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CHAPTER  1: INTRODUCTION 

We rely on our teeth every day and continually spend money on their 

maintenance but we rarely pay attention to the research in tooth development and dental 

related disease (Tucker and Sharpe, 2004). An immense industry has been built around 

dental care, seeing a dentist is a regular habit for most of us and, nowadays, a dentist can 

help us with almost any dental issues. During one trip to the dentist we can get our teeth 

cleaned, reshaped, repaired, removed or replaced. So far, there are a lot issues for current 

dental treatments. For example, we can implant an artificial tooth after we lose one tooth. 

But dental implant can cause infections, pain, damage jawbones and have age and time 

limitations (Wood et al., 2004). If we can regenerate the tooth instead of implanting one, 

we may overcome these issues. Research in tooth development and dental related 

diseases can benefit us to improve our ability of current dental care and improve the 

quality of our daily lives. Additionally, dental research provides an attractive model to 

study stem cells, tissue patterning and molecular mechanisms throughout tooth 

development (Chai and Slavkin, 2003; Jernvall and Thesleff, 2000; Volponi et al., 2010; 

Yen and Sharpe, 2008; Zhang et al., 2005).    

1.1. Stem cells in teeth 

Teeth derive from two different cell layers: the dental epithelium that originated 

from ectoderm and the dental mesenchyme that originated from cranial neural crest 

(Thesleff and Nieminen, 1996). At approximately embryonic day 10 (E10) in mice, a 

population of oral epithelial stem cells, located at the first branchial arch, are 

differentiated to dental epithelial stem cells (DESCs) (Thesleff and Nieminen, 1996). 

This stem cell specification may be due to the expression of pituitary homeobox 2 (Pitx2) 
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and a series of signal interactions between DESCs, dental epithelial signaling center cells 

and adjacent mesenchymal cells (Dassule et al., 2000; Jernvall et al., 2000; Tucker et al., 

1998). Specifically, the adjacent mesenchyme sends signals from fibroblast growth factor 

(FGF) and bone morphogenetic protein (BMP) families to DESCs, and the epithelial 

signaling centers produce signals of sonic hedgehog (Shh), Fgfs, Wnts and Bmps (Balic 

and Thesleff, 2015) for stem-cell self-renewal, proliferation and differentiation. Self-

renewal of DESCs to maintain their stemness occurs in the stem cell niche, which is 

provided by mesenchymal cells and dental epithelial signaling center cells (Balic and 

Thesleff, 2015). Stem cells then give rise to fast proliferating cells called transit-

amplifying cells (TAs) (Hsu et al., 2014). As a result, a large cell population is formed, 

from which more differentiated cells such as outer enamel epithelium (OEE), inner 

enamel epithelium (IEE), stratum intermedium (SI) and stellate reticulum (SR) are 

formed (Figure 1) (Hsu et al., 2014). Stem cell specification, proliferation and 

differentiation are key events for tooth development. They not only produce different cell 

types to form a functional tooth, but also form the specific morphology of the tooth.  

The lower incisors of mice are an ideal model to study stem cells because they are 

continuously growing, and they contain two types of adult stem cells: DESCs and dental 

mesenchymal stem cells (DMSCs) (Kaukua et al., 2014; Zhao et al., 2014; Juuri et al., 

2012; Biehs et al., 2013) (Figure 2). DESCs are a cluster of cells localized at the labial 

cervical loop region of lower incisors. It has been reported that DESCs specifically 

express Sox2 and Bmi1, which were supported by in vivo lineage tracing analysis (Biehs 

et al., 2013; Juuri et al., 2012). DESCs expressing Sox2 and Bmi1 have the ability to 

generate the entire dental epithelium during tooth renewal in adult mice. Several studies 
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suggest a role for growth factors, transcription factors and microRNAs in DESC self-

renewal, proliferation and differentiation (Biehs et al., 2013; Cao et al., 2013; Juuri et al., 

2012; Li et al., 2015; Sun et al., 2016b). However, the DESC niche and the underlying 

molecular mechanisms regulating DESC self-renewal, proliferation and differentiation 

are not fully understood. In contrast, DMSCs give rise to pulp cells and odontoblasts, 

which form the entire mesenchymal cell population of the lower incisors in mice. DMSCs 

are reported to be derived from peripheral nerve-associated glia expressing Sox10 and 

PLP1 (Kaukua et al., 2014). Furthermore, Zhao and colleagues reported that these cells 

are Gli1 positive and rely on Shh signals produced by the neurovascular bundle niche 

(Zhao et al., 2014). The location and abundance of DESCs and DMSCs in the lower 

incisors of mice has provided an ideal model for studying the role of genes and signaling 

pathways in development and tissue regeneration.  

1.2. Tooth development 

1.2.1. Initiation of tooth development 

At E10 in the mouse embryo, tooth development initiates from a population of 

specified oral epithelium (known as the dental epithelium) and adjacent mesenchyme 

(Balic and Thesleff, 2015; Thesleff and Nieminen, 1996). Dental epithelial cells thicken 

to form dental lamina and then proliferate and condense the underlying mesenchymal 

cells to form dental placode at E11.5. The position of a tooth in the jaw is determined by 

the expression of Shh and Fgf8 in dental epithelium and Bmp4 in dental mesenchyme 

(Hardcastle et al., 1998; Neubuser et al., 1997; Tucker et al., 1999). In dental epithelial 

layer, Pitx2 is also essential for this process. At E10, Pitx2 regulates the expression of 

Fgf8 in dental epithelium and influence the expression pattern of Bmp4 in adjacent 
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mesenchyme (Lin et al., 1999; Lu et al., 1999), which is mainly expressed in condensed 

mesenchyme, found beneath the tooth bud. Subsequently, Fgf8 promotes and Bmp4 

inhibits the expression of Pax9 in dental mesenchyme (Neubuser et al., 1997), which is 

necessary for bud stage tooth formation at E12.5 (Peters et al., 1998).  Bmp4 also 

stimulates the expression of Msx1 in dental mesenchyme, which patterns teeth into a 

single row in mammals (Zhang et al., 2009). Sox2 and Lef-1 are another two key 

regulators required for the dental initiation process. Sox2 is expressed in the posterior part 

of oral epithelium and Lef-1 is mainly expressed in the anterior part of oral epithelium 

and mesenchyme. Teeth originate at the boundary of the Sox2+ cell population and the 

Lef-1+ cell population (Figure 3). Lef-1+ cells generate signals from the Fgf, Shh, Bmp, 

and Wnt families to promote dental epithelium (Sox2+) and mesenchyme proliferation 

and differentiation. In other words, Sox2+ cells receive growth signals from Lef-1+ cells 

and adjacent mesenchyme to develop the entire epithelial layers of a tooth.  

1.2.2. Morphogenesis of tooth development 

At E12 of a mouse embryo, DESCs receive signals of Wnts, Fgfs, Shh and Bmps 

from dental epithelial signaling center and Fgf and Bmp signals from adjacent dental 

mesenchyme. This generates TAs that then differentiate into peripheral basal cells 

localized at the base of the dental epithelial layer, and SR, centrally located loosely 

arranged cells (Thesleff and Tummers, 2008). In addition to cell proliferation and 

differentiation, dental epithelium invaginates into adjacent dental mesenchyme. As a 

result, a bud-like structure is formed and adjacent dental mesenchyme is condensed. At 

E12.5, a typical bud stage tooth is formed with Sox2+ DESCs localized at the posterior 
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part of tooth bud and dental epithelial signaling center (Lef-1+) at the anterior part of 

tooth bud (Figure 4).  

As it continues to grow, the next stage of tooth development is the cap stage (E14-

E15). During cap stage tooth morphogenesis, two specific structures named the enamel 

knot and cervical loop (CL) are formed. Enamel knot formation is a key event for cap 

stage tooth formation, which provides both dental epithelial and mesenchymal signal 

molecules from Shh, Wnt, Bmp, and Fgf families for proliferation, differentiation and 

epithelial invagination. The CLs are structures localized at the tip of invaginated dental 

epithelium and are part of the dental epithelial stem cell niche, formed with Sox2+ stem 

cells. In a typical cap stage tooth at E14.5, most of dental epithelial cell populations are 

formed except ameloblasts. For molar formation, the dental epithelial layer directly 

invaginates into adjacent mesenchyme and forms a symmetrical cap-like structure. In 

incisors, epithelial invagination is asymmetrical that epithelia invaginate towards to the 

posterior part of mandible. As a result, cap-incisors are rotated and both of CLs migrate 

into the posterior part of mesenchyme and become parallel to the long axis of the jaw 

(Harada et al., 2002). The asymmetrical invagination of incisors is partially due to the 

asymmetrical expression of Bmp4 in mesenchyme. As the tooth continues to grow, tooth 

development comes to the bell stage at E16. Dental epithelial progenitors continuously 

proliferate and give rise to several differentiated epithelial cell populations and these 

dental epitheliums condense adjacent mesenchyme to form bell stage teeth. In molars, 

two deeper CLs containing DESCs and a secondary enamel knot are formed (Bailleul-

Forestier et al., 2008; Thesleff, 2000). In incisors, there are two different CLs: labial CL 
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(LaCL) and lingual CL (LiCL). DESCs are at the LaCL, which give rise to the entire 

dental epitheliums of an incisor.  

In later bell stage teeth (E18.5), tooth growth is caused by the amplification of 

stem-cell lineages, including dental epitheliums produced by DESCs and dental 

mesenchyme produced by DMSCs (Figure 5A). Specifically, DESCs give rise to SR, SI, 

OEE and IEE. IEE cells are TAs that will differentiate into ameloblasts. Ameloblasts are 

terminally differentiated, rectangular shaped cells with polarized nucleus. They produce 

enamel matrix proteins, such as amelogenin and enamelin, and deposit them into the 

mineralized enamel layer (Figure 5B). Ameloblast maturation is regulated by numerous 

extracellular signals, which positively regulate the activity of transcription factors inside 

ameloblasts. In addition, the cell-cell interactions between ameloblasts and both dental 

mesenchyme and SIs are necessary for ameloblasts maturation (Mitsiadis et al., 1995; 

Nakamura et al., 1991; Wang et al., 2004; Zeichner-David et al., 1995). Although the 

process and mechanism of amelogenesis is established, how extracellular signals from the 

enamel-free areas control the maturation of ameloblasts remains elusive (Wang et al., 

2004). OEEs and SIs are located on the external layer of ameloblasts and are reported to 

be associated with amelogenesis (Liu et al., 2016). A study related to these cell layers 

showed that the formation of the SI layer is disrupted in Msh homeobox 2 (Msx-2) 

knockout mice, which impairs normal ameloblast function and enamel deposition 

(Satokata et al., 2000). So far, the function of OEE, SI and SR cells are not well studied 

because of lacking tissue specific proteins in these three cell types (Thesleff and 

Tummers, 2008).  
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DMSCs give rise to pulp cells including fibroblasts and mesenchymal progenitors 

and odontoblasts. Pulp cells play an essential role in maintaining the structure of teeth 

and also produce pre-inflammatory cytokines for host defense during pathogen-related 

infections (Cooper et al., 2017; Hirao et al., 2009). In addition, there are blood vascular 

and nerve network in dental pulp, which is essential for nutrition supply and sensory of 

the teeth. Odontoblasts produce dentin sialoprotein (DSP), dentin phosphoprotein (DPP) 

and other dentin matrix proteins that mineralize to form dentin. This substance forms 

another hard part of the teeth beneath the enamel. Notably, there is one single 

mesenchymal cell layer surrounding the dental epithelium, they are Lef-1 positive cells 

and currently their function is unknown (Figure 5B).  

1.2.3. Dental epithelial signaling centers in tooth development 

As previously described, tooth development is precisely regulated by growth 

factors from Fgf, Wnt, Shh, Bmp, Activin and Eda families (Balic and Thesleff, 2015). 

Fgfs, Bmps and Activin are produced by dental mesenchyme, but many other growth 

factors that control tooth development are produced by dental epithelium. Dental 

epithelial cells produce growth factors to promote themselves and adjacent mesenchymal 

cells proliferation and differentiation. Although few factors like Fgf8 are produced by the 

entire dental epithelium (Kettunen and Thesleff, 1998), there are specific structures in 

dental epithelium that act as signaling centers for tooth development. These signaling 

centers were named as dental epithelial signaling centers as shown in Figure 4 in different 

developmental stages of tooth. 

It was reported by multiple groups that Lef-1 is a marker for enamel knot in teeth 

(Jernvall et al., 1998; Kratochwil et al., 1996; Sasaki et al., 2005; Sun et al., 2016b). 
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Actually in early stages of tooth development, Lef-1 could also be a marker of the dental 

epithelial signaling centers. At E11.5, there are two cell populations in a placode tooth 

(Figure 3). Lef-1+ cells are localized at the anterior part of the tooth and these cells were 

demonstrated as G1 phase-cell population by recent study from Dr. Thesleff and Mikkola 

groups (Ahtiainen et al., 2016). Based on their studies, this G1- cell population produces 

signals such as Shh, which makes it act as an early epithelial signaling center in the tooth. 

During bud stage tooth formation, dental epithelial signaling center does not give rise to 

the remaining part of the tooth bud. Instead, it provides both dental epithelial cells and 

mesenchymal cells signals for amplification and migration. The size of the early 

signaling centers influence the size of the tooth bud. In a study of ectodysplasin-A (Eda) 

knockout mice, Ahtiainen and her colleagues showed that the dental epithelial signaling 

center in bud stage tooth was small in Eda knockout mice compared with their WT 

counterparts. As a result, the teeth from Eda knockout mice were smaller compared with 

the teeth from WT counterparts (Ahtiainen et al., 2016).  

 The epithelial signaling center at cap stage is named enamel knot, which is 

crucial for tooth morphogenesis during this stage. The enamel knot is a new formed 

signaling center that derived from the posterior region of the tooth bud, and not a follow 

up from the signaling center at bud stage (Ahtiainen et al., 2016; Du et al., 2017). Lef-1 

and p21 are essential for the enamel knot formation, which are considered as early 

markers for the enamel knot. In the study of Lef-1 knockout mice, tooth development is 

arrested at bud stage, indicating the requirement of Lef-1 in enamel knot formation and 

cap stage tooth morphogenesis (Sasaki et al., 2005). Defects caused by Lef-1 knockout 

were rescued by Fgf4, indicating the Fgf4 is a down-stream target of Lef-1 in the 
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signaling center. Actually, Shh, Fgf4, Bmp2 and Wnt10a/b are produced by the enamel 

knot and are markers for mature enamel knot. Enamel knot produces these signals to 

promote cell proliferation, differentiation and migration and inhibit apoptosis during cap 

stage tooth morphogenesis.  

Although the functions of the dental epithelial signaling centers are established, 

details of the mechanisms whereby dental epithelial signaling centers are controlled 

remain unclear. Recently, Li et al reported that formation of the enamel knot is regulated 

by αE-catenin-mediated restriction of yes-associated protein (YAP) activity (Li et al., 

2016). They also unveiled that enamel knot is derived from DESCs rather than the older 

signaling center at the bud stage by lineage tracing assays in mice. But there is no study 

to show the regulatory network of enamel knot formation. Here, I reported a role of Pitx2 

in regulating enamel knot formation. The details of this study can be found in Chapter II.    

1.3. Knowledge gaps in the field 

Since the gene targeting knockout technology was developed in 1980s, genes that 

regulate tooth development have been identified and mechanisms that control tooth 

development have been well established. So far, more than 300 genes have been reported 

to be associated with tooth development. Taking advantage of technologies such as gene 

knockout, 3-dimensional culture and high resolution imaging, our knowledge about tooth 

development is getting larger and larger. Our laboratory is interested in the functional 

study of transcription factors and microRNAs in tooth development. In order to identify 

potential transcription factors that are essential for tooth development with unknown 

function, a previous graduate student Huojun Cao from our laboratory did a gene-

expression profiling analysis in dental epithelium and mesenchyme from new-born mice. 
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As shown in Figure 6A, the entire dental epithelium and mesenchyme from the lower 

incisors of postnatal day (P) 0 mice were dissected and separated with dispase and 

collagenase enzymes. Total RNAs from collected dental epithelium and mesenchyme 

were isolated and sent for DNA-microarray profiling. Genes with high interests were 

shown in Figure 6B as generated by another graduate student Xiao Li. As we expected, 

dental epithelial markers such as Enam, Amel, and Cdh1 were enriched in the epithelium 

group and dental mesenchymal markers such as Bmp2 and Pax9 were enriched in the 

Mesenchyme group. Genes listed in the third cluster were transcription factors that are 

mainly expressed in dental epithelium with known or unknown function. For my doctoral 

training, I chose to unveil the details of cellular and molecular mechanisms of Pitx2, 

Iroquois 1 (Irx1) and Sox2 in tooth development. My research addresses the knowledge 

gaps in the following three areas: 1) Stem cell maintenance regulated by key signals and 

transcription factors (Sox2 project); 2) Mechanisms that regulate DESC differentiation 

(Pitx2 project); 3) The function of OEE and SI in teeth (Irx1 project).  

1.4. Introduction of Pitx2, Sox2 and Irx1 

1.4.1. Pituitary homeobox 2  

Pitx2 is a transcription factor with several isoforms in both human and mice. Full 

length of Pitx2 gene is about 20 Kb with five exons in mice. The location of Pitx2 gene is 

on chromosome 3 p4 in mice and chromosome 4 q25 in human. As a transcription factor, 

Pitx2 has a homeobox DNA binding domain and otp, aristaless, and rax (OAR) domain at 

the C-terminal region of the protein. The homeobox domain contains three helixes with a 

lysine residue in the third helix (Figure 6A), which enables Pitx2 to recognize and bind to 

the DNA conserved sequence TAATCC (Figure 6B) (Amendt et al., 1998; Tao et al., 
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2016). OAR domain is a motif with 14 amino acids at the C-terminal of Pitx family. It 

was reported that OAR domain is important for Pitx2 interacting with other proteins 

(Espinoza et al., 2005). Disruption of this region caused by gene mutations could lead to 

Rieger syndrome in human (Semina et al., 1996), indicating the essential role of OAR 

domain in the Pitx2 protein.   

It was reported by multiple groups that Pitx2 is a key transcription factor to 

regulate asymmetrical development of organs such as heart and lung (Logan et al., 1998; 

Piedra et al., 1998; Ryan et al., 1998; Yoshioka et al., 1998). Mutations in human PITX2 

have been found in cases of Axenfeld-Rieger syndrome (ARS) involving anomalies of 

the eyes, teeth and skin (Semina et al., 1996), indicating that it contributes to the 

development of these organs. Pitx2 general knockout mice were made in 1998 by several 

groups. Studies in Pitx2 knockout mice showed that embryos died around E10-E15 with 

defects in the heart, lung, pituitary, ventral body wall and teeth, demonstrating that Pitx2 

controls organogenesis during development (Lin et al., 1999; Lu et al., 1999). Rosenfeld 

group reported that Pitx2 is a down-stream effector of Wnt/β-catenin signaling pathway. 

Wnt/β-catenin induces the expression of Pitx2 and then Pitx2 regulates cell-type specific 

proliferation in heart by activating Cyclin D2 (Kioussi et al., 2002). The function of Pitx2 

in the heart was further identified by James F. Martin’s group by analysis in Pitx2 

knockout and overexpression mouse lines. They demonstrated that Pitx2 is necessary for 

the prevention of atrial arrhythmias by mediating the left-right asymmetry signaling 

pathways (Wang et al., 2010). In addition, they also demonstrated that Pitx2 promotes the 

heart repair by activating the antioxidant response after cardiac injury (Tao et al., 2016). 

Not only does Pitx2 regulate heart development and cardiac repair, it is also necessary for 
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the asymmetric gut morphogenesis by regulating the Wnt signaling (Welsh et al., 2013). 

Pitx2 controls arterial and lymphatic development in the intestine (Mahadevan et al., 

2014), which unveiled the details of cellular and molecular mechanisms of Pitx2 in gut 

development. 

In the case of teeth, studies in Pitx2 global knockout mice showed that Pitx2 

promotes the expression of Fgf8 in dental epithelium and regulates the expression 

distribution of Bmp4 in dental mesenchyme to control tooth morphogenesis at bud stage 

(Gage et al., 1999; Lin et al., 1999; Lu et al., 1999). PITX2 mutations were identified in 

ARS individuals that have dental abnormalities including hypodontia and enamel 

hypoplasia (Lines et al., 2002; Semina et al., 1996), indicating that Pitx2 regulates cell 

differentiation in teeth. Pitx2 is highly expressed in the entire dental epithelium in early 

stages of tooth development, and it is consistently expressed at a high level in the cervical 

loop region and a relative lower level in mature ameloblasts (St Amand et al., 2000). So 

far, there were publications showing that Pitx2 regulates cell migration in the early stages 

of tooth development (Liu et al., 2003), and regulates ameloblast differentiation in the 

late stage of tooth development (Cao et al., 2013; Li et al., 2014). But the cellular and 

molecular mechanisms of Pitx2 regulation in tooth are still not well understood.  

1.4.2. Sex determining region Y-box 2 

As one of four Yamanaka factors, Sox2 is critical for transcriptional regulation of 

stem cells and contribute to pluripotency and self-renewal (Boyer et al., 2005; Takahashi 

and Yamanaka, 2006). Ablation of Sox2 in embryos leads to early lethality due to defects 

in the epiblast after implantation (Avilion et al., 2003). Sox2 is expressed in tissues 

originating from both ectoderm and endoderm and has important roles in the 
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development and regeneration of these tissues.  It has been reported by several groups 

that Sox2 is essential for the development of the nervous system and neural stem cell 

maintenance during adult neurogenesis (Favaro et al., 2009; Kuwabara et al., 2009; 

Taranova et al., 2006). Sox2 is important for eye development with multiple roles. It was 

reported that Sox2 is regulated by Wnt/β-catenin signaling pathway to control the 

transition of retinal progenitor cells from proliferation to differentiation of neurons and 

glia (Agathocleous et al., 2009). Not just regulating neurogenesis in eye, Sox2 is also 

important for lens development and eye morphogenesis by regulating N-cadherin during 

pit invagination and fiber cell elongation (Smith et al., 2009). Sox2 is expressed in a 

specific cell population of epithelia of gut, airway, tongue, skin, hair follicle and tooth 

and has essential role in development and tissue regeneration of these organs. In tongue, 

Sox2 is required for taste sensory cell development by regulating progenitor 

differentiation (Okubo et al., 2006).  In airway, Sox2 interacts with Wnt/β-catenin 

signaling pathway to regulate airway epithelium and submucosal gland development 

(Hashimoto et al., 2012; Xie et al., 2014). Lineage tracing analysis of Sox2+ cells in 

testis, stomach, hair follicle and tooth demonstrated that Sox2+ cells are adult stem cells 

in these organs (Arnold et al., 2011; Clavel et al., 2012; Juuri et al., 2012).  

In tooth, Sox2 is expressed in the dental epithelium of CL regions and Sox2+ cells 

in the LaCL region of the incisors are adult dental epithelial stem cells (Juuri et al., 

2012). Conditional knockout Sox2 using a Shh-Cre mouse line revealed aberrant 

epithelial morphology in the posterior molars and no defects in the incisors (Juuri et al., 

2013). Since the Cre recombinase in the Shh-Cre mouse is only expressed in the anterior 

part of molars and incisors, Sox2 was not fully ablated in the teeth of ShhCreSox2f/f mice 
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(Juuri et al., 2013). I have studied the function of Sox2 in tooth development and adult 

incisor maintenance in Pitx2CreSox2f/f mice, in which Sox2 was totally ablated by the 

expression of Pitx2-drived Cre recombinase (Sun et al., 2016b).  I found that Sox2 and 

Lef-1 interact with Pitx2, which controls DESC self-renewal and proliferation in mice. 

Details of the function of Sox2 can be found in the attached paper at the end of this 

dissertation. 

1.4.3. Iroquois 1 

In early 90s, Drosophila scientist Luc Leyns and his colleagues found mutations 

in a new gene causing developmental defects of the hair in Drosophila. In mutant 

Drosophila, there were only hairs on the top of the notum, which was a phenocopy of a 

hairstyle from native American Indian (Figure 8A) (Dambly-Chaudiere and Leyns, 

1992). The affected gene was called Iroquois (Irx) and later was changed to Araucan 

since two other genes with similar structures at the C-terminal of their proteins were 

found in Drosophila. Irx genes encode a family of proteins with a homeobox domain and 

a unique Iroquois (Iro) domain in the C terminal region (Figure 8C). In Drosophila, there 

are three members in the Irx family, named araucan, caupolican, and mirror (Gomez-

Skarmeta et al., 1996). In mouse and human, there are six members in the Irx family, 

named Irx1, Irx2, Irx3, Irx4, Irx5 and Irx6. Irx genes have a very unique distribution in 

the genome. They are in cognate genomic clusters: Araucan, caupolican, and mirror in 

the Iroquois complex (Iro-C) in Drosophila; Irx1, Irx2 and Irx4 in IrxA cluster on mouse 

chromosome 13qC1 (human chromosome 5p15.33); Irx3, Irx5 and Irx6 in IrxB cluster on 

mouse chromosome 8qC5 (human chromosome 16q12.2) (Figure 8 B) (Houweling et al., 

2001). It was reported that each cluster of Iroquois genes forms a three-dimensional 
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structure to share the same promoter and enhancers, which dictates their similar 

expression patterns (Tena et al., 2011). Although Irx proteins have a homeobox domain, 

their DNA binding motif is not the typical TAAT sequence. McNeill group has shown 

that Irx proteins are transcription factors that can recognize and bind to the DNA with 

ACAnnTGT motif by electrophoretic mobility shit assays (Bilioni et al., 2005). The 

function of Irx family has not been well identified. Recently, it was reported that Irx3 and 

Irx5 are crucial for cardiac morphogenesis and craniofacial development (Bonnard et al., 

2012; Gaborit et al., 2012). Irx3-deficient mice are viable but leaner with the loss of fat 

mass, indicating its important function in metabolism and body mass composition 

(Smemo et al., 2014).  

Irx1 is widely expressed in the brain, heart, lung, skin, and the craniofacial region, 

but its function has not been well studied. Current studies indicate that the expression of 

Irx1 is regulated by TGFβ and Fgf signaling and transcription factor HNF1B during 

development (Diaz-Hernandez et al., 2013; Ferguson et al., 2001; Heliot et al., 2013).  

Irx1 regulates the development of lung, tooth, brain, kidney, hindlimb and skeletal joint 

(Askary et al., 2015; Becker et al., 2001; Ferguson et al., 2001; Heliot et al., 2013; 

Smemo et al., 2014). The function of IRX1 in cancer has been investigated more 

thoroughly. It was reported that IRX1 is a tumor suppressor in head and neck carcinoma 

and gastric carcinoma. The promoter of IRX1 could be hyper-methylated in 

osteosarcoma, which promotes the overexpression of IRX1. As a result, overexpressed 

IRX1 protein promotes osteosarcoma cell migration, invasion and resistance to cell death 

by activating NF-kB signaling pathway (Lu et al., 2015).  
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In this dissertation, I studied the expression pattern and function of Irx1 using 

general knockout strategy in mice. The entire gene body of Irx1 was replaced with a lacZ 

gene, which allowed me to examine the expression pattern of Irx1 by X-gal staining in 

Irx1+/- mice. I showed that Irx1-/- mice died at neonatal stage with developmental defects 

in the lungs. Irx1 regulates Foxj1 and Sox9 expression to control alveolar type II 

epithelium and DESC differentiation. Details of this study can be found in Chapter III. 
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Figure 1. Model of DESC proliferation and differentiation 
DESCs receive signals from mesenchymal cells and dental epithelial signaling centers 
and differentiated into transit-amplifying cells. Transit-amplifying cells are fast 
proliferating cells, which can then differentiate into more specified cells such as 
ameloblast, outer enamel epithelium, stratum intermedium and stellate reticular. In 
addition, signals from mesenchyme and signaling centers are necessary for dental 
epithelial stem cell maintenance. 
 

 
Figure 2. Schematic of adult stem cells in the lower incisor of a mouse 
Dental epithelial stem cells (DESCs) are localized at the labial cervical loop (LaCL) 
region highlighted in dark green, dental mesenchymal stem cells (DMSCs) are derived 
from peripheral nerve-associated glia highlighted in blue (Kaukua et al., 2014; Zhao et 
al., 2014; Juuri et al., 2012; Biehs et al., 2013). Stem cells give rise to transit-amplifying 
cells and then differentiate into different types of dental epithelium and mesenchyme. 
LiCL, lingual cervical loop. 
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Figure 3. Schematic of Sox2 and Lef-1 expression pattern in E11.5 mandible in mice 
The red region represents the area with Sox2 expression and the green region represents 
the area with Lef-1 expression. Blue ellipses denote the localization of teeth. In: incisor, 
M: molar, Tg: tongue, A: Anterior, P: posterior. This figure is published in Zhao and 
Wenjie et al., 2016. 
 

 

 
Figure 4. Model of epithelium-mesenchyme interactions and signals regulating tooth 
morphogenesis 
This shows the four stages of lower incisor development in mice. Tooth morphogenesis is 
mainly defined by dental epithelial invagination, which is controlled by signals from 
dental epithelial signaling centers and dental mesenchyme. Dental epithelial signaling 
centers produce signals from Wnt, Shh, BMP and FGF conserved families and the dental 
mesenchyme produces factors from BMP and FGF families, therely regulating the 
morphogenesis of tooth development. Markers for dental epithelial signaling centers are 
Wnt10a/b, Shh, Bmp2, Fgf4, Lef-1 and P21, as shown in yellow box. This figure is 
regenerated based on the figure from Balic and Thesleff, 2015. 
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Figure 5. Model of a later bell stage lower incisor 
(A) Two cell lineages in a later bell stage lower incisor. Dental epithelial stem cells 
(DESCs) localized at the labial cervical loop (LaCL) give rise to several layers of dental 
epithelia, one of which produces enamel. Dental mesenchymal stem cells (DMSCs) 
localized at the mesenchymal stem cell (MSC) niche give rise to pulp cells and 
odontoblasts. (B) Magnified view of the LaCL region in A. Sox2+ DESCs are at the 
cervical loop region and a layer of Lef-1+ dental mesenchyme surrounds the dental 
epithelium. DESCs give rise to Am, SR, SI, and OEE and mesenchymal progenitors give 
rise to Od. IEE, inner enamel epithelium; LaCL, labial cervical loop; IEE, inner enamel 
epithelium; SI, stratum intermedium; SR, stellate reticulum; Am, ameloblast; En, enamel; 
PM, pulp mesenchyme; Od, odontoblast; Dt, dentin.  
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 Figure 6. Gene-expression profiling to identify new transcription factors regulating 
tooth development 
(A) Schematic of collecting dental epithelium and mesenchyme for gene-expression 
profiling. Lower incisors from P0 mice were dissected and treated with Dispase and 
Collagenase. Dental mesenchyme would fall apart from dental epithelial layer and then 
be collected by spin-down. Total RNAs were isolated and then sent for DNA-microarray. 
(B) Heat map shows genes that highly expressed in dental epithelium in the gene 
expression profiling data. This figure is adapted from Huojun Cao and Xiao Li’s thesis. 
 
 

 
 Figure 7. Schematic of Pitx2 homeobox domain and DNA binding motif 
(A) Schematic of NMR structure of the homeodomain of Pitx2 in complex with DNA. 
The homeodomain of Pitx2 has three helixes and the third helix in red binds to the DNA. 
This image is adapted from Protein Data Bank (PDB) (Chaney et al., 2005). (B) DNA 
binding motif of Pitx2 protein. Figure is adapted from the paper published by Dr. James 
F. Martin group (Tao et al., 2016). 
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Figure 8. Introduction of Iroquois family 
(A) Mutation of Araucan in Drosophila phenocopies the Iroquois hairstyle (red arrows) 
in native American Indian. (Dambly-Chaudiere and Leyns, 1992). (B) Schematic of 
genomic organization of Iroquois genes in Drosophila, mouse and human. In Drosophila, 
Araucan, caupolican, and mirror form the cluster named Iro-C. In mouse and human, 
Irx1, Irx1 and Irx4 form the cluster of IrxA and Irx3, Irx5 and Irx6 form the cluster of 
IrxB. Dm, Drosophila; Mm, mouse; Hs, Human; Chr, Chromosome (Kim et al., 2012). 
(C) Schematic of predicted secondary structure of Iroquois 1 protein by Simple Modular 
Architecture Research Tool (SMART) database. Iroquois family has a homeobox DNA 
binding domain and a unique IRO domain. (D) Model of 3-dimensonal regulation of Irx 
clusters. Iroquois genes from the same cluster share the same promoter and enhancers. 
Blue cycle: CTCF motif; boxes: enhancers (Tena et al., 2011). All images in this figure 
are adapted from the references. 
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CHAPTER 2: PITX2 CONTROLS TOOTH MORPHOGENESIS BY 

REGULATING THE EXPRESSION OF SHH AND IRX1 

2.1. Abstract 

Pituitary homeobox 2 (PITX2), mutations in which associated with Axenfeld-

Rieger syndrome (ARS), plays a crucial role in odontogenesis. ARS individuals present 

dental agenesis and enamel hypoplasia. Although the function of Pitx2 in tooth 

development is well established, details of the cellular and molecular mechanisms 

underlying Pitx2 regulation remain unclear. Here I report the effects of conditional 

ablation of Pitx2 in the dental epithelium using Krt14Cre driver line (Pitx2cKO mice), and 

in the adult using Rosa26CreERTPitx2flox/flox mice. In the Pitx2cKO mice, epithelial 

invagination at bud stage was delayed, and tooth development at cap stage was disrupted. 

Analysis of BrdU incorporation revealed that the rate of cell proliferation at bud stage 

was lower than in control counterparts, and label-retaining assays demonstrated that 

dental epithelial stem cells (DESCs) in the teeth retained their stemness. In addition, the 

number of Sox9+ cells in the dental epithelium was reduced, indicating that cell 

differentiation was likewise impaired. Consistent with a general role for Pitx2 in 

differentiation, in adult knockout mice (Rosa26CreERTPitx2flox/flox) the enamel formation 

was impaired. From a mechanistic standpoint, I show that Pitx2: regulates expression of 

Shh in the dental epithelial signaling centers of bud-stage teeth; is necessary for 

formation of the enamel knot in cap-stage teeth; and directly regulates the expression of 

Irx1, a gene involved in cell differentiation in teeth. These new regulatory roles of Pitx2 

during early tooth development shed lights to understand the fundamental mechanisms of 

tooth development in mice.  
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2.2. Introduction 

The pituitary homeobox 2 (Pitx2), a transcription factor key to regulating the 

asymmetrical development of organs (Logan et al., 1998; Piedra et al., 1998; Ryan et al., 

1998; Yoshioka et al., 1998), is crucial for tooth development. Mutations in human 

PITX2 have been found in cases of Axenfeld-Rieger syndrome (ARS) involving 

developmental defects of the eyes, abdomen and teeth, indicating that it contributes to the 

development of these organs (Amendt et al., 1998; Semina et al., 1996). Mice with a 

general Pitx2 knockout died at embryonic stages with defects in the heart, lung, body 

wall and teeth, further demonstrating that Pitx2 plays an essential role in controlling 

organogenesis during development (Lin et al., 1999; Lu et al., 1999). In the case of teeth, 

the general knockout of Pitx2 leads to an arrest in development at bud stage, involving 

down-regulation of fibroblast growth factor 8 (Fgf8) expression in the dental epithelium 

and changes in the distribution of bone morphogenetic protein 4 (Bmp4) in the adjacent 

mesenchyme (Gage et al., 1999; Lin et al., 1999; Lu et al., 1999). Since these mice die at 

early stages of embryonic development, the details of the cellular and molecular 

mechanisms by which Pitx2 controls early odontogenesis have not been investigated. 

However, it has been shown in the studies of cultured cells that Pitx2 regulates 

ameloblast differentiation during late stages of tooth development (Cao et al., 2013; Li et 

al., 2014), indicating that its function is related to cell differentiation. 

During embryonic development, stem-cell specification and the proliferation and 

differentiation of transit-amplifying cells (TAs), which are a population in transition 

between stem cells and differentiated cells, are keys to organogenesis (Hsu et al., 2014). 

Organs such as teeth, hair follicles and mammary glands are derived from surface 
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ectodermal cells via processes coordinated by interactions between the epithelium and 

mesenchyme (Jimenez-Rojo et al., 2012). As soon as the epithelial ectoderm receives 

signals from adjacent mesenchyme within a determined region, it forms a placode (plate-

like thickening). Teeth develop from two epithelial cell populations within the dental 

placode: Sox2+ cells and Lef-1+ cells (Sun et al., 2016b). The Sox2+ cells are the 

progenitors of various epithelial cell types that form the majority of bud- and cap-stage 

teeth, and the Lef-1+ cells that are present during the placode, bud and cap stages 

produce growth factors that control tooth morphology. Ablation of Sox2 in the 

developing tooth leads to impaired proliferation of dental epithelial stem cells (DESCs) 

during the early stages of tooth development and prevents the renewal of DESCs in the 

adult (Sun et al., 2016b). The ablation of Lef-1 in the dental epithelium also leads to 

severe developmental defects of the teeth, causing an arrest during the transition from 

bud to cap stage (Sasaki et al., 2005; Van Genderen et al., 1994). 

Tooth morphogenesis is stimulated by growth factors of the Fgf, Wnt, Shh, Bmp 

and Eda families produced by a cluster of cells known as the dental epithelial signaling 

center and Fgf and Bmp families produced by adjacent mesenchyme of the teeth (Balic 

and Thesleff, 2015). Effective function of the epithelial signaling centers is crucial for 

tooth morphogenesis, and the size of the signaling center correlates with that of the entire 

tooth in each stage (Ahtiainen et al., 2016).  Specifically, an epithelial signaling center at 

cap stage, referred to as the enamel knot, is crucial for tooth morphogenesis during this 

stage. The enamel knot is derived from the Sox2+ cells at the posterior region of the tooth 

bud; it is not derived from the signaling center at bud stage (Ahtiainen et al., 2016; Du et 

al., 2017). Formation of the enamel knot has been reported to be regulated by αE-catenin-
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mediated restriction of YAP/TAZ activity in a cluster of non-proliferative cells (Li et al., 

2016).  However, further details of the mechanisms whereby dental epithelial signaling 

centers are controlled are not available.    

Here, I report on my investigation of the details of Pitx2 function at the cellular 

and molecular levels during early stages of tooth development in mice. I found that 

conditional knockout of Pitx2 in the dental epithelium starting at approximately 

embryonic day 10 (E10.0) causes disruption of tooth development at cap stage, and that 

Pitx2 regulates the expression of Shh and Irx1 to regulate DESC differentiation and tooth 

growth at bud stage. I also found that Pitx2 is necessary for formation of the enamel knot 

in cap-stage teeth, with its absence in the dental epithelium leading to disruption of the 

enamel knot and an arrest of tooth development. 

2.3. Materials and Methods 

2.3.1. Mouse lines and embryonic staging 

Mouse maintenance and mouse-related procedures were performed using 

protocols approved by the Institutional Animal Care and Use Committee of The 

University of Iowa. The Pitx2flox/flox mouse strain was previously described (Gage et al., 

1999) and was a generous gift from the laboratory of James F. Martin (Baylor College of 

Medicine, Houston). The K14Cre mouse strain was also described previously (Dassule et 

al., 2000). The Rosa26CreERT [B6.129-Gt(ROSA)26Sortm1(cre/ERT2)Tyj/J] (Stock No: 008463) 

and Rosa26GPF [B6.129(Cg)-Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J] (Stock No: 

007676) mouse strains originated from the Jackson Laboratory, and were generous gifts 

from the laboratory of John Engelhardt (The University of Iowa, Iowa). Mice were 

genotyped using the primers listed in Table 1 following the standard genotyping protocol. 
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Embryos were staged by checking for vaginal plugs in the crossed females, with the day a 

vaginal plug was found defined as E0.5.  

2.3.2. Antibodies and reagents 

The following primary antibodies were used for immunostaining: anti-IRX1 

(Sigma HPA043160, 1:100–1:300), anti-Lef-1 (Cell signaling #2230, 1:150), anti-Sox2 

(R &D systems AF2018, 1:150), anti-Sox9 (Millipore AB5535, 1:400), anti-GFP (Abcam 

ab290, 1:1000), anti-Ki-67 (Abcam ab15580, 1:500), anti-Cleaved Caspase-3 (Cell 

Signaling #9661, 1:500), anti-BrdU (Abcam ab6326, 1:1000), anti-CIdU (Accurate 

Chemical OBT0030, 1:250), anti-IdU (Roche 11170376001, 1:250), anti-p21 (BD 

Pharmingen 556430, 1:100), and anti-cyclin D2 (Santa Cruz sc-593, 1:400). The 

following secondary antibodies were used for immunostaining: Alexa Fluor488 donkey 

anti-rabbit IgG (Invitrogen A21206, 1:500), Alexa Fluor488 donkey anti-mouse IgG 

(Invitrogen A21202, 1:500), and Alexa Fluor594 donkey anti-mouse IgG (Invitrogen 

A21203, 1:500). Other staining reagents used were: DAPI (Invitrogen D1306, 1ug/ml), 

BrdU (Invitrogen, #00-0103), CIdU (Sigma, #C6891) and IdU (Sigma, #17125). 

 2.3.3. Cloning, transient transfection and luciferase assay 

A 2200 bp Irx1 promoter containing the Pitx2-binding site was cloned and 

inserted into the pTK-luc vector. Standard transient transfection by electroporation and 

luciferase assay were carried out in the ameloblast-derived LS-8 line (Chen et al., 1992) 

according to the methods described in Cao et al., 2013. LS-8 cultures were seeded in 

flasks or plates in Dulbecco's Modified Eagle's Medium (DMEM) with 10% fetal bovine 

serum, and fed at least 24 hours prior to the experiments. 
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2.3.4. Histological staining, immunostaining and imaging 

Mouse embryos were harvested and washed with ice-cold 1×PBS, then fixed with 

4% PFA and washed with 1×PBS 3 times (10 minutes each). Then embryos were taken 

through a standard dehydration and paraffin-embedding process. Sections of 5-8 µm were 

cut and then subjected to staining with either standard hematoxylin and eosin (H&E) or 

antibodies. For immunostaining, sections were boiled in citrate buffer (pH=6.0) in a 

100oC water bath for 20 minutes, blocked with 10% donkey serum, and incubated with 

proper primary antibodies overnight in 4oC. They were washed with 1×PBS, incubated 

with Alexa Fluor488 and 594 secondary antibodies and stained with DAPI. Images were 

captured using a Nikon Eclipse microscope or a Zeiss 700 confocal microscope. 

2.3.5. BrdU labelling and CIdU/IdU labeling assay 

BrdU, CIdU and IdU were administered to pregnant females by intraperitoneal 

injection at different time points. Following the standard tissue processing steps described 

above, sections were treated with 2M HCl for 40 minutes and neutralized with 1×PBS. 

They were then treated with citrate buffer and subjected to standard immunostaining as 

described above. Details of the methods used for IdU and CIdU double staining are as 

detailed previously (Sun, Yu et al., 2016). 

2.3.6. In situ hybridization 

PFA-fixed paraffin-embedded tissue sections were used for in situ hybridization. 

Embryo sections were cut into segments of 8 µm, and subsequently prepared as described 

previously (Gregorieff and Clevers, 2015). Briefly, sections were processed by a standard 

dewaxing and rehydration protocol, and rinsed twice in DEPC-treated water. Sections 

were next treated with 0.2 N HCl for 15 minutes at room temperature and incubated with 
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proteinase K in 1×PBS buffer. Sections were then washed with 1×PBS quickly, and post-

fixed for 5 minutes with 4% PFA. They were then treated with fresh acetic anhydride 

solution twice, and rinsed with 5×SSC buffer (pH=7.5). Sections were incubated with 

hybridization solution at 65oC for prehybridization, and then with hybridization solution 

containing 500 ng/ml of digoxigenin-labeled probe at 62oC–68oC for 36 hours. Sections 

were washed with 50% formamide/2×SSC buffer (pH=4.5) at 65oC, blocked with 

blocking buffer and incubated with sheep anti-digoxigenin antibody (Roche, 1:2000) 

overnight at 4oC. Lastly, sections were incubated with NBT/BCIP solution, and images 

were taken with a bright-field microscope. The digoxigenin-labeled probes were 

generated using a DIG RNA Labeling Kit (Roche #11175025910). Primers used as 

probes are listed in Table 2. 

2.3.7. Lower incisor growth assay and scanning electron microscopy 

Pitx2iHet and Pitx2icKO mice approximately 40 days of age received daily 

peritoneal injections of tamoxifen (2 mg/10g body weight) for 10 days. After 8 days of 

injection, the left lower incisor was clipped and the difference in length with the 

contralateral incisor was measured using a caliper. Tamoxifen was injected daily for an 

additional two days, and at day 3.5 post clipping, the mice were sacrificed and the teeth 

were measured again.  

For analysis of the enamel (this part was completed by Miguel Romero-Bustillos), 

incisors were isolated by hemimandibular section. All incisors were fixed in 4% 

paraformaldehyde overnight, after which it was rinsed three times. One of the incisors 

from each mouse was immediately subjected to gradient alcohol dehydration, whereas the 

other was prepared analysis of a cross section. Specifically, the incisors were fractured at 
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the level of the gingival margin, with the line of fracture parallel to the enamel surface, 

after which hydrochloric acid was applied to the enamel for 30 seconds and samples were 

rinsed 3 times. In both sample sets, following alcohol dehydration, critical-point drying 

was performed by submerging the sample in hexamethyldisilazane (HMDS) for 1 hour 

and drying overnight. Samples were mounted on stubs and sputter-coated with 

gold/palladium alloy. Gross morphology of the complete incisor was assessed using a 

Hitachi S-4800 microscope (Hitachi High Technologies America, Dallas, TX, USA) in 

secondary electron mode, at 3kV and an emission current of 7400nA.  Enamel cross 

sections from fractured teeth were imaged in secondary electron mode, at 5Kv and an 

emission current of 10600 nA. All images were taken under high vacuum. The working 

distance ranged from 8 mm to 10.8 mm. 

2.3.8. Chromatin immunoprecipitation assay (ChIP) 

The procedure for the ChIP assay was described in our previous paper (Sun et al., 

2016b), and the ChIP Assay Kit (Zymo Research, Zymo-Spin ChIP Kit, D5210) was used 

for the analysis. LS-8 cells were washed twice with cold 1×PBS solution and crosslinked 

(1% formaldehyde, room temperature, 7 minutes). They were then subjected to three 

rounds of sonication (6 second duration, 25% of maximum amplitude), which caused 

lysis and the shearing of genomic DNA into approximately 200-1000 bp size of 

fragments. DNA and protein complexes were then immunoprecipitated using 5 µg Pitx2 

antibody (Capra Sciences, PA-1023). In the negative control, the same amount of normal 

rabbit IgG replaced the Pitx2 antibody. Irx1 primers used for PCR are the following: 

primer 1 forward: 5’-CAAGAAGAGGTCACAATTAGGAGCT-3’; primer 1 reverse: 5’-

CTTGG-AATGTCAGGACCTGCTTT-3’; primer 2 forward: 5’-TCGTG-GGAGACT-
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CAAAGACAGG-3’; primer 2 reverse: 5’-AGACGCGGAGAGTCAACACGA-3’. All 

PCR products were visualized on a 1.5% agarose gel, and their identities were confirmed 

by sequencing (This experiment was completed by Steven Eliason).  

2.3.9. Electrophoretic mobility shift assay (EMSA) 

Fluorescent dye-labeled probe and purified mouse proteins were used for EMSA 

according to the protocol from the Odyssey Infrared EMSA Kit (LI-COR, P/N: 829-

07910). Oligonucleotides from a region of the Irx1-promoter including Pitx2 binding 

motif were generated by the Iowa Institute of Human Genetics of The University of Iowa. 

The sequences are: 5’-/IRdye700/TACCCTCCAGACTAAATCCAAGCAGGAAAGCA-

G-3’ and 5’-TACCCTCCAGACTAA-ATCCAAGCAGGAAAGCAG-3’. Complemen-

tary oligonucleotides were annealed and 50 nM of probe was added into the binding 

reaction. The purified mouse Pitx2c and Sox2 proteins were prepared as previously 

described (Tao et al., 2016), and 5 µg of Pitx2c and 0-10 µg of Sox2 were added to the 

binding reaction. After 20-30 minutes of incubation at room temperature, 2 µl of 10× 

Orange Loading Dye was added to the 20 µl EMSA reaction. The entire binding reaction 

was then loaded onto a 6% native polyacrylamide gel and run until the dye reached the 

bottom of the gel. Lastly, the gel was scanned using an Odyssey scanner.  

2.3.10. 3-Dimensional reconstruction 

Serial sagittal sections from E12.5 WT and Pitx2cKO lower incisors were stained 

with DAPI, and serial images were generated using a Zeiss 700 confocal microscope. 

Then images were automatically aligned using the StackReg plugin for ImageJ, and final 

3-dimensional reconstructions were rendered using the Imaris software (Bitplane AG). 
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2.3.11. Statistical analysis 

For each condition, a minimum of three experiments was performed and error 

bars were presented as the ± SEM. An independent two-tailed t-test was used to 

determine the significance of differences between WT and Pitx2cKO groups. 

2.4. Results 

2.4.1. The expression pattern of Sox2, Lef-1 and Pitx2 in teeth 

Sox2, Lef-1 and Pitx2 are key genes that are highly expressed in tooth. To start 

with the functional analysis of these genes, it is necessary to determine their expression 

pattern in different stages of tooth. Figure 9 shows the immunostaining of Sox2 and Lef-1 

in E11.5, E12.5, E14.5 and P0 lower incisors and in situ hybridization of Pitx2 in E11.5, 

E12.5 and E14.5 lower incisors. Sox2 is expressed in the DESCs localized at the posterior 

region of teeth (Fig. 9A-B) in their early stages of development. Then its expression is 

limited to the dental epithelial layer of LaCL region (Fig. 9C, 9E), which is the stem cell 

niche in E14.5 and P0 lower incisors. Lef-1 is expressed in the condensed dental 

mesenchyme from E11.5 to P0 (Fig. 9A-D). In dental epithelium, Lef-1 is expressed in 

the anterior part of the dental epithelium and dental mesenchyme at E11.5 (Fig. 9A), and 

then its expression becomes restricted to the dental epithelial signaling centers in E12.5 

and E14.5 lower incisors (Fig. 9B, C). 

 In situ hybridization of Pitx2 showed that Pitx2 is expressed in the entire dental 

epithelial layers and vestibular lamina in early stages of tooth development (Fig. 9F-H, 

E11.5, E12.5, E14.5) 
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2.4.2. In Pitx2cKO mice, tooth development is delayed at bud stage and disrupted at cap 

stage 

In order to unveil the details of the cellular and molecular mechanisms underlying 

Pitx2 regulation during the early stages of tooth development, I conditionally knocked 

out Pitx2 in the oral and dental epithelia by crossing Pitx2flox mice to the Keratin14-Cre 

recombinase (K14Cre) mouse line. The Pitx2flox mice were generated by the group of S. 

Camper (Gage et al., 1999), with loxP sites flanking the fourth exon of the Pitx2 gene 

(Fig. 11A). I tested the recombinase activity of K14Cre line by crossing them with 

Rosa26GFP mice, in which active Cre recombinase could initiate the expression of green 

fluorescent protein expression (GFP). Immunostaining of K14CreRosa26GFP mice for GFP 

at E11.5 and E14.5 showed that the recombinase drives GFP expression in the oral and 

dental epithelia starting at E11.5 (Fig. 10A). I then crossed the K14Cre mice with Pitx2flox 

mice to generate K14CrePitx2flox/flox (Pitx2cKO) mice. These animals survived to weaning 

stage and their overall body size was significantly smaller than that of their Pitx2flox/flox 

(WT) counterparts (Fig. 10B, C). In addition, the Pitx2cKO mice completely lacked teeth 

(Fig. 11B, Fig. 10D).  

To identify the odontogenic defects that result in toothless Pitx2cKO mice, I 

examined Pitx2cKO mice at various stages of development and found severe 

developmental defects (Fig. 11C, Fig. 10E). Specifically, Pitx2cKO mice showed smaller 

bud stage teeth and undetectable cap and bell stages teeth compared with WT (Fig. 11C). 

In addition, invagination of both the dental epithelium and vestibular lamina was delayed 

in the lower incisors of Pitx2cKO animals (Fig. 11C). Generation of a 3-dimensional 

model of bud stage lower incisors from serial sagittal sections of E12.5 WT and Pitx2cKO 
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Table 3. Genotypes of offspring from Irx1+/- intercrosses 

 

Embryos and new born pups were harvested from E12.5 embryonic stage to P1. Numbers 
in parenthesis indicate dead newborns. 

 

 
Table 4. List of primers used for quantitative RT-PCR 
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