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Teeth play essential roles in life. Their development relies on reciprocal interactions between the ectoderm-derived dental epithelium and the underlying neural crest-originated mesenchyme. This odontogenic process serves as a prototype model for the development of ectodermal appendages. In the mouse, developing teeth go through distinct morphological phases that are tightly controlled by epithelial signaling centers. Crucial molecular regulators of odontogenesis include the evolutionarily conserved Wnt, BMP, FGF and sonic hedgehog (Shh) pathways. These signaling modules do not act on their own, but are closely intertwined during tooth development, thereby outlining the path to be taken by specific cell populations including the resident dental stem cells. Recently, pivotal Wnt-Shh interaction and feedback loops have been uncovered during odontogenesis, showing conservation in other developing ectodermal appendages. This review provides an integrated overview of the interplay between canonical Wnt and Shh throughout mouse tooth formation stages, extending from the initiation of dental placode to the fully formed adult tooth.
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INTRODUCTION


Mouse Tooth Development

Mouse tooth development initiates around embryonic day 11 (E11), when localized epithelial thickenings in the oral ectoderm form and establish the molar and incisor dental placodes at E11.5 (Figure 1). Subsequently, the dental epithelium proliferates and invaginates into the underlying mesenchyme which condenses around the epithelium to form the tooth bud (E12.5–E13.5). Over the following days, the epithelium continues to extend around the dental mesenchyme, thereby forming a cap (visible at E13.5–E14.5) and later a bell shape (E15.5–E18.5). During the bud-to-cap transition, the developing molar and incisor tooth germs essentially require signals from the primary enamel knot (pEK), a transient signaling center located in the dental epithelium (Jernvall et al., 1994). This pEK, morphologically distinct with densely packed non-dividing (G1-phase) cells, is characterized by expression of the cyclin-dependent kinase inhibitor p21 (Cdkn1a) and secretion of a variety of signaling molecules, in particular members of the sonic hedgehog (Shh), wingless-type MMTV integration site (Wnt), fibroblast growth factor (FGF), and bone morphogenetic protein (BMP) families, that affect the surrounding epithelium and mesenchyme (Ahrens, 1913; Jernvall et al., 1994, 1998; Vaahtokari et al., 1996; Thesleff and Sharpe, 1997).
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FIGURE 1. Overview of mouse tooth development. (A) Embryonic stages of mouse tooth development, with divergent morphology of molar and incisor tooth germs. (B,C) Schematic of fully formed adult molar (B) and incisor (C). AB, ameloblasts; C, cementum; CEJ, cemento-enamel junction; CL, cervical loop; D, dentin; DEJ, dentino-enamel junction; DF, dental follicle; DL, dental lamina; DP, dental pulp; E, enamel; E11, embryonic day 11; ERM, epithelial cells rests of Malassez; HERS, Hertwig’s epithelial root sheath; IEE, inner enamel epithelium; IK, initiation knot; JE, junctional epithelium; laCL, labial cervical loop; liCL, lingual cervical loop; pEK, primary enamel knot; PDL, periodontal ligament; PN7, postnatal day 7; OB, odontoblasts; OEE, outer enamel epithelium; SR, stellate reticulum.


Although the pEK was the first signaling hub to be discovered during odontogenesis, an earlier signaling center is already established upon invagination of the dental placode (E11.5), termed the initiation knot (IK). First described in incisors (Ahtiainen et al., 2016) and only recently in molars (Mogollón et al., 2021), the IK consists of non-mitotic (G1-phase) Cdkn1a-expressing cells, thus comparable to the pEK. Moreover, identical signaling molecules were found in pEK and IK (Ahtiainen et al., 2016; Mogollón et al., 2021). Whereas the pEK is crucial for the bud-to-cap transition, the IK is thought to play a key role in the preceding placode-to-bud progression. Mice lacking Eda (Tabby mice), which encodes a transmembrane protein of the tumor necrosis factor (TNF) family and an important regulator of tooth size and shape (Grüneberg, 1965; Pispa et al., 1999), show a reduced IK size leading to smaller tooth buds (Ahtiainen et al., 2016). Interestingly, IK cells do not generate or contribute to the pEK which instead forms de novo (Ahtiainen et al., 2016; Mogollón et al., 2021).

In response to signals from the pEK, the dental epithelial tissue elongates transversely (molars) or longitudinally (incisors), thus extending into and around the underlying mesenchyme and forming the cervical loops (CLs) on both sides of the condensed mesenchyme, now referred to as the dental papilla (Figure 1A). Whereas molar CLs grow symmetrically around the papilla, incisor CLs extend unevenly along the labial-lingual axis, forming a smaller slow-growing lingual CL (liCL) and a larger labial CL (laCL) which continues to grow throughout incisor development as well as adult life (Yu and Klein, 2020).

At the end of the cap stage, the pEK of both incisors and molars undergoes apoptosis (Jernvall et al., 1998). In monocuspid teeth (such as incisors) the pEK is not replaced, whereas in multicuspid teeth (such as molars) the pEK is substituted by secondary EKs (sEKs) at the bell stage (E15.5) which determine the position and number of the tooth cusps (Figure 1A) (Jernvall et al., 1998; Jernvall and Thesleff, 2012). Recently, it has been demonstrated that some molar pEK cells escape apoptosis and contribute to sEK formation, an idea long disputed previously (Matalova et al., 2005; Ahtiainen et al., 2016; Du et al., 2017; Mogollón et al., 2021). Together, the successive stages in tooth development appear strongly guided by succeeding signaling centers.

During the transition from cap to bell stage, the epithelium folds, and is further compartmentalized into morphologically and functionally distinct inner and outer enamel epithelia (IEE and OEE, respectively). The IEE lies adjacent to the dental papilla, while the OEE is located in the periphery of the future enamel organ (Figure 1A). The zone of epithelial cells sandwiched between the IEE and OEE composes the stellate reticulum (SR), which is uniquely vascularized (Shadad et al., 2019).

Following further invagination and elongation of the CLs into the dental mesenchyme, the crown and root are established, and the dental epithelial and mesenchymal cells further differentiate. These differentiation processes are dependent on intimate epithelial-mesenchymal interplay. Under influence of the IEE, the mesenchyme differentiates into odontoblasts that produce dentin, while the mesenchyme directs the IEE into differentiation toward ameloblasts that produce enamel (Figures 1A–C). The OEE forms the junctional epithelium bridging the tooth surface and oral mucosa (Figures 1B,C).

In molars, the CLs elongate apically into the underlying mesenchyme to form Hertwig’s epithelial root sheath (HERS), a transient bilayer structure involved in epithelial-mesenchymal interactions necessary for tooth root formation and sandwiched in between the dental pulp and follicle (Figure 1A) (Li et al., 2015, 2017). In the mouse incisor, as different from the molar, the laCL contains epithelial stem cells which persist and drive continuous tooth growth throughout life, and the root analog and HERS are restricted to the liCL side (Yu and Klein, 2020). Eventually, HERS disintegrates, and the remaining epithelial cells become dispersed throughout the dental follicle, a thin cell layer ensheathing the developing root, thereby establishing the epithelial cell rests of Malassez (ERM) (Figures 1A–C). In addition to the ERM, the dental follicle also contains mesenchymal cells and extracellular matrix and forms the interface between the tooth root and adjacent bone. Collectively, the dental follicle and HERS/ERM contribute to tooth root formation, tooth eruption, cementum production, periodontal ligament (PDL) formation and anchorage of the tooth in the alveolar bone.

Tooth development is tightly controlled by multiple evolutionarily conserved signaling pathways (Thesleff and Sharpe, 1997). In particular, canonical Wnt and Shh signaling appear crucial for odontogenesis, since disruption in each pathway leads to either impaired tooth formation or supernumerary teeth. Below, after a brief introduction of both pathways, we review in detail their involvement throughout mouse tooth development.



Canonical Wnt/β-Catenin Signaling

The Wnt pathway can act through canonical β-catenin-dependent signaling and non-canonical signaling (which is not further discussed here) (van Amerongen and Berns, 2006; Tamura and Nemoto, 2016). The mammalian pathway counts 19 Wnt proteins and 10 receptors (Frizzled, Fzd). In the absence of Wnt ligand, β-catenin is complexed in the cytoplasm with axis inhibition protein (AXIN), adenomatous polyposis coli (APC) tumor suppressor, casein kinase 1 (CK1) and glycogen synthase kinase 3β (GSK3β) which phosphorylates β-catenin, thereby targeting the protein for proteasomal degradation (Behrens et al., 1998). Upon binding of canonical Wnt ligands to their cognate Fzd receptors, which are bound to co-receptors of the low-density lipoprotein receptor-related protein family (Lrp4-6), dishevelled (DVL) and AXIN are recruited to the membrane. This recruitment disrupts the β-catenin-degradation complex and allows β-catenin to accumulate and translocate to the nucleus where it complexes with transcription factors of the T-cell-specific factor/lymphoid enhancer binding factor (TCF/LEF) family to regulate expression of target genes. Wnt/β-catenin signaling activity is tightly controlled by numerous factors including specific inhibition by, among others, Dickkopf (Dkk1-4) and secreted Fzd-related protein (Sfrp1-5) family members, sclerostin (Sost), Wnt inhibitory factor 1 (Wif1), sclerostin domain containing 1 (Sostdc1, also known as Wise, ectodin or USAG-1) and Notum. Many of these secreted Wnt antagonists function via binding of the Lrp co-receptors (Tamura and Nemoto, 2016). On the other hand, Wnt/β-catenin signaling is activated by R-spondin (Rspo1-4) glycoproteins through binding to their leucine rich repeat containing G protein-coupled receptors (Lgr4-6) which blocks Fzd internalization, thus boosting Wnt’s signaling activity (Carmon et al., 2011; de Lau et al., 2011; Glinka et al., 2011).



Shh Pathway

Shh is one of the three secreted peptides [in addition to Indian and Desert hedgehog (Hh)] that mediate Hh signaling. In the absence of ligand, the Hh receptor Patched (Ptch) accumulates in the cell membrane and represses the other receptor Smoothened (Smo). Upon binding of Hh ligands to Ptch, the complex is internalized and degraded, thereby terminating Smo inhibition and allowing it to accumulate at the ciliary membrane. This activated Smo leads to the processing and subsequent activation of glioma-associated oncogene (Gli1-3) transcription factors which regulate the downstream expression of Shh target genes. Shh signaling is self-regulating with pathway activity modulating the expression of Ptch and Gli transcription factors as well as of negative regulators such as Hh-interacting protein (Hhip1) and growth-arrest specific 1 (Gas1). Importantly, Sostdc1 is a Shh target gene and at the same time a Wnt inhibitor, supporting a negative feedback loop between Shh and Wnt signaling (Ahn et al., 2010).




WNT AND SHH SIGNALING: CRUCIAL INTERTWINED REGULATORS OF TOOTH DEVELOPMENT


Wnt and Shh Specify the Tooth-Forming Fields in Embryonic Oral Ectoderm

Already in the late 90s, it was shown that multiple Wnt pathway genes are expressed during development of the dental placodes (Dassule and McMahon, 1998; Sarkar and Sharpe, 1999). Wnt10b is essentially restricted to the dental epithelial thickenings in the oral ectoderm, while Wnt4, Wnt6 and Fzd6 are expressed throughout the oral ectoderm (Figure 2) (Dassule and McMahon, 1998; Sarkar and Sharpe, 1999). Interestingly, Wnt3 and Wnt7b, both canonical Wnt pathway activators, are also expressed in the oral epithelium but excluded from the prospective dental placodes (Sarkar and Sharpe, 1999). Simultaneously, Wnt5a and Wnt antagonists Sfrp2 and Sfrp3 are expressed in the underlying mesenchyme (Sarkar and Sharpe, 1999). In addition, Rspo/Lgr signaling members are dynamically expressed throughout the earliest (as well as later) stages of odontogenesis, although their precise roles have not yet been documented (Kawasaki et al., 2014). Wnt/β-catenin pathway activity has indeed been detected using Wnt reporter mouse lines (such as Tcf/Lef-LacZ, TOPGAL, BAT-gal or Axin2-LacZ) in the developing dental placodes and the underlying dental mesenchyme, as well as in the dental lamina (i.e., the epithelial layer connecting the tooth germ to the oral ectoderm, which enables formation of successional teeth in many species; see below) (Brugmann et al., 2007; Liu et al., 2008; Lohi et al., 2010).
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FIGURE 2. Wnt and Shh pathway expression pattern prior to dental placode formation. Schematic of the E11 initiation stage of tooth development, before formation of the dental placode, and expression pattern of key regulatory genes. The circle indicates the prospective position of the dental placode, established at E11.5. During tooth initiation at E11, Wnt4, Wnt6, and Fzd6 (vertical shading) are expressed throughout the oral ectoderm, while Wnt5a, Sfrp2, and Sfrp3 are produced in the underlying mesenchyme (peach). In the oral ectoderm, Wnt3 and Wnt7b (dark blue) are expressed in a pattern mutually exclusive with Wnt10b, Shh, and Pitx2 (light blue), the latter being restricted to the prospective dental placode. Also, a rosette of oral epithelial cells (orange), characterized by Fgf8 expression, is located posteriorly to the placode.


Interestingly, Shh, initially expressed throughout the oral epithelium, becomes restricted to the early dental placodes (Bitgood and McMahon, 1995; Keränen et al., 1999; Hovorakova et al., 2011). Shh and Wnt/β-catenin signaling appear to closely interact, and several reports advance a downstream position of Shh throughout the different stages of tooth development. Overexpression of the Wnt inhibitor Dkk1 in the dental epithelium results in downregulation of Shh and Ptch2 expression in developing tooth buds (Liu et al., 2008). Constitutively active Wnt/β-catenin signaling in the epithelium induces (ectopic) Shh expression in the tooth germs (Järvinen et al., 2006; Liu et al., 2008; Wang et al., 2009). Recently, TCF/LEF1 binding sites were identified in long-range enhancers of Shh that are active in the oral cavity during development, strongly suggesting that Wnt/β-catenin signaling can directly regulate Shh expression during odontogenesis (Sagai et al., 2009, 2017; Seo et al., 2018). It remains to be investigated whether or not Wnt3 and Wnt7b inhibit Shh expression, leading to its extinction in the non-placodal region and resultant specific presence in the prospective dental placode. More in general, tooth phenotypes in Wnt3 and Wnt7b knockout models have not yet been described (van Amerongen and Berns, 2006). It would be highly valuable to more finely resolve the expression patterns of Shh and Wnt genes during tooth initiation in a granular spatio-temporally manner [e.g., via single-cell (sc) spatial transcriptomics; (Marx, 2021)]. Moreover, inferring cell-cell communication through specific Wnt ligand-receptor interactions using bioinformatical tools [such as CellPhoneDB or NicheNet; (Browaeys et al., 2020; Efremova et al., 2020)] to decipher which cells can selectively respond to distinct Wnt ligands, would generate novel insights in Wnt action specificity during odontogenesis, and in how these precise interactions may play a role in specifying the prospective sites of tooth development.

In addition to Wnt and Shh, Fgf8, also one of the first markers of tooth initiation (Neubüser et al., 1997; Keränen et al., 1999), is expressed in a posteriorly located rosette of oral epithelial cells (Figure 2) (Prochazka et al., 2015). Through genetic lineage tracing, cell ablation and live imaging, it was found that a small group of Shh-expressing cells triggers these Fgf8-expressing epithelial rosettes to migrate toward the initiating tooth bud, where they contribute essential cell mass for tooth development (Prochazka et al., 2015). Moreover, FGF signaling is found necessary, as well as sufficient, to induce subsequent, proliferation-dependent stratification of the dental placode (Li et al., 2016).

The oral ectoderm’s odontogenic band is not only characterized by Wnt10b and Shh expression, but also by the presence of pituitary homeobox 2 (Pitx2). Together, they form the earliest known signals of tooth initiation (Figure 2). Moreover, it has recently been suggested that PITX2 acts upstream of Shh expression and formation of the IK signaling center for the placode-to-bud transition (Yu W. et al., 2020). PITX2 may directly activate Shh expression via a consensus PITX2-binding motif upstream of the Shh transcription start site (Yu W. et al., 2020). In addition, PITX2 has been shown to regulate Lef1 and Sox2 expression, as well as IK and EK markers such as Cdkn1a, Shh, and Wnt10b (Ahtiainen et al., 2016; Yu W. et al., 2020). Lef1-expressing cells are present in the anterior part of the odontogenic band and SOX2-expressing cells in the posterior zone (St.Amand et al., 2000; Sun et al., 2016; Sanz-Navarro et al., 2018). These SOX2+ cells constitute the early progenitor cells of the various epithelial lineages that arise during odontogenesis, and the Lef1+ cells generate the IK and EK signaling centers (Sun et al., 2016; Sanz-Navarro et al., 2018). The importance of PITX2 in regulating the expression of key signaling center genes is corroborated by the fact that in Pitx2-deficient dental epithelium both IK and EK fail to develop (Yu W. et al., 2020).



Wnt and Shh Signaling Play a Crucial Role in Placode-to-Bud Transition

Shh is known to play a key role in the transition from dental placode to bud stage (Figure 1), by coordinating cellular dynamics required for epithelium invagination into the underlying mesenchyme [reviewed in Kim et al. (2017), Seppala et al. (2017), and Hosoya et al. (2020b)] (Li et al., 2016). Inhibition of Shh signaling with cyclopamine annihilates this invagination, thereby impairing growth of the tooth buds (Li et al., 2016). Wnt/β-catenin signaling is also required for bud formation since inhibition of epithelial Wnt/β-catenin through Dkk1 overexpression prevents the development of this stage (Li et al., 2020). Moreover, the finding that Shh, Lef1 and Wnt10b expression largely coincides with the IK supports their essential role in IK regulatory signaling during this early transition phase (Ahtiainen et al., 2016; Yu W. et al., 2020; Mogollón et al., 2021).

Recently, a novel concept of epithelial cell migration during early invagination of ectodermal placodes such as teeth has been described (Li et al., 2016, 2020; Panousopoulou and Green, 2016; Kim et al., 2017). First, coordinated vertical cell movements occur (designated as ‘vertical telescoping’) (Li et al., 2020). Then, suprabasal cells (in the ‘canopy’) horizontally intercalate and migrate centripetally (dubbed ‘canopy contraction’) providing a further tensile stimulus for invagination of the placode (Li et al., 2016, 2020; Panousopoulou and Green, 2016). The latter process is Shh-dependent, as application of cyclopamine inhibits this process (Li et al., 2016, 2020). Although not formally shown yet, Wnt/β-catenin signaling is also expected to play a key role in regulating these epithelial cell dynamics since impaired Wnt/β-catenin signaling prevents bud morphogenesis and formation (Andl et al., 2002; Liu et al., 2008; Panousopoulou and Green, 2016; Li et al., 2020). Both canopy contraction and vertical telescoping rely on an intact F-actin cytoskeleton, and canopy contraction depends on E-cadherin which transmits tensile forces through epithelia (Orsulic et al., 1999; Nelson and Nusse, 2004). β-catenin is known to mediate the structural organization and function of cadherins (at adherens junctions between cells) by linking them to the actin skeleton via α-catenin, and E-cadherin can reduce the availability of β-catenin by sequestering it at the plasma membrane (Orsulic et al., 1999; Nelson and Nusse, 2004). Moreover, Wnt/β-catenin signaling can directly modulate E-cadherin (Cdh1) transcription via a TCF/LEF1 binding site in the Cdh1 gene promoter (Marin-Riera et al., 2018; Yamada et al., 2019). Together, Wnt/β-catenin is linked to central players in cell movement. Moreover, although outside the scope of this review, it is important to note that non-canonical Wnt signaling, which is strongly intertwined with cell morphology and cytoskeletal remodeling, is also likely to be involved in these processes.



Wnt/β-Catenin Signaling in the Early Dental Mesenchyme Appears Tightly Regulated

While the Wnt/β-catenin pathway is activated in the epithelium of the dental placode, Wnt antagonists are upregulated in the dental mesenchyme, and mesenchymal Wnt/β-catenin activity is accordingly reduced (Sarkar and Sharpe, 1999; Järvinen et al., 2018), suggesting that this downregulation is needed for proper odontogenesis. In line, constitutively active β-catenin in dental mesenchyme impairs tooth germ morphogenesis (Chen et al., 2019), and elevated β-catenin activation in vitro in incisor re-aggregates of dissociated primary dental epithelial and mesenchymal cells is detrimental to tooth formation (Liu et al., 2013). However, full deletion of β-catenin in the dental mesenchyme also arrests tooth development in the bud stage (Chen et al., 2009; Fujimori et al., 2010), and constitutively active β-catenin in palatal mesenchyme induces ectopic tooth bud-like invaginations (Chen et al., 2009). Hence, it is clear that Wnt/β-catenin activity in the early dental mesenchyme needs to be strictly fine-tuned for correct odontogenesis.

Genetic abrogation of mesenchymal β-catenin results in decreased expression of Bmp4 in the dental papilla (Fujimori et al., 2010), a well characterized mesenchymal-to-epithelial signaling molecule during odontogenesis (O’Connell et al., 2012). Bmp4 is both a target gene of β-catenin/TCF1/LEF1 complexes, as well as a positive regulator of Lef1 expression, thus generating a positive Wnt-BMP feedback loop (Chen et al., 1996; Fujimori et al., 2010). A consequence of deficient mesenchymal BMP4 signaling is a decrease in Shh expression in the adjacent dental epithelium, suggesting that BMP4 is necessary for the maintenance of Shh expression (Zhang et al., 2000; Fujimori et al., 2010). Along the same line, constitutive activation of mesenchymal β-catenin results in increased expression of the BMP antagonist noggin in the dental epithelium resulting in reduced epithelial Shh expression (Chen et al., 2019). A similar effect was observed in Bmp4-deficient mice, or in ex vivo tooth germ explants exposed to noggin-soaked beads (Fujimori et al., 2010; Munne et al., 2010).

Taken together, during the earliest stages of tooth initiation and morphogenesis, Wnt and Shh signaling appear crucially intertwined, both in a direct and an indirect manner.



Wnt/β-Catenin and Shh Signaling Are Strictly Controlled During Bud and Cap Stage

The pEK produces Wnts, Shh, BMPs, and FGFs that promote adjacent dental epithelium to enwrap the underlying dental papilla and form the typical cap shape (Ahrens, 1913; Jernvall et al., 1994, 1998; Vaahtokari et al., 1996; Thesleff and Sharpe, 1997). The bud-to-cap transition appears mainly proliferation-independent but driven by cytoskeletal remodeling (Yamada et al., 2019). The process is disrupted when focal adhesion kinase (FAK), a key player in epithelium bending, is pharmacologically inhibited (Yamada et al., 2019). Intriguingly, in the epithelial morphogenetic processes of zebrafish the Wnt pathway (i.e., Wnt5b) appears to collaborate and function upstream of Fak (Gutzman et al., 2018; Hung et al., 2020). FAK has also been linked to Shh signaling in various settings such as cancer cell migration and invasion, and mouse embryonic stem cell cytoskeletal remodeling and motility (Chen et al., 2014; Oh et al., 2018). Further study is required to elucidate the interplay of Wnt, Shh and FAK signaling as drivers of cytoskeletal remodeling during bud-to-cap transition in mouse tooth development.

As mentioned, Shh, Lef1, and Wnt10b expression, as well as β-catenin activity, has not only been found in the IK but also in the pEK (Liu et al., 2008). Again, tight control of Wnt/β-catenin and Shh signaling is crucial for tooth development progression in the pEK-governed stages. Disruption in one of both pathways is associated with defective pEK activity, leading to either impaired tooth formation or supernumerary teeth. Inactivation of Lef1 halts odontogenesis in the bud stage (van Genderen et al., 1994). Epithelial overexpression of the Wnt antagonist Dkk1 downregulates Shh, Wnt10b, and Lef1 expression, thereby arresting tooth germs in the bud stage (Andl et al., 2002; Liu et al., 2008). Inversely, constitutive activation of dental epithelial β-catenin leads to the formation of supernumerary EKs and resulting teeth (Järvinen et al., 2006; Wang et al., 2009; Xavier et al., 2015). On the other hand, conditional deletion of epithelial Shh or Smo leads to the development of abnormally small teeth, and fusion of first and second molars, while Gas1 mutant mice with enhanced Shh signaling activity form supernumerary teeth in the diastemal region (i.e., the zone between molars and incisors) (Dassule et al., 2000; Gritli-Linde et al., 2002; Ohazama et al., 2009). Targeted deletion of suppressor of fused (Sufu), a major negative regulator of the Shh pathway, from the dental mesenchyme results in delayed bud-to-cap transition of tooth germs due to a defective pEK (Li et al., 2019). Sufu mutants display aberrant Shh expression patterns, exhibiting ectopic mesenchymal Shh expression and decreased pEK Shh expression, suggesting an important role for SUFU in fine-tuning Shh signaling to the specific compartment during bud-to-cap transition. Likely due to decreased epithelial Shh, Sufu deletion resulted in defective epithelial cell rearrangements, similar to its proposed role during the placode-to-bud transition (Li et al., 2016, 2019).



Sostdc1 and Lrp4 Establish a Negative Feedback Loop Between Wnt/β-Catenin and Shh Signaling During the Bud and Cap Stage

In recent years, it has been discovered that in developing tooth germs a negative feedback loop is established between Wnt and Shh that is modulated through Sostdc1 and Lrp4, an inhibitory Wnt co-receptor (Figure 3). Joint action of Sostdc1 and Lrp4 in this network was first exposed by the finding that Lrp4 mutant mice phenocopy Sostdc1 mutants, i.e., generating fused molars and supernumerary incisors and molars (Kassai et al., 2005; Yanagita et al., 2006; Ohazama et al., 2008; Munne et al., 2009; Ahn et al., 2010). This phenotype resembles the one of genetically modified mice with constitutively active β-catenin or Gas1 null mutation (which leads to enhanced Shh signaling) (Järvinen et al., 2006; Ohazama et al., 2009; Wang et al., 2009). Secondly, Sostdc1 protein was found to bind Lrp4 using immunoprecipitation analysis (Ohazama et al., 2008). Moreover, Shh±;Sostdc1± mice display elevated Wnt signaling compared to Sostdc1± mice, further strengthening the presence of this interactive network, and in particular of the negative feedback loop between Shh and Wnt through Sostdc1 (Ahn et al., 2010; Cho et al., 2011). Furthermore, (epithelial-derived) Shh can directly induce expression of Sostdc1 in the dental mesenchyme, whereas in vivo suppression of Shh signaling using an anti-Shh neutralizing antibody reduces Sostdc1 expression levels (Cho et al., 2011; Kim et al., 2019). All findings together materialize the model that Shh, which itself is a Wnt target gene, negatively modulates Wnt/β-catenin signaling through its target gene Sostdc1 which by binding to Lrp4 acts in concert with this inhibitory Wnt co-receptor (Figure 3) (Ohazama et al., 2008). Through elegant combinations of genetic mouse models (such as Sostdc1, Lrp4, Lrp5, Lrp6, Shh, and Ptch1 full or heterozygous knockouts) exhibiting differing dosages of Shh and/or Wnt/β-catenin signaling, it was established that a properly balanced Shh and Wnt/β-catenin activity is paramount (Ahn et al., 2017). If one of both pathways is completely disrupted, the balance is not maintained, resulting in either impaired tooth growth, or development of supernumerary teeth. This model is consistent with previous findings from Lef1, Smo, Gas1, and Lrp4 null mice (van Genderen et al., 1994; Gritli-Linde et al., 2002; Ohazama et al., 2008, 2009). Crossing Lrp4–/– with Sostdc1–/– mice revealed that Lrp4 deletion remedied the Sostdc1–/– phenotype. Even more, gain-of-function Sostdc1 mutants do not display a phenotype in Lrp4–/– tooth germs. Of note, genetically reduced Lrp5 or Lrp6 dosage appeared to ameliorate the Lrp4–/– phenotype.
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FIGURE 3. Schematic of the Wnt/Shh/Sostdc1/Lrp4 feedback loop. (A) Binding of canonical Wnt ligands to their cognate Fzd receptors, complexed with Lrp5/6 co-receptors, recruits AXIN and DVL to the cell membrane, thus disrupting the β-catenin-degradation complex (consisting of AXIN, DVL, CK1, GSK3, and APC; see text). Consequently, β-catenin can translocate to the nucleus where it complexes with TCF/LEF transcriptional regulators to control expression of Wnt target genes, including Lef1 and Shh. (B) In Shh-responsive cells, Shh binds to Ptch receptors (such as Ptch1) thereby relieving Smo inhibition, and as a consequence allowing Smo to inhibit SUFU. This inhibitory action allows for activation of Gli family transcription factors (such as Gli1), which regulate downstream expression of Shh target genes including Sostdc1. (C) Finally, secreted Sostdc1 cooperates with Lrp4 to inhibit Lrp5/6-dependent Wnt/β-catenin activation.


The proposed negative feedback model (Figure 3) appears also true in other ectodermal appendages (such as vibrissae, hair follicles and mammary glands) (Lee et al., 2011; Närhi et al., 2012; Ahn et al., 2013), and thus may represent a conserved regulatory mechanism. Of note, Shh stimulates Sostdc1 expression predominantly in the dental mesenchyme, which in turn signals back to the epithelium, thus presenting a prime example of the epithelial-mesenchymal crosstalk during odontogenesis. Interestingly, Sostdc1 expression has also been detected in the incisor mesenchyme before the bud stage as early as E12 (Kim et al., 2019), suggesting that this feedback loop may already play a role in early placode development, although at present not demonstrated. On the other hand, recent data have indicated that the interactive loop remains crucial in later developmental stages such as during cusp patterning (Cho et al., 2011; Ahn et al., 2017).

Upon disruption of the Wnt/Shh/Sostdc1/Lrp4 loop, typical tooth patterning aberrations occur resulting in either fused molars or supernumerary molars (Figures 3, 4) and incisors. Supernumerary teeth can be the consequence of sustained survival and development of rudimentary (vestigial) tooth germs, or of expansion and/or splitting of the pEK signaling center. Indeed, Lrp4 and Sostdc1 null mutants (thus, showing elevated Wnt signaling) display sustained development of R2, a rudimentary tooth bud located distally from the first molar in the diastema (Ahn et al., 2010, 2017). Moreover, based on genetic and spatial-expression analyses of feedback loop components, the regulatory mechanism has been proposed to control spatial patterning of dentition in the bud stage (Figure 4) (Cho et al., 2011). Short-acting Wnt signals in the pEK induce Shh production from the pEK (Figures 3, 4A). Wnt and Shh diffuse laterally into the surrounding epithelium and mesenchyme, inducing expression of the target genes Lef1 and Sostdc1. Their expression appears mutually exclusive, with the Lef1-expressing domain closest to the pEK and surrounded by a broader Sostdc1-expressing domain. This creates a tooth-forming activation and inhibition zone, respectively, thus preventing fusion of adjacent developing tooth germs (Figures 4A,B). If this regulatory loop is disrupted, the inhibition zone may not be established, resulting in fused teeth (Figure 4C). Alternatively, an excess number of activation and inhibition zones may be formed, generating supernumerary teeth (Figure 4D). Given that Sostdc1 is mainly a mesenchymal signal, the model supports a role for the dental mesenchyme in controlling the number of teeth during development. In line, earlier work reported that removal of mesenchymal tissue from incisor explants resulted in formation of de novo incisors, similar to the phenotype in Sostdc1 deficiency (Munne et al., 2009).
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FIGURE 4. Establishment of tooth-forming and -inhibiting zones by the Wnt/Shh/Sostdc1/Lrp4 feedback loop, and consequences of disruption. (A) Sagittal view of developing tooth germ. Short-range Wnt signals from the pEK (dark blue) induce localized Shh expression. Together, Wnt and Shh diffuse laterally into the surrounding dental epithelium and mesenchyme, inducing expression of their target genes Lef1 and Sostdc1, respectively. Due to short-reaching Wnt and farther-reaching Shh diffusion, mutually exclusive domains of either Lef1 or Sostdc1 expression are established. This pattern creates a tooth-forming activation zone (light blue) and an inhibition zone where tooth formation is prevented (brown). (B) Transverse view of developing tooth germs. In correctly developing teeth, the established tooth formation and inhibition zones allow proper development of sequential teeth (M, molars). (C,D) When disrupted, the regulatory loop fails to establish the inhibition zone leading to fused teeth (C), or alternatively excess activation and inhibition zones are formed yielding supernumerary teeth (D). Figure inspired by Cho et al. (2011).


Of final note here, the Wnt/Shh/Sostdc1/Lrp4 regulatory loop may be tightly intertwined with the above described Wnt/BMP positive feedback loop (which can modulate Shh expression) during prior developmental stages (Zhang et al., 2000; Fujimori et al., 2010). In addition to its nature as Wnt antagonist, Sostdc1 is also able to bind BMP ligands with high affinity to act as a BMP antagonist (Laurikkala et al., 2003; Yanagita et al., 2004). Furthermore, BMPs can induce expression of Sostdc1 in pEK (Laurikkala et al., 2003).



Crown Development: Formation of Molar Cusps Is Governed by Inductive Wnt/β-Catenin and Inhibitory Shh/Sostdc1 Signaling

The dental epithelium continues to burrow into the underlying mesenchyme, eventually enwrapping the condensed dental papilla, thereby successively forming the typical cap and bell shapes (Figure 1A). The IEE, SR, stratum intermedium (SI, a layer of non-ameloblast dental epithelial cells lying beneath both ameloblasts and IEE; see Figure 5) and OEE morphogenetically form in the continuously growing tooth germ. Like in the earlier stages of odontogenesis, interplay and strict levels of Wnt/β-catenin and Shh signaling are paramount in these processes.
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FIGURE 5. Classical and revised models of epithelial stem/progenitor cells in the mouse tooth. AB, ameloblasts; DESCs, dental epithelial stem cells; IEE, inner enamel epithelium; OEE, outer enamel epithelium; preAB, pre-ameloblasts; SI, stratum intermedium; SR, stellate reticulum; TA cells, transit-amplifying cells.


As mentioned, the pEK undergoes apoptosis once the cap stage is reached, but in multicuspid molars, some pEK cells escape their demise and contribute to sEK formation (Du et al., 2017). sEKs display hallmarks identical to IKs and pEKs, including a non-proliferative G1-phase state with expression of Cdkn1a, Wnt10b, β-catenin, Axin2, and Shh (Sarkar and Sharpe, 1999; Liu et al., 2008; Lohi et al., 2010). sEKs are localized at the tips of the prospective cusps and guide the ensuing cusp formation. In accordance with pEK defects due to malfunctioning of Wnt/β-catenin signaling, inhibition of the pathway at the bell stage (E16) via Dkk1 overexpression results in disrupted sEKs and impaired cusp development, culminating in blunted, less protruding cusps (Liu et al., 2008). In contrast, suppression of Shh (via antibody treatment) or deletion of Sostdc1 narrows the intercuspal distance and results in supernumerary cusp structures (Kassai et al., 2005; Cho et al., 2011; Kim et al., 2019).

Together, these findings support the hypothesis that the Wnt/Shh/Sostdc1 regulatory loop remains in play during the later stages of tooth development. The cusp defects strongly resemble the earlier tooth patterning aberrations. Analogous to their activities in tooth patterning, Wnt/β-catenin appears to be a driver in cusp formation, while Shh/Sostdc1 inhibits cusp development.



Dental Cytodifferentiation


Development of Ameloblasts and Odontoblasts

Once the tooth germ shape is fully established at the bell stage (E18.5), enamel-producing ameloblasts start to differentiate from the IEE and dentin-generating odontoblasts from the adjacent dental papillary cells, both separated by a basement membrane, through an active interplay. The ameloblast lifecycle consists of four stages, defined by morphological and functional hallmarks.

In the first (presecretory) stage, IEE cells (pre-ameloblasts) initiate the cytodifferentiation process by inducing progression of adjacent dental papilla into odontoblasts which deposit a fine layer of pre-dentin at the future dentino-enamel junction (DEJ; Figure 1A) (Bei, 2009; Bartlett, 2013). Pre-dentin, primarily composed of collagen, reciprocally instructs pre-ameloblasts to differentiate into secretory ameloblasts. Meanwhile, actively secreting odontoblasts form large columnar cells with processes extending into the (pre-)dentin. During the differentiation progression, pre-ameloblasts break through the basement membrane at the DEJ, elongate from short cuboidal into tall columnar cells, and form so-called Tomes’ processes at their apical enamel-forming ends.

During the second episode, secretory-stage ameloblasts start to secrete enamel matrix proteins such as amelogenin, enamelin, and ameloblastin to form a protein-rich and soft enamel matrix. Ameloblasts are also equipped with a variety of mineral and bicarbonate transporters to drive mineral growth within the matrix (Bronckers, 2017). In addition, secretory-stage ameloblasts produce matrix metalloproteinase 20 (MMP20), which hydrolyses enamel matrix proteins into stable intermediates (Bartlett et al., 1998; Fukae et al., 1998). Within this protein matrix, each ameloblast forms a thin enamel rod or enamel crystallite. As the enamel thickens, ameloblasts move away from the dentin surface, and the crystallites grow longitudinally, parallel to each other. In addition to moving backward, groups of ameloblasts slide past each other forming the typical decussate pattern of rodent enamel (Reith and Ross, 1973). At the end of the secretory stage, the enamel layer reaches its full thickness.

In the third (transition) stage, ameloblasts retract their Tomes’ processes, contract again and deposit a new basal lamina. Ultimately, in the fourth and final (maturation) stage, ameloblasts cycle between two morphologies at the enamel surface: ruffle-ended and smooth-ended. The ameloblasts degrade and reabsorb the enamel protein matrix through secretion of proteolytic enzymes [e.g., kallikrein-related peptidase-4 (KLK4)], while the enamel crystallites continue to grow and expand. Eventually, the fully formed enamel is highly mineralized with very little amount of protein remaining, thereby forming the hardest substance in the body.



Cell-Autonomous Wnt/β-Catenin Signaling Is Crucial in Both Odontoblast and Ameloblast Development During Crown Formation


Odontoblast development

To study the role of Wnt during dental cytodifferentiation, several studies have employed cell-type specific knockout of Wntless (Wls), a chaperone protein required for proper cellular secretion of Wnt ligands (Bänziger et al., 2006; Bartscherer et al., 2006). Targeted Wls disruption in developing odontoblasts highlighted that cell-autonomous Wnt is crucial for proper odontoblast differentiation and dentin formation (dentinogenesis), as well as for tooth root development (see below) (Lim et al., 2014; Bae et al., 2015). In analogy, odontoblast-specific overexpression of Dkk1 or deletion of β-catenin (Han et al., 2011; Kim et al., 2013) resulted in identical phenotypes, whereas constitutive activation of β-catenin in the dental mesenchyme induced premature odontoblast differentiation and excessive dentin and cementum materialization (Kim et al., 2011). Moreover, the promotor regions of collagen type Iα1 (Col1a1, the key component of dentin) and decorin (Dcn, a proteoglycan component of dentin) contain TCF/LEF binding sites and have been identified as Wnt/β-catenin target genes during odontoblast differentiation (Guan et al., 2016).

Interestingly, Wnt activation by ubiquitous genetic deletion of the secreted Wnt inhibitor Notum severely disrupted formation of both crown and root dentin in molars and of crown dentin in incisors, but did not affect amelogenesis (Vogel et al., 2016). In incisors, NOTUM was recently found to be associated with early odontoblasts localized near the CL mesenchymal area, although its precise role during odontoblast differentiation remains to be elucidated (Krivanek et al., 2020). Similarly, ablation of mothers against decapentaplegic homolog 4 (Smad4), a key regulator of transforming growth factor beta (TGFβ)/BMP signaling, in the dental mesenchyme, resulting in downregulation of the Wnt inhibitors Dkk1 and Sfrp1 and thus Wnt pathway activation, caused impaired odontoblast differentiation and dentinogenesis, but had no effect on ameloblast differentiation (Li et al., 2011). Moreover, this Wnt signaling boost through Smad4 inactivation resulted in a switch from dentinogenesis to osteogenesis, indicating the importance of finely balanced Wnt/β-catenin activity in determining the cell fate of the dental mesenchyme. Together, Wnt/β-catenin in the dental mesenchyme is cell-autonomously required for proper odontoblast differentiation during crown (and root) development.



Ameloblast development

A similar cell-autonomous role of Wnt/β-catenin has been identified in ameloblast differentiation. Deletion of Wls in the Shh-expressing dental epithelial lineage leads to defective ameloblast development, suggested to be largely due to decreased expression of Shh pathway components such as Shh, Gli1, and Ptch1 (Xiong et al., 2019). Epithelial deletion of β-catenin resulted in enamel defects including disorganized ameloblasts which lacked the typical columnar shape, and dysplastic, soft enamel (Yang et al., 2013; Guan et al., 2016). Furthermore, pharmacological β-catenin inhibition showed impaired migration and invasion of ameloblast lineage cells in vitro (Guan et al., 2016). Overexpression of Wnt3 in the dental epithelium resulted in disorganized ameloblasts and enamel defects (Millar et al., 2003). In analogy, pharmacological inhibition of GSK3β, leading to β-catenin activation, impaired ameloblast differentiation and cell polarity in mouse tooth explant cultures (Aurrekoetxea et al., 2016; Yang et al., 2018). Moreover, constitutive activation of β-catenin in ameloblasts led to severely disorganized ameloblasts lacking their normal polarity, as well as to chalky hypoplastic enamel (Fan et al., 2018). Although enamel thickness was not significantly reduced, its mineralization was delayed, and decreased expression of Mmp20 and Klk4 resulted in failure of matrix protein removal. Of note, deletion of Wls specifically in the dental epithelium also caused impaired differentiation of the mesenchymal odontoblasts (Xiong et al., 2019).

Overexpression or ablation of Mmp20 resulted in enamel defects and aberrant ameloblast behavior in both molars and incisors (Bartlett et al., 2011; Shin et al., 2016, 2018). The phenotype was characterized by dysplastic enamel, disruption of the ameloblasts’ layer and morphology, infiltration of ameloblasts in the enamel space (in incisors) or in the underlying SI and SR cell layers (in molars), and presence of ectopic mineralization nodules (Shin et al., 2016, 2018). In addition to cleaving enamel matrix proteins, MMP20 plays an important role in ameloblast cell morphology and motility. Changes in morphology and increased migration/invasion in the case of Mmp20-overexpressing ameloblasts have been attributed to enhanced nuclear localization of β-catenin and signaling, since prevented by in vitro pharmacological inhibition of β-catenin (Shin et al., 2018). MMP20 cleaves cadherin extracellular domains (Bartlett et al., 2011; Guan and Guan and Bartlett, 2013). Consequently, MMP20 overexpression leads to increased cleavage of E-cadherin resulting in release of β-catenin from the cell membrane which can translocate to the nucleus.

Finally, ChIP-Seq experiments have identified β-catenin and transcription factor 7 like 2 (TCF7L2, also known as TCF4) binding regions in the Mmp20 promoter, at least in human colon cancer cells (Bottomly et al., 2010). Constitutive activation of β-catenin in ameloblasts results in decreased levels of MMP20 (Fan et al., 2018). Thus, a feedback loop may exist between Wnt/β-catenin and MMP20. Moreover, MMP20 may also interact with Shh, given common roles in cell migration. Numerous studies have identified other MMPs [such as MMP2 and MMP9 as targets of Shh signaling (Bigelow et al., 2005; Yoo et al., 2011; Chen et al., 2013; Fan et al., 2014)], and Mmp20 expression may also be regulated by Shh. Nevertheless, a direct relationship of MMP20 with Wnt/β-catenin or Hh signaling in mouse tooth development remains to be conclusively defined.





Wnt and Shh During Tooth Root Development


Tooth Root Formation: Involvement of Hertwig’s Epithelial Root Sheath

Different from the tooth crown, which is shielded by enamel, tooth root is covered by the much softer cementum. Tooth root development starts once the crown is formed, i.e., when the enamel reaches the future junction with the cementum layer [cemento-enamel junction (CEJ)], the prospective boundary between crown and root (Li et al., 2017) (Figure 1B). The CL-derived HERS (Figure 1A) extends apically to guide root formation, determining the number, shape and size of the roots (Ten Cate, 1996; Li et al., 2015, 2017; Yu and Klein, 2020). Where inner layer HERS cells contact apical papilla mesenchymal cells, the latter differentiate into odontoblasts which deposit root dentin. Approximately 1 week after its apical elongation, HERS disintegrates, thereby giving rise to a structure resembling a mesh or fishnet (Huang et al., 2009). This perforated HERS network allows dental follicle cells to pass through and contact the papillary mesenchyme and the root dentin (Luan et al., 2006; Huang et al., 2009). In a manner similar to ameloblast differentiation, contact with deposited dentin allows dental follicle cells to differentiate into cementum-producing cementoblasts (Luan et al., 2006; Zeichner-David, 2006; Huang et al., 2009; Li et al., 2017).

In parallel, HERS cells can undergo epithelial-to-mesenchymal transition (EMT) and directly contribute to the cementoblast population (Huang et al., 2009). Importantly, HERS plays a crucial role in the formation of the PDL, both via direct contribution to the PDL lineage after undergoing EMT and secretion of signaling molecules (Itaya et al., 2017; Li et al., 2017). Some dental follicle cells adjacent to HERS migrate in between the root and the alveolar bone, forming PDL fibroblasts (Xiong et al., 2013; Li et al., 2017). These cells secrete collagen fibers, that will eventually become thick, highly organized bundles termed Sharpey’s fibers (Xiong et al., 2013; Li et al., 2017). The fibers are embedded in the cementum and connect to the alveolar bone, helping the tooth to remain embedded in the jaw and resist the forces generated during, among others, mastication. Eventually, the remaining HERS fragments become dispersed throughout the dental follicle thereby establishing the ERM, a quiescent epithelial cell population that has been taxed with stem cell properties and can contribute to cementum and PDL regeneration and repair (Huang et al., 2009; Takahashi et al., 2019).

Developing tooth roots display high levels of Wnt/β-catenin activity as shown by Axin2 expression, which is strongly associated with HERS, surrounding apical dental papilla, root odontoblasts and cementocytes (Lohi et al., 2010; Choi et al., 2020). Also during this phase of tooth development, Wnt/β-catenin is critical in both the epithelial- and mesenchymal-derived compartments for root dentinogenesis as well as cementogenesis.



Elevation of Wnt/β-Catenin Activity Is Crucial to Shift Dental Epithelium From Crown Toward Root Fate

During the crown-to-root transition, the dental epithelial cells, generating HERS, contribute to root formation and cementogenesis instead of amelogenesis. As during the latter process, the TGFβ/BMP/Wnt/β-catenin feedback loop plays an important role to fine-tune Wnt/β-catenin activity. Indeed, the transition is characterized by a reduction in epithelial TGFβ/BMP signaling leading to elevated Wnt/β-catenin activity, needed to shift the dental epithelium cell fate from crown to root lineage (Yang et al., 2013; Li et al., 2015). Disruptions in the TGFβ/BMP pathway, for instance via deletion of epithelial Smad4 or BMP receptor 1A (Bmpr1a, also known as Alk3), can severely impact crown/root development (Yang et al., 2013; Li et al., 2015). Precocious decline of epithelial TGFβ/BMP signaling (i.e., during crown formation instead of during the crown-to-root transition) by Bmpr1a ablation shifts the dental epithelial cell fate toward HERS/cementoblast lineage and results in both ectopic cementum and HERS/ERM in the enamel region, as well as increased production of orthotopic cementum (Yang et al., 2013). Additional deletion of β-catenin rescues this phenotype and prevents precocious cementogenesis, further strengthening the idea that reduction of TGFβ/BMP signaling is necessary to elevate Wnt/β-catenin to advance root development. In analogy, implantation of BMP4-soaked beads near HERS prevented its elongation and proliferation (Hosoya et al., 2008). In a mouse model with strongly elevated cementogenesis [i.e., mutant in ectonucleotide pyrophosphatase/phosphodiesterase family member 1 (Enpp1), a key regulator of extracellular diphosphate levels in mineralizing tissues], β-catenin and TCF/LEF activity is highly increased, thus reinforcing Wnt/β-catenin’s key role in this process (Choi et al., 2019). Stabilization of β-catenin specifically in the dental mesenchyme during cementogenesis results in excessive cementum formation, in line with the potential of dental follicle cells to generate cementoblasts, likely driven by Wnt/β-catenin (Kim et al., 2011).

Recent studies further emphasized the crucial role of epithelial Wnt/β-catenin signaling during root development. Through various Wnt10a knockout models, it was demonstrated that epithelial Wnt10a is required for proper formation of the tooth root (Xu et al., 2017; Yu M. et al., 2020). General deletion of Wnt10a in epithelial, but not mesenchymal cells, resulted in a typical taurodont phenotype (i.e., with elongated root trunks and lack of root furcation), similar to the phenotype observed in humans with WNT10a mutations (see below, Table 1) (Yang et al., 2015; Xu et al., 2017; Yu M. et al., 2020). Epithelial-derived Wnt10a was found crucial for the proliferation of the epithelium, and thus the extension of the HERS. In contrast, the epithelial Wnt10a inhibited the proliferation of mesenchymal cells, likely via inhibition of mesenchymal Wnt4 production (Yu M. et al., 2020). The necessity of Wnt/β-catenin for HERS elongation was further confirmed in a recent study applying conditional β-catenin deletion in Shh+ HERS, leading to disruption of both cell proliferation and dynamics (Yang et al., 2021). Eventually, Wnt10a, which appears initially expressed in both HERS and dental papilla, gradually becomes restricted to the mesenchymal cells in the dental papilla and dental follicle, and to the odontoblasts (see below) (Yu M. et al., 2020).


TABLE 1. Wnt and Shh pathway components mutated in human diseases with dental pathology.
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Non-redundant and Dose-Dependent Role of Shh During Tooth Root Development

Numerous studies have also highlighted the essential and non-redundant role of Shh during tooth root development, interfacing with both Wnt/β-catenin and TGFβ/BMP signaling. Expression of Shh, Ptch1, and Gli1 is gradually restricted to the apical IEE and eventually to HERS during crown-to-root transition, while Ptch1 and Gli1 are also detected in the surrounding mesenchyme (Nakatomi et al., 2006; Khan et al., 2007). Both constitutive activation and inhibition of the Shh pathway during root development negatively affects cell proliferation and decreases the root length, indicating a strict Shh dose-dependency of tooth root development (Nakatomi et al., 2006; Huang et al., 2010; Li et al., 2015; Liu et al., 2015). Importantly, it has been revealed that, similarly to its role in balancing Wnt/β-catenin activity, TGFβ/BMP signaling also interfaces with the Shh pathway to ensure appropriate levels of Shh activity for proper root development (Huang et al., 2010). Epithelial Shh expression is induced by SMAD4 and drives expression of mesenchymal nuclear factor I/C (Nfic), a key transcription factor during root development (Steele-Perkins et al., 2003; Huang et al., 2010; Kim et al., 2015; Liu et al., 2015). Nfic knockout mice display impaired root formation, characterized by reduced cell proliferation, defective odontoblast differentiation and short roots (Steele-Perkins et al., 2003; Kim et al., 2015). Moreover, these mice exhibit elevated Hh pathway activity and Gli1 expression, indicating a negative feedback loop (Liu et al., 2015). Nfic has indeed been shown to interact with the promoter of Hhip (Liu et al., 2015) a competitive antagonist of Hh ligands in binding Ptch receptors (Chuang and McMahon, 1999). Further, pharmacologically inhibiting elevated Hh activity in Nfic–/– mice partially reverses the root phenotype (Liu et al., 2015).



Potential Involvement of the Wnt/Shh/Sostdc1 Feedback Loop During Tooth Root Formation and Cementogenesis

Only recently, it has been found that the Wnt/Shh/Sostdc1 regulatory loop may also play a role during the later tooth root development phase. In genetic mouse models with hyperactivated Hh signaling (due to constitutively activated Smo or deleted Sufu in the mesenchymal compartment), Sostdc1 (as well as Dkk1) expression is elevated and Wnt/β-catenin activity reduced resulting in decreased cementum formation and mineralization (Choi et al., 2020). These defects are rescued in the mutants when β-catenin is constitutively activated, further strengthening the crucial role of tightly regulated Shh as well as Wnt/β-catenin activity during root formation and cementogenesis (Choi et al., 2020). Hence, the Wnt/Shh/Sostdc1 regulatory loop appears to be a conserved feedback mechanism that is repeatedly recycled throughout odontogenesis. Further functional studies of Sostdc1 during root development and cementogenesis remain necessary to validate this hypothesis. Moreover, it would be interesting to explore the role of Lrp4 during these processes, considering its involvement in the Wnt/Shh/Sostdc1 regulatory loop during the prior tooth developmental stages.



Interfering With Wnt Signaling Impairs Tooth Root Dentinogenesis

Similarly to their negative impact on crown odontoblast differentiation and dentinogenesis, disruptions in the Wnt/β-catenin pathway, either via overactivation or downregulation, also lead to impaired root odontoblast formation, and to shortened or completely lacking roots (Han et al., 2011; Kim et al., 2013; Lim et al., 2014; Bae et al., 2015; Vogel et al., 2016). Specific deletion of Wls in odontoblasts revealed the requirement of cell-autonomous Wnt/β-catenin signaling and production of Wnt ligands not only during crown but also root dentinogenesis (Lim et al., 2014; Bae et al., 2015). For instance, in postnatal day 14 molars, Wnt10a is expressed in odontoblasts along the dentin surface as well as in differentiating (pre-)odontoblasts along HERS, where it may be involved in odontoblast differentiation, based on its capacity to activate expression of dentin sialophosphoprotein (Dspp), a key non-collagenous component of dentin, as observed in vitro in a mesodermal cell line (Yamashiro et al., 2007). Intriguingly, odontoblast differentiation and dentin formation appeared unaffected when Wnt10a was genetically deleted, which instead resulted in taurodont teeth (Yang et al., 2015).

Together, these findings highlight the complex roles of the Wnt/β-catenin pathway and its components in odontoblast differentiation and dentinogenesis, and in root furcation and elongation during specific stages of tooth development.





DENTAL EPITHELIAL AND MESENCHYMAL STEM CELLS: IMPACT OF WNT/β-CATENIN AND SHH


Dental Epithelial Stem Cells: Cellular Origin and Heterogeneity

The origin of dental epithelial stem cells (DESCs) can be traced back to the earliest stages of odontogenesis. During establishment of the dental placodes, the PITX2+ odontogenic band of oral ectoderm is subdivided in an anteriorly situated group of LEF1+ and a posteriorly situated group of SOX2+ cells (St.Amand et al., 2000; Sun et al., 2016; Sanz-Navarro et al., 2018). The SOX2+ cells constitute the early progenitors of the various dental epithelium-derived cell lineages, including the enamel-forming ameloblasts, as well as of the later DESCs, both in incisors and molars (Juuri et al., 2012; Li et al., 2015; Sun et al., 2016; Sanz-Navarro et al., 2018). Around E14, Sox2 expression becomes restricted to the CLs in molars and incisors (in the latter in both liCL and laCL) (Juuri et al., 2012). In the continuously growing mouse incisors, Sox2 expression eventually disappears from the liCL (∼E15) but strongly persists in the tip of the laCL, where SOX2+ stem cells remain present throughout the animal’s life (Juuri et al., 2012; Li et al., 2015). In the mouse molars, SOX2+ DESCs are only transiently present in the CL and are lost upon root formation when the molar CL becomes dispersed in HERS and ERM (Li et al., 2015). Throughout the animal kingdom, the presence of SOX2+ dental epithelial cells is highly conserved in various mammalian species, not only in sharks, cichlid fish and reptiles where teeth are continuously replaced but also in the non-regenerating human teeth (Fraser et al., 2013; Juuri et al., 2013; Martin et al., 2016; Bloomquist et al., 2019).

At the tip of the CLs, the SR and OEE (Figure 1A) have been suggested to be the location of the true, slow-cycling DESCs, whereas the IEE is considered to contain their progeny, including the proliferating transit-amplifying (TA) cells and the eventual enamel-forming ameloblasts (Kuang-Hsien Hu et al., 2014). In vivo lineage tracing has identified DESCs as slow-cycling label [genetic or bromodeoxyuridine (BrdU)]-retaining cells. These studies have uncovered numerous stem cell markers in addition to Sox2 such as the Shh components Gli1 (Seidel et al., 2010, 2017; Biehs et al., 2013) and Ptch1 (Seidel et al., 2010), and the Wnt component and target gene Lgr5 (Suomalainen and Thesleff, 2010; Chang et al., 2013; Sanz-Navarro et al., 2018), as well as BMI1 proto-oncogene, polycomb ring finger (Bmi1) (Biehs et al., 2013), integrin subunit alpha 6 (Itga6, also known as Cd49f) (Chang et al., 2013), leucine rich repeats and immunoglobulin like domains 1 (Lrig1) (Seidel et al., 2017) and insulin like growth factor binding protein 5 (Igfbp5) (Seidel et al., 2017). Interestingly, Gli1 and Bmi1, in addition to Lrig1 and Igfbp5, have also been found to distinguish dental epithelial and mesenchymal (see below) stem cell populations (Biehs et al., 2013; Zhao et al., 2014; Seidel et al., 2017).

The DESC population is heterogeneous. Among others, Lrig1-expressing cells have been advanced as a subset of Gli1-expressing DESCs, and both Ptch1- and Lgr5-expressing cells have been found to be subsets of Sox2-expressing DESCs, with Lgr5+/Sox2+ cells representing the smaller subpopulation (Seidel et al., 2017; Sanz-Navarro et al., 2018; Binder et al., 2020). Moreover, these studies have also identified Lrig1+/Gli1–, Ptch1+/Sox2– and Lgr5+/Sox2– cell populations. DESC subpopulations do not only display molecular but also functional heterogeneity. For instance, lineage tracing revealed that the progeny of certain DESC subtypes could be rapidly (∼days) detected after tamoxifen induction (e.g., Sox2+, Gli1+, and Bmi1+ DESCs), whereas other subtypes required longer time (∼months) to give rise to descendants of all the epithelial lineages, thus representing more quiescent DESC subtypes (e.g., Lrig1+ cells) (Seidel et al., 2010).



Advanced Insights Into Dental Epithelial Stem Cells Heterogeneity From Single-Cell Transcriptomics

This DESC heterogeneity has been confirmed and further expanded by recent sc transcriptomic profiling studies of dental tissues (Sharir et al., 2019; Chiba et al., 2020; Krivanek et al., 2020) [recently reviewed in Fresia et al. (2021)]. Krivanek et al. (2020) confirmed the presence of a heterogeneous DESC compartment expressing multiple previously identified markers (such as Sox2, Lrig1, and Lgr5), including rare Sox2+/Lgr5+, Sox2+/Lrig1+, and Sox2+/Lgr5+/Lrig1+ subtypes. In addition, the study identified a novel Acta2+ (actin alpha 2, smooth muscle) stem cell population located predominantly in the outer SR and OEE (Krivanek et al., 2020). Similarly to other DESC markers, Acta2 was found to be co-expressed with Sox2 in some cells. Lineage tracing revealed that progeny of ACTA2+ cells could be detected in the dental epithelium (following some days) and in mature ameloblasts (after 1–2 months), thus contributing to all dental epithelial lineages (Krivanek et al., 2020). The study also identified novel putative DESC markers (e.g., Pknox2, Zfp273, Spock1, and Pcp4), however, still requiring functional validation, as well as a long-lived Egr+ (early growth response 1)/Fos+ (Fos proto-oncogene, AP-1 transcription factor subunit)/Sox2– progenitor cell population specifically contributing to OEE cells (Krivanek et al., 2020).

Using sc transcriptomics combined with kinetics and trajectory analysis, Sharir et al. (2019) identified a large pool of cycling progenitor cells in the IEE lacking (putative) DESC marker genes (Shadad et al., 2019). The cells display multipotent potential, being capable to differentiate into both ameloblast- and non-ameloblast (SR, OEE, and SI) lineages. This study, as well as the sc transcriptomic profiling by Chiba et al. (2020) in contrast to Krivanek et al. (2020) did not distinguish a uniquely defined, unambiguous stem cell (DESC) compartment (Sharir et al., 2019). Use of different technical platforms [i.e., Smart-seq2 technology applied by Krivanek et al. (2020) which is characterized by higher sequencing depth than the 10× Genomics platform as used by Sharir et al. (2019) and Chiba et al. (2020)] may provide one explanation (Sharir et al., 2019; Chiba et al., 2020; Krivanek et al., 2020).

Additionally, through lineage tracing of Notch1+ SI cells in homeostatic conditions, Sharir et al. (2019) found that SI cells can contribute to both the SR and OEE lineages. When challenged by injury (i.e., disruption of the cycling progenitor population by 5-FU treatment or mechanical clipping of the incisor), Notch1+ SI cells rapidly (within 24 h) and drastically contributed to the proliferating progenitor cell pool as well as the ameloblast layer (Sharir et al., 2019). This finding suggests that injury triggers SI cells to enter the progenitor cell pool and contribute to tissue recovery. Interestingly, regeneration was also associated with increased expression of Sfrp5, previously described as a marker for the immediate progeny of Sox2+ DESCs (Juuri et al., 2012; Sharir et al., 2019). Together, the findings are in agreement with a highly heterogenous nature of dental epithelial stem/progenitor cells while challenging the classical tooth epithelial stem cell model in which a relatively small, slow-cycling population of DESCs in the SR and OEE gives rise to TA cells in the IEE that eventually differentiate into all dental epithelial lineages (Figure 5) (Sharir et al., 2019). In a revised model [also reviewed in Gan et al. (2020) and Fresia et al. (2021)], slow-cycling cells in the SR and OEE give rise to a large and heterogenous pool of constantly cycling progenitors located in the IEE, that in turn generate both ameloblast and non-ameloblast (including SR, OEE, and SI) lineages, thereby supporting the constant incisor growth and amelogenesis in homeostatic conditions. However, when demand is high as occurring during injury repair, existing SI cells contribute to the proliferating progenitor cell pool, as well as directly differentiate into both ameloblast and non-ameloblast epithelial cells. Similar concepts on stem/progenitor cell molecular and functional heterogeneity, and on mature cell de-differentiation and contribution during repair, have also been advanced in other tissues such as intestine and lungs (Tata et al., 2013; Murata et al., 2020).



Wnt- and Shh-Responsive Dental Epithelial Stem Cells Subpopulations

Both Wnt- and Shh-responsive subpopulations have been identified in the heterogeneous DESCs (i.e., Lgr5- and Gli1/Ptch1-expressing cells). Hh signaling constitutes an essential driver for the continued generation of enamel-forming ameloblasts in the mouse incisor, but not for DESC self-renewal (Seidel et al., 2010). Intriguingly, the Shh signal was shown to originate from the differentiating DESC progeny, indicating a pro-differentiation feedback loop toward the DESCs (Seidel et al., 2010).

The role of Wnt/β-catenin signaling in DESC regulation has been more controversial and unclear (Liu and Millar, 2010; Suomalainen and Thesleff, 2010; Juuri et al., 2012). Currently, most evidence indicates inhibition of Wnt/β-catenin signaling in DESCs of the renewing incisor (Kuang-Hsien Hu et al., 2014). Firstly, several studies reported lack of canonical Wnt reporter activation in late-embryonic and postnatal laCL (Suomalainen and Thesleff, 2010; Juuri et al., 2012), as well as of Axin2 expression in the E16.5 and E18.5 incisor DESC niche (Suomalainen and Thesleff, 2010). Secondly, multiple reports have identified expression of several Wnt antagonists in and around the laCL niche, such as Sfrp5 (Juuri et al., 2012; Sharir et al., 2019; Chiba et al., 2020), Sostdc1 (Sharir et al., 2019), CD9 and LIM domain binding 1 (Ldb1) (Juuri et al., 2012), whereas only very few Wnt ligands could be detected in the dental epithelium of the laCL (Suomalainen and Thesleff, 2010). The Wnt antagonist Sfrp5 displays a similar expression pattern as Shh, marking the early TA and pre-ameloblast progeny of the DESCs. However, in contrast to Shh, Sfrp5 was also detected at the OEE/IEE junction of the CL tip, immediately surrounding Sox2+ DESCs (Juuri et al., 2012; Sharir et al., 2019; Chiba et al., 2020). Lineage tracing revealed that these Sfrp5+ cells are direct progeny of the Sox2+ DESCs (Juuri et al., 2012). Sc transcriptomics further supported this idea that the OEE/IEE junction contains direct descendants of tooth stem/progenitor cells (Sharir et al., 2019). Given that differentiating DESC progeny signals back toward their parent cells through Shh, it is not unlikely that secreted SFRP5 is also re-directed toward the DESCs to locally suppress Wnt/β-catenin activity. Furthermore, expression of non-degradable β-catenin in embryonic Sox2+ DESCs results in the formation of supernumerary tooth bud-like structures, or, when performed postnatally, in ectopic de novo tooth generation resembling odontoma (Xavier et al., 2015).

SOX2+ DESCs remain localized in the dental lamina [also referred to as the successional dental lamina (SDL)] throughout odontogenesis and are competent for successional tooth formation (Juuri et al., 2013). Tooth replacement occurs in the polyphyodont reptiles that continuously replace their dentition, or the diphyodont humans who form two generations of teeth (i.e., ‘milk’ and ‘permanent’ teeth). In monophyodont mice which only form one set of teeth, the dental lamina is involved in the sequential development of the three molars, after which it regresses to form a non-tooth forming rudimentary SDL (RSDL). The SOX2+ cells of the dental lamina give rise to (the epithelial compartment of) the second and third molars (Juuri et al., 2013; Yamakami et al., 2016). An analogous process appears to occur in other mammalian species with serial molar development, including humans and ferrets (Juuri et al., 2013). Interestingly, expression of Sox2 and Wnt/β-catenin signaling (as shown by Lef1 expression and nuclear β-catenin localization) are mutually exclusive in the SDL, being conserved throughout the animal kingdom, with activated Wnt/β-catenin in the tip of the SDL where Sox2 expression is excluded (Handrigan and Richman, 2010; Gaete and Tucker, 2013; Juuri et al., 2013). Moreover, this juxtaposition of Sox2+/Lef1– and Sox2–/Lef1+ domains is conserved through various stages of tooth development, including placode formation during which SOX2, together with PITX2, inhibits Lef1 expression (Sun et al., 2016). In addition, it has been reported that Lgr4 is co-expressed in the SOX2+ dental lamina cells of sequentially developing mouse molars, and is required to maintain SOX2 expression as well as stimulate Wnt/β-catenin activity and LEF1 expression in the dental lamina to safeguard the development of the sequential molars (Yamakami et al., 2016). Of note, Lgr4 is also expressed throughout the DESC niche in the laCL and may be a DESC marker together with Lgr5 (Kawasaki et al., 2014). Thus, although not explicitly proven yet, the Lgr4-driven mechanism may be involved in the regulation of SDL and laCL DESCs. Taken together, Wnt/β-catenin activity at the SDL tip appears required to allow polarized elongation and proliferation of the SDL into the underlying dental mesenchyme, reminiscent of the potential, and similar, role for Wnt/β-catenin in the placode-to-bud and bud-to-cap transition during the earlier stages of odontogenesis (see above).

Similar to expression of constitutively activated β-catenin in SOX2+ DESCs in mice, overactivation of Wnt/β-catenin in snake dental organ cultures (through GSK3β inhibition) and in mouse SOX2+ RSDL (through expression of constitutively activated β-catenin) results in a supernumerary tooth phenotype (Gaete and Tucker, 2013; Xavier et al., 2015; Popa et al., 2019). Intriguingly, Shh plays a key role in restricting Lef1 expression and Wnt/β-catenin to the distal SDL tip in snakes (Handrigan and Richman, 2010). It would be interesting to evaluate this Wnt-Shh interplay in mice, and to assess whether or not the conserved Wnt/Shh/Sostdc1/Lrp4 feedback is also ‘recycled’ here in this stage.

The mutual exclusivity of SOX2 and Wnt/β-catenin activity in the SDL, together with supportive evidence (including from other tissue systems) that SOX2 may exert an inhibitory effect on Wnt/β-catenin signaling, further underwrites the notion that Wnt/β-catenin inhibition is essential to keep the continuously renewing incisor DESCs in check (Okubo et al., 2006; Kelberman et al., 2008; Hashimoto et al., 2012; Sun et al., 2016). Intriguingly, Sox2 has also been shown to lie downstream of Wnt/β-catenin signaling which may promote or inhibit Sox2 expression depending on the context (Okubo et al., 2006; Hashimoto et al., 2012; Wang et al., 2013; Sun et al., 2016; Yamakami et al., 2016). The finding of a Wnt-responsive Lgr5+ subpopulation in the Sox2+ DESCs, as well as the (potential) feedback signals from the niche (e.g., Shh and SFRP5 from the DESC progeny), indicate the presence of a complex interactive system regulating stemness phenotype and function in the incisor epithelium. Of note, some studies have reported conflicting results, indicating activation (and not inhibition) of both canonical and non-canonical Wnt/β-catenin pathway in SOX2+ DESCs from mouse molars and incisors (Lee et al., 2016; Sanz-Navarro et al., 2018).

Together with the knowledge that, at previous developmental stages, both Wnt (hyper)activation and inhibition severely impair odontogenesis, and the fact that we currently lack data on the effect of Wnt inhibition on DESCs, it remains premature to draw firm conclusions on the role of Wnt/β-catenin signaling in DESCs.



Wnt/β-Catenin and Shh Signaling in Dental Mesenchymal Stem Cells

It was long thought that the complete dental mesenchyme is solely derived from the cranial neural crest-derived ectomesenchyme (Miletich and Sharpe, 2004; Kaukua et al., 2014). However, it has recently been shown that both perivascular (i.e., pericytes) and glial cells (i.e., Schwann cells and Schwann cell precursors), also derived from the neural crest, can generate dental mesenchymal stem cells (DMSCs) which give rise to dental pulp and dentin-producing odontoblasts in a similar fashion as cranial neural crest (Feng et al., 2011; Kaukua et al., 2014; Yianni and Sharpe, 2019). The origin and diversity of DMSCs has been amply discussed in other reviews (Sharpe, 2016; Svandova et al., 2020). Here, we will focus on recent findings related to Wnt and Shh signaling in DMSCs.

As found in DESCs and its TA progeny, Gli1 is a marker of a quiescent population of DMSCs situated apically in between the laCL and liCL that continuously give rise to mesenchymal TA cells that contribute to the dental pulp and odontoblast lineages throughout the animal’s lifespan (Zhao et al., 2014; Krivanek et al., 2020). In incisors, Gli1+ DMSCs surround the incisor arteries and neurovascular bundle, and sensory neuron-derived Shh was shown to be a key regulator of DMSC homeostasis (Zhao et al., 2014). In concordance with the DESC niche, Gli1+ DMSCs and their TA cells represent juxtaposed, non-overlapping populations (Zhao et al., 2014; Jing et al., 2021). A recent study uncovered that the TA cells are characterized by Axin2 expression and activated Wnt/β-catenin signaling, found crucial for TA cell proliferation and regulated epigenetically by the polycomb repressive complex 1 (PRC1) (An et al., 2018). Moreover, the TA cells play an essential role in the maintenance of the DMSC population via feedback signals. Of note, PRC1 has also been found to be a crucial regulator during molar root development, potentially via analogous mechanisms (Lapthanasupkul et al., 2012).

Several reciprocal interactions exist between the DMSCs and TA cell populations. Insulin-like growth factor 2 (IGF2) is secreted by Gli1+ DMSCs which activates Wnt/β-catenin signaling (e.g., increased Axin2 expression) in TA cells via the IGF1 receptor (IGF1R), resulting in TA cell proliferation (Chen et al., 2020). Deletion of Wls in Axin2+ TA cells results in a reduction of both Axin2+ TA and Gli1+ DMSCs, indicating autocrine and paracrine feedback roles for TA cell-derived Wnt signals (such as TA-expressed Wnt10a or Wnt5a) (Jing et al., 2021). Deletion of Wnt5a from the Axin2+ TA cells, or of its receptor Ror2 [receptor tyrosine kinase (RTK)-like orphan receptor 2] from Gli1+ DMSCs both resulted in a reduction of Gli1+ DMSCs and label-retaining cells, as well as disturbed dentinogenesis (Jing et al., 2021). Of note, a recent study further validated the requirement of ROR2 during dentinogenesis, as mesenchymal deletion of Ror2 impaired odontoblast differentiation and led to shortened roots (Ma et al., 2021). Together, the findings support the existence of feedforward and -backward signaling between DMSCs and TA cells. Finally, Gli1+ DMSCs and Axin2+ progenitors are also found in other tooth compartments such as the PDL where they contribute to cementogenesis, or in developing molars, thus suggesting that identified mechanisms may be conserved in various DMSC populations throughout the tooth (Feng et al., 2017; Xie et al., 2019, 2021; Hosoya et al., 2020a).




CONCLUSION AND RELEVANCE TO HUMAN TOOTH DEVELOPMENT AND OTHER FIELDS

It is clear that Wnt/β-catenin and Shh signaling must be tightly balanced throughout the different stages of mouse tooth development. Both inactivation and hyperactivation of each one of these pathways lead to dental aberrations resulting in dysmorphic, missing or supernumerary teeth. Unfortunately, studies supporting these in-depth mouse-based findings in humans are sparse and are typically limited to gene and protein expression analysis, lacking mechanistic insight. However, also in humans, Wnt/β-catenin-activating and -inhibiting mutations, as well as mutations in components of the Shh pathway, have been linked to various tooth phenotypes (Table 1), thereby corroborating a key importance of these pathways during human tooth development. Mutations in these pathway components are mostly related to either familial, non-syndromic forms of tooth agenesis (including oligo- or hypodontia), or syndromic diseases with a dental phenotype, often representing a type of ectodermal dysplasia (i.e., syndromes characterized by defects in tissues of ectodermal origin such as teeth, hair, sweat glands, nails, eyes, mucous membranes and the central nervous system).

Our integrative review may also fertilize the field of dental tissue engineering and regeneration in which the discussed Wnt/β-catenin-Shh principles can be applied to achieve biomimetic structures (e.g., in combination with scaffold-based tissue engineering or organoid/assembloid approaches). However, as shown by the numerous studies discussed in the review, both pathways are very precisely regulated in time and space which will make clinical translation very challenging. Finally, given the highly similar development of tooth and other ectoderm-derived tissues (such as hair follicles, mammary glands, salivary glands, and palate), we expect that aspects and principles highlighted and discussed here will also be valuable for these other fields.



AUTHOR CONTRIBUTIONS

FH collected all the information, wrote the manuscript, and co-designed the figures. LH designed the figures and critically revised the manuscript. IL critically revised the manuscript. AB co-wrote and critically revised the manuscript. HV actively co-wrote, critically revised, and finalized the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by a grant of the Fund for Scientific Research-Flanders (FWO) (G061819N). LH is an FWO Ph.D. fellow (1S84718N).



ACKNOWLEDGMENTS

The authors wish to thank Emma Laporte in particular, as well as the other members of the Laboratory of Tissue Plasticity in Health and Disease (KU Leuven) for their input.



REFERENCES

Afzal, A. R., Rajab, A., Fenske, C. D., Oldridge, M., Elanko, N., Ternes-Pereira, E., et al. (2000). Recessive Robinow syndrome, allelic to dominant brachydactyly type B, is caused by mutation of ROR2. Nat. Genet. 25, 419–422. doi: 10.1038/78107

Ahn, Y., Sanderson, B. W., Klein, O. D., and Krumlauf, R. (2010). Inhibition of Wnt signaling by wise (Sostdc1) and negative feedback from Shh controls tooth number and patterning. Development 137, 3221–3231. doi: 10.1242/dev.054668

Ahn, Y., Sims, C., Logue, J. M., Weatherbee, S. D., and Krumlauf, R. (2013). Lrp4 and Wise interplay controls the formation and patterning of mammary and other skin appendage placodes by modulating Wnt signaling. Development 140, 583–593. doi: 10.1242/dev.085118

Ahn, Y., Sims, C., Murray, M. J., Kuhlmann, P. K., Fuentes-Antrás, J., Weatherbee, S. D., et al. (2017). Multiple modes of Lrp4 function in modulation of Wnt/β-catenin signaling during tooth development. Development 144, 2824–2836. doi: 10.1242/dev.150680

Ahrens, K. (1913). Die Entwicklung der menschlichen Zähne. Arb. Anat.Inst. Wiesbaden 48, 169–266.

Ahtiainen, L., Uski, I., Thesleff, I., and Mikkola, M. L. (2016). Early epithelial signaling center governs tooth budding morphogenesis. J. Cell Biol. 214, 753–767. doi: 10.1083/jcb.201512074

An, Z., Akily, B., Sabalic, M., Zong, G., Chai, Y., and Sharpe Correspondence, P. T. (2018). Regulation of Mesenchymal Stem to Transit-Amplifying Cell Transition in the Continuously Growing Mouse Incisor. Cell Rep. 23, 3102–3111. doi: 10.1016/j.celrep.2018.05.001

Andl, T., Reddy, S. T., Gaddapara, T., and Millar, S. E. (2002). WNT signals are required for the initiation of hair follicle development. Dev. Cell 2, 643–653. doi: 10.1016/S1534-5807(02)00167-3

Arte, S., Parmanen, S., Pirinen, S., Alaluusua, S., and Nieminen, P. (2013). Candidate Gene Analysis of Tooth Agenesis Identifies Novel Mutations in Six Genes and Suggests Significant Role for WNT and EDA Signaling and Allele Combinations. PLoS One 8:73705. doi: 10.1371/journal.pone.0073705

Aurrekoetxea, M., Irastorza, I., García-Gallastegui, P., Jiménez-Rojo, L., Nakamura, T., Yamada, Y., et al. (2016). Wnt/β-Catenin regulates the activity of Epiprofin/Sp6, SHH, FGF, and BMP to coordinate the stages of odontogenesis. Front. Cell Dev. Biol. 4:25. doi: 10.3389/fcell.2016.00025

Bae, C. H., Kim, T. H., Ko, S. O., Lee, J. C., Yang, X., and Cho, E. S. (2015). Wntless regulates dentin apposition and root elongation in the mandibular molar. J. Dental Res. 94, 439–445. doi: 10.1177/0022034514567198

Bänziger, C., Soldini, D., Schütt, C., Zipperlen, P., Hausmann, G., and Basler, K. (2006). Wntless, a Conserved Membrane Protein Dedicated to the Secretion of Wnt Proteins from Signaling Cells. Cell 125, 509–522. doi: 10.1016/j.cell.2006.02.049

Bartlett, J. D. (2013). Dental Enamel Development: Proteinases and Their Enamel Matrix Substrates. ISRN Dent. 2013, 1–24. doi: 10.1155/2013/684607

Bartlett, J. D., Ryu, H., Xue, J., Simmer, J. P., and Margolis, H. C. (1998). Enamelysin mRNA Displays a Developmental Defined Pattern of Expression and Encodes a Protein which Degrades Amelogenin. Connect. Tissue Res. 39, 101–109. doi: 10.3109/03008209809023916

Bartlett, J. D., Yamakoshi, Y., Simmer, J. P., Nanci, A., and Smith, C. E. (2011). MMP20 Cleaves E-Cadherin and Influences Ameloblast Development. Cells Tissues Org. 194, 222–226. doi: 10.1159/000324205

Bartscherer, K., Pelte, N., Ingelfinger, D., and Boutros, M. (2006). Secretion of Wnt Ligands Requires Evi, a Conserved Transmembrane Protein. Cell 125, 523–533. doi: 10.1016/j.cell.2006.04.009

Behrens, J., Jerchow, B. A., Würtele, M., Grimm, J., Asbrand, C., Wirtz, R., et al. (1998). Functional interaction of an axin homolog, conductin, with β-catenin, APC, and GSK3β. Science 280, 596–599. doi: 10.1126/science.280.5363.596

Bei, M. (2009). Molecular genetics of ameloblast cell lineage. J. Exp. Zool. Part B 312, 437–444. doi: 10.1002/jez.b.21261

Biehs, B., Hu, J. K. H., Strauli, N. B., Sangiorgi, E., Jung, H., Heber, R. P., et al. (2013). BMI1 represses Ink4a/Arf and Hox genes to regulate stem cells in the rodent incisor. Nat. Cell Biol. 15, 846–852. doi: 10.1038/ncb2766

Bigelow, R. L. H., Jen, E. Y., Delehedde, M., Chari, N. S., and McDonnell, T. J. (2005). Sonic hedgehog induces epidermal growth factor dependent matrix infiltration in HaCat keratinocytes. J. Investig. Dermatol. 124, 457–465. doi: 10.1111/j.0022-202X.2004.23590.x

Binder, M., Biggs, L. C., Kronenberg, M. S., Schneider, P., Thesleff, I., and Balic, A. (2020). Novel strategies for expansion of tooth epithelial stem cells and ameloblast generation. Sci. Rep. 10:4963. doi: 10.1038/s41598-020-60708-w

Bitgood, M. J., and McMahon, A. P. (1995). Hedgehog and Bmp genes are coexpressed at many diverse sites of cell-cell interaction in the mouse embryo. Dev. Biol. 172, 126–138. doi: 10.1006/dbio.1995.0010

Bloomquist, R. F., Fowler, T. E., An, Z., Yu, T. Y., Abdilleh, K., Fraser, G. J., et al. (2019). Developmental plasticity of epithelial stem cells in tooth and taste bud renewal. Proc. Natll. Acad. Sci. U S A 116, 17858–17866. doi: 10.1073/pnas.1821202116

Bohring, A., Stamm, T., Spaich, C., Haase, C., Spree, K., Hehr, U., et al. (2009). WNT10A Mutations Are a Frequent Cause of a Broad Spectrum of Ectodermal Dysplasias with Sex-Biased Manifestation Pattern in Heterozygotes. Am. J. Hum. Genet. 85, 97–105. doi: 10.1016/j.ajhg.2009.06.001

Bornholdt, D., Oeffner, F., Konig, A., Happle, R., Alanay, Y., Ascherman, J., et al. (2009). PORCN mutations in focal dermal hypoplasia: Coping with lethality. Hum. Mutat. 30:20992. doi: 10.1002/humu.20992

Bottomly, D., Kyler, S. L., McWeeney, S. K., and Yochum, G. S. (2010). Identification of β-catenin binding regions in colon cancer cells using ChIP-Seq. Nucleic Acids Res. 38, 5735–5745. doi: 10.1093/nar/gkq363

Bronckers, A. L. J. J. (2017). Ion Transport by Ameloblasts during Amelogenesis. J. Dental Res. 96, 243–253. doi: 10.1177/0022034516681768

Browaeys, R., Saelens, W., and Saeys, Y. (2020). NicheNet: modeling intercellular communication by linking ligands to target genes. Nat. Methods 17, 159–162. doi: 10.1038/s41592-019-0667-5

Brown, N. A., Rolland, D., McHugh, J. B., Weigelin, H. C., Zhao, L., Lim, M. S., et al. (2014). Activating FGFR2-RAS-BRAF mutations in ameloblastoma. Clin. Cancer Res. 20, 5517–5526. doi: 10.1158/1078-0432.CCR-14-1069

Brugmann, S. A., Goodnough, L. H., Gregorieff, A., Leucht, P., ten Berge, D., Fuerer, C., et al. (2007). Wnt signaling mediates regional specification in the vertebrate face. Development 134, 3283–3295. doi: 10.1242/dev.005132

Carmon, K. S., Gong, X., Lin, Q., Thomas, A., and Liu, Q. (2011). R-spondins function as ligands of the orphan receptors LGR4 and LGR5 to regulate Wnt/β-catenin signaling. Proc. Natl. Acad. Sci. U S A 108, 11452–11457. doi: 10.1073/pnas.1106083108

Chang, J. Y. F., Wang, C., Jin, C., Yang, C., Huang, Y., Liu, J., et al. (2013). Self-renewal and multilineage differentiation of mouse dental epithelial stem cells. Stem Cell Res. 11, 990–1002. doi: 10.1016/j.scr.2013.06.008

Chen, J., Lan, Y., Baek, J.-A., Gao, Y., and Jiang, R. (2009). Wnt/beta-catenin signaling plays an essential role in activation of odontogenic mesenchyme during early tooth development. Dev. Biol. 334, 174–185. doi: 10.1016/j.ydbio.2009.07.015

Chen, J. S., Huang, X. H., Wang, Q., Huang, J. Q., Zhang, L. J., Chen, X. L., et al. (2013). Sonic hedgehog signaling pathway induces cell migration and invasion through focal adhesion kinase/AKT signaling-mediated activation of matrix metalloproteinase (MMP)-2 and MMP-9 in liver cancer. Carcinogenesis 34, 10–19. doi: 10.1093/carcin/bgs274

Chen, Q., Xu, R., Zeng, C., Lu, Q., Huang, D., Shi, C., et al. (2014). Down-regulation of Gli transcription factor leads to the inhibition of migration and invasion of ovarian cancer cells via integrin β4-mediated FAK signaling. PLoS One 9:88386. doi: 10.1371/journal.pone.0088386

Chen, S., Jing, J., Yuan, Y., Feng, J., Han, X., Wen, Q., et al. (2020). Runx2+ Niche Cells Maintain Incisor Mesenchymal Tissue Homeostasis through IGF Signaling. Cell Rep. 32:108007. doi: 10.1016/j.celrep.2020.108007

Chen, X., Liu, J., Li, N., Wang, Y., Zhou, N., Zhu, L., et al. (2019). Mesenchymal Wnt/β-catenin signaling induces Wnt and BMP antagonists in dental epithelium. Organogenesis 15, 55–67. doi: 10.1080/15476278.2019.1633871

Chen, Y., Bei, M., Woo, I., Satokata, I., and Maas, R. (1996). Msx1 controls inductive signaling in mammalian tooth morphogenesis. Development 122:3035.

Chiba, Y., Saito, K., Martin, D., Boger, E. T., Rhodes, C., Yoshizaki, K., et al. (2020). Single-Cell RNA-Sequencing From Mouse Incisor Reveals Dental Epithelial Cell-Type Specific Genes. Front. Cell Dev. Biol. 8:841. doi: 10.3389/fcell.2020.00841

Cho, S. W., Kwak, S., Woolley, T. E., Lee, M. J., Kim, E. J., Baker, R. E., et al. (2011). Interactions between Shh, Sostdc1 and Wnt signaling and a new feedback loop for spatial patterning of the teeth. Development 138, 1807–1816. doi: 10.1242/dev.056051

Choi, H., Liu, Y., Jeong, J. K., Kim, T. H., and Cho, E. S. (2019). Antagonistic interactions between osterix and pyrophosphate during cementum formation. Bone 125, 8–15. doi: 10.1016/j.bone.2019.05.001

Choi, H., Liu, Y., Yang, L., and Cho, E. S. (2020). Suppression of Hedgehog signaling is required for cementum apposition. Sci. Rep. 10:64188. doi: 10.1038/s41598-020-64188-w

Chuang, P. T., and McMahon, A. P. (1999). Vertebrate hedgehog signalling modulated by induction of a hedgehog- binding protein. Nature 397, 617–621. doi: 10.1038/17611

Dassule, H. R., Lewis, P., Bei, M., Maas, R., and McMahon, A. P. (2000). Sonic hedgehog regulates growth and morphogenesis of the tooth. Development 127, 4775–4785.

Dassule, H. R., and McMahon, A. P. (1998). Analysis of epithelial-mesenchymal interactions in the initial morphogenesis of the mammalian tooth. Develop. Biol. 202, 215–227. doi: 10.1006/dbio.1998.8992

de Lau, W., Barker, N., Low, T. Y., Koo, B. K., Li, V. S. W., Teunissen, H., et al. (2011). Lgr5 homologues associate with Wnt receptors and mediate R-spondin signalling. Nature 476, 293–297. doi: 10.1038/nature10337

Dinckan, N., Du, R., Petty, L. E., Coban-Akdemir, Z., Jhangiani, S. N., Paine, I., et al. (2018). Whole-Exome Sequencing Identifies Novel Variants for Tooth Agenesis. J. Dental Res. 97, 49–59. doi: 10.1177/0022034517724149

Du, W., Hu, J. K. H., Du, W., and Klein, O. D. (2017). Lineage tracing of epithelial cells in developing teeth reveals two strategies for building signaling centers. J. Biol. Chem. 292, 15062–15069. doi: 10.1074/jbc.M117.785923

Efremova, M., Vento-Tormo, M., Teichmann, S. A., and Vento-Tormo, R. (2020). CellPhoneDB: inferring cell–cell communication from combined expression of multi-subunit ligand–receptor complexes. Nat. Protocols 15, 1484–1506. doi: 10.1038/s41596-020-0292-x

Fan, H. X., Wang, S., Zhao, H., Liu, N., Chen, D., Sun, M., et al. (2014). Sonic hedgehog signaling may promote invasion and metastasis of oral squamous cell carcinoma by activating MMP-9 and E-cadherin expression. Med. Oncol. 31:5. doi: 10.1007/s12032-014-0041-5

Fan, L., Deng, S., Sui, X., Liu, M., Cheng, S., Wang, Y., et al. (2018). Constitutive activation of β-catenin in ameloblasts leads to incisor enamel hypomineralization. J. Mole. Histol. 49, 499–507. doi: 10.1007/s10735-018-9788-x

Feng, J., Jing, J., Li, J., Zhao, H., Punj, V., Zhang, T., et al. (2017). BMP signaling orchestrates a transcriptional network to control the fate of mesenchymal stem cells in mice. Dev. 144, 2560–2569. doi: 10.1242/dev.150136

Feng, J., Mantesso, A., de Bari, C., Nishiyama, A., and Sharpe, P. T. (2011). Dual origin of mesenchymal stem cells contributing to organ growth and repair. Proc. Natl. Acad. Sci. 108:6503. doi: 10.1073/pnas.1015449108

Fraser, G. J., Bloomquist, R. F., and Streelman, J. T. (2013). Common developmental pathways link tooth shape to regeneration. Dev. Biol. 377, 399–414. doi: 10.1016/j.ydbio.2013.02.007

Fresia, R., Marangoni, P., Burstyn-Cohen, T., and Sharir, A. (2021). From Bite to Byte: Dental Structures Resolved at a Single-Cell Resolution. J. Dental Res. 2021:002203452110018. doi: 10.1177/00220345211001848

Froyen, G., Govaerts, K., van Esch, H., Verbeeck, J., Tuomi, M.-L., Heikkilä, H., et al. (2009). Novel PORCN mutations in focal dermal hypoplasia. Clin. Genet. 76, 535–543. doi: 10.1111/j.1399-0004.2009.01248.x

Fujii, K., Ohashi, H., Suzuki, M., Hatsuse, H., Shiohama, T., Uchikawa, H., et al. (2013). Frameshift mutation in the PTCH2 gene can cause nevoid basal cell carcinoma syndrome. Famil. Cancer 12, 611–614. doi: 10.1007/s10689-013-9623-1

Fujimori, S., Novak, H., Weissenböck, M., Jussila, M., Gonçalves, A., Zeller, R., et al. (2010). Wnt/β-catenin signaling in the dental mesenchyme regulates incisor development by regulating Bmp4. Dev. Biol 348, 97–106. doi: 10.1016/j.ydbio.2010.09.009

Fukae, M., Tanabe, T., Uchida, T., Lee, S. K., Ryu, O. H., Murakami, C., et al. (1998). Enamelysin (matrix metalloproteinase-20): Localization in the developing tooth and effects of pH and calcium on amelogenin hydrolysis. J. Dent. Res. 77, 1580–1588. doi: 10.1177/00220345980770080501

Gaete, M., and Tucker, A. S. (2013). Organized Emergence of Multiple-Generations of Teeth in Snakes Is Dysregulated by Activation of Wnt/Beta-Catenin Signalling. PLoS One 8:e74484. doi: 10.1371/journal.pone.0074484

Gan, L., Liu, Y., Cui, D. X., Pan, Y., and Wan, M. (2020). New insight into dental epithelial stem cells: Identification, regulation, and function in tooth homeostasis and repair. World J. Stem Cells 12, 1327–1340. doi: 10.4252/wjsc.v12.i11.1327

Glinka, A., Dolde, C., Kirsch, N., Huang, Y. L., Kazanskaya, O., Ingelfinger, D., et al. (2011). LGR4 and LGR5 are R-spondin receptors mediating Wnt/β-catenin and Wnt/PCP signalling. EMBO Rep. 12, 1055–1061. doi: 10.1038/embor.2011.175

Gritli-Linde, A., Bei, M., Maas, R., Zhang, X. M., Linde, A., and McMahon, A. P. (2002). Shh signaling within the dental epithelium is necessary for cell proliferation, growth and polarization. Development 129, 5323–5337. doi: 10.1242/dev.00100

Grüneberg, H. (1965). Genes and genotypes affecting the teeth of the mouse. Development 1965:14.

Guan, X., and Bartlett, J. D. (2013). MMP20 Modulates Cadherin Expression in Ameloblasts as Enamel Develops. J. Dental Res. 92, 1123–1128. doi: 10.1177/0022034513506581

Guan, X., Xu, M., Millar, S. E., and Bartlett, J. D. (2016). Beta-catenin is essential for ameloblast movement during enamel development. Eur. J. Oral Sci. 124, 221–227. doi: 10.1111/eos.12261

Guo, Y. Y., Zhang, J. Y., Li, X. F., Luo, H. Y., Chen, F., and Li, T. J. (2013). PTCH1 Gene Mutations in Keratocystic Odontogenic Tumors: A Study of 43 Chinese Patients and a Systematic Review. PLoS One 8:77305. doi: 10.1371/journal.pone.0077305

Gutzman, J. H., Graeden, E., Brachmann, I., Yamazoe, S., Chen, J. K., and Sive, H. (2018). Basal constriction during midbrain–hindbrain boundary morphogenesis is mediated by Wnt5b and focal adhesion kinase. Biol. Open 7:34520. doi: 10.1242/bio.034520

Half, E., Bercovich, D., and Rozen, P. (2009). Familial adenomatous polyposis. Orphanet J. Rare Dis. 4:22. doi: 10.1186/1750-1172-4-22

Han, X. L., Liu, M., Voisey, A., Ren, Y. S., Kurimoto, P., Gao, T., et al. (2011). Post-natal effect of overexpressed DKK1 on mandibular molar formation. J. Dent. Res. 90, 1312–1317. doi: 10.1177/0022034511421926

Handrigan, G. R., and Richman, J. M. (2010). A network of Wnt, hedgehog and BMP signaling pathways regulates tooth replacement in snakes. Dev. Biol. 348, 130–141. doi: 10.1016/j.ydbio.2010.09.003

Hashimoto, S., Chen, H., Que, J., Brockway, B. L., Drake, J. A., Snyder, J. C., et al. (2012). β-Catenin-SOX2 signaling regulates the fate of developing airway epithelium. J. Cell Sci. 125, 932–942. doi: 10.1242/jcs.092734

Hosoya, A., Kim, J. Y., Cho, S. W., and Jung, H. S. (2008). BMP4 signaling regulates formation of Hertwig’s epithelial root sheath during tooth root development. Cell Tissue Res. 333, 503–509. doi: 10.1007/s00441-008-0655-z

Hosoya, A., Shalehin, N., Takebe, H., Shimo, T., and Irie, K. (2020b). Sonic Hedgehog Signaling and Tooth Development. Internat. J. Mole. Sci. 21:1587. doi: 10.3390/ijms21051587

Hosoya, A., Shalehin, N., Takebe, H., Fujii, S., Seki, Y., Mizoguchi, T., et al. (2020a). Stem cell properties of Gli1-positive cells in the periodontal ligament. J. Oral Biosci. 62, 299–305. doi: 10.1016/j.job.2020.08.002

Hovorakova, M., Prochazka, J., Lesot, H., Smrckova, L., Churava, S., Boran, T., et al. (2011). Shh expression in a rudimentary tooth offers new insights into development of the mouse incisor. J. Exp. Zool. Part B 316B, 347–358. doi: 10.1002/jez.b.21408

Huang, X., Bringas, P., Slavkin, H. C., and Chai, Y. (2009). Fate of HERS during tooth root development. Dev. Biol. 334, 22–30. doi: 10.1016/j.ydbio.2009.06.034

Huang, X., Xu, X., Bringas, P., Hung, Y. P., and Chai, Y. (2010). Smad4-Shh-Nfic Signaling Cascade-Mediated Epithelial-Mesenchymal Interaction is Crucial in Regulating Tooth Root Development. J. Bone Miner. Res. 25, 1167–1178. doi: 10.1359/jbmr.091103

Hung, I. C., Chen, T. M., Lin, J. P., Tai, Y. L., Shen, T. L., and Lee, S. J. (2020). Wnt5b integrates Fak1a to mediate gastrulation cell movements via Rac1 and Cdc42. Open Biol. 10:190273. doi: 10.1098/rsob.190273

Issa, Y. A., Kamal, L., Rayyan, A. A., Dweik, Di, Pierce, S., Lee, M. K., et al. (2016). Mutation of KREMEN1, a modulator of Wnt signaling, is responsible for ectodermal dysplasia including oligodontia in Palestinian families. Eur. J. Hum. Genet. 24, 1430–1435. doi: 10.1038/ejhg.2016.29

Itaya, S., Oka, K., Ogata, K., Tamura, S., Kira-Tatsuoka, M., Fujiwara, N., et al. (2017). Hertwig’s epithelial root sheath cells contribute to formation of periodontal ligament through epithelial-mesenchymal transition by TGF-β. Biomed. Res. 38, 61–69. doi: 10.2220/biomedres.38.61

Järvinen, E., Salazar-Ciudad, I., Birchmeier, W., Taketo, M. M., Jernvall, J., and Thesleff, I. (2006). Continuous tooth generation in mouse is induced by activated epithelial Wnt/β-catenin signaling. Proc. Natl. Acad. Sci. U S A 103, 18627–18632. doi: 10.1073/pnas.0607289103

Järvinen, E., Shimomura-Kuroki, J., Balic, A., Jussila, M., and Thesleff, I. (2018). Mesenchymal Wnt/β-catenin signaling limits tooth number. Development 145:158048. doi: 10.1242/dev.158048

Jernvall, J., Aberg, T., Kettunen, P., Keranen, S., and Thesleff, I. (1998). The life history of an embryonic signaling center: BMP-4 induces p21 and is associated with apoptosis in the mouse tooth enamel knot. Development 125:161.

Jernvall, J., Kettunen, P., Karavanova, I., Martin, L. B., and Thesleff, I. (1994). Evidence for the role of the enamel knot as a control center in mammalian tooth cusp formation: Non-dividing cells express growth stimulating Fgf-4 gene. Internat. Dev. Biol. 38, 463–469. doi: 10.1387/ijdb.7848830

Jernvall, J., and Thesleff, I. (2012). Tooth shape formation and tooth renewal: Evolving with the same signals. Development 139, 3487–3497. doi: 10.1242/dev.085084

Jing, J., Feng, J., Li, J., Zhao, H., Ho, T. V., He, J., et al. (2021). Reciprocal interaction between mesenchymal stem cells and transit amplifying cells regulates tissue homeostasis. eLife 10, 1–18. doi: 10.7554/eLife.59459

Juuri, E., Jussila, M., Seidel, K., Holmes, S., Wu, P., Richman, J., et al. (2013). Sox2 marks epithelial competence to generate teeth in mammals and reptiles. Development 140, 1424–1432. doi: 10.1242/dev.089599

Juuri, E., Saito, K., Ahtiainen, L., Seidel, K., Tummers, M., Hochedlinger, K., et al. (2012). Sox2+ Stem Cells Contribute to All Epithelial Lineages of the Tooth via Sfrp5+ Progenitors. Dev. Cell 23, 317–328. doi: 10.1016/j.devcel.2012.05.012

Kassai, Y., Munne, P., Hotta, Y., Penttilä, E., Kavanagh, K., Ohbayashi, N., et al. (2005). Regulation of mammalian tooth cusp patterning by ectodin. Science 309, 2067–2070. doi: 10.1126/science.1116848

Kaukua, N., Shahidi, M. K., Konstantinidou, C., Dyachuk, V., Kaucka, M., Furlan, A., et al. (2014). Glial origin of mesenchymal stem cells in a tooth model system. Nature 513, 551–554. doi: 10.1038/nature13536

Kawabata, T., Takahashi, K., Sugai, M., Murashima-Suginami, A., Ando, S., Shimizu, A., et al. (2005). Polymorphisms in PTCH1 affect the risk of ameloblastoma. J. Dental Res. 84, 812–816. doi: 10.1177/154405910508400906

Kawasaki, M., Porntaveetus, T., Kawasaki, K., Oommen, S., Otsuka-Tanaka, Y., Hishinuma, M., et al. (2014). R-spondins/Lgrs expression in tooth development. Dev. Dyn. 243, 844–851. doi: 10.1002/dvdy.24124

Kelberman, D., de Castro, S. C. P., Huang, S., Crolla, J. A., Palmer, R., Gregory, J. W., et al. (2008). SOX2 plays a critical role in the pituitary, forebrain, and eye during human embryonic development. J. Clin. Endocrinol. Metab. 93, 1865–1873. doi: 10.1210/jc.2007-2337

Keränen, S. V. E., Kettunen, P., Åberg, T., Thesleff, I., and Jernvall, J. (1999). Gene expression patterns associated with suppression of odontogenesis in mouse and vole diastema regions. Dev. Genes Evol. 209, 495–506. doi: 10.1007/s004270050282

Khan, M., Seppala, M., Zoupa, M., and Cobourne, M. T. (2007). Hedgehog pathway gene expression during early development of the molar tooth root in the mouse. Gene Exp. Patt. 7, 239–243. doi: 10.1016/j.modgep.2006.10.001

Kim, J., Ahn, Y., Adasooriya, D., Woo, E. J., Kim, H. J., Hu, K. S., et al. (2019). Shh Plays an Inhibitory Role in Cusp Patterning by Regulation of Sostdc1. J. Dental Res. 98, 98–106. doi: 10.1177/0022034518803095

Kim, R., Green, J. B. A., and Klein, O. D. (2017). From snapshots to movies: Understanding early tooth development in four dimensions. Dev. Dyn. 246, 442–450. doi: 10.1002/dvdy.24501

Kim, T. H., Bae, C. H., Lee, J. C., Ko, S. O., Yang, X., Jiang, R., et al. (2013). β-Catenin is required in odontoblasts for tooth root formation. J. Dental Res. 92, 215–221. doi: 10.1177/0022034512470137

Kim, T. H., Bae, C. H., Yang, S., Park, J. C., and Cho, E. S. (2015). Nfic regulates tooth root patterning and growth. Anat. Cell Biol. 48, 188–194. doi: 10.5115/acb.2015.48.3.188

Kim, T. H., Lee, J. Y., Baek, J. A., Lee, J. C., Yang, X., Taketo, M. M., et al. (2011). Constitutive stabilization of ß-catenin in the dental mesenchyme leads to excessive dentin and cementum formation. Biochem. Biophy. Res. Comm. 412, 549–555. doi: 10.1016/j.bbrc.2011.07.116

Krivanek, J., Soldatov, R. A., Kastriti, M. E., Chontorotzea, T., Herdina, A. N., Petersen, J., et al. (2020). Dental cell type atlas reveals stem and differentiated cell types in mouse and human teeth. Nat. Comm. 11, 1–18. doi: 10.1038/s41467-020-18512-7

Kuang-Hsien Hu, J., Mushegyan, V., and Klein, O. D. (2014). On the cutting edge of organ renewal: Identification, regulation, and evolution of incisor stem cells. Genesis 52, 79–92. doi: 10.1002/dvg.22732

Lami, F., Carli, D., Ferrari, P., Marini, M., Alesi, V., Iughetti, L., et al. (2013). Holoprosencephaly: Report of four cases and genotype-phenotype correlations. J. Genet. 92, 97–101. doi: 10.1007/s12041-013-0215-5

Lammi, L., Arte, S., Somer, M., Järvinen, H., Lahermo, P., Thesleff, I., et al. (2004). Mutations in AXIN2 Cause Familial Tooth Agenesis and Predispose to Colorectal Cancer. Am. J. Hum. Genet. 74, 1043–1050. doi: 10.1086/386293

Lapthanasupkul, P., Feng, J., Mantesso, A., Takada-Horisawa, Y., Vidal, M., Koseki, H., et al. (2012). Ring1a/b polycomb proteins regulate the mesenchymal stem cell niche in continuously growing incisors. Dev. Biol. 367, 140–153. doi: 10.1016/j.ydbio.2012.04.029

Laurikkala, J., Kassai, Y., Pakkasjärvi, L., Thesleff, I., and Itoh, N. (2003). Identification of a secreted BMP antagonist, ectodin, integrating BMP, FGF, and SHH signals from the tooth enamel knot. Dev. Biol. 264, 91–105. doi: 10.1016/j.ydbio.2003.08.011

Lee, J. M., Miyazawa, S., Shin, J. O., Kwon, H. J., Kang, D. W., Choi, B. J., et al. (2011). Shh signaling is essential for rugae morphogenesis in mice. Histochem. Cell Biol. 136, 663–675. doi: 10.1007/s00418-011-0870-7

Lee, M. J., Kim, E. J., Otsu, K., Harada, H., and Jung, H. S. (2016). Sox2 contributes to tooth development via Wnt signaling. Cell Tissue Res. 365, 77–84. doi: 10.1007/s00441-016-2363-4

Li, J., Chatzeli, L., Panousopoulou, E., Tucker, A. S., and Green, J. B. A. (2016). Epithelial stratification and placode invagination are separable functions in early morphogenesis of the molar tooth. Development 143, 670–681. doi: 10.1242/dev.130187

Li, J., Economou, A. D., Vacca, B., and Green, J. B. A. (2020). Epithelial invagination by a vertical telescoping cell movement in mammalian salivary glands and teeth. Nat. Comm. 11, 1–9. doi: 10.1038/s41467-020-16247-z

Li, J., Feng, J., Liu, Y., Ho, T. V., Grimes, W., Ho, H. A., et al. (2015). BMP-SHH Signaling Network Controls Epithelial Stem Cell Fate via Regulation of Its Niche in the Developing Tooth. Dev. Cell 33, 125–135. doi: 10.1016/j.devcel.2015.02.021

Li, J., Huang, X., Xu, X., Mayo, J., Bringas, P., Jiang, R., et al. (2011). SMAD4-mediated WNT signaling controls the fate of cranial neural crest cells during tooth morphogenesis. Development 138, 1977–1989. doi: 10.1242/dev.061341

Li, J., Parada, C., and Chai, Y. (2017). Cellular and molecular mechanisms of tooth root development. Development 144, 374–384. doi: 10.1242/dev.137216

Li, J., Xu, J., Cui, Y., Wang, L., Wang, B., Wang, Q., et al. (2019). Mesenchymal Sufu Regulates Development of Mandibular Molars via Shh Signaling. J. Dental Res. 98, 1348–1356. doi: 10.1177/0022034519872679

Li, Y., Pawlik, B., Elcioglu, N., Aglan, M., Kayserili, H., Yigit, G., et al. (2010). LRP4 Mutations Alter Wnt/β-Catenin Signaling and Cause Limb and Kidney Malformations in Cenani-Lenz Syndrome. Am. J. Hum. Genet. 86, 696–706. doi: 10.1016/j.ajhg.2010.03.004

Lim, W. H., Liu, B., Cheng, D., Hunter, D. J., Zhong, Z., Ramos, D. M., et al. (2014). Wnt Signaling Regulates Pulp Volume and Dentin Thickness. J. Bone Min. Res. 29, 892–901. doi: 10.1002/jbmr.2088

Liu, C., Gu, S., Sun, C., Ye, W., Song, Z., Zhang, Y., et al. (2013). FGF signaling sustains the odontogenic fate of dental mesenchyme by suppressing β-catenin signaling. Development 140, 4375–4385. doi: 10.1242/dev.097733

Liu, F., Chu, E. Y., Watt, B., Zhang, Y., Gallant, N. M., Andl, T., et al. (2008). Wnt/β-catenin signaling directs multiple stages of tooth morphogenesis. Dev. Biol. 313, 210–224. doi: 10.1016/j.ydbio.2007.10.016

Liu, F., and Millar, S. E. (2010). Wnt/β-catenin signaling in oral tissue development and disease. J. Dental Res. 89, 318–330. doi: 10.1177/0022034510363373

Liu, H., Zhang, J., Song, S., Zhao, H., Han, D., and Feng, H. (2012). A case-control study of the association between tooth-development gene polymorphisms and non-syndromic hypodontia in the Chinese Han population. Eur. J. Oral Sci. 120, 378–385. doi: 10.1111/j.1600-0722.2012.00986.x

Liu, Y., Feng, J., Li, J., Zhao, H., Ho, T. V., and Chai, Y. (2015). An Nfic-hedgehog signaling cascade regulates tooth root development. Development 142, 3374–3382. doi: 10.1242/dev.127068

Lohi, M., Tucker, A. S., and Sharpe, P. T. (2010). Expression of Axin2 indicates a role for canonical Wnt signaling in development of the crown and root during pre- and postnatal tooth development. Dev. Dyn. 239, 160–167. doi: 10.1002/dvdy.22047

Luan, X., Ito, Y., and Diekwisch, T. G. H. (2006). Evolution and development of Hertwig’s Epithelial Root Sheath. Dev. Dyn. 235, 1167–1180. doi: 10.1002/dvdy.20674

Ma, Y., Jing, J., Feng, J., Yuan, Y., Wen, Q., Han, X., et al. (2021). Ror2-mediated non-canonical Wnt signaling regulates Cdc42 and cell proliferation during tooth root development. Development 2021:148. doi: 10.1242/dev.196360

Marin-Riera, M., Moustakas-Verho, J., Savriama, Y., Jernvall, J., and Salazar-Ciudad, I. (2018). Differential tissue growth and cell adhesion alone drive early tooth morphogenesis: An ex vivo and in silico study. PLoS Comput. Biol. 14:e1005981. doi: 10.1371/journal.pcbi.1005981

Martin, K. J., Rasch, L. J., Cooper, R. L., Metscher, B. D., Johanson, Z., and Fraser, G. J. (2016). Sox2+ progenitors in sharks link taste development with the evolution of regenerative teeth from denticles. Proc. Natl. Acad. Sci. U S A 113, 14769–14774. doi: 10.1073/pnas.1612354113

Marx, V. (2021). Method of the Year: spatially resolved transcriptomics. Nat. Methods 18, 9–14. doi: 10.1038/s41592-020-01033-y

Massink, M. P. G., Créton, M. A., Spanevello, F., Fennis, W. M. M., Cune, M. S., Savelberg, S. M. C., et al. (2015). Loss-of-Function Mutations in the WNT Co-receptor LRP6 Cause Autosomal-Dominant Oligodontia. Am. J. Hum. Genet. 97, 621–626. doi: 10.1016/j.ajhg.2015.08.014

Matalova, E., Antonarakis, G. S., Sharpe, P. T., and Tucker, A. S. (2005). Cell lineage of primary and secondary enamel knots. Dev. Dyn. 233, 754–759. doi: 10.1002/dvdy.20396

Mazzeu, J. F., Pardono, E., Vianna-Morgante, A. M., Richieri-Costa, A., Ae Kim, C., Brunoni, D., et al. (2007). Clinical characterization of autosomal dominant and recessive variants of Robinow syndrome. Am. J. Med. Genet. Part A 143A, 320–325. doi: 10.1002/ajmg.a.31592

Miletich, I., and Sharpe, P. T. (2004). Neural crest contribution to mammalian tooth formation. Birth Defects Res. Part C 72, 200–212. doi: 10.1002/bdrc.20012

Millar, S. E., Koyama, E., Reddy, S. T., Andl, T., Gaddapara, T., Piddington, R., et al. (2003). Over- and ectopic expression of Wnt3 causes progressive loss of ameloblasts in postnatal mouse incisor teeth. Connect. Tissue Res. 44, 124–129. doi: 10.1080/03008200390152205

Mogollón, I., Moustakas-Verho, J. E., Niittykoski, M., and Ahtiainen, L. (2021). The initiation knot is a signaling center required for molar tooth development. Development 148:194597. doi: 10.1242/dev.194597

Mostowska, A., Biedziak, B., and Jagodzinski, P. P. (2006). Axis inhibition protein 2 (AXIN2) polymorphisms may be a risk factor for selective tooth agenesis. J. Hum. Genet. 51, 262–266. doi: 10.1007/s10038-005-0353-6

Munne, P. M., Felszeghy, S., Jussila, M., Suomalainen, M., Thesleff, I., and Jernvall, J. (2010). Splitting placodes: effects of bone morphogenetic protein and Activin on the patterning and identity of mouse incisors. Evol. Dev. 12, 383–392. doi: 10.1111/j.1525-142X.2010.00425.x

Munne, P. M., Tummers, M., Järvinen, E., Thesleff, I., and Jernvall, J. (2009). Tinkering with the inductive mesenchyme: Sostdc1 uncovers the role of dental mesenchyme in limiting tooth induction. Development 136, 393–402. doi: 10.1242/dev.025064

Murata, K., Jadhav, U., Madha, S., van Es, J., Dean, J., Cavazza, A., et al. (2020). Ascl2-Dependent Cell Dedifferentiation Drives Regeneration of Ablated Intestinal Stem Cells. Cell Stem Cell 26, 377.e–390.e. doi: 10.1016/j.stem.2019.12.011

Nagasaki, K., Nishimura, G., Kikuchi, T., Nyuzuki, H., Sasaki, S., Ogawa, Y., et al. (2018). Nonsense mutations in FZD2 cause autosomal-dominant omodysplasia: Robinow syndrome-like phenotypes. Am J. Med. Genet. Part A 176, 739–742. doi: 10.1002/ajmg.a.38623

Nakatomi, M., Morita, I., Eto, K., and Ota, M. S. (2006). Sonic hedgehog signaling is important in tooth root development. J. Dental Res. 85, 427–431. doi: 10.1177/154405910608500506

Nanni, L., Ming, J. E., Du, Y., Hall, R. K., Aldred, M., Bankier, A., et al. (2001). SHH mutation is associated with solitary median maxillary central incisor: A study of 13 patients and review of the literature. Am. J. Med. Genet. 102, 1–10. doi: 10.1002/1096-8628(20010722)102:1<1::AID-AJMG1336<3.0.CO;2-U

Närhi, K., Tummers, M., Ahtiainen, L., Itoh, N., Thesleff, I., and Mikkola, M. L. (2012). Sostdc1 defines the size and number of skin appendage placodes. Dev. Biol. 364, 149–161. doi: 10.1016/j.ydbio.2012.01.026

Nelson, W. J., and Nusse, R. (2004). Convergence of Wnt, β-Catenin, and Cadherin pathways. Science 303, 1483–1487. doi: 10.1126/science.1094291

Neubüser, A., Peters, H., Balling, R., and Martin, G. R. (1997). Antagonistic interactions between FGF and BMP signaling pathways: A mechanism for positioning the sites of tooth formation. Cell 90, 247–255. doi: 10.1016/S0092-8674(00)80333-5

O’Connell, D. J., Ho, J. W. K., Mammoto, T., Turbe-Doan, A., O’Connell, J. T., Haseley, P. S., et al. (2012). A Wnt-Bmp feedback circuit controls intertissue signaling dynamics in tooth organogenesis. Sci. Signal. 5, ra4–ra4. doi: 10.1126/scisignal.2002414

Oh, J. Y., Suh, H. N., Choi, G. E., Lee, H. J., Jung, Y. H., Ko, S. H., et al. (2018). Modulation of sonic hedgehog-induced mouse embryonic stem cell behaviours through E-cadherin expression and integrin β1-dependent F-actin formation. British Journal of Pharmacology 175, 3548–3562. doi: 10.1111/bph.14423

Ohazama, A., Haycraft, C. J., Seppala, M., Blackburn, J., Ghafoor, S., Cobourne, M., et al. (2009). Primary cilia regulate Shh activity in the control of molar tooth number. Development 136, 897–903. doi: 10.1242/dev.027979

Ohazama, A., Johnson, E. B., Ota, M. S., Choi, H. J., Porntaveetus, T., Oommen, S., et al. (2008). Lrp4 modulates extracellular integration of cell signaling pathways in development. PLoS One 3:4092. doi: 10.1371/journal.pone.0004092

Okubo, T., Pevny, L. H., and Hogan, B. L. M. (2006). Sox2 is required for development of taste bud sensory cells. Genes Dev. 20, 2654–2659. doi: 10.1101/gad.1457106

Orsulic, S., Huber, O., Aberle, H., Arnold, S., and Kemler, R. (1999). E-cadherin binding prevents β-catenin nuclear localization and β-catenin/LEF-1-mediated transactivation. J. Cell Sci. 112, 1237–1245.

Panousopoulou, E., and Green, J. B. A. (2016). Invagination of Ectodermal Placodes Is Driven by Cell Intercalation-Mediated Contraction of the Suprabasal Tissue Canopy. PLoS Biol. 14:e1002405. doi: 10.1371/journal.pbio.1002405

Pastorino, L., Ghiorzo, P., Nasti, S., Battistuzzi, L., Cusano, R., Marzocchi, C., et al. (2009). Identification of a SUFU germline mutation in a family with Gorlin syndrome. Am. J. Med. Genet. Part A 149A, 1539–1543. doi: 10.1002/ajmg.a.32944

Person, A. D., Beiraghi, S., Sieben, C. M., Hermanson, S., Neumann, A. N., Robu, M. E., et al. (2010). WNT5A mutations in patients with autosomal dominant Robinow syndrome. Dev. Dyn. 239, 327–337. doi: 10.1002/dvdy.22156

Pispa, J., Jung, H. S., Jernvall, J., Kettunen, P., Mustonen, T., Tabata, M. J., et al. (1999). Cusp patterning defect in Tabby mouse teeth and its partial rescue by FGF. Dev. Biol. 216, 521–534. doi: 10.1006/dbio.1999.9514

Popa, E. M., Buchtova, M., and Tucker, A. S. (2019). Revitalising the rudimentary replacement dentition in the mouse. Development 2019:146. doi: 10.1242/dev.171363

Prochazka, J., Prochazkova, M., Du, W., Spoutil, F., Tureckova, J., Hoch, R., et al. (2015). Migration of Founder Epithelial Cells Drives Proper Molar Tooth Positioning and Morphogenesis. Dev. Cell 35, 713–724. doi: 10.1016/j.devcel.2015.11.025

Reith, E. J., and Ross, M. H. (1973). Morphological evidence for the presence of contractile elements in secretory ameloblasts of the rat. Archiv. Oral Biol. 18:2. doi: 10.1016/0003-9969(73)90170-2

Roessler, E., Du, Y. Z., Mullor, J. L., Casas, E., Allen, W. P., Gillessen-Kaesbach, G., et al. (2003). Loss-of-function mutations in the human GLI2 gene are associated with pituitary anomalies and holoprosencephaly-like features. Proc. Natl. Acad. Sci. U S A 100, 13424–13429. doi: 10.1073/pnas.2235734100

Roifman, M., Marcelis, C. L. M., Paton, T., Marshall, C., Silver, R., Lohr, J. L., et al. (2015). De novo WNT5A-associated autosomal dominant Robinow syndrome suggests specificity of genotype and phenotype. Clin. Genet. 87, 34–41. doi: 10.1111/cge.12401

Sagai, T., Amano, T., Maeno, A., Kiyonari, H., Seo, H., Cho, S.-W., et al. (2017). SHH signaling directed by two oral epithelium-specific enhancers controls tooth and oral development. Sci. Rep. 7:13004. doi: 10.1038/s41598-017-12532-y

Sagai, T., Amano, T., Tamura, M., Mizushina, Y., Sumiyama, K., and Shiroishi, T. (2009). A cluster of three long-range enhancers directs regional Shh expression in the epithelial linings. Development 136, 1665–1674. doi: 10.1242/dev.032714

Sanz-Navarro, M., Seidel, K., Sun, Z., Bertonnier-Brouty, L., Amendt, B. A., Klein, O. D., et al. (2018). Plasticity within the niche ensures the maintenance of a Sox2+ stem cell population in the mouse incisor. Development 145:155929. doi: 10.1242/dev.155929

Sarkar, L., and Sharpe, P. T. (1999). Expression of Wnt signalling pathway genes during tooth development. Mechan. Dev. 85, 197–200. doi: 10.1016/S0925-4773(99)00095-7

Seidel, K., Ahn, C. P., Lyons, D., Nee, A., Ting, K., Brownell, I., et al. (2010). Hedgehog signaling regulates the generation of ameloblast progenitors in the continuously growing mouse incisor. Development 137, 3753–3761. doi: 10.1242/dev.056358

Seidel, K., Marangoni, P., Tang, C., Houshmand, B., Du, W., Maas, R. L., et al. (2017). Resolving stem and progenitor cells in the adult mouse incisor through gene coexpression analysis. eLife 6:24712. doi: 10.7554/eLife.24712

Sekine, S., Sato, S., Takata, T., Fukuda, Y., Ishida, T., Kishino, M., et al. (2003). β-Catenin Mutations Are Frequent in Calcifying Odontogenic Cysts, but Rare in Ameloblastomas. Am. J. Pathol. 163, 1707–1712. doi: 10.1016/S0002-9440(10)63528-6

Sekine, S., Shibata, T., Kokubu, A., Morishita, Y., Noguchi, M., Nakanishi, Y., et al. (2002). Craniopharyngiomas of adamantinomatous type harbor β-Catenin gene mutations. Am. J. Pathol. 161, 1997–2001. doi: 10.1016/S0002-9440(10)64477-X

Seo, H., Amano, T., Seki, R., Sagai, T., Kim, J., Cho, S. W., et al. (2018). Upstream Enhancer Elements of Shh Regulate Oral and Dental Patterning. J. Dental Res. 97, 1055–1063. doi: 10.1177/0022034518758642

Seppala, M., Fraser, G. J., Birjandi, A. A., Xavier, G. M., and Cobourne, M. T. (2017). Sonic Hedgehog Signaling and Development of the Dentition. J. Dev. Biol. 5:5020006. doi: 10.3390/jdb5020006

Shadad, O., Chaulagain, R., Luukko, K., and Kettunen, P. (2019). Establishment of tooth blood supply and innervation is developmentally regulated and takes place through differential patterning processes. J. Anat. 234, 465–479. doi: 10.1111/joa.12950

Sharir, A., Marangoni, P., Zilionis, R., Wan, M., Wald, T., Hu, J. K., et al. (2019). A large pool of actively cycling progenitors orchestrates self-renewal and injury repair of an ectodermal appendage. Nat. Cell Biol. 21, 1102–1112. doi: 10.1038/s41556-019-0378-2

Sharpe, P. T. (2016). Dental mesenchymal stem cells. Development 143, 2273–2280. doi: 10.1242/dev.134189

Shimada, Y., Katsube, K., Kabasawa, Y., Morita, K., Omura, K., Yamaguchi, A., et al. (2013). Integrated Genotypic Analysis of Hedgehog-Related Genes Identifies Subgroups of Keratocystic Odontogenic Tumor with Distinct Clinicopathological Features. PLoS One 8:e70995. doi: 10.1371/journal.pone.0070995

Shin, M., Chavez, M. B., Ikeda, A., Foster, B. L., and Bartlett, J. D. (2018). MMP20 Overexpression Disrupts Molar Ameloblast Polarity and Migration. J. Dent. Res. 97, 820–827. doi: 10.1177/0022034518758657

Shin, M., Suzuki, M., Guan, X., Smith, C. E., and Bartlett, J. D. (2016). Murine matrix metalloproteinase-20 overexpression stimulates cell invasion into the enamel layer via enhanced Wnt signaling. Sci. Rep. 6, 1–13. doi: 10.1038/srep29492

Siriwardena, B. S. M. S., Kudo, Y., Ogawa, I., Tilakaratne, W. M., and Takata, T. (2009). Aberrant β-catenin expression and adenomatous polyposis coli gene mutation in ameloblastoma and odontogenic carcinoma. Oral Oncol. 45, 103–108. doi: 10.1016/j.oraloncology.2008.03.008

Song, S., Zhao, R., He, H., Zhang, J., Feng, H., and Lin, L. (2014). WNT10A variants are associated with non-syndromic tooth agenesis in the general population. Hum. Genet. 133, 117–124. doi: 10.1007/s00439-013-1360-x

St.Amand, T. R., Zhang, Y., Semina, E. V., Zhao, X., Hu, Y., Nguyen, L., et al. (2000). Antagonistic Signals between BMP4 and FGF8 Define the Expression of Pitx1 and Pitx2 in Mouse Tooth-Forming Anlage. Dev. Biol. 217, 323–332. doi: 10.1006/dbio.1999.9547

Steele-Perkins, G., Butz, K. G., Lyons, G. E., Zeichner-David, M., Kim, H.-J., Cho, M.-I., et al. (2003). Essential Role for NFI-C/CTF Transcription-Replication Factor in Tooth Root Development. Mole. Cell. Biol. 23, 1075–1084. doi: 10.1128/mcb.23.3.1075-1084.2003

Sun, Z., Yu, W., Navarro, M. S., Sweat, M., Eliason, S., Sharp, T., et al. (2016). Sox2 and Lef-1 interact with Pitx2 to regulate incisor development and stem cell renewal. Development 143, 4115–4126. doi: 10.1242/dev.138883

Suomalainen, M., and Thesleff, I. (2010). Patterns of Wnt pathway activity in the mouse incisor indicate absence of Wnt/β-catenin signaling in the epithelial stem cells. Dev. Dyn. 239, 364–372. doi: 10.1002/dvdy.22106

Svandova, E., Peterkova, R., Matalova, E., and Lesot, H. (2020). Formation and Developmental Specification of the Odontogenic and Osteogenic Mesenchymes. Front. Cell Dev. Biol. 8:640. doi: 10.3389/fcell.2020.00640

Sweeney, R. T., McClary, A. C., Myers, B. R., Biscocho, J., Neahring, L., Kwei, K. A., et al. (2014). Identification of recurrent SMO and BRAF mutations in ameloblastomas. Nat. Genet. 46, 722–725. doi: 10.1038/ng.2986

Takahashi, A., Nagata, M., Gupta, A., Matsushita, Y., Yamaguchi, T., Mizuhashi, K., et al. (2019). Autocrine regulation of mesenchymal progenitor cell fates orchestrates tooth eruption. Proc. Natl. Acad. Sci. U S A 116, 575–580. doi: 10.1073/pnas.1810200115

Tamura, M., and Nemoto, E. (2016). Role of the Wnt signaling molecules in the tooth. Jap. Dent. Sci. Rev. 52, 75–83. doi: 10.1016/J.JDSR.2016.04.001

Tata, P. R., Mou, H., Pardo-Saganta, A., Zhao, R., Prabhu, M., Law, B. M., et al. (2013). Dedifferentiation of committed epithelial cells into stem cells in vivo. Nature 503, 218–223. doi: 10.1038/nature12777

Ten Cate, A. R. T. (1996). The role of epithelium in the development, structure and function of the tissues of tooth support. Oral Dis. 2, 55–62. doi: 10.1111/j.1601-0825.1996.tb00204.x

Thesleff, I., and Sharpe, P. (1997). Signalling networks regulating dental development. Mech. Dev. 67, 111–123. doi: 10.1016/S0925-4773(97)00115-9

Vaahtokari, A., Åberg, T., Jernvall, J., Keränen, S., and Thesleff, I. (1996). The enamel knot as a signaling center in the developing mouse tooth. Mech. Dev. 54, 39–43. doi: 10.1016/0925-4773(95)00459-9

van Amerongen, R., and Berns, A. (2006). Knockout mouse models to study Wnt signal transduction. Trends Genet. 22, 678–689. doi: 10.1016/j.tig.2006.10.001

van Bokhoven, H., Celli, J., Kayserili, H., van Beusekom, E., Balci, S., Brussel, W., et al. (2000). Mutation of the gene encoding the ROR2 tyrosine kinase causes autosomal recessive Robinow syndrome. Nat. Genet. 25, 423–426. doi: 10.1038/78113

van den Boogaard, M. J., Créton, M., Bronkhorst, Y., van der Hout, A., Hennekam, E., Lindhout, D., et al. (2012). Mutations in WNT10A are present in more than half of isolated hypodontia cases. J. Med. Genet. 49, 327–331. doi: 10.1136/jmedgenet-2012-100750

van Genderen, C., Okamura, R. M., Farinas, I., Quo, R. G., Parslow, T. G., Bruhn, L., et al. (1994). Development of several organs that require inductive epithelial- mesenchymal interactions is impaired in LEF-1-deficient mice. Genes Dev. 8, 2691–2703. doi: 10.1101/gad.8.22.2691

Vogel, P., Read, R. W., Hansen, G. M., Powell, D. R., Kantaputra, P. N., Zambrowicz, B., et al. (2016). Dentin Dysplasia in Notum Knockout Mice. Vet. Pathol. 53, 853–862. doi: 10.1177/0300985815626778

Wang, X. P., O’Connell, D. J., Lund, J. J., Saadi, I., Kuraguchi, M., Turbe-Doan, A., et al. (2009). Apc inhibition of Wnt signaling regulates supernumerary tooth formation during embryogenesis and throughout adulthood. Development 136, 1939–1949. doi: 10.1242/dev.033803

Wang, Y., Dong, J., Li, D., Lai, L., Siwko, S., Li, Y., et al. (2013). Lgr4 regulates mammary gland development and stem cell activity through the pluripotency transcription factor Sox2. Stem Cells 31, 1921–1931. doi: 10.1002/stem.1438

White, J., Mazzeu, J. F., Hoischen, A., Jhangiani, S. N., Gambin, T., Alcino, M. C., et al. (2015). DVL1 frameshift mutations clustering in the penultimate exon cause autosomal-dominant robinow syndrome. Am. J. Hum. Genet. 96, 612–622. doi: 10.1016/j.ajhg.2015.02.015

White, J. J., Mazzeu, J. F., Coban-Akdemir, Z., Bayram, Y., Bahrambeigi, V., Hoischen, A., et al. (2018). WNT Signaling Perturbations Underlie the Genetic Heterogeneity of Robinow Syndrome. Am. J. Hum. Genet. 102, 27–43. doi: 10.1016/j.ajhg.2017.10.002

White, J. J., Mazzeu, J. F., Hoischen, A., Bayram, Y., Withers, M., Gezdirici, A., et al. (2016). DVL3 Alleles Resulting in a-1 Frameshift of the Last Exon Mediate Autosomal-Dominant Robinow Syndrome. Am. J. Hum. Genet. 98, 553–561. doi: 10.1016/j.ajhg.2016.01.005

Xavier, G. M., Patist, A. L., Healy, C., Pagrut, A., Carreno, G., Sharpe, P. T., et al. (2015). Activated WNT signaling in postnatal SOX2-positive dental stem cells can drive odontoma formation. Sci. Rep. 5:14479. doi: 10.1038/srep14479

Xie, X., Wang, J., Wang, K., Li, C., Zhang, S., Jing, D., et al. (2019). Axin2+-Mesenchymal PDL Cells, Instead of K14+ Epithelial Cells, Play a Key Role in Rapid Cementum Growth. J. Dental Res. 98, 1262–1270. doi: 10.1177/0022034519871021

Xie, X., Xu, C., Zhao, H., Wang, J., and Feng, J. Q. (2021). A Biphasic Feature of Gli1+-Mesenchymal Progenitors during Cementogenesis That Is Positively Controlled by Wnt/β-Catenin Signaling. J. Dent. Res. 2021:002203452110074. doi: 10.1177/00220345211007429

Xiong, J., Gronthos, S., and Bartold, P. M. (2013). Role Of The Epithelial Cell Rests Of Malassez In The Development, Maintenance And Regeneration Of Periodontal Ligament Tissues. Periodontology 2000, 217–233. doi: 10.1111/prd.12023

Xiong, Y., Fang, Y., Qian, Y., Liu, Y., Yang, X., Huang, H., et al. (2019). Wnt Production in Dental Epithelium Is Crucial for Tooth Differentiation. J. Dent. Res. 98, 580–588. doi: 10.1177/0022034519835194

Xu, M., Horrell, J., Snitow, M., Cui, J., Gochnauer, H., Syrett, C. M., et al. (2017). WNT10A mutation causes ectodermal dysplasia by impairing progenitor cell proliferation and KLF4-mediated differentiation. Nat. Comm. 1, 1–21. doi: 10.1038/ncomms15397

Yamada, S., Lav, R., Li, J., Tucker, A. S., and Green, J. B. A. (2019). Molar Bud-to-Cap Transition Is Proliferation Independent. J. Dent. Res. 98, 1253–1261. doi: 10.1177/0022034519869307

Yamakami, Y., Kohashi, K., Oyama, K., Mohri, Y., Hidema, S., and Nishimori, K. (2016). LGR4 is required for sequential molar development. Biochem. Biophys. Rep. 8, 174–183. doi: 10.1016/j.bbrep.2016.08.018

Yamashiro, T., Zheng, L., Shitaku, Y., Saito, M., Tsubakimoto, T., Takada, K., et al. (2007). Wnt10a regulates dentin sialophosphoprotein mRNA expression and possibly links odontoblast differentiation and tooth morphogenesis. Differentiation 75, 452–462. doi: 10.1111/j.1432-0436.2006.00150.x

Yanagita, M., Oka, M., Watabe, T., Iguchi, H., Niida, A., Takahashi, S., et al. (2004). USAG-1: A bone morphogenetic protein antagonist abundantly expressed in the kidney. Biochem. Biophys. Res. Comm. 316, 490–500. doi: 10.1016/j.bbrc.2004.02.075

Yanagita, M., Okuda, T., Endo, S., Tanaka, M., Takahashi, K., Sugiyama, F., et al. (2006). Uterine sensitization-associated gene-1 (USAG-1), a novel BMP antagonist expressed in the kidney, accelerates tubular injury. J. Clin. Investig. 116, 70–79. doi: 10.1172/JCI25445

Yang, J., Wang, S. K., Choi, M., Reid, B. M., Hu, Y., Lee, Y. L., et al. (2015). Taurodontism, variations in tooth number, and misshapened crowns in wnt10a null mice and human kindreds. Mole. Genet. Genomic Med. 3, 40–58. doi: 10.1002/mgg3.111

Yang, S., Choi, H., Kim, T. H., Jeong, J., Liu, Y., Harada, H., et al. (2021). Cell dynamics in Hertwig’s epithelial root sheath are regulated by β-catenin activity during tooth root development. J. Cell. Physiol. 236, 5387–5398. doi: 10.1002/JCP.30243

Yang, Y., Li, Z., Chen, G., Li, J., Li, H., Yu, M., et al. (2018). GSK3β regulates ameloblast differentiation via Wnt and TGF-β pathways. J. Cell. Physiol. 233, 5322–5333. doi: 10.1002/jcp.26344

Yang, Z., Hai, B., Qin, L., Ti, X., Shangguan, L., Zhao, Y., et al. (2013). Cessation of Epithelial Bmp Signaling Switches the Differentiation of Crown Epithelia to the Root Lineage in a β-Catenin-Dependent Manner. Mole. Cell. Biol. 33, 4732–4744. doi: 10.1128/mcb.00456-13

Yianni, V., and Sharpe, P. T. (2019). Perivascular-Derived Mesenchymal Stem Cells. J. Dent. Res. 98, 1066–1072. doi: 10.1177/0022034519862258

Yoo, Y. A., Kang, M. H., Lee, H. J., Kim, B. H., Park, J. K., Kim, H. K., et al. (2011). Sonic hedgehog pathway promotes metastasis and lymphangiogenesis via activation of Akt, EMT, and MMP-9 pathway in gastric cancer. Cancer Res. 71, 7061–7070. doi: 10.1158/0008-5472.CAN-11-1338

Yu, M., Liu, Y., Wang, Y., Wong, S. W., Wu, J., Liu, H., et al. (2020). Epithelial Wnt10a Is Essential for Tooth Root Furcation Morphogenesis. J. Dent Res. 2020, 311–319. doi: 10.1177/0022034519897607

Yu, M., Wong, S. W., Han, D., and Cai, T. (2019). Genetic analysis: Wnt and other pathways in nonsyndromic tooth agenesis. Oral Dis. 25, 646–651. doi: 10.1111/odi.12931

Yu, P., Yang, W., Han, D., Wang, X., Guo, S., Li, J., et al. (2016). Mutations in WNT10B Are Identified in Individuals with Oligodontia. Am. J. Hum. Genet. 99, 195–201. doi: 10.1016/j.ajhg.2016.05.012

Yu, T., and Klein, O. D. (2020). Molecular and cellular mechanisms of tooth development, homeostasis and repair. Development 147:184754. doi: 10.1242/dev.184754

Yu, W., Sun, Z., Sweat, Y., Sweat, M., Venugopalan, S. R., Eliason, S., et al. (2020). Pitx2-Sox2-Lef1 interactions specify progenitor oral/dental epithelial cell signaling centers. Development 147:186023. doi: 10.1242/dev.186023

Yukimori, A., Oikawa, Y., Morita, K. I., Nguyen, C. T. K., Harada, H., Yamaguchi, S., et al. (2017). Genetic basis of calcifying cystic odontogenic tumors. PLoS One 12:180224. doi: 10.1371/journal.pone.0180224

Zeichner-David, M. (2006). Regeneration of periodontal tissues: cementogenesis revisited. Periodontology 2000, 196–217. doi: 10.1111/j.1600-0757.2006.00162.x

Zhang, Y., Zhang, Z., Zhao, X., Yu, X., Hu, Y., Geronimo, B., et al. (2000). A new function of BMP4: dual role for BMP4 in regulation of Sonic hedgehog expression in the mouse tooth germ. Development 127:1431.

Zhao, H., Feng, J., Seidel, K., Shi, S., Klein, O., Sharpe, P., et al. (2014). Secretion of shh by a neurovascular bundle niche supports mesenchymal stem cell homeostasis in the adult mouse incisor. Cell Stem Cell 14, 160–173. doi: 10.1016/j.stem.2013.12.013


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Hermans, Hemeryck, Lambrichts, Bronckaers and Vankelecom. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/nav.xhtml




Contents





		Cover



		Intertwined Signaling Pathways Governing Tooth Development: A Give-and-Take Between Canonical Wnt and Shh



		INTRODUCTION



		Mouse Tooth Development



		Canonical Wnt/β-Catenin Signaling



		Shh Pathway







		WNT AND SHH SIGNALING: CRUCIAL INTERTWINED REGULATORS OF TOOTH DEVELOPMENT



		Wnt and Shh Specify the Tooth-Forming Fields in Embryonic Oral Ectoderm



		Wnt and Shh Signaling Play a Crucial Role in Placode-to-Bud Transition



		Wnt/β-Catenin Signaling in the Early Dental Mesenchyme Appears Tightly Regulated



		Wnt/β-Catenin and Shh Signaling Are Strictly Controlled During Bud and Cap Stage



		Sostdc1 and Lrp4 Establish a Negative Feedback Loop Between Wnt/β-Catenin and Shh Signaling During the Bud and Cap Stage



		Crown Development: Formation of Molar Cusps Is Governed by Inductive Wnt/β-Catenin and Inhibitory Shh/Sostdc1 Signaling



		Dental Cytodifferentiation



		Development of Ameloblasts and Odontoblasts



		Cell-Autonomous Wnt/β-Catenin Signaling Is Crucial in Both Odontoblast and Ameloblast Development During Crown Formation



		Odontoblast development



		Ameloblast development











		Wnt and Shh During Tooth Root Development



		Tooth Root Formation: Involvement of Hertwig’s Epithelial Root Sheath



		Elevation of Wnt/β-Catenin Activity Is Crucial to Shift Dental Epithelium From Crown Toward Root Fate



		Non-redundant and Dose-Dependent Role of Shh During Tooth Root Development



		Potential Involvement of the Wnt/Shh/Sostdc1 Feedback Loop During Tooth Root Formation and Cementogenesis



		Interfering With Wnt Signaling Impairs Tooth Root Dentinogenesis











		DENTAL EPITHELIAL AND MESENCHYMAL STEM CELLS: IMPACT OF WNT/β-CATENIN AND SHH



		Dental Epithelial Stem Cells: Cellular Origin and Heterogeneity



		Advanced Insights Into Dental Epithelial Stem Cells Heterogeneity From Single-Cell Transcriptomics



		Wnt- and Shh-Responsive Dental Epithelial Stem Cells Subpopulations



		Wnt/β-Catenin and Shh Signaling in Dental Mesenchymal Stem Cells







		CONCLUSION AND RELEVANCE TO HUMAN TOOTH DEVELOPMENT AND OTHER FIELDS



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		REFERENCES

















OPS/images/fcell-09-758203-g001.jpg
PN7

E15.5-18.5
bell

E13.5-14.5
cap

E12.5-13.5
bud

ET

initiation

DF dental

epithelium
M i
mesenchyme

10SIDU|

Adult incisor

Adult molar

crown analog

root analog
1

blood vessels

and nerves

crown

root

e

ood vessels and nerves

—

bl





OPS/images/fcell-09-758203-g002.jpg
E11
Initiation
dental placode

’--.

Ui [_

mesenchyme e o

~.--'

epithelium

IT] Wnt4, wnt6, Fzd6 & Fgfe*rosette
- Wnt3, Wnt7b Wnt10b, Shh, (Pitx2)

D Wnt5a, Sfrp2, Sfrp3





OPS/images/fcell-09-758203-t001.jpg
Gene mutated

Pathway effect

Disease

References

APC

AXIN2

CTNNBH1

DKK1

DVLA1
DVL3
FzZD2

GLI2

GLI3
KREMEN1
LRP4
LRP6

NXN

PORCN

PTCH?

PTCH2

ROR2

SHH

SMO
SUFU

WNT10A

WNT10B
WNT5A

Wnt hyperactivation

Wnt hyperactivation

Wnt hyperactivation

Wnt hyperactivation

Wnt inactivation
Wnt inactivation

Wnt inactivation
(non-canonical)

Shh inactivation

Shh inactivation
Wnt hyperactivation
Wnt hyperactivation
Wnt inhibition

Wnt inactivation
(non-canonical)

Wnt inhibition
Shh activation

Shh activation
Wnt inactivation
(non-canonical)
Shh inhibition

Shh activation
Shh activation

Wnt inhibition

Wnt inhibition

Wnt inactivation
(non-canonical)

- Gardner syndrome, Familial Adenomatous Polyposis 1
(MIM 175100)
- Odontogenic carcinoma.

Familial, non-syndromic hypodontia/tooth agenesis

- Ameloblastoma.

- Odontogenic carcinoma.

- Calcifying odontogenic cysts.

- Adamantinomatous craniopharyngioma.

Familial, non-syndromic tooth agenesis

Robinow syndrome, autosomal dominant 2 (MIM 616331)
Robinow syndrome, autosomal dominant 3 (MIM 616894)
Omodysplasia 2 (MIM 164745); Robinow syndrome-like

Holoprosencephaly (9) with solitary median maxillary incisor
(MIM 610829)

Familial, non-syndromic hypodontia/tooth agenesis
Ectodermal dysplasia 13, hair/tooth type (MIM 617392)
Cenani-Lenz syndrome with dental anomalies (MIM 212780)
Familial, non-syndromic tooth agenesis

Robinow syndrome, autosomal recessive 2 (MIM 618529)

Focal Dermal Hypoplasia (MIM 305600)

- Ameloblastoma.
- Basal cell nevus syndrome with odontogenic keratocysts
(MIM 601309 and 109400).

Basal cell nevus syndrome with odontogenic keratocysts
(MIM 603673 and 109400)

Robinow syndrome, autosomal recessive 1 (OMIM 268310)

Holoprosencephaly (3) with solitary median maxillary incisor
(MIM 147250)

Ameloblastoma

Basal cell nevus syndrome with odontogenic keratocysts
(MIM 607035 and 109400)

- Familial, non-syndromic tooth agenesis
- Odonto-onycho-dermal dysplasia (MIM 257980)
- Schopf-Schulz-Passarge syndrome (MIM 224750)

Familial, non-syndromic tooth agenesis
Robinow syndrome, autosomal dominant 1 (MIM 180700)

Half et al., 2009; Siriwardena et al., 2009

Lammi et al., 2004; Mostowska et al., 2006;
Yu et al., 2019

Sekine et al., 2002, 2003; Kawabata et al., 2005;
Siriwardena et al., 2009; Brown et al., 2014;
Yukimori et al., 2017

Liu et al., 2012; Dinckan et al., 2018;
Yu et al., 2019

White et al., 2015
White et al., 2016
Nagasaki et al., 2018; White et al., 2018

Roessler et al., 2003

Liuetal., 2012
Issa et al., 2016; Dinckan et al., 2018
Lietal, 2010

Massink et al., 2015; Dinckan et al., 2018;
Yu et al., 2019

White et al., 2018

Bornholdt et al., 2009; Froyen et al., 2009

Kawabata et al., 2005; Guo et al., 2013;
Shimada et al., 2013

Fujii et al., 2013

Afzal et al., 2000; van Bokhoven et al., 2000;
Mazzeu et al., 2007

Nanni et al., 2001; Lami et al., 2013

Brown et al., 2014; Sweeney et al., 2014
Pastorino et al., 2009; Shimada et al., 2013

Bohring et al., 2009; van den Boogaard et al.,
2012; Arte et al., 2013; Song et al., 2014;
Dinckan et al., 2018; Yu et al., 2019

Yu et al., 2016, 2019
Person et al., 2010; Roifman et al., 2015





OPS/images/fcell-09-758203-g003.jpg
WNT OFF

degradation

Proteosomal





OPS/images/cover.jpg
frontiers
in Cell and Developmental Biology

Intertwined Signaling Pathways
Governing Tooth Development:
A Give-and-Take Between
Canonical Wnt and Shh







OPS/images/fcell-09-758203-g004.jpg
SAGITTAL VIEW TRANSVERSE VIEW

FUSED MOLARS

. INHIBITION ZONE = Sostdc1 . ACTIVATION ZONE = Lef1 . pEK







OPS/images/fcell-09-758203-g005.jpg
Classical model Revised model

Homeostasis Injury

-
" PPt

Damaged ¢
IEE ot

. Slow-cycling progenitors in OEE/SR give rise to fast
cycling progenitors in IEE

PN Slow-cycling progenitors in OEE/SR give rise to fast

. * * PIEES Ol 1y cycling progenitors in IEE

=) Slow-cycling progenitors in OEE/SR give rise to | = Actively cycling progenitors in IEE give rise to AB Sl contributes to cycling progenitors and AB lineage
TA cells in IEE, and eventually to all dental I

—_, and non-AB dental epithelial lineages (SI/SR/OEE) I after injury
epithelial lineages [ igzg?t?;z:ltses few OEE/SR cells in homeostatic | =3 Actively cycling progenitors in IEE give rise to AB
I I






OPS/images/logo.jpg
, frontiers
in Cell and Developmental Biology





