesion between tooth tissues
were identified as two main contributors in shaping early tooth
development (Marin-Riera et al., 2018). The importance of
mechanical forces during tooth morphogenesis is increasingly
being recognized (see Box 2). Force sensors show great potential
to be used for precise measurements of mechanical force in a living
tissue. For example, when injected into the intercellular space, the
deformation of single-cell-size oil droplets can provide a direct
readout of mechanical stresses of a targeted region in the tissue
(Campàs et al., 2014). This technique could be used to understand
the role of mechanical forces within the dental epithelium or

mesenchyme, as well as the interactive region between two layers of
tissues during tooth morphogenesis. With such multidisciplinary
approaches, we should be able to reach a deeper understanding of
dental developmental and stem cell biology, contributing to a better
foundation for future regenerative approaches.
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