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Abstract
Notch signalling is a highly conserved intercellular
signal transfer mechanism that includes canonical
and non-canonical pathways. It regulates differentia-
tion and proliferation of stem ⁄progenitor cells by
means of para-inducing effects. Expression and acti-
vation of Notch signalling factors (receptors and
ligands) are critical not only for development of the
dental germ but also for regeneration of injured tissue
associated with mature teeth. Notch signalling plays
key roles in differentiation of odontoblasts and osteo-
blasts, calcification of tooth hard tissue, formation of
cusp patterns and generation of tooth roots. After
tooth eruption, Notch signalling can also be triggered
in dental stem cells of the pulp, where it induces them
to differentiate into odontoblasts, thus generating
fresh dentine tissue. Other signalling pathways, such
as TGFb, NF-jB, Wnt, Fgf and Shh also interact
with Notch signalling during tooth development.
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Overview of Notch signalling

The Notch signalling pathway is an evolutionarily con-
served mechanism for transmission of signals upon
ligand-receptor binding of adjacent cells, thereby enabling
them to adopt different fates (1,2). Homologues of Notch
receptors and ligands, first studied in Drosophila, have
been identified in nearly all metazoan phyla, from
Caenorhabditis elegans to vertebrates. It is involved in
cell differentiation, apoptosis and proliferation, thus con-
trolling organ formation and morphogenesis (3–10).
Accumulated data on tooth development have demon-
strated that proper expression of Notch signalling is criti-
cal for generation of dental epithelium and the enamel
producing organ, differentiation of ameloblasts and odon-
toblasts, secretion of enamel and dentine matrix, prolifera-
tion and apoptosis of dental stem cells and further
functions. Recent studies show that Notch signalling is
involved in a highly complicated signalling network com-
posed of a series of growth regulators, such as TGF-b,
NF-jB, Wnt and Fgf.

Analogous Notch signalling in mammals

Notch receptors are type I transmembrane proteins with
extracellular domains including EGF-like repeats, Not-
ch ⁄Lin-12 repeats and cytoplasmic RAM23 domains, as
well as intracellular domains containing Ankyrin repeats
and motifs required for signal transduction (11–15). There
are four analogous receptors in mammals: Notch1,
Notch2, Notch3 and Notch4. The primary translational
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product of a Notch receptor is synthesized in endoplasmic
reticulum and then transported through secretory path-
ways to the trans-Golgi network. After cleavage at the S1
site by a Furin-like convertase, Notch gives rise to the
mature heterodimeric receptor, which finally localizes to
the plasmamembrane (16). Once bound with Notch
ligand, the receptor may be cleaved at S2 and S3 sites by
metalloprotease TNF-a converting enzyme and c-Secre-
tase complex, respectively, to generate the Notch intra-
cellular domain (NICD) (17).

Notch receptors transduce signals from either typical
ligands or atypical ligands in a context-dependent manner.
Delta homologues and Serrate homologues encoded by
the Delta ⁄Serrate ⁄Lag2 (DSL) gene family are typical
Notch ligands, which have higher affinity than atypical
ligands. There are two types of typical Notch ligand in
mammals, DLL-type ligands (Delta-like1, Delta-like3 and
Delta-like4) and JAG-type ligands (Jagged1, Jagged2).
These ligands are type I transmembrane proteins, and gen-
erally contain both a conserved extracellular DSL domain
and EGF-like repeats (18–21). Jagged1 and Jagged2 each
also contains an extracellular cysteine rich domain and a
von Willebrand factor type C domain (18,21–24). Interac-
tion of a Notch receptor with a typical ligand requires
direct binding of EGF-like repeats of the receptor and the
DSL domain of the ligand (25). At least three proteins
with EGF-like repeats have been identified as atypical
Notch ligands, including DNER (26), F3 ⁄Contactin, and
NB-3, which are distinguished from typical ligands by
absence of a conserved DSL domain, and lower affinity.
DNER is a type I transmembrane protein, while F3 ⁄Cont-
actin and NB-3 are glycosyl phosphate-dylinositol (GPI)-
anchored proteins (16,26,27). Atypical ligands are not yet
well-understood.

Canonical Notch pathway

The intracellular component of a Notch receptor (NICD)
transduces signals to the cell nucleus and affects gene
transcription levels by recruiting and binding to different
sets of transcriptional regulators or cofactors. According
to recent studies, Notch signalling pathway can be divided
into two kinds of cascade, the canonical pathway and the
non-canonical pathway. The mode of activation of the
canonical Notch signalling pathway was identified early
as binding between typical Notch ligands and receptors.
Briefly, canonical signalling pathway refers to a NICD-
CSL-MAML cascade, in which NICD translocates
into the nucleus and, with a sequence-specific DNA
(CGTGGGAA), activates binding to the transcription reg-
ulator CSL (CBF1 humans ⁄Su (H) Drosophila ⁄LAG1 C.
elegans), also known as RBP-Jj in mammals (28). In the
absence of NICD, CSL acts as a transcriptional repressor,

recruiting a co-repressor complex and inhibiting transcrip-
tion of target genes that contain CSL binding sites
(29,30). Upon binding with NICD, CSL expels the co-
repressor complex and allows recruitment of a co-activa-
tor complex. This NICD-CSL complex also comprises
Ski-interacting protein (SKIP), Mastermind-like proteins
MAML1, MAML2, and MAML3, and co-activator p300.
SKIP and MAML both stabilize interaction of NICD and
CSL (16,31), while p300 has a key role in chromatin
unwinding and transcription initiation (32,33). Thus, CSL
is converted to a key component of a transcription-activa-
tor complex, driving transcription of specific target genes
(2,34–37). Two families of basic helix-loop-helix tran-
scription factors, Hes (in Drosophila ‘Hairy ⁄Enhancer of
Split’) and HERP (Hes-related repressor protein) have
been identified as immediate transcriptional targets of
canonical Notch signalling (28,38). Hes is a transcription
repressor that suppresses expression of target genes as a
primary Notch effector, while HERP is capable of forming
heterodimers with Hes and cooperating for repression
transcription. Hes1 can also auto-regulate its own tran-
scription, controlling Hes1 mRNA levels in a biological
clock model of somitogenesis (39).

Non-canonical Notch pathway

Evidence accumulated in recent years suggests the exis-
tence of a non-canonical Notch signalling pathway, which
is distinguished from the canonical signalling pathway by
its target genes and mediators. As in most cases the molec-
ular properties of the alternative cascade have not been
clearly defined, the non-canonical pathway is poorly
understood. Essentially, the non-canonical pathway can
be divided into a CSL-dependent pathway and a CSL-
independent pathway.

Over the past several years, CSL ⁄RBP-Jj-binding
sites have been found in the promoters of many other
genes which have been identified or postulated as direct
targets of Notch signalling, such as cyclin D1 (40), p21
(41), GFAP (42), Nodal (43), IjBa (44), p50, p65, RelB,
and c-Rel (45). For instance, Oswald et al. demonstrated
that RBP-Jj is capable of forming a higher-order DNA
binding complex with NICD on the promoter of NF-jB2
(p100 ⁄p52), which is consistent with the canonical Notch
pathway (46). Other reports demonstrated that the CSL-
dependent non-canonical Notch pathway can be triggered
by interaction of Notch1 or 2 with NB-3 (an atypical
receptor) (16,27). According to these reports, the non-
canonical NICD ⁄RBP-Jj signalling pathway can recruit
Deltex1 proteins to form the NICD ⁄RBP-Jj ⁄Deltex1
complex, which activates the downstream gene MAG, a
tissue-specific transcription factor that induces terminal
differentiation. Taken together, these reports indicate that
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CSL ⁄RBP-Jj, as a co-activator of transcription regulation
complexes, may affect more downstream effectors with
conserved sequences in spite of Hes ⁄HERP family by
DNA-binding mechanism in a cell-dependent or time-
dependent context.

There is little direct evidence for the existence
of CSL-independent non-canonical Notch signalling.
Lecourtois et al. have reported that sim is positively regu-
lated when Notch is activated by a ligand distinct from
Delta, and that its expression is little affected in Su(H)
mutant embryos, which suggests that a Su(H)-independent
signalling pathway may exist from the Notch receptor to
the sim promoter in Drosophila (47). A further group
reports that uncleaved (S1, S2, or S3) Notch receptors can
still block myogenesis, a finding consistent with the phe-
notype of wild-type Notch (48,49). However, the mecha-
nism of most CSL-independent Notch pathways had
remained unclear until novel evidence was found of cross-
talk between Notch and the NF-jB family. According to
Shin et al., activated NICD can (i) directly interact with
NF-jB subunits and compete with IjBa, leading to reten-
tion of NF-jB in the nucleus, or (ii) positively regulate
IFN-c expression, a target gene of NF-jB, through bind-
ing of NF-jB-NICD complex on the IFN-c promoter (50).
In addition to its known transcriptional mechanism, NICD
may exert rapid effects on specific target proteins in a
CSL-independent manner. Sriuranpong et al. describe that
Notch signalling can negatively regulate protein levels of
human MASH1 by direct degradation of bHLH transcrip-
tion factor, most likely through activation of a specific E3
ubiquitin ligase (51).

Expression and function of Notch signalling
during tooth development

Studies of the tooth development of rodents indicate that
the Notch signalling pathway is deeply involved in the
interactions between the oral ⁄dental epithelium and cra-
nial neural-crest-derived mesenchymal cells through
which the tooth primordia is transformed into a complex

mineralized organ (13,52–56). The expression pattern of
Notch 1, 2 and 3 and Notch receptors (Jagged1, Jagged2,
Delta1) is space- and time-dependent (Fig. 1).

Dental development and cell populations in the
enamel organ

Dental development is initiated with the formation of den-
tal lamina arising from the oral epithelium, which, in
mice, is triggered by an epithelial signal between E10 and
E11 (57,58). During E12, condensing epithelia cells in
dental lamina invaginate into the underlying mesenchyme
and give rise to a bud-like structure, the precursor of the
enamel organ. During the transitional bud-to-cap stage,
several cell populations differentiate into three specific
cell types: the inner enamel epithelium (IEE), the outer
enamel epithelium (OEE) and, in the core, the stellate
reticulum (SR). At E13.5, the cell population at the bot-
tom of the bud suddenly stops proliferating and becomes a
signalling centre of the dental epithelium, the primary
enamel knot (EK), which secretes growth factors and
other signalling molecules during E14, and which is
responsible for regulation of tooth-shape pattern (59–61).
During subsequent morphogenesis of the molar teeth,
more than two secondary EKs come up in the IEE above
potential cusps and initiate the epithelial folding that
results in the characteristic cusp patterns of teeth (62).
During the bell stage, two to three layers of squamous epi-
thelial cells, termed the stratum intermedium (SI), appear
between the IEE and the SR. As development continues,
the IEE differentiates into ameloblasts secreting the
organic components of the enamel. The terminal division
of the mesenchymal preodontoblasts gives rise to two cell
layers: odontoblasts secreting dentin, and cells of the
subodontoblastic layer (thought to be the progenitor pool).

Expression pattern of Notch receptors

Three of the Notch receptor family, Notch1, 2 and 3, are
involved in developing rodent teeth during normal

Figure 1. Expression pattern of Notch receptors. Expression patterns of Notch1, Notch2, Notch3, Jagged1, Jagged2 and Delta1 at different stages of
developing tooth germ (DE, dental epithelium; DM, dental mesenchyma).
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morphogenesis; each has a distinct temporospatial expres-
sion pattern (Table 1). The Notch receptor family is
mainly expressed in germ during the early development
stage, throughout the dental epithelium, and during the dif-
ferentiation stage in the SI, gradually extending to the pul-
pal mesenchyme. Interestingly, in the mesenchymal cells,
Notch transcription is detected in sub-odontoblastic cells
other than odontoblasts, suggesting that Notch signalling
is responsible for maintenance of the precursor pool. Most
notably, Notch is absent in epithelial cells in close contact
with the mesenchyme, the basal cells, or IEE, which may
be important for acquisition of the ameloblast fate.

Molar teeth. During the development of molar tooth in
mice, the Notch gene family is symmetrically expressed in
the enamel organ. (i) During the lamina stage (E11–E12),
all three Notch transcripts are intensely expressed in the
mesial side of the thickened dental epithelium. (ii) In the
bud stage (E13), Notch1, 2 and 3 mRNAs are expressed
in superficial dental epithelium, but absent from the con-
densed mesenchyme (CM) (13). (iii) During the cap stage
(E14–E15), Notch1 and 2 mRNAs are expressed in cells
of the enamel organ, with the exception of its basal epithe-
lium (13). Transcripts for Notch1 are found throughout
the dental epithelium, including the SR and the epithelium
overlapping the EK, with the strongest signal in cells
forming the SI and overlying the basal layer (13,54,63).
Notch2 transcripts are detected only in the oral half epithe-
lium forming SR, and are weak or absent in the EK and
cervical loop compartments (54,63). Notch1 and 2 appear
to be absent from the pulp mesenchyme, but Notch1 is

expressed in dental papilla mesenchyme with a patchy
pattern around the tooth germ (13,63). Notch3 transcripts
are absent in the enamel organ but presumably present in
perivascular structures (13). (iv) During the bell stage
(E16–E19), all Notch genes are expressed in the enamel
organ, but become more and more restricted to specific
subpopulations of cells. The expression of Notch1 occurs
mainly in cells of the SI and cervical loop area (1,13),
while Notch2 transcripts are most abundant in SR, and
Notch3 transcripts are detected in cells overlying the basal
layer, such as SI and OEE (1,13). Apart from the SR,
Notch2 is also progressively expressed in the SI, OEE and
cervical loop area (1,64). Interestingly, transcripts of all
three Notch genes are absent in preameloblasts. Notch2
and 3 are weakly expressed in the dental papilla mesen-
chyme of the cusp region, while Notch1 and Notch3 are
also correlated with the endothelial cells of blood vessels
(1,13). At the late bell stage (E19), Notch1 and 3 tran-
scripts are mainly expressed in SI, whereas Notch2
mRNA is also found in the SR and OEE. Weak Notch2
and Notch3 signals are observed in the dental papilla and
follicular mesenchyme, but are absent from polarizing
odontoblasts. (v) During the eruption stage (PN1–PN6),
with its terminal differentiation of mesenchymal cells and
preameloblasts, Notch1, 2 and 3 transcripts persist in the
enamel organ. All Notch genes are transiently expressed
in cells of the papilla mesenchyme of the cusp area just
underlying differentiating odontoblasts, while Notch3
transcripts are also found in the dental follicular mesen-
chyme. In differentiated odontoblasts or ameloblasts, no
expression of any Notch gene has been detected (13).

Table 1. Expression pattern of Notch receptors during tooth development in mouse

Stage of
development Notch1 Notch2 Notch3 References

Dental lamina
(E10–E11) Thickened dental epithelium Thickened dental epithelium Thickened dental

epithelium
Mitsiadis et al. (13,90,91)

Bud stage
(E12–E13) Superficial dental epithelium Superficial dental epithelium Superficial dental

epithelium
Mitsiadis et al. (13,90,91)

Cap stage
(E14–E15) EO, SR, EK, SI, PM EO, SR Perivascular structures Mitsiadis et al. (13,90,91),

Mucchielli and Mitsiadis (54),
Harada et al. (64,67)

Bell stage
(E16–E19) SI, cervical loop SR, SI, OEE, cervical loop, PM Basal layer Mitsiadis et al. (13,90,91),

Mitsiadis et al. (1),
Harada et al. (64,67)

Eruption stage
(PN1–PN6) EO, PM EO, PM EO, PM, FM Mitsiadis et al. (13,90,91)

EK, enamel knot; EO, enamel organ; FM, follicular mesenchyme; IEE, inner enamel epithelium; ; PM, papilla mesenchyme; SI, stratum intermedium;
SR, stellate reticulum.
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Incisor teeth. During the development of rodent incisors,
the dental germ rotates 90� at the labial–lingual axis and
demonstrates a Notch gene expression pattern that is
distinct from that of molars.

In the early developing incisor (E11–E13), before the
rotation, the expression pattern of Notch1 mRNAs is quite
similar to that in molars (13), while Notch2 transcripts are
restricted to the labial side of the dental epithelium.
Notch2 mRNAs are also found in the lingual side of the
dental furrow and are moderately expressed in the
condensed dental mesenchyme of incisors (54).

During the bell stage (E18.5), Notch1, Notch2 and
Notch3 are expressed in the enamel organ, showing asym-
metrical expression patterns on the two sides. In the labial
side, Notch1, 2 and 3 are expressed in SI, the sub-odonto-
blast cell layer and the posterior IEE. However, none of
the three Notch receptors is present in the preameloblasts,
ameloblasts, anterior IEE or odontoblasts in the labial side
(1). Furthermore, in the epithelial derivatives, Notch1
mRNAs are detected in the cell layer continuous to the SI,
Notch2 expression is positive in the OEE and Notch3 tran-
scripts are detected in the IEE (1). In contrast, on the
lingual side, transcripts for Notch1 and Notch2 are only
detected in the posterior region of the outer dental
epithelium (ODE) (1). At the eruption stage, Notch1
transcripts are expressed in SI and the subodontoblast
layer (64).

Expression pattern of Notch ligands

Three typical Notch ligands (Jagged1, Jagged2 and
Delta1) are expressed in the developing tooth, showing
distinct mRNAs transcripts expression in the IEE, amelo-
blasts, odontoblasts and sub-odontoblastic layer cells
(Table 2).

Molar teeth. Jagged1 is absent in dental epithelium dur-
ing the lamina and early bud stages (E11–E12), but unlike
Notch genes, it is intensely expressed throughout the con-
densed mesenchyme at E12 (63). Throughout E13 to
E13.5, Jagged1 is present in the SR and its expression
region overlaps with that of Notch (63). Interestingly, at
E13.5, Jagged1 mRNAs are transiently expressed in the
enamel knot, but are absent in epithelial cells (63). At the
late bud stage, Jagged1 is downregulated in the pulpal
mesenchyme closest to the bud (63), but is maintained in
cells of the peripheral dental mesenchyme forming the fol-
licle that may contain the mesenchymal stem cells. At the
cap stage of E14, Jagged1 is absent in dental papilla cells
and the SR (63). During the PN1–PN8 stages, mRNAs for
Jagged1 have been detected in the IEE and ameloblasts
(63,64).

Jagged2 mRNAs are expressed in the oral epithelium
during E11–E13 (25), and in dental epithelium at the lam-
ina stage of E11 (63). At E13–14, Jagged2 is weakly
expressed in dental epithelium, including basal epithelial
cells (63). At the cap stage, Jagged2 expression is
restricted to IEE at E14 (25). During the bell stage and
eruption stage (PN1 to PN8), Jagged2 expression is main-
tained in the IEE (25,64).

Delta1 is weakly expressed in dental epithelium dur-
ing tooth initiation and morphogenesis (E11–E14), but
during cytodifferentiation (E16–E19), expression is up-
regulated in the epithelium-derived ameloblasts and mes-
enchyme-derived odontoblasts (1,63). Delta1 is absent in
dental mesenchyme from E12.5 to E15.5 (1). During the
early bell stage (E16.5), Delta1 is restricted to the dental
epithelium of the enamel organ, with strong expression in
the IEE and SI and weak expression in the OEE and SR.
At E18.5, a gradient of Delta1 expression is detected in
differentiating odontoblasts, with the strongest signal at

Table 2. Expression pattern of Notch ligands during tooth development in mouse

Stage of development Jagged1 Jagged2 Delta1 References

Dental lamina
(E10–E11) Condensed mesenchyme DM Mitsiadis et al. (25), Mustonen et al. (63)

Bud stage
(E12–E13) SR, EK, FM Oral epithelium Mitsiadis et al. (25)

Cap stage
(E14–E15) IEE Mitsiadis et al. (25)

Bell stage
(E16–E19) IEE EO, IEE, SI, odontoblast,

ODE, IDE
Mitsiadis et al. (13,90,91),
Mitsiadis et al. (25), Harada et al. (64,67)

Eruption stage
(PN1–PN6) IEE, ameloblast IEE Mitsiadis et al. (25),

Mustonen et al. (63), Harada et al. (64,67)

DE, dental epithelium; EK, enamel knot; FM, follicular mesenchyme; IDE, inner dental epithelium; IEE, inner enamel epithelium; ODE, outer dental
epithelium; SI, stratum intermedium; SR, stellate reticulum.
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the tips of the cusps and progressively lower levels of
expression in the developmentally less advanced odonto-
blasts farther down. Few transcripts of Delta1 are detected
in the subodontoblastic layer (1).

Incisor teeth. During the development of mouse incisors,
the expression of Delta1, but not those of Jagged1 or 2, is
asymmetric at the labial-lingual axis. During the bell
stage, Jagged2 mRNAs are restricted to the IEE from E17
to E18.5 (25), while at E18.5, Delta1 is expressed in the
posterior ODE and inner dental epithelium (1) on the lin-
gual side. On the labial side, Delta1 is present in IEE-
derived cells such as preameloblasts and ameloblasts, and
in mesenchyme-derived cells such as odontoblasts, subod-
ontoblast layer cells, and preodontoblasts (1). During the
post-natal stage, Jagged1 is positive in the IEE and amelo-
blasts at PN3 (64).

Feedback loop of Notch ligands and receptors

By preventing premature differentiation, Notch activation
in mice may ensure a continuous supply of stem-cell pro-
genitors, which serve as the precursor pool both for odon-
toblasts and ameloblasts of the molars and incisors during
development, and for the continuous replacement of inci-
sors. A striking feature of Notch-mediated cell communi-
cation is that at several sites, the Notch and Delta ⁄ Jagged
expression patterns in the tooth germ are mainly comple-
mentary and confined to opposing cell layers (65), which
were previously described as typical for Notch-regulated
cell-type specification (66). For example:

1 During odontogenesis, Delta1 is expressed in differen-
tiating ameloblasts and odontoblasts, whereas Notch1,
Notch2 and Notch3 are confined to adjacent epithelial
and mesenchymal cells (1,13,67,68). In the cervical
loop, Notch3 is restricted to cells of the stratum inter-
medium, while Notch1 is expressed only in the cells
that will form the stratum intermedium. In contrast,
Delta1 expression in the cervical loop is confined to
the subpopulation of cells that is in continuity with the
layer of cells that gives rise to ameloblasts (52),

2 Jagged2 mRNAs are found in the IEE and in the adja-
cent cell layer of the SI, whereas Notch1 mRNAs are
expressed in the SI during the differentiation stage,
suggesting that Jagged2-Notch1 signalling is involved
in regulating ameloblast differentiation (25).

3 An analogous situation exists along the dentin wall dur-
ing early pulp repair in injured teeth, whereDelta1 is up-
regulated in odontoblasts and Notch2 is expressed only
in adjacent pulp cells other than odontoblasts (1,53).

The specific complementary expression appears to be
established by a Notch-mediated feedback regulation

mechanism between adjacent cells (1,53). Similarly, the
feedback regulation exerted by Delta-Notch signalling,
including positive regulation of Notch1 and Notch2 and
negative regulation of Delta1 expression, may be respon-
sible for the asymmetries and spatial segregation of
Notch1, 2 and 3 and Delta1 in different cell layers (52).
Furthermore, the Jagged2 ligand has also been shown to
activate the Notch1 receptor in mammalian cells (25).
Increasing evidence implies that feedback regulation may
change the expression level of ligands and Notch recep-
tors in opposing cells. On the epithelial side, the dental
epithelial cells appear to constitute a developmentally
equivalent group in which Delta-Notch signalling between
preameloblasts ⁄ ameloblasts and the adjacent SI may pre-
vent immediately neighbouring cells from adopting an
ameloblast fate through lateral inhibition (25). On the
mesenchymal side, however, the expression of Delta1 in
newborn odontoblasts may direct adjacent cells towards
an alternative fate (i.e. cells of the subodontoblastic layer),
or, alternatively, it may inhibit the adjacent cells from
exiting the cell cycle, thus providing a feedback mecha-
nism to control the proportion of cells that will differenti-
ate into odontoblasts (52).

In the tooth germ of vertebrates, little is known about
the ligand-receptor pairs in the feedback regulation loops
(69). What is known is that Delta1 can interact with any
of the three Notch receptors, but the activation level dif-
fers among different receptors (52). Jagged1 is more effec-
tive than Delta1 in activating Notch2, while both Jagged1
and Delta1 can activate Notch1 efficiently (23,69). Jag-
ged1 transcripts disappear from the dental mesenchyme at
the early bell stage and persist in the epithelial compo-
nents only in the stratum intermedium at the stage at
which Dll1 is upregulated in the dental epithelium (52). In
contrast to the Notch family receptors and their ligand
Jagged1, which are expressed during early tooth morpho-
genesis in both the epithelium and the mesenchyme (68),
Delta1’s expression is not affected by epithelio-mesenchy-
mal interactions in dental explants, suggesting that signals
intrinsic to both the epithelium and the mesenchyme are
responsible for inducing Delta1 in dental tissues. Intrinsic
properties of progenitors have been postulated to control
the generation time of different cell types in other systems
as well (52).

Activation of Notch signalling in adult teeth

Previous studies on intact rodent teeth have shown that
both Notch and Delta proteins are absent from all adult
dental tissues except the cervical loop of incisors
(53,67,70). However, during repair processes of carious or
injured adult teeth, Notch signalling is triggered in pulpal
mesenchymal cells, particularly in those adjacent to the
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lesion area (that is, sub-odontoblastic layer cells and odon-
toblasts) (70). This strongly suggests that Notch signalling
is involved, not only in tooth development but also in
homeostasis.

Notch signalling in injured teeth

In the pulp of injured teeth, both Notch receptor (Notch1,
Notch2 and Notch3) and ligand (Delta1) staining have
been detected but with different immunoreactivities.
Notch staining is mainly restricted to mesenchymal cells
adjacent to the lesion (that is, the tooth crown), while
there is no immunoreactivity in odontoblasts (53). Notch2
protein, the most prominent Notch receptor reactivated in
injured pulp, is strongly expressed in coronal pulp mesen-
chyme close to a lesion, while staining is less intense fur-
ther from injured areas (53,71). Faint Notch1 staining is
found in some mesenchymal cells and vascular structures,
both in the crown. Notch3 expression is mainly associated
with vascular structures traversing roots of injured teeth,
but is not expressed in those of coronal pulp (53). Inter-
estingly, Notch2 expression is also activated in mesenchy-
mal cells at a distance from the lesion (that is, in dental
roots), suggesting that there is a potential progenitor pool
at the root, which differentiates into odontoblasts or pulp
fibroblasts under the influence of growth factors effusing
from a lesion (53,71). A complementary expression pat-
tern of Delta1 has been found in odontoblasts, as well as
in vascular structures adjacent to injured areas, suggesting
an instrumental role for Notch-Delta1 interaction in
injured teeth (53). Notch upregulation (that is, of Notch
and Delta1) may represent an early molecular event dur-
ing regeneration processes of injured teeth, since expres-
sion is observed soon after injury (70). Upon binding
with Delta1 ligands in adjacent cells, Notch2-positive
undifferentiated sub-odontoblastic cells become engaged
in a differentiation pathway leading to odontoblasts
and ⁄or pulp fibroblasts. These results highlight similari-
ties between developmental and regenerative processes
and add further weight to the hypothesis that activation of
Notch is instrumental in tooth homeostasis (70). In peri-
odontal lesions, immunoreactivity has been observed for
Notch1 and 2 proteins, but not for Notch3 protein. Notch1
is weakly expressed in a proportion of osteocytes of the
alveolar bone, whereas very strong Notch2 immunoreac-
tivity was detected in cells of the periodontal ligament
close to the site of injury, and in some cells of alveolar
bone (53).

Notch signalling in dental stem cells

Dental pulp stem cells. Previous studies have shown that
human dental pulp stem cells (DPSCs) can be seeded on

to a scaffold to give rise to complex tooth structures,
which suggests that DPSCs in adult teeth reserve the
potential for dentinogenesis (72–74). Maintenance and ⁄or
differentiation of these stem cells is thought to be regu-
lated by cell–cell interactions involving the Notch signal-
ling pathway (75–77). Morsczeck et al. have reported that
the Notch receptor in subcultured human dental follicle
cells is a marker for undifferentiated cells (78). According
to accumulated data, the Notch-ligand signalling pathway
is, unsurprisingly, responsible for specific differentiation
and regulation of DPSC cell fate (79,80).

Perivascular cells. Recent studies have shown that peri-
vascular cells contain a population of DPSCs that can be
stimulated by dental trauma and carious lesions via activa-
tion of Notch signalling (Notch3), and adopt the alterna-
tive cell fate of reparative dentine. Co-expression of
Notch3 and Rgs5, the latter as the marker of pericytes, has
been detected in vascular structures during development,
and in perivascular tissue and single capillary cells of
injured teeth. These results point to the importance of vas-
cular-derived stem cells to pulp healing, and, furthermore,
imply that Notch signalling plays a role in regulating
stem-cell fate specification (81).

Side population cells. Recently, side population (SP)
cells have been identified in human periodontal ligament
cells and porcine dental pulp tissues (82,83). SP cells
appear highly enriched for stem-cell activity (80,84), and
have the capacity to differentiate into odontoblast-like
cells in vitro (85). It has been demonstrated that both Nes-
tin and Notch1, acting as general markers of stem ⁄progen-
itor cells and affecting self-renewal and lineage-specific
differentiation (67,86,87), are expressed in SP cells of
human adult dental pulp tissue (85).

Dental epithelial stem cells. Studies on mature rodent
incisors suggest that a population of undifferentiated epi-
thelial stem cells remains in the SR of the cervical loop
(67). An epithelial stem cell expressing Notch1 may
divide into two daughter cells, one that remains in the
stem-cell pool and the other that enters into the zone of
rapidly dividing IEE cells – so-called transit-amplifying
cells – which may differentiate into ameloblasts. In the
cervical loop, Notch1 is restricted to the SR and is
expressed most intensely in cells facing the IEE, while
lunatic fringe, a regulator of Notch signalling, is
expressed in the IEE starting from the cervical loop. Fur-
thermore, localization of slowly dividing putative stem
cells in peripheral SR cells correlates with the boundary
between lunatic fringe and Notch1, suggesting that main-
tenance and fate of the stem cells is influenced by Notch
signalling. In the ameloblast differentiation zone, the
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Notch signalling pathway regulates interactions between
terminally differentiated ameloblasts expressing Jagged1,
and SI cells expressing Notch1. These findings are
consistent with recent data and support a role for
Notch signalling in maintaining the differentiated state of
ameloblasts.

Interactions between Notch and other signalling
in teeth

TGFb superfamily and Notch signalling

The TGFb superfamily includes a large number of growth
inducers, including actins ⁄ inhibins and bone morphogenic
proteins (BMPs), which play a critical role in develop-
mental processes. TGFb growth factors, including BMPs
and TGFb1, bind to basement membranes of the germ, the
dentine in mature teeth that is expressed in preodonto-
blasts ⁄odontoblasts during the bell stage of molar devel-
opment (88–94).

Regulation of Notch signalling by TGFb. It has been
shown that TGFb signalling molecules are important for
hard tissue formation after dental pulp injury (48,49,71)
and during odontoblast differentiation (92). After occur-
rence of dentine lesions, TGFb-1, BMP-2, BMP-4 and
BMP-7 liberated from demineralized dentine of human
pulp cells stimulate odontoblasts to elaborate reactionary
dentine (70,95–97). During tooth formation, odontoblast
differentiation and dentine matrix synthesis is regulated
by TGFb-1 and BMP-2 (52,92,96,98). TGFb-1 may also
induce proliferation and migration of subodontoblastic
cells and pulp fibroblasts (99). Several studies have dem-
onstrated that the TGFb superfamily may modulate differ-
entiation by regulating expression of Notch receptors and
ligands (1,39,67,68,100,101). It has been shown that
Delta-1 expression correlates with ameloblast and odonto-
blast differentiation and is regulated by TGFb-1 and
BMPs in E16.5 dental mesenchyme, in vitro (1,102).
TGFb-1’s regulation of Notch 2 expression is also
involved in odontoblast differentiation and dentine forma-
tion after dental injury (98,99). Furthermore, downregula-
tion of Notch in early dental epithelium and mesenchyme
is associated with expression of several growth factors
and extracellular matrix molecules, including BMP-2 and
-4, at the epithelial ⁄mesenchymal interface (94). Taken
together, these results indicate that dental cell lineage
restriction is under concomitant control of Notch and
TGFb-1 pathways. However, the mechanism by which
TGFb ⁄BMP signalling regulates Notch receptors and
ligands requires further study.

Evidence for direct cross-talk between Notch and
TGFb comes from three recent studies (103–105). Hes1

gene known to be a Notch target, can be activated by
TGFb signalling. Specifically, CSL recruits activated
Smad3 (an intracellular transducer of TGFb signalling) to
the promoter via NICD (103). Similar cross-talk also
occurs between Notch and BMP. A further report has
shown that the differentiation-inhibiting effect of BMP4
on myogenic differentiation partly depends on functional
Notch signalling, in which two Notch target genes, Hey1
and Hes1, are involved (104). Interaction between these
two signalling pathways is supported by sequence analy-
sis of Hey1 gene, which has revealed both Smad- and
CSL-binding sites in the Hey1 promoter. Finally, studies
on endothelial cells (EC) indicate that Notch and BMP
signals synergize and antagonize during regulation of EC
migration (106). When EC are induced by long-range
effects of BMP ligands alone, activation of Smad1 leads
to expression of Id1, an activator of EC migration. Once
Notch signalling is activated, Herp2, a negative regulator
of EC migration, can be upregulated through recruitment
of a Smad1-NICD complex (105). Taken together, the
evidence indicates that BMP and TGFb can feed into
the Notch pathway by augmenting transcription of Notch
target genes.

NF-jB and Notch signalling

NF-jB signalling is a cell fate regulatory network control-
ling expression of a multitude of genes involved in devel-
opment, immunity, inflammation and cancer development
(107). Observation of negative dominant mutant pheno-
type cIjBDN mice has provided confirmation that NF-jB is
required, not only for cusp formation of molar tooth germs
but for epithelial invagination of incisors as well. More-
over, Notch1 and Notch2 are downregulated in incisor
tooth germ Ikka mutant embryos, suggesting that Notch
signalling may be involved in an NF-jB-independent Ikka
pathway (108).

Transcriptional interaction. Notch and NF-jB pathways
are integrated into cross-talk, at least partly, by transcrip-
tional cross-regulation of various signalling members.
Studies have shown that typical Notch ligands can trans-
duce signals to the NF-jB-NICD complex, augmenting
NF-jB signalling. Consistent with this, a CSL-responsive
promoter element has been found in the DNA sequence of
the NF-jB protein p100 ⁄p52, which can be activated by
Notch1 via RBP-Jk (46). Furthermore, two groups have
reported that NICD of Notch1 upregulates IjBa (44) and
NF-jB subunits (i.e. p50, p65, RelB and c-Rel) (45) in a
CSL-dependent manner, thus reducing or stimulating NF-
jB activity. In addition, at least two reports have shown
transcriptional upregulation of Jagged1 (109), Hes5, and
Deltex1 (110) by NF-jB.
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Non-transcriptional interaction. The effect of Notch1 on
NF-jB transcription regulation is dose-dependent. Low
levels of Notch1 stimulate NF-jB transcriptional activity
as mentioned above, while overexpressed Notch1 pre-
vents NF-jB-dependent transactivation by a p50-medi-
ated physical interaction of Notch1 IC with p50-p65
heterodimers (111,112). The interaction domain, a 109
amino acid stretch, is mapped at the N terminus of Notch1
IC, overlapping with the RAM23 domain, which partici-
pates in Notch interaction with CSL (112). Other reports
reveal that p50 physical interaction with Notch1 can also
lead to NF-jB activation. Shin et al. have shown that dur-
ing the late stage of NF-jB activation, Notch1 may com-
pete with IjBa by physically interacting with p50 ⁄ c-Rel
complexes, thus increasing nuclear retention of NF-jB
(50).

Wnt and Notch signalling

Wnt signalling plays key roles in tooth morphogenesis.
Several Wnt genes are broadly expressed in dental epi-
thelium, including EK, while others are upregulated in
developing teeth (101,113,114). Wnt signals are context-
dependently transduced to the canonical and non-canonical
Wnt signalling pathways (115–117). So far, several inter-
actions between Notch and Wingless ⁄Wnt signalling have
been established. First, Jagged1 gene is an evolutionarily
conserved target of the canonical Wnt signalling pathway
(26,118). Second, a direct interaction between Dishevelled
and Notch is important for the ability of Wingless to inhibit
Notch (119). Third, NICD activity potentiates effects of
LEF-1 (a transcriptional activator in Wnt signalling) on a
subset of promoters, and a weak physical interaction has
been observed between NICD and LEF-1 (120). Fourth,
GSK-3b has been shown to phosphorylate NICD (121)
and finally, ablation of Notch1 in skin leads to enhanced
b-catenin signalling, the key mediator of Wnt signals
(122).

Fgf and Notch signalling

Expression of Fgf3 and Fgf10 is restricted to mesenchyme
underlying basal epithelial and IEE cells. Expression of
lunatic fringe and Hes1 depends on mesenchymal signals,
and both are positively regulated by Fgf10 (63). Harada
et al., suggest that Fgf10 signalling from the mesenchyme
may regulate the Notch pathway in dental epithelial stem
cells via stimulation of lunatic fringe expression, thus
stimulating division of both stem cells and IEE cells,
while Fgf3 signalling only stimulates division of IEE
cells (63,67). BMP4 antagonizes the stimulatory effect of
Fgf10 on lunatic fringe expression, but has a synergistic
effect with Fgf10 on Hes1 expression (63).

Shh and Notch signalling

Sonic hedgehog (Shh) is a secreted signalling factor
involved in growth and patterning of teeth, which devel-
ops from ectoderm and mesenchyme interactions (123–
126). During the lamina stage, Shh expression is detected
in epithelium of the presumptive tooth domain. During
bud to cap stage, Shh is upregulated in the EK, implicating
Shh in patterning the tooth cap. During the cytodifferentia-
tion stage, expression of Shh is extended to IEE and is
maintained in differentiating ameloblasts. This suggests a
key role for Shh in regulating cytodifferentiation of the
IEE or the underlying odontoblast layer (127). One recent
report presents novel evidence of cross-talk between Shh
and the Notch signalling pathway. It demonstrates that
Shh signalling may be transduced to transcription factors
other than RBP-Jb and thus stimulate Hes1, a principal
effector of the Notch pathway in stem-like cells such as
C3H ⁄10T1 ⁄2 mesodermal and MNS70 neural cells (128).

Conclusion

Notch signalling plays key roles in differentiation of
odontoblasts and osteoblasts, calcification of tooth hard
tissue, formation of cusp patterns and generation of tooth
roots. After eruption, it can also be triggered in dental
stem cells within pulp, where it induces them to differenti-
ate into odontoblasts, thus generating fresh dentine. Other
signalling pathways, such as TGFb, NF-jB, Wnt, Fgf and
Shh also interact with Notch signalling during tooth
development.
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