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Summary: The rodent incisor is one of a number of
organs that grow continuously throughout the life of an
animal. Continuous growth of the incisor arose as an
evolutionary adaptation to compensate for abrasion at
the distal end of the tooth. The sustained turnover of
cells that deposit the mineralized dental tissues is
made possible by epithelial and mesenchymal stem
cells residing at the proximal end of the incisor. A com-
plex network of signaling pathways and transcription
factors regulates the formation, maintenance, and dif-
ferentiation of these stem cells during development
and throughout adulthood. Research over the past 15
years has led to significant progress in our understand-
ing of this network, which includes FGF, BMP, Notch,
and Hh signaling, as well as cell adhesion molecules
and micro-RNAs. This review surveys key historical
experiments that laid the foundation of the field and
discusses more recent findings that definitively identi-
fied the stem cell population, elucidated the regulatory
network, and demonstrated possible genetic mecha-
nisms for the evolution of continuously growing teeth.
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In 1768, the year James Cook boarded the HMS Endeav-

our on his first voyage of discovery, a French naturalist
named Auguste Fougeroux documented a finding of his
own. He noted in Observations Anatomiques that the
teeth of a rabbit, unlike those of humans, grow continu-
ously (Fougeroux de Bondaroy, 1768). This intriguing
phenomenon was experimentally confirmed some 40
years later by Oudet, who cut off rabbit incisors at the

gingival (or gum) level and found that these teeth indeed
regenerated (Oudet, 1823). These first steps by Fouger-
oux and Oudet laid the foundation for the discovery two
centuries later that the continuous growth of incisors in
rabbits and rodents is fueled by adult stem cells that
reside in the proximal end of the tooth and generate all
necessary cell types throughout the animal’s life.

Over the past several years, the adult mouse incisor
has emerged as an attractive model system for the study
of adult stem cells. Such cells are present in many differ-
ent organs and are required for homeostasis as well as
injury repair. Studies using mouse genetics, as well as
other experimental approaches such as explant cul-
tures, have deepened our understanding of the signal-
ing pathways and genetic networks that are involved in
the formation and the renewal of the rodent incisor.
Here, we review the current state of the field of incisor
stem cells.

THE MOUSE INCISOR AS A MODEL SYSTEM FOR
STEM CELL BIOLOGY

Teeth consist of three parts—crowns, roots, and sup-
porting structures—and they are anchored in maxillary

* Correspondence to: Ophir D. Klein, Department of Orofacial Scien-

ces and Program in Craniofacial and Mesenchymal Biology, University of

California San Francisco, San Francisco, CA 94143.
E-mail: ophir.klein@ucsf.edu

Contract grant sponsor: National Institute of Health, Contract grant

numbers: R01-DE021420 and DP2-OD00719 (to O.D.K.), F32-DE023705

(to J.K.H.), F30-DE022482 (to V.M.)
Published online 5 December 2013 in

Wiley Online Library (wileyonlinelibrary.com).

DOI: 10.1002/dvg.22732

VC 2013 Wiley Periodicals, Inc. genesis 52:79–92 (2014)



and mandibular bones by periodontal ligaments. These
ligaments extend from the bone and insert into the out-
ermost layer of the tooth root, called cementum. The
crown of the tooth is exposed to the oral cavity and
provides masticatory function. It is covered by the hard-
est substance in the body, enamel, which is produced
by the epithelially derived ameloblasts. Underneath
enamel is dentin, which is laid down by the odonto-
blasts of mesenchymal origin. Dentin encloses the den-
tal pulp, which contains the neurovascular bundle of
the tooth. In the root portion of the tooth, dentin is cov-
ered by cementum.

There is a great diversity among mammals in terms of
the number and shape of teeth. Humans possess 20 pri-
mary teeth and 32 adult teeth; the adult teeth are com-
posed of 8 incisors, 4 canines, 8 premolars, and 12
molars. The primary teeth appear at around 6 months
of age and are fully shed by the early teen years. Once
the tooth erupts into the oral cavity, the dental epithe-
lial tissue is lost, such that adult human teeth lose the
potential to regenerate enamel, and the remaining mes-
enchymal tissues have only a limited capacity to regen-
erate dentin, cementum, and pulp. In contrast, mice,
which are an important and commonly used model for
investigation of tooth development, exhibit a highly
specialized dentition. They possess 4 incisors and 12
molars, which are separated by a toothless area called
the diastema.

All rodents, including mice, have incisors that grow
throughout their lifetime, and this growth is counterbal-
anced by continuous wear. The continuous formation of
enamel and dentin is made possible by the presence of
active adult epithelial and mesenchymal stem cells
respectively. The epithelial stem cells, which are the
principal focus of this review, reside in a niche called the
cervical loop; the mesenchymal stem cells in the dental
pulp are not yet as well characterized as their epithelial
counterparts.

IDENTIFICATION OF INCISOR EPITHELIAL STEM
CELLS

With the emergence of comparative anatomy in the late
1800s, it was concluded that continuous incisor growth
is common to all extant species of glires (rodents and
lagomorphs) (Cope, 1888), and the advent of histologi-
cal and microscopic techniques in the early 20th cen-
tury allowed for closer scrutiny of the incisors of these
species (Addison, 1915). These early studies suggested
that the constant supply of enamel was provided by
cells residing in the proximal soft tissue, which was
called the “enamel organ”.

The initial studies of incisor growth utilized mechani-
cal demarcations via cuts along the erupted enamel.
These enabled observation of tooth renewal as well as
rough measurements of the growth rate (Addison,

1915). Later investigations using tritiated thymidine
autoradiography showed that the mouse incisor grows
at the rate of �365 mm/d (Smith and Warshawsky,
1975a). These were followed by more extensive histo-
logical studies (Moe et al., 1979; Smith and Warshaw-
sky, 1975b; Warshawsky and Smith, 1974) that
provided detailed descriptions of the morphological
structures of the enamel organ and identified the labial
and lingual cervical loops (liCL and laCL). The laCL was
postulated to house cells that would give rise to
enamel-secreting ameloblasts. These pioneering studies
made important contributions to the modern under-
standing of ameloblast development and maturation
and led to the later discovery that dental epithelial stem
cells reside in the stellate reticulum (SR) and outer
enamel epithelium (OEE) of the laCL. These stem cells
give rise to the rapidly dividing transit-amplifying (TA)
cells, which further differentiate into pre-ameloblasts
(Fig. 1). In turn, those cells give rise to mature amelo-
blasts as they progress distally through the proximal
presecretory, secretory, and maturation zones (War-
shawsky and Smith, 1974). On the other hand, when
compared to the laCL, the liCL is relatively small in size,
has less proliferating cells, and does not contain cells
that normally form ameloblasts. Thus, the enamel is dis-
tributed asymmetrically, as it is only present on the
labial surface of the tooth, in contrast to the softer den-
tin, which wraps around the entire incisor. This creates
a difference in hardness between the outer and inner
surfaces of the tooth, and it enables abrasion through
mastication to primarily file down the inner (dentin)
side of incisor, generating a sharp tip.

Analysis of the mitotic activity of epithelial cells in dif-
ferent regions of the incisor further solidified the evi-
dence for an active population of progenitor cells.
Tritiated thymidine labeling revealed that cells within
the adult rat enamel organ first proliferated and subse-
quently became postmitotic as they exited the presecre-
tory zone and moved distally (Smith and Warshawsky,
1975a). These early studies also suggested the possibil-
ity of several stem cell types within the cervical loop, as
discussed later. Smith (1980) postulated that distinct
compartments may exist within the OEE, inner enamel
epithelium (IEE), and SR. Treatment of animals with
mitotic arrest agents, such as vinblastine, resulted in
decreased velocity of ameloblast migration along the
incisor, hinting that proper incisor growth and cell
movement require proliferation (Samperiz et al., 1985).
The next major advance came in the 1990s, when
molecular techniques provided clues about the signal-
ing cascades regulating the stem cell niche and identi-
fied potential markers for dental stem cells (Harada
et al., 1999). When BrdU (5-bromo-20-deoxyuridine)
was pulsed in cultured explants and followed by a pro-
longed chase, label-retaining cells (LRCs) were found.
This result was intriguing, as in a number of tissues the

80 HU ET AL.



stem cells divide infrequently, and thus nuclear labeling
is maintained for extended periods without dilution
(Fuchs, 2009). BrdU LRCs were subsequently identified
in vivo in the SR and OEE 60 days after BrdU was

injected into postnatal day 0 (P0) pups (Seidel et al.,
2010), strengthening the idea that stem cells reside in
these compartments. Similar results were obtained
using a genetic system, in which the expression of a tet-
racycline operator regulated transgene that encodes a
GFP tagged nucleosomal Histone 2B protein (H2B-GFP)
is controlled in the dental epithelium with a keratin 5
promoter driven tetracycline activator (K5-tTA). These
studies found LRCs in the same region 2 months after
the cessation of H2B-GFP induction (Li et al., 2012;
Seidel et al., 2010), pointing to a group of slow cycling
cells in the rodent incisor that were likely to be stem
cells.

Definitive identification of stem cells requires either
lineage-tracing or transplantation experiments. Histori-
cally, candidate stem cell markers were chosen based
on a number of criteria, such as being targets of major
signaling pathways that are active within the putative
stem cell niche (Joyner and Zervas, 2006). Recently,
several stem cell markers in the cervical loop were iden-
tified using in vivo lineage tracing. The first such
marker found, the sonic hedgehog (SHH) responsive
gene Gli1, is expressed in LRCs, and lineage tracing
showed that Gli1-expressing cells give rise to differenti-
ated ameloblasts and cells in the stratum intermedium
(SI). This study used the Gli1CreER transgene, which
can be conditionally induced by tamoxifen to activate
the expression of Cre-responsive reporters (Seidel
et al., 2010). The next two markers, Bmi1 and Sox2,
were identified based on their expression in other stem
cell systems, including the brain, blood, intestine, and
several other organs (Arnold et al., 2011; Molofsky
et al., 2003; Park et al., 2003; Sangiorgi and Capecchi,
2008; Suh et al., 2007). Bmi1 expression in the adult
incisor coincides with the BrdU label-retention domain
and with Gli1 expression (Fig. 2). Bmi1-expressing
cells also generate progeny that populate the differenti-
ated ameloblasts (Biehs et al., 2013). Functionally,
BMI1 plays a critical role in promoting proliferation
and self-renewal by suppressing the expression of
Ink4a/Arf, a locus that encodes the cell cycle inhibitors
p16 and p19. Importantly, BMI1 also actively prevents
inappropriate differentiation by inhibiting the expres-
sion of Hox genes. As a result, in the absence of Bmi1,
stem cell self-renewal decreases, resulting in the loss of
enamel deposition over time. Sox2 also marks incisor
epithelial stem cells, although its expression in the P2
mouse incisor differs from that of Gli1 and Bmi1 in the
adults, as the domain of expression is broader, extend-
ing anteriorly toward the TA region and into the SR
(Juuri et al., 2012). These expression differences may
be due to discrepancies in the stages when the samples
were examined, or they may reflect the presence of dis-
tinct stem cell subpopulations in the cervical loop, simi-
lar to what has been reported in the stem cell niche of
the gut (Tian et al., 2011). Nonetheless, Sox2-

FIG. 1. Schematics of the rodent jaw and incisor cervical loops.
(a) The incisor is mostly embedded in the jawbone, and the stem
cell compartment is located at the proximal end of the tooth. The
stem cells continuously supply ameloblasts (Am) and odontoblasts
(Od), cells that are responsible for replacing the worn enamel (En)
and dentin (De), respectively. (b) The incisor epithelial stem cells
are located in the outer enamel epithelium (OEE) and stellate reticu-
lum (SR) of the labial cervical loop (laCL), as shown in this diagram
of a sagittal section of the proximal incisor. These cells are quies-
cent but give rise to transit-amplifying (TA) cells in the inner enamel
epithelium (IEE) that undergo massive proliferation. The TA cells in
turn give rise to pre-ameloblasts (pre-Am) and, subsequently, the
fully differentiated ameloblasts, as well as cells in the stratum inter-
medium (SI). Two morphologically distinct cell types can be identi-
fied in the SR, one adjacent to the OEE and the other adjacent to
the TA cells. Compared to the laCL, the lingual cervical loop (liCL)
is smaller and does not normally give rise to ameloblasts. Finally,
mesenchymal stem cells that generate odontoblasts are believed
to reside in the proximal dental pulp.
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expressing cells contribute to all epithelial lineages in
the incisor and may do so by migrating from the SR
directly to the IEE and TA regions, as opposed to Gli1

and Bmi1 expressing cells, which appear to populate
the OEE. Finally, Sox2 expression is induced by FGF8
signaling and further fine-tuned by micro-RNAs (miR-
NAs). This finding, as discussed in the next section, is
consistent with a number of studies showing that inci-
sor stem cells are regulated by an intricate network of
signaling pathways, transcription factors, and miRNAs.

DEVELOPMENT AND REGULATION OF INCISOR
EPITHELIAL STEM CELLS

The formation of the incisor progresses through compa-
rable stages as the well-studied molar, and many of the
molecules that govern molar development similarly reg-
ulate incisor formation (Tummers and Thesleff, 2009).
This process is characterized by reciprocal epithelial-
mesenchymal interactions, which are widely used in
the development of many organs, such as the limb and
the skin appendages (Fuchs and Horsley, 2008; Zeller
et al., 2009). The mammalian dental epithelium origi-
nates from oral ectoderm, while the mesenchyme
derives from cranial neural crest, which arises from the
margins of the neuroepithelium and undergoes a
ventral-lateral migration. Neural crest-derived mesen-
chyme forms many dental tissues, such as dentin, pulp,
and periodontal ligaments, whereas the ectoderm-
derived epithelium mainly produces the enamel-
secreting ameloblasts and their supporting cells (Chai
et al., 2000; Rothova et al., 2012; Tucker and Sharpe,
2004).

In mice and mouse-like rodents (e.g., rats and voles),
tooth development begins between embryonic day (E)
8.5–10. At that time, the first signaling molecules
involved in development are expressed, followed by
the thickening of the epithelium into a placode; in
mice, this occurs at E11. Subsequently, a series of devel-
opmental stages called bud, cap, and bell occur (Fig. 3).

During the bud stage (E12.5–13.5 in mice), the epithe-
lium begins to invaginate into the underlying mesen-
chyme, which responds by condensing to form the
dental papilla. During the transition from bud to cap
stage, a transient signaling center called the enamel knot
(EK), characterized by expression of several secreted fac-
tors, forms.

The cap stage (E14–15.5 in mice) is characterized by
further epithelial and mesenchymal proliferation. The
proliferating dental epithelium surrounds the dental
papilla, and the mesenchyme proliferates and forms the
dental follicle. During the late cap stage, significant
morphological differences between the developing inci-
sor and molar emerge, as the developing incisor begins
to grow parallel to the long axis of the jaw. During the
bell stage (E16–18 in mice), the final tooth shape and

FIG. 2. Bmi1 and Gli1 mark incisor stem cells. (a,b) BrdU label retaining cells (LRCs) reside in the OEE and SR of the laCL (red arrow
head) and the proximal mesenchyme (yellow arrow head). The same population also expresses Bmi1 (green) and Gli1 (red). DAPI is blue.
(c–e) Bmi1CreER;R26R-Tm-GFP mice were induced at 6 weeks with tamoxifen and chased for the indicated time period to lineage trace
Bmi1 expressing stem cells, which give rise to ameloblasts. Cells that have undergone recombination are green and non-Bmi1 lineage is
red. Mesenchymal Bmi1 expressing cells also give rise to progeny.

FIG. 3. Schematic depiction of mouse molar (a) and incisor (b)
tooth development. Tooth development begins with thickening and
invagination of the oral epithelium into the underlying mesenchyme
at �E11. At the bud stage (�E13), the mesenchyme condenses. At
the cap stage (�E14.5), the enamel knot, a central signaling center,
appears. At the bell stage (�E16), the secondary enamel knots,
corresponding to the future location of cusps, form. In addition, the
extracellular matrices of enamel and dentin are excreted by the dif-
ferentiating ameloblasts and odontoblasts, respectively. Tooth
development is similar in the incisor and molar, with a few key dif-
ferences being the proximal-distal “rotation” of the incisor at the
bell stage, as well as the absence of secondary enamel knots in
the incisor. VL, vestibular lamina.
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the tooth-specific cell types become apparent. The pri-
mary EKs are replaced by secondary EKs in the molars,
which correspond to locations and numbers of future
tooth cusps (Jernvall et al., 1994). Thus, monocuspid
teeth like incisors and canines exhibit only one primary
EK, whereas the multicuspid premolars and molars first
exhibit a primary EK and subsequently form several sec-
ondary EKs.

Several signaling pathways are critical for the forma-
tion and maintenance of the incisor epithelial stem cells
both during development and in adults (Fig. 4). Among
the best studied of these is FGF signaling. During inci-
sor organogenesis, Fgf3 and Fgf10 initially have overlap-
ping expression in the dental papilla (the condensing
mesenchyme) through E14 in the cap stage incisor bud
(Harada et al., 2002). From E16 (early bell stage)
onward to adulthood, Fgf10 is expressed in the mesen-
chyme neighboring both the lingual and labial IEE of
the forming cervical loops, which express the FGF
receptor genes Fgfr1b and Fgfr2b. Fgf3 expression, in
contrast, is only present in the mesenchyme adjacent to
the labial IEE (Harada et al., 1999, 2002; Kettunen
et al., 2000; Wang et al., 2007). Functionally, these mes-
enchymally expressed FGFs, although not required for

the early differentiation of ameloblasts during develop-
ment, are crucial for the proliferation and survival of
epithelial stem cells in the developing cervical loops
(Harada et al., 2002; Wang et al., 2007). This is evident
in the Fgf10

2/2 knockout embryos, where the cervical
loop forms initially but eventually regresses due to
reduced growth and increased apoptosis (Harada et al.,
2002). Teeth in Fgf3

2/2 mice, on the other hand,
are largely normal, probably due to the redundant func-
tion of Fgf10. However, Fgf3

2/2
;Fgf10

1/2 compound
mutants exhibit a severely hypoplastic laCL and
reduced enamel formation, indicating that the levels of
FGF signaling are important for the maintenance of the
incisor epithelial stem cell pool (Wang et al., 2007).
Consistent with this result, FGF receptor 2(IIIb) null
mice have no discernible incisors at birth (de Moer-
looze et al., 2000). Conditional removal of Fgfr2 or mis-
expression of a dominant negative FGFR2b in the
incisor epithelium demonstrated that FGF signaling acts
tissue-specifically to maintain the epithelial stem cell
niche both during development and adulthood (Lin
et al., 2009; Parsa et al., 2010). Additional Fdfs, such as
Fgf9, are expressed in the incisor epithelium during
development (Kettunen and Thesleff, 1998; Porntavee-
tus et al., 2011) and may play key roles in initially acti-
vating the mesenchymal expression of FGFs (Bei and
Maas, 1998; Wang et al., 2007). Supporting this view,
genetic ablation of the core binding factor b, which
binds to Runx transcription factors and is required for
the epithelial expression of Fgf9, abrogated the expres-
sion of Fgf3 and Fgf10 in the developing dental mesen-
chyme (Kurosaka et al., 2011).

Several studies also highlighted the importance of spa-
tially and quantitatively balanced FGF signaling in the
incisor for maintenance of the asymmetry of the organ,
in which ameloblasts and enamel are restricted to the
labial side. One important class of FGF regulators is the
intracellular antagonists encoded by the Sprouty genes
(Spry1, 2, and 4), which are expressed in both the lin-
gual and labial epithelia as well as the adjacent mesen-
chyme (Klein et al., 2008). When Sprouty genes are
deleted and the inhibitory signal is removed, such as in
Spry4

2/2
;Spry2

1/2 mutants, cells in both lingual and
labial epithelia and mesenchyme exhibit increased sensi-
tivity to FGF signaling. This leads to ectopic mesenchy-
mal Fgf3 and Fgf10 expression and the formation of
lingual ameloblasts (Klein et al., 2008). The Sprouty pro-
teins may act in part through indirect regulation of the
transcription factors, TBX1 and BCL11B, which are up-
and downregulated respectively in the
Spry4

2/2
;Spry2

1/2 liCL at E16.5 (Caton et al., 2009;
Kyrylkova et al., 2012). Functional studies demonstrated
that TBX1 promotes incisor epithelial proliferation by
inhibiting PITX2 transcriptional activity, which is in turn
responsible for the expression of p21, an inhibitor of cell
cycling (Cao et al., 2010a). Thus, Tbx1 null incisors

FIG. 4. (a) Expression pattern of signaling molecules and tran-
scription factors that regulate the formation and maintenance of
the cervical loops. (b) The regulatory network for incisor stem cells.
Key cellular processes (red), including stem cell maintenance, pro-
liferation and differentiation, are regulated by an intricate network
of signaling molecules and transcription factors, which either pro-
mote (as indicated by !) or inhibit (as indicated by —|) the down-
stream events, and ultimately maintain the homeostasis of the
stem cell niche.
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cultured in kidney capsules were hypoplastic and devoid
of enamel (Caton et al., 2009). On the other hand,
removal of Bcl11b resulted in an inverted Fgf3/10

expression pattern in the lingual and labial mesenchyme
at E16.5, leading to expansion of the liCL and formation
of lingual ameloblasts, accompanied by a reduction in
size of the laCL and abnormal labial ameloblast develop-
ment (Kyrylkova et al., 2012). Finally, a hypomorphic
allele of Bcl11b promoted adult TA cell proliferation and
maintained epithelial stem cell number, although
whether this occurred in an Fgf3-dependent or inde-
pendent mechanism is not clear (Katsuragi et al., 2013).

FGF activity and the regulation of incisor asymmetry
are modulated by two TGFb family molecules, BMP4
and Activin, during incisor development. BMP4 is
expressed symmetrically throughout the dental mesen-
chyme and indirectly represses Fgf3 (but not Fgf10)
expression in the lingual mesenchyme. Activin is
expressed more robustly in the labial mesenchyme, and
bead implantation studies in E16 incisor explants dem-
onstrated that Activin counteracts the effect of BMP4
(Wang et al., 2007) This ensures the maintenance of
Fgf3 expression in the labial mesenchyme and thus pro-
motes stem cell proliferation (Wang et al., 2007). Fur-
thermore, the residual Activin activity on the lingual
side is antagonized by Follistatin (encoded by Fst),
which is expressed in the lingual dental epithelium and
preserves the inhibitory effect of BMP4 on lingual Fgf3

expression. Consequently, Fst null embryos develop
ectopic Fgf3 expression in the lingual mesenchyme,
which leads to the expansion of the liCL and the forma-
tion of lingual ameloblasts and enamel (Wang et al.,
2007). Conversely, misexpression of Fst throughout the
dental epithelium caused reduced Fgf3 expression and
a subsequent reduction in proliferation and laCL size
(Wang et al., 2007). BMP4 also promotes ameloblast dif-
ferentiation in the more distal labial epithelium, and
this is inhibited in the lingual epithelium by locally
expressed Follistatin to maintain incisor asymmetry
(Wang et al., 2004). Consistent with the idea that BMP4
functions in two regions of the developing incisor, mis-
expression of the BMP inhibitor Noggin resulted in
overgrowth of incisors due to increased proliferation in
the progenitor cell population in the cervical loop.
However, the mutant incisors did not form enamel, as
ameloblast differentiation that is normally induced by
BMP signals was prevented (Plikus et al., 2005). Finally,
TGFb receptor type I (Alk5/Tgfbr1) in the dental mes-
enchyme regulates proper tooth initiation and develop-
ment of the incisor epithelium (Zhao et al., 2008,
2011). When Alk5 was deleted specifically in the dental
mesenchyme, the expression of Fgf3 and Fgf10 was
downregulated in the mesenchyme, leading to reduced
proliferation and fewer LRCs in the cervical loop,
which could be rescued by exogenous FGF10 in incisor
explant culture (Zhao et al., 2011). The activation of

mesenchymal Fgf expression occurs at least in part
through the transcription factors MSX1 and PAX9,
which interact to initiate the expression of Fgf3 and
Fgf10 at E12.5, and thus the subsequent formation of
the incisors (Bei and Maas, 1998; Nakatomi et al., 2010;
Zhao et al., 2008).

In addition to FGF and TGF-b/BMP signaling, signaling
through the Hedgehog (Hh) pathway is an important
regulator of incisor epithelial stem cells in adult mice. As
mentioned earlier, Gli1 positive Hh-responsive cells
were found in both the epithelial stem cell compartment
and the dental pulp. These cells respond to Sonic hedge-
hog (SHH) that is expressed in the TA cells and maturing
ameloblasts (Bitgood and McMahon, 1995; Seidel et al.,
2010). Blocking of the pathway in vivo using a Smooth-
ened inhibitor demonstrated that Hh signaling is
required for the continuous generation of ameloblasts in
the adult (Seidel et al., 2010). The expression of Shh

itself appears to be partially regulated by epithelial Fgf9,
at least during development. In this context, ectopic
FGF9 suppressed Shh expression, while Fgf9 deficiency
resulted in a proximal shift of the Shh expressing domain
(Kurosaka et al., 2011). Interestingly, this parallels some
aspects of the developing limb, where FGF dependent
Etv4/5 is required to limit the expression of Shh in the
posterior limb bud mesenchyme and suppress Shh activ-
ity anteriorly (Mao et al., 2009; Zhang et al., 2009). It is
not yet known whether Etv family proteins have similar
functions in the developing mouse incisor.

Members of the Notch signaling pathway demon-
strate intriguing expression patterns in the incisor, and
several studies have pointed to a role for these genes in
regulation of the stem cells. In mammals, three Notch
receptors (Notch 1–3) are expressed in the newborn
mouse incisor. Whereas Notch 1 expression is restricted
to the SR, Notch 2 is expressed in the outer OEE and
the underlying SR (Harada et al., 1999). Notch 3, on the
other hand, was reported to be expressed only in the
dental mesenchyme (Harada et al., 1999), although cer-
vical loop expression has also been reported (Mitsiadis
et al., 1998). The genes encoding the Notch ligands,
Delta-like 1 (Dll1) and Jagged 2 (Jag2), as well as Luna-

tic fringe (Lfng), encoding the b1–3 N-acetylglucos-
amine transferase that modifies Notch receptors, are
also expressed in the cervical loop dental epithelium
(Harada et al., 1999; Mitsiadis et al., 1998, 2010). The
expression of Jag2 and Lfng is regulated by FGF and
BMP signaling (Harada et al., 1999; Mitsiadis et al.,
2010). The Notch responsive gene, Hes1, is expressed
in the SR, and when cervical loops dissected from new-
born mice were cultured with the Notch signaling
inhibitor, DAPT, they had reduced proliferation and
increased apoptosis, leading to an overall reduction in
size (Felszeghy et al., 2010). Furthermore, deletion of
Jag2 in mice resulted in abnormal odontoblast and ame-
loblast differentiation, as well as the loss of matrix
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deposition due to downregulated Tbx1 expression (Mit-
siadis et al., 2010). Finally, experiments using the rat
cervical loop derived dental epithelial cell line, HAT-7,
showed that Notch signaling may play a role in regulat-
ing the differentiation of SI from IEE (Harada et al.,
2006; Kawano et al., 2002). In this context, both the
inclusion of Jagged1 protein in culture and overexpres-
sion of the Notch1 internal domain resulted in an
increase of SI cells, whereas a neutralizing Jagged1 anti-
body inhibited their differentiation (Harada et al., 2006).

The aforementioned signaling events positively regu-
late the incisor stem cells. In contrast, initial studies of
the Wnt pathway have proposed that signaling inhibi-
tion, rather than activation, takes place during incisor
renewal. Despite the presence of several Wnt ligands in
both the epithelium and mesenchyme of the cervical
loop at E16.5 and E18.5, canonical Wnt reporter (BAT-
gal and TOPgal) signals are absent, and the Wnt respon-
sive gene, Axin2, is not expressed (Suomalainen and
Thesleff, 2010). It is somewhat surprising that Wnt sig-
naling is not involved in the process of incisor renewal,
considering that it plays critical roles in other epithelial
stem cell niches, such as the skin and the intestine
(Haegebarth and Clevers, 2009; He et al., 2004;
Huelsken et al., 2001). Additionally, the intestinal stem
cell marker Lgr5, which is a Wnt target gene, is
expressed in the SR both during development and
adulthood (Chang et al., 2013; Suomalainen and The-
sleff, 2010), suggesting that Lgr5 is either regulated by
other signaling pathways in the incisor or by low levels
of Wnt activity that were not detected in previous
experiments. Consistent with this, Axin2 is weakly
expressed in the differentiating ameloblasts, indicative
of some level of Wnt activity. Overexpression of Wnt3,
a canonical Wnt, in the dental epithelium using the Ker-
atin 14 promoter caused progressive loss of ameloblasts
in postnatal mice (Millar et al., 2003), and upregulation
of canonical Wnt signaling through expression of con-
stitutively active b-catenin in the adult dental epithe-
lium resulted in increased proliferation and expansion
of the cervical loop (Liu et al., 2010). These studies
indicated that uncontrolled Wnt signaling is undesirable
in the incisor stem cell niche, but they did not directly
address the requirement for Wnt signaling, either
canonical or noncanonical, in the regulation of incisor
stem cells. The functional role of LGR5 and a closely
related protein, LGR6, in the adult incisor stem cells
also remain to be addressed.

In addition to signaling pathways, cell–cell and cell–
extracellular matrix interactions, which are indispensa-
ble for the maintenance of stem cells in several systems
(Chen et al., 2013), are likewise important in the inci-
sor stem cells. In one example, deletion of the gene
encoding integrin b3 (CD61) resulted in a smaller cervi-
cal loop and reduced proliferation in the TA region in
adult mice (Yoshida et al., 2013). In another study, the

importance of cell–cell adhesion was highlighted by
studying the role of E-cadherin in adult incisor stem
cells. Conditional removal of E-cadherin in the cervical
loop caused reduction in LRCs, increased proliferation
in the TA cells, and decreased cell migration in the dif-
ferentiating ameloblasts (Li et al., 2012). Deletion of
two other cell adhesion molecules, PERP and Nectin,
disrupted epithelial integrity, causing detachment of
ameloblasts from the SI in postnatal and adult mice,
respectively (Barron et al., 2008; Jheon et al., 2011a);
this phenotype is comparable to the E-cadherin
mutants. Finally, incisor epithelial stem cells are regu-
lated by other factors, such as the heparin binding mol-
ecules midkine (MK) and heparin binding growth
associated molecule (HB-GAM), which regulate the
expression of each other and synergize with FGF signal-
ing to promote cell proliferation in the developing cer-
vical loop (Mitsiadis et al., 2008).

An additional level of regulation is provided by miR-
NAs, which modulate and fine-tune transcriptional net-
works in several stem cell systems (Yi and Fuchs, 2011).
For example, miR-203 is upregulated during epidermal
stratification, repressing the expression of the transcrip-
tion factor p63 to promote differentiation and stratifica-
tion (Lena et al., 2008; Yi et al., 2008). In the incisor,
the complete loss of miRNA genesis through conditional
deletion of Dicer1, which processes pre-miRNAs into
mature miRNAs, resulted in phenotypes ranging from
the formation of supernumerary incisors to ectopic bud-
ding of the cervical loops, depending on the time point
at which deletion occurred (Cao et al., 2010b; Michon
et al., 2010; Oommen et al., 2012). These phenotypes
were attributed to increased proliferation in the cervical
loop progenitor cells that was accompanied by impaired
ameloblast differentiation. Microarray analysis identified
differentially expressed miRNAs in the liCL, the laCL, and
the ameloblasts (Jheon et al., 2011b), indicating that spe-
cific miRNAs function in different compartments of the
incisor. In particular, miR200c maintains cell adhesion
and promotes ameloblast differentiation by antagonizing
the BMP inhibitor, noggin (Cao et al., 2013). MiR203 also
facilitates BMP signaling by repressing Bmper (encoding
Bmp-binding endothelial cell precursor-derived regulator)
expression. Both miR200c and miR203 are targets of
the transcription factor PITX2, and their expression can
be induced by BMP signaling (Cao et al., 2013), highlight-
ing the complex interactions between miRNAs, signaling
pathways and transcriptional networks that fine tune
the regulatory machinery in order to ensure proper cell
differentiation during both tooth development and
renewal.

INCISOR MESENCHYMAL STEM CELLS

As with the epithelially derived ameloblasts, the mesen-
chymally derived odontoblasts require a constant
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supply of new cells in order to accommodate the con-
tinuous growth of the incisor. Thus, a group of mesen-
chymal stem cells must exist and perform a function
similar to their epithelial counterparts. It is generally
thought that these cells are located at the apical end of
the incisor between the laCL and liCL. This notion was
bolstered by the findings that these cells retain BrdU
labeling (Seidel et al., 2010) and respond to odontoblast
damage in explant cultures (Feng et al., 2011). How-
ever, our understanding of the biology of the incisor
stem cells in the mesenchyme has lagged behind the
epithelium. Interestingly, Bmi1 and Gli1, markers for
the cervical loop epithelial stem cells, are also
expressed in the BrdU retaining mesenchymal cells
(Biehs et al., 2013; Seidel et al., 2010), reinforcing the
idea that these cells are stem cells. Nonetheless, further
experiments are required to address the lineage and
biology of Bmi1 and Gli1 expressing cells in the mesen-
chyme, as well as the functional roles of Bmi1 and Gli1

in this population. Ring1a/b, which are components of
the core Polycomb Repressive Complex 1 (PRC1) that
contains BMI1, are expressed in both the incisor epithe-
lium and apical mesenchyme and are required for
proper cell proliferation in both epithelium and mesen-
chyme, as well as for the correct formation of enamel
and dentin (Lapthanasupkul et al., 2012). Thus, Poly-
comb group proteins play crucial roles in both the epi-
thelial and mesenchymal stem cell compartments to
ensure adequate cell proliferation and differentiation.

EVOLUTION OF THE CONTINUOUSLY GROWING
INCISOR

The ability to grow teeth continuously is not restricted
to rodents. This property can be found in many other
species, including the incisors of a primate, the Aye-aye
lemur (Mittermeier et al., 1994); the molars of several
other rodents, such as Sibling voles, Meadow voles, and
guinea pigs (Hunt, 1959; Phillips and Oxberry, 1972;
Tummers and Thesleff, 2003); and the molars of the
order Xenarthra, represented by the sloths and armadil-
los (Naples, 1982; Tummers and Thesleff, 2008). The
fossil record demonstrates that hypselodont, or continu-
ously growing, teeth are a derived feature that has
evolved many times in mammals (Fig. 5).

The ancestral state of the mammalian tooth is called
brachydonty and is characterized by a relatively short,
low crown, and long root. Brachydont teeth, such as
the mouse molar or all human teeth, do not grow
continuously but do form a cervical loop during devel-
opment and crown morphogenesis. Once crown forma-
tion is complete, the development of the root is
initiated. This begins with the thinning out of the cervi-
cal loop and the loss of the SR. The remaining double
layered epithelium is known as Hertwig’s epithelial root
sheath (HERS), which eventually becomes a fenestrated

network, facilitating the formation of cementum, the
connection of the tooth to the jaw bones through the
periodontal ligament, and thus the maturation of the
root (Ten Cate, 1996; Thomas, 1995).

An increase in crown height became more prevalent
in mammals living in the increasingly arid Miocene
epoch as an adaptive response to the fibrous and abra-
sive diets that are common in dry environments (Jern-
vall and Fortelius, 2002). The formation of a high
crowned, or hypsodont, tooth is thought to be the
result of delayed root formation, leading to prolonged
crown formation (Tummers and Thesleff, 2003). It is
therefore postulated that hypsodonty is an intermediate

FIG. 5. Phylogenetic tree depicting estimated divergence times
of mammalian clades based on the fossil record. Clades shown in
red include hypselodont species, whereas the clades shown in
black do not. MYA—million years ago.
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state between brachydonty and hypselodonty during
evolution, and hypselodonty is a condition in which the
tooth continues its crown formation without under-
going root genesis (MacFadden, 2000; Tummers and
Thesleff, 2003). This is clear in the rodent incisor,
which, throughout the animal’s life, possesses a crown
analogue at the labial side, where the laCL continues to
produce ameloblasts and enamel, and a root analogue
at the lingual side, which, despite being fragmented
and reduced in size, appears to contain stem cells that
contribute to incisor epithelium renewal (Seidel et al.,
2010). Similarly, the continuously growing molars in
sibling voles also maintain cervical loop structures that
house the epithelial stem cells (Tummers and Thesleff,
2003, 2008). In contrast, the molars of sloths and arma-
dillos lack enamel and form HERS, resembling the root
analogue of the rodent incisors. The sharpening of the
tooth in these cases is a result of the differences in den-
tin densities at each side of the tooth (Naples, 1982;
Tummers and Thesleff, 2008). Consequently, all contin-
uously growing teeth appear to have evolved to main-
tain a supply of stem cells from the cervical loop, but
this may have occurred through modulation of different
aspects of the regulatory network, which is reflected in
the variations of the developmental design and the anat-
omy of these teeth.

Recent studies employing an evolutionary-
developmental biology approach and functional analy-
sis in mice have shed light on the potential mechanisms
leading to the evolution of the continuously growing
teeth. One important milestone for the derivation of
hypselodonty is the maintenance of the cervical loop
structure. By comparing gene expression in mouse inci-
sors, mouse molars, and continuously growing vole
molars, it was found that expression of Fgf10 in the
mesenchyme and components of the Notch signaling
pathway in the epithelium was maintained in the con-
tinuously growing teeth, while the disappearance of
their expression was correlated with root formation
and loss of the cervical loop stem cell niche in noncon-
tinuously growing teeth (Tummers and Thesleff, 2003).
Interestingly, Fgf10 null mouse incisors underwent root
formation when cultured under kidney capsules. Con-
versely, overexpression of Fg10 in the mouse molar
dental papilla by means of electroporation resulted in
the formation of cervical loop like structures, although
it is unclear whether these were functionally equivalent
to the incisor apical buds (Yokohama-Tamaki et al.,
2006). Consequently, it is possible that during evolu-
tion, the preserved expression of Fgf10 and other genes
prolonged the presence of the cervical loop during
development, which first led to the formation of the
high-crowned teeth and culminated in the transition to
hypselodonty.

Another key step in the evolution of continuously
growing teeth is the modification of the crown to root

transition, a process that is currently poorly under-
stood. Mouse genetic studies and in vitro culturing
strategies have provided some basic knowledge of root
formation in mouse molars. For example, molars from
mice carrying a spontaneously mutated Ptch1 allele,
which have altered Hh activity, develop smaller roots
due to decreased cell proliferation in HERS (Nakatomi
et al., 2006). Insulin-like growth factor-I and vasoactive
intestinal peptide also exhibit proliferative effects that
promote root sheath elongation (Fujiwara et al., 2005;
Xu et al., 2012), and the initiation of HERS formation is
aided by the termination of EGF expression, which oth-
erwise maintains the cervical loop (Fujiwara et al.,
2009). As HERS elongates apically, its maintenance
depends on proper odontoblast differentiation, which
is regulated by canonical Wnt signaling. This is evident
in mutants that lack b-catenin, and thus Wnt signaling,
in the forming odontoblasts (Kim et al., 2013; Zhang
et al., 2013a). In these mutants, odontoblasts failed to
differentiate and form dentin, and even though HERS
elongated, its cellular integrity was perturbed and roots
were not formed. Excessive b-catenin/Wnt signaling
also perturbs normal root development, suggesting that
correct spatiotemporal regulation of Wnt activity is
required for correct odontogenesis and root formation
(Bae et al., 2013). Several transcription factors have
also been found to be critical for root formation. For
example, the LIM homeodomain transcription factor
LHX6 is required for molar root development, and
Lhx6-null mice have severely affected root structures
(Zhang et al., 2013b). The transcription factors nuclear
factor I-C (NFI-C) and MSX2 also play important roles in
root formation. Mice carrying mutations in Nfic lack
roots completely (Steele-Perkins et al., 2003), whereas
Msx2 null mice have abnormal root morphogenesis
(A€ıoub et al., 2007). MSX2 function is required to main-
tain Bmp2 expression, indicative of the role of Bmp sig-
naling in root formation. In agreement with this,
Bmp2/4 are expressed in the mesenchyme of the root
tip, and misexpression of noggin in the epithelium
resulted in delayed root formation and patterning
defects (Plikus et al., 2005; Yamashiro et al., 2003).
Epithelium-specific deletion of SMAD4, which is critical
in mediating BMP/TGFb signaling, resulted in downreg-
ulation of Shh and Nfic expression and defects in HERS
elongation (Huang et al., 2010). Intriguingly, removal of
BMP receptor type1A (BMPR1A) in the epithelium did
not overtly affect HERS formation but converted crown
epithelia into the root lineage due to elevated Wnt sig-
naling, suggesting that BMP and TGFb signaling may
regulate different aspects of crown to root transition
(Yang et al., 2013). Ectodysplasin (Eda), which encodes
a membrane bound signaling molecule and causes X-
linked hypohidrotic ectodermal dysplasia when
mutated, has also been shown to play an important role
in the process of crown to root transition. Excess EDA
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in the epithelium by means of overexpression was suffi-
cient to maintain cervical loops, despite HERS forma-
tion and a complete loss of enamel, a phenotype that is
reminiscent of the sloth molars (Tummers and Thesleff,
2008). Finally, it is intriguing that differential cell prolif-
eration and motility between IEE and OEE has been
observed, suggesting that cell movement in the epithe-
lium may be important for root formation (Sakano
et al., 2012). Consequently, as knowledge of the under-
lying mechanisms that regulate crown to root transition
increases, it will become possible to analyze how these
pathways may be modulated during evolution to pre-
vent root formation, and thus to enable the formation
of a continuously growing tooth.

CONCLUSIONS AND PERSPECTIVES

Research in the past 15 years has identified the pres-
ence of a group of epithelial stem cells in the mouse
incisor and elucidated several important regulatory
mechanisms that govern the formation and mainte-
nance of these cells. However, many outstanding ques-
tions remain. For instance, it is unclear whether all
epithelial cells in the cervical loop stem cell niche are
equivalent. As discussed earlier, it is possible that Gli1

and Bmi1 mark different stem cells compared to Sox2.
Indeed, when SHH activity is blocked by a smoothened
inhibitor, a group of SHH nonresponsive stem cells in
the incisor epithelium can still give rise to SI cells
(Seidel et al., 2010), suggesting that there are at least
two types of stem cells. There also appear to be Lgr5-
expressing SR cells adjacent to the OEE (Chang et al.,
2013), and as Lgr5 is a stem cell marker in other sys-
tems (Schuijers and Clevers, 2012), it is possible that
these SR cells represent yet another subgroup of stem
cells. It will therefore be important to examine the
molecular and functional differences between these
populations. A powerful approach to address this ques-
tion will be to perform expression profiling using gene
expression microarray or RNA sequencing at the single
cell level (Tang et al., 2009; Trimarchi et al., 2008).
Results from such studies could also shed light on the
transcriptional differences between quiescent stem
cells and proliferative TA cells. Indeed, the rodent inci-
sor, with its conveyor belt-like cell progression, repre-
sents a tractable system for studying mechanisms that
trigger the transition from stem cells to the TA state. By
uncovering signaling pathways or cellular factors that
are crucial for stem cell proliferation and differentia-
tion, we can learn about processes that may instruct
future efforts toward the rational utilization of stem
cells for regenerative medicine. To that end, several in

vitro systems have been established that allow stem
cells to be maintained for a prolonged period of time
before induction of differentiation (Chang et al., 2013;
Chavez et al., 2012). These systems could potentially

be combined with tissue engineering and newly devel-
oped material fabrication techniques to make compo-
nents of teeth.

Another interesting question is the developmental
origin of the incisor stem cells. How are they formed
initially? Are they set aside early or are they produced
from dividing progenitor cells at later times in develop-
ment? Will it be possible to generate incisor stem cells
by expression of key transcription factors, similar to the
induced pluripotent stem cell process? Finally, from an
evolutionary point of view, the developmental mecha-
nisms that result in hypselodonty remain largely
unknown. While Fgf10 appears to be involved (Yoko-
hama-Tamaki et al., 2006), the upstream and down-
stream events have not been discovered. By answering
these questions, we will not only deepen our under-
standing of incisor stem cells, but also extend our cur-
rent knowledge of other adult stem cell systems.
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