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Abstract: 

The fossil record is widely informative about evolution, but fossils have not been 

systematically used to study the evolution of stem cells. Moreover, while the 

mechanisms underlying tooth development have been widely studied in model 

organisms, the role of genetic regulatory elements in patterning the different 

elements of the occlusal surface and crown height across species is not well 

understood. Here, I examined evolution of the rodent adult dental stem cell niche, 

which enables continuous growth (hypselodonty) of molar teeth. Moreover, I 

compared the variation in dental morphology across nine taxa of rodents to the 

variation in sequences of non-coding evolutionary conserved regions (ECRs) of 

Fgf3, 4, 8, 9, and 10 and the function of Fgf10 signaling on retention of molar 

stem cell niches. I studied the occurrences of 3500 North American fossil rodent 

specimens, ranging from 50 million years ago (mya) to 2 mya. I examined 

evolutionary changes in molar height to determine if evolution of continuously 

growing molars shows distinct patterns in the fossil record, and we found that 

hypselodont taxa emerged through intermediate forms of increasing crown 

height. Next, we designed a two-parameter Markov simulation model, which 

correctly accounted for molar height increases throughout the Cenozoic, and, 

moreover, evolution of hypselodonty. Finally, I correlated the variation in molar 

tooth cusp shape and the evolution of high molar crowns (hypsodonty) to the 

patterns of sequence variation in two ECRs, Fgf10ECR3 and Fgf9ECR1, 

respectively. By conducting luciferase and electrophoretic mobility shift assays, 

we determined that these ECRs could function as enhancers. Thus, by 
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extension, the retention of the adult stem-cell niche appears to be a predictable 

quantitative rather than a stochastic qualitative process. Our analyses predict 

that hypselodonty will eventually become the dominant rodent phenotype. 

Mammalian dental morphology is under strong evolutionary pressure because of 

its importance for mastication and diet. My data suggest that emergence of 

hypsodonty and occlusal cusp patterning may have happened through the 

evolutionary changes in enhancers, such as Fgf9ECR1 and Fgf10ECR3, which 

affected the expression of major signaling molecules involved in tooth 

development.  
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Chapter I: Introduction 

As the hardest parts of mammalian body, teeth are also the best-fossilized 

structures that act as windows to the past. Moreover, as the first vertebrate 

structures to mineralize, fossilized teeth and tooth-like structures are some of the 

earliest records of vertebrates. Because of their versatility, teeth are used not 

only in feeding and mastication, but also in all aspects of animal behavior, 

including defense, communication, mating, territoriality, and shelter construction. 

In addition to understanding the evolution of the aforementioned traits, teeth 

provide great insight into the developmental dynamics that resulted in the 

craniofacial traits investigated today. Through investigation of the dental 

elements of the posterior pharynx of conodonts and other jawless fishes, the 

modified placoid scales of sharks and rays, homodont teeth of amphibians and 

heterodont teeth of mammals, it is possible to trace the evolutionary dynamics of 

the changes of the associated craniofacial elements. 

 

Tooth Development and Morphogenesis 

The adult tooth: 

The three fundamental parts of the tooth are the crown, roots, and 

supporting structures. Teeth are anchored in the alveolar processes of the 

maxillary and mandibular bones by the periodontal ligament (PDL). These 

ligaments extend from the bone in tooth sockets and insert into the cementum 

layer, which is the outermost layer of the tooth root [1]. The crown is composed 

of enamel and is exposed to the oral cavity, providing masticatory function for the 
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tooth. The middle layer of the tooth in both roots and the crown is dentin.  The 

dentin encases the dental pulp, the innermost part of the tooth in both crown and 

roots. The pulp tissue comprises the neurovascular bundle of the tooth and its 

supporting cells as well as a population of dentin-secreting odontoblasts [2] 

(Figure 1). 

Humans possess 20 primary teeth and 32 adult teeth: 8 incisors, 4 canines, 

8 premolars, and 12 molars. The primary teeth appear at around 6 months of age 

and are fully shed by the early teens. Once the tooth erupts into the oral cavity, 

the dental epithelial tissue is lost, such that adult human teeth lose the potential 

to regenerate enamel, and the remaining mesenchymal tissues have only a 

limited capacity to regenerate dentin, cementum, and pulp. In contrast, mice, 

which are an important model for investigation of mammalian tooth development, 

exhibit a highly specialized dentition [3]. They possess 4 incisors and 12 molars, 

which are separated by a toothless area called the diastema. While rodent 

molars are similar in their development to human teeth, the incisors are unusual 

in their ability to grow throughout the lifetime of the animal through a continuous 

wear and formation of all tooth tissues including enamel, dentin, pulp, and 

cementum. This property is made possible by the presence of active adult stem 

cells in a niche called the cervical loop (CL) [4]. In addition, several species of 

rodents (and other mammals) exhibit ever-growing molars, called hypselodont 

molars. These molars retain adult epithelial stem cells in compartments known as 

intercuspal cervical loops (ICCLs), which are surrounded by stem cells of the 
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mesenchyme [5]. The properties of the incisor and molar stem cell niches will be 

described in detail below. 

  

Tooth Development: 

Mammalian tooth development is a classic example of organogenesis that 

requires close interaction of epithelial and mesenchymal tissues [6,7]. Whereas 

the epithelium originates from oral ectoderm, the mesenchyme is derived from 

cranial neural crest. The latter arises from the margins of neuroepithelium and 

undergoes a ventro-lateral migration, giving rise to facial structures, facial 

sensory organs and pharyngeal arches [8]. Neural crest-derived mesenchyme 

forms many dental tissues, such as dentin, pulp, and periodontal ligaments, 

whereas the ectodermal-derived epithelium forms enamel [9]. 

Much of the knowledge about tooth development (odontogenesis) stems 

from decades of investigation utilizing mouse models. In mice and the majority of 

mouse-like rodents (i.e. rats and voles), tooth development begins between 

embryonic day (E) 8.5-10. At that time, the first signaling molecules involved in 

tooth development become apparent. The formation of signaling centers is 

followed by the epithelial thickening of the primary dental lamina into the 

underlying mesenchyme at E11 [10,11]. The lamina and the thickening 

mesenchyme make up the dental placode, which is destined to give rise to the 

whole tooth family (incisor and molar). Within the placode, the first of each tooth 

type buds from the dental lamina, with the successional teeth stemming from the 

first bud [12]. 
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Subsequently, a series of developmental stages named bud, cap, and bell 

occur. At the bud stage (E12.5-13.5), the epithelium continues to proliferate and 

invaginate into the mesenchyme, which responds by condensing under the 

epithelial bud to form structures known as the dental papilla (DP) and the dental 

follicle (DF). The DP will subsequently give rise to dental pulp and odontoblasts, 

while the DF will give rise to cementoblasts and the periodontal ligament. The 

enamel knot (EK), which acts as a transient signaling center and is characterized 

by expression of several secreted factors, forms during the bud to cap stage 

transition. The cap stage (E14-15) is characterized by further epithelial and 

mesenchymal proliferation. The late cap stage is also the time when significant 

differences emerge between the mouse incisor and molar, as the developing 

incisor begins to grow parallel to the long axis of the jaw, while molars remain 

perpendicular to it. During the bell stage, the outline of the final tooth shape 

becomes apparent. The primary EKs are replaced by secondary EKs in the 

molars, which correspond to the places of future tooth cusps by regulating the 

sites of epithelial folds [13,14]. Thus, incisors and canines exhibit only one EK, 

whereas premolars and molars exhibit several. Finally, specific dental cell types 

become apparent at the bell stage (Figure 2).  

The enamel-producing ameloblasts form from cells adjacent to the dental 

papilla, in a region known as the inner enamel epithelium (IEE). These cells 

proliferate and begin to secrete enamel matrix. The dentin-secreting odontoblasts 

arise from the cells located on the outermost layer of the dental papilla. As the 

teeth begin to erupt, following the completion of crown formation, the proximal 
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epithelium forms a bilayer structure called Hertwig’s Epithelial Root Sheath 

(HERS) to guide the development of tooth roots [15]. As the HERS migrates 

apically together with the dental papilla (inner) and dental follicle (outer) 

mesenchymal tissues, it breaks up into epithelial rests and cords, allowing the 

dental follicle mesenchyme to migrate onto the root dentin matrix to form 

cementoblasts (cementum-secreting cells) and the periodontal ligament. Finally, 

as the cemetoblasts, odontoblasts, and the PDL cells make up the root, the 

crown begins to erupt and finishes eruption shortly before the root development 

is complete.  

 

Brief Overview of Signaling Regulation of Tooth Development: 

Over the past 30 years, a significant effort has been made to map the 

complex signaling pathways involved in dental organogenesis, especially the 

reciprocal signaling cross talk between the epithelium and mesenchyme during 

crown development. While this effort elucidated some of the major players of 

tooth development, much remains unknown, including the developmental origin 

of cells giving rise to teeth, the origin of different dental adult stem cells, and the 

regulation of tooth crown to root development transition. 

The thickening epithelial primary dental lamina is the earliest histological 

marker of tooth development, and it acts as the first signaling center of the tooth 

development process, releasing a large number of signaling factors to the 

underlying mesenchyme and surrounding oral epithelium. The determination of 

dental-competent epithelium requires a complex interaction of signaling 



	   	   	  6	  

molecules. For example, expression of Pax9, a marker of future dental 

mesenchyme, and Pitx2, a marker of future dental epithelium, is determined by 

the antagonistic relationship of epithelial-expressed Bmp4 and Fgf8. The Fgf8 

and much weaker Fgf9 signaling is restricted by BMP signaling and persists until 

the bud stage. In addition to inducing Pax9  and Pitx2, the FGF signaling induces 

Pitx1, also aiding in restricting the site of odontogenesis [16-18].  In addition, 

FGF8 signaling is responsible for the induction of the expression of early 

odontogenic mesenchyme markers Lhx6 and Lhx7 [14]. Interestingly, lack of 

certain signaling molecules in the parts of oral epithelium at E10.5 is also 

deterministic of odontogenic domains. For example, Wnt7b expression is absent 

only in the odontogenic epithelium, while ubiquitous elsewhere in oral epithelium 

[19]. Presence of ectopic Wnt7b resulted in inhibition of Shh and cessation of 

tooth formation. Other Wnts, namely Wnt10a and Wnt10b, are expressed in both 

incisor and molar domains from E11.5 until cap stage [20]. BMP also plays a role 

in early determination of tooth type. Molar epithelium is determined through the 

restriction of Barx1 by the expression of Bmp4 at the distal end of the developing 

mandible at E10.5 [21,22]. This distal BMP signaling also induces the expression 

of Islet1 in the site of future incisor-specific mesenchyme [23].  

By E11.5, the thickening dental epithelium expresses a number of growth 

factor genes, including Fgf8, Fgf9, Shh, Wnt10a, Wnt10b, and Bmp2, 4, and 7 

[20,24-29]. The products of these genes signal to the underlying mesenchyme, 

inducing the expression of Msx1, Msx2, Lef1, Dlx1, Dlx2, Gli1, and Syndecan-1 

[20,24,29-32]. As the tooth reaches the bud stage, the mesenchyme begins to 
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express Bmp4, Fgf3, activin-βA, and Wnt5a, which signal back to the dental 

epithelium in addition to promoting further development within the mesenchyme 

itself [33-35].  

Entering the cap stage (E14.5), a number of signaling molecules are 

localized in the enamel knot signaling center, which controls cell proliferation and 

apoptosis within the developing tooth. The expression of Shh is used as a marker 

of the primary EK, signaling to both epithelium and mesenchyme. The expression 

of Bmp2, 4, and 7 in the EK has been linked to control of apoptosis of knot cells 

[13,36,37]. Fgf9 expression is also unregulated in the enamel knot, along with 

Fgf4, which are induced by the Wnt signaling and persist into sites of secondary 

EKs [28].  

As the primary enamel knot disappears by Bmp4-mediated apoptosis, the 

tooth enters the bell stage of development. This stage is characterized by the 

presence of secondary EKs, which are located at the apices of complex IEE folds 

at the sites of future cusps and thus give the tooth crown its shape [38]. These 

EKs express Fgf4 and 9, Shh, Wnt10a and b, and Bmp4 and 7, with FGF and 

BMP playing a role in odontoblast maturation [5,28].  

The disappearance of secondary EKs (~E18) marks the beginning of the 

terminal differentiation of the tooth, with differentiated IEE-derived ameloblasts 

and pulpally-derived odontoblasts secreting enamel and dentin, respectively. The 

odontoblast dentin apposition is mediated by the secretion of TGF-β, BMP2, and 

FGFs by the IEE into the underlying mesenchyme [39,40]. The differentiated 

odontoblasts then signal back to the IEE and trigger ameloblast terminal 
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differentiation [41]. This terminal differentiation occurs in all of the cells of the IEE 

in mouse molars, which do not continuously grow, whereas continuously growing 

mouse incisors retain undifferentiated cells in the adult stem niches (cervical 

loops). 

 

Stem Cells in Teeth: 

Stem cells are progenitors that are capable of both self-renewal and 

differentiation into multiple cell types. Because of the enormous therapeutic 

potential of stem cell research, it has emerged as an important field of biomedical 

research, and it encompasses such diverse applications as tissue engineering 

and repair, treatment of autoimmune disorders, and in vitro organ generation. 

Since the mid 1990s, a significant effort to identify and characterize adult stem 

cells within teeth has been underway in humans and animal models. Almost two 

decades later, such cells have been identified in virtually all tissues of human 

immature and mature primary and permanent teeth as well as exfoliating primary 

teeth, and rodent incisor CLs (Figure 3) [12]. These stem cells vary in location, 

origin, and differentiation potentials. In addition, identification of genetic markers 

of dental stem cells utilizing the mouse model allowed for a detailed investigation 

of their physiology. 

Stem cells can be divided into several major types, including embryonic 

stem cells (ESCs), adult (somatic) stem cells, and induced pluripotent stem cells 

(iPSCs). ESCs were first isolated from mouse blastocysts in the early 1980s and 

from human embryos almost 2 decades later [42-44]. More recently, the 
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technique of converting virtually any cell type, including differentiated somatic 

cells, into iPSCs was developed, promising an almost unlimited source of easily 

obtained pluripotent stem cells [45,46].  Production of iPSCs originally involved 

the introduction of a cocktail of four transcription factors – OCT3/4, SOX2, KLF4, 

and c-MYC – into adult cells [47]. However, further studies revealed that specific 

reprogramming factors differ among tissues [48,49]. The resulting reprogrammed 

cells can then be re-differentiated into cells that represent derivatives of all 3 

germ layers [46,47]. This allows for the potential use of autologous cells in 

clinical applications and may help minimize recipient rejection.  

In addition to ESCs and iPSCs, stem cells can be isolated from adult 

tissues. In some cases, multiple adult stem cell types of varying differentiation 

potential can be isolated from the same tissue. The notion that almost all tissues 

in the body contain somatic stem cells is now established. Examples of tissues 

with well-characterized somatic stem cells include hair follicles, intestinal crypts, 

and skin [50-52].  

Strategies for Isolation of Dental Stem Cells: 

To accurately study the properties of adult stem cells, it is vital to correctly 

identify and isolate them from millions of somatic cells within the same tissue, a 

feat seemingly akin finding a needle in a haystack. One of the most common 

strategies for isolation of dental stem cells involves separation of stem cells 

based on markers. However, the identification of specific stem cell markers is 

challenging. Historically, marker candidates were chosen based on several 

criteria, such as being targets of major signaling pathways that are active within 
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the putative stem cell niche [53]. Definitive identification of stem cells requires 

linkage between them and their progeny through either transplantation or 

lineage-tracing experiments [54,55]. Further, some stem cells are quiescent and 

can be localized using label-retention experiments. This technique relies on the 

idea that, over time, fast-cycling somatic cells dilute the label, whereas slow-

cycling stem cells retain much of the original signal [56]. 

Once a stem cell marker is known, populations of cells can be isolated via 

fluorescence-activated cell sorting (FACS) or by antibody-conjugated microbead 

isolation. Other methods of prospective stem cell isolation exist, although these 

are less robust. One method, high efflux of a fluorescent nuclear stain, isolates 

cells capable of excluding a fluorescent DNA-binding dye. Studies show that cells 

capable of differentiating into adipocytes, chondrocytes, and osteoblasts can 

exclude the dye by utilizing cell-specific membrane efflux pumps [57,58]. 

Additionally, the ability of some adult dental stem cells to exhibit a high 

proliferation capacity in vitro has been used as a method of isolation by focusing 

on cell growth. This requires frequent passaging at low densities to prevent the 

stem cells from undergoing differentiation [59,60]. 

Common Markers of Stem Cells: 

Identification of markers specific to stem cells can be used to separate 

them from a heterogeneous cell population. Often, these markers are regulatory 

genes involved in development and maintenance of stem cells. In this section, I 

will describe common stem cell markers used to identify adult stem cells in teeth. 
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OCT3/4, a member of the Pit-Oct-Unc family of transcription factors, was 

initially thought to be expressed almost exclusively in ESCs [61,62]. Later studies 

identified OCT3/4+ embryonic and adult stem cells as well as the requirement for 

Oct3/4 expression in iPSCs [47,63,64]. The key to remaining undifferentiated 

seems to be maintenance of a narrow range of Oct3/4 expression, as both 

positive and negative fluctuations in expression cause cell differentiation [65]. 

Genome-wide interaction studies, including chromatin immunoprecipitation 

sequencing (ChIP-Seq), suggest that OCT3/4 controls cell pluripotency by 

modulating major developmental signaling pathways, such as the Fgf and Wnt/β-

catenin pathways [65]. One important OCT3/4 target is Nanog, which plays a key 

role in the transcription factor signaling network in mammalian pluripotent cells 

and developing germ cells [66,67]. Disruption of Nanog signaling leads to early 

embryonic lethality, whereas constitutive expression promotes self-renewal of 

ESCs. Finally, nestin is an intermediate filament protein originally identified in 

neuroepithelial stem cells that is also expressed in non-neuronal tissues, such as 

pancreatic islets, hematopoietic cells, and teeth [68-71].  

A number of common surface markers have also been used for 

identification and isolation of stem cell populations. Examples of these include 

CD29, CD44, CD73, CD90, CD105, CD146, and CD166 [72,73]. Integrin β-1 

(CD29) was first identified in lymphocytes and plays a role in matrix adhesion 

[74,75]. The cell-surface glycoprotein CD44 was first identified in hematopoietic 

stem cells and plays a role in adhesion and cell-cell interactions [76]. Ecto-5’-

nucleotidase (CD73) and CD90 are mesenchymal stem cell markers involved in 
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interactions between hematopoietic and endothelial cells [77,78]. Another 

commonly used marker is Endoglin (CD105), which is a member of the TGF-β1 

receptor complex and was originally identified in endothelial cells of the 

cardiovascular system [79]. Finally, CD146 and CD166 are common markers of 

mesenchymal stem cells used for identification of dental stem cells, with both 

playing a role in cell-cell adhesion [80,81]. In the last five years, a number of 

articles have presented additional markers of adult dental stem cells, such as 

CD34, CD117, and CD271 [72]. 

 

Stem Cells of Mature Teeth: 

Although a large number of studies have elucidated and characterized 

human adult dental stem cells, as all dental epithelium is shed during tooth 

eruption, only mesenchymal stem cells persist into adulthood. Nonetheless, their 

interrogation, in conjunction with animal studies aimed at characterization of 

epithelial stem cells, is important for the advancement of the field of regenerative 

medicine. This section will act as a brief overview of the adult human dental stem 

cells. 

The dental pulp contains a neurovascular bundle as well as dentin-

producing odontoblasts and supporting fibroblasts. The neural crest-derived 

dental pulp stem cells (DPSC) reside in the perivascular and periodontoblastic 

compartments within the pulp and were originally thought of primarily as 

odontoblast precursors with a fibroblast-like phenotype and limited differentiation 

capacity [82,83]. Recently, a subpopulation of DPSCs called dental pulp 
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pluripotent stem cells (DPPSCs) has been isolated from pulp tissue of human 

third molars [84,85]. These cells are smaller than DPSCs, with a high 

nucleus/cytoplasm ratio and a fibroblast-like flattened and elongated morphology.  

One of the hallmarks of mammalian dentition is the replacement of 

primary (milk) teeth with permanent adult ones. In humans, the process occurs 

from age 6 into the early teens. During replacement, the primary tooth roots 

become resorbed and the crown exfoliates. Despite this partial resorption, 

primary teeth still contain pulpal tissue at the time of exfoliation. A population of 

cells called stem cells from human exfoliated deciduous teeth (SHED) can be 

isolated from the coronal perivascular and periodontoblastic compartment of the 

pulp and sometimes the radicular (root) pulp of incompletely resorbed roots of 

deciduous teeth [86]. Despite the reduced number of pulp cells due to root 

resorption, SHED are an appealing source of adult stem cells due to the natural 

exfoliation process of the teeth. 

In addition to the somatic stem cells that can be obtained from adult tooth 

pulp, the structures supporting the teeth also present an important niche for stem 

cells. The teeth are anchored in the jaw bone by the periodontal ligament (PDL). 

The PDL consists of both epithelial cells (remnants of enamel epithelium) and 

cells derived from the neural crest mesenchyme. The majority of PDL mass 

consists of extracellular collagen, organized into fibers extending from alveolar 

bone to root cementum. Studies investigating extracted human teeth have 

identified PDL stem cells (PDLSCs), which can make up as much as 3% of total 

PDL cell mass. The location of these cells impacts their properties, as PDLSCs 
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collected closer to alveolar bone exhibit superior bone regeneration properties 

compared to PDLSCs collected in proximity to cementum, despite the average 

width of the PDL space being only 350 micrometers [87]. 

Stem Cells from Developing Teeth - Stem Cells of Apical Papilla (SCAP): 

In humans, tooth development begins in utero and ends with the 

completion of root formation of the maxillary third molars at 17-25 years. In 

addition to adult dental tissues, developing teeth also present an important and 

readily available source of stem cells. The apical papilla (AP) tissue is found at 

the apices of the developing roots and contributes to root formation, eventually 

becoming a part of the radicular pulp. However, studies have shown a distinct 

histological difference between the pulp and the AP. Separated from the pulp by 

a cell-rich junction, the apical papilla is less vascular but more cellular. It has 

been hypothesized that the AP is the source of primary odontoblasts, which 

migrate through the cell-rich border into the pulp tissue and lay down dentin of 

the developing roots [88]. Recently, a population of stem cells has been found in 

apical papillae from extracted immature permanent teeth, termed stem cells of 

apical papilla (SCAP). 

The developing dental tissues are surrounded by the dental follicle, which 

is necessary for tooth eruption and plays a role in alveolar bone remodeling 

during eruption. Subsequently, the dental follicle differentiates into the 

periodontal ligament. In addition, it is thought that cells of the dental follicle 

differentiate into cementoblasts and osteoblasts [89]. Efforts to identify the origin 
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of these cells have resulted in the discovery of a population of dental follicle stem 

cells (DFSCs). 

 Despite the importance of the investigation of human adult stem cells, the 

lack of a retained enamel-producing ameloblast stem cell niche significantly 

hinders the regenerative potential of human teeth. On the contrary, many 

mammals (including primate species) exhibit active adult epithelial stem cell 

niches that are capable of replenishing tooth enamel throughout the life of the 

animal. Thus, studies of the physiology of those stem cell niches can aid in 

regenerative investigations in humans. 

Mouse model of adult epithelial dental stem cell niche  

A unifying characteristic of all extant rodent species is the continuously 

growing incisor, which is abraded throughout the life on the animal. This allows 

the animals to keep their incisors constantly sharp, as an evolutionary adaptation 

for a gnawing feeding behavior. In addition, this makes the mouse an ideal model 

for investigation of the properties of adult epithelial tooth stem cell niches, which 

are absent in humans. 

The developmental fate of the stem cells in teeth was thought to originate 

during the bud stage of development, when the epithelium segregated into the 

peripheral basal cells and centrally located loose stellate reticulum cells. During 

the cap and bell stages, these cell linages begin to enclose the mesenchyme and 

together form a proximal leading edge, which becomes the cervical loop. The 

basal epithelial layer of the CL facing the dental papilla is known as inner enamel 

epithelium (IEE), whereas the epithelium bordering the dental follicle is known as 
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the outer enamel epithelium (OEE). The IEE and OEE surround loosely arranged 

stellate reticulum cells and a thin layer of stratum intermedium cells. Together, 

these cells constitute the epithelial portion of the adult stem cell niche of the 

incisor and continuously replenish the enamel-producing ameloblasts [90-92]. 

The phenomenon of an ever-growing rodent incisor became apparent to 

investigators in the late 19th century [93]. Early 20th century improvements in the 

fields of histology and microscopy allowed for the first glimpse at the stem cell 

niches of rodent incisors, which were dubbed “enamel organs”, and for 

mechanical tests of their continuous growth by the observation of the cut 

demarcations of rat incisors [94]. The advancement of molecular techniques half 

a century later established the growth rate of the incisor to be 365 micron per day 

[4] and further detailed the histological compartments of the cervical loop [95]. 

These studies also identified different cell types within the cervical loop and 

characterized their mitotic dynamics. Smith and Warshawsky [4] determined the 

presence of a proximal (cervical loop) mitotically active cell population which 

gave rise to progressively post-mitotic and secretory cells, which moved distally 

away from the stem cell niche. This was later tested by treatment of mice with the 

mitotic arrest agent vinblastine, which resulted in cessation of incisor growth [96].  

 Further technical advancements in the 1990s allowed for a closer 

investigation of the molecular regulation of the dynamics of the cervical loop stem 

cell niche. Utilizing 5-bromo-2-deoxyuridine (BrdU), Harada et al [90] identified 

slow cycling label retaining cells (LRCs) in cultured mouse cervical loops in vitro. 

Subsequently, Seidel et al [97] identified LRCs in the SR and OEE portions of the 
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CL in vivo, by injecting BrdU in postnatal pups (P0) and chasing for 60 days. This 

was further supported via genetic labeling of slow-cycling cells in the same 

compartments by activating a tetracycline operator-regulated expression of 

histone 2B (H2B) transgene encoding for a GFP tagged H2B-GFP protein with a 

keratin-5 tetracycline activator (K5-tTA) [97,98].  

Once the LRCs were identified, they could be further characterized by 

lineage tracing experiments utilizing the genes expressed in the putative stem 

cell niche. So far, studies utilizing three such genes were successful at correctly 

targeting the incisor stem cells in mice. First, Seidel et al [97] determined that the 

sonic hedgehog (SHH) responsive gene Gli1 was expressed in the epithelial LRC 

region and surrounding mesenchyme. Utilizing the tamoxifen-inducible 

Gli1CreER transgene, it was determined that the Gli1+ cells were able to give rise 

to the differentiated epithelial and mesenchymal cells of the incisor. The same 

approach was used to support Bmi1 and Sox2 as CL stem cell markers, which 

were already shown to be expressed in stem cell niches of other organs, 

including blood and brain [99-101]. While lineage tracing of Bmi1+ cells yielded 

similar labeling in dental epithelium and mesenchyme to that of Gli1, tracing of 

Sox2+ cell linage only labeled the dental epithelium. As Bmi1 is a regulator of 

proliferation and self-renewal and inhibitor of differentiation, its absence in the 

cervical loop resulted in differentiation of the stem cells and to cessation of 

enamel production [102]. Sox2, a transcription factor important in the 

maintenance of self-renewal and stem cell potency in many tissues, has a 
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broader expression domain than Gli1 and Bmi1, which are limited to the OEE, 

and extends into the SR and the TA regions [103]. 

Development and Maintenance of Dental Stem Cell Niches 

The development and maintenance of the epithelial stem cell niche is 

controlled by myriad signaling pathways, with the FGF signaling being one of the 

best characterized. The condensation of mesenchyme at E14 and the formation 

of the DP are marked by overlapping Fgf3 and 10 signaling. Subsequently, by 

E16 onward, Fgf10 is expressed in the mesenchyme immediately surrounding 

the labial and lingual cervical loops, whereas Fgf3 becomes restricted to the IEE 

of the labial CL [90,104,105]. Both of the CLs begin expression of Fgfr1b and 

Fgfr2b by E16 [35,105]. Although not crucial during development, both Fgf3 and 

10 are important for the maintenance of the adult niche. Fgf10-/- mice developed 

relatively normal cervical loops in the initial stages of development, but they later 

regressed. While Fgf3 appears to play a redundant role with Fgf10, judging by 

the lack of a CL phenotype in knock-out animals, compound Fgf3-/-; Fgf10+/- 

mutants exhibit a severely hypoplastic CL, indicating a need for a fine-tuned level 

of signaling of both factors [106]. Supporting this is a similar CL phenotype in the 

Fgfr2-null mice and mice with conditionally-removed Fgfr2, which lack incisors 

[107,108].  

The importance of FGF signaling in regulation of the stem cell niche is 

also apparent in studies of the antagonists of FGF signaling, such as Sprouty 

(Spry) genes. During development, Spry4 antagonism of FGF signaling is 

required for diastema tooth bud regression [109]. In the cervical loop, Spry1, 2, 
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and 4 are expressed in both cervical loop epithelium and proximal mesenchyme 

[110]. Mice with Spry4-/-; Spry2+/- mutations exhibited higher levels of 

mesenchymal Fgf expression, which consequently lead to formation of ectopic 

enamel on the lingual side of the incisor [110].  

 Finally, FGF signaling is important in induction of dental stem cell markers. 

Specifically, Fgf8 was shown to induce the expression of Sox2 in cervical loop 

SR. Moreover, both Fgf8 and Fgf9 can upregulate Sox2 in cultured incisor CLs 

[103]. 

Evolution of Mammalian Dental Stem Cell Niches 

In order to understand the evolutionary dynamics that resulted in the 

emergence of dental stem cell niches, it is important to step back and explore the 

evolution of vertebrate teeth. The need for tooth-like structures arose almost 

since the times of Amphioxus, with the evolution of the now-extinct jawless fishes 

clade Conodonta almost half a billion years ago. Ranging from 2mm-50mm in 

length, conodonts looked like miniature lampreys. Their teeth are considered to 

be the earliest record of internal mineral structures. The conodont mineralized 

oropharyngeal skeleton consisted of a basal body and cone-like structures 

composed of dentin and enamel [111]. Subsequently, tooth morphology variation 

radiated with the evolution of major vertebrate linages, with each lineage (fishes, 

amphibians, saurischians, and mammals) exhibiting their own unique 

evolutionary innovations of tooth development, replacement, and maintenance. 

While most vertebrates possessed homodont teeth, which did not vary in 

morphology, mammals evolved specialized heterodont teeth.  
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Mammalian tooth evolution 

The evolution of mammals heralded the evolution of the first true 

heterodont teeth with specialized functions.  The mechanisms of achievement of 

heterodonty has two primary hypotheses – the field model and the clone model 

[112,113]. The field model proposed that the evolution of different tooth types 

from the homodont dentition is due to the graded spatial restriction and variation 

of the dental morphogens [114]. It postulates that each oral epithelium quadrant 

is divided into the incisor, canine, and molar subfields. Thus, teeth originating 

within the same quadrant will share similar characteristics, which will vary based 

on the proximity to the origin of the morphogenetic signal. Furthermore, the field 

model proposed that evolutionary origin of multicuspid teeth lies in the fusion of 

several homodont tooth germs due to the combination of the signaling centers of 

individual homodont teeth [115]. This is further supported by the presence of 

several secondary EKs in multicuspid teeth vs. a single EK in incisors of rodents 

[114]. The contrary clone model proposed a unique developmental origin for 

each heterodont tooth, regardless of complexity, arguing that a single homodont 

ancestor for each heterodont tooth [116].  In this model, the secondary EKs 

originate from an ectodermal clone, which grows along the mesial-distal axis of 

the developing tooth, gradually losing its seeding potential. For example, the 

model argues that the decrease in mouse molar complexity is due to the 

expression of an inhibitor by an adjacent tooth, with a gradually weaker proximal 

expression [117]. Moreover, a decrease in the inhibitory field is hypothesized to 

result in tooth fusion [118]. 



	   	   	  21	  

The course of mammalian heterodont evolution follows on a few core 

streams – decrease in number of teeth and increase in their complexity. In other 

words, it is evolutionarily favorable to possess fewer, more specialized teeth. In 

addition, mammalian dental evolution trends towards a decrease in tooth 

succession. The radiating evolution of mammals resulted in an explosion of 

dental morphology variation. Unlike reptiles with their successional laminae 

containing stem cells, most mammals have two sets of teeth. Many mammals, 

including mice and killer whales, develop only one set of teeth, whereas 

anteaters and toothless whales are characterized by complete adontia. It should 

be mentioned though, that this adontia is a secondary and derived trait, as the 

animals exhibit teeth embryonically, which do not develop past the bud stage. 

Another secondary characteristic is a return of homodonty in some mammals, 

such as sirenoids (possess 44 molars) and dolphins (200 cone-shaped teeth).  

The progressive differentiation of cone-shaped teeth can be traced back to 

the early proto-mammal pelycosaur synapsids, which lived between 295 and 272 

mya and resembled dog-like reptiles [119]. Some pelycosaurs, like Dimetrodon, 

developed enlarged fangs in the relative position of the canine tooth [120,121]. 

Anterior to the fang were as few as nine incisor-like elongated cone teeth, 

whereas posterior to it were about a dozen poorly differentiated short cone teeth. 

Dimetrodon was also the last mammalian ancestral genus to possess extra teeth 

outside of a single row, with a few poorly differentiated cone-shaped teeth on the 

palate [122,123]. Pelycosaurs were succeeded by even more dog-like 

therapsids, which began to show a reduction in tooth number, eliminating palatal 
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teeth, in addition to exhibiting first signs of hair [124]. Therapsid cheek teeth 

began to show specialization and multicuspidization. This was achieved by 

developing new cusps on the flanks of the laterally compressed teeth posterior to 

the elongated fang [125].  Such teeth are hypothesized to be the origin of the 

triconodont dentition, which is one of the earliest examples of multicuspidization 

[126]. Another strategy involved lateral widening of the posterior teeth by addition 

of new cusps on the inside of the upper teeth and on the inside of the lower 

teeth. Such adaptations allowed for a more efficient crushing and some degree of 

mastication, as done by modern mammalian molars.  

Following the mass extinctions of the late Cretaceous period (circa 66 

mya), mammals underwent massive diversification, which allowed them to 

occupy various ecological niches left vacant by the then-extinct reptiles and other 

Saurichians. This geologically brief period of time served as a stepping-stone for 

the evolution all placental mammal lineages – carnivores, primates, ungulates, 

rodents, edentates, and cetaceans [127]. A unifying characteristic of all placental 

mammals was the evolution of the tribosphenic molar, which was characterized 

by a flat occlusal table with three cusps [128,129]. As a result, the evolution of 

each aforementioned lineage can be traced by examining the developmental 

changes of this molar tooth. The uncomplicated (compared to modern molars) 

tribosphenic tooth of first insectivore mammals went on two evolutionary paths. 

Along one, the continued insectivorous and carnivorous diet led to elongation of 

the cusps for better cutting and grasping. This modification ultimately allowed 

insectivores to evolve to full carnivory. The other path led towards specialization 
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of herbivory. The trigonal molars developed a more squared shape and lessened 

in cusp height. This resulted in an increased surface area for mastication of 

tougher plant food material [130]. Further evolutionary change resulted in the 

formation of deeper ridges between the cusps (infundibula), which increased 

their shearing effect [129].  

One of the earliest universal (carnivore and herbivore) tribosphenic molar 

evolutionary adaptations is the acquisition of additional cusps. The teeth were 

first altered into a quadrate (4 cusp) form by splitting of an existing cusp into two 

cusps. This occurred in a different manner in the upper and lower jaws. The 

maxillary molars evolved an additional cusp by enlargement of the distolingual 

cusp and its distalization, which resulted in a basin between it and the central 

area of the tooth, resulting in a new cusp. While the mandibular quadrate molar 

also evolved through the enlargement of the same cusp, the cusp tip did not 

move, but rather was split in two by a newly developed ridge [131]. The resulting 

four-cusped molars were better suited for mastication of tough and abrasive food 

by additional shearing points and increasing surface area [132].  

The evolution of the quadrate molar has been linked to the change in FGF 

levels in mice and human patients carrying mutant Fgf3 alleles [133]. In both 

mice and humans, the dental morphology resulting from the decrease of FGF 

levels mimics the ancestral condition as seen in fossil rodents and primates. As 

Fgf3 dosage decreased, the mesio-lingual cusp was first transformed into a crest 

(Fgf3-/-), and was then lost while a mesio-distal crest arose (Fgf3-/-). In mice, the 

resulting heterozygous phenotype mimicked an intermediate ancestor 
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Potwarmus, whereas the null phenotype resulted in a molar phenotype of an 

even earlier ancestor Democricetidon. Similarly, the first molar in humans lacking 

the Fgf3 allele looses its fourth cusp and resembles the tribosphenic molar 

phenotype of the early hominid Bahinia [133]. While evolution does not occur on 

a whole gene deletion step level, these partial and complete null phenotypes give 

an example of the major intermediate stages of the evolution of molar patterning. 

To further counter the abrasive nature of herbivorous diet, the quadrate 

dentition evolved additional cusps ranging in number from 6 to 12. However, the 

addition of the cusps is limited due to the anterior-posterior dimensions of the 

jaws [134]. Primitive herbivores had low-crowned (brachydont) teeth with sharp 

low-ridged cusps, which were adapted to browsing and succulent diet. However, 

with the Tertiary open grassland expansion, the increased harshness of grass-

based silica-rich diet resulted in a rapid wear of the wide low-crowned multi-

cusped molars. This prompted the evolution of taller (hypsodont) crowns and 

even continuously growing (hypselodont) crowns, which had a much longer 

wearing time [135]. Length by itself, however, was not the full solution to the 

problem of abrasion, as the rapid initial wear of the enamel could expose the 

underlying softer dentin and result in subsequent increased rate of tooth 

destruction. Thus, greater resistance to wear was achieved by progressively 

deeper extensions of enamel between cusps and ridges. Moreover, the area 

between cusps became progressively complex, with many folds of enamel, 

resulting in a much more effective cutting surface [136].   
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Molecular mechanisms of hypselodont evolution 

Several studies have elucidated the regulatory mechanisms of molar 

crown and root development. Steele-Perkins [137] reported that mice lacking Nfic 

(nuclear factor I-C/CAAT box transcription factor) formed molar crowns and 

upper incisors but failed to form roots and root analogs, respectively. Further, a 

number of growth factors (i.e. BMP and EGF) and transcription factors (i.e. 

Runx2, Msx1 and 2) were shown to be associated with growth, differentiation, 

and mineralization of odontoblasts and cementoblasts [138].  

With the advancement of animal models, rodents became the obvious 

choice for investigation of development of hypselodont molars. Members of the 

hypselodont genus Microtus (voles) and brachydont genus Mus (mice) are 

phenotypically closely related, with very similar stages of molar development until 

about E18. Subsequently, the mouse molar root formation begins, whereas in 

vole the crown continues to elongate [5]. Thus, to understand the developmental 

origins of the hypselodont molar, several studies have investigated the 

developmental dynamic differences between vole and mouse after E18 (Figure 

4). Tummers and Thesleff [91] identified strong expression of Notch and Bmp 

signaling pathway members in the intercuspal cervical loops. Moreover, while 

mice exhibit continuous Fgf10 expression in mesenchyme surrounding the 

incisor cervical loop, Fgf10 signaling is absent subsequent to mouse crown 

development. Alternatively, vole hypselodont molars maintain Fgf10 signaling in 

the mesenchyme surrounding ICCLs [91]. Considering the importance of Fgf10 

signaling in the maintenance of the mouse incisor stem cells, several studies 
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attempted to test whether the presence of sustained mesenchymal Fgf10 

expression was sufficient to drive a vole-like molar phenotype in mice. 

Yokohama-Tamaki et al [139] injected cultured E17.5 mouse molars with Fgf10-

expressing plasmids, which resulted in longer developmental molar epithelium. 

The authors compared this elongated epithelium to that of ICCLs of voles. 

However, this study had many limitations, such as the difficulty of interpretation 

of the effects of culturing of molars vs natural development on morphological 

change. In addition, no molecular investigation (such as expression of stem cell 

markers) of the elongated dental epithelium was conducted. Nonetheless, the 

described studies have made a strong case of the importance of Fgf signaling on 

the evolution and development of molar stem cell niches and set the stage for 

further investigations. 

Both rodent hypselodont incisors and molars are intriguing models of 

epithelial and mesenchymal adult stem cell niches. Due to the large abundance 

of rodent fossils and wide use of mouse animal models, rodents set the perfect 

stage for investigations of evolutionary mechanisms that led to the emergence of 

the aforementioned stem cell niches, the genetic processes that allowed their 

evolution to occur, and the developmental origins of the cells destined to 

populate these niches. 
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Chapter II: Continuously Growing Rodent Molars Result from a Predictable 

Quantitative Evolutionary Change over 50 Million Years 

Introduction: 

The relationship between the environment and morphology is a classical 

question in evolutionary biology. Novel traits enable species to adapt to changes 

within their ecological niches [140,141], and this is particularly evident in the 

diverse forms of mammalian teeth. In addition to key innovations, which are 

thought to allow access to new adaptive zones, abiotic factors such as climate 

change and geological uplifts can play pivotal roles in adaptive radiations 

[142,143].  

Among mammals, rodents have radiated to become the most successful 

group, comprising ~40% of all extant mammal species [144]. The rodent adaptive 

radiation is thought to be facilitated by the evolution of specialized dentition, such 

as continuously growing incisors and elimination of canines, and has resulted in 

a wide range of ecological adaptations [145]. This dietary diversification of 

rodents is also apparent in the shapes and sizes of their cheek teeth (molars) 

[146].  

For herbivorous mammals, including rodents, molar teeth have evolved to 

have a highly complex occlusal structure specialized for shredding tough, fibrous 

food. These teeth function optimally when some of the enamel is worn away from 

the crests of the ridges to produce a doubled set of cutting blades [132]. 

However, the abrasive nature of an herbivorous diet means that the teeth tend to 

be worn away faster. As mammals, cannot continuously replace their teeth as 
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many other vertebrates do,, a problem arises with maintaining a dentition that 

lasts for a lifetime. The generalized mammalian molar phenotype, termed 

brachydont (low-crowned), is characterized by a crown that does not extend 

below the jawbone following eruption (Figure 5A). Herbivorous mammals with 

exceptionally abrasive diets (e.g., grazers) have teeth with longer crowns. On the 

initial eruption of the tooth, much or most of the crown is contained within the 

jawbones, and as the initial crown is worn away, the “reserve” crown takes its 

place [147]. Such teeth are termed hypsodont. In addition, teeth that are 

somewhat, but not highly, hypsodont are termed mesodont (Figure 5B,C). To 

further tackle the problem of increasing rate of tooth wear, lagomorphs (rabbits 

and hares) and some rodents have evolved continuously growing (“hypselodont”) 

molars, in which the roots never form, while larger hooved herbivores (ungulates) 

became progressively more hypsodont, but maintained rooted teeth of finite total 

length [132]. The hypselodont molars of many rodents exhibit the same general 

crown morphology of hypsodont molars (Figure 5D), and the phylogenies of the 

rodent lineages suggest that hypselodont taxa may have evolved from hypsodont 

ancestors. The rise of hypselodonty required the evolution of active stem cell 

niches, which are comprised of adult stem cells and surrounding supporting cells 

[91]. The stem cells reside at the base of the tooth in niches called cervical loops 

and continuously supply cells that produce the minerals that make up the tooth. 

Thus, hypselodonty allows the continual replenishment of worn tooth structures 

throughout the lifetime of the animal [91], whereas hypsodont teeth have a finite 

duration. Several genes important for stem cell-driven dental renewal in extant 
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mammals have been identified [90,105,110], and the fossil record has provided 

extensive information about the evolution of tooth height in large and small 

mammals [136,147,148]. However, to date no studies have addressed the 

evolution of hypselodonty in the fossil record as it relates to the evolution of stem 

cell niches. 

Utilizing paleontological data, I set out to determine to what extent the 

evolution of rodent molars, and more generally the evolution of a complex system 

such as an adult stem cell niche, could be explained by a simple process of 

change in tooth height. That is, I asked whether evolving continuously growing 

molars can be considered a quantitative evolutionary step or whether 

hypselodonty might be a more difficult step, perhaps requiring more time to 

appear in the fossil record. I utilized rodent fossil data found in localities across 

the entire North American continent from the New and Old World (NOW) 

database (http://helsinki.fi/science/now). Four classes of tooth crown height 

recorded in the database were assigned the values 1, 2, 3, and 4, respectively 

(Figure 5): brachydont (low), mesodont (medium high), hypsodont (high), and 

hypselodont (high with no root formation). These categories can be considered 

relatively robust [149,150], and crown/root proportions for extant brachydont, 

mesodont, and hypsodont taxa are <0.9, 0.9-1.5, and >1.5, respectively. Dental 

stem cell niches cannot be themselves identified in fossils; however, as all extant 

hypselodont mammals lack roots, such characteristics in fossils are the best way 

of inferring the hypselodont phenotype. 
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Materials and Methods: 

Computerized tomography of rodent molars 

Mandible specimens of Mus musculus, Microtus pinetorum, Microtus 

epiroticus, and Allactaga elater were obtained from the University of Central 

Oklahoma and the California Academy of Sciences. Mandibular first molar 

samples were scanned using a micro-focused X-ray tomographic system 

(MicroXCT-200, Xradia, Pleasanton, CA) at 55 kV and 144 eA. 500 projection 

images at an exposure time of 10 s with a linear magnification of 2X were taken. 

The final pixel size was 20 em. The volume was reconstructed using a back 

projection filtered algorithm (XRadia, Pleasanton, CA). Following reconstruction, 

teeth were manually segmented and rendered as 3D surfaces using MicroView 

(Version 5.2.2, GE Healthcare, Pittsburgh, PA). 

NOW database of North American rodent fossils 

3,550 fossils from the New and Old World (NOW) database 

(http://helsinki.fi/science/now/) were examined. These data are based on Janis et 

al. 1998 and Janis et al. 2008 and range from 50 Mya to 2 Mya. Occurrence 

location, age, molar phenotype (brachydont, mesodont, hypsodont, or 

hypselodont) and crown height were documented. The fossil data were identified 

up to the genus level. To control for sampling bias of having multiple samples of 

the same genus per time point, I removed duplicate occurrences (more than one 

unique genus per time point), unless more than one phenotype was shared 

within the same genus, at which point both would be kept. This resulted in 

resulting in 1169 rodent fossils (Table 1). Such sample control did not require 
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further correction for phenotype prevalence calculation or phyletic reconstruction 

[151], as calculations of rodent dental phenotype prevalence were based on the 

proportion of genera with different tooth phenotype in each time bin (see also 

discussion in Dunhill et al 2014 about the preservation quality of the fossil record) 

[152]. Tooth crown height was recorded in the database as brachydont (low), 

mesodont (medium high), hypsodont (high), and hypselodont (high with no root 

formation). Crown/root proportions for extant brachydont, mesodont, and 

hypsodont taxa are < 0.9, 0.9-1.5, and > 1.5, respectively. As time bins I used the 

North American Land Mammal Ages (NALMAs) based on Woodburne 2004 as 

used in the NOW database [153] and calculated the number of unique genus 

occurrences per bin and molar phenotype prevalence as a function of number of 

genera with each molar phenotype per bin over total number of genera in the bin 

(Table 2). All data were plotted in SigmaPlot. 

Molecular clock and phylogeny 

Complete cytochrome B (CytB), cytochrome oxidase I (COI), and ATPase 

I gene sequences data for 29 North American rodent species were obtained from 

Gen-Bank. Species were selected to include representatives of every North 

American genus with available genetic data. Sequences were analysed in 

BEAST 1.6.1 (Bayesian evolutionary analysis by sampling trees), which uses a 

Markov Chain Monte-Carlo (MCMC) algorithm to average over tree space and 

create posterior probability distribution for analysis parameters [154]. Set 

parameters were divergence time and time of most recent ancestor (TMRCA). 

The Relaxed Clock: Uncorrelated Log-normal clock model was chosen to 



	   	   	  32	  

account for lineage specific rate heterogeneity and Yule tree prior as a simple 

model of speciation [155]. The MCMC chain length was set to 10 million 

generations, with sampling done every 10,000th generation. Clock calibration was 

obtained by Mus-Rattus, Muridae-Sciuridae, and Rodentia-Leporidae 

divergences [156]. A Normal distribution prior was chosen for MRCA with 0.5 my 

standard deviation [157-159]. The output BEAST file was analysed in TRACER 

1.5 and maximum clade credibility trees were produced in TreeAnnotator 1.6.1.  

Markov model for the evolution of crown height 

To describe the evolution of molar crown height, I used a four state 

continuous Markov chain stochastic model similar to the M/M/1 queuing model 

(Figure 6). The four states were brachydont, mesodont, hypsodont, and 

hypselodont. When each state had a different probability to increase (i) and 

decrease (d), the Markov model had six-parameters (i1, i2, i3, d1, d2, and d3). 

When all increases were constant (i1 = i2 = i3), and all decreases were constant 

(d1 = d2 = d3), the Markov model reduces down to two-parameters (i and d). 

When constant increase equalled constant decrease (i1 = i2 = i3 = d1 = d2 = d3), 

the Markov model reduced down to a one-parameter model. 

The transition matrix (P) for the Markov model represents the probability of 

transitions from one state to another. For example, the probability of increasing 

from brachydont to mesodont from one time step to the next was PBrach,Meso = i1 

and the probability of staying in the brachydont state from one time step to the 

next was PBrach,Brach = 1 - i1. 
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The initial frequencies of the four states were given by 

, 

because the probability of being brachydont at the start of the model was 1. The 

probability of frequencies of the four states at the first generation (t = 1) was 

. 

The probability of frequencies of the four states at any time t was 

. 

I optimized the model parameters to obtain the best fit between the model 

and the observed frequencies of the four states in the fossil record by minimizing 

the sum of squares of the residuals for all time bins. I considered the fits of a six-

parameter model, a two-parameter model and a one-parameter model. Figure S3 

shows the two-parameter Markov model fitted to fossil data. I concluded that the 

six-parameter model was likely over-parameterized and I did not consider the 

one-parameter model to be realistic, as the reversals in fossil data are extremely 

rare. I used Nelder-Mead minimization algorithm to optimize parameters in the 

two-parameter and six-parameter model. I used Brent minimization algorithm for 

the one-parameter model.  

To assess the overall fit of the Markov model with optimized parameters to 

the observed data from the fossil record, I used computer simulation. The two-
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parameter model fit the data better than the one-parameter model and was as 

good a fit as the six-parameter model (Figure 7), so I continued the simulation 

with the two-parameter model. To simulate the evolution of molar crown height, I 

started with a pool of rodent taxa (N=100), where all taxa were in the brachydont 

state. The probability for any taxon to increase state was i and the probability for 

any taxon to decrease state was d. I used a random number generator to 

simulate the composition (frequency of crown type) of the rodent taxa on a 

geological time scale, ~49 million years. Computational times were prolonged for 

long time scales, so I set 1,000 generations to equal one model time step, 

assuming that one year equals one generation for rodent taxa. After repeating 

the simulation 1,000 times, I calculated the 99% confidence intervals based on 

the expected frequencies given the model for each modelled time step. All 

analyses were performed in the R Statistical Programing Language. 

 

Results: 

Fossil record and molecular clock analysis show morphological and 

taxonomic dynamics of North American Palaeogene and Neogene rodents 

Analysis of the prevalence of four different categories of molar height in 

3550 fossils from 50 mya to about 2 mya revealed that brachydont rodents 

dominated the North American rodent diversity from 50 mya until ~25 mya 

(Figure 8, and Table 1 and 2) and confirmed some of the findings that used 

earlier iterations of the rodent fossil datasets [160]. As the Mesodont as well as 

hypsodont forms emerged during the middle Eocene at ~42 mya, and during the 
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Oligocene, hypsodont forms represented more than 10% of the taxa (for details 

of emergence of different groups and their dynamics, see Janis et al. 2008 and 

Jardine et al. 2012). During the Miocene, the hypselodont groups emerged, and 

by the Pliocene, brachydont phenotypes represented less than 20% of all 

rodents, while tall-crowned (hypsodont and hypselodont forms) became 

dominant, representing together ~75% of all North American species (Figure 8A). 

While mesodont and hypsodont phenotypes emerged 48 and 42 mya, 

respectively, hypselodonty did not arise until the Miocene at ~18 mya. The 

hypselodont expansion appears to be trimodal, with radiations at ~14, 8, and 5 

mya. In general, the fossil record revealed a steady, progressive increase in the 

proportion of higher-crowned rodents, with punctuated changes and 

corresponding oscillations in species richness (Figure 8B and Table 2).  

At the first order level, the evolutionary trends towards taller crowns are 

similar to the general cooling trend during the Cenozoic (Figure 8C). This 

observation agrees with recent paleontological patterns in large mammals, in 

which hypsodonty was previously reported to be mainly driven by aridity or water-

stress [149,150] and not directly by temperature [161]. While comparisons of 

continental climate data utilizing deep ocean oxygen isotope measurements can 

be problematic in establishing causality [162], my results do not refute the 

potential role of global climatic oscillations in influencing rodent tooth morphology 

and species richness dynamics (Figure 8A,B, and C) (see e.g. discussion in 

Barnosky & Carrasco 2002).  

To explore how molar height changed in individual rodent groups, I 
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performed a molecular clock analysis to infer the divergence times of major 

extant rodent clades utilizing the complete Cytochrome B (CytB), Cytochrome 

Oxidase I (COI), and ATPase I gene sequences (Figure 8D). Twenty-nine species 

were chosen, representing all of the North American genera for which sequence 

data were available. The majority of extant clades originated during the 

Oligocene and Miocene. Moreover, the divergence times of the extant 

hypselodont clades, with end-member genera Geomys, Thomomys, Lemmus, 

and Microtus, coincided with the radiation of hypselodont fossil taxa (Figure 8). 

As the hypselodont genus Aplodontia and hypsodont genus Castor are the only 

extant representatives of their clades, with divergence times (from fossil record 

data) dating to the Eocene, I further examined the tooth morphology dynamics of 

the Aplodontidae and Castoridae. In both cases, long-crowned subclades did not 

originate until late Oligocene or early Miocene (Figure 9). I also examined the 

intra-family dynamics of Cricetdae, Dipododidae, Geomyidae, Heteromyidae, and 

Sciuridae, and found that each of those clades followed the trend towards higher 

crowns (Figure 9). These data are consistent with previously reported trends in 

biodiversity of North America during the Miocene [163,164] and indicate that 

multiple rodent groups acquired hypselodont molars independently. 

 

Mathematical modelling yields patterns similar to the fossil record and 

indicates no delay in the evolution of hypselodonty from hypsodonty 

Because the rodent pattern resembled a progressive brachydont-

mesodont-hypsodont-hypselodont turnover (Figure 8), I next developed a four 
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state continuous Markov chain stochastic model to examine whether any of the 

steps in tooth height evolution was delayed (Figure 6). The model is a stochastic 

process whose state space is the set where the values in each state at a given 

time correspond to the proportion of taxa that occur in that state. The transition 

matrix determines the probability of change in the proportion of taxa between 

states. I optimized the parameters for one-, two-, three- and six-parameter 

Markov models, and I used Akaike information criterion (AIC) to determine the 

best model fit to the fossil data (Figure 7 and Table 3) (see Materials and 

Methods for details). 

My analyses revealed that the two-parameter Markov model was the best 

fit for the observed data, which sets equal all increases (i1 = i2 = i3) and 

decreases (d1 = d2 = d3) between states (Figure 10A,B). The optimized increase 

parameter was larger than the optimized decrease parameter by an order of 

magnitude (i=0.03981 and d=0.0075). Variation in the residuals between the 

model and the observed data was small (<0.3) and approximately normally 

distributed (Figure 10C). While most of the observed data fit within the 99% 

confidence interval of the simulated data (Figure 11A), there were a few cases 

where the observed frequencies were outside that range. This occurred in 2 of 

the 31 time bins for the brachydont and mesodont states and in 5 of the 31 time 

bins for the hypsodont and hypselodont states. The largest discrepancy was due 

to hypsodont taxa exhibiting greater prevalence than expected during time bins 

of the Arikareean (Ar2-Ar4: 28.1-18.8 mya) and hypselodont taxa exhibiting less 
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prevalence than expected during the Clarendonian (Cl3: 10.1-9 mya) and 

Hemphillian (Hh2-Hh3: 7.6-5.9 mya) (Figure 11A and Table 4).  

To specifically test whether the evolution of hypselodonty was delayed, I 

set up a three-parameter Markov model, keeping constant the brachydont-

mesodont-hypsodont transition probability, but decreasing the probability of the 

hypsodont-hypselodont step. This resulted in AIC values higher than that of the 

two-parameter model (Table 3), suggesting that the evolution of hypselodonty 

was not delayed with respect to the evolution of other phenotypes. Taken 

together, the two-parameter Markov model indicates that constant transition 

probabilities account for most of the trend in the increase of molar crown height 

throughout the Cenozoic, including the evolution of hypselodonty.  

Finally, because a simple model accounts for the changes in tooth crown 

height for 50 million years, I explored future trends of molar height proportions by 

extending the number of generations in the Markov model to achieve a steady 

state of phenotype prevalence (Figure 11). The steady state occurred at around 

250 million years in the future, with a rodent taxa composition of 0.5% 

brachydont, 2.9% mesodont, 15.4% hypsodont, and 81.2% hypselodont. 

Moreover, extending the model (with all other settings being equal) only 25,000 

time steps results in a transient composition of 9.7%, 19.1%, 25.5% and 45.7%, 

respectively. The model thus indicates that, if the evolutionary pressures and 

competitive advantages remain the same, the trend of an increasing proportion of 

hypselodont taxa will continue and ultimately result in a hypselodont-dominated 

rodent community. Ecologically this scenario does not require grassland 
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dominated future ecosystems, as might be intuitively assumed. Rather, 

hypsodonty and hypselodonty allows the utilization of broad range of diets, as is 

the case in living voles [165,166]. 

 

Discussion: 

The fossil record and the mathematical model indicated that molar height 

dynamics were remarkably orderly for most of the Cenozoic. Environmental 

factors, such as large scale cooling [167] or aridification [168], and the uplift of 

the Rocky Mountain range [169], appear to have constantly favoured an increase 

in the proportion of taxa with higher molar crowns.  These environmental 

changes resulted in a shift in North American landscape towards open grassland 

communities. Furthermore, the expansion of hypsodont forms in the late 

Oligocene and early Miocene occurred during the appearance of saltatory 

rodents and coincided with the appearance of cursorial ungulates [136], 

locomotor types associated with more open habitats (typical of more arid 

environmental conditions). However, the steady constant change observed in 

both the fossil record and the model suggest that no specific environmental 

events are needed to explain the increase in crown height, but rather that rodents 

with taller teeth had small but constant favor, perhaps following from the Red 

Queen hypothesis, while shorter-crowned species and entire family clades fell 

out of favor and disappeared [170], due to increased range of abrasive dietary 

intake. Thus, the abiotic (aridification from climatic cooling and geological uplift 

resulting in more grass and grit) acted as an ecological driving pressure for 
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higher crowns, while the mechanism for achieving this phenotype was 

continuous, quantitative, and biotic. Those factors, however, are not the only 

possible catalysts for evolution of hypselodonty, as South American rodents 

appear to have evolved this trait under the pressure of increased dietary grit from 

volcanic ash [171]. 

Dietary habits of fossils are often interpreted through their craniofacial and 

dental features. Although mostly herbivorous, extant North American rodents’ diet 

often includes insects and small vertebrates. This dietary diversification appears 

to be a recent acquisition and of both opportunistic and adaptive nature. While 

both the hypsodont Myodes gapperi and brachydont Peromyscus attwateri are 

opportunistic omnivores, with up to 1/3 of their diet made up of insects, the 

hypsodont Onychomys leucogaster is an almost exclusive carnivore [166]. 

Regarding the latter case, while seemingly antagonistic, carnivory appearing in 

an animal with highly specialized herbivore dentition can be explained as 

requirement for proper water uptake, as the rodent lives in primarily desert-like 

environment and is unable to carry out efficient water regulation, unlike another 

desert dwelling hypsodont rodent Dipodomys marriami, which is an obligate 

herbivore [172,173]. Thus, Onychomys became an obligate carnivore after the 

evolution of hypsodonty. Conversely, Old World shrew-like rodents Rhynchomys 

and Chrotomys that have evolved carnivory during the Miocene exhibit significant 

dental reduction with complete loss of molars [174]. Thus, secondary acquisition 

of carnivory or granivory is possible in animals with high molar crowns, further 

supporting the hypothesis that hypsodonty/hypselodonty may be compatible with 
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a wide range of foraging behaviours. 

In the fossil data, hypselodonty shows a relatively steep rise in the late 

Miocene. While still largely within the model prediction that hypselodont rodents 

evolved from endemic hypsodont forms, one possible explanation for the 

relatively abrupt increase of hypselodont taxa in North America following the slow 

initial increase could be immigration. Whereas Microtus (Initial presence, I.P. 2.5 

Ma) is an immigrant from Asia to North America, and Hydrochoerus (I.P. 2.2 Ma) 

and Neochoerus (I.P. 5.4 Ma) are immigrants from South America, the fossil data 

contain hypselodont Cratogeomys (I.P. 3.7 Ma), Cupidinimus (I.P. 18 Ma), 

Dipodomys (I.P. 8.3 Ma), Eodipodomys (I.P. 10.5 Ma), Geomys (I.P. 13.7 Ma), 

Guildayomys (I.P. 2.20 Ma), Microdipodops (I.P. 3.7 Ma), Orthogeomys (I.P. 2.20 

Ma), Phelosaccomys (I.P. 12.5 Ma), and Thomomys (I.P. 11.1 Ma), which likely 

originated in North America. Therefore, as all of the mid-Miocene and late 

Miocene hypselodont taxa appear to have originated in North America, the 

increase is unlikely to have been the result of immigration. Thus, with migration 

not a significant factor, as all genera started out as brachydont, any change of 

the frequency of phenotypes would suggest evolution within those taxa. 

The evolution of hypsodonty has been extensively studied in ungulates 

[161,175,176]. An important constraining factor for the evolution of hypselodonty 

in ungulate molars is the presence of occlusal pockets of enamel, which are 

developmentally incompatible with continuous tooth growth [135]. With regard to 

temporal differences with rodent molar evolution, hypsodont ungulate taxa were 

unknown (or at a minimum exceedingly rare) before the late Eocene, and these 
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forms were relatively infrequent until the middle Miocene [134]. Interestingly, in 

both Eurasia [148] and North America [160], hypsodont ungulates did not 

dominate the ungulate communities until the late Miocene, the time when 

hypselodont rodents radiated.  

Comparative developmental biology studies between molars in mouse 

(brachydont) and vole (hypselodont) have shown that many genes important for 

development of incisor cervical loops, such as members of the Fgf, Notch, and 

Bmp pathways, are also expressed in adult molar stem cell niches [5,91,177]. 

The maintenance of expression of these genes results in delayed closure of root 

apex, a shorter root, and prolonged deposition of enamel by the embryonic 

dental epithelial stem cells, leading to progressively taller crowns [91,139,178]. 

This suggests that hypsodont phenotypes can act as reservoirs for evolution of 

hypselodont phenotypes. Indeed, experimental activation of Fgf10 in developing 

mouse molars after embryonic day 17 (E17) in vitro resulted in taller crowns 

[139]. These studies raise the possibility that the transition from hypsodont to 

hypselodont molars in rodents results from retaining signalling involved in stem-

cell regulation and perhaps incorporation of aspects of stem-cell regulation 

already in place in rodent incisors.  

The evolutionary analyses presented here indicate that increases in the 

proportion of high-crowned taxa, from brachydont to mesodont, then from 

mesodont to hypsodont, and finally from hypsodont to hypselodont, are largely 

quantitative changes (changes occurring on an quantifiable steady continuum). 

Thus, at least in the case of rodent teeth, the evolution of the stem cell niche 
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appears to have been a quantitative rather than a qualitative step. These results 

demonstrate that studies of the fossil record can provide insight into the evolution 

of stem cells. 
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Chapter III: Identification of FGF enhancers and their role in dental 

evolution 

 

Introduction: 

The origin of species by means of natural selection is dependent upon the 

intraspecific variation of traits, which are genetically encoded. These traits can 

present in the form of derived physical phenotypes that emerge through novel 

changes in the genome under selective pressures. An important adaptation to 

changing niches and expansion into new adaptive zones is the evolution of traits 

associated with foraging behavior [140]. The ability to consume a wider range of 

foods includes changes in both behavioral and physical phenotypes. Thus, 

investigation of the evolution of traits associated with foraging can provide much 

insight about the interplay between morphological variability and evolution. 

One example of such evolutionary processes is the emergence of 

variation in traits associated with mastication (chewing). Rodents occupy a 

diverse range of ecological niches, from cold and hot deserts to rainforests. This 

range is associated with varied food resources and diverse diets. One constant 

morpho-functional character of all rodents is to gnaw using their continuously 

growing incisors, but their postcanine dentition (i.e. premolars and molars) may 

show very different dental morphologies from one species to another. During 

their evolution, some rodent lineages modified their diet from omnivorous to more 

specialized diets, such as granivory or herbivory [179]. These specializations 

were made possible by modifications of the dental morphology. 
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In many rodent lineages, two general strategies, which aim at increasing 

the surface area of mastication and/or the longevity of the tooth function, are 

observed. First, the occlusal surface area for grinding and crushing food can be 

increased by adding additional cusps, which can afterwards become more 

effective at mastication by merging together into lophs [132]. Second, extending 

the duration of growth, leading to increased dental crown height, can increase 

the longevity of postcanine teeth (Figure 12). As previously mentioned, 

hypsodonty acts as a stepping stone for the evolution of crowns that continuously 

grow over the animal’s life without developing roots, referred to as hypselodonty 

[180]. In this chapter, I will use the term 'hypsodonty' sensu lato, including 

hypsodonty, in its definition. 

Most studies dealing with evolutionary developmental biology of the 

dentition in mammals have used the laboratory mouse (Mus musculus) as a 

model. The mouse has a postcanine dentition made only of brachydont molars, 

as the premolars were lost in the course of evolution (Jernvall and Jung, 2000). 

To address the question of molar growth duration, mouse molars are often 

compared to the continuously growing molars of the sibling vole (Microtus levis). 

Decreased Fgf3 dosage in mice and humans caused reductions in cusp number 

and changes in dental morphology that mimicked the ancestral conditions found 

in fossil murine rodents and early anthropoid primates, respectively (Charles et 

al., 2009). In contrast, gain of function of ectodysplasin (Eda) and its receptor 

(Edar) is thought to have modified the dental pattern with the development of 

new crests (Rodrigues et al., 2013). Further, Fgf10 expression ceased at E17 in 
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developing brachydont mouse molars but persisted in hypsodont vole molars 

(Tummers and Thesleff, 2003). Moreover, in vitro activation of Fgf10 in 

developing mouse molars resulted in higher cusps (Yokohama-Tamaki et al., 

2006). Thus, the elongation of the dental occlusal surface by the addition of 

neoformed cusps, as well as the extension of the growth duration of the crown, 

may have evolved through mechanisms that resulted in temporal changes in 

expression of genes involved in morphogenesis. Finally, Moustakas et al [181] 

determined that EK and papillary expression of Fgf10 in developing premolars 

and canines resulted in longer and more pointed teeth. 

As previously described, the FGF signaling pathway mediates epithelial-

mesenchymal interactions at several stages of tooth morphogenesis in mammals 

and other vertebrates [182,183]. In developing mouse molars, at least ten 

different FGF ligands (FGF3, 4, 8, 9, 10, 15, 16, 17, 18, and 20) are expressed in 

complex, overlapping patterns in the epithelium and/or mesenchyme 

[28,114,184,185]. Although variations in the coding sequences of genes can lead 

to changes in morphology, differences in non-coding DNA sequences, such as 

the enhancers that regulate gene expression, may also contribute to such 

variations by altering the spatial and temporal expression patterns [186,187]. To 

investigate the evolutionary role of FGF genes implicated in determination of 

tooth number and morphology, I compared the variation of the non-coding 

evolutionary conserved regions (ECRs) found within 0.5 megabases the five FGF 

genes that have been best studied in tooth development: Fgf3, 4, 8, 9, and 10. I 

then sequenced the identified ECRs in nine species of rodents representing 



	   	   	  47	  

different ecological niches and correlated ECR sequence diversity to the patterns 

of dental morphology variation. Finally, I determined to what extent the ECRs that 

correlated to variation of a certain dental character state could function as 

enhancers by identifying transcription factor binding sites (TFBSs) within the 

ECR sequences and utilizing luciferase assays and electrophoretic mobility shift 

assays (EMSAs). 

 

Materials and Methods: 

Examination of specimens: 

Museum specimen skulls were obtained from the California Academy of 

Sciences, University of Central Oklahoma Museum of Vertebrates, and the 

National Natural History Museum of Paris. Teeth were visualized using a Leica 

M205C dissection microscope. Dental rows of three species belonging to the 

superfamily Muroidea, Lemmus lemmus (Arviolinae), Ondatra zibethicus 

(Arviolinae), and Mus musculus (Murinae), were imaged by X-ray cone-beam 

microtomography using a Nanotom (GE) at an energy of 100keV to illustrate the 

morphological differences between brachydont and hypsodont molars. All 3D 

renderings were done using VGStudiomax 2.2 software. 

ECR identification and amplification: 

Genomic DNA from the nine species of examined rodents was extracted 

and purified via phenol/chloroform from muscle tissues obtained from the 

California Academy of Sciences and University of Central Oklahoma. I utilized 

five representatives for each species (n=5). Primers were designed based on 
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Mus-Xenopus sequence homology (Table 5). The ECRs were amplified for all 

nine species and one outgroup (Mephitis mephitis) via PCR by using standard 

procedures and were sequenced with ABI3130xl Genetic Analyzer. Sequence 

data were analyzed in Geneious 8.1. I calculated percent sequence divergence 

as average percentage of sequence variation among examined genetic variants 

[188] and built neighbor-joining trees for each ECR in Geneious 8.1 [189]. 

Comparative analysis of identified ECRs: 

Sequence divergence of each ECR, illustrated by neighbor-joining trees, 

was compared against the dental morphology diversity in all examined rodent 

species. Only interspecific monophyletic groups with 100% of the members 

exhibiting the same dental character phenotype were selected. 

Transcription factor binding site analysis: 

Sequences of Fgf9ECR1a, Fgf9ECR1b, Fgf10hypso+, and Fgf10hypso- 

were input into the rVista2.0 Mulan TFBS locator [190]. TRANSFAC V10.2 

library, containing 467 unique TBFS sequences was used. Matrix similarity was 

set to 0.95. Sequence similarity was confirmed in JASPAR [191,192]. 

Luciferase assay: 

Sequences of Fgf9ECR1a, Fgf9ECR1b, Fgf10hypso+, and Fgf10hypso- 

were inserted into the KpnI and HindIII sites in the pGL3-enhancer reporter 

vector (Promega). Mouse ameloblast-derived LS8 cells were cultured in DMEM 

with 10% FBS at 37°C and 5% CO2. Cells (~1x105) were plated in 35mm plates. 

Each transfection was standardized for 0.5 µg of expression vector, 1 µg 

luciferase reporter vector, and 1 µg pTK-Renilla vector. Fugene (3 µl) and 
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plasmids were mixed in 97 µl DMEM (Invitrogen). The mixture was incubated for 

20 min at room temperature and added to the cells. The cells were cultured for 

48 h, lysed and measured for luciferase activity by Dual-Glo Luciferase Assay 

System (Promega) standard protocol in a Glomax Luminometer (Promega). The 

Renilla luciferase vector was used for normalization. Assays were carried out to 

achieve n=3. Differences in luminescence level and standard deviation were 

calculated and significance was evaluated by student’s t-test [193]. 

Quantitative real-time PCR: 

Six lower molars were dissected from E15 wild-type (wt) mice and pooled. 

Cervical loops were dissected from postnatal day (P) 30 wt mice. LS8 cells were 

grown to confluence in three 35 mm plates (~3x106 cells), resuspended, and 

combined. Samples were placed into 350 µl RNeasy lysis buffer (Qiagen). 

Samples were DNase treated and standardized to 350 ng of DNA. Reverse 

transcription was carried out with Multireverse Transcriptase (New England 

Biolabs), and quantitative PCR was performed. Expression was normalized to 

L19 expression. All assays were performed at least three times. Standard 

deviation was calculated. See Table 5 for primer list. 

Electrophoretic mobility shift assay: 

EMSAs were carried out with recombinant proteins synthesized in 

Escherichia coli (E. coli). Control (labeled) and ECR (cold inhibitor) 

oligonucleotides were annealed in a thermocycler (Eppendorf) (see Table 5 for 

list of primers). Control oligonucleotides were labeled with [γ-32P]ATP utilizing T4 

polynucleotide kinase and purified. EMSA master mixes included 40,000 cpm 
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(~0.2 ng double stranded oligonucleotide probe) and 10 µg of nuclear protein in a 

final volume of 15 µl of 4% glycerol; 1 mM MgCl2; 0.5 mM DTT; 50 mM NaCl; 10 

mM Tris–HCl, and 1 µg of poly (dI-dC). The mixes were incubated for 20 min at 

room temperature, following 10 min incubation with addition of cold competitor 

ECR in molar excess and 20 min incubation with addition of the labeled probe. 

Finally, mixtures were incubated for 30 min in the presence of commercial 

antipeptide antibodies (Sigma and Abcam). The reaction mixtures were loaded 

onto 6% native polyacrylamide gels and electrophoresed at 250 V for 2-3 hours. 

The gels were then dried and subjected to autoradiography. 

 

Results: 

Comparative anatomy of rodent teeth: 

I began by examining the morphology of the molar teeth of rodents 

belonging to the following families: Heteromyidae, Dipodomys ordii 

(Dipodomyinae), Chaetodipus hispidis (Perognathinae); Dipodidae, 

Napaeozapus insignis (Zapodinae); Cricetidae, Microtus californicus 

(Arvicolinae), Neotoma micropus (Neotominae), Peromyscus maniculatus 

(Neotominae); and Muridae, Acomys cahirinus (Deomyinae), Lophuromys 

flavopunctatus (Deomyinae), Mus musculus (Murinae). Within this group, only 

the Heteromyidae and sometimes the Dipodidae have premolars associated with 

the molars [166]. All of the other species are Muroidea and only have molar and 

incisor teeth. These species were chosen to cover a wide range of dental 

phenotypes and geographical repartition (Figure 12 and 13) [166,194]. 
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Identification and characterization of FGF ECRs: 

Since the genomes for the majority of examined species have not been 

sequenced, I took a comparative approach to identify ECRs for Fgf3, 4, 8, 9, and 

10 for each species. First, I utilized the ECR Browser to identify ECRs among 

mouse (Mus), rat (Rattus), and frog (Xenopus) up to 0.5 megabases upstream 

and downstream of the promoter region for each gene [187,190]. I selected 

ECRs of >100 base pairs (bp) in length that exhibited at least 75% sequence 

homology between Mus and Xenopus and 90% sequence homology between 

Mus and Rattus. The rationale behind this approach was that if any particular 

ECR exhibited high conservation and apparent homology between Mus and 

Xenopus, it could have a functional role, such as serving as a regulatory element, 

and would also likely be conserved among all nine species of rodents used in this 

study. 

I focused on proximal-acting enhancers, limiting my search to 0.5 

megabases upstream and downstream of the promoter regions of Fgf3, 4, 8, 9, 

and 10. A total of seven ECRs were identified (Figure 14). Conserved regions 

exhibited at least 95% sequence homology between Mus and Rattus and at least 

75% sequence homology between Mus and Xenopus. The identified ECRs for 

Fgf3 and 4 exhibited 100% sequence homology among all 9 species, whereas 

ECRs for Fgf8, 9, and 10 exhibited 9.6-11.5% sequence variation among the 

examined species (Table 6). 
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Correlation of Fgf9ECR1 and Fgf10ECR3 sequence variation and dental 

phenotype variation: 

I next asked if the sequence variation of the identified ECRs corresponded 

to the patterns of dental character variation among the 9 species of rodents. I 

identified a significant correlation between the sequence variant diversity of 

Fgf10ECR3 and the brachydont/hypsodont molar diversity in all nine species. I 

established the correlations by constructing neighbor-joining trees to estimate 

relationship based on Fgf10ECR3 sequence variation and compared it among 

the species in respect to the molar height phenotype. I identified a group of 

closely related Fgf10ECR3 sequences found only in hypsodont species, while 

the rest of the sequences were associated with brachydont species (Figure 15 

A,C). I thus termed those sequences Fgf10ECR3hypso+ and Fgf10ECR3hypso-, 

respectively. I then compared the sequence diversity to previously reported 

phylogenetic studies of the examined rodent species (Figure 15 B) [195]. 

Congruence between the Fgf10ECR3 sequence neighbor-joining trees and 

published phylogenies for species I studied [195] supports the idea that 

emergence of hypsodonty was a very dynamic evolutionary process (Figure 15). 

In contrast, Fgf9ECR1 displayed a lack of correlation between sequence 

and dental morphological characteristics among the species examined (Figure 

16). Interestingly, two of the Muroidea species examined here, Microtus 

californicus and Neotoma micropus, share the same Fgf9ECR1b sequence 

associated with 'triangular' shape of the cusps, but they have distinct occlusal 

morphologies (Figure 16C). Therefore, I decided to compare one muroid with the 
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Fgf9ECR1a variant (Mus musculus) to one muroid with the Fgf9ECR1b variant 

(Neotoma micropus). No correlation was found for Fgf8ECR1, Fgf10ECR1, and 

Fgf10ECR2 (Figure 13 and Table 6), as no single dental characteristic matched 

any of the ECR sequence variants. 

ECR functional enhancer assays: 

Based on my observations that Fgf10ECR3 showed a correlation 

sequence variation and tooth morphology while Fgf9ECR1 did not show the 

same correlation, I decided to investigate whether either of these ECR 

sequences (Figure 17) might function as transcriptional enhancers. To test for 

possible transcriptional enhancer function of Fgf9ECR1 and Fgf10ECR3, I 

conducted luciferase assays in the ameloblast-derived LS8 cell line (Figure 18). 

The Mus and Microtus Fgf9ECR1 and Fgf10ECR3 were inserted upstream of the 

promoter sequence in luciferase-containing pGL3-enhancer vector plasmids, and 

luciferase activity was determined (Figure 18B). The plasmids with inserted Mus 

and Microtus Fgf9ECR1 and Fgf10ECR3 sequences were transfected into the 

cells, and following lysis, relative luminescence intensity (RLI) was calculated. 

While both sequence variants of Fgf9ECR1 and Fgf10ECR3 exhibited higher 

luminescence output than the control (empty vector), insertion of Fgf9ECR1a and 

Fgf10ECR3hypso+ resulted in significantly higher levels of luciferase expression 

than Fgf9ECR1b and Fgf10ECR3hypso- and thus exhibited stronger enhancer 

function (Figure 18B). 

Next, I examined the Fgf9ECR1 and Fgf10ECR3 sequences of Mus 

musculus (brachydont, rounded cusps) and Microtus californicus (hypsodont, 
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triangular cusps) for conserved, putative transcription factor binding sites. 

Interestingly, I discovered that the sequence variation between Fgf9ECR1 and 

Fgf10ECR3 variants resulted in additional potential binding sites for the 

transcription factors PAX4 and VDR in Fgf9ECR1a (Mus) sequence and BACH2, 

MSX1, PAX3, PAX8, and GATA8 in Fgf10ECR3hypso+ (Microtus) sequence 

(Fig. 17). To assess if the presence of those binding sites could be relevant for 

tooth development, I investigated the expression of the transcription factors in 

dental tissues and derived cell lines (Figure 18). Previous studies have revealed 

that many of the same signaling molecules expressed in the adult mouse incisor 

cervical loop and in vole molar intercuspal loops are extinguished by later stages 

of mouse molar development, I conducted rt-PCR in E15 developing mouse 

molar, adult incisor, and LS8 dental cell line. Bach2, Msx1, Pax3, Pax4, and 

Gata4 were expressed in both developing mouse molar and adult cervical loop, 

and most of the transcription factors were also expressed in the LS8 cell line 

(Figure 18A). 

Finally, because the sequence variation between the putative enhancers 

for Fgf9 and Fgf10 resulted in a gain of TFBSs for Fgf9ECR1a (absent in 

Fgf9ECR1b) and Fgf10ECR3hypso+ (absent in Fgf10ECR3hypso-), I selected 

three such TFs (GATA4, MSX1, and PAX4) to determine their capacity for 

preferential interaction with ECRs by conducting EMSA (Figure 18C). I incubated 

the peptides in the presence of Fgf9ECR1a, Fgf9ECR1b, Fgf10ECR3hypso+, 

and Fgf3ECR1hypso-. I observed binding of the 32P-labeled positive control 

probes to the transcription factors, resulting in a shift in the band position. 
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Furthermore, I introduced antibodies against the TFs and observed a super-shift, 

reflecting the probe/peptide/antibody complex. In all cases, introduction of the 

unlabeled Fgf9ECR1a and Fgf10ECR3hypso+ oligonucleotides resulted in a lack 

of bands, signifying competition of the ECRs with the probe, while introduction of 

the unlabeled Fgf9ECR1b and Fgf10ECR3hypso- did not result in competition. 

These results indicate that Fgf9ECR1a and Fgf10ECR3hypso+ are capable of 

outcompeting Fgf9ECR1b and Fgf10ECR3hypso- in binding of the TF and 

TF/antibody complexes. 

 

Discussion: 

Variation in enhancer sequences is a powerful mechanism for evolution of 

novel phenotypes, as small sequence changes can result in profoundly different 

patterns of gene expression [196,197]. Tooth development relies on complex 

interactions between several major signaling pathways that underlie the crosstalk 

between the epithelium and the underlying mesenchyme [198]. Thus, alterations 

in the expression level or pattern of a single molecule in these complex 

interactions could lead to phenotypic changes. 

Chromatin-based enhancer identification assays, such as p300 ChIP-seq 

experiments, present unbiased whole-genome data, but their use is largely 

limited to species with available genomes [199]. Here, I took a comparative 

approach to identification and characterization of novel putative enhancer regions 

for several FGF genes that have been previously reported to be involved in tooth 

development [28,106,133]. By loosening the parameters for inter-class (distal) 
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conservation (mouse-frog) to 75% but maintaining proximal inter-genus 

conservation (mouse-rat) at 95%, I sought to capture evolutionarily important 

ECRs with a potential for novel functions in rodents. This approach allowed me to 

identify such regions and to sequence them for all of the non-model rodent 

species in the study. Further, by comparing the ECR variation data to specific 

phenotypic variation data among the selected species, I was able to select 

candidates for functional investigation. 

The comparative approach pointed to three types of ECRs. First, I 

identified ECRs of Fgf3 and 4 as having no sequence variation (were fully 

conserved) among all examined rodent species. Such high levels of conservation 

suggest functional significance, although it is unknown in which organ and what 

stage of development such sequences would be important [200]. While such high 

conservation does not allow for comparative studies, these ECRs are good 

candidates for future investigation as regulatory elements. Second, I identified a 

number of ECRs for Fgf8 and 10 that exhibited variation among the examined 

species. However, intersection of the molecular and morphologic data did not 

identify a correlation with any specific dental phenotype. The third group of 

identified ECRs, Fgf9ECR1 and Fgf10ECR3, exhibited sequence variation that 

was correlated to the variation of cusp shape within Muroidea and hypsodonty, 

respectively. Such correlation led me to further pursue the functional 

characterization of two of these ECRs. I identified several putative transcription 

factor binding sites in the Fgf9ECR1a and Fgf10ECR3hypso+ sequences and 

determined that those variants are capable of promoting higher levels of gene 
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expression than their counterparts in a cell culture system. 

Comparative expression studies between mice and voles have shown 

similarities in gene expression patterns during early stages of tooth development 

[5]. However, many signaling molecules whose expression decreases at later 

stages of mouse molar development persist in vole molars [5]. For example, as 

previously mentioned, the expression of Fgf10 in vole molars persists after E17. 

Moreover, continuous expression of Fgf10 is required for continuous growth of 

the incisor. Prolonged expression of Fgf10 in the dental mesenchyme resulted in 

higher crowns [139]. Similarly, Fgf9 is expressed in the secondary enamel knots, 

which correspond to the sites of future cusps [28]. Thus, it may be that spatial 

and temporal variation of Fgf9 expression can result in cusp modification. A 

plausible evolutionary mechanism for changing the pattern of the expression of 

Fgf9 and 10 in developing molars may be through sequence alterations within 

evolutionarily conserved regions, resulting in spatial and temporal gain of 

enhancer function, such as the case of Fgf9ECR1a and Fgf10ECR3hypso+. 
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Chapter IV: Role of FGF signaling in rodent molar crown height 

 

Introduction: 

One of the best-studied models of evolutionary and developmental 

variation across species is the variation in rodent molar tooth crown morphology 

[125,131,178,201]. Today’s wide variation in the crown height of rodent molars is 

the result of a 50 million year evolutionary journey that began with all rodents 

exhibiting short crowns and long roots (see Chapter II). Over time, the molar 

crowns in many lineages underwent elongation, while the roots have generally 

receded, resulting in progressively larger crown-to-root ratios [160]. In extreme 

(hypselodont) cases, the roots fail to develop and the molars evolve continuous 

crown growth through the acquisition of adult epithelial stem cell niches called 

intercuspal cervical loops (ICLs) [5] (Figure 19 A-C). 

While much has been explored about the evolutionary mechanisms and 

trends of rodent hypselodonty evolution, the developmental mechanisms of 

increased molar height remain unclear. Nonetheless, a number of comparative 

studies between incisor and molar development and between brachydont and 

hypselodont molars established Fgf10 as a strong candidate for further 

exploration into its role in crown elongation [5,91,104,139]. As the mouse incisor 

can be considered a hypselodont tooth, due to its continuous eruption, the 

signaling differences and similarities have been elucidated between the molar 

and incisor in an attempt to identify differentially expressed molecules that may 

potentially result in molar hypselodonty [90]. Because the rodent incisor consists 
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of labial enamel-covered and lingual dentin-covered sides, the former can be 

referred to as a crown analog, while the latter – a root analog. In addition to 

dentin, the lingual side is characterized by the presence of cementum and PDL 

cells, further strengthening its resemblance to a root. Finally, in later stages of 

dental development, HERS is transiently visible only on the lingual side of the 

developing incisor [90]. Previous studies have determined that Fgf10 is 

expressed only in the mesenchyme surrounding the CL of the crown analog 

(labial CL), while being absent around both the lingual CL and entire molar crown 

[35,104,106,184]. Moreover, Yokohama-Tamaki et al [139] showed that while 

both the molar and incisor exhibit Fgf10 expression during development, the 

expression in the molar diminishes following the completion of crown 

development. Further, the gain of Fgf10 expression around the incisor lingual CL 

by knocking out of Fgf signaling antagonists Sproutys resulted in lingual enamel 

formation [109]. Conversely, arrest of Fgf10 signaling resulted in arrest of enamel 

production and collapse of the cervical loop [202]. 

The availability of hypselodont voles as model organisms over the past 

decade allowed for comparative developmental studies between brachydont and 

hypselodont molars. Tummers et al [91] determined that similar to the incisor, the 

hypselodont molars retain mesenchymal Fgf10 signaling following the completion 

of crown development, hypothesizing that this resulted in retention of epithelial 

stem cells and the continuous growth of the crown and lack of root formation. To 

test if prolonged expression of Fgf10 can result in longer crowns, Yokohama-

Tamaki et al [139] transfected mouse P1 molars with Fgf10-expressing plasmids 
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and cultured them for 5 days. In this experiment, the vector was transfected only 

into the proximal dental papilla, utilizing the distal aspect of the cultured molar as 

control. This resulted in elongation of the proximal epithelium, in comparison with 

control, suggesting that the presence of Fgf10 resulted in taller molar crown. 

However, the organ could not be cultured long enough for the crown to fully 

develop.  

Organ culture experiments may present several important challenges, 

which limit the conclusions that may be drawn from their results. First, the 

physical and chemical properties of the culture environment cannot fully replicate 

the native developmental environment of the organ. Second, the properties of the 

culture environment can themselves affect the developing organ and result in a 

phenotype. Third, cultured organs can only develop for a limited period of time, 

making it difficult to ascertain the effects of the experiment.  

Recent advancement in the field of transgenic animal models has allowed 

for in vivo approaches to the investigation of the role of Fgf10 expression in 

specific targeted mesenchymal cell lineages on molar crown length. In this study, 

I utilized both the brachydont mouse (Mus musculus) and hypselodont vole 

(Microtus californicus). I compared the mouse labial CL and vole ICL stem cell 

niches in an attempt to locate putative ICL stem cells. Further, by a targeted cell 

lineage approach, I was able to continuously conditionally express Fgf10 in the 

mesenchyme immediately surrounding the mouse molar proximal epithelium, 

which is homologous to ICL epithelium, in development and postnataly. Finally, I 

compared the Fgf10-expressing transgenic mouse molars to wildtype controls to 
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determine whether the targeted Fgf expression resulted in an observable molar 

phenotype. 

 

Materials and Methods: 

Mouse lines and drug administration: 

Wild-type voles and mice carrying Fgf10-CreERT2 [203], Fgf10-TET [204], 

R26-RFP [205], and LSL-R26-rtTA [206] alleles or transgenes were maintained 

and genotyped as previously published. BrdU was injected at 50 µg per gram of 

bodyweight of vole pups. Tamoxifen was injected into the peritoneum of Fgf10-

CreERT2;Fgf-TET;LSL-R26-rtTA and Fgf10-CreERT2;R26-RFP mice in the 

amount of 150 µL at 25mg/mL concentration for lineage tracing and Fgf10-

overexpression experiments. At least three mice and voles were examined for all 

experiments. 

Comparative Histology: 

 Adult wildtype mouse and vole mandibles were dissected from perfusion-

fixed animals, post-fixed in 4% PFA overnight at 4oC, and decalcified in 0.5 M 

EDTA for 14 days. Decalcified jaws were then processed for paraffin embedding 

and sectioned at 7 µm. Sections were stained with Hematoxylin and Eosin using 

standard methods. Brightfield images visualized utilizing a Leica DM 5000B 

microscope and captured with a Leica DFC 500 camera. 

Immunostaining: 

 Paraffin sections were rehydrated, incubated in 1mM EDTA just below 

boiling temperature for 9 minutes for antigen retrieval, washed with PBS for 20 
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minutes and with PBS-T for 10 minutes. Primary antibodies against Sox2 (1:750, 

Seven Hills), Fgfr2 (1:500 Abcam), and BrdU (1:500, Abcam) were used for 

overnight incubation at 4oC. Following washes in PBS-T (5x10 min) Alexa Fluor 

555 secondary antibody (1:1000, Invitrogen) was utilized. Sections were 

counterstained with DAPI (Vector Laboratories) and mounted in 1% DABCO in 

glycerol. Slides were observed utilizing a Leica DM 5000B camera and images 

taken on Leica DFC 500 camera. 

Quantitative real-time PCR: 

Six lower molars were dissected from P2 and P10 wt and Fgf10-

CreERT2;Fgf-TET;LSL-R26-rtTA mice and pooled. Samples were placed into 

350 µl RNeasy lysis buffer (Qiagen). Samples were DNase treated and 

standardized to 350 ng of DNA. Reverse transcription was carried out with 

Multireverse Transcriptase (New England Biolabs), and quantitative PCR was 

performed. Expression was normalized to GAPDH expression. All assays were 

performed at least three times. Standard deviation was calculated. 

3D Reconstruction of P2 and P10 molars: 

 P2 and P10 wildtype and Fgf10-CreERT2;Fgf-TET;LSL-R26-rtTA mouse 

mandibles were dissected, post-fixed in 4% PFA overnight at 4oC, and 

decalcified in 0.5 M EDTA for 14 days. Decalcified jaws were then processed for 

paraffin embedding and sectioned at 5 µm for P2 samples and 10 µm for P10 

samples. Sections were stained with Hematoxylin and Eosin using standard 

methods. Brightfield images visualized utilizing a Leica DM 5000B microscope 
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and captured with a Leica DFC 500 camera. Sequential images spanning entire 

first molars were taken. 

 Serial sections were aligned in Biological Visualization Software (BioVis) 

3D (BioVis3D, Montevideo, Uruguay). Developing molar epithelium of P2 

samples and enamel and dentin of P10 samples were manually outlined in each 

section and reconstructed in BioVis 3D with the following settings: Overlap: True; 

Smoothing: High. 

Statistical Analysis: 

P-values were obtained from Student’s t-tests with paired samples. P<0.05 

was determined to be significant for all experiments. Actual P values are shown 

in each figure or figure legend. 

 

Results: 

Vole intercuspal cervical loop exhibits properties similar to the mouse 

cervical loop 

One of the first steps towards identification of stem cells in mouse labial 

CLs was the localization of the slow-cycling cells in vitro and in vivo [90,97]. To 

identify putative stem cells in the vole ICLs, I took a similar approach by injecting 

BrdU into vole P2 pups and observing signal retention after seven weeks (Figure 

19D). I identified LRCs in the proximal ICL regions and surrounding 

mesenchyme, similar to the previously reported pattern in the mouse incisor CL 

(Figure 19E).  
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To further compare the physiology of the vole ICLs and mouse CLs, I 

attempted to identify the pattern of expression of Sox2 in developing and adult 

mouse and vole teeth. Vole and mouse P30 and embryonic (E14.5 and E18.5) 

incisors and molars were sectioned and immunostained (Figure 20). Sox2 was 

present in the proximal developing mouse molar during early stages of 

development (E14.5) but absent by E18.5 and was not detected in adult mouse 

molars. In contrast, Sox2 signal was retained in the proximal developing vole 

molar and both vole and mouse proximal incisor epithelia throughout the 

development and into adulthood.  

These results suggest that the both mouse CLs and vole ICLs exhibit 

similar developmental dynamics in respect to Sox2 expression and presence of 

slow-cycling LRCs. While hypselodont incisors and molars have evolved under 

different evolutionary pressures and are analogous in respect to their stem cell 

niches, these niches exhibit close similarity in their development and 

maintenance.  

Prolonged FGF10 signaling in developing mouse mesenchyme results in 

ectopic root enamel deposition and increased crown-to-root ratio 

Identification of signals regulating the activity of stem cells can shed light 

on the evolutionary requirements for the formation of new stem cell niches. One 

of the regulators of the mouse cervical loop is Fgf10. While the mesenchyme 

surrounding the CL continuously expresses Fgf10, its expression is ceased 

following the completion of the crown formation in molars [91,106]. Yokohama-

Tamaki et al [139] determined that prolonged presence of Fgf10 could result in 
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longer mouse crowns in vitro. To determine if prolonged expression of Fgf10 in 

vivo can result in a less brachydont (longer crown) mouse molar phenotype, I first 

determined the fate of Fgf10-expressing cell lineage in mice. I then conducted an 

in vivo transgenic activation of Fgf10 expression only in that cell lineage and 

examined the resulting mouse molars at P2 and P10. 

 To determine the fate of the lineage of developing molar mesenchymal 

cells expressing Fgf10, I activated the R26-RFP transgene in 

Fgf10CreERT2;R26-RFP mice at E15.5 and chased for 5 days. RFP-labeled 

cells were identified at the proximal end of the mouse P2 incisor mesenchyme, 

tightly surrounding the developing CL and corresponding to the location of adult 

incisor Fgf10 mesenchymal expression domain [106]. In addition, labeling was 

also observed in the layer of odontoblasts cells (Figure 21A). Labeled cells were 

identified throughout the developing molar mesenchyme, including the sites 

adjacent to proximal molar epithelium, suggesting an analogous pattern of 

proliferation of Fgf10-expressing cell lineage in molar and incisor (Figure 21B). 

Further, to determine whether activation of Fgf10 expression in the 

aforementioned cell lineage could result in Fgf10 signaling, I investigated the 

presence of Fgfr2 in the developing molar epithelium at P2 utilizing IHC. The 

receptor was located throughout the developing molar, with the strongest 

concentration in the proximal leading edges (Figure 21C).  

 To mimic the vole molar mesenchymal continuous expression of Fgf10, I 

utilized a triple-transgenic mouse experiment where Fgf10 was constitutively 

expressed only in the Fgf10-expressing cell lineage. To achieve this, I utilized 
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Fgf10CreERT2;Fgf10-TET;LSL-R26-rtTA mice. This triple transgenic model 

exhibits an inducible TET-ON system only in Fgf10 cell lineage, where the Fgf10-

TET transgene is turned ON by tetracycline-activated rtTA, whose LSL-R26-rtTA 

transgene expression is in turn activated in Fgf10-expessing cells by an inducible 

Cre recombinase via tamoxifen. The time-pregnant mice were first placed on 

doxycycline (a tetracycline analog) diet, to saturate their system with the rtTA 

activator. Further, mice were dosed with tamoxifen at E15.5, which resulted in 

continuous expression of LSL-Rosa-rtTA and thus Fgf10 in Fgf10-expressing cell 

lineages (see Figure 22A for schematic). Transgenic mice were then examined at 

P2 and P10. 

Histological comparison of the transgenic P2 molars to wildtype controls 

revealed an increase in epithelium height and overall volume (Figure 22 

B,C,D,E). In addition, the transgenic molars exhibited ventro-lateral epithelial 

protrusions at the sites of future cusps (Figure 22 F,G). Furthermore, while the wt 

mice exhibited little Sox2 expression, the transgenic molars retained a high level 

of Sox2 in the proximal epithelium, similar to the pattern of expression of Sox2 in 

developing vole molars (Figure 22 H,I).  

To confirm the increase of Fgf10 expression in transgenic molars, I 

performed qPCR for Fgf10, Fgfr2, and Sox2. Both P2 and P10 transgenic molars 

exhibited significantly higher levels of Sox2 and Fgf10 expression compared to 

wildtype controls (p<0.001). In addition, the level of Fgfr2 expression was 

significantly higher (p<0.001) in transgenic animals at P2 (Figure 23). 
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 Finally, to assess the effect of prolonged Fgf10 expression on change in 

crown-to-root ratio in mice, I reconstructed 3D images of P10 mandibular first 

molars of Fgf10CreERT2;Fgf10-TET;LSL-R26-rtTA mice from serial sections and 

compared them to controls. The transgenic mouse molars exhibited prominent 

proximal enamel extensions onto the root surface, thereby increasing the crown-

to-root ratio (Figure 24). This suggests that continuous Fgf10 signaling during 

mouse molar development can result in taller, more hypsodont-like phenotypes. 

 

Discussion: 

  The mouse incisor ameloblast proliferation is dependent on Fg10 

signaling from the mesenchyme and cessation of this signaling results in the 

collapse of the labial CL and arrest in enamel deposition [104,106]. Conversely, 

the spatial expansion and overexpression of Fgf10 by the way of knocking out of 

its repressor molecule – Sprouty – results in ectopic lingual enamel and 

enlargement of the lingual CL [109]. Thus, Fgf10 signaling is paramount to the 

maintenance of the incisor epithelial stem cell niches.  

To determine whether Fgf10 signaling plays a similar role in vole 

intercuspal cervical loops, it is necessary to first determine similarity between the 

vole ICLs and mouse CLs. The mouse labial CL stem cell niche is characterized 

by the expression of markers such as Sox2, Bmi1, and Gli1. While identification 

of the expression of Bmi1 and Gli1 in voles remains challenging due to the lack 

of cross-species compatible probes, I identified presence of Sox2 in vole 

intercuspal cervical loops, overlapping with the area of the LRCs and possible TA 
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cells. Thus, at least in respect to Sox2 expression and LRC location, both mouse 

CL and vole ICLs exhibit similarity. The prolonged expression of Fgf10 in 

developing transgenic mouse molars resulted in prolonged expression of Sox2 in 

the proximal epithelium. Thus, a plausible mechanism of increased length of the 

crown during development is through Fgf10-mediated prolonged retention of 

Sox2+ proximal epithelial cell population and delay of its breakdown into HERS 

and subsequent commencement of root development, as is the case in mouse 

incisor and vole molar CLs and ICLs [91,106].  

Contrary to a complete hypsodont phenotype, the retention of Fgf10 

signaling in the mouse yields only a mild phenotype of slight increase in crown 

length through ectopic enamel deposition and triangulation of the secondary 

enamel knots. The lack of a fully hypsodont phenotype may be attributed to 

several reasons. First, Fgf10 was activated only in the cell linage of Fgf10-

expressing cells. Thus, this may be an insufficient number of cells to carry out a 

signal strong enough to result in a complete phenotype. While both the incisor 

and molar exhibit approximately the same number of lineage-labeled cells, de 

novo expression of Fgf10 in other mesenchymal cells may be required. Second, 

while the importance of Fgf10 in CL maintenance has been established, it may 

be only one of many signaling molecules required to achieve hypsodonty and 

hypselodonty. Thus, activation of additional signals may be required to sustain 

and promote further crown elongation. Third, the increase in Fgf10 expression 

may have resulted in the upregulation of a negative feedback loop of Sprouty 

signaling.  
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Despite the mild increase in the crown length by prolonging Fgf10 

expression in a single cell linage, the phenotype observed in this transgenic 

lineage represents an important possible example of a mechanism of gradual 

evolutionary change. The change from brachydonty to hypsodonty in North 

American rodents required approximately ten million years and proceeded 

through many intermediate mesodont phenotypes. In this case of gradualism, 

each evolutionary step represented a slight change from the previous phenotype, 

as is the case in the phenotype of the Fgf10CreER;FgfTetON;Fgf10Rosa 

transgenic mice. Thus, the minor apposition of ectopic enamel due to prolonged 

Fgf10 signaling represented a more convincing example of an evolutionary 

mechanism than would transgenic “hopeful monster” with fully hypsodont molars.  

Genetic mechanisms of slight evolutionary changes often require changes 

in temporo-spatial patterns of gene expression, resulting in either prolongation or 

cessation of signaling [207]. Such changes in gene expression are controlled via 

the regulatory genome, consisting of enhancers, insulators, and silencers. While 

a few nucleotide changes in the coding genome may result in drastic changes 

(i.e. missense and nonsense mutations leading to non-functional or deleterious 

peptides), which have little chance of becoming fixed in a population, the same 

amount of variation in the non-coding genome may result in novel enhancers or 

simply change the efficiency of existing enhancers. The latter changes can in 

turn alter the patters of expression of normal signaling peptides and transcription 

factors, resulting in much milder changes in the overall species phenotype. 
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Overtime, under the right evolutionary pressures, such changes stand a much 

higher chance of becoming favored and fixed in a population.  

Over the past decade, a few studies have demonstrated phenotypic 

changes caused by variation in the regulatory genome. Maas and Fallon [208] 

reported a single base change in limb-specific enhancer of Shh gene, which 

resulted in preaxial polydactyly in mice. The change in enhancer sequence 

resulted in an ectopic spatial shift of Shh expression in the anterior limb bud. 

Furthermore, studies of targeted manipulation of the regulatory genome also 

resulted in changes in physical phenotypes. Cretekos et al [196] replaced a 

known limb-specific enhancer of the mouse Prx1 locus with the orthologous 

sequence from a bat. Prx1 expression directed by the bat enhancer resulted in 

elevated transcriptional levels in developing forelimb bones and, consequently, 

forelimbs that were significantly longer than wildtype controls. Finally, in the 

previous chapter focusing on the function of the FGF regulatory genome in dental 

morphology variation, I have described a newly identified putative enhancer of 

Fgf10, called Fgf10ECR3hypso+ present in several hypsodont rodent species but 

absent in brachydonts. Although an enhancer swaps between brachydont and 

hypsodont animals (similar to that by Cretekos et al.) has not been conducted, it 

is plausible that the presence of Fgf10ECR3hypso+ may result in longer Fgf10 

expression during molar tooth development, leading to taller crowns, and 

bringing brachydont animals one step closer to achieving hypsodonty. 
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Chapter V: Origin of dental stem cells 

Introduction: 

An organ’s stem cell niche is its foundation stone, dictating the health and 

longevity of that organ. The properties of stem cell niches determine the 

capability for regeneration, continuous growth, and replenishment of organs [209-

211]. Further, the disruption of stem cell niche homeostasis in development and 

adulthood can lead to devastating effects, including metabolic, neurologic, and 

oncologic pathologies [212,213]. Much emphasis has been placed on 

characterization of stem cell niches, including their development, physiology, and 

function. However, much remains to be understood about the embryonic and 

developmental origin of the adult stem cells and their niche. The knowledge of 

the developmental origin of stem cells may further the understanding of stem 

cell-associated pathologies and intersect them at earlier and more receptive 

stages.  

A bona fide multipotent stem cell must be able to give rise to all cell types 

within its tissue [56,214]. Such cell can be isolated and grown in vitro into an 

organoid exhibiting all hallmarks of the cell’s native tissue. Furthermore, one can 

capitalize on the unique gene expression profile of stem cells from different 

tissues in the effort to locate them. While no single universal stem cell marker 

exists, the expression of several genes, such as the leucine-rich repeat-

containing G-protein coupled receptor 5 (Lgr5) in intestinal epithelium and the 

transcription factor Sox2 in dental epithelium has been shown to be restricted to 

the stem cells of those tissues [50,103,215]. In both cases, Cre recombinase 
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enzyme-mediated lineage tracing was used to show that the cells expressing 

those markers could give rise to all of the cells of the host tissue over time. While 

much has been established about the physiology of the adult stem cell niches, 

the developmental origin of the cells that make up those niches remains mostly 

unexplored. 

One pathway to an adult stem cell niche may lie through a switch from a 

symmetric to asymmetric cell division during development. An example of such a 

switch during organ development is the formation of adult stem cells in 

mammalian skin [209,216,217]. In early embryonic development, skin progenitors 

make up a single layer of cells adherent to the underlying basement membrane. 

As the embryo size increases, these cells undergo symmetrical mitosis, giving 

rise to new undifferentiated progenitors, expanding horizontally and maintain a 

single cell layer. However, at later stages, the spindle orientation of these basal 

cells changes, resulting in an asymmetric division, which gives rise to a 

differentiating apically-placed daughter cell and an undifferentiated stem cell. The 

differentiating cell then continues to proliferate and differentiate in a vertical 

direction, away from the basal stem cell layer [209]. 

This plot can be further broken into two likely scenarios. In one, the 

expression of markers used in the characterization of adult stem cells is 

conserved and shared with the developmental stem cells. For example, Lrg6 

expression in the developing hair follicle is ubiquitous at early stages and 

becomes gradually restricted in sites of future adult niche [218]. Such expression 

pattern can be referred to as progressive restriction. In another scenario, the 
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developmental stem cells may express a different set of markers and only begin 

expression of the markers upon entering the adult niche. In the brain, like many 

other tissues, several stem cell markers have been identified, including Sox2 and 

nuclear receptor TLX [219,220]. While Sox2 expression pattern is similar to that 

of the hair follicle (increased restriction with advanced development), TLX is 

expressed very early in brain development later subsiding and increasing again 

only in adult niches of subventricular zones and hippocampal dentate gyrus 

[220].  

Another pathway to adulthood for stem cells may be through an early 

determination of cells destined to become members of the adult stem cell niche. 

While Sox2 expression in the developing mouse incisor epithelium is ubiquitous 

at very early stages, it becomes quickly restricted to the proximal-most area, 

termed the cervical loop. As the tooth continues to develop and elongate, the 

Sox2-expressing proximal incisor epithelium continues to invaginate further into 

the underlying mesenchyme until it matures into a cervical loop [103,221].  

Several strategies exist for determining the origin of adult stem cells. First, 

a thorough analysis of known stem cell marker expression during initiation, key 

developmental stages, and completion of development of an organ can shed light 

on whether the marker is expressed during development and later becomes 

restricted into the adult niche or rather becomes turned on only later in 

development. Once the pattern of expression is established, the cell dynamics 

can be observed via live imaging by fluorescent-tagging the products of the 

marker gene. Techniques associated with live imaging can shed light to such 
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questions, as whether an early localized population of Sox2+ cells in developing 

incisor actively migrates to the CL. To test if the embryonic stem cells exhibiting 

adult stem cell markers are capable and/or required for adult tissue proliferation 

and differentiation, lineage-tracing and ablation experiments using the Cre 

recombinase system together with an inducible marker, such as R26-RFP, or a 

toxin, such as R26-DTA can be used.  

In addition to the interrogation of cells expressing stem cell markers, 

identification of early odontogenic domains can shed light on the origin of these 

stem cells. One of the earliest markers of future dental epithelium is Fgf8, which 

is expressed in the sites of future thickening dental epithelium and is responsible 

for the recruitment of other odontogenic molecules [14]. Recently, population of 

cells transiently expressing Fgf8 in the proximal mouse mandible at E11.5 has 

been identified and its cell lineage shown to give rise to the entire epithelial 

portion of developing molars. This population of cells can be referred to as the 

Fgf8 Rosette population, due to the shape made up by the cells, as visualized via 

in vivo live imaging. While the role of those cells in incisor development has not 

been established, they may also be a potential evolutionary source of epithelial 

cells for more distal teeth, including canines and incisors. 

In this study, I set out to determine the origin of adult dental epithelial stem 

cells, utilizing the mouse CL niche as a model. To determine whether the 

development of cells expressing known dental stem cell markers fits the 

progressive restriction, early determination, or de novo expression models, I 

explored the expression patterns of Bmi1, Gli1, and Sox2 during incisor 
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development. Finally, I explored the role of the Fgf8-expressing proximal 

mandible cell population at E11.5 as a potential source of the incisor stem cells 

by investigating the presence of that cell lineage in the developing and adult 

incisor. 

 

Materials and Methods: 

Mouse lines and drug administration: 

Mice carrying Bmi1GFP [222], Gli1lacZ [223], Fgf8CreER, Bmi1CreER [224], 

Gli1CreERT2 [225], Sox2CreERT2 [101], R26-DTA [226], R26R [227], and R26-

RFP [205] alleles or transgenes as well as wildtype animals were maintained and 

genotyped as previously published. Tamoxifen was injected into the peritoneum 

mice in the amount of 150 µL at 25mg/mL concentration for lineage tracing. At 

least three mice were examined for all experiments. 

Histology  

Adult and embryonic mandibles were dissected from perfusion-fixed 

animals, post-fixed in 4% PFA overnight at 4oC, and decalcified in 0.5 M EDTA 

for 14 days. Decalcified jaws were then processed for paraffin embedding and 

sectioned at 7 µm. Sections were stained with Hematoxylin and Eosin using 

standard methods. Brightfield images visualized utilizing a Leica DM 5000B 

microscope and captured with a Leica DFC 500 camera. 

Immunostaining: 

Paraffin sections were rehydrated, incubated in 1mM EDTA just below boiling 

temperature for 9 minutes for antigen retrieval, washed with PBS for 20 minutes 
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and with PBS-T for 10 minutes. Primary antibodies against Sox2 (1:750, Seven 

Hills), RFP (1:500 Abcam), and GFP (1:500, Torrey Pines) were used for 

overnight incubation at 4oC. Following washes in PBS-T (5x10 min) Alexa Fluor 

555 secondary antibody (1:1000, Invitrogen) was utilized. Sections were 

counterstained with DAPI (Vector Laboratories) and mounted in 1% DABCO in 

glycerol. Slides were observed utilizing a Leica DM 5000B camera and images 

taken on Leica DFC 500 camera. 

X-Gal Staining: 

 Gli1lacZ/+ mouse jaws were dissected from freshly euthanized animals and 

fixed at 4°C in 100 mM phosphate buffer comprising 2% PFA, 5 mM EGTA, 0.2% 

glutaraldehyde and 2 mM MgCl2, the tissue was washed in 100 mM phosphate 

buffer with 0.01% Na-deoxycholate and 0.02% Nonidet-P40. Staining was 

performed at 37°C overnight with the solution used for the washing steps with 10 

mM K-ferrocyanide, 10 mM K-ferricyanide and 1 mg/ml X-Gal added. The 

specimens were washed, fixed in 4% PFA overnight, decalcified and further 

processed for paraffin sectioning. Sections were counterstained with Hematoxylin 

and mounted in Permount (Fisher Scientific). 

 

Results: 

The developing mouse incisor cervical loop is an example of both early 

determination and restriction model of adult stem cell origin 

 Several stem cell markers (Bmi1, Gli1, and Sox2) have been identified in 

the adult mouse incisor labial CL [97,102,103]. While cells expressing these 
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markers are able to give rise to all cell linages of the incisor, the markers 

themselves have different (although partially overlapping) domains of expression, 

with Bmi1+-positive cells being expressed only in the OEE and a portion of the 

SR, while Sox2+-positive cells are located throughout the CL and part of TA cell 

population [102,221]. Moreover, while Bmi1+ and Gli1+ cells give rise to both 

epithelial and mesenchymal tissues of the tooth, Sox2 marks epithelial cells 

exclusively. To determine the pattern of the incisor CL stem cell niche 

development, I examined the pattern of Bmi1, Gli1, and Sox2 expression at 

E12.5, E13.5, E14.5, and E18.5, utilizing Bmi1GFP/+ and Gli1lacZ/+ mice and IHC 

for Sox2 localization. 

 Both Bmi1 and Gli1 were expressed in the incisor epithelium throughout 

development (E12.5 – E18.5). While Gli1-expressing cells were identified in most 

of the developing incisor epithelium at E18.5, Bmi1 expression became 

progressively proximally limited to the labial CL by E18.5 (Figure 25A a-h). Thus, 

in respect to the expression pattern of Bmi1 and Gli1, the incisor stem cell niche 

development followed the progressive restriction model. Conversely, Sox2 

expression was strong throughout the oral epithelium, and the distal region of the 

developing incisor beginning at E12.5. However, by E13.5 the Sox2+ population 

became restricted to the proximal leading edge of the developing incisor and 

remained localized there throughout the rest of the development of the organ 

(Figure 25A i-l).  

To confirm that the early-restricted Sox2+ cells will eventually become the 

adult stem cells of the CL and give rise to all incisor epithelial cell lineages, I 
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lineage-traced the E13.5 Sox2+ population until E18.5, utilizing the 

Sox2CreERT2;R26-RFP mice. The induction of Cre recombinase expression in 

Sox2+ cells by tamoxifen in Sox2CreERT2;R26-RFP mice leads to expression of 

RFP in those cells and their progeny, thus permanently labeling the Sox2+ cell 

lineage. Juuri et al [103] determined that one month following induction was 

sufficient for labeling of the entire adult incisor. The chase from E13.5 to E18.5 

resulted in similar level of labeling of the incisor, with most cells marked with 

RFP. This suggests that the initial E13.5 proximal incisor Sox2+ cell population 

gives rise to the adult stem cell niche and subsequently the rest of the incisor 

(Figure 25B). These results suggest that, in respect to Sox2, the CL niche 

development follows the early restriction model.  

 

Proximal epithelial Fgf8-expressing population gives rise to adult incisor 

CL stem cell niche 

 Prochazka et al determined the proximal mandible population of cells 

expressing Fgf8 at E11.5 migrated distally and provided a lineage of cells that 

made up all of the molar bud epithelium. While supplying all of the cells for the 

molar tooth buds, only a few lineage-traced cells were identified in the developing 

proximal incisor at E13.5. Because of the striking early restriction of the Sox2+ CL 

stem cells, I set out to determine the origin of this cell population. As the 

restriction of the Sox2-expressing cells at E13.5 appeared to localize with the 

Fgf8+ lineage cells, I checked for this co-localization utilizing the Fgf8CreER;R26-

RFP mice. I activated the Cre recombinase at E10.75 and chased until E12.5 
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and E13.5. Subsequently, the co-localization was investigated by 

immunostaining against RFP and Sox2 in both incisor and molar. The entire 

proximal oral epithelium and incisor bud were positive for the presence of Sox2 

and RFP at E13.5, supporting previous findings by Prochazka at al (Figure 26B’). 

In addition, while the distal epithelium was mostly positive for Sox2 and negative 

for RFP, a few cells in the proximal incisor bud were positive for both at both 

E12.5 and E13.5 (Figure 26A,B). This suggests that all of the Sox2+ proximal 

incisor cells were of Fgf8 cell lineage.  

 Next, to determine whether the proximal Fgf8+ Rosette cell population 

gives rise to all adult incisor lineages cells, I traced the Rosette lineage from 

E10.75 to E18, P20, and P180 in Fgf8CreER;R26-RFP mice. By E18.5, most of 

the incisor epithelium was labeled with RFP, with only a few labeled cells in the 

OEE compartment of the CL (Figure 26C). In addition, I confirmed that the entire 

developing molar epithelium at E18.5 was also positive for RFP (Figure 26C’). 

The labeling remained through P20 and by P180 the entire incisor, including all 

CL compartments, was labeled with RFP (Figure 26D,E). This suggests that the 

origin of the incisor cervical loop cells is in the proximal mandible. 

   

Preliminary findings suggest that the Fgf8 Rosette population may only 

supply the Sox2+ cell population of the developing incisor 

 While the Fgf8+ cell lineage appears to supply only a few cells in early 

stages of incisor development that later go on to become the adult stem cells of 

the CL, I set out to determine the effect of ablation of this cell lineage on incisor 
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development. The expression of diphtheria toxin allele (R26-DTA) was activated 

in Fgf8+ cells at E10.75 in Fgf8CreER;R26-DTA pregnant mice. The embryos 

were subsequently collected at E12.5 and E13.5. While the dimensions of the 

incisor buds did not vary from the controls, the ablation of Fgf8+ cells resulted in 

a drastic reduction of Sox2 expression throughout the epithelium and complete 

absence of Sox2 in developing incisor epithelium (Figure 27). Thus, while 

preliminary, these results suggest that the initiation and early stages of 

development of the incisor do not depend on the Fgf8 cell lineage and Sox2 

expression. However, additional analysis is required to determine the effect of 

this cell population ablation on later stages of incisor development as well as 

adult CL stem cell dynamics. 

 

Discussion: 

 A stem cell population is characterized by examining the cells expressing 

a given stem cell marker or set of stem cell markers. While the previously 

described incisor CL stem cell markers provided much insight into the CL stem 

cell dynamics, their expression domains either extend beyond a single tissue 

type, (epithelial and mesenchymal expression of Bmi1 and Gli1) or beyond a 

single cell type within a single tissue type (putative stem cell compartment and 

TA cells expression of Sox2) [97,102,103]. Thus, identification of additional 

markers may allow us focus exclusively on the epithelial incisor stem cells. In 

addition, new markers can identify new subpopulations of stem cells that may be 

inactive at certain conditions and active under others. For example, in Bmi1 
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expression marks incisor stem cells that replenish ameloblasts under 

homeostatic conditions. However, in the small intestine epithelium, Bmi1-

expressing cells give rise to the entire crypt epithelium in the absence of 

homeostatic Lgr5-expressing stem cells and are thus thought of as reserve stem 

cells [228]. The identification of such new markers and subpopulations may allow 

for a revisit of the developmental dynamics of stem cell niche formation and 

origin of stem cells.  

While the preliminary results presented here shed light onto the origin of 

the incisor stem cells, additional experiments are required. First, the appearance 

of Fgf8+ cell lineage in the incisor after only one day is intriguing, as the cells 

have to travel almost the entire length of the developing mandible. While 

Prochazka et al reported no other Fgf8-expressing domains at E11.5, limiting the 

source of Fgf8+ cell lineages to the proximal mandible, live imaging of cell 

migration is required as definitive proof of the labeled cells’ origin. Second, the 

disappearance of Sox2 signal in Fgf8CreER;R26-DTA E12.5 and E13.5 incisors 

suggests that while the proximal Fgf8+ population is required for Sox2 

expression, it is not required for initiation or early stage development of incisors. 

Contrary, Prochazka et al reported lack of molar bud formation resulting from the 

ablation of the Fgf8 Rosette cells. This suggests that the continuation of incisor 

development without the Sox2 cells may result in an incisor with limited enamel 

regeneration and thus rooted sensu lato. To test this, additional experiments 

utilizing Fgf8CreER;R26-DTA mice chased until E18.5 are required. Third, as the 

Rosette population provides all developmental cells for molar development but 
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the stem cells for incisor development, early interrogation of those two lineages 

by determination of their clonal origin utilizing the R26-Confetti reporter allele 

may shed light on the mechanism of fate determination within the Fgf8+ lineage.  

Finally, the identification of a proximal mandible origin of teeth in rodents 

suggests an interesting, although highly speculative theory of the evolution of 

vertebrate dentition, stemming back to prehistoric fishes. Placodermates 

represent a clade of ancient fishes that populated the Earth’s oceans 430-360 

million years ago [229]. These fish were highly armored with large external 

scales, which also covered their jaws and acted as teeth in catching prey. This 

resulted in a lack of distal jaw teeth and limited the teeth to the posterior 

(proximal jaw) [229,230]. Recent studies suggest that placoderms were first to 

evolve modern (osteichthian) vertebrate jaws [10,231]. Thus, as the first true-

jawed vertebrate teeth originated proximally in the jaw. Although placoderms 

became extinct in the late Devonian, their lineages continued in forms of many 

bony fishes with significantly reduced external armor scales and increased oral 

teeth. Thus, it may be speculated that the subsequent anterior tooth placodes in 

these fish stemmed from the initial placoderm proximal cell population of 

posterior tooth placodes. 
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Chapter VI: Concluding Discussion 

 

Fifty million years ago, as the Earth entered the Eocene global cooling, the 

rodent population embarked on an evolutionary journey of a gradual increase in 

molar crown height and culminated in the emergence of novel adult stem cell 

niches of hypselodont molars [167,168]. In this body of work I described the 

collective effort of my colleagues and I to understand the evolutionary and 

developmental mechanisms that fueled this journey. We began by exploring the 

variation of phenotypes in North American fossil record spanning the entire 

Cenozoic Era. We then developed a mathematical Markov model that replicated 

the changes observed in the fossil record to establish the driving forces of those 

changes. Next, we explored the genetic and developmental mechanisms of 

achieving the changes in rodent molar height by interrogating the function of 

Fgf10 signaling in molar development and the patterns of Fgf10 regulatory 

genome variation among rodents. Finally, we sought the developmental origin of 

the adult stem cells utilizing the mouse incisor CL stem cell niche as a model. 

The results of our efforts presented important implications and limitations, some 

of which were discussed in the respective chapters. Here, I will discuss additional 

significance and briefly outline additional work required. 

While the Markov model was able to replicate the trends observed in the 

fossil record, it did so without the account for environmental changes. This 

suggests that despite the climatic and geologic oscillations that occurred through 

most of the Cenozoic, the evolution of rodent molars occurred independent of 
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abiotic factors, making a strong case for the validity of the Red Queen’s 

Hypothesis (RQH). The RQH states that a species has to constantly evolve in 

order to survive through a mode of evolutionary competition that is not fueled by 

environmental pressures, but rather by the inter- and intraspecies competition 

[170], as in the case of rodents many species co-existed in close proximity and 

utilized a common resource. While this mechanism appears intuitively correct in 

a constant environment, it was previously thought that changes in the 

environment are the stronger pressure.  In the case of rodent molar evolution, a 

more plausible hypothesis is that there was an initial environmental push, such 

as the global Neogene cooling that set the conditions that favored the retention of 

higher crowns in the population. However, this appeared to be an event-horizon 

like point of no return, as this trend continued despite all the variations of global 

cooling and warming that followed.  

The slight increase in crown height resulting from the prolonged 

mesenchymal Fgf10 expression in the transgenic mice coupled with the 

comparative genomics and functional interrogation of Fgf10ECR3 make a strong 

case for the role of Fgf10 signaling in hypsodont evolution. As both 

Fgf10ECR3hypso+ and Fgf10ECR3hypso- were shown to act as enhancers, with 

hypso+ exhibiting higher expression of luciferase. This significant, yet mild 

change in both the enhancer strength of Fgf10ECR3hypso+ and the mild change 

in crown height of transgenic mice are consistent with the fossil record and 

Markov model of gradual evolution of North American rodent hypsodonty. These 

results present a highly plausible scenario of stronger and more prolonged 
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expression of key signaling molecule genes by de novo mutations of the 

regulatory genome, which were favored by the Red Queen and fixed in the 

population. Moreover, the small requirements in sequence change for 

achievement of new TFBS’s make is easy for these genetic changes to 

independently occur many times in different clades [187,232]. Indeed, 

phylogenetic analysis of extant and extinct North American rodents revealed that 

hypsodonty and subsequent hypselodonty are convergent evolutionary 

adaptations, occurring independently in many lineages.  

Finally, I attempted to identify the developmental and evolutionary origin of 

the epithelial stem cells required for the supply of ameloblasts that continuously 

appose enamel of the hypselodont teeth. I explored the fate of a small population 

of epithelial cells transiently expressing Fgf8 in the proximal mandible. I 

confirmed previous findings by Prochazka et al that the Fgf8+ cell lineage gave 

rise to the entire molar bud. In addition, my preliminary findings suggest that the 

Fgf8+ cell lineage supplies exclusively the epithelial Sox2+ stem cells to the 

hypselodont incisors in mouse. This was suggested by an early lineage-tracing 

experiment depicting lineage-labeled Sox2+ cells in the otherwise unlabeled 

incisor bud at E13.5, coupled by a longer trace (to P180) revealing a fully 

lineage-labeled incisor. Nonetheless, much additional work is required to fully 

establish the role of the Fgf8 cell lineage, as well to determine the mechanism by 

which that cell lineage reaches the incisor development field in the distal 

mandible.  



	   	   	  86	  

First, to determine the cell dynamics of the Fgf8 lineage, I plan to conduct 

live imaging experiments in Fgf8CreER;mTmG mouse embryos. Second, while 

the preliminary results of the Fgf8 cell lineage ablation by DTA reveal significant 

reduction in Sox2 expression in the developing mandible and complete absence 

of Sox2 expression in the proximal developing incisor, further work needs to be 

done. I plan to examine the effect of this cell lineage ablation on the CL 

development and subsequent ability of the incisor to continuously grow by 

examining the E18.5 incisors. In addition, as the ablation of the Fgf8 cell lineage 

is lethal post-natally due to strong expression in the brain, the developing incisors 

may be further examined in a culture or kidney capsule settings. Finally, I plan to 

determine the mechanism of the migration of the Fgf8 cell lineage to the 

developing incisor by examining the roles of major signaling-center molecules, 

such as Shh. 

In conclusion, I determined that the rodent hypselodont molars and, by 

extension, the adult hypselodont stem cell niches evolved convergently under 

gradual quantitative abiotic pressures. Further I determined that one 

developmental avenue towards achieving a tall crown was through prolonged 

expression of Fgf10 in developing molar mesenchyme by elucidating the 

presence of ectopic enamel in transgenic mice. Next, I presented a genetic 

mechanism of evolving longer Fgf10 expression by revealing a hypsodont-

specific Fgf10 enhancer Fgf10ECR3hypso+. Finally, I have shown that the stem 

cells populating cervical loops, which are required for hypselodonty, originate in 



	   	   	  87	  

the proximal (posterior) mandible in a lineage of epithelial cells transiently 

expressing Fgf8 at E11.5.  

The rodent dentition is a fascinating nexus where paleontology, 

evolutionary and developmental biology, and genetics intersect and open doors 

to the evolutionary and environmental changes of the past and the 

developmental trends of the future. The wide palette of phenotypes observed 

throughout Rodentia presents and endless source of keys to those doors.  
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Figure 11: 
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Figure 12: 
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Figure 14: 

 



	   	   	  102	  

Figure 15: 
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Figure 16: 



	   	   	  104	  

Figure 17: 
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Figure 18: 
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Figure 19: 



	   	   	  107	  

Figure 20: 
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Figure 21: 
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Figure 22: 
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Figure 23: 
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Figure 24: 
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Figure 25: 
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Figure 26: 
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Figure 27: 
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Figure Legends: 

 

Figure 1. Cartoon depiction of a human lower molar tooth. The crown is the 

part of the tooth covered by enamel (En) and the root is the part of the tooth 

covered by cementum (C). Underlying both enamel and cementum is dentin 

(De). The tooth is attached to bone (B) via periodontal ligaments (Pl). The 

neurovascular bundle of the tooth is located in the pulp (P). The supporting bone 

is covered by the gingiva (G). 

 

Figure 2. Cartoon depiction of various stages of mouse molar (A) and 

incisor (B) tooth development and adult mouse mandible (C) in sagittal 

view. Tooth development begins with thickening and invagination of the oral 

epithelium into the underlying mesenchyme at ~E11. In the Bud stage (~E13), 

the mesenchyme condenses. At the Cap stage (~E14.5), the enamel knot, a 

central signaling center, appears. At the Bell stage (~E16), the secondary enamel 

knots form, corresponding to the future location of cusps. In addition, the 

extracellular matrices of enamel and dentin are excreted by the differentiating 

ameloblasts and odontoblasts, respectively. Tooth development is similar in 

incisor and molar with a few key differences being a 90° turn of the incisor Bell, 

as well as the presence of the vestibular lamina (VL), the labial and lingual 

cervical loops (laCL and liCL, respectively), and the absence of 2° enamel knots 

in the incisor. 
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Figure 3. Locations of adult dental stem cells in humans. Stem cells from (1) 

human exfoliated deciduous teeth (SHED); (2, 3) dental pulp stem cells (DPSCs) 

and dental pulp pluripotent stem cells (DPPSCs); (4) periodontal ligament stem 

cells (PDLSCs); (5) stem cells of apical papilla (SCAP); (6) dental follicle stem 

cells (DFSC). G gingiva, B alveolar bone. 

Figure 4. Brachydont and hypselodont molar development. While both 

brachydont and hypsodont molars follow the same trajectory during early stages 

of development, only hypselodont molars retain epithelial stem cells throughout 

the lifetime of the animal and are able to appose new enamel. 

 

Figure 5. Extant rodent molar crown phenotypes. (A) Brachydont phenotype 

is characterized by a crown/root proportion (crp) of 0.3-0.9. (B) Mesodont 

phenotype is characterized by crp of 0.9-1.5. (C) Hypsodont phenotype is 

characterized by crp of >1.5. (D) Hypselodont phenotype is characterized by 

continuous growth, as roots are replaced by active stem cell niches. Cr-crown; 

Rt-root; Cl-cervical loop. Scale line = 1mm. 

 

Figure 6. Markov model probability. The probability of being in state 

brachydont, mesodont, hypsodont, and hypselodont is PBrach, PMeso, PHypso, and 

PHypsel, respectively. The probability of transition from a lower molar crown height 

state to a higher molar crown height state is represented by i and the probability 

of transition from a higher molar crown height state to a lower molar crown height 

state is represented by d. 
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Figure 7. The observed (fossil record; broken lines) and expected (model; 

smooth lines) probabilities of the one, two, three, and six parameter 

changes through time. The x-axis shows the time bins based on NALMA. The 

blue represents the brachydont state, the red represents the hypsodont state, the 

green represents the hypsodont state and the purple represents the hypselodont 

state. 

 

Figure 8. Summary of molar phenotype and taxonomic dynamics of North 

American rodents and climate over the past 50 million years. (A) Molar 

phenotype prevalence of North American rodents. (B) Taxonomic richness as 

inferred by number of genera over time. (C) Global temperature changes as 

inferred by deep-sea benthic oxygen isotope curve. Temperature varied inversely 

with δ18O levels. 1. Paleocene-Eocene Thermal Maximum; 2. Eocene Climatic 

Optimum; 3. Oligocene Glaciation; 4. Late Oligocene Warming; 5. Miocene 

Glaciation; 6. Mid-Miocene Hyperthermal; 7. Northern Hemisphere Glaciation. 

Eo-Eocene; Oligo-Oligocene; Mio-Miocene; Plio-Pliocene. (D) Phylogeny and 

divergence times of extant North American rodent clades, depicting the 

convergent evolution of hypselodonty within Rodentia. 

 

Figure 9. Figure S1. Fossil record dynamic of molar phenotype changes at 

inter-Family levels. Fossil record revealed that the trends towards a taller crown 
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were preserved within each examined family. Clades did not evolve hypselodonty 

until the Pliocene. 

 

Figure 10. Observed data and two-parameter Markov model of rodent molar 

evolution. Comparison of molar phenotype prevalence of North American 

rodents as inferred by fossil data (A) to prevalence calculated by the two-

parameter Markov computer modeling (B). (C) Percentage difference between 

model and fossil data molar phenotype prevalence. 

 

Figure 11. Markov model simulation confidence interval overlay and future 

predictions. (A) Percent of the 100 simulated taxa that occur in each state. Blue 

represents brachydont (top), red represents mesodont (second), green 

represents hypsodont (third), and purple represents hypselodont (bottom). 

Shaded area represents the 99% Confidence Interval (CI) calculated from model 

simulation and dark solid lines are the observed frequencies from the fossil 

record converted to percent for comparison. The corresponding North American 

Land Mammal Ages (NALMA) are described in Table S4. (B) Expected 

frequency of states given the Markov two-parameter model. Model time is 

extended to show steady state near 299 million years of model time. The blue 

represents the brachydont state, the red represents the mesodont state, the 

green represents the hypsodont state, and the purple represents the hypselodont 

state. 
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Figure 12. Schematic representation of dental morphological characters. 

(A) 3D renderings obtained by X-ray microtomography illustrating three different 

levels of lower first molar crown height. From left to right: brachydont (Mus 

musculus), hypsodont (Ondatra zibethicus), and euhypsodont (Lemmus 

lemmus). (B) Cartoons of occlusal surface organization. From left to right: lower 

first molar occlusal surface of basal forms, murine rodents (B’ and B’’) (including 

Mus musculus), and arvicoline rodents (B’’’) (including Microtus californicus). 

Cusp naming abbreviations (in red): P, Protoconid: M, Metaconid; Me, 

Mesoconid; H, Hypoconid; E, Entoconid: Hy, Hypoconulid; A, Anteroconid; Av, 

Vestibular anteroconid; Al, Lingual anteroconid. 3D-renderings and cartoons not 

at scale to facilitate morphological comparisons. Whereas rounded cusps 

connected by lophs characterize the murine phenotype, triangular cusps along a 

main ridge characterize the arvicolin phenotype. 

 

Figure 13. Geographic range of the nine rodent species examined in the 

study, modified from Kays & Wilson (2009) and Wilson & Reeder (2005). (A) 

Napaeozapus insignis, (B) Peromyscus maniculatus, (C) Neotoma micropus, (D) 

Microtus californicus, (E) Lophuromys flavipunctatus, (F) Acomys cahirinus, (G) 

Mus musculus, (H) Dipodomys ordii, (I) Chaetodipus hispidus. 

 

Figure 14. Neighbor-joining tree based on ECR sequence diversity among 

all examined species. 
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Figure 15. Molecular phylogeny based on mitochondrial and Fgf10ECR3 

sequence and comparative anatomy based on molar crown/root ratio. (A) 

Neighbor-joining tree based on Fgf10ECR3 diversity depicts a single 

monophyletic clade (red branches) that contains all species with hypsodont 

molars. (B) Neighbor-joining tree modified from Fabre et al. 2012, depicting 

phylogenetic relationship based on mitochondrial DNA sequence among all 

examined species. (C) Buccal view of lower first molar, depicting brachydont and 

hypsodont phenotypes. a, Peromyscus maniculatus; b, Mus musculus; c, 

Lophuromys flavipunctatus; d, Acomys cahirinus; e, Napaeozapus insignis; f, 

Neotoma micropus; g, Microtus californicus; h, Chaetodipus hispidis; I, 

Dipodomys ordii. 

 

Figure 16. Molecular phylogeny based on mitochondrial and Fgf9ECR1 

sequence, and comparative anatomy based on lower first molar occlusal 

view. (A) Neighbor-joining tree based on Fgf9ECR1 sequence diversity depicts a 

single monophyletic clade (red branches). (B) Neighbor-joining tree modified 

from Fabre et al. 2012, depicting phylogenetic relationship based on 

mitochondrial DNA sequence among all examined species. (C) Occlusal view of 

lower first molar. Note triangular shape of the cusps in Microtus californicus and 

Neotoma microtus. a, Peromyscus maniculatus; b, Mus musculus; c, 

Lophuromys flavipunctatus; d, Acomys cahirinus; e, Napaeozapus insignis; f, 

Neotoma micropus; g, Microtus californicus; h, Chaetodipus hispidis; I, 
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Dipodomys ordii; j, graphical representation of a rounded-cusp phenotype; k, 

graphical representation of a triangular-cusp phenotype. 

 

Figure 17. Identification of Fgf9ECR1 and Fgf10ECR3 TFBS sequence 

variation. Both Fgf9ECR1 and Fgf10ECR3 are located within the first introns of 

their respective genes. Locations of TFBS are highlighted for both ECRs. 

 

Figure 18. Analysis of enhancer function of Fgf9ECR1 and Fgf10ECR3. (A) 

rtPCR expression data of transcription factors associated with the ECRs in LS8 

ameloblast cells, adult mouse incisor cervical loops (incisor), and E16.5 mouse 

molars. (B) Luciferase assay conducted in LS8 cells shows stronger enhancer 

function in Fgf9ECR1a and Fgf10ECR3hypso+ than Fgf9ECR1b and 

Fgf10ECR3hypso- (*p<0.001). (C) EMSA shows that Fgf9ECR1a competes with 

the control probe for interaction with PAX4, and Fgf10ECR3hypso+ competes 

with the control probe for interaction with MSX1, and GATA4, while Fgf9ECR1b 

and Fgf10ECR3hypso- do not. 

 

Figure 19. Identification of label-retaining cells in vole intercuspal cervical 

loops. (A) The hypselodont molar of Microtus californicus retains most of the 

crown within the bone (outlined) and continuously erupts as the enamel is worn 

down. The apposition of new enamel is made possible by the adult stem cell 

niche at the apical portion of the tooth (red falsecolor). (B) A cartoon 

representation of the vole hypselodont and molar stem cell niche. (C) Unlike the 
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incisor CL, the molar ICL is elongated and composed of tightly packed cells. (D) 

To determine the location of putative stem cells within the ICL, BrdU was injected 

into P2 pups and chased for 48 days.  

 

Figure 20. Sox2 expression in developing and adult mouse and vole incisor 

and molar.  

 

Figure 21. Identification of Fgf10 cell lineage in mouse incisor and molar. 

Descendants of mesenchymal Fgf10-expressing cells in E18.5 incisor (A) and 

molar (B) cluster around the proximal epithelium (outlined). (C) The presence of 

Fgfr2 receptor in E18.5 proximal molar epithelium (outlined) (C’) indicates the 

potential for Fgf10 signaling.  Red-RFP; Blue-DAPI; Green-Fgfr2. 

Figure 22. Induced prolonged Fgf10 expression in developing molar 

mesenchyme at P2. (A) Scheme of transgene activation the triple transgenic 

and subsequent analysis at P2 and P10. Histologic analysis and 3D 

reconstruction of serial histologic sections revealed that compared to the wildtype 

(B,D), the transgenic P2 molars (C,E) exhibited increased length of secondary 

enamel knots. 3D reconstruction also showed that the transgenic molar 

epithelium exhibited lateral extensions (F), compared to a relatively flat ventro-

lateral dimensions of the wildtype (G). The orientation is described in cube slice 

projections. Finally, the transgenic molars exhibited stronger Sox2 (green) 

expression in the proximal epithelium (I), compared to controls (H). All cell nuclei 

were stained with Dapi (Blue). 
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Figure 23. Quantitative PCR results of transgenic P2 and P10 molars. The 

qPCR data confirmed that transgenic samples (red) exhibited significantly higher 

levels of Fgf10 expression in P2 (A) and P10 (B) molars, compared to wildtype 

controls (blue). In addition, transgenic samples also exhibited significantly higher 

expression of Sox2 at both E18.5 and P10, and Fgfr2 at P2. (p<0.001). 

 

Figure 24. 3D reconstruction of P10 Fgf10CreERT2;Fgf10TET;LSL-R26-rtTA 

transgenic and wildtype molars. Transgenic molars (A) exhibited ectopic 

enamel projections at proximal and distal aspects of the molar, compared to a flat 

and clear cemento-enamel junction of wildtype controls (B). 

 

Figure 25. Pattern of Sox2, Bmi1, and Gli1 expression during mouse incisor 

development. (A) Sox2 is expressed at the distal aspect of incisor at E12.5 (a), 

localizes to the proximal epithelium by E13.5 (b), and remains there throughout 

development (c,d). Bmi1 and Gli1 exhibit a wider expression domain and are 

expressed throughout the incisor epithelium at E12.5-E18.5 (a’-d’; a’’-d’’). (B) 

Cells lineage-traced from the E13.5 Sox2+ population are able to give rise to all 

incisor cell lineages at E18.5. 

 

Figure 26. Mapping the fate of the Fgf8 Rosette cell lineage. Both E12.5 (A) 

and E13.5 (B) incisors exhibited overlap in RFP (red) and Sox2 (green) 

expression in the epithelial (outlined) proximal compartment (marked by arrow). 
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Complete overlap of RFP and Sox2 was also observed in the proximal oral 

epithelium and molar bud at E13.5 (B’). Tracing of the Fgf8+ cell lineage to E18.5 

(C), P20 (D), and P180 (E) revealed complete labeling of the incisor by RFP, 

including all CL compartments by P180 (E’). Full molar labeling at E18.5 was 

also confirmed (C’). All cell nuclei were stained with Dapi (Blue). 

 

Figure 27. Visualization of E12.5 (A) and E13.5 (B) incisor following the 

ablation of the Fgf8+ cell lineage at E11.5. While no observable change in the 

size of the developing incisor bud was observed, the ablation resulted in the lack 

of Sox2 (gree) expression in the proximal epithelium. All cell nuclei were stained 

with Dapi (Blue). 
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Tables: 

Table 1-1: 
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Table 1-2: 
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Table 2: 

 



	   	   	  128	  

Table 3: 
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Table 4: 
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Table 5: 
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Table 6: 



	   	   	  132	  

Table Legends: 

 

Table 1. Comprehensive list of examined rodent fossils. Hypsodonty (hyp) 

score was assigned as follows: 1-brachydont, 2-mesodont, 3-hypsodont, 4-

hypselodont. I.P. — initial presence; L.P. — last presence. 

 

Table 2. Total number of genera and tooth morphology phenotype 

prevalence per million year bin. 

 

Table 3. Model comparison for the AICc determined by the residual sum of 

squares (RSS) and the number of parameters (k). 

 

Table 4. NALMA and corresponding age ranges.  

 

Table 5: Coordinate location of identified ECRs, their type, and sequence 

divergence indices among the examined rodent species. 

 

Table 6: Sequence data for primers used in this study. 

 

 

 



	   	   	  133	  

References: 

 
1. Ten Cate AR, Mills C (1972) The development of the periodontium: the origin 

of alveolar bone. Anat Rec 173: 69-77. 
 
2. Nanci A, Ten Cate A (2002) Ten Cate’s oral histology: development, structure, 

and function: Elsevier. 
 
3. Line SR (2003) Variation of tooth number in mammalian dentition: connecting 

genetics, development, and evolution. Evol Dev 5: 295-304. 
 
4. Smith CE, Warshawsky H (1975) Cellular renewal in the enamel organ and the 

odontoblast layer of the rat incisor as followed by radioautography using 
3H-thymidine. Anat Rec 183: 523-561. 

 
5. Keranen SV, Aberg T, Kettunen P, Thesleff I, Jernvall J (1998) Association of 

developmental regulatory genes with the development of different molar 
tooth shapes in two species of rodents. Dev Genes Evol 208: 477-486. 

 
6. Ohazama A, Haworth KE, Ota MS, Khonsari RH, Sharpe PT (2010) Ectoderm, 

endoderm, and the evolution of heterodont dentitions. Genesis 48: 382-
389. 

 
7. Jheon A, Seidel K, Biehs B, Klein OD (2012) From molecules to mastication: 

the development and evolution of teeth. WIREs Dev Biol. 
 
8. Noden DM, Schneider RA (2006) Neural crest cells and the community of plan 

for craniofacial development: historical debates and current perspectives. 
Adv Exp Med Biol 589: 1-23. 

 
9. Chai Y, Jiang X, Ito Y, Bringas P, Jr., Han J, et al. (2000) Fate of the 

mammalian cranial neural crest during tooth and mandibular 
morphogenesis. Development 127: 1671-1679. 

 
10. Smith MM (2003) Vertebrate dentitions at the origin of jaws: when and how 

pattern evolved. Evol Dev 5: 394-413. 
 
11. Stock DW (2007) Zebrafish dentition in comparative context. J Exp Zool B 

Mol Dev Evol 308: 523-549. 
 
12. Thesleff I, Tummers M (2008) Tooth organogenesis and regeneration. 

StemBook. Cambridge (MA). 
 
13. Jernvall J, Kettunen P, Karavanova I, Martin LB, Thesleff I (1994) Evidence 

for the role of the enamel knot as a control center in mammalian tooth 



	   	   	  134	  

cusp formation: non-dividing cells express growth stimulating Fgf-4 gene. 
Int J Dev Biol 38: 463-469. 

 
14. Jernvall J, Thesleff I (2000) Reiterative signaling and patterning during 

mammalian tooth morphogenesis. Mech Dev 92: 19-29. 
 
15. Avery J (2002) Development of Teeth: Crown Formation. Thieme: Stuggart. 
 
16. Neubuser A, Peters H, Balling R, Martin GR (1997) Antagonistic interactions 

between FGF and BMP signaling pathways: a mechanism for positioning 
the sites of tooth formation. Cell 90: 247-255. 

 
17. Peters H, Balling R (1999) Teeth. Where and how to make them. Trends 

Genet 15: 59-65. 
 
18. St Amand TR, Zhang Y, Semina EV, Zhao X, Hu Y, 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. 

 
19. Sarkar L, Cobourne M, Naylor S, Smalley M, Dale T, et al. (2000) Wnt/Shh 

interactions regulate ectodermal boundary formation during mammalian 
tooth development. Proc Natl Acad Sci U S A 97: 4520-4524. 

 
20. Dassule HR, McMahon AP (1998) Analysis of epithelial-mesenchymal 

interactions in the initial morphogenesis of the mammalian tooth. Dev Biol 
202: 215-227. 

 
21. Tucker AS, Matthews KL, Sharpe PT (1998) Transformation of tooth type 

induced by inhibition of BMP signaling. Science 282: 1136-1138. 
 
22. Tissier-Seta JP, Mucchielli ML, Mark M, Mattei MG, Goridis C, et al. (1995) 

Barx1, a new mouse homeodomain transcription factor expressed in 
cranio-facial ectomesenchyme and the stomach. Mech Dev 51: 3-15. 

 
23. Mitsiadis TA, Angeli I, James C, Lendahl U, Sharpe PT (2003) Role of Islet1 

in the patterning of murine dentition. Development 130: 4451-4460. 
 
24. Vainio S, Karavanova I, Jowett A, Thesleff I (1993) Identification of BMP-4 as 

a signal mediating secondary induction between epithelial and 
mesenchymal tissues during early tooth development. Cell 75: 45-58. 

 
25. Heikinheimo M, Lawshe A, Shackleford GM, Wilson DB, MacArthur CA 

(1994) Fgf-8 expression in the post-gastrulation mouse suggests roles in 
the development of the face, limbs and central nervous system. Mech Dev 
48: 129-138. 

 



	   	   	  135	  

26. Bitgood MJ, McMahon AP (1995) Hedgehog and Bmp genes are 
coexpressed at many diverse sites of cell-cell interaction in the mouse 
embryo. Dev Biol 172: 126-138. 

 
27. Hardcastle Z, Mo R, Hui CC, Sharpe PT (1998) The Shh signalling pathway 

in tooth development: defects in Gli2 and Gli3 mutants. Development 125: 
2803-2811. 

 
28. Kettunen P, Thesleff I (1998) Expression and function of FGFs-4, -8, and -9 

suggest functional redundancy and repetitive use as epithelial signals 
during tooth morphogenesis. Dev Dyn 211: 256-268. 

 
29. Zhang Y, Zhao X, Hu Y, St Amand T, Zhang M, et al. (1999) Msx1 is required 

for the induction of Patched by Sonic hedgehog in the mammalian tooth 
germ. Dev Dyn 215: 45-53. 

 
30. Chen Y, Bei M, Woo I, Satokata I, Maas R (1996) Msx1 controls inductive 

signaling in mammalian tooth morphogenesis. Development 122: 3035-
3044. 

 
31. Kratochwil K, Dull M, Farinas I, Galceran J, Grosschedl R (1996) Lef1 

expression is activated by BMP-4 and regulates inductive tissue 
interactions in tooth and hair development. Genes Dev 10: 1382-1394. 

 
32. Bei M, Maas R (1998) FGFs and BMP4 induce both Msx1-independent and 

Msx1-dependent signaling pathways in early tooth development. 
Development 125: 4325-4333. 

 
33. Ferguson CA, Tucker AS, Christensen L, Lau AL, Matzuk MM, et al. (1998) 

Activin is an essential early mesenchymal signal in tooth development that 
is required for patterning of the murine dentition. Genes Dev 12: 2636-
2649. 

 
34. Sarkar L, Sharpe PT (1999) Expression of Wnt signalling pathway genes 

during tooth development. Mech Dev 85: 197-200. 
 
35. Kettunen P, Laurikkala J, Itaranta P, Vainio S, Itoh N, et al. (2000) 

Associations of FGF-3 and FGF-10 with signaling networks regulating 
tooth morphogenesis. Dev Dyn 219: 322-332. 

 
36. Jernvall J, Aberg T, Kettunen P, Keranen S, 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-
169. 



	   	   	  136	  

37. Vaahtokari A, Aberg T, Thesleff I (1996) Apoptosis in the developing tooth: 
association with an embryonic signaling center and suppression by EGF 
and FGF-4. Development 122: 121-129. 

 
38. Thesleff I, Keranen S, Jernvall J (2001) Enamel knots as signaling centers 

linking tooth morphogenesis and odontoblast differentiation. Adv Dent Res 
15: 14-18. 

 
39. Begue-Kirn C, Smith AJ, Loriot M, Kupferle C, Ruch JV, et al. (1994) 

Comparative analysis of TGF beta s, BMPs, IGF1, msxs, fibronectin, 
osteonectin and bone sialoprotein gene expression during normal and in 
vitro-induced odontoblast differentiation. Int J Dev Biol 38: 405-420. 

 
40. Martin A, Unda FJ, Begue-Kirn C, Ruch JV, Arechaga J (1998) Effects of 

aFGF, bFGF, TGFbeta1 and IGF-I on odontoblast differentiation in vitro. 
Eur J Oral Sci 106 Suppl 1: 117-121. 

 
41. Zeichner-David M, Diekwisch T, Fincham A, Lau E, MacDougall M, et al. 

(1995) Control of ameloblast differentiation. Int J Dev Biol 39: 69-92. 
 
42. Evans MJ, Kaufman MH (1981) Establishment in culture of pluripotential cells 

from mouse embryos. Nature 292: 154-156. 
 
43. Martin GR (1981) Isolation of a pluripotent cell line from early mouse 

embryos cultured in medium conditioned by teratocarcinoma stem cells. 
Proc Natl Acad Sci U S A 78: 7634-7638. 

 
44. Thomson JA, Itskovitz-Eldor J, Shapiro SS, Waknitz MA, Swiergiel JJ, et al. 

(1998) Embryonic stem cell lines derived from human blastocysts. Science 
282: 1145-1147. 

 
45. Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, et al. (2007) 

Induction of pluripotent stem cells from adult human fibroblasts by defined 
factors. Cell 131: 861-872. 

 
46. Takahashi K, Yamanaka S (2006) Induction of pluripotent stem cells from 

mouse embryonic and adult fibroblast cultures by defined factors. Cell 
126: 663-676. 

 
47. Stadtfeld M, Hochedlinger K (2010) Induced pluripotency: history, 

mechanisms, and applications. Genes Dev 24: 2239-2263. 
 
48. Nakagawa M, Koyanagi M, Tanabe K, Takahashi K, Ichisaka T, et al. (2008) 

Generation of induced pluripotent stem cells without Myc from mouse and 
human fibroblasts. Nat Biotechnol 26: 101-106. 

 



	   	   	  137	  

49. Yamanaka S (2007) Strategies and new developments in the generation of 
patient-specific pluripotent stem cells. Cell Stem Cell 1: 39-49. 

 
50. Simons BD, Clevers H (2011) Stem cell self-renewal in intestinal crypt. Exp 

Cell Res 317: 2719-2724. 
 
51. Fuchs E (2009) Finding one's niche in the skin. Cell Stem Cell 4: 499-502. 
 
52. Beck B, Blanpain C (2012) Mechanisms regulating epidermal stem cells. 

EMBO J 31: 2067-2075. 
 
53. van der Flier LG, Clevers H (2009) Stem cells, self-renewal, and 

differentiation in the intestinal epithelium. Annu Rev Physiol 71: 241-260. 
 
54. Osawa M, Hanada K, Hamada H, Nakauchi H (1996) Long-term 

lymphohematopoietic reconstitution by a single CD34-low/negative 
hematopoietic stem cell. Science 273: 242-245. 

 
55. Joyner AL, Zervas M (2006) Genetic inducible fate mapping in mouse: 

establishing genetic lineages and defining genetic neuroanatomy in the 
nervous system. Dev Dyn 235: 2376-2385. 

 
56. Hsu YC, Fuchs E (2012) A family business: stem cell progeny join the niche 

to regulate homeostasis. Nat Rev Mol Cell Biol 13: 103-114. 
 
57. Goodell MA, Brose K, Paradis G, Conner AS, Mulligan RC (1996) Isolation 

and functional properties of murine hematopoietic stem cells that are 
replicating in vivo. J Exp Med 183: 1797-1806. 

 
58. Iohara K, Zheng L, Ito M, Tomokiyo A, Matsushita K, et al. (2006) Side 

population cells isolated from porcine dental pulp tissue with self-renewal 
and multipotency for dentinogenesis, chondrogenesis, adipogenesis, and 
neurogenesis. Stem Cells 24: 2493-2503. 

 
59. Gronthos S, Mankani M, Brahim J, Robey PG, Shi S (2000) Postnatal human 

dental pulp stem cells (DPSCs) in vitro and in vivo. Proc Natl Acad Sci U S 
A 97: 13625-13630. 

 
60. Sekiya I, Larson BL, Smith JR, Pochampally R, Cui JG, et al. (2002) 

Expansion of human adult stem cells from bone marrow stroma: 
conditions that maximize the yields of early progenitors and evaluate their 
quality. Stem Cells 20: 530-541. 

 
61. Scholer HR, Ruppert S, Suzuki N, Chowdhury K, Gruss P (1990) New type of 

POU domain in germ line-specific protein Oct-4. Nature 344: 435-439. 



	   	   	  138	  

62. Okamoto K, Okazawa H, Okuda A, Sakai M, Muramatsu M, et al. (1990) A 
novel octamer binding transcription factor is differentially expressed in 
mouse embryonic cells. Cell 60: 461-472. 

 
63. Wang J, Rao S, Chu J, Shen X, Levasseur DN, et al. (2006) A protein 

interaction network for pluripotency of embryonic stem cells. Nature 444: 
364-368. 

 
64. Yeom YI, Fuhrmann G, Ovitt CE, Brehm A, Ohbo K, et al. (1996) Germline 

regulatory element of Oct-4 specific for the totipotent cycle of embryonal 
cells. Development 122: 881-894. 

 
65. Thomson M, Liu SJ, Zou LN, Smith Z, Meissner A, et al. (2011) Pluripotency 

factors in embryonic stem cells regulate differentiation into germ layers. 
Cell 145: 875-889. 

 
66. Mitsui K, Tokuzawa Y, Itoh H, Segawa K, Murakami M, et al. (2003) The 

homeoprotein Nanog is required for maintenance of pluripotency in mouse 
epiblast and ES cells. Cell 113: 631-642. 

 
67. Pan G, Thomson JA (2007) Nanog and transcriptional networks in embryonic 

stem cell pluripotency. Cell Res 17: 42-49. 
 
68. Michalczyk K, Ziman M (2005) Nestin structure and predicted function in 

cellular cytoskeletal organisation. Histol Histopathol 20: 665-671. 
 
69. Mendez-Ferrer S, Michurina TV, Ferraro F, Mazloom AR, Macarthur BD, et 

al. (2010) Mesenchymal and haematopoietic stem cells form a unique 
bone marrow niche. Nature 466: 829-834. 

 
70. Li L RL, Qi H, Li F (2008) Multipotential character of nestin-positive cells 

differentiated from adult mouse pancreatic islets. Cell Research 18: 156-
162. 

 
71. About I, Laurent-Maquin D, Lendahl U, Mitsiadis TA (2000) Nestin expression 

in embryonic and adult human teeth under normal and pathological 
conditions. Am J Pathol 157: 287-295. 

 
72. Kawashima N (2012) Characterisation of dental pulp stem cells: a new 

horizon for tissue regeneration? Arch Oral Biol 57: 1439-1458. 
 
73. Uccelli A, Moretta L, Pistoia V (2008) Mesenchymal stem cells in health and 

disease. Nat Rev Immunol 8: 726-736. 
 
74. Goodfellow PJ, Nevanlinna HA, Gorman P, Sheer D, Lam G, et al. (1989) 

Assignment of the gene encoding the beta-subunit of the human 



	   	   	  139	  

fibronectin receptor (beta-FNR) to chromosome 10p11.2. Ann Hum Genet 
53: 15-22. 

 
75. Ruoslahti E, Pierschbacher MD (1987) New perspectives in cell adhesion: 

RGD and integrins. Science 238: 491-497. 
 
76. Aruffo A, Stamenkovic I, Melnick M, Underhill CB, Seed B (1990) CD44 is the 

principal cell surface receptor for hyaluronate. Cell 61: 1303-1313. 
 
77. Airas L, Hellman J, Salmi M, Bono P, Puurunen T, et al. (1995) CD73 is 

involved in lymphocyte binding to the endothelium: characterization of 
lymphocyte-vascular adhesion protein 2 identifies it as CD73. J Exp Med 
182: 1603-1608. 

 
78. Rege TA, Hagood JS (2006) Thy-1 as a regulator of cell-cell and cell-matrix 

interactions in axon regeneration, apoptosis, adhesion, migration, cancer, 
and fibrosis. FASEB J 20: 1045-1054. 

 
79. Rius C, Smith JD, Almendro N, Langa C, Botella LM, et al. (1998) Cloning of 

the promoter region of human endoglin, the target gene for hereditary 
hemorrhagic telangiectasia type 1. Blood 92: 4677-4690. 

 
80. Alongi DJ, Yamaza T, Song Y, Fouad AF, Romberg EE, et al. (2010) 

Stem/progenitor cells from inflamed human dental pulp retain tissue 
regeneration potential. Regen Med 5: 617-631. 

 
81. Guezguez B, Vigneron P, Lamerant N, Kieda C, Jaffredo T, et al. (2007) Dual 

role of melanoma cell adhesion molecule (MCAM)/CD146 in lymphocyte 
endothelium interaction: MCAM/CD146 promotes rolling via microvilli 
induction in lymphocyte and is an endothelial adhesion receptor. J 
Immunol 179: 6673-6685. 

 
82. Janebodin K, Horst OV, Ieronimakis N, Balasundaram G, Reesukumal K, et 

al. (2011) Isolation and characterization of neural crest-derived stem cells 
from dental pulp of neonatal mice. PLoS One 6: e27526. 

 
83. Huang GT, Gronthos S, Shi S (2009) Mesenchymal stem cells derived from 

dental tissues vs. those from other sources: their biology and role in 
regenerative medicine. J Dent Res 88: 792-806. 

 
84. Atari M, Barajas M, Hernandez-Alfaro F, Gil C, Fabregat M, et al. (2011) 

Isolation of pluripotent stem cells from human third molar dental pulp. 
Histol Histopathol 26: 1057-1070. 

 



	   	   	  140	  

85. Atari M, Gil-Recio C, Fabregat M, Garcia-Fernandez D, Barajas M, et al. 
(2012) Dental pulp of the third molar: a new source of pluripotent-like stem 
cells. J Cell Sci 125: 3343-3356. 

 
86. Miura M, Gronthos S, Zhao M, Lu B, Fisher LW, et al. (2003) SHED: stem 

cells from human exfoliated deciduous teeth. Proc Natl Acad Sci U S A 
100: 5807-5812. 

 
87. Gay IC, Chen S, MacDougall M (2007) Isolation and characterization of 

multipotent human periodontal ligament stem cells. Orthod Craniofac Res 
10: 149-160. 

 
88. Sonoyama W, Liu Y, Yamaza T, Tuan RS, Wang S, et al. (2008) 

Characterization of the apical papilla and its residing stem cells from 
human immature permanent teeth: a pilot study. J Endod 34: 166-171. 

 
89. Yao S, Pan F, Prpic V, Wise GE (2008) Differentiation of stem cells in the 

dental follicle. J Dent Res 87: 767-771. 
 
90. Harada H, Kettunen P, Jung HS, Mustonen T, Wang YA, et al. (1999) 

Localization of putative stem cells in dental epithelium and their 
association with Notch and FGF signaling. J Cell Biol 147: 105-120. 

 
91. Tummers M, Thesleff I (2003) Root or crown: a developmental choice 

orchestrated by the differential regulation of the epithelial stem cell niche 
in the tooth of two rodent species. Development 130: 1049-1057. 

 
92. Tummers M, Thesleff I (2008) Observations on continuously growing roots of 

the sloth and the K14-Eda transgenic mice indicate that epithelial stem 
cells can give rise to both the ameloblast and root epithelium cell lineage 
creating distinct tooth patterns. Evol Dev 10: 187-195. 

 
93. Cope E (1988) The mechanical causes of the origin of the dentition of the 

rodentia. American Naturalist: 3–23. 
 
94. Addison A (1915) The structure and growth of the incisor teeth of the albino 

rat. Journal of Morphology 26: 43–96. 
 
95. Warshawsky H, Smith CE (1974) Morphological classification of rat incisor 

ameloblasts. Anat Rec 179: 423-446. 
 
96. Samperiz MM, Blumen G, Merzel J (1985) Effect of vinblastine on the cell 

cycle and migration of ameloblasts of mouse incisors as shown by 
autoradiography using 3H-thymidine. Cell Tissue Kinet 18: 493-503. 



	   	   	  141	  

97. Seidel K, Ahn CP, Lyons D, Nee A, Ting K, et al. (2010) Hedgehog signaling 
regulates the generation of ameloblast progenitors in the continuously 
growing mouse incisor. Development 137: 3753-3761. 

 
98. Li CY, Cha W, Luder HU, Charles RP, McMahon M, et al. (2012) E-cadherin 

regulates the behavior and fate of epithelial stem cells and their progeny in 
the mouse incisor. Dev Biol 366: 357-366. 

 
99. Molofsky AV, Pardal R, Iwashita T, Park IK, Clarke MF, et al. (2003) Bmi-1 

dependence distinguishes neural stem cell self-renewal from progenitor 
proliferation. Nature 425: 962-967. 

 
100. Park IK, Qian D, Kiel M, Becker MW, Pihalja M, et al. (2003) Bmi-1 is 

required for maintenance of adult self-renewing haematopoietic stem cells. 
Nature 423: 302-305. 

 
101. Arnold K, Sarkar A, Yram MA, Polo JM, Bronson R, et al. (2011) Sox2(+) 

adult stem and progenitor cells are important for tissue regeneration and 
survival of mice. Cell Stem Cell 9: 317-329. 

 
102. Biehs B, Hu JK, Strauli NB, Sangiorgi E, Jung H, et al. (2013) BMI1 

represses Ink4a/Arf and Hox genes to regulate stem cells in the rodent 
incisor. Nat Cell Biol 15: 846-852. 

 
103. Juuri E, Saito K, Ahtiainen L, Seidel K, Tummers M, et al. (2012) Sox2+ 

stem cells contribute to all epithelial lineages of the tooth via Sfrp5+ 
progenitors. Dev Cell 23: 317-328. 

 
104. Harada H, Toyono T, Toyoshima K, Yamasaki M, Itoh N, et al. (2002) 

FGF10 maintains stem cell compartment in developing mouse incisors. 
Development 129: 1533-1541. 

 
105. Wang XP, Suomalainen M, Felszeghy S, Zelarayan LC, Alonso MT, et al. 

(2007) An integrated gene regulatory network controls stem cell 
proliferation in teeth. PLoS Biol 5: e159. 

 
106. Harada H, Toyono T, Toyoshima K, Ohuchi H (2002) FGF10 maintains stem 

cell population during mouse incisor development. Connect Tissue Res 
43: 201-204. 

 
107. De Moerlooze L, Spencer-Dene B, Revest JM, Hajihosseini M, Rosewell I, 

et al. (2000) An important role for the IIIb isoform of fibroblast growth 
factor receptor 2 (FGFR2) in mesenchymal-epithelial signalling during 
mouse organogenesis. Development 127: 483-492. 

 



	   	   	  142	  

108. Lin Y, Cheng YS, Qin C, Lin C, D'Souza R, et al. (2009) FGFR2 in the 
dental epithelium is essential for development and maintenance of the 
maxillary cervical loop, a stem cell niche in mouse incisors. Dev Dyn 238: 
324-330. 

 
109. Klein OD, Minowada G, Peterkova R, Kangas A, Yu BD, et al. (2006) 

Sprouty genes control diastema tooth development via bidirectional 
antagonism of epithelial-mesenchymal FGF signaling. Dev Cell 11: 181-
190. 

 
110. Klein OD, Lyons DB, Balooch G, Marshall GW, Basson MA, et al. (2008) An 

FGF signaling loop sustains the generation of differentiated progeny from 
stem cells in mouse incisors. Development 135: 377-385. 

 
111. Müller KJ, Nogami Y (1971) Über den Feinbau der Conodonten. Memoirs of 

the Faculty of Science, Kyoto University, Series of Geology and 
Mineralogy 38: 1–87. 

 
112. Butler PM (1967) Dental merism and tooth development. J Dent Res 46: 

845-850. 
 
113. Osborn JW (1973) The evolution of dentitions. The study of evolution 

suggests how the development of mammalian dentitions may be 
controlled. Am Sci 61: 548-559. 

 
114. Jernvall J, Keranen SV, Thesleff I (2000) Evolutionary modification of 

development in mammalian teeth: quantifying gene expression patterns 
and topography. Proc Natl Acad Sci U S A 97: 14444-14448. 

 
115. Ruch JV (1990) Patterned distribution of differentiating dental cells: facts 

and hypotheses. J Biol Buccale 18: 91-98. 
 
116. Osborn JW (1974) On the control of tooth replacement in reptiles and its 

relationship to growth. J Theor Biol 46: 509-527. 
 
117. Thesleff I (2006) The genetic basis of tooth development and dental defects. 

Am J Med Genet A 140: 2530-2535. 
 
118. Reif W (1982) Evolution of dermal skeleton and dentition in vertebrates: the 

odontode-regulation theory. Evolutionary Biology 15: 287-368. 
 
119. Modesto SP, Smith RM, Campione NE, Reisz RR (2011) The last 

"pelycosaur": a varanopid synapsid from the Pristerognathus Assemblage 
Zone, Middle Permian of South Africa. Naturwissenschaften 98: 1027-
1034. 



	   	   	  143	  

120. Donoghue PC (2001) Microstructural variation in conodont enamel is a 
functional adaptation. Proc Biol Sci 268: 1691-1698. 

 
121. Donoghue PC, Forey PL, Aldridge RJ (2000) Conodont affinity and chordate 

phylogeny. Biol Rev Camb Philos Soc 75: 191-251. 
 
122. Brink KS, Reisz RR (2014) Hidden dental diversity in the oldest terrestrial 

apex predator Dimetrodon. Nat Commun 5: 3269. 
 
123. K'Uhne WG (1973) The evolution of a synorgan. Nineteen stages 

concerning teeth and dentition from the pelycosaur to the mammalian 
condition. Bull Group Int Rech Sci Stomatol 16: 293-325. 

124. Kemp TS (2006) The origin and early radiation of the therapsid mammal-like 
reptiles: a palaeobiological hypothesis. J Evol Biol 19: 1231-1247. 

 
125. Cisneros JC, Abdala F, Rubidge BS, Dentzien-Dias PC, Bueno Ade O 

(2011) Dental occlusion in a 260-million-year-old therapsid with saber 
canines from the Permian of Brazil. Science 331: 1603-1605. 

 
126. Ji Q, Luo ZX, Ji SA (1999) A Chinese triconodont mammal and mosaic 

evolution of the mammalian skeleton. Nature 398: 326-330. 
 
127. Jacobs LL, Congleton JD, Brunet M, Dejax J, Flynn LJ, et al. (1988) 

Mammal teeth from the Cretaceous of Africa. Nature 336: 158-160. 
 
128. Crompton AW, Hiiemae K (1969) Functional occlusion in tribosphenic 

molars. Nature 222: 678-679. 
 
129. Vandebroek G (1967) Origin of the cusps and crests of the tribosphenic 

molar. J Dent Res 46: 796-804. 
 
130. Luo ZX, Cifelli RL, Kielan-Jaworowska Z (2001) Dual origin of tribosphenic 

mammals. Nature 409: 53-57. 
 
131. Kermack KA (1967) Molar evolution in mesozoic mammals. J Dent Res 46: 

792-795. 
 
132. Janis C, Fortelius M (1988) On the means whereby mammals achieve 

increased functional durability of their dentitions, with special reference to 
limiting factors. Biol Rev Camb Philos Soc 63: 197-230. 

 
133. Charles C, Lazzari V, Tafforeau P, Schimmang T, Tekin M, et al. (2009) 

Modulation of Fgf3 dosage in mouse and men mirrors evolution of 
mammalian dentition. Proc Natl Acad Sci U S A 106: 22364-22368. 

 



	   	   	  144	  

134. Janis C (2000) Patterns in the evolution of herbivory in large terrestrial 
mammals: the Paleogene of North America. In Origin and Evolution of 
Herbivory in Terrestrial Vertebrates; H.Sues, Labanderia C, editors. 
Cambridge, UK: Cambridge University Press. 

 
135. Janis CM, Fortelius M (1988) On the means whereby mammals achieve 

increased functional durability of their dentitions, with special reference to 
limiting factors. Biol Rev Camb Philos Soc 63: 197-230. 

 
136. Janis C, Damuth J, Theodor J (2002) The origins and evolution of the North 

American grassland biome: the story from the hoofed mammals. 
Palaeogeography, Palaeoclimatology, Palaeoecology 117: 183-198. 

 
137. Steele-Perkins G, Butz KG, Lyons GE, Zeichner-David M, Kim HJ, et al. 

(2003) Essential role for NFI-C/CTF transcription-replication factor in tooth 
root development. Mol Cell Biol 23: 1075-1084. 

 
138. Yamashiro T, Tummers M, Thesleff I (2003) Expression of bone 

morphogenetic proteins and Msx genes during root formation. J Dent Res 
82: 172-176. 

 
139. Yokohama-Tamaki T, Ohshima H, Fujiwara N, Takada Y, Ichimori Y, et al. 

(2006) Cessation of Fgf10 signaling, resulting in a defective dental 
epithelial stem cell compartment, leads to the transition from crown to root 
formation. Development 133: 1359-1366. 

 
140. Heard S, Hauser D (1995) Key evolutionary innovations and their ecological 

mechanisms. Historical Biology 10: 151-173. 
 
141. Vermeij GJ (2006) Historical contingency and the purported uniqueness of 

evolutionary innovations. Proc Natl Acad Sci U S A 103: 1804-1809. 
 
142. Hunter JP (1998) Key innovations and the ecology of macroevolution. 

Trends Ecol Evol 13: 31-36. 
 
143. Ree RH (2005) Detecting the historical signature of key innovations using 

stochastic models of character evolution and cladogenesis. Evolution 59: 
257-265. 

 
144. O'Leary MA, Bloch JI, Flynn JJ, Gaudin TJ, Giallombardo A, et al. (2013) 

The placental mammal ancestor and the post-K-Pg radiation of placentals. 
Science 339: 662-667. 

 
145. Samuels JX, Van Valkenburgh B (2008) Skeletal indicators of locomotor 

adaptations in living and extinct rodents. J Morphol 269: 1387-1411. 



	   	   	  145	  

146. Evans AR, Wilson GP, Fortelius M, Jernvall J (2007) High-level similarity of 
dentitions in carnivorans and rodents. Nature 445: 78-81. 

 
147. Damuth J, Janis CM (2011) On the relationship between hypsodonty and 

feeding ecology in ungulate mammals, and its utility in palaeoecology. Biol 
Rev Camb Philos Soc 86: 733-758. 

 
148. Jernvall J, Fortelius M (2002) Common mammals drive the evolutionary 

increase of hypsodonty in the Neogene. Nature 417: 538-540. 
 
149. Eronen J, Puolamaki K, Liu L, Lintulaakso K, J. D, et al. (2010) Precipitation 

and large herbivorous mammals, part I: Estimates from present-day 
communities. Evolutionary Ecology Research 12: 217-233. 

 
150. Eronen J, Puolamaki K, Liu L, Lintulaakso K, J. D, et al. (2010) Precipitation 

and large herbivorous mammals , part II: Application to fossil data. 
Evolutionary Ecology Research 12: 235-248. 

 
151. Rosenberg MS, Kumar S (2001) Incomplete taxon sampling is not a 

problem for phylogenetic inference. Proc Natl Acad Sci U S A 98: 10751-
10756. 

 
152. Dunhill AM, Hannisdal B, Benton MJ (2014) Disentangling rock record bias 

and common-cause from redundancy in the British fossil record. Nat 
Commun 5: 4818. 

 
153. Woodburne MO (2004) Late Cretaceous and Cenozoic mammals of North 

America: Biostratigraphy and geochronology:. New York: Columbia 
University Press  

 
154. Drummond AJ, Rambaut A (2007) BEAST: Bayesian evolutionary analysis 

by sampling trees. BMC Evol Biol 7: 214. 
 
155. Ronquist F, Klopfstein S, Vilhelmsen L, Schulmeister S, Murray DL, et al. 

(2012) A total-evidence approach to dating with fossils, applied to the 
early radiation of the hymenoptera. Syst Biol 61: 973-999. 

 
156. Benton MJ, Donoghue PCJ, Asher RJ (2009) Calibrating and constraining 

molecular clocks. In: Hedges S, Kumar S, editors. The Timetree of Life: 
Oxford University Press. pp. 35-86. 

 
157. Ho SY, Phillips MJ (2009) Accounting for calibration uncertainty in 

phylogenetic estimation of evolutionary divergence times. Syst Biol 58: 
367-380. 

 



	   	   	  146	  

158. Huchon D, Madsen O, Sibbald MJ, Ament K, Stanhope MJ, et al. (2002) 
Rodent phylogeny and a timescale for the evolution of Glires: evidence 
from an extensive taxon sampling using three nuclear genes. Mol Biol 
Evol 19: 1053-1065. 

 
159. Yang Z, Rannala B (2006) Bayesian estimation of species divergence times 

under a molecular clock using multiple fossil calibrations with soft bounds. 
Mol Biol Evol 23: 212-226. 

 
160. Jardine P, Janis C, Sahney S, Bentoc M (2012) Grit not grass: Concordant 

patterns of early origin of hypsodonty in Great Plains ungulates and glires. 
. Palaeogeography, Palaeoclimatology, Palaeoecology 366: 1-10. 

 
161. Fortelius M, Eronen J, Jernval J, Liu L, Pushkina D, et al. (2002) Fossil 

Mammals Resolve Regional Patterns of Eurasian Climate Change During 
20 Million Years. Evolutionary Ecology Research 4: 1005-1016. 

 
162. Barnosky AD, Carrasco MA (2002) Effects of Oligo-Miocene global climate 

changes on mammalian species richness in the northwestern quarter of 
the USA. Evolutionary Ecology Research 4: 811-841. 

 
163. Badgley C (2010) Tectonics, topography, and mammalian diversity. 

Ecogeography 33: 220-231. 
 
164. Finarelli JA, Badgley C (2010) Diversity dynamics of Miocene mammals in 

relation to the history of tectonism and climate. Proc Biol Sci 277: 2721-
2726. 

 
165. Zimmerman EG (1965) A comparison of habitat and food of two species of 

Microtus. Journal of Mammalogy 46: 605-612. 
 
166. Kays R, Wilson D (2009) Mammals of North America: Princeton Press. 
 
167. Zachos J, Pagani M, Sloan L, Thomas E, Billups K (2001) Trends, rhythms, 

and aberrations in global climate 65 Ma to present. Science 292: 686-693. 
 
168. Eronen JT, Fortelius M, Micheels A, Portmann FT, Puolamäki K, et al. 

(2012) Neogene Aridification of the Northern Hemisphere. Geology 40: 
823-826. 

 
169. Mix HT, Mulch A, Kent-Corson ML, Chamberlain CP (2010) Cenozoic 

migration of topography in the North American Cordillera. Geology 39: 87-
90. 

 
170. Quental TB, Marshall CR (2013) How the Red Queen drives terrestrial 

mammals to extinction. Science 341: 290-292. 



	   	   	  147	  

171. Stromberg CA, Dunn RE, Madden RH, Kohn MJ, Carlini AA (2013) 
Decoupling the spread of grasslands from the evolution of grazer-type 
herbivores in South America. Nat Commun 4: 1478. 

 
172. Soholt LF (1975) Water balance of Merriam's kangaroo rat, Dipodomys 

merriami, during cold exposure. Comp Biochem Physiol A Comp Physiol 
51: 369-372. 

 
173. Davies VA, Kemble ED (1983) Social play behaviours and insect predation 

in northern grasshopper mice (Onychomys leucogaster). Behav 
Processes 8: 197-204. 

 
174. Esselstyn J, Achmadi A, Rowe K (2012) Evolutionary novelty in a rat wth no 

molars. Biology Letters 8: 990-993. 
 
175. Jernvall J, Hunter JP, Fortelius M (1996) Molar tooth diversity, disparity, and 

ecology in Cenozoic ungulate radiations. Science 274: 1489-1492. 
 
176. Mihlbachler MC, Rivals F, Solounias N, Semprebon GM (2011) Dietary 

change and evolution of horses in North America. Science 331: 1178-
1181. 

 
177. Setkova J, Lesot H, Matalova E, Witter K, Matulova P, et al. (2006) 

Proliferation and apoptosis in early molar morphogenesis-- voles as 
models in odontogenesis. Int J Dev Biol 50: 481-489. 

 
178. Janis C (1988) An estimation if tooth volume and hypsodonty indices in 

ungulate mammals, and the correlation of these factors with dietary 
preferences. In Teeth Revisited: Proceedings of the VIIth Internaitonal 
Symposium on Dental Morphology: 367-387. 

 
179. Rodrigues HG, Merceron G, Viriot L (2009) Dental microwear patterns of 

extant and extinct Muridae (Rodentia, Mammalia): ecological implications. 
Naturwissenschaften 96: 537-542. 

 
180. Koenigswald WV, Clemens WA (1992) Levels of complexity in the 

microstructure of mammalian enamel and their application in studies of 
systematics. Scanning Microsc 6: 195-217; discussion 217-198. 

 
181. Moustakas JE, Smith KK, Hlusko LJ (2011) Evolution and development of 

the mammalian dentition: insights from the marsupial Monodelphis 
domestica. Dev Dyn 240: 232-239. 

 
182. Jackman WR, Draper BW, Stock DW (2004) Fgf signaling is required for 

zebrafish tooth development. Dev Biol 274: 139-157. 
 



	   	   	  148	  

183. Mandler M, Neubuser A (2001) FGF signaling is necessary for the 
specification of the odontogenic mesenchyme. Dev Biol 240: 548-559. 

 
184. Keranen SV, Kettunen P, Aberg T, Thesleff I, Jernvall J (1999) Gene 

expression patterns associated with suppression of odontogenesis in 
mouse and vole diastema regions. Dev Genes Evol 209: 495-506. 

 
185. Li CY, Prochazka J, Goodwin AF, Klein OD (2014) Fibroblast growth factor 

signaling in mammalian tooth development. Odontology 102: 1-13. 
 
186. King MC, Wilson AC (1975) Evolution at two levels in humans and 

chimpanzees. Science 188: 107-116. 
 
187. Visel A, Rubin EM, Pennacchio LA (2009) Genomic views of distant-acting 

enhancers. Nature 461: 199-205. 
 
188. Gojobori T, Moriyama EN, Kimura M (1990) Statistical methods for 

estimating sequence divergence. Methods Enzymol 183: 531-550. 
 
189. Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, et al. (2012) 

Geneious Basic: an integrated and extendable desktop software platform 
for the organization and analysis of sequence data. Bioinformatics 28: 
1647-1649. 

 
190. Loots GG, Ovcharenko I (2004) rVISTA 2.0: evolutionary analysis of 

transcription factor binding sites. Nucleic Acids Res 32: W217-221. 
 
191. Mathelier A, Zhao X, Zhang AW, Parcy F, Worsley-Hunt R, et al. (2014) 

JASPAR 2014: an extensively expanded and updated open-access 
database of transcription factor binding profiles. Nucleic Acids Res 42: 
D142-147. 

 
192. Portales-Casamar E, Thongjuea S, Kwon AT, Arenillas D, Zhao X, et al. 

(2010) JASPAR 2010: the greatly expanded open-access database of 
transcription factor binding profiles. Nucleic Acids Res 38: D105-110. 

 
193. Sherf BA (1996) Dual-luciferase reporter assay: an advanced co-reporter 

technology integrating firefly and Renilla luciferase assays. . Promega 
Notes 57: 2. 

 
194. Wilson D, Reeder D (2005) Mammal Species of the World: Johns Hopkins 

University Press. 
 
195. Fabre PH, Hautier L, Dimitrov D, Douzery EJ (2012) A glimpse on the 

pattern of rodent diversification: a phylogenetic approach. BMC Evol Biol 
12: 88. 



	   	   	  149	  

196. Cretekos CJ, Wang Y, Green ED, Martin JF, Rasweiler JJt, et al. (2008) 
Regulatory divergence modifies limb length between mammals. Genes 
Dev 22: 141-151. 

 
197. Prud'homme B, Gompel N, Carroll SB (2007) Emerging principles of 

regulatory evolution. Proc Natl Acad Sci U S A 104 Suppl 1: 8605-8612. 
 
198. Thesleff I (2003) Epithelial-mesenchymal signalling regulating tooth 

morphogenesis. J Cell Sci 116: 1647-1648. 
 
199. Blow MJ, McCulley DJ, Li Z, Zhang T, Akiyama JA, et al. (2010) ChIP-Seq 

identification of weakly conserved heart enhancers. Nat Genet 42: 806-
810. 

 
200. Halligan DL, Kousathanas A, Ness RW, Harr B, Eory L, et al. (2013) 

Contributions of protein-coding and regulatory change to adaptive 
molecular evolution in murid rodents. PLoS Genet 9: e1003995. 

 
201. Stirton RA (1947) Observations on evolutionary rates in hypsodont. 

Evolution 1: 32-42. 
 
202. Parsa S, Kuremoto K, Seidel K, Tabatabai R, Mackenzie B, et al. (2010) 

Signaling by FGFR2b controls the regenerative capacity of adult mouse 
incisors. Development 137: 3743-3752. 

 
203. El Agha E, Al Alam D, Carraro G, MacKenzie B, Goth K, et al. (2012) 

Characterization of a novel fibroblast growth factor 10 (Fgf10) knock-in 
mouse line to target mesenchymal progenitors during embryonic 
development. PLoS One 7: e38452. 

 
204. Clark JC, Tichelaar JW, Wert SE, Itoh N, Perl AK, et al. (2001) FGF-10 

disrupts lung morphogenesis and causes pulmonary adenomas in vivo. 
Am J Physiol Lung Cell Mol Physiol 280: L705-715. 

 
205. Madisen L, Zwingman TA, Sunkin SM, Oh SW, Zariwala HA, et al. (2010) A 

robust and high-throughput Cre reporting and characterization system for 
the whole mouse brain. Nat Neurosci 13: 133-140. 

 
206. Belteki G, Haigh J, Kabacs N, Haigh K, Sison K, et al. (2005) Conditional 

and inducible transgene expression in mice through the combinatorial use 
of Cre-mediated recombination and tetracycline induction. Nucleic Acids 
Res 33: e51. 

 
207. Santos ME, Braasch I, Boileau N, Meyer BS, Sauteur L, et al. (2014) The 

evolution of cichlid fish egg-spots is linked with a cis-regulatory change. 
Nat Commun 5: 5149. 



	   	   	  150	  

208. Maas SA, Fallon JF (2005) Single base pair change in the long-range Sonic 
hedgehog limb-specific enhancer is a genetic basis for preaxial 
polydactyly. Dev Dyn 232: 345-348. 

 
209. Blanpain C, Fuchs E (2009) Epidermal homeostasis: a balancing act of 

stem cells in the skin. Nat Rev Mol Cell Biol 10: 207-217. 
 
210. Miyajima A, Tanaka M, Itoh T (2014) Stem/progenitor cells in liver 

development, homeostasis, regeneration, and reprogramming. Cell Stem 
Cell 14: 561-574. 

 
211. Seita J, Weissman IL (2010) Hematopoietic stem cell: self-renewal versus 

differentiation. Wiley Interdiscip Rev Syst Biol Med 2: 640-653. 
 
212. Yadirgi G, Marino S (2009) Adult neural stem cells and their role in brain 

pathology. J Pathol 217: 242-253. 
 
213. Zhang B, Liu N, Shi H, Wu H, Gao Y, et al. (2015) High glucose 

microenvironments inhibit the proliferation and migration of bone 
mesenchymal stem cells by activating GSK3beta. J Bone Miner Metab. 

 
214. Evans M (2011) Discovering pluripotency: 30 years of mouse embryonic 

stem cells. Nat Rev Mol Cell Biol 12: 680-686. 
 
215. Barker N, Clevers H (2010) Leucine-rich repeat-containing G-protein-

coupled receptors as markers of adult stem cells. Gastroenterology 138: 
1681-1696. 

 
216. Smart IH (1970) Variation in the plane of cell cleavage during the process of 

stratification in the mouse epidermis. Br J Dermatol 82: 276-282. 
 
217. Lechler T, Fuchs E (2005) Asymmetric cell divisions promote stratification 

and differentiation of mammalian skin. Nature 437: 275-280. 
 
218. Snippert HJ, Haegebarth A, Kasper M, Jaks V, van Es JH, et al. (2010) Lgr6 

marks stem cells in the hair follicle that generate all cell lineages of the 
skin. Science 327: 1385-1389. 

 
219. Feng R, Zhou S, Liu Y, Song D, Luan Z, et al. (2013) Sox2 protects neural 

stem cells from apoptosis via up-regulating survivin expression. Biochem J 
450: 459-468. 

 
220. Shi Y, Chichung Lie D, Taupin P, Nakashima K, Ray J, et al. (2004) 

Expression and function of orphan nuclear receptor TLX in adult neural 
stem cells. Nature 427: 78-83. 



	   	   	  151	  

221. Juuri E, Jussila M, Seidel K, Holmes S, Wu P, et al. (2013) Sox2 marks 
epithelial competence to generate teeth in mammals and reptiles. 
Development 140: 1424-1432. 

 
222. Hosen N, Yamane T, Muijtjens M, Pham K, Clarke MF, et al. (2007) Bmi-1-

green fluorescent protein-knock-in mice reveal the dynamic regulation of 
bmi-1 expression in normal and leukemic hematopoietic cells. Stem Cells 
25: 1635-1644. 

 
223. Bai CB, Auerbach W, Lee JS, Stephen D, Joyner AL (2002) Gli2, but not 

Gli1, is required for initial Shh signaling and ectopic activation of the Shh 
pathway. Development 129: 4753-4761. 

 
224. Yan KS, Chia LA, Li X, Ootani A, Su J, et al. (2012) The intestinal stem cell 

markers Bmi1 and Lgr5 identify two functionally distinct populations. Proc 
Natl Acad Sci U S A 109: 466-471. 

 
225. Ahn S, Joyner AL (2004) Dynamic changes in the response of cells to 

positive hedgehog signaling during mouse limb patterning. Cell 118: 505-
516. 

 
226. Voehringer D, Liang HE, Locksley RM (2008) Homeostasis and effector 

function of lymphopenia-induced "memory-like" T cells in constitutively T 
cell-depleted mice. J Immunol 180: 4742-4753. 

 
227. Soriano P (1999) Generalized lacZ expression with the ROSA26 Cre 

reporter strain. Nat Genet 21: 70-71. 
 
228. Tian H, Biehs B, Warming S, Leong KG, Rangell L, et al. (2011) A reserve 

stem cell population in small intestine renders Lgr5-positive cells 
dispensable. Nature 478: 255-259. 

 
229. Giles S, Rucklin M, Donoghue PC (2013) Histology of "placoderm" dermal 

skeletons: Implications for the nature of the ancestral gnathostome. J 
Morphol 274: 627-644. 

 
230. Johanson Z, Smith MM (2003) Placoderm fishes, pharyngeal denticles, and 

the vertebrate dentition. J Morphol 257: 289-307. 
 
231. Zhu M, Yu X, Ahlberg PE, Choo B, Lu J, et al. (2013) A Silurian placoderm 

with osteichthyan-like marginal jaw bones. Nature 502: 188-193. 
 
232. Rebeiz M, Pool JE, Kassner VA, Aquadro CF, Carroll SB (2009) Stepwise 

modification of a modular enhancer underlies adaptation in a Drosophila 
population. Science 326: 1663-1667. 

 



	   	   	  152	  

Appendix – Published Works: 



K. Turksen (ed.), Adult Stem Cells, Stem Cell Biology and Regenerative Medicine,
DOI 10.1007/978-1-4614-9569-7_8, © Springer Science+Business Media New York 2014

Abstract Stem cells hold enormous interest for basic and translational scientists 
because of their ability to self-renew and differentiate into multiple cell types. These 
properties have led stem cell biology to emerge as an important field of biomedical 
research over the past few decades, and a large effort to identify the locations of 
adult stem cells has been under way. Teeth and tooth-supporting structures house 
important adult stem cell niches in the body. In this chapter, we describe the known 
populations of adult dental stem cells. We focus on the location, stemness, and dif-
ferentiation potential of these cells. In addition, we discuss recent advances in the 
applications of adult stem cells to the field of regenerative medicine.
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Abbreviations

AP  Apical papilla
ChIP-seq  Chromatin immunoprecipitation sequencing
DFSCs  Dental follicle stem cells
DPPSCs  Dental pulp pluripotent stem cells
DPSCs  Dental pulp stem cells
EK  Enamel knot
ESCs  Embryonic stem cells
FACS  Fluorescence-activated cell sorting
HA  Hydroxyapatite
HERS  Hertwig’s epithelial root sheath
IEE Inner enamel epithelium
iPSCs  Induced pluripotent stem cells
PDL  Periodontal ligament
PDLSCs  Periodontal ligament stem cells
SCAP  Stem cells of apical papilla
SHED  Stem cells from human exfoliated deciduous teeth

1  Introduction

Stem cells are progenitors that are capable of both self-renewal and differentiation 
into multiple cell types. Because of the enormous therapeutic potential of stem cell 
research, it has emerged as an important field of biomedical research, and it encom-
passes such diverse applications as tissue engineering and repair, treatment of auto-
immune disorders, and in vitro organ generation.

Stem cells can be divided into several major types, including embryonic stem 
cells (ESCs), adult (somatic) stem cells, and induced pluripotent stem cells (iPSCs). 
ESCs were first isolated from mouse blastocysts in the early 1980s and from human 
embryos almost 2 decades later [1–3]. More recently, the technique of converting 
virtually any cell type, including differentiated somatic cells, into iPSCs was devel-
oped, promising an almost unlimited source of easily obtained pluripotent stem 
cells [4, 5]. Production of iPSCs originally involved the introduction of a cocktail of 
four  transcription  factors—OCT3/4, SOX2, KLF4,  and  c-MYC—into  adult  cells 
[6]. However, further studies revealed that specific reprogramming factors differ 
among tissues [7, 8]. The resulting reprogrammed cells can then be re-differentiated 
into cells that represent derivatives of all three germ layers [5, 6]. This allows for the 
potential use of autologous cells in clinical applications and may help minimize 
recipient rejection.
In addition to ESCs and iPSCs, stem cells can be isolated from adult tissues. In 

some cases, multiple adult stem cell types of varying differentiation potential can be 
isolated from the same tissue. The notion that almost all tissues in the body contain 
somatic stem cells is now established. Examples of tissues with well-characterized 

V. Mushegyan et al.

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

154

VM
Cross-Out

VM
Replacement Text
redifferentiated



somatic stem cells include hair follicles, intestinal crypts, and skin [9–11]. In this 
chapter, we discuss another important organ that houses several distinct populations 
of adult stem cells: the tooth.

1.1  Strategies for Isolation of Dental Stem Cells

To accurately study the properties of adult stem cells, it is vital to correctly identify 
and isolate them from millions of somatic cells within the same tissue, a feat seem-
ingly akin finding a needle in a haystack. One of the most common strategies for 
isolation of dental stem cells involves separation of stem cells based on markers. 
However, the identification of specific stem cell markers is challenging. Historically, 
marker candidates were chosen based on several criteria, such as being targets of 
major signaling pathways that are active within the putative stem cell niche [12]. 
Definitive identification of stem cells requires linkage between them and their prog-
eny through either transplantation or lineage-tracing experiments [13, 14]. Further, 
some stem cells are quiescent and can be localized using label-retention experiments. 
This technique relies on the idea that, over time, fast-cycling somatic cells dilute the 
label, whereas slow-cycling stem cells retain much of the original signal [15].

Once a stem cell marker is known, populations of cells can be isolated via 
fluorescence- activated  cell  sorting  (FACS)  or  by  antibody-conjugated microbead 
isolation. Other methods of prospective stem cell isolation exist, although these are 
less  robust. One method, high efflux of a fluorescent nuclear  stain,  isolates cells 
capable of excluding a fluorescent DNA-binding dye. Studies show that cells capa-
ble of differentiating into adipocytes, chondrocytes, and osteoblasts can exclude the 
dye by utilizing  cell-specific membrane  efflux pumps  [16, 17]. Additionally,  the 
ability of  some adult dental  stem cells  to exhibit a high proliferation capacity  in 
vitro has been used as a method of isolation by focusing on cell growth. This 
requires frequent passaging at low densities to prevent the stem cells from undergo-
ing differentiation [18, 19].

1.2  Common Markers of Stem Cells

Identification of markers specific to stem cells can be used to separate them from a 
heterogeneous cell population. Often, these markers are regulatory genes involved 
in development and maintenance of stem cells. In this section, we describe common 
stem cell markers used to identify adult stem cells in teeth.
OCT3/4, a member of the Pit-Oct-Unc family of transcription factors, was ini-

tially  thought  to be expressed almost exclusively  in ESCs [20, 21]. Later studies 
identified OCT3/4+ embryonic and adult stem cells as well as the requirement for 
Oct3/4 expression in iPSCs [6, 22, 23]. The key to remaining undifferentiated seems 
to be maintenance of a narrow range of Oct3/4  expression,  as both positive  and 
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negative  fluctuations  in  expression  cause  cell  differentiation  [24]. Genome-wide 
interaction  studies,  including  chromatin  immunoprecipitation  sequencing  (ChIP- 
Seq), suggest that OCT3/4 controls cell pluripotency by modulating major develop-
mental signaling pathways, such as the Fgf and Wnt/β-catenin pathways [24]. One 
important OCT3/4 target is Nanog, which plays a key role in the transcription factor 
signaling network in mammalian pluripotent cells and developing germ cells [25, 
26]. Disruption of Nanog signaling leads to early embryonic lethality, whereas con-
stitutive expression promotes self-renewal of ESCs. Finally, nestin is an intermedi-
ate filament protein originally identified in neuroepithelial stem cells that is also 
expressed  in  non-neuronal  tissues,  such  as  pancreatic  islets,  hematopoietic  cells, 
and teeth [27–30].
A number of common surface markers have also been used for identification and 

isolation of stem cell populations. Examples of these include CD29, CD44, CD73, 
CD90, CD105, CD146, and CD166 [31, 32]. Integrin β-1 (CD29) was first identi-
fied in lymphocytes and plays a role in matrix adhesion [33, 34]. The cell surface 
glycoprotein CD44 was first identified in hematopoietic stem cells and plays a role 
in adhesion and cell–cell interactions [35]. Ecto-5′-nucleotidase (CD73) and CD90 
are mesenchymal stem cell markers involved in interactions between hematopoietic 
and endothelial cells [36, 37]. Another commonly used marker is Endoglin (CD105), 
which is a member of the TGF-β1 receptor complex and was originally identified in 
endothelial cells of the cardiovascular system [38]. Finally, CD146 and CD166 are 
common markers of mesenchymal stem cells used for identification of dental stem 
cells, with both playing a role in cell–cell adhesion [39, 40]. In the last 5 years, a 
number of articles have presented additional markers of adult dental stem cells, such 
as CD34, CD117, and CD271 [31].

2  Tooth Development and Morphogenesis

2.1  The Adult Tooth

The three fundamental parts of the tooth are the crown, roots, and supporting struc-
tures  (Fig. 1). Teeth are  anchored  in  the alveolar processes of  the maxillary and 
mandibular bones by the periodontal ligament (PDL). These ligaments extend from 
the bone in tooth sockets and insert into the cementum layer, which is the outermost 
layer of the tooth root [41]. The crown is composed of enamel and is exposed to the 
oral cavity, providing masticatory function for the tooth. The middle layer of the tooth 
in both roots and the crown is dentin. The dentin encases the dental pulp, the inner-
most part of the tooth in both crown and roots. The pulp tissue comprises the neuro-
vascular bundle of the tooth and its supporting cells as well as a population of 
dentin-secreting odontoblasts [42].
Humans possess 20 primary  teeth and 32 adult  teeth: 8  incisors, 4  canines, 8 

premolars, and 12 molars. The primary teeth appear at around 6 months of age and 
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are fully shed by the early teens. Once the tooth erupts into the oral cavity, the dental 
epithelial tissue is lost, such that adult human teeth lose the potential to regenerate 
enamel, and the remaining mesenchymal tissues have only a limited capacity to 
regenerate dentin, cementum, and pulp. In contrast, mice, which are an important 
model for investigation of tooth development, exhibit a highly specialized dentition 
[43]. They possess 4 incisors and 12 molars, which are separated by a toothless area 
called the diastema. Rodent incisors are unusual in their ability to grow throughout 
the lifetime of the animal through a continuous wear and formation of all tooth tis-
sues including enamel, dentin, pulp, and cementum. This property is made possible 
by the presence of active adult stem cells in a niche called the cervical loop [44]. In 
addition,  several  species  of  rodents  (and  other  mammals)  exhibit  ever-growing 
molars, called hypselodont molars. These molars retain adult epithelial stem cells in 
compartments known as intercuspal cervical loops, which are surrounded by stem 
cells of the mesenchyme [45]. In this chapter, we describe the adult stem cells of 
human teeth, which are all rooted.

2.2  Tooth Development

Mammalian tooth development requires tissues of both epithelial and mesenchymal 
origin (Fig. 2) [46, 47]. Whereas the epithelium originates from oral ectoderm, the 
mesenchyme is derived from cranial neural crest. The latter arises from the margins 

Fig. 1  Cartoon depiction of 
a human lower molar tooth. 
The crown is the part of the 
tooth covered by enamel (En) 
and the root is the part of the 
tooth covered by cementum 
(C). Underlying both enamel 
and cementum is dentin (De). 
The tooth is attached to bone 
(B) via periodontal ligaments 
(Pl). The neurovascular 
bundle of the tooth is located 
in the pulp (P). The 
supporting bone is covered 
by the gingiva (G)
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of neuroepithelium and undergoes a ventro-lateral migration, giving rise to facial 
structures, facial sensory organs, and pharyngeal arches [48]. Neural crest-derived 
mesenchyme forms many dental tissues, such as dentin, pulp, and periodontal liga-
ments, whereas the ectodermal-derived epithelium forms enamel [49].
Much of  the knowledge about  tooth development  (odontogenesis)  stems  from 

decades of investigations utilizing mouse models. In mice and the majority of 
mouse-like rodents (i.e., rats and voles), tooth development begins between embry-
onic  day  (E)  8.5  and  10. At  that  time,  the  first  signaling molecules  involved  in 
development become apparent. The formation of signaling centers is followed by 
the  thickening  of  the  epithelium  into  the  underlying  mesenchyme  at  E11. 

Fig. 2  Cartoon depiction of various stages of mouse molar (a) and incisor (b) tooth development 
and  adult mouse mandible  (c) in sagittal view. Tooth development begins with thickening and 
invagination of  the oral epithelium  into  the underlying mesenchyme at ~E11.  In  the Bud stage 
(~E13), the mesenchyme condenses. At the Cap stage (~E14.5), the enamel knot, a central signal-
ing center, appears. At the Bell stage (~E16), the secondary enamel knots form, corresponding to 
the  future  location  of  cusps.  In  addition,  the  extracellular  matrices  of  enamel  and  dentin  are 
excreted by the differentiating ameloblasts and odontoblasts, respectively. Tooth development is 
similar in incisor and molar with a few key differences being a 90° turn of the incisor Bell, as well 
as the presence of the vestibular lamina (VL), the labial and lingual cervical loops (laCL and liCL, 
respectively), and the absence of 2° enamel knots in the incisor
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Subsequently,  a  series  of  developmental  stages  named  bud,  cap,  and  bell  occur.  
At the bud stage (E12.5–13.5), the epithelium continues to proliferate and invagi-
nate into the mesenchyme, which responds by condensing under the epithelial bud 
to form a structure known as the dental papilla. The enamel knot (EK), which acts 
as a transient signaling center and is characterized by expression of several secreted 
factors, forms during the bud to cap stage transition. The cap stage (E14–15) is char-
acterized by further epithelial and mesenchymal proliferation. The dental epithelium 
proliferates and surrounds the dental papilla, whereas mesenchyme proliferates and 
forms the dental follicle. The late cap stage is also the time when significant differ-
ences emerge between the mouse incisor and molar, as the developing incisor begins 
to grow parallel to the long axis of the jaw. During the bell stage, the outline of the 
final  tooth shape becomes apparent. The primary EKs are  replaced by secondary 
EKs in the molars, which correspond to the places of future tooth cusps [50]. Thus, 
incisors  and canines  exhibit only one EK, whereas premolars  and molars  exhibit 
several. Finally, specific dental cell types become apparent at the bell stage.

The enamel-producing ameloblasts form from cells adjacent to the dental papilla, 
in a niche known as the inner enamel epithelium (IEE). These cells proliferate and 
begin  to secrete enamel matrix. The dentin-secreting odontoblasts arise  from the 
cells located on the outermost layer of the dental papilla. Together, the niches con-
taining ameloblast and odontoblast progenitor cells make up the cervical loops. As 
the teeth begin to erupt, following the completion of crown formation, the cervical 
loop  epithelium  forms  a  bilayer  structure  called Hertwig’s  epithelial  root  sheath 
(HERS) to guide the development of tooth roots [51]. As the HERS migrates api-
cally together with the dental papilla (inner) and dental follicle (outer) mesenchy-
mal tissues, it breaks up into epithelial rests and cords, allowing the dental follicle 
mesenchyme  to  migrate  onto  the  root  dentin  matrix  to  form  cementoblasts 
(cementum- secreting cells) and the periodontal ligament.
Since the mid-1990s, a significant effort to identify and characterize adult stem 

cells within teeth has been under way. Almost two decades later, such cells have 
been identified in virtually all tissues of immature and mature primary and perma-
nent teeth as well as exfoliating primary teeth. These stem cells vary in location, 
origin, and differentiation potentials.

3  Adult Tooth Stem Cells

Primary human teeth begin to erupt at around 6 months of age and complete erup-
tion by 5–6 years. Permanent dentition begins eruption at 6 years of age and can 
continue into the mid-twenties (eruption of third molars ranges from 17 to 25 years). 
The period between the eruption of first permanent tooth (~6 years) and loss of the 
last primary tooth (~12 years) is known as the mixed dentition stage (a time when 
both primary and permanent teeth are present in the mouth). At this time, stem cells 
of developing, primary, and permanent teeth are present (Fig. 3). In this section, we 
describe stem cells found in fully formed primary and permanent (mature) dentition 
and in developing teeth.
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3.1  Stem Cells of Mature Teeth

3.1.1  Dental Pulp Stem Cells

The dental pulp contains a neurovascular bundle as well as dentin-producing odon-
toblasts and supporting fibroblasts. The neural crest-derived dental pulp stem cells 
(DPSC) reside in the perivascular and periodontoblastic compartments within the 
pulp and were originally thought of primarily as odontoblast precursors with a 
fibroblast-like phenotype and limited differentiation capacity [52, 53]. In vitro, 
DPSCs display a high growth rate and fibroblast-like ability to adhere to plastics 
[18, 53].  In  vivo,  the  cells’ morphology  resembles  that  of  smooth muscle  actin- 
expressing pericytes [54]. Overall, the cells make up about 0.5–0.7 % of the total 
cell mass of the pulp, which ranges from 500,000 to 1,000,000 cells [52].
Expression of stem cell markers in the DPSCs varies, making it difficult to estab-

lish a universal marker for all DPSCs. In the pulp, STRO-1+ DPSCs express pericyte- 
specific markers, which led to the proposal that DPSCs may be of pericyte origin 
[54]. Further, the inflammatory response of the pulp to enhance tertiary dentin pro-
duction by odontoblasts  is reported to exhibit  increased STRO-1 expression, sug-
gesting increased proliferation of DPSCs and their differentiation into odontoblasts 
[55]. While no single universal marker is available due to the heterogeneity of the 
DPSCs,  the  most  commonly  reported  markers  are  CD29,  CD44,  CD73,  CD90, 
CD105, CD146, and CD166. In addition, DPSCs express several factors common to 
stem cells, such as OCT3/4, Nestin, Nanog, and Vimentin [56–58].
DPSCs  exhibit  a  moderate  potential  for  differentiation  into  dental  tissues. 

DPSCs transplanted under rat kidney capsules formed dentin–pulp complexes and 
thus  demonstrated  the  ability  to  differentiate  into  odontoblasts,  expressing  the 
odontocyte marker dentin sialophosphoprotein (DSPP) [59]. In addition, in vitro 

Fig. 3  Locations  of  adult  dental  stem  cells  in  humans.  Stem  cells  from  (1)  human  exfoliated 
deciduous teeth (SHED); (2, 3) dental pulp stem cells (DPSCs) and dental pulp pluripotent stem 
cells  (DPPSCs);  (4) periodontal  ligament stem cells  (PDLSCs);  (5) stem cells of apical papilla 
(SCAP); (6) dental follicle stem cells (DFSC). G gingiva, B alveolar bone
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stimulation of DPSCs by various techniques, such as exposure to dentinal tubules, 
also stimulated the stem cells to differentiate into odontoblasts [60].
DPSCs demonstrate a wide capability of differentiation into non-dental tissues. 

When placed  into osteogenic media,  the STRO-1+ cells demonstrated osteogenic 
potential. In those experiments, DPSCs were initially capable of differentiating into 
both chondrogenic and osteogenic cells, with only osteogenic cells remaining in 
late passage populations [61]. Studies conducted in rat models have demonstrated 
that DPSCs transplanted in vivo to the sites of large cranial bone defects in addition 
to collagen matrices yielded new bone formation [62]. Moreover, DPSC transplan-
tation into transected rat spinal cord resulted in recovery of locomotor functions 
[63]. As previously mentioned, subpopulations of DPSCs express α-smooth muscle 
actin, which is a common myogenic marker. Studies investigating the myogenic 
potential of pulpal stem cells revealed in vitro myocyte differentiation when treated 
with 5-Aza-2-Deoxycytidine. In addition, applications of DPSCs in animal models 
of muscular dystrophy and myocardial infarction resulted in increased muscle mass 
[64, 65].  Finally, DPSCs  can  differentiate  into  a  number  of  neural  crest-derived 
 tissues, such as cornea and melanocytes, as well as neural cells and hair follicles 
[66–68]. Implantation of these cells into damaged rabbit cornea resulted in epithe-
lial repairs, whereas implantation into inactive hair follicles resulted in resumed hair 
production [69, 70].

3.1.2  Dental Pulp Pluripotent Stem Cells

Recently,  a  subpopulation  of  DPSCs  called  dental  pulp  pluripotent  stem  cells 
(DPPSCs) has been isolated from pulp tissue of human third molars [71, 72]. These 
cells are smaller than DPSCs, with a high nucleus/cytoplasm ratio and a fibroblast- 
like flattened and elongated morphology.
Like DPSCs, DPPSCs express OCT3/4, Nanog, and Nestin. In addition, DPPSCs 

share several markers with DPSCs, namely, CD29 and CD90. Unlike DPSCs, how-
ever, these cells are CD105−, CD73−, and CD146−, in addition to being Sox2+ [71]. 
Interestingly, both OCT3/4 and SOX2 are needed for conversion of somatic cells to 
iPSCs. Reprogramming of  adult  stem cells  into  iPSCs often yields better  results 
than the conversion of somatic cells, perhaps due to the use of less reprogramming 
factors.
In the early days of stem cell research, ESC pluripotency was established by in 

vivo formation of teratomas, which are heterogeneous tumors containing tissues 
from all three embryonic layers (ectoderm, mesoderm, and endoderm) [2]. Similar 
teratomas form when DPPSCs are injected in mice, indicating that these cells have 
pluripotent potential similar to that of ESCs and iPSCs [72]. While the current effort 
of  determining  in  vivo  differentiation  potential  of  DPPSCs  has  been  primarily 
focused  around  the  oral  cavity,  much  remains  to  be  explored  about  DPPSCs’ 
 differentiation potential into other tissue types.
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3.1.3  Stem Cells from Human Exfoliated Deciduous Teeth

One of the hallmarks of mammalian dentition is the replacement of primary (milk) 
teeth with permanent adult ones. In humans, the process occurs from age 6 into the 
early teens. During replacement, the primary tooth roots become resorbed and the 
crown exfoliates. Despite this partial resorption, primary teeth still contain pulpal 
tissue at the time of exfoliation. A population of cells called stem cells from human 
exfoliated deciduous  teeth (SHED) can be  isolated from the coronal perivascular 
and periodontoblastic compartment of the pulp and sometimes the radicular (root) 
pulp of incompletely resorbed roots of deciduous teeth [73]. Despite the reduced 
number of pulp cells due to root resorption, SHED are an appealing source of adult 
stem cells due to the natural exfoliation process of the teeth.
The cells are similar to DPSCs in their morphology and some of their defining 

markers,  but  they  also  differ  in  a  number  of ways.  First,  SHED  exhibit  a much 
higher in vitro proliferation rate than DPSCs [74, 75]. Second, SHED constitute a 
higher proportion of cells within the pulp, comprising about 1.0–1.2 % of the total 
cell mass [75].  Third,  SHED have  an  innate  ability  to  induce  formation  of  new 
bone-like matrix within lamellar bone [74, 76]. This osteoinductive property is con-
sistent with the observation that primary tooth root resorption is often accompanied 
by new bone formation [77].
In addition  to common stem cell markers shared with DPSCs, such as CD44, 

CD73,  CD90,  CD105,  and  CD146,  SHED  also  express  CD13.  Further,  SHED 
express STRO-1, OCT3/4, Nanog, and Nestin [73, 78]. In addition, SHED express 
the pluripotency markers stage-specific embryonic antigens 3 and 4 (SSEA-3 and 
SSEA-4) [78].
Like DPSCs, SHED show an almost universal differentiation potential in vitro, 

as they are capable of forming odontoblasts, osteoblasts, adipocytes, myoblasts, 
endothelial cells, and neuronal cells [79].  In  vivo  SHED  transplantation  experi-
ments revealed the cells’ ability to differentiate into osteoblasts and odontoblasts. 
Finally, when placed  in mouse brain,  the  cells were  able  to  survive  and  express 
neural markers [80].

3.1.4  Periodontal Ligament Stem Cells

In addition to the somatic stem cells that can be obtained from adult tooth pulp, the 
structures supporting the teeth also present an important niche for stem cells. The 
teeth are anchored in  the jaw bone by the periodontal  ligament (PDL). The PDL 
consists of both epithelial cells (remnants of enamel epithelium) and cells derived 
from the neural crest mesenchyme. The majority of PDL mass consists of extracel-
lular collagen, organized into fibers extending from alveolar bone to root cemen-
tum. Studies  investigating  extracted human  teeth have  identified PDL  stem cells 
(PDLSCs), which can make up as much as 3 % of total PDL cell mass. The location 
of these cells impacts their properties, as PDLSCs collected closer to alveolar bone 
exhibit  superior  bone  regeneration  properties  compared  to  PDLSCs  collected  in 
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proximity  to  cementum, despite  the  average width of  the PDL space being only 
350 μm [81].
As expected, PDLSCs share many surface markers with stem cells from the pulp, 

such as CD13, CD29, CD44, CD59, CD73, CD90, CD105, CD146, and CD166. In 
addition, these cells express STRO-1 and Scleraxis. The latter is a helix-loop-helix 
transcription factor expressed in precursor cells of tendons and ligaments [58, 81, 82].
When transplanted in vivo in conjunction with hydroxyapatite (HA) scaffolds, 

PDLSCs are capable of differentiating into cells forming different parts of the PDL, 
including Sharpey’s fibers (primary fibers of the PDL), cementum, and even alveo-
lar bone [73, 82]. When grown in vitro in adipogenic, chondrogenic, and osteogenic 
conditions, PDLSCs differentiated into adipocyte-, chondroblast-, and osteoblast- 
like cells, respectively [77, 83].

3.2  Stem Cells from Developing Teeth

In humans, tooth development begins in utero and ends with the completion of root 
formation of the maxillary third molars at 17–25 years. In addition to adult dental 
tissues, developing teeth also present an important and readily available source of 
stem cells.

3.2.1  Stem Cells of Apical Papilla

The apical papilla  (AP)  tissue  is  found at  the apices of  the developing roots and 
contributes to root formation, eventually becoming a part of the radicular pulp. 
However, studies have shown a distinct histological difference between the pulp and 
the AP. Separated from the pulp by a cell-rich  junction,  the apical papilla  is  less 
vascular but more cellular.  It has been hypothesized  that  the AP is  the source of 
primary odontoblasts, which migrate through the cell-rich border into the pulp tis-
sue and lay down dentin of the developing roots [84]. Recently, a population of stem 
cells has been found in apical papillae from extracted immature permanent teeth, 
termed stem cells of apical papilla (SCAP).
SCAP exhibit  threefold greater  in vitro proliferation ability  than stem cells of 

pulpal origin. SCAP express a number of stem cell markers, such as CD49, CD51, 
CD73, CD90, CD105, CD106, CD146, and CD166. In addition, they express STRO- 
1 and Nestin [84]. While SCAP in vitro differentiation is limited to odontoblasts, 
adipocytes, and neuronal cells, they possess greater capacity to differentiate in vivo 
into both odontoblasts and pulpal fibroblasts in comparison to stem cells of pulpal 
or periodontal origin [85]. SCAP are especially useful in root regeneration. Studies 
utilizing  hydroxyapatite  and  decellularized  dentin  scaffold  matrix  carriers  and 
SCAP were successful in obtaining root regeneration in animal models [86]. Thus, 
SCAP may provide a better source of cells for dentin reparative therapies than the 
DPSCs from fully developed teeth.

Adult Stem Cells in Teeth

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

163



3.2.2  Dental Follicle Stem Cells

The developing dental tissues are surrounded by the dental follicle, which is neces-
sary for tooth eruption and plays a role in alveolar bone remodeling during eruption. 
Subsequently,  the  dental  follicle  differentiates  into  the  periodontal  ligament.  In 
addition, it is thought that cells of the dental follicle differentiate into cementoblasts 
and osteoblasts [87]. Efforts to identify the origin of these cells have resulted in the 
discovery of a population of dental follicle stem cells (DFSCs).
The DFSCs are small compared to the surrounding supporting fibroblasts of 

the dental follicle. When cocultured, DFSCs quickly encircle DPSCs, mimicking 
the in vivo developmental process. The stem cells of the dental follicle express 
the expected  set of markers: CD13, CD29, CD44, CD90, CD105, CD105, and 
STRO-1 [31].
Currently, the differentiation potential of DFSCs is thought to be rather limited. 

Under in vitro induction, these cells are capable of expressing adipocyte, chondro-
cyte, and osteocyte markers [87, 88]. In addition, when transplanted into areas of 
jawbone defects in mice, DFSCs differentiated and secreted dentin, cementum, and 
bone matrix. In addition, the cells were also capable of forming periodontal liga-
ment fibers that inserted into the secreted cementum matrix [89]. Thus, like SCAP, 
DFSCs are a good candidate for therapies involving the regeneration and repair of 
the periodontal ligament complex.

4  Applications of Tooth Stem Cells

4.1  Sources of Stem Cells

Stem cells can be obtained through minimally invasive routine dental procedures, 
such as root canal therapy (stem cells of the pulp), periodontal therapy (PDLSCs), 
and  tooth  extraction.  In  addition,  naturally  exfoliating  primary  teeth  can  be  col-
lected for the isolation of SHED by dentists. Perhaps the most widespread source of 
dental adult stem cells is the third molar tooth [57, 71, 72]. Human third molars 
often present clinically unfavorable eruption patterns, such as erupting at angles off 
to  the main occlusal plane, erupting partially, or not erupting at all. Due  to  their 
location in the back of the oral cavity, these teeth are difficult to maintain and often 
present with pathologies of dental and supporting tissues, such as caries and peri-
odontal disease. For those reasons, third molars are often extracted prophylactically 
when the patients are in their mid to late teens. These teeth are extracted at different 
stages of their development, with routine cases being done when the roots are still 
developing or even when the teeth are still in the bell stage. Thus, third molars are a 
good source for both DFSCs and SCAP in addition to the somatic dental stem cells 
of the pulp and the PDL.
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4.2  Clinical Applications

The ultimate desired outcome of dental stem cell therapy is the complete generation 
of a functional tooth, PDL, and surrounding alveolar bone. In the past few years, 
advances have been made towards achieving this goal, such as combination of 
SCAP and PDLSCs to construct a functional root and PDL in vivo [90]. Such a root 
can later be restored with an artificial crown and serve as a functioning tooth. In 
addition, placement of PDLSCs with mineral scaffolds into alveolar bone defects 
has been successfully used to regenerate new bone [73, 82]. Further, teeth that have 
undergone a  root canal procedure  (complete or partial  removal of  the pulp) may 
soon be restored by placement of DPSCs. The potential of transdifferentiation of 
adult dental stem cells  into other  tissues suggests  that 1 day these cells could be 
modified to achieve the same level of differentiation potential as ESCs (Fig. 4).

Fig. 4  Differentiation potentials of adult dental stem cells. Embryonic stem cells from the inner 
cell mass of the blastocyst have the potential to give rise to all tissues in the body. In turn, many 
adult tissues retain populations of adult stem cells with varying degrees of differentiation and 
transdifferentiation potentials. Teeth contain several populations of adult stem cells that hold the 
potential to not only regenerate tooth structure in a limited capacity, but also regenerate teeth 
entirely as well as transdifferentiate into other tissue types
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5  Conclusion

The tooth is an exciting model for investigation of adult stem cells. In this chapter, 
we have described the recent advances in understanding the locations, properties, 
and application potential of adult dental stem cells. However, a plethora of impor-
tant basic and applied questions, ranging from determination of the origin of cells 
that give rise to adult stem cell niches to therapeutic application of dental stem cells 
in other organ systems, requires further investigation.
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Embryonic Versus Adult Stem Cells

18.1 INTRODUCTION

Stem cells can be divided using a variety of classifications, 
but all stem cells are defined by self-renewal (the ability to 
produce more stem cells), clonality/proliferation (the capac-
ity to proliferate indefinitely), and potency (the production 
of one or many differentiated lineages). This chapter will 
discuss the differences between embryonic and adult stem 
cells in terms of their ability to self-renew, proliferate, and 
differentiate, and it will also touch upon their differences 
in signaling, culture conditions, and current applications 
for regenerative medicine, toxicity screening, and disease 
modeling.

18.2 EMBRYONIC STEM CELLS

18.2.1 Definition

Embryonic stem cells (ESCs) are cultured cell lines derived 
from the inner cell mass of the blastocyst. They can be 

propagated indefinitely in their undifferentiated state, and 
they are capable of differentiating into all cells of the adult 
body, as well as some, but not all, extra-embryonic tissues 
[1]. ESCs retain the ability to repopulate the embryo and 
contribute to cells of all adult tissues including the germline 
[2], and are thus considered naïve pluripotent stem cells [3].

18.2.2 Origin and Derivation

In the mouse embryo, pluripotency is first acquired in the 
inner cell mass (ICM) of the blastocyst, post-fertilization 
but pre-implantation. Under the correct culture conditions, 
ICM cells will proliferate in vitro in the form of ESCs [4,5].

ESC lines were first derived from mouse blastocysts in 
1981 [4,5], then from primate embryos in 1995 [6,7], and 
soon after from donated human embryos [8]. To produce 
these lines, the outer layer (trophectoderm) of the blastocyst 
was immunologically digested to free the ICM, which was 
then cultured.
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ESCs were initially grown on a layer of mitotically inac-
tivated mouse embryonic fibroblast (MEF) feeder cells [9]. 
The term “feeder” is used to define a cell providing criti-
cal nutrient or trophic factor support for the maintenance 
of an undifferentiated stem cell state, and it may remove 
deleterious components from the media or provide cell–cell 
contact that prevents differentiation of the ESCs. Over time, 
 techniques were devised to grow the cells in feeder-free 
conditions [10].

18.2.3 Differentiation of ESCs In Vivo 
Versus In Vitro

ESCs are the ex vivo counterparts of the ICM and can give 
rise to the three germ layers of the developing embryo, 
termed the ectoderm, mesoderm, and endoderm. Mouse 
ESCs have been shown to be germline transmissible and 
can in themselves form germ cells in vitro [9]. Human ESCs 
cannot be tested in this manner for ethical reasons. However, 
germ-like cells have been derived from human ESCs by the 
addition of bone morphogenic proteins (BMPs) [11].

18.2.4 Validation of Stem Cell Populations

18.2.4.1 Stem Cell Markers
ESCs are characterized by the expression of markers, in-
cluding Nanog, Oct3/4, and Sox2. These are transcription 
factors, and their precise levels are crucial to maintain the 
cells in the undifferentiated stem state. During differentia-
tion, changes in the levels of these genes will drive differen-
tiation into a particular cell type/germ layer versus another. 
These transcription factors co-occupy promoter regions of 
genes involved in maintaining pluripotency and in early 
lineage differentiation; specifically, they maintain the plu-
ripotency genes in an active state and repress the lineage-
specific genes [12].

Nanog has been considered as the master regulator of 
ESCs. However, its absence does not make the cells dif-
ferentiate; rather, it makes them more predisposed to dif-
ferentiation; its down-regulation is necessary for lineage 
selection, while the levels of Oct3/4 and Sox2 are differen-
tially regulated prior to cell fate selection [13].

18.2.4.2 Defining Characteristics of ESCs
18.2.4.2.1 Embryoid Body (EB) and Teratoma 
Formation in Mice

When grown in suspension and in the absence of feeders 
and LIF/FGF2, ESCs have the ability to form spheroid ag-
gregates that mimic postimplantation embryonic tissues 
called embryoid bodies (EBs) [14]. These spheroids are 
hollow and represent an in vitro model of early embryogen-
esis. As a criterion for genuine pluripotent ESCs, the cells 
within developing EBs should be able to  differentiate into 

cells representing the three germ layers, resulting in vari-
ous committed cell types, such as cardiomyocytes, skeletal 
muscle cells, endothelial cells, neuronal cells, adipocytes, 
and haematopoietic precursors [15]. Additionally, when 
either human or mouse ESCs are injected into an immuno-
compromised animal, they will form tumors called tera-
tomas that contain tissues from all three embryonic germ 
layers.

18.2.4.2.2 Derivation of Chimeric Offspring In Vivo 
and Tetraploid Complementation

When mouse ESCs are injected into a host blastocyst, these 
cells contribute to tissues derived from the endoderm, me-
soderm, and ectoderm, in addition to the germline and some 
extraembryonic tissues [2].

Tetraploid complementation is the most stringent of 
the criteria; in such assays, the ESCs alone give rise to 
the embryo proper [16]. Non-germline cells (somatic 
cells) are diploid, having two copies of each chromo-
some. The first step for tetraploid complementation is to 
produce a tetraploid cell in which every chromosome is 
present in four copies. This is done by taking a two-cell 
stage embryo and fusing the two cells with electric cur-
rent. The resulting cell is tetraploid and will continue to 
divide, and all its daughter cells will be tetraploid. Such a 
tetraploid embryo can develop to the blastocyst, and im-
plant in the uterine wall. However, only extra-embryonic 
tissue such as the placenta is formed, and only rarely can 
the fetus form.

In the tetraploid complementation assay, the tetraploid 
embryo is combined with normal diploid ESCs. The em-
bryo will then develop normally and the fetus will be pro-
duced exclusively from the ESCs. Therefore, true genuine 
ESCs mixed with the tetraploid cells in this context should 
be able to form the whole fetus [17].

18.2.5 Signaling Regulation in ESCs

Three transcription factors have been identified as being 
core regulators of pluripotency in ESCs: Nanog; Oct4; and 
Sox2 [23]. Oct4 and Nanog have been shown to be essential 
to establish and maintain the pluripotent state [18,19]. The 
Oct4 protein heterodimerizes with Sox2 [20].

ESCs can propagate in the absence of Nanog. However, 
Nanog promotes a stable undifferentiated state in ESCs 
[21], is necessary for pluripotency to develop in ICM cells 
[22], and the protein co-occupies most sites with Oct4 and 
Sox2 in the genome of ESCs [23].

Nanog, Oct4, and Sox2 promote the expression of genes 
necessary to maintain the ESC state while repressing dif-
ferentiation genes. This explains, at least in part, how ESCs 
self-renew as undifferentiated cells while always maintain-
ing the ability to differentiate into all cell types of the body 
in the presence of proper signals.
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In ESCs, members of the transforming growth factor-β 
(TGF-β) family, such as TGF-β, activin and nodal, growth 
differentiation factors (GDFs, including myostatin), and 
bone morphogenetic proteins (BMPs), mediate signaling 
that maintains stemness and pluripotency. These path-
ways converge mainly on Nanog, which maintains ESCs 
in an undifferentiated state with the ability to self-renew. 
Self-renewal of ESCs and maintenance of their viability 
(through inhibiting apoptosis) is mediated by signaling ac-
tivity through the MEK–ERK tyrosine kinase cascade. In 
addition, in human ESCs, differentiation into endodermal 
lineage cells is inhibited by insulin-like growth factor 2 
(IGF2)-mediated signaling through phosphatidylinositol-
3-OH kinase (PI(3)K) [12].

Studies in mouse ESCs have revealed that various stem 
cell types can be derived from a particular embryonic 
stage (blastocysts, or early or late epiblasts) depending on 
the growth factor cocktails and culture conditions used in 
the derivation. Many pluripotent stem cells obtained from 
various embryonic stages can actually be interconverted 
using various combinations of growth factors. Four types 
of stem cells have been derived so far from the blastocyst: 
ESCs; trophoblast stem (TS) cells; extra-embryonic endo-
derm (XEN) stem cells; and FAB-SCs (stem cells obtained 
by culturing blastocysts in medium containing fibroblast 
growth factor 2 (FGF2), activin and the glycogen syn-
thase kinase 3β (GSK3β) inhibitor BIO). FAB-SCs can be 
converted into ES-like cells by culture in medium supple-
mented with BMP4 and LIF. When ESCs are cultured in 
mouse embryonic fibroblast-conditioned medium contain-
ing FGF4, together with increased expression of the tran-
scription factor Cdx2, they can be converted into TS cells. 
When ESCs are cultured in MedII (medium conditioned by 
the human hepatocarcinoma cell line HepG2), they can be 
converted into early primitive ectoderm-like (EPL) cells, 
and EPL cells can be converted back into ESCs by cultur-
ing them with LIF. Early (pre-gastrulation embryo) and late 
(gastrulating embryo) epiblast fragments, when cultured in 
medium supplemented with FGF2 and activin, give rise to 
EpiSCs. In the presence of LIF and inhibitors of GSK3β 
and ERKs, EpiSCs can be converted into ESCs, and ESCs 
can be converted into EpiSCs by culturing them with ac-
tivin and FGF2. When EpiSCs are cultured with BMP4 and 
then with noggin and chordin in the presence of activin and 
FGF2, they differentiate into cells that resemble primordial 
germ (PG) cells. Those in turn can be converted into plu-
ripotent embryonic germ (EG) cells by culturing them in 
medium supplemented with LIF, FCS, and FGF2 [12].

It has been proposed that human ESCs are more similar 
to mouse epiblast stem cells (EpiSCs) than to mouse ESCs, 
mainly because some aspects of human ESCs and mouse 
EpiSCs are similar and distinguish them from mouse ESCs. 
For example, nodal or activin is required by both human 
ESCs and mouse EpiSCs to remain pluripotent, but not by 

mouse ESCs [24]. Mouse ESCs require LIF, whereas hu-
man ESCs and mouse EpiSCs do not. Mouse ESCs are 
propagated well by dissociation into single cells, whereas 
human ESCs and mouse EpiSCs are not [25].

18.2.6 ESC Culture Dependence 
on Growth Factors

When cultured in vitro, ESCs required a growth factor to 
remain undifferentiated. Although the reason is poorly un-
derstood, it is known that mouse and human ESCs differ 
in growth factor requirements. Mouse ESCs require leuke-
mia inhibitory factor (LIF), a member of the IL-6 cytokine 
family [26], which is able to sustain undifferentiated mouse 
ESCs in the absence of MEF feeder cells via activation of 
STAT3 (Figure 18.1) [27]. LIF does not induce self-renewal 
of human ESCs. Instead, hESC lines require supplementa-
tion with FGF2, also called bFGF (basic FGF), to main-
tain an undifferentiated state [28]. bFGF binds to members 
of the FGFR (FGF receptor) tyrosine kinase family and 
induces the expression of extracellular receptor kinases 
(ERK1/2). Human and mouse ESCs differ in their response 
to ERK, which in hESCs inhibits differentiation whereas in 
mESCs promotes it [29].

18.2.7 iPS Cells

Recently, the technique of converting virtually any cell 
type, including differentiated somatic cells, into induced 
pluripotent stem cells (iPSCs) was developed, promising 
an almost unlimited source of easily obtained pluripotent 
stem cells [30,31]. The technique originally involved the in-
troduction of 24 pluripotency markers into somatic cells to 
achieve a pluripotent-like state in the cells. Through a series 
of screens, these 24 factors were reduced to a cocktail of 
four transcription factors (Oct3/4, Sox2, Klf4, and c-MYC) 
sufficient for conversion of adult differentiated cells into 
 iPSCs [31]. However, further studies revealed that specific 
reprogramming factors differ among tissues. In addition, 
the substitution of c-MYC for LIN28 and Nanog also re-
sulted in induced pluripotency, suggesting multiple avenues 
for iPSC formation [32].

The resulting reprogrammed iPSCs can be redifferenti-
ated into cells that represent derivatives of all three germ 
layers. This was first confirmed by injection of iPSCs 
subcutaneously into immunocompromised mice, which 
resulted in teratoma formation, similar to ESCs [31]. 
Interestingly, iPSCs vary from ESCs in several ways. iPSCs 
exhibit a higher predisposition to tumor formation follow-
ing transplantation [33]. Further, several iPSC lines exhibit 
a limited capacity for neural differentiation [34]. Despite 
these differences, global gene expression studies compar-
ing iPSCs and ESCs found no major differences between 
the two cell types.
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18.2.8 Applications of ESCs

Efforts in tissue engineering involve using ESCs to differen-
tiate into a variety of tissues and cell types, including neu-
ral, cardiovascular, hepatic, and pancreatic tissues [11]. In 
the dental sciences, tissue engineering of almost all cranio-
facial tissues is being investigated and is discussed in later 
chapters of this book.

ESCs have been proposed for a variety of uses clinically, 
and progress is such that both good manufacturing practices 
(GMP) [35] as well as guidelines for long-term storage 
(stem cell banking) have been developed to try to standard-
ize their use [36]. A few of the uses of ESCs for scientific 
research and clinical applications include stem cell therapy, 
toxicology screening, modeling of human genetic disorders, 
tissue engineering, and regenerative medicine.

Although there are over a hundred new clinical trials us-
ing adult stem cells [37], there are only a few ESC therapies 
currently in pre-clinical or clinical trials. The first human 
ESC clinical trial used an ESC line for spinal cord injury 
treatment, a phase I trial to determine safety was begun in 
2010 but was discontinued in 2011 due to funding issues, 
and the results from this study have yet to be published 
[38]. A second study is underway in which ESCs are used 
to derive retinal progenitor cells (RPE) for the treatment of 
either dry age-related macular degeneration or Stargards’s 
disease. In this study, patients had functional visual im-
provement four months after implantation with no signs of 
tumorigenicity or immune rejection, although it should be 
noted that the eye is one of the few immune privileged areas 
of the body [39]. ESC research is just starting to reach the 
clinic, and in the coming years the numbers of trials are sure 
to increase, leading to exciting new advances in the future 
for regenerative medicine.

18.3 ADULT STEM CELLS

18.3.1 Definition

Adult stem cells are undifferentiated cells that reside among 
differentiated cells in a tissue or organ. They have the abil-
ity to renew themselves and differentiate into specialized 

cell types. While ESCs can become all cell types, adult stem 
cells are limited to differentiating into distinct cell types of 
their tissue of origin, and they are therefore multipotent or 
unipotent stem cells. The primary roles of adult stem cells 
are to maintain and repair the tissue in which they reside. 
Adult stem cells are rare and generally small in number, 
but they can be found in a number of various tissues of the 
adult organism; several examples of well-studied systems 
are presented below.

18.3.2 Types of Adult Stem Cells  
and Their Markers

18.3.2.1 Hematopoietic Stem Cells
Because mature blood cells are predominantly short lived, 
stem cells are required throughout life to replenish multi-
lineage progenitors and the precursors committed to indi-
vidual hematopoietic lineages. Hematopoietic stem cells 
(HSCs) are rare cells of mesodermal origin residing in the 
adult mammalian bone marrow (one HSC can be found in 
approximately 104 of bone marrow nucleated cells) which 
sit atop a hierarchy of progenitors that become progressively 
restricted to several or single lineages. These progenitors 
yield blood precursors devoted to unilineage differentiation 
and the production of mature blood cells [40].

True HSCs are long-term cells capable of unlimited 
self-renewal. They remain mostly in the quiescent state in 
the adult tissue, and give rise to short-term HSCs which 
have limited self-renewing capacity (6–8 weeks). When the 
short-term HSC leaves the undifferentiated self-renewing 
state it first chooses between two fates – it can become 
 either a common myeloid progenitor (CMP) or a common 
lymphoid progenitor (CLP). In terms of potency degree, 
CMPs and CLPs are oligopotent cells that can produce 
multiple cell types but not the complete spectra of the tis-
sue specific cells. The myeloid lineage further gives rise 
to erythrocytes, monocytes and macrophages, neutrophils, 
basophils, eosinophils, megakaryocytes/platelets, and den-
dritic cells. Osteoclasts also arise from hemopoietic cells 
of the monocyte/neutrophil lineage. The lymphoid lineage 
produces T- and B-lymphocytes and Natural Killer cells 

FIGURE 18.1 In vitro cultivation of mouse ECSs. Blastocysts (A) are extracted at embryonic day 3.5 and grown in the presence of LIF until they de-
velop into colonies (B). If further cultivated under specific conditions, the cell can form structures called embryonic bodies (EBs) composed of the three 
germ layers (C). The asterisk in A indicates the inner cell mass (ICM) and the arrowhead points to the trophectoderm.
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[41]. (For a schematic diagram of differentiation hierarchy 
of hematopoietic cells see Figure 18.2.)

The identification of specific HSCs markers is compli-
cated. The HSCs can be described by the lack of lineage 
markers (lin-), distinct dye-efflux profiles, and presence of 
various antigenic markers on their surface. Generally, mu-
rine HSCs are the best experimentally described model of 
HSCs. Despite many similarities, the murine and human 
HSCs differ in the presence of different antigenic markers. 
As these long-term HSCs begin to develop as distinct cell 
lineages the cell surface markers are no longer identified. 
For example, murine long-term and short-term HSCs can be 
distinguished by the presence of CD34 – long-term HSCs 
are CD34− and short-term HSCs are CD34+ [42]. Other 
types of hematopoietic progenitors can be defined by dif-
ferent combinations of these markers.

Nevertheless, the cells sorted by the presence of these 
surface markers are not exclusively the long-term HSCs 
(or other searched cell type), but represent a heterogeneous 
population consisting of other types of hematopoietic pro-
genitors as well. For that reason the invention of other ways 
of HSCs discernment is the subject of high scientific inter-
est. One of these alternative methods is the SLAM code, 
which uses the SLAM (signaling lymphocyte activation 

molecule) family of surface molecules (CD150, CD48, 
CD244, etc.) [43].

As mentioned above, the specific microenvironment for 
the HSCs is provided by the bone marrow. In this stem cell 
niche, the HSCs interact with other cell types. It is likely 
that many cells contribute to HSC maintenance, including 
endothelial cells [44], mesenchymal stem cells [45], sympa-
thetic nerve fibers [46], adipocytes [47], osteoblasts [48,49], 
and Cxcl12-expressing reticular cells [50]. The most stud-
ied cell type in the HSCs niche context is the osteoblast, 
although the majority of HSCs in the bone marrow are adja-
cent to sinusoid vessels with reticular cells [50].

It was proposed that the osteoblast-containing niche in 
general represents a niche in which HSCs remain quiescent 
[49,51]. In contrast, the perivascular (endothelial) niche has 
been assumed to represent a niche of HSCs in a more acti-
vated state (cycling HSCs or HSCs subjected to stress as a 
chemotherapeutical treatment) [51,52].

18.3.2.2 Mesenchymal Stem Cells
Mesenchymal stem cells (MSCs) are a very diverse adult 
pluripotent cell population. The majority of these reside in 
bone marrow stroma. The MSCs from bone marrow pos-
sess the natural ability to differentiate into mesodermal 

Long term HSCSelf-renewal

Short term HSC

Common myeloid 
progenitor (CMP)

Common lymphoid
 progenitor (CLP)

Erythrocyte

Megakaryocyte

Platelets

Monocyte Neutrophil Eosinophil Basophil

Dendritic cell Macrophage Plasma cell

T-cell B-cell NK cell

FIGURE 18.2 Simplified diagram of differentiation of hematopoietic stem cells displaying the classical view of HSCs development with two major 
branches, the myeloid and the lymphoid, and their progeny.
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tissues such as muscle, tendon, adipocyte, osteocyte, and 
chondrocyte lineages [53]. However, it is possible to find 
minor cell populations in nearly all other organs, where they 
are able to produce a healing environment in case of dam-
age, injury or inflammation [54]. MSCs have been found in 
adipose tissue, intestinal stroma, eye corneal limbal stroma, 
trachea, and dental pulp. In these tissues, MSCs are mainly 
localized in niches located at the pericyte area of capillar-
ies. Another important medical source of MSCs are neona-
tal tissues such as placenta, cord blood, and Wharton’s jelly 
[55]. MSCs are incorporated in the regenerative processes 
of adult tissues, for example in the heart after infarction, 
but the precise mechanism of regulation is still unknown. 
MSCs may directly differentiate into particular cells from 
damaged tissues, but may also serve as paracrine regula-
tors of healing processes [54]. The MSCs possess a large 
variety of diffusible cytokines directly regulating immune 
cells. Differentiation into adipocytes, chondrocytes, and os-
teoblasts has been also documented.

18.3.2.3 Intestinal Stem Cells
The intestinal epithelium has a well-defined architec-
ture. The simple columnar epithelium is folded to form a 
number of invaginations, the crypts (also called crypts of 
Lieberkühn or intestinal glands). In the small intestine, sev-
eral crypts surround the base of finger-like projections tow-
ering into gut lumen called villi. This spatial arrangement 
generates a large surface area, allowing efficient absorption 
of nutritional compounds from the intestinal lumen. The 
proper function of the gastrointestinal tract depends on an 
intact and functional intestinal epithelium.

Homeostasis of the adult intestinal epithelium is main-
tained by continuous replacement of differentiated cells. The 
intestinal epithelium renews every 2–5 days, which makes it 
the most vigorously self-renewing tissue of adult mammals. 
This renewal process involves rapid and continuous prolif-
eration of epithelial cells in the crypt base, with subsequent 
migration of these cells up the crypt onto an adjacent villus 
in coherent columns, where they perform their differentiated 
absorptive function before being extruded into the lumen. In 
the colon, cells migrate to the intercrypt region at the top of 
the colonic crypt. In both the small intestine and colon, cells 
differentiate into three functional cell types as they migrate: 
the predominant enterocytes (the absorptive cells); the mu-
cus-secreting Goblet cells; and the peptide hormone secreting 
enteroendocrine cells. Additionally, in the small intestine, a 
number of cells migrate down to the base of the crypt to be-
come the fourth cell type, the Paneth cells. Paneth cells con-
tribute to innate immunity by sensing bacteria and bacterial 
antigen and discharging microbicidal peptides [56,57].

The intestinal stem cells (ISCs) are multipotent stem cells 
that can generate all these differentiated cell types. When 
ISCs divide, they are believed to undergo an  asymmetric 

cell division into a new stem cell plus a committed daughter 
cell. The rapidly cycling daughter cells, also called transit-
amplifying (TA) cells, then undergo a limited number of 
cell divisions before terminally differentiating into a tis-
sue mass. Two types of ISCs have been identified in the 
crypt base area. The long-term Bmi1-positive ISCs can be 
found at or near position + 4 (counting from the bottom of 
the crypt) (Figure 18.3). They give rise to short-term Lgr5-
positive cells residing at the crypt base, also known as crypt 
base columnar cells (CBCs), which are interspersed be-
tween the Paneth cells. The Lgr5-positive ISCs are active 
cells that contribute robustly to homeostatic regeneration, 
and are quantitatively ablated by irradiation. In contrast, 
Bmi1 seems to mark ISCs that contribute weakly to homeo-
static regeneration under normal conditions and are resis-
tant to high-dose radiation injury [58,59].

Several molecular pathways have been identified to act 
within the ISC niche and affect the proliferation and differ-
entiation of ISCs. Mesenchymal cells adjacent to the ISCs 
function as an important part of the niche. Bmp4 expressed 
from the niche influences the ISCs; the gradient of BMP 
signaling, known to inhibit proliferation, is established 
along the crypt–villus axis, with relatively high activity 
throughout the villus and less activity within the crypt. An 
opposite gradient of canonical Wnt signaling, providing an 

Lgr5+ Stem Cell

Paneth Cell 

Transit Amplifying
Cells

Goblet Cell

Enterocyte

Enteroendocrine
Cell

Crypt Top

Crypt Base

+4 Cell

FIGURE 18.3 Schematic of the small intestine crypt with differentiated 
cells and two proposed populations of stem cells. The Bmi1-positive stem 
cells are found largely in the “+4 position” and the actively cycling Lgr5-
positive stem cells reside at the bottom of the crypt intermingled with the 
Paneth cells.
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important proliferative stimulus, is highest at the crypt base 
and decreases toward the crypt-villus junction [60].

Like Wnt signaling, which is required to maintain adult 
intestine epithelial proliferation and crypt architecture, 
Notch genes expressed in the basal cells of intestine crypt 
also play a role in stem cell maintenance. Notch inhibition 
led to increased number of goblet and endocrine intestinal 
cells, suggesting that this pathway maintains intestinal epi-
thelial stem/progenitor cells and that Notch signaling con-
trols daughter cell differentiation into absorptive rather than 
secretory cells [61].

Indian hedgehog (Ihh) expressed in the intervillus re-
gion has been shown to regulate self-renewal and differ-
entiation of intestinal stem cells by reciprocal interaction 
between epithelial cells from intestinal crypts and underly-
ing muscularis mucosae [62].

18.3.2.4 Neuronal Stem Cells
The brain, with its high complexity, requires a high diver-
sity of cell types. With these varied cell types and very 
specialized functions, the brain used to be considered an 
organ with determined development, without regenerative 
potential during adulthood. This view of the human brain 
has been changed by discoveries of regenerative potential 
in adulthood by neural stem cells [63]. The neural stem 
cell or neural progenitor cells are located in two distinct re-
gions of brain. One population is located in the ventricular– 
subventricular zone in lateral ventricles. The mouse model 
suggested that this population is mainly responsible for 
renewal of neurons in the olfactory bulb. The second pop-
ulation is seated in the interface of the hilus and dentate 
gyrus of hippocampus [64]. Neural stem cells, because of 
ultrastructural similarity to astrocytes and expression of as-
troglial markers, are generally named B1 astrocytes in the 
ventricular-subventricular zone, and radial astrocytes in the 
dentate gyrus of the hippocampus [64,65].

For neural stem cells, as for other adult tissue stem cells, 
organization in the stem cell niche is important. Stem cells 
have to respond to many factors from the niche, but also 
from greater distances, such as diffusible factors from cere-
brospinal fluid or blood circulation. It is evident that the po-
sition of stem cells inside the niche is strictly regulated [66]. 
The role of the neural stem cell microenvironment is the 
regulation of cell self-renewal by symmetrical or asymmet-
rical division, giving rise to intermediate progenitor cells 
(IPC). IPCs correspond to transit amplifying cells, which 
subsequently differentiate into neuroblast and afterwards 
into matured neurons. There is expanding evidence of mo-
lecular factors regulating neural stem cell self-renewal or 
differentiation.

TLX is a transcription factor that is expressed in the sub-
ventricular zone and hippocampal dentate gyrus and is an 
essential regulator of neural stem cell maintenance [67]. 

Sox2 is essential during embryonic development of brain, 
and is responsible for neural stem cell maintenance in the 
adult brain [68]. Notch signaling has been shown to be in-
volved in maintaining undifferentiated neuronal stem cells 
[69]. RTK signaling is also regulating stem cell fate, as re-
ceptors FGFR2 and FGFR3 are highly expressed in glial 
cells in the subventricular zone of the brain, and FGF2 is 
associated with proliferating neural stem cells (NSCs) in 
this region [70].

18.3.2.5 Stem Cells of the Epidermis  
and Hair Follicle
The skin is the largest organ in the human body and has 
several functions, including protection of internal organs 
from the outside environment, temperature regulation, and 
fluid retention. The skin is divided into the dermis and the 
epidermis (Figure 18.4). The epidermis has stem cells that 
are responsible for repair and maintenance of the epithe-
lial barrier, which turns over every 2–4 weeks. The dermis 
consists of connective tissue, and is the location of hair fol-
licles, sweat glands, and blood vessels.

18.3.2.5.1 Epidermal Stem Cells

The epidermis consists of the interfollicular epidermis 
(IFE), which forms the functional barrier of the skin, and 
the appendages of the epidermis, which include the hair 
follicle, sebaceous glands, and the sweat gland [71]. The 
epidermis begins at the most basal layer of the dermis, 
termed the stratum basale (Figure 18.4, left panel). This 
layer contains epidermal stem cells that give rise to the 
rest of the epidermis, which differentiate as they move up-
wards away from the dermis. The next layer, the stratum 
spinosum, is further differentiated into keratinocytes. The 
stratum granulosum contains the last layer of living cells, 
and these cells contain protein-filled granules that promote 
keratin crosslinking. The stratum lucidum are layers of 
dead cells that exocytosed lamellar bodies, which are rich 
in lipids, aid in the skin’s barrier function. Finally, the stra-
tum corneum consists of a layer of dead cells with no nu-
clei or organelles, which serve as the skin’s barrier to any 
chemical or mechanical stress. The continual turnover of 
the epidermis is mediated by epidermal proliferative units, 
which consist of a stem cell in the stratum basale and sev-
eral transit amplifying cells. Clonal analysis revealed con-
tinuous expansion of a small population of labeled cells 
within the interfollicular epidermis in a random fashion 
[72,73]. This is in contrast to the previous long-held belief 
that IFE stem cells are scattered uniformly throughout the 
epidermis and are responsible for discrete units of the epi-
dermis. During wound healing, several different popula-
tions of the bulge region of the hair follicle can contribute 
to reestablishment of the epidermis (see Section 18.3.2.5.2 
below for details) [74].
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18.3.2.5.2 Hair Follicle Stem Cells

The replacement of hair in mammals is achieved through the 
hair cycle. The hair follicle produces the hair shaft during 
the growth phase, termed anagen, followed by a period of 
apoptosis termed catagen, and remains quiescent during the 
resting phase, termed telogen. These processes are accom-
plished by a number of hair follicle stem cell (HFSC) popu-
lations that have just recently been identified and which still 
require further investigation. Stem cells in the hair follicle 
were first discovered by 5-bromodeoxyuridine (BrdU) la-
beling in the area labeled the hair bulge (Figure 18.4). These 
cells were able to contribute to epidermal wound healing 
upon wounding [74]. Further studies identified keratin 15 
(K15) and CD34 as molecular markers of the label- retaining 
cells of the bulge, and although these cells can contribute to 
epithelial wound healing, this is only temporary as lineage 
tracing revealed the loss of these cells weeks after wound 
healing is completed. Ablation of K15 + cells leads to loss 
of hair follicles, but the IFE remains intact [74].

Further studies of the HFSC population identified 
Leucine-rich repeats and immunoglobulin-like domains 
1(Lrig1)-positive cells. These cells are located in the re-
gion called the isthmus of the hair follicle, and give rise to 
the hair follicle and sebaceous gland during homeostasis. 

Using reconstitution assays, it was demonstrated that Lrig1-
positive cells can give rise to all epidermal lineages (IFE, 
sebaceous gland, hair follicle) [75].

The bulge, which was previously identified as K15 + 
and CD34 +, has recently been fractionated into several 
populations of stem cells with different markers. This is im-
portant, because while K15 and CD34 labels the bulge in 
mouse, in humans bulge cells are negative for these mark-
ers [76]. Expression of Leucine-rich repeat-containing G 
protein-coupled receptor 5 (Lgr5) partially overlapped with 
presence of K15 and CD34 in the lower part of the bulge. 
During normal homeostasis, Lgr5-positive cells are distinct 
from the quiescent label-retaining population, and are able 
to give rise to cells of the hair follicle [76]. Transplantation 
studies show that Lgr5-positive cells, similar to Lrig1-
positive cells, are able to generate all epidermal lineages. 
Lgr6-positive cells reside in the lower isthmus, and contrib-
ute to the formation of the sebaceous gland and the IFE. 
During wound healing, Lgr6-positive cells permanently 
contribute to the epidermis, and can also contribute to the 
formation of the hair follicle [77].

Two transcription factors that are important in HFSC 
activity are Gli1 and Sox9. Cells within the bulge express 
Sox9, and cells of both the bulge and the isthmus express 

Dermal Papilla

Sebaceous
    gland

Interfollicular epidermis (IFE)

Sebaceous SCIFE SC

Bulge region

Lgr5+Lgr6+Lrig1+

Isthmus

Stratum corneum

Stratum lucidum

Stratum granulosum

Stratum spinosum

Stratum basale

Basement membran e

K15+ CD34+

FIGURE 18.4 Schematic of the epidermis and the hair follicle. Left panel: Layers of the epidermis. The lowest layer above the basement membrane is 
the stratum basale, which contains the interfollicular stem cells (pink). Differentiated keratinocytes reside in the stratum spinosum, the stratum granulosum 
contains living cells that crosslink keratin. The stratum lucidum and stratum corneum both contain dead cells and are responsible for the barrier function 
of the skin. Right panel: Schematic of the hair follicle. The hair follicle can be divided into the regions of the dermal papilla, where mesenchymal cells 
signal cues for proliferation, the hair bulge, where several populations of stem cells reside (see text), and the isthmus, where the sebaceous gland as well 
as other stem cell populations reside.
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Gli1. Gli1-expressing cells of the isthmus respond to sonic 
hedgehog (Shh) that is produced by sensory neurons in 
contact with the hair follicle and migrate to the IFE upon 
wounding [78]. Sox9 functions in both wound healing 
and the hair cycle, and both processes are severely im-
paired when Sox9 is ablated [74]. The differing response to 
wounding, as well as the normal hair cycle, may reflect the 
differences between these distinct subpopulations of cells 
or perhaps their stem cell niches, which may support regen-
eration of different appendages of the skin. Further inves-
tigation will be required to determine the overlapping and 
distinct pathways of these epidermal stem cells.

Involvement of the Notch pathway is well understood in 
the stem cell niche of hair follicles. Analysis of many dif-
ferent Notch mutant mice showed the importance of Notch 
signaling in the inhibition of stem cell differentiation in the 
bulge and promotion of hair formation [79]. Importantly, 
the inducible removal of Notch1 led to formation of skin 
tumors, and thus it seems that Notch1 is also involved in 
tumor suppression [80].

18.3.2.5.3 Sebaceous Gland Stem Cells

B lymphoctye-induced maturation protein 1(Blimp1)-
positive cells are unipotent stem cells that give rise to the 
sebaceous gland [78]. Since other lineage tracing studies 
have identified Lgr6, Lrig1, and MTS24-positive cells as 
able to regenerate the sebaceous gland, further studies will 
be necessary to determine which subset(s) of cells contrib-
ute to sebaceous gland homeostasis.

18.3.2.5.4 Dermal Papilla

The dermal papilla is a population of mesenchymal cells 
that reside just under the hair follicle. Several studies have 
suggested that during hair growth, the stem cells of the 
hair follicle are in close proximity to the dermal papilla, 
and signaling molecules including Wnts, BMPs, noggin, 
and FGFs from the dermal papilla activate HFSCs to begin 
proliferating [78]. As the follicle grows, the dermal papilla 
is pushed further downward, and it is believed that the dis-
tance between the stem cell compartment and the dermal 
papilla dampens the signaling, returning the stem cells to 
quiescence [81].

18.3.2.6 Other Adult Stem Cell Populations
Adult stem cells have been identified in many organs and 
tissues, and it is probable that due to their low numbers there 
are stem cell niches in the adult organism that still remain 
unknown to us. In this chapter a few other stem cell types 
will be mentioned, mostly for their clinical importance.

The liver has a remarkable regenerative capacity. 
Following acute liver injury, the tissue mass is restored 
by mitotic division of mature hepatocytes. However, dur-
ing massive or chronic injury the hepatocyte proliferation 

 becomes compromised and facultative hepatic progenitors 
are activated. These cells are bipotent and can give rise to 
both hepatocytes and biliary epithelia. Recent studies have 
indicated an important role of Hedgehog signaling in pro-
genitor activation in alcoholic steatohepatitis in mice and 
humans [82]. Hepatic progenitor cells are thought to be lo-
cated in the terminal branches of the biliary tree (the Canals 
of Hering). Evidence from human tissue suggests that the 
human liver may have more proliferative hepatocytes lo-
cated in the portal tract area and more quiescent hepatocytes 
located near the central vein.

The mammary gland is composed of epithelial cells and 
mesenchymal cells, including fibroblasts, adipocytes, blood 
vessel cells, and immune cells. Two main cellular subtypes 
comprise the mammary gland epithelium: the basal myo-
epithelial cells and the luminal cells, which can differenti-
ate either into ductal cells or milk-producing cells. Whereas 
alveoli and luminal cells secrete water and nutriments, the 
contractive myoepithelial cell guide the milk circulation 
throughout the ductal tree. The mammary gland cells have 
the ability to clonally expand during morphogenesis and 
adult life, as well as to undergo massive expansion during 
several cycles of pregnancy. Transplantation studies have 
suggested that the mammary epithelium is maintained by 
the presence of multipotent mammary stem cells. A rare 
subset of adult mouse mammary cells was shown to be able 
to regenerate an entire mammary gland, simultaneously ex-
ecuting symmetrical self-renewal divisions [83]. These cells 
were defined as CD29hiCD24+. Nevertheless, if examined 
under physiological conditions, long-lived but unipotent 
stem cells were found for both luminal and myoepithelial 
lineages [84]. How myoepithelial cells can adopt a multi-
potent fate and be able to regenerate a complete mammary 
gland upon transplantation remains unanswered. The inter-
est in mammary stem cells has been further stimulated by 
their potential role in breast tumorogenesis.

Human dental tissue does not possess self-renewing 
capacity, however, there are several species whose teeth 
can continuously grow or are constantly replaced during 
the adult life. In mammals, several examples can be found 
within the rodent order, e.g., in mice, adult incisors contain 
a stem cell niche and therefore can grow indefinitely, and in 
others, such as voles, the stem cells reside not only in the 
incisor, but also in the molars. The rodent tooth stem cells 
are widely studied because they represent a potential entrée 
into dental regenerative medicine. This topic is described in 
more detail in Chapter 19.

There are also special types of stem cells that reside 
in the adult organism but do not meet all the classical at-
tributes of adult stem cells. This category includes germ-
line stem cells found in the ovarian epithelium and testis. 
Male germline cells are a population of progenitor cells 
(known as spermatogonial progenitor cells or SPCs) that 
are required for life-long production of differentiating germ 
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cells and spermatozoa. Male germline stem cells (GSCs) 
are unipotent stem cells that can give rise only to gametes, 
but they can be, under defined culture conditions, converted 
into pluripotent stem cells, known as germline-derived plu-
ripotent stem (gPS) cells or multipotent adult germline stem 
cells (maGSCs). The properties of maGSCs are similar to 
ESCs. They are able to spontaneously differentiate into 
cells forming all three germ layers and germ cells, contrib-
ute to the development of various organs when injected into 
an early blastocyst, and generate teratomas in immunodefi-
cient mice. The maGSCs could provide a source of cellular 
grafts for new transplantation therapies [85].

For a long time it was believed that female germline 
cells (oocytes) represent a non-renewable pool established 
in female mammals at birth, resulting in lack of ability to 
replenish their oocyte reserve. This dogma was first chal-
lenged by a study reporting on the presence of mitotically-
active germ cells in juvenile and adult mouse ovaries [86].

A very specific type of stem cell that can be present in 
the adult are the pluripotent stem cells of fetal origin, which 
can be found only in females that have been pregnant. It is 
known that the cord blood flowing through the umbilical 
cord and placenta is rich in fetal stem cells. In contrast to 
the previous opinion that the placental fetal–maternal in-
terface represents a hermetic barrier for infections, drugs, 
and other exogenous factors, it is now known that not only 
viruses and chemicals, but even cells can cross this barrier 
[87]. The bidirectional trafficking of cells across the placen-
tal barrier results in maternal and fetal microchimerism, and 
these progenitor cells can be detected in maternal circula-
tion for several decades after pregnancy [88]. Fetal micro-
chimerism is believed to impact maternal tolerance to the 
fetal allograft and the development of autoimmune disease 
in multiparous women [89].

18.4 APPLICATIONS OF ADULT  
STEM CELLS

Studying stem cells helps us to understand normal develop-
ment, and opens the possibility of correcting birth defects 
and disease states such as cancer. Another potential applica-
tion of stem cells is generating cells and tissues for medical 
therapies that would replace transplantation with material 
of autologous origin. Unlike embryonic stem cells, the use 
of adult stem cells in research and therapy is not considered 
to be ethically controversial, as they are derived from adult 
tissue samples. The disadvantage of adult stem cells is that 
they are rare in mature tissues, so isolation and expansion in 
cell culture will be challenging.

Adult stem cells have been used in the clinic for de-
cades in the treatment of blood diseases. Transplantation 
of hematopoietic stem cells is an established therapy to-
day. It includes transplants from bone marrow, peripheral 
blood, and cord blood. The bone marrow is a classic source 

of HSCs for transplantation. Stem cells are obtained typi-
cally from the iliac part of the pelvic bone with a syringe. 
This approach is now being replaced by the use of periph-
eral blood as a source. Only a small number of stem and 
progenitor cells circulate in the bloodstream normally, but 
greater numbers can be obtained by injecting the donor with 
a hematopoietic growth factor, such as granulocyte-colony 
stimulating factor (G-CSF), which results in a much less 
invasive procedure for the donor [90]. Cord blood is another 
alternative source of the HSCs that can be obtained from the 
umbilical cord and placenta after birth. Cord blood has a 
high concentration of HSCs; however, the small quantity of 
blood obtained (typically about 50 ml) makes it more suit-
able for transplantation into small children than into adults. 
One way to overcome this obstacle is the transplant of two 
different cord blood units to one patient, which shows en-
couraging results. As the number of umbilical cord blood 
banks expands, these approaches will likely be further re-
fined and could yield advances for regeneration efforts of 
HSCs and other stem cell populations [91].

Another type of adult stem cell that is auspicious for 
clinical use is the neural stem cell. Animal studies revealed 
the potential of neural stem cells to act protectively in 
the treatment of amyotrophic lateral sclerosis (ALS, also 
known as Lou Gehrig’s disease), and this application is be-
ing clinically tested [92]. Neural stem cells are also promis-
ing for severe spinal cord injury, as they are able to support 
the functional regeneration of the spinal cord [93]. Neural 
stem cell transplantation is also being considered for future 
clinical use as a regenerative strategy after stroke, as neural 
stem cells have the capacity to replace lost neurons. The 
combination of neural stem cells with hematopoietic stem 
cells may improve functional outcome after ischemic brain 
lesions [94].

MSCs reside in numerous niches in adult tissues, mak-
ing them attractive for various clinical applications. MSCs 
can protect human islets, which could potentially be a 
therapy for type 1 diabetes [95]. Possible applications for 
MSCs also include treatments for heart attack, as well as 
pulmonary disease [96,97]. Because MSCs have been iden-
tified in several oral and maxillofacial tissues, MSCs repre-
sent a promising source in the dentistry field, as discussed 
in later chapters. These findings support the possibility to 
use MSCs in innovative technologies for tissue engineer-
ing strategies to regenerate or replace damaged, diseased or 
missing oral tissues [98–100].

18.5 CONCLUSION

Stem cells play a key role in development, homeostasis, and 
repair. In order to fulfill these functions, stem cells possess 
the ability to self-renew and differentiate into specialized 
cell types. Stem cells can be divided in two distinct groups 
according to the time period of the life of the organism in 
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which they function. Embryonic stem cells (ESCs) are a 
homogenous group of undifferentiated cells present at the 
stage of blastocyst. ESCs can be derived from the embryo 
and cultured in vitro. They can be propagated indefinitely, 
as well as differentiated into all cells of the adult body, as 
they are pluripotent.

Adult stem cells are rare undifferentiated cells present 
in adult tissues. The most studied are stem cell populations 
present in bone marrow (hematopoietic and MSCs), intes-
tine, and skin, but there are distinct populations residing in 
many other organs, such as in the central nervous system, 
liver, mammary gland or dental tissues. The primary role of 
adult stem cells is to maintain and repair the tissue in which 
they reside. In contrast to the ESCs, the ability of adult stem 
cells to differentiate is limited, and adult stem cells can be 
either multipotent or unipotent. The diverse adult stem cell 
populations exhibit distinct markers and are affected by 
various signaling pathways (Wnt, Notch, Shh, etc.). Stem 
cells in individual tissues are influenced not only by their 
own signaling activity, but they also react to the specific 
environment created by neighboring cells called the niche.
Stem cells are potential sources of undifferentiated cells 
suitable for transplantation, gene therapies of inherited dis-
orders or tissue engineering. Some applications are well es-
tablished in the clinic, e.g., bone marrow transplantation, 
but ongoing experiments and clinical trials are testing the 
use of a much wider spectrum of both embryonic and adult 
stem cell applications in medicine.

ACRONYMS AND ABBREVIATIONS

ALS amyotrophic lateral sclerosis
Blimp B lymphoctye-induced maturation protein 1
BMP bone morphogenic protein
BrdU 5-bromodeoxyuridine
CBC crypt base columnar cell
CLP common lymphoid progenitor
CMP common myeloid progenitor
EB embryonic body
EG cell embryonic germ cell
EpiSC egg cylinder-derived epiblast stem cells
EPL cell early primitive ectoderm-like cell
ESC embryonic stem cell
ERK extracellular receptor kinase
FAB-SC  stem cell obtained by culturing blastocysts in 

medium containing fibroblast growth factor 2, 
activin, and the glycogen synthase kinase 3β 
inhibitor BIO

FCS fetal calf serum
FGF fibroblast growth factor
FGFR fibroblast growth factor receptor
G-CSF granulocyte-colony stimulating factor
GDF growth differentiation factor
GMP good manufacturing practices

gPS cell germline-derived pluripotent stem cell
GSC germline stem cell
GSK3β glycogen synthase kinase 3β
hESC human embryonic stem cell
HFSC hair follicle stem cell
HSC hematopoietic stem cell
ICM inner cell mass
IFE interfollicular epidermis
IGF insulin-like growth factor
Ihh indian hedgehog
IPC intermediate progenitor cell
ISC intestinal stem cell
K15 keratin 15
Lgr5  leucine-rich repeat-containing G-protein-coupled 

receptor 5
Lgr6  leucine-rich repeat-containing G-protein-coupled 

receptor 6
LIF leukemia inhibitory factor
Lrig1  leucine-rich repeats and immunoglobulin-like 

domains 1
maGSC multipotent adult germline stem cell
MEF mouse embryonic fibroblast
MSC mesenchymal stem cell
PG cell primordial germ cell
PI(3)K phosphatidylinositol-3-OH kinase
RPE retinal pigment epithelium
RTK receptor tyrosine kinase
Shh sonic hedgehog
SLAM signaling lymphocyte activation molecule
Sox sex-determining region Y-box
TA cell transit-amplifying cell
TGF transforming growth factor
TS cell trophoblast stem cell
XEN extra-embryonic endoderm
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Abstract:
Stem cells can be divided into two groups, embryonic and adult. Both types share the ability to self-renew and to differentiate into spe-
cialized cell types, but they differ in other attributes. Embryonic stem cells are derived during early development at the blastocyst stage 
and are pluripotent, meaning that they can differentiate into any cell type. Embryonic stem cells can be readily grown in culture and 
exhibit unique properties, including spontaneous differentiation into three germ layers in vitro or teratoma formation in vivo. In contrast, 
adult stem cells are rare, undifferentiated cells present in many adult tissues. Their primary role is to maintain and repair the tissue in 
which they reside. The ability of adult stem cells to differentiate is limited; these cells can be either multipotent or unipotent. Both em-
bryonic and adult stem cells are studied as a promising source for clinical applications.

Keywords: Embryonic stem cells, adult stem cells, self-renewal, differentiation, pluripotency, multipotency, maintenance, regeneration
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Summary: The rodent incisor is one of a number of
organs that grow continuously throughout the life of an
animal. Continuous growth of the incisor arose as an
evolutionary adaptation to compensate for abrasion at
the distal end of the tooth. The sustained turnover of
cells that deposit the mineralized dental tissues is
made possible by epithelial and mesenchymal stem
cells residing at the proximal end of the incisor. A com-
plex network of signaling pathways and transcription
factors regulates the formation, maintenance, and dif-
ferentiation of these stem cells during development
and throughout adulthood. Research over the past 15
years has led to significant progress in our understand-
ing of this network, which includes FGF, BMP, Notch,
and Hh signaling, as well as cell adhesion molecules
and micro-RNAs. This review surveys key historical
experiments that laid the foundation of the field and
discusses more recent findings that definitively identi-
fied the stem cell population, elucidated the regulatory
network, and demonstrated possible genetic mecha-
nisms for the evolution of continuously growing teeth.
genesis 52:79–92. VC 2013 Wiley Periodicals, Inc.

Key words: hypselodont; tissue regeneration; tooth;
dental; renewal

In 1768, the year James Cook boarded the HMS Endeav-

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

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

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

THE MOUSE INCISOR AS A MODEL SYSTEM FOR
STEM CELL BIOLOGY

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

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

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

IDENTIFICATION OF INCISOR EPITHELIAL STEM
CELLS

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

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

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

Analysis of the mitotic activity of epithelial cells in dif-
ferent regions of the incisor further solidified the evi-
dence for an active population of progenitor cells.
Tritiated thymidine labeling revealed that cells within
the adult rat enamel organ first proliferated and subse-
quently became postmitotic as they exited the presecre-
tory zone and moved distally (Smith and Warshawsky,
1975a). These early studies also suggested the possibil-
ity of several stem cell types within the cervical loop, as
discussed later. Smith (1980) postulated that distinct
compartments may exist within the OEE, inner enamel
epithelium (IEE), and SR. Treatment of animals with
mitotic arrest agents, such as vinblastine, resulted in
decreased velocity of ameloblast migration along the
incisor, hinting that proper incisor growth and cell
movement require proliferation (Samperiz et al., 1985).
The next major advance came in the 1990s, when
molecular techniques provided clues about the signal-
ing cascades regulating the stem cell niche and identi-
fied potential markers for dental stem cells (Harada
et al., 1999). When BrdU (5-bromo-20-deoxyuridine)
was pulsed in cultured explants and followed by a pro-
longed chase, label-retaining cells (LRCs) were found.
This result was intriguing, as in a number of tissues the
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stem cells divide infrequently, and thus nuclear labeling
is maintained for extended periods without dilution
(Fuchs, 2009). BrdU LRCs were subsequently identified
in vivo in the SR and OEE 60 days after BrdU was

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

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

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

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

DEVELOPMENT AND REGULATION OF INCISOR
EPITHELIAL STEM CELLS

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

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

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

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

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

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

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

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

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

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

2/2
;Fgf10

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

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

2/2
;Spry2

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

2/2
;Spry2

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

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

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

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

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

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

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

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

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

tic fringe (Lfng), encoding the b1–3 N-acetylglucos-
amine transferase that modifies Notch receptors, are
also expressed in the cervical loop dental epithelium
(Harada et al., 1999; Mitsiadis et al., 1998, 2010). The
expression of Jag2 and Lfng is regulated by FGF and
BMP signaling (Harada et al., 1999; Mitsiadis et al.,
2010). The Notch responsive gene, Hes1, is expressed
in the SR, and when cervical loops dissected from new-
born mice were cultured with the Notch signaling
inhibitor, DAPT, they had reduced proliferation and
increased apoptosis, leading to an overall reduction in
size (Felszeghy et al., 2010). Furthermore, deletion of
Jag2 in mice resulted in abnormal odontoblast and ame-
loblast differentiation, as well as the loss of matrix

84 HU ET AL.

191



deposition due to downregulated Tbx1 expression (Mit-
siadis et al., 2010). Finally, experiments using the rat
cervical loop derived dental epithelial cell line, HAT-7,
showed that Notch signaling may play a role in regulat-
ing the differentiation of SI from IEE (Harada et al.,
2006; Kawano et al., 2002). In this context, both the
inclusion of Jagged1 protein in culture and overexpres-
sion of the Notch1 internal domain resulted in an
increase of SI cells, whereas a neutralizing Jagged1 anti-
body inhibited their differentiation (Harada et al., 2006).

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

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

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

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

INCISOR MESENCHYMAL STEM CELLS

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

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

EVOLUTION OF THE CONTINUOUSLY GROWING
INCISOR

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

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

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

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

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

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

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

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

CONCLUSIONS AND PERSPECTIVES

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

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

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

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

Another interesting question is the developmental
origin of the incisor stem cells. How are they formed
initially? Are they set aside early or are they produced
from dividing progenitor cells at later times in develop-
ment? Will it be possible to generate incisor stem cells
by expression of key transcription factors, similar to the
induced pluripotent stem cell process? Finally, from an
evolutionary point of view, the developmental mecha-
nisms that result in hypselodonty remain largely
unknown. While Fgf10 appears to be involved (Yoko-
hama-Tamaki et al., 2006), the upstream and down-
stream events have not been discovered. By answering
these questions, we will not only deepen our under-
standing of incisor stem cells, but also extend our cur-
rent knowledge of other adult stem cell systems.
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SUMMARY Mammalian dental morphology is under strong
evolutionary pressure because of its importance for mastica-
tion and diet. While the mechanisms underlying tooth develop-
ment have been widely studied in model organisms, the role of
genetic regulatory elements in patterning the different
elements of the occlusal surface and crown height across
species is not well understood. Previous studies showed that
Fibroblast Growth Factor (FGF) genes are important regu-
lators of tooth development that influence morphological
variation. We hypothesized that inter-specific variation in
rodent dental morphology could be governed by nucleotide
variation in genetic regulatory elements that modulate the
spatial and temporal expression of the genes encoding FGF
signalingmolecules. In this study, wecompared the variation in

dental morphology across nine taxa of rodents to the variation
in sequences of non-coding evolutionary conserved regions
(ECRs) of Fgf3, 4, 8, 9, and 10. We correlated the variation in
molar tooth cusp shape and the evolution of highmolar crowns
(hypsodonty) to the patterns of sequence variation in two
ECRs, Fgf10ECR3, and Fgf9ECR1, respectively. By conduct-
ing luciferase and electrophoretic mobility shift assays, we
determined that these ECRs could function as enhancers.
These data suggest that emergence of hypsodonty and
occlusal cusp patterning may have happened through the
evolutionary changes in enhancers, such as Fgf9ECR1 and
Fgf10ECR3, which affected the expression of major signaling
molecules involved in tooth development.

INTRODUCTION

The origin of species by means of natural selection is dependent
upon the intra-specific variation of traits, which are genetically
encoded. These traits can present in the form of derived physical
phenotypes that emerge through novel changes in the genome under
selective pressures. An important adaptation to changing niches and
expansion into new adaptive zones is the evolution of traits
associated with foraging behavior (Heard and Hauser 1995). The
ability to consume a wider range of foods includes changes in both
behavioral and physical phenotypes. Thus, investigation of the
evolution of traits associatedwith foraging canprovidemuch insight
about the interplaybetweenmorphological variability andevolution.

One example of such evolutionary processes is the emergence
of variation in traits associated with mastication (chewing).
Rodents occupy a diverse range of ecological niches, from cold
and hot deserts to rainforests. This range is associatedwith varied
food resources and diverse diets. One constant morpho-func-
tional character of all rodents is to gnaw using their continuously
growing incisors, but their postcanine dentition (i.e., premolars
and molars) may show very different dental morphologies from
one species to another. During their evolution, some rodent
lineagesmodified their diet from omnivorous tomore specialized
diets, such as granivory or herbivory (Rodrigues et al. 2009).
These specializations weremade possible bymodifications of the
dental morphology.
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In many rodent lineages, two general strategies, which aim at
increasing the surface area ofmastication and/or the longevity of
the tooth function, are observed. First, the occlusal surface area
for grinding and crushing food can be increased by adding
additional cusps, which can afterwards become more effective
at mastication by merging together into lophs (Janis and
Fortelius 1988). Second, extending the duration of growth,
leading to increased dental crown height, can increase the
longevity of postcanine teeth. Most rodents have postcanine
teeth with limited growth (brachydont teeth), characterized by
low crowns that fully emerge from the jawbone when they are
functional. However, some rodents have evolved post-canine
teeth with extended growth (hypsodont teeth), characterized by
higher crowns that are partially encased in the bone and continue
erupting as the tooth becomes progressively worn over the
course of the animal’s life (Fig. 1A). In extreme cases,
hypsodonty can lead to crowns that continuously grow over the

animal’s life without developing roots, referred to as euhyp-
sodonty (Koenigswald and Clemens 1992). In this manuscript,
we will use the term “hypsodonty” sensu lato, including
euhypsodonty, in its definition.

Most studies dealing with evolutionary developmental
biology of the dentition in mammals have used the laboratory
mouse (Mus musculus) as a model. The mouse has a postcanine
dentition made only of brachydont molars, as the premolars
were lost in the course of evolution (Jernvall and Jung 2000). To
address the question of molar growth duration, mouse molars
are often compared to the continuously growing molars of the
sibling vole (Microtus levis). Decreased Fgf3 dosage in mice
and humans caused reductions in cusp number and changes in
dental morphology that mimicked the ancestral conditions
found in fossil murine rodents and early anthropoid primates,
respectively (Charles et al. 2009). In contrast, gain of function of
ectodysplasin (Eda) and its receptor (Edar) is thought to have
modified the dental pattern with the development of new crests
(Rodrigues et al. 2013). Further, Fgf10 expression ceased at
embryonic day (E) 17 in developing brachydont mouse molars
but persisted in hypsodont vole molars (Tummers and Thesleff
2003). Moreover, in vitro activation of Fgf10 in developing
mousemolars resulted in higher cusps (Yokohama-Tamaki et al.
2006). Thus, the elongation of the dental occlusal surface by the
addition of neoformed cusps, as well as the extension of the
growth duration of the crown, may have evolved through
mechanisms that resulted in temporal changes in expression of
genes involved in morphogenesis.

The FGF signaling pathway mediates epithelial-mesenchy-
mal interactions at several stages of tooth morphogenesis in
mammals and other vertebrates (Mandler and Neubuser 2001;
Jackman et al. 2004). In developing mouse molars, at least ten
different FGF ligands (Fgf3, 4, 8, 9, 10, 15, 16, 17, 18, and 20)
are expressed in complex, overlapping patterns in the epithelium
and/or mesenchyme (Kettunen and Thesleff 1998; Keranen
et al. 1999; Jernvall et al. 2000; Li et al. 2014). Although the
precise roles of Fgf3, 4, 8, 9, and 10 in tooth development have
been largely described, the role of other ligands requires further
investigation (Li et al. 2014). Although variations in the coding
sequences of genes can lead to changes in morphology,
differences in non-coding DNA sequences, such as the
enhancers that regulate gene expression, may also contribute
to such variations by altering the spatial and temporal expression
patterns (King and Wilson 1975; Visel et al. 2009). To
investigate the evolutionary role of FGF genes implicated in
determination of tooth number and morphology, we compared
the variation of the non-coding evolutionary conserved regions
(ECRs) found within 0.5 megabases of Fgf3, 4, 8, 9, and 10. We
then sequenced the identified ECRs in nine species of rodents
representing different ecological niches and correlated ECR
sequence diversity to the patterns of dental morphology
variation. Finally, we determined to what extent the ECRs
that correlated to variation of a certain dental character state
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Fig. 1. Schematic representation of dental morphological charac-
ters. (A) 3D renderings obtained by X-ray microtomography
illustrating three different levels of lower first molar crown height.
From left to right: brachydont (Musmusculus), hypsodont (Ondatra
zibethicus), and euhypsodont (Lemmus lemmus). (B) Cartoons of
occlusal surface organization. From left to right: lower first molar
occlusal surface of basal forms, murine rodents (B’ and B”)
(including Mus musculus), and arvicoline rodents (B”’) (including
Microtus californicus). Cusp naming abbreviations (in red): P,
Protoconid; M, Metaconid; Me, Mesoconid; H, Hypoconid; E,
Entoconid; Hy, Hypoconulid; A, Anteroconid; Av, Vestibular
anteroconid; Al, Lingual anteroconid. 3D-renderings and cartoons
not at scale to facilitate morphological comparisons. Whereas
rounded cusps connected by lophs characterize the murine
phenotype, triangular cusps along a main ridge characterize the
arvicolin phenotype.
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could function as enhancers by identifying transcription factor
binding sites (TFBSs) within the ECR sequences and utilizing
luciferase assays and electrophoretic mobility shift assays
(EMSAs).

MATERIALS AND METHODS

Examination of specimens
Museum specimen skulls were obtained from the California
Academy of Sciences, University of Central OklahomaMuseum
of Vertebrates, and the National Natural History Museum of
Paris. Teeth were visualized using a Leica M205C dissection
microscope. Dental rows of three species belonging to the
superfamily Muroidea, Lemmus lemmus (Arviolinae), Ondatra
zibethicus (Arviolinae), and Mus musculus (Murinae), were
imaged by X-ray cone-beammicrotomography using a Nanotom
(GE) at an energy of 100keV to illustrate the morphological
differences between brachydont and hypsodont molars. All 3D
renderings were done using VGStudiomax 2.2 software.

ECR identification and amplification
Genomic DNA from the nine species of examined rodents was
extracted and purified via phenol/chloroform from muscle
tissues obtained from the California Academy of Sciences and
University of Central Oklahoma. We utilized five representa-
tives for each species (n¼ 5). Primers were designed based on
Mus-Xenopus sequence variation (Table S2). The ECRs were
amplified for all nine species and one outgroup [Mephitis
mephitis (skunk)] via PCR by using standard procedures and
were sequenced with ABI3130xl Genetic Analyzer. Sequence
data were analyzed in Geneious 8.1. We calculated percent
sequence divergence as average percentage of sequence
variation among examined genetic variants (Gojobori et al.
1990) and built neighbor-joining trees for each ECR inGeneious
8.1 (Kearse et al. 2012).

Comparative analysis of identified ECRs
Sequence divergence of each ECR, illustrated by neighbor-
joining trees, was compared against the dental morphology
diversity in all examined rodent species. Only interspecific
monophyletic groups with 100% of the members exhibiting the
same dental character phenotype were selected.

Transcription factor binding site analysis
Sequences of Fgf9ECR1a, Fgf9ECR1b, Fgf10hypsoþ, and
Fgf10hypso� were input into the rVista2.0Mulan TFBS locator
(Loots and Ovcharenko 2004). TRANSFAC V10.2 library,
containing 467 unique TBFS sequences was used. Matrix
similarity was set to 0.95. Sequence similarity was confirmed
in JASPAR (Portales-Casamar et al. 2010;Mathelier et al. 2014).

Luciferase assay
Sequences of Fgf9ECR1a, Fgf9ECR1b, Fgf10hypsoþ, and
Fgf10hypso� were inserted into the KpnI and HindIII sites in
the pGL3-enhancer reporter vector (Promega). Mouse amelo-
blast-derivedLS8 cellswere cultured inDMEMwith 10%FBSat
37°C and 5% CO2. Cells (1� 105) were plated in 35mm plates.
Each transfection was standardized for 0.5mg of expression
vector, 1mg luciferase reporter vector, and 1mg pTK-Renilla
vector. Fugene (3ml) and plasmids were mixed in 97ml DMEM
(Invitrogen). The mixture was incubated for 20min at room
temperature and added to the cells. The cells were cultured for
48 h, lysed and measured for luciferase activity by Dual-Glo
Luciferase Assay System (Promega) standard protocol in a
Glomax Luminometer (Promega). The Renilla luciferase vector
was used for normalization. Assays were carried out to achieve
n¼ 3. Differences in luminescence level and standard deviation
were calculated and significancewas evaluated byStudent’s t-test
(Sherf 1996).

Quantitative real-time PCR
Six lower molars were dissected from E15 wild-type (wt) mice
and pooled. Cervical loops were dissected from postnatal day (P)
30wt mice. LS8 cells were grown to confluence in three 35mm
plates (approx. 3� 106 cells), resuspended, and combined.
Samples were placed into 350ml RNeasy lysis buffer (Qiagen).
SampleswereDNase-treated and standardized to 350 ngofDNA.
Reverse transcription was carried out with Multireverse Tran-
scriptase (New England Biolabs), and quantitative PCR was
performed. Expression was normalized to L19 expression. All
assays were performed at least three times. Standard deviation
was calculated. See Table S2 for primer list.

Electrophoretic mobility shift assay
EMSAs were carried out with recombinant proteins synthesized
in Escherichia coli (E. coli). Control (labeled) and ECR (cold
inhibitor) oligonucleotides were annealed in a thermocycler
(Eppendorf) (see Table S2 for list of primers). Control
oligonucleotides were labeled with [g-32P]rATP utilizing T4
polynucleotide kinase and purified. EMSA master mixes
included 40,000 cpm (approx. 0.2 ng double stranded oligonu-
cleotide probe) and 10mg of nuclear protein in a final volume of
15ml of 4% glycerol; 1mMMgCl2; 0.5mMDTT; 50mMNaCl;
10mM Tris–HCl, and 1mg of poly (dI-dC). The mixes were
incubated for 20min at room temperature, following 10min
incubation with addition of cold competitor ECR in molar
excess and 20min incubation with addition of the labeled probe.
Finally, mixtures were incubated for 30min in the presence of
commercial anti-peptide antibodies (Sigma and Abcam). The
reaction mixtures were loaded onto 6% native polyacrylamide
gels and electrophoresed at 250V for 2–3 h. The gels were then
dried and subjected to autoradiography.
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RESULTS

Comparative anatomy of rodent teeth
We began by examining the morphology of the molar teeth of
rodents belonging to the following families: Heteromyidae,
Dipodomys ordii (Dipodomyinae), Chaetodipus hispidis
(Perognathinae); Dipodidae, Napaeozapus insignis (Zapodinae);
Cricetidae,Microtus californicus (Arvicolinae),Neotomamicro-
pus (Neotominae), Peromyscus maniculatus (Neotominae); and
Muridae, Acomys cahirinus (Deomyinae), Lophuromys flavo-
punctatus (Deomyinae), Mus musculus (Murinae). Within this
group, only theHeteromyidae and sometimes theDipodidae have
premolars associated with the molars (Kays and Wilson 2009).
All of the other species are Muroidea and only have molar and
incisor teeth. These species were chosen to cover a wide range of
dental phenotypes and geographical repartition (Figs. 1 and S1)
(Wilson and Reeder 2005; Kays and Wilson 2009).

Identification and characterization of FGF ECRs
As the genomes for the majority of examined species have not
been sequenced, we took a comparative approach to identify
ECRs forFgf3, 4, 8, 9, and 10 for each species. First, we utilized
the ECR Browser (http://ecrbrowser.dcode.org) to identify
ECRs among mouse (Mus), rat (Rattus), and frog (Xenopus) up
to 0.5 megabases upstream and downstream of the promoter
region for each gene (Loots and Ovcharenko 2004; Visel et al.
2009). We selected ECRs of>100 base pairs (bp) in length that
exhibited at least 75% sequence identity between Mus and
Xenopus and 90% sequence identity between Mus and Rattus.
The rationale behind this approach was that if any particular
ECR exhibited high conservation and apparent homology
betweenMus and Xenopus, it could have a functional role, such
as serving as a regulatory element, and would also likely be
conserved among all nine species of rodents used in this study.

We focused on proximal-acting enhancers, limiting our search
to 0.5 megabases upstream and downstream of the promoter
regions of Fgf3, 4, 8, 9, and 10. A total of seven ECRs were
identified (Fig. S2). Conserved regions exhibited at least 95%
sequence identity between Mus and Rattus and at least 75%
sequence identity betweenMus andXenopus. The identified ECRs
for Fgf3 and 4 exhibited 100% sequence identity among all nine
species, whereas ECRs for Fgf8, 9, and 10 exhibited 9.6–11.5%
sequence variation among the examined species (Table S1).

Correlation of Fgf9ECR1 and Fgf10ECR3
sequence identity and dental phenotype
variation
We next asked if the sequence identity of the identified ECRs
corresponded to the patterns of dental character variation among
the nine species of rodents.We identified a significant correlation
between the sequence variant diversity of Fgf10ECR3 and the
brachydont/hypsodont molar diversity in all nine species. We

established the correlations by constructing neighbor-joining
trees to estimate relationship based onFgf10ECR3 sequence and
compared it among the species in respect to the molar height
phenotype. We identified a group of closely related Fgf10ECR3
sequences found only in hypsodont species, while the rest of the
sequenceswere associatedwith brachydont species (Fig. 2,A and
C). We thus termed those sequences Fgf10ECR3hypsoþ and
Fgf10ECR3hypso�, respectively. We then compared the
sequence diversity to previously reported phylogenetic studies
of the examined rodent species (Fig. 2B) (Fabre et al. 2012). The
monophyletic distribution of hypsodont clades based on
Fgf10ECR3 sequence neighbor-joining tree, contrasted with
the published phylogenies for species we studied (Fabre et al.
2012) supports the idea that emergence of hypsodontywas a very
dynamic evolutionary process (Fig. 2B).

In contrast,Fgf9ECR1 displayed a lack of correlation between
sequence and dental morphological characteristics among the
species examined (Fig. 3 A and C). Interestingly, two of the
Muroidea species examined here, Microtus californicus and
Neotoma micropus, share the same Fgf9ECR1b sequence
associated with “triangular” shape of the cusps (marked with
asterisk), but they have distinct occlusal morphologies (Fig. 3C).
The triangular cusped clade monophyletic distribution based on
the Fgf9ECR1 sequence also differed from the paraphyletic
distribution in the neighbor-joining tree based on mitochondrial
DNA sequence data, further supporting the convergent nature of
the ECR sequence and phenotype acquisition (Fig. 3, A and B).
Therefore, we decided to compare one muroid with the
Fgf9ECR1a variant (Mus musculus) to one muroid with the
Fgf9ECR1b variant (Neotoma micropus). No correlation was
found for Fgf8ECR1, Fgf10ECR1, and Fgf10ECR2 (Fig. S4 and
Table S1), as no single dental characteristic matched any of the
ECR sequence variants.

ECR functional enhancer assays
Based on our observations that Fgf10ECR3 showed a
correlation between sequence variation and tooth morphology
while Fgf9ECR1 did not show the same correlation, we decided
to investigate whether either of these ECR sequences (Fig. 4)
might function as transcriptional enhancers. We examined the
Fgf9ECR1 and Fgf10ECR3 sequences of Mus musculus
(brachydont, rounded cusps) and Microtus californicus (hyp-
sodont, triangular cusps) for conserved, putative transcription
factor binding sites. Interestingly, we discovered that the
sequence variation between Fgf9ECR1 and Fgf10ECR3
variants resulted in additional potential binding sites for the
transcription factors PAX4 and VDR in Fgf9ECR1a (Mus)
sequence and Bach2, Msx1, Pax3, Pax8, and Gata8 in
Fgf10ECR3hypsoþ (Microtus) sequence (Fig. 4).

To assess if the presence of those binding sites could be
relevant for tooth development, we investigated the expression
of the transcription factors in dental tissues and derived cell lines
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(Fig. 5). Previous studies have revealed that many of the same
signaling molecules expressed in the adult mouse incisor
cervical loop and in vole molar intercuspal loops are
extinguished by later stages of mouse molar development, we
conducted rt-PCR in E15 developing mouse molar, adult
incisor, and LS8 dental cell line. BACH2,MSX1, PAX3, PAX4,
and GATA4 were expressed in both developing mouse molar
and adult cervical loop, and most of the transcription factors
were also expressed in the LS8 cell line (Fig. 5A). This

suggested a general functional significance of the TFs in all
dental tissues.

Because the sequence variation between the putative enhancers
for Fgf9 and Fgf10 resulted in a gain of TFBSs for Fgf9ECR1a
(absent in Fgf9ECR1b) and Fgf10ECR3hypsoþ (absent in
Fgf10ECR3hypso�), we selected three such TFs (GATA4,
MSX1, and PAX4) to determine their capacity for preferential
interaction with ECRs by conducting EMSA (Fig. 5B). We
incubated the peptides in the presence ofFgf9ECR1a,Fgf9ECR1b,
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Fig. 2. Molecular phylogeny based on mitochondrial and Fgf10ECR3 sequence and comparative anatomy based on molar crown/root ratio.
(A) Neighbor-joining tree based on Fgf10ECR3 diversity depicts a single monophyletic clade (red branches) that contains all species with
hypsodont molars. (B) Neighbor-joining tree modified from Fabre et al. (2012); depicting phylogenetic relationship based on mitochondrial
DNA sequence among all examined species. (C) Buccal view of lower first molar, depicting brachydont (bra) and hypsodont (hyp)
phenotypes. a, Peromyscus maniculatus (Cricetidae); b, Mus musculus (Muridae); c, Lophuromys flavipunctatus (Muridae); d, Acomys
cahirinus (Muridae); e, Napaeozapus insignis (Dipodidae); f, Neotoma micropus (Cricetidae); g, Microtus californicus (Cricetidae);
h, Chaetodipus hispidis (Heteromyidae); I, Dipodomys ordii (Heteromyidae).
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Fgf10ECR3hypsoþ, and Fgf3ECR1hypso�. We observed
binding of the 32P-labeled positive control probes to the
transcription factors, resulting in a shift in the band position.
Furthermore, we introduced antibodies against the TFs and
observed a super-shift, reflecting the probe/peptide/antibody
complex. In all cases, introduction of the unlabeled Fgf9ECR1a
and Fgf10ECR3hypsoþ oligonucleotides resulted in a lack of
bands, signifying competition of the ECRs with the probe, while
introduction of the unlabeledFgf9ECR1b andFgf10ECR3hypso�
did not result in competition. These results indicate that

Fgf9ECR1a andFgf10ECR3hypsoþ are capable of outcompeting
Fgf9ECR1b and Fgf10ECR3hypso� in binding of the TF and
TF/antibody complexes.

Finally, to test for possible transcriptional enhancer function
of Fgf9ECR1 and Fgf10ECR3, we conducted luciferase assays
in the ameloblast-derived LS8 cell line (Fig. 5B). The Mus and
Microtus Fgf9ECR1 and Fgf10ECR3 were inserted upstream of
the promoter sequence in luciferase-containing pGL3-enhancer
vector plasmids, and luciferase activity was determined
(Fig. 5C). The plasmids with inserted Mus and Microtus

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

Fig. 3. Molecular phylogeny based onmitochondrial andFgf9ECR1 sequence, and comparative anatomy based on lower first molar occlusal
view. (A) Neighbor-joining tree based on Fgf9ECR1 sequence diversity depicts a single monophyletic clade (red branches). (B) Neighbor-
joining tree modified from Fabre et al. (2012); depicting phylogenetic relationship based on mitochondrial DNA sequence among all
examined species. (C) Occlusal view of lower first molar. Note triangular shape of the cusps inMicrotus californicus and Neotoma microtus.
a, Peromyscus maniculatus; b, Mus musculus; c, Lophuromys flavipunctatus; d, Acomys cahirinus; e, Napaeozapus insignis; f, Neotoma
micropus; g,Microtus californicus; h, Chaetodipus hispidis; I,Dipodomys ordii; j, graphical representation of a rounded-cusp phenotype; k,
graphical representation of a triangular-cusp phenotype.
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Fgf9ECR1 and Fgf10ECR3 sequences were transfected into the
cells and enhancer function was estimated. While both sequence
variants of Fgf9ECR1 and Fgf10ECR3 exhibited higher
luminescence output than the control (empty vector), insertion
of Fgf9ECR1a and Fgf10ECR3hypsoþ resulted in significantly
higher levels of luciferase expression than Fgf9ECR1b and
Fgf10ECR3hypso� and thus exhibited stronger enhancer
function (Fig. 5C).

DISCUSSION

Variation in enhancer sequences is a powerful mechanism for
evolution of novel phenotypes, as small sequence changes can
result in profoundly different patterns of gene expression
(Prud’homme et al. 2007; Cretekos et al. 2008). Tooth
development relies on complex interactions between several
major signaling pathways that underlie the crosstalk between the

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

Fig. 4. Identification of Fgf9ECR1 and Fgf10ECR3 and TFBS sequence variation. Both Fgf9ECR1 and Fgf10ECR3 are located within the
first introns of their respective genes. Peak height represents percent sequence identity. Locations of TFBS are highlighted for both ECRs in
darker brown.
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epithelium and the underlying mesenchyme (Thesleff 2003).
Thus, alterations in the expression level or pattern of a single
molecule in these complex interactions could lead to phenotypic
changes.

Chromatin-based enhancer identification assays, such as
p300 ChIP-seq experiments, present unbiased whole-genome
data, but their use is largely limited to species with
available genomes (Blow et al. 2010). Here, we took a
comparative approach to identification and characterization of
novel putative enhancer regions for several FGF genes that have
been previously reported to be involved in tooth development
(Kettunen and Thesleff 1998; Kettunen et al. 2000; Harada et al.
2002; Charles et al. 2009). By loosening the parameters for
inter-class (distal) conservation (mouse-frog) to 75% but
maintaining proximal inter-genus conservation (mouse-rat) at

95%,we sought to capture evolutionarily important ECRswith a
potential for novel functions in rodents. This approach allowed
us to identify such regions and to sequence them for all of the
non-model rodent species in the study. Further, by comparing
the ECR variation data to specific phenotypic variation data
among the selected species, wewere able to select candidates for
functional investigation.

The comparative approach pointed to three types of ECRs.
First, we identified ECRs of Fgf3 and 4 as having no sequence
variation (were fully conserved) among all examined rodent
species. Such high levels of conservation suggest functional
significance, although it is unknown in which organ and what
stage of development such sequences would be important
(Halligan et al. 2013). Although such high conservation does
not allow for comparative studies, these ECRs are good
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Fig. 5. Analysis of enhancer function of Fgf9ECR1 and Fgf10ECR3. (A) rtPCR expression data of transcription factors associated with the
ECRs in LS8 ameloblast cells, adult mouse incisor cervical loops (incisor), and E16.5 mouse molars. (B) EMSA shows that Fgf9ECR1a
competes with the control probe for interaction with PAX4, and Fgf10ECR3hypsoþ competes with the control probe for interaction with
MSX1, and GATA4, while Fgf9ECR1b and Fgf10ECR3hypso� do not. (C) Luciferase assay conducted in LS8 cells shows stronger
enhancer function in Fgf9ECR1a and Fgf10ECR3hypsoþ than Fgf9ECR1b and Fgf10ECR3hypso� (*P< 0.001).
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candidates for future investigation as regulatory elements, such
as transgenic approaches for the in vivo investigation of the
spatial and temporal range of the candidate enhancers, as well as
functional genetic manipulation and substitution of enhancers in
a mouse model. Second, we identified a number of ECRs for
Fgf8 and 10 that exhibited variation among the examined
species. However, intersection of the molecular and morpho-
logic data did not identify a correlation with any specific dental
phenotype. The third group of identified ECRs, Fgf9ECR1 and
Fgf10ECR3, exhibited sequence variation that was correlated to
the variation of cusp shape within Muroidea and hypsodonty,
respectively. Such correlation led us to further pursue the
functional characterization of two of these ECRs. We identified
several putative transcription factor binding sites in the
Fgf9ECR1a and Fgf10ECR3hypsoþ sequences and determined
that those variants are capable of promoting higher levels of
gene expression than their counterparts in a cell culture system.
Specifically, the sequence variation resulting in a gain of TF
binding sites in some of the examined species provided for an
experimental model where nature itself had provided both TFBS
sequences and also mutated sequences. Thus, we were able to
show that these TFs may regulate the expression of Fgf9 and
Fgf10 by binding to Fgf9ECR1 and Fgf10ECR3, as Fgf9ECR1a
andFgf10ECR3hypsoþ exhibited stronger enhancer function in
systems where the aforementioned TFs were expressed.

Comparative expression studies between mice and voles
have shown similarities in gene expression patterns during early
stages of tooth development (Keranen et al. 1998). However,
many signaling molecules whose expression decreases at later
stages of mouse molar development persist in vole molars
(Keranen et al. 1998). For example, as previously mentioned,
the expression of Fgf10 in vole molars persists after E17.
Moreover, continuous expression of Fgf10 is required for
continuous growth of the incisor. Prolonged expression ofFgf10
in the dental mesenchyme resulted in higher crowns
(Yokohama-Tamaki et al. 2006). Similarly, Fgf9 is expressed
in the secondary enamel knots, which correspond to the sites of
future cusps (Kettunen and Thesleff 1998). Thus, it may be that
spatial and temporal variation of Fgf9 expression can result in
cusp modification. A plausible evolutionary mechanism for
changing the pattern of the expression of Fgf9 and 10 in
developing molars may be through sequence alterations within
evolutionarily conserved regions, resulting in spatial and
temporal gain of enhancer function, such as the case of
Fgf9ECR1a and Fgf10ECR3hypsoþ.
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SUMMARY

The fossil record is widely informative about evolu-
tion, but fossils are not systematically used to study
the evolution of stem-cell-driven renewal. Here, we
examined evolution of the continuous growth (hyp-
selodonty) of rodent molar teeth, which is fuelled by
the presence of dental stem cells. We studied occur-
rences of 3,500 North American rodent fossils,
ranging from 50 million years ago (mya) to 2 mya.
We examined changes in molar height to determine
whether evolution of hypselodonty shows distinct
patterns in the fossil record, and we found that hyp-
selodont taxa emerged through intermediate forms
of increasing crown height. Next, we designed a
Markov simulation model, which replicated molar
height increases throughout the Cenozoic and,
moreover, evolution of hypselodonty. Thus, by
extension, the retention of the adult stem cell niche
appears to be a predictable quantitative rather than
a stochastic qualitative process. Our analyses pre-
dict that hypselodonty will eventually become the
dominant phenotype.

INTRODUCTION

The relationship between the environment and morphology is a

classical question in evolutionary biology. Novel traits enable

species to adapt to changeswithin their ecological niches (Heard

and Hauser, 1995; Vermeij, 2006), and this is especially evident

in the diverse forms of mammalian teeth. One key trait of teeth

is crown height. The evolutionarily basal mammalian molars

are characterized by low, or brachydont, crowns that do not
extend beyond the jawbone following eruption (Figure 1A).

Derived mammalian species, in particular herbivorous mammals

with abrasive diets, have evolved teeth with a taller mesodont or

hypsodont crown, a portion of which is reserved within the

jawbone following completion of development and that con-

tinues to erupt as it is abraded (Figures 1B and 1C). However,

the limited extent to which tall teeth can fit in the jaw has led lago-

morph (rabbits and hares) and some rodent lineages to evolve

continuously growing, hypselodont molars (Figure 1D). Hypselo-

dont molars, like continuously growing rodent incisors, have

stem cells at the base of the tooth in niches called cervical loops;

these continuously produce cells that mineralize the tooth

(Tummers and Thesleff, 2003). Thus, hypselodonty allows the

continual replenishment of worn tooth structures throughout

the lifetime of the animal (Tummers and Thesleff, 2003), whereas

even extremely hypsodont teeth are of finite duration. Severa

genes important for stem-cell-driven dental renewal in extant

mammals have been identified (Harada et al., 1999; Klein et al.,

2008; Wang et al., 2007), and comparison of voles and mice

suggested that prolonged expression of some of these genes

could result in taller crowns (Yokohama-Tamaki et al., 2006). In

addition, the fossil record has provided extensive information

about the evolution of tooth height in large and small mammals

(Damuth and Janis, 2011; Janis, 1988; Jardine et al., 2012; Jern-

vall and Fortelius, 2002). However, to date, no studies have

addressed the evolution of hypselodonty in the fossil record as

it relates to the evolution of stem cell niches.

Utilizing paleontological data, we set out to determine to what

extent the evolution of rodent molars, and more generally the

evolution of a complex system such as an adult stem cell niche,

could be explained by a simple and quantifiable process of

change in tooth height. Specifically, we asked whether the

evolution of continuously growing molars can be considered a

predictable quantitative evolutionary step no different than sim-

ple elongation of the crown over time or whether hypselodonty
Cell Reports 11, 1–8, May 5, 2015 ª2015 The Authors 1
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Figure 1. Extant Rodent Molar Crown Phenotypes

(A) Brachydont phenotype is characterized by a crown/root proportion (crp) of

0.3–0.9.

(B) Mesodont phenotype is characterized by crp of 0.9–1.5.

(C) Hypsodont phenotype is characterized by crp of >1.5.

(D) Hypselodont phenotype is characterized by continuous growth as roots are

replaced by active stem cell niches.

Cl, cervical loop; Cr, crown; Rt, root. The scale bar represents 1 mm.

Please cite this article in press as: Tapaltsyan et al., Continuously Growing Rodent Molars Result from a Predictable Quantitative Evolutionary Change
over 50 Million Years, Cell Reports (2015), http://dx.doi.org/10.1016/j.celrep.2015.03.064
might be a more-difficult step, perhaps requiring more time and

additional evolutionary pressure parameters to appear in the

fossil record. We utilized rodent fossil data found in localities

across the entire North American continent from the New and

Old World (NOW) database (http://www.helsinki.fi/science/

now). Four classes of tooth crown height recorded in the

database were assigned the values 1, 2, 3, and 4, respectively

(Figure 1): brachydont (low), mesodont (medium high), hypso-

dont (high), and hypselodont (high with no root formation). These

categories are considered relatively robust (Eronen et al., 2010),

and crown/root proportions used for extant brachydont, meso-

dont, and hypsodont taxa are <0.9, 0.9–1.5, and >1.5, respec-

tively. Dental stem cell niches cannot be themselves identified

in fossils; however, as all extant hypselodont mammals lack

roots, such characteristics in fossils are the best way of inferring

the hypselodont phenotype.
RESULTS

Fossil Record and Molecular Clock Analysis Show
Morphological and Taxonomic Dynamics, Leading
to the Emergence of Hypselodonty in North American
Paleogene and Neogene Rodents
Analysis of the prevalence of four different categories of molar

height in 3,550 fossils from 50 million years ago (mya) to about

2 mya revealed that brachydont rodents dominated the North
2 Cell Reports 11, 1–8, May 5, 2015 ª2015 The Authors
American rodent diversity from 50 mya until�25 mya (Figure 2A;

Tables S1 and S2) and confirmed some of the findings that used

earlier, albeit smaller, iterations of the rodent fossil data sets

(Jardine et al., 2012). As the mesodont as well as hypsodont

forms emerged during the middle Eocene at �42 mya, and

during the Oligocene, hypsodont forms represented more than

10% of the taxa (for details of emergence of different groups

and their dynamics, see Janis et al., 2008 and Jardine et al.,

2012). During the Miocene, hypselodont groups emerged, and

by the Pliocene, brachydont phenotypes represented less than

20% of all rodents, whereas tall crowned (hypsodont and hypse-

lodont) forms became dominant, representing together�75% of

all North American species (Figure 2A). Whereas mesodont and

hypsodont phenotypes emerged 48 and 42 mya, respectively,

hypselodonty did not arise until the Miocene at �18 mya. The

hypselodont expansion appears to be trimodal, with radiations

at �14, 8, and 5 mya. In general, the fossil record revealed

a steady, progressive increase in the proportion of higher-

crowned rodents, with punctuated changes and corresponding

oscillations in species richness and environmental perturbations

(Figures 2B and 2C; Table S2).

At the first-order level, the evolutionary trends toward taller

crowns are similar to the general cooling trend during the

Cenozoic (Figure 2C). This observation agrees with recent

paleontological patterns in large mammals, in which hypsodonty

was previously reported to be mainly driven by aridity or water

stress (Eronen et al., 2010) and not directly by temperature

(Fortelius et al., 2002). Whereas comparisons of continenta

climate data utilizing deep ocean oxygen isotope measurements

can be problematic in establishing causality (Barnosky and Car-

rasco, 2002), our results do not refute the potential role of globa

climatic oscillations in influencing rodent tooth morphology

and species richness dynamics and suggest a potential role in

the subsequent evolution of hypselodont molar stem cell niches

(Figures 2A–2C; see, e.g., discussion in Barnosky and Carrasco,

2002).

To explore how molar height changed in individual rodent

groups, we performed a molecular clock analysis to infer the

divergence times of major extant rodent clades utilizing the

complete cytochrome B (CytB), cytochrome oxidase I (COI),

and ATPase I gene sequences (Figure 2D). Twenty-nine species

were chosen, representing all of the North American genera for

which sequence data were available. The majority of extant

clades originated during the Oligocene and Miocene, consistent

with other reports (Fabre et al., 2012). Moreover, the divergence

times of the extant hypselodont clades, with end-member

genera Geomys, Thomomys, Lemmus, and Microtus, coincided

with the radiation of hypselodont fossil taxa (Figure 2). As the

hypselodont genus Aplodontia and hypsodont genus Castor

are the only extant representatives of their clades, with diver-

gence times (from fossil record data) dating to the Eocene,

we further examined the tooth morphology dynamics of the

Aplodontidae and Castoridae. In both cases, long-crowned

subclades did not originate until late Oligocene or early Miocene

(Figure S1). We also examined the intra-family dynamics of

Cricetidae, Dipododidae, Geomyidae, Heteromyidae, and Sciur-

idae and found that each of those clades followed the trend

toward higher crowns (Figure S1). These data are consistent
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Figure 2. Summary of Molar Phenotype and

Taxonomic Dynamics of North American

Rodents and Climate over the Past 50

Million Years

(A)Molar phenotype prevalence of North American

rodents.

(B) Taxonomic richness as inferred by number of

genera over time.

(C) Global temperature changes as inferred by

deep-sea benthic oxygen isotope curve. Tem-

perature varied inversely with d18O levels. (1)

Paleocene-Eocene thermal maximum; (2) Eocene

climatic optimum; (3) Oligocene glaciation; (4) late

Oligocene warming; (5) Miocene glaciation; (6)

mid-Miocene hyperthermal; (7) northern hemi-

sphere glaciation.

(D) Phylogeny and divergence times of extant

North American rodent clades, depicting the

convergent evolution of hypselodonty within

Rodentia. Eo, Eocene; Mio, Miocene; Oligo,

Oligocene; Plio, Pliocene.
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with previously reported trends in biodiversity of North America

during the Miocene (Badgley, 2010; Finarelli and Badgley,

2010) and indicate that multiple rodent groups acquired hypse-

lodont molars independently.
Cell Reports
Mathematical Modeling Yields
Patterns Similar to the Fossil
Record and Indicates No Delay
in the Evolution of Hypselodonty
from Hypsodonty
Because the rodent pattern resembled a

progressive brachydont-mesodont-hyp-

sodont-hypselodont turnover (Figure 2),

we next developed a four-state contin-

uous Markov chain stochastic model to

examine whether any of the steps in tooth

height evolution was delayed (Figure S2).

The model is a stochastic process whose

state space is the set where the values in

each state (molar phenotype) at a given

time correspond to the proportion of

taxa that occur in that state. The transi-

tion matrix determines the probability

of change in the proportion of taxa be-

tween states, which may be the same or

different for each transition. Thus, each

transition is characterized by a parameter

(probability), and the model altogether is

characterized by the number of unique

probabilities of transition among states

(parameters). We optimized the parame-

ters for one-, two-, three-, and six-param-

eter Markov models, and we used Akaike

information criterion (AIC) to determine

the best model fit to the fossil data

(Figure S3; Table S3; see Experimenta

Procedures for details).
Our analyses revealed that the two-parameter Markov mode

was the best fit for the observed data, which sets equal al

increases (i1 = i2 = i3) and decreases (d1 = d2 = d3) between states

(Figures 3A, 3B, and S3). The optimized increase parameter
11, 1–8, May 5, 2015 ª2015 The Authors 3
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Figure 3. Observed Data and Two-Parameter Markov Model of

Rodent Molar Evolution

(A and B) Comparison of molar phenotype prevalence of North American

rodents as inferred by fossil data (A) to prevalence calculated by the two-

parameter Markov computer modeling (B).

(C) Percentage difference between model and fossil data molar phenotype

prevalence.
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was larger than the optimized decrease parameter by an order of

magnitude (i = 0.03981 and d = 0.0075). Variation in the residuals

between the model and the observed data was small (<0.3) and

approximately normally distributed (Figure 3C). Whereas most

of the observed data fit within the 99% confidence interval of

the simulated data (Figure 4A), there were a few cases where

the observed frequencies were outside that range. This occurred

in 2 of the 31 time bins for the brachydont and mesodont states

and in 5 of the 31 time bins for the hypsodont and hypselodont

states. The largest discrepancy was due to hypsodont taxa

exhibiting greater prevalence than expected during time bins

of the Arikareean (Ar2-Ar4: 28.1–18.8 mya) and hypselodont

taxa exhibiting less prevalence than expected during the

Clarendonian (Cl3: 10.1–9 mya) and Hemphillian (Hh2-Hh3:

7.6–5.9 mya; Figure 4A; Table S4).

To specifically test whether the evolution of hypselodonty was

delayed, we set up a three-parameter Markov model, keeping
4 Cell Reports 11, 1–8, May 5, 2015 ª2015 The Authors
constant the brachydont-mesodont-hypsodont transition prob-

ability but decreasing the probability (increasing difficulty) of

the hypsodont-hypselodont step. This resulted in AIC values

higher than that of the two-parameter model (Figure S3; Table

S3), suggesting that the evolution of hypselodonty was not

delayedwith respect to the evolution of other phenotypes. Taken

together, the two-parameter Markov model indicates that con-

stant transition probabilities account for most of the trends in

the increase of molar crown height throughout the Cenozoic,

including the evolution of hypselodonty. Thus, the evolution

of the adult hypselodont stem cell niches followed the same

predictable quantitative trend as the overall gradual increase in

rodent crown height.

Finally, because our simple model accounted for the changes

in tooth crown height for 50 million years within a 99% confi-

dence interval, we explored future trends of molar height propor-

tions by extending the number of generations in the Markov

model into the future to achieve a steady state of phenotype

prevalence (Figure 4B). The steady state occurred at around

250 million years in the future, with a rodent taxa composition

of 0.5% brachydont, 2.9% mesodont, 15.4% hypsodont, and

81.2% hypselodont. Moreover, extending the model (with al

other settings being equal) only 25,000 time steps results in a

transient composition of 9.7%, 19.1%, 25.5%, and 45.7%,

respectively. Whereas obviously highly conjectural, the model

thus predicts that the trend of an increasing proportion of hypse-

lodont taxa will continue and ultimately result in a hypselodont-

dominated rodent community. Ecologically, this scenario does

not require grassland-dominated future ecosystems, as might

be intuitively assumed. Rather, hypsodonty and hypselodonty

allow the utilization of broad range of diets, as is the case in living

voles (Kays and Wilson, 2009; Zimmerman, 1965).

DISCUSSION

The fossil record and the mathematical model indicated that

molar height dynamics were remarkably orderly for most of the

Cenozoic. Environmental factors, such as large-scale cooling

(Zachos et al., 2001) or aridification (Eronen et al., 2012), and

the uplift of the Rocky Mountain range (Mix et al., 2010) appear

to have constantly favored an increase in the proportion of

taxa with higher molar crowns. These environmental changes

resulted in a shift in North American landscape toward open

grassland communities. Furthermore, the expansion of hypso-

dont forms in the late Oligocene and early Miocene occurred

during the appearance of saltatory rodents and coincided with

the appearance of cursorial ungulates (Janis et al., 2002), loco-

motor types associated with more open habitats (typical of

more-arid environmental conditions). However, the steady con-

stant change observed in both the fossil record and the mode

suggests that no specific environmental events are needed to

explain the increase in crown height but rather that rodents

with taller teeth had small but constant favor, perhaps following

from the Red Queen’s hypothesis, whereas shorter-crowned

species and entire family clades fell out of favor and disappeared

(Quental andMarshall, 2013), due to increased range of abrasive

dietary intake. Thus, the abiotic (aridification from climatic cool-

ing and geological uplift resulting in more grass and grit) change
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Figure 4. Markov Model Simulation Confi-

dence Interval Overlay and Future Predic-

tions

(A) Percent of the 100 simulated taxa that occur

in each state. Blue represents brachydont (top),

red represents mesodont (second), green repre-

sents hypsodont (third), and purple represents

hypselodont (bottom). Shaded area represents the

99% confidence interval (CI) calculated from

model simulation, and dark solid lines are the

observed frequencies from the fossil record

converted to percent for comparison. The corre-

sponding North American land mammal ages

(NALMA) are described in Table S4.

(B) Expected frequency of states given the Markov

two-parameter model. Model time is extended

to show steady state near 250 million years of

model time. The blue represents the brachydont

state, the red represents the mesodont state,

the green represents the hypsodont state, and

the purple represents the hypselodont state.
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acted as an ecological driving pressure for higher crowns,

whereas the mechanism for achieving this phenotype was

continuous, quantitative, and biotic. Those factors, however,

are not the only possible catalysts for evolution of hypselodonty,

as South American rodents appear to have evolved this trait

under the pressure of increased dietary grit from volcanic ash

(Strömberg et al., 2013).

In the fossil data, hypselodonty shows a relatively steep rise

in the late Miocene. Whereas still largely within the mode

prediction that hypselodont rodents evolved from endemic

hypsodont forms, one possible explanation for the relatively

abrupt increase of hypselodont taxa in North America following

the slow initial increase could be immigration. Whereas

Microtus (initial presence [I.P.] 2.5 Ma) is an immigrant from

Asia to North America, and Hydrochoerus (I.P. 2.2 Ma) and

Neochoerus (I.P. 5.4 Ma) are immigrants from South America,

the fossil data contain hypselodont Cratogeomys (I.P. 3.7

Ma), Cupidinimus (I.P. 18 Ma), Dipodomys (I.P. 8.3 Ma), Eodi-

podomys (I.P. 10.5 Ma), Geomys (I.P. 13.7 Ma), Guildayomys

(I.P. 2.20 Ma), Microdipodops (I.P. 3.7 Ma), Orthogeomys

(I.P. 2.20 Ma), Phelosaccomys (I.P. 12.5 Ma), and Thomomys

(I.P. 11.1 Ma), which likely originated in North America. There-

fore, as all of the mid-Miocene and late Miocene hypselodont

taxa appear to have originated in North America, the increase

is unlikely to have been the result of immigration. Thus, with

migration not a significant factor, as all genera started out as

brachydont, any change of the frequency of phenotypes would

suggest evolution within those taxa.
Cell Reports
The evolution of hypsodonty has been

extensively studied in ungulates (Forte-

lius et al., 2002; Jernvall et al., 1996;

Mihlbachler et al., 2011). However, an

important constraining factor for the

evolution of hypselodonty in ungulate

molars is the presence of occlusa

pockets of enamel, which are develop-

mentally incompatible with continuous
tooth growth (Janis and Fortelius, 1988). With regard to tempora

differences with rodent molar evolution, hypsodont ungulate

taxa were unknown (or at a minimum exceedingly rare) before

the late Eocene, and these forms were relatively infrequent unti

the middle Miocene (Janis, 2000). Interestingly, in both Eurasia

(Jernvall and Fortelius, 2002) and North America (Jardine et al.,

2012), hypsodont ungulates did not dominate the ungulate

communities until the late Miocene, the time when hypselodont

rodents radiated.

Comparative developmental biology studies between molars

in mouse (brachydont) and vole (hypselodont) have shown that

many genes important for development of incisor cervical loops,

such asmembers of the Fgf, Notch, and Bmp pathways, are also

expressed in adult molar stem cell niches (Keränen et al., 1998;

Setkova et al., 2006; Tummers and Thesleff, 2003). The mainte-

nance of expression of these genes results in delayed closure

of root apex, a shorter root, and prolonged deposition of ename

by the embryonic dental epithelial stem cells, leading to progres-

sively taller crowns (Janis, 1988; Tummers and Thesleff, 2003;

Yokohama-Tamaki et al., 2006). This suggests that hypsodont

phenotypes can act as reservoirs for evolution of hypselodont

phenotypes. Indeed, experimental activation of Fgf10 in devel-

oping mouse molars after embryonic day 17 (E17) in vitro re-

sulted in taller crowns (Yokohama-Tamaki et al., 2006). These

studies raise the possibility that the transition from hypsodont

to hypselodont molars in rodents results from retaining signaling

involved in stem cell regulation and perhaps incorporation of

aspects of stem cell regulation already in place in rodent incisors.
11, 1–8, May 5, 2015 ª2015 The Authors 5
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The evolutionary analyses presented here indicate that in-

creases in the proportion of high-crowned taxa, from brachydont

to mesodont, then frommesodont to hypsodont, and finally from

hypsodont to hypselodont, are largely quantitative changes

(changes occurring on a quantifiable steady continuum). Thus,

at least in the case of rodent teeth, the evolution of the stem

cell niche appears to have been a quantitative rather than a

qualitative step. Our results thus demonstrate that studies of

the fossil record can provide important insight into the develop-

mental potential to evolve stem cells.

EXPERIMENTAL PROCEDURES

Computerized Tomography of Rodent Molars

Mandible specimens of Mus musculus, Microtus pinetorum, Microtus

epiroticus, and Allactaga elater were obtained from the University of Centra

Oklahoma and the California Academy of Sciences. Mandibular first molar

samples were scanned using a micro-focused X-ray tomographic system

(MicroXCT-200; Xradia) at 55 kV and 144 eA. 500 projection images at an

exposure time of 10 s with a linear magnification of 23 were taken. The fina

pixel size was 20 em. The volume was reconstructed using a back-projection

filtered algorithm (Xradia). Following reconstruction, teeth were manually

segmented and rendered as 3D surfaces using MicroView (version 5.2.2; GE

Healthcare).

NOW Database of North American Rodent Fossils

3,550 fossils from the NOW database (http://www.helsinki.fi/science/now/

were examined. These data are based on Janis et al. (1998) and Janis et al.

(2008) and range from 50 mya to 2 mya. Occurrence location, age, molar

phenotype (brachydont, mesodont, hypsodont, or hypselodont), and crown

height were documented. The fossil data were identified up to the genus level.

To control for sampling bias of having multiple samples of the same genus per

time point, we removed duplicate occurrences (more than one unique genus

per time point per), unless more than one phenotype was shared within the

same genus, at which point both would be kept. This resulted in 1,169 rodent

fossils (Table S1). Such sample control did not require further correction for

phenotype prevalence calculation or phyletic reconstruction (Rosenberg and

Kumar, 2001), as calculations of rodent dental phenotype prevalence were

based on the proportion of genera with different tooth phenotype in each

time bin (see also discussion in Dunhill et al., 2014 about the preservation

quality of the fossil record). Tooth crown height was recorded in the database

as brachydont (low), mesodont (medium high), hypsodont (high), and hypselo-

dont (high with no root formation). Crown/root proportions for extant brachy-

dont, mesodont, and hypsodont taxa are <0.9, 0.9–1.5, and >1.5, respectively.

As time bins, we used the North American landmammal ages (NALMAs) based

on Woodburne (2004) as used in the NOW database and calculated the num-

ber of unique genus occurrences per bin andmolar phenotype prevalence as a

function of number of genera with each molar phenotype per bin over tota

number of genera in the bin (Table S2). All data were plotted in SigmaPlot.

Molecular Clock and Phylogeny

Complete cytochrome B (CytB), cytochrome oxidase I (COI), and ATPase

gene sequences data for 29 North American rodent species were obtained

from GenBank. Species were selected to include representatives of every

North American genus with available genetic data. Sequences were analyzed

in BEAST 1.6.1 (Bayesian evolutionary analysis by sampling trees), which uses

a Markov chain Monte-Carlo (MCMC) algorithm to average over tree space

and create posterior probability distribution for analysis parameters (Drum-

mond and Rambaut, 2007). Set parameters were divergence time and time

of most-recent ancestor (TMRCA). The relaxed clock: uncorrelated log-norma

clock model was chosen to account for lineage-specific rate heterogeneity

and Yule tree prior as a simple model of speciation (Ronquist et al., 2012).

The MCMC chain length was set to ten million generations, with sampling

done every 10,000th generation. Clock calibration was obtained by Mus-

Rattus, Muridae-Sciuridae, and Rodentia-Leporidae divergences (Benton
6 Cell Reports 11, 1–8, May 5, 2015 ª2015 The Authors
et al., 2009). A normal distribution prior was chosen for MRCA with 0.5 my

SD (Ho and Phillips, 2009; Huchon et al., 2002; Yang and Rannala, 2006).

The output BEAST file was analyzed in TRACER 1.5, andmaximum clade cred-

ibility trees were produced in TreeAnnotator 1.6.1.

Markov Model for the Evolution of Crown Height

To describe the evolution of molar crown height, we used a four-state contin-

uous Markov chain stochastic model similar to the M/M/1 queuing mode

(Figure S2). The four states were brachydont, mesodont, hypsodont, and

hypselodont. When each state had a different probability to increase (i) and

decrease (d), the Markov model had six parameters (i1, i2, i3, d1, d2, and d3).

When all increases were constant (i1 = i2 = i3) and all decreases were constant

(d1 = d2 = d3), the Markov model reduces down to two parameters (i and d).

When constant increase equaled constant decrease (i1 = i2 = i3 = d1 = d2 =

d3), the Markov model reduced down to a one-parameter model.

The transition matrix (P) for the Markov model represents the probability

of transitions from one state to another. For example, the probability of

increasing from brachydont to mesodont from one time step to the next was

PBrach,Meso = i1 and the probability of staying in the brachydont state from

one time step to the next was PBrach,Brach = 1 � i1.

1� i1 d1 0 0

P=
i1 1� i2 � d1 d2 0

0 i2 1� i3 � d2 d3

0 0 i3 1� d3

The initial frequencies of the four states were given by

1
P0 = 0

0
0

;

because the probability of being brachydont at the start of the model was 1.

The probability of frequencies of the four states at the first generation (t = 1

was

P1 =PP0:

The probability of frequencies of the four states at any time t was

Pt =PPt�1:

Weoptimized themodel parameters to obtain the best fit between themode

and the observed frequencies of the four states in the fossil record by mini-

mizing the sum of squares of the residuals for all time bins. We considered

the fits of a six-parameter model, a two-parameter model, and a one-param-

eter model. Figure S3 shows the two-parameter Markov model fitted to fossi

data. We concluded that the six-parameter model was likely over-parameter-

ized, and we did not consider the one-parameter model to be realistic, as the

reversals in fossil data are extremely rare. We used Nelder-Mead minimization

algorithm to optimize parameters in the two-parameter and six-parameter

models. We used Brent minimization algorithm for the one-parameter model.

To assess the overall fit of the Markov model with optimized parameters to

the observed data from the fossil record, we used computer simulation. The

two-parameter model fit the data better than the one-parameter model and

was as good a fit as the six-parameter model (Table S3), so we continued

the simulation with the two-parameter model. To simulate the evolution of

molar crown height, we started with a pool of rodent taxa (n = 100), where

all taxa were in the brachydont state. The probability for any taxon to increase

state was i, and the probability for any taxon to decrease state was d. We used

a random number generator to simulate the composition (frequency of crown

type) of the rodent taxa on a geological timescale, �49 million years. Compu-

tational times were prolonged for long timescales, so we set 1,000 generations

to equal one model time step, assuming that 1 year equals one generation

for rodent taxa. After repeating the simulation 1,000 times, we calculated the

99% confidence intervals based on the expected frequencies given the mode

for each modeled time step. All analyses were performed in the R statistica

programming language.
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