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Abstract
Teeth are ectodermal organs, which form from the interactions between the ectoderm-derived 
epithelium and the neural crest-derived mesenchyme. Tooth development is regulated by a number 
of conserved signalling pathways that mediate the cross-talk between the two tissues and guide 
epithelial morphogenesis. There is a wide diversity in dental renewal capacity across species, for 
example, mice have continuously erupting front teeth (incisors). In these, the incessant production of 
dental tissue is driven by epithelial and mesenchymal stem cells in the proximal-most region of the 
incisor. Dental epithelial stem cells localise to a bud-like structure known as the labial cervical loop.

It has been established that in the murine incisor Sox2 marks epithelial stem cells that contribute 
to all dental epithelial cell lineages. First, in this thesis we show that Sox2-expressing cells in the 
mature incisor labial cervical loop are heterogeneous, as only a small fraction of them expresses 
LGR5. Second, we demonstrate that SOX2 is required during tooth development and adult incisor 
renewal, since it regulates cell differentiation and dental stem cell maintenance. Third, we provide 
evidence supporting the hypothesis that adult Sox2-expressing stem cells originate from foetal 
progenitors. Fourth, we show that cells from the adult labial cervical loop can exhibit transient 
plasticity to compensate for Sox2 loss. Fifth, we have discovered that Sox2-expressing cells in the 
adult labial cervical loop specifically express the transcription factor MEIS1. 

Taken together, this work provides new insights in ectodermal organ formation and epithelial 
stem cell regulation. 
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1. Introduction
Stem cells have the potency to give rise to one or more types of differentiated cells. During 
embryogenesis stem cells guide various processes including organ formation, while in postnatal 
stages they promote tissue homeostasis. Furthermore, adult stem cells orchestrate organ regeneration 
upon injury. This thesis reviews different aspects of stem cells, including the characteristics of the 
niches they inhabit, and the plasticity events that promote tissue regeneration and in vitro 
reprogramming.

Like many other organs, teeth require stem cells to regenerate. This can be accomplished by 
creating new teeth (tooth replacement) or by continuous production of mineralised tissue (tooth 
renewal). In the mouse, epithelial and mesenchymal stem cells promote the continuous renewal of 
dental tissues in the front teeth (incisors), while the posterior teeth (molars) do not regenerate. Next, 
the different events guiding tooth formation are summarised (initiation, morphogenesis and renewal),
both from the morphological and molecular perspectives. Furthermore, the maintenance of dental 
stem cells in the epithelial stem cell niche (labial cervical loop) and their potential use for tooth 
bioengineering are discussed.

Finally, the role of SOX2 and MEIS1 during organ development and stem cell maintenance is 
reviewed.
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2. Review of the literature
2.1. Pluripotency and cell plasticity
A cell’s capacity to give rise to differentiated cells is called developmental potency (De Los Angeles 
et al., 2015). Stem cells are defined by their capacity to self-renew and to give rise to a differentiated 
progeny throughout the animal’s lifetime (Jaenisch and Young, 2008; Lajtha, 1979). Similarly, 
progenitor cells can self-renew and generate daughter cells, but they have a shorter lifespan (Fuchs 
and Chen, 2012). Adult stem cells live in specific microenvironments (niches) within a tissue and 
have the ability to self-renew, preserve, and repair the tissue during homeostasis and upon injury 
(Gonzales and Fuchs, 2017; Scadden, 2006). Certain adult cells can dedifferentiate or 
transdifferentiate as part of an organ’s normal injury response; these changes in cell identity are 
known as cellular plasticity (Merrell and Stanger, 2016).

2.1.1. Stem cells
Stem cells are found in embryonic and postnatal animal tissues, and can be classified according to 
their developmental potency (De Los Angeles et al., 2015). Totipotent stem cells can generate all the 
cells in an organism, including the extraembryonic tissues. In mammals, they are only present in the 
zygote and early blastomeres. Multipotent cells have the ability to form all cell lineages in the body 
and they arise during embryonic development. Pluripotent cells have the ability to produce different 
cell types, and unipotent cells can only give rise to one cell type (Jaenisch and Young, 2008).

During the early stages of embryonic development, totipotent cells become restricted to 
generate either embryonic or extraembryonic tissue. The external cells of the morula differentiate into 
the trophoectoderm lineage and form the extraembryonic tissues, whereas the inner cell mass (ICM) 
originates from the internal cells of the morula and generates the embryo proper. Pluripotent 
embryonic stem cells (ESCs) can be isolated from the ICM and propagated indefinitely in vitro (Evans 
and Kaufman, 1981; Thomson et al., 1998). Pluripotent cells can also be derived from the epiblast 
(EpiSCs), a tissue of the post-implantation embryo (Brons et al., 2007; Tesar et al., 2007). ESCs are 
referred to as naïve, whereas EpiSCs are considered primed pluripotent cells, as they cannot form a 
chimeric animal following introduction into preimplantation embryos (Nichols and Smith, 2009).

ESCs rely on a complex genetic network to maintain pluripotency. Oct4, Nanog and Sox2 are 
central to this transcriptional regulatory hierarchy. They regulate expression of other genes and 
collaborate to form an autoregulatory circuitry in order to maintain their own expression (Boyer et 
al., 2005).

Adult organisms retain a small number of stem cells in various tissues in order to maintain and 
repair them (Gonzales and Fuchs, 2017).

2.1.2. Identifying stem cells in vitro and in vivo 
To date, there is no common gene to mark adult stem cells (Fortunel et al., 2003; Vogel, 2003).
However they present genetic markers characteristic of their tissue. For example, murine intestinal 
and hair cycling stem cells express Lgr5, whereas adult neural stem/progenitor cells in the 
subventricular zone are Prominin1+ (Barker et al., 2007; Beckervordersandforth et al., 2010; Jaks et 
al., 2008). These markers can be used in functional assays to identify tissue-specific stem cells.
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The capacity to self-renew and proliferate of a potential stem cell population can be tested 
through in vitro culture (clonogenic assay) (Barker and Clevers, 2007; Barker et al., 2010). For 
instance, it has been shown that a single Lgr5+ intestinal stem cell, when cultured in a 3D system, 
can give rise to an organoid, a self-organizing structure that contains all differentiated cell types 
of the organ in question, in this case the intestine (Sato et al., 2009). Also, individual myoepithelial 
progenitors can reconstitute a complete mammary gland when transplanted into a fat pad in vivo 
(Shackleton et al., 2006; Stingl et al., 2006). The stemness of a candidate cell population can also 
be addressed by transplanting it into an animal host (Barker and Clevers, 2007).

Another technique utilised to identify stem cells is lineage tracing. It consists of marking a
candidate population in situ and visualising its dynamics in vivo (Barker and Clevers, 2007; Barker 
et al., 2010). This technique utilises the CreER-loxP system in combination with a reporter gene (Fig. 
1). loxP sites flank a stop codon that prevents the reporter gene from being expressed. A CreER
cassette is placed under the control of a gene-specific promoter and upon Tamoxifen administration, 
it becomes transiently activated. When the enzyme CreER recombinase binds to the loxP sites the 
stop codon is excised and the reporter gene becomes active in the targeted cells and its descendants. 
This system allows for direct visualization of recombined cells and their progeny (Barker et al., 2007; 
Danielian et al., 1998).

The lack of a general marker for adult stem cells provides an obstacle in the identification of 
individual stem cell types, furthermore there are only a handful of stem cell markers known for 
different mammalian tissues (Haegebarth and Clevers, 2009). In some cases, stem cells are identified 
by their quiescent nature by using label-retaining techniques (Bickenbach and Mackenzie, 1984). The 
principle of this method is that DNA labels should be retained by stem cells (label-retaining cells, 
LRCs), while proliferating cells will rapidly dilute out any incorporated dye. Initially, 3H-thymidine 
was used as DNA label but, at present, different thymidine analogues are available, including 5-
Bromo-2´-Deoxyuridine (BrdU) and 5-ethynyl-2'-deoxyuridine (EdU) (Bickenbach and Mackenzie, 
1984; Cotsarelis et al., 1990; Salic and Mitchison, 2008).

Figure 1. Schematic of genetic 
lineage tracing method based 
on the CreER-loxP system. 
Upon Tamoxifen administration 
CreER becomes expressed in 
those cells expressing the gene-
specific promoter. CreER binds 
the loxP sites (black triangles) 
flanking the stop codon 
prompting its excision. 
Consequently, the reporter gene 
becomes expressed in the 
recombined cells and in their 
progeny.
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2.1.3. Stem cell niches
In living organisms, stem cells reside within a niche (Schofield, 1978). In many cases the stem cell 
niche is a well-defined, small substructure located within a tissue. For instance, the epithelial stem 
cells in the hair follicle and in the intestine reside in the bulge and in the crypt, respectively 
(Haegebarth and Clevers, 2009). However, the anatomy of the stem cell niches can be diverse. For 
example, muscle stem cells do not inhabit a confined structure, but are attached to the basal lamina 
of muscle fibres throughout the skeletal system (Ahmed and Ffrench-Constant, 2016).

Almost all stem cell niches contain extracellular matrix (ECM) proteins, supporting cells and 
signalling molecules that allow stem cells to self-renew and differentiate into specified progeny 
(Greco and Guo, 2010). Other components of the niche include physical parameters such as tissue 
stiffness, and environmental signals such as hypoxia (Lane et al., 2014). Also the immune system can 
participate, especially during inflammation and tissue damage (Ahmed and Ffrench-Constant, 2016).

The ECM is a fibrous, multifunctional network that provides structural and biochemical support 
to all tissues. It is essential for the maintenance, proliferation, self-renewal and differentiation of stem 
cells (Ahmed and Ffrench-Constant, 2016; Gattazzo et al., 2014). The ECM is mostly composed of 
glycosaminoglycans (polysaccharide chains usually linked to proteoglycans) and fibrous proteins 
(e.g. collagen, elastin, fibronectin and laminin). The ECM proteins can directly bind stem cells and 
regulate their fate. An interesting example is the murine hair follicle, in which impairment in the ratio 
of laminin 332 and laminin 511 leads to aberrant stem cell differentiation and subsequent depletion 
(Morgner et al., 2015). Also, ECM proteins such as heparin sulphate proteoglycans (HSPGs) can 
regulate cell specification in an indirect manner by protecting growth factors and morphogens from 
proteolysis (Sarrazin et al., 2011). Thus, these ECM proteins can assist in establishing gradients of 
growth, which are important in patterning developmental processes (Hynes, 2009). For instance, in
the mouse brain, binding of Sonic Hedgehog (SHH) to HSPGs is essential for the accumulation of 
SHH in the mitogenic niche and thus, for the proliferation of neural precursor cells (Chan et al., 2009).

Additionally, cells can sense the physical characteristics of the ECM (e.g. stiffness vs. 
elasticity) and translate these stimuli into biochemical signals that can affect cell behaviour. For 
instance, YAP and TAZ can detect mechanical cues from the cellular microenvironment and regulate 
stem cell differentiation (Dupont et al., 2011). Metabolism is also important in determining cell fate, 
as many stem cell populations reside in hypoxic niches, which contributes to their survival and 
maintenance. These cells rely in glycolysis rather than mitochondrial oxidative phosphorylation,
typical of differentiated cells. Thus, during the maturation of adult stem cells there is a shift in the 
balance between glycolysis and oxidative phosphorylation (Lane et al., 2014).

The signalling cascades enriched in the stem cell niches are rather conserved and include 
WNT/β-catenin, Bone morphogenetic protein (BMP), NOTCH, and Fibroblast growth factor (FGF).
However, the same pathway may play different roles in different niches (Ferraro et al., 2010). For 
example, in the small intestine, WNT signalling supports proliferation of stem and transit-amplifying 
cells, while in the mammalian epidermis it regulates the differentiation of hair follicle precursors 
(Kuhnert et al., 2004; Merrill et al., 2001).

Also, the specific location of a stem cell in the niche can influence its fate. This phenomenon 
has been described in the hair follicle stem cell niche. This niche is divided into the bulge, where stem 
cells reside, and the germ, which contains a pool of progenitor cells. Within the hair bulge, cells 
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located in the lower part are more likely to proliferate and differentiate than the ones situated in the 
upper half, which are for the most part quiescent (Rompolas et al., 2013).

2.1.4. Stem cells in tissue homeostasis
In physiological conditions, cell loss within a tissue is compensated through cell division in a process 
known as tissue homeostasis, which is ensured by the existence of stem cells (Blanpain and Fuchs, 
2014).

Stem cells can divide in three different manners: (1) Asymmetric division, which gives rise to 
one stem cell and one committed daughter cell. (2) Symmetric commitment, which yields two 
differentiated daughter cells and leads to stem cell exhaustion. (3) Symmetric division, which
generates two stem cells and causes stem cell expansion (Ito and Ito, 2016) (Fig. 2).

It has been long believed that asymmetric divisions are the driving force maintaining tissue 
homeostasis and a constant number of stem cells. According to the invariant asymmetry theory, in 
non-homeostatic processes such as ageing and cancer, symmetric divisions occur more often and alter 
the stem population (Klein and Simons, 2011; Kulukian and Fuchs, 2013). However, recent evidence 
suggests that homeostasis of the stem cell pool can be regulated at the population level: both 
symmetrical and asymmetrical divisions occur but the total number of stem cells remains the same 
(Klein and Simons, 2011). This type of regulation has been described in the mouse testis and small 
intestine (Klein et al., 2010; Snippert et al., 2010).

A tight control on the frequency of cell division is necessary to avoid stem cell exhaustion or 
the appearance of genetic damage that could lead to premature ageing. To overcome these problems,
in some tissues stem cells give rise to transit-amplifying cells (TA cells) that proliferate rapidly and 

Figure 2. Types of cell division and 
dynamics of transit amplifying cells.
Asymmetric divisions produce a stem cell 
and a more committed cell. Symmetric 
divisions give rise to two committed cells. 
Symmetric divisions yield two stem cells. 
Transit amplifying cells are able to 
proliferate rapidly in order to give rise to 
many differentiated daughter cells. Diff. 
cell: differentiated cell; SC: Stem cell; TA: 
transit amplifying.
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after several divisions become differentiated (Fig. 2). This strategy allows the quick generation of a 
large number of mature cells from a reduced stem cell population (Fuchs and Chen, 2012; Rangel-
Huerta and Maldonado, 2017). For instance, while Lgr5+ murine intestinal stem cells in the crypt base 
divide every 24 hours, TA cells take half as long per cell cycle, and divide between four to five times. 
Since the murine small intestinal epithelium is renewed every five days, TA cells play a pivotal role 
in the maintenance of the intestinal crypt (Barker et al., 2007; Clevers, 2013; Haegebarth and Clevers, 
2009).

As not all organs have the same renewal capacity, different organs have different levels of 
demand for their stem cells (Blanpain and Fuchs, 2014). For instance, the stem cells present in adult 
sweat grands are quiescent for the most part and present very low turnover rates during homeostasis 
(Lu et al., 2012). Other tissues renew periodically. For example, hair follicles undergo cycles of 
growth, destruction, and rest. A normal hair cycle begins after a period of quiescence, stem cells 
within the niche enter the cell cycle and become proliferative (Rompolas and Greco, 2014).
Conversely, adult sebaceous glands continuously self-renew and require constant stem cell activation
(Blanpain and Fuchs, 2014). In this tissue, unipotent Blimp1+ sebocyte progenitors give rise to 
proliferative cells that will differentiate into lipid-containing sebocytes. Blimp1+ sebocyte progenitors 
are replenished by Blimp1- multipotent stem cells in the bulge and expression of Blimp1 regulates the 
size and number of cells within the sebaceous gland (Horsley et al., 2006).

2.1.5. Stem cells and tissue regeneration
Organisms are often exposed to harmful stimuli that can cause tissue damage. In order to regenerate 
the tissue and restore the homeostasis after injury, local cells can exhibit plasticity. The concept of 
cell plasticity includes a range of processes such as activation of facultative stem cells, 
dedifferentiation, and transdifferentiation (Varga and Greten, 2017) (Fig. 3).

Figure 3. Different cell plasticity events. Activation of facultative stem cells: quiescent cells can enter cell 
cycle and produce various types of cells given the right input. Dedifferentiation: Following injury or other 
insult, committed cells can start expressing a new set of genes and become potent (stem cells).
Transdifferentiation: a committed cell acquires a new cell fate. Diff. cell: differentiated cell; SC: Stem cell; 
TA: transit amplifying.
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Rarely-dividing stem cells can become activated upon the loss of active stem cells. For instance, 
some dormant haematopoietic stem cells divide only five times during a mouse lifespan and, hence,
do not contribute to daily blood cell production. However, they will become active in case of bone 
marrow damage and will produce a high number of proliferative progenitors and mature cells to 
replenish those lost during injury (Wilson et al., 2008). Also, in the mouse intestine stem cell niche 
(crypt), upon specific deletion of long-lived, actively cycling Lgr5+ stem cells, a quiescent Bmi1+

stem cell population can expand and generate new Lgr5+ stem cells, restoring intestinal homeostasis
(Tian et al., 2011).

A more drastic process occurs when post-mitotic cells dedifferentiate in order to compensate 
for the loss of stem cells. This process has been recently described in the intestinal stem cell niche.
Upon injury, enterocyte-lineage progenitors, a large population of cells located in the crypt above the 
stem cell niche, downregulate enterocyte-specific genes, upregulate stem cell-specific genes, and 
become more proliferative (Tetteh et al., 2016). Similarly, when hair follicle cells are ablated but the 
niche environment is maintained, distant, non-hair epithelial cells can migrate and repopulate the 
niche. These will adopt new fates dictated by the new microenvironment, and will help in hair 
regeneration (Rompolas et al., 2013). These examples highlight the importance of the stem cell niche 
in the regulation of cell fate.

Furthermore, certain plasticity processes occur without the action of stem cells. A differentiated 
cell can occasionally transdifferentiate into a completely different cell type, with or without 
intermediate dedifferentiation (Varga and Greten, 2017). For instance, hepatocytes can become 
biliary epithelial cells following injuries that cause a biliary response (Yanger et al., 2013).

Cell plasticity events in vivo are highly controlled to maintain homeostasis or regenerate 
damaged tissues. However, when aberrantly activated, these processes can also result in pathological 
states such as cancer. During the early stages of carcinogenesis, tumours tend to preserve the original 
hierarchical tissue organization. This means that the differentiated cells present in tumours depend on 
the existence of stem-cell-like cells (Varga and Greten, 2017). These so called cancer stem cells can 
originate from bona fide stem cells or from dedifferentiation of somatic cells after an oncogenic insult. 
According to this model, the typically quiescent cancer stem cells are responsible for maintaining 
tumorigenesis and cell heterogeneity (Friedmann-Morvinski and Verma, 2014; Visvader and 
Lindeman, 2012). Cancer stem cells have preferentially activated signalling cascades similar to those 
of stem cells, such as canonical WNT, SHH and NOTCH. They also express certain markers 
characteristic of tissue-specific stem cells, for example CD34 in blood and Lgr5 in colon (Boesch et 
al., 2016). Cancer stem cells are responsible for phenomena such as tumour recurrence after 
successful treatments, tumour dormancy and metastasis, and are resistant to chemotherapy and 
radiotherapy(Batlle and Clevers, 2017).

2.1.6. Induced pluripotent stem cells
For decades, scientists have tried to address the plastic properties of cells and how to reprogram 

them. One of the first successful attempts took place during mid-20th century, when Gurdon and 
colleagues transplanted the nucleus of a mature somatic cell into an enucleated frog oocyte and 
observed that it could develop into a tadpole (Gurdon et al., 1958). In 2012, Gurdon received the 
Nobel Prize for this discovery. The 2012 Nobel Prize in Physiology or Medicine was also awarded 
to Yamanaka, who a few years earlier had designed a way to reprogram committed cells into 
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embryonic stem cell-like cells called induced pluripotent stem cells (iPSCs or iPS cells) (Takahashi 
et al., 2006).

The original iPS cell protocol consisted on delivering the transcription factors Oct4, Klf4, c-
Myc, and Sox2 into differentiated murine and human fibroblasts (Takahashi et al., 2006; Takahashi 
et al., 2007). Since then, an array of induction methods have been developed, including the use of
plasmids, transposons, synthetic mRNAs, recombinant proteins, and small-molecule compounds 
(Takahashi and Yamanaka, 2016).

This technology offers a major advance in the medical field and opens new avenues for 
regenerative medicine. Clinical trials have been started to utilise iPS cells in the treatment of 
neovascular age-related macular degeneration, a common disease among the elderly population in 
which the retinal pigment epithelium, a monolayer of cells that supports the photoreceptors and the 
choroidal vasculature, is impaired. As reported, a sheet of retinal pigment epithelial cells 
differentiated from another person’s iPS cells was transplanted under the retina, prior removal of the 
patient’s neovascular membrane. After one year, no serious complications, unexpected proliferation 
nor signs of malignant disease were detected (Mandai et al., 2017). Also, iPSCs are important in the 
field of tissue bioengineering. For instance, humanized intestinal grafts have been produced by 
seeding human iPSCs onto a decellularised rat intestinal matrix (Kitano et al., 2017).

2.2. Tooth development and renewal
Teeth, as well as hair, scales, feathers and mammary glands, are ectodermal organs. The early 
development of all ectodermal organs is rather similar and starts with an epithelial thickening induced 
from the interactions with the underlying mesenchyme. The thickening forms a placode, which in 
most of cases invaginates and gives rise to a bud while the surrounding mesenchyme condenses. After 
this point, the epithelium acquires an organ-specific morphology (Jiménez-Rojo et al., 2012). This
process is guided by a number of conserved signalling pathways, including WNT, FGF, hedgehog 
(HH), transforming growth factor beta (TGFß), BMP, and ectodysplasin (EDA) (Biggs and Mikkola, 
2014).

2.2.1. Variations in teeth and dentitions
Teeth essentially consist of crowns, roots, pulp and supporting structures, including blood and nerve 
supply. They are fixed to the jaw bones by periodontal ligaments, which extend from the bone and 
insert into the cementum, the external layer of the root that covers a layer of dentine. The crown of 
the tooth provides masticatory function and it is covered by enamel, the hardest tissue in the body, to 
increase wear resistance. Underneath enamel is dentine, which encloses the dental pulp that contains
the neurovascular bundle of the tooth (Hu et al., 2014). As teeth evolved to meet the lifestyle and diet 
of an animal, there is a huge diversity between the shape, size and number of teeth among different 
species.

Tooth shape is determined during embryonic development, however it can change in adult 
animals due to wear. Excessive wear can lead to tooth loss, which has terrible consequences since
teeth are required for mastication, defence, and ultimately, survival of the animal. Thus, there are 
different strategies to enable tooth renewal with tooth replacement being the most common. Another 
frequent solution is hypsodont teeth, which have small roots and high crowns, allowing intensive 
tooth abrasion. Hypsodont teeth can be found in horses and cows. Highly-specialised hypselodont
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teeth are continuously growing and are found in many rodents, to compensate for the continuous wear 
caused by gnawing hard food. Mouse incisors are an example of hypselodont dentition (Tummers 
and Thesleff, 2009).

Tooth number has decreased during the evolution of vertebrates, and that has coincided with 
the increase in complexity of individual teeth (Jernvall and Thesleff, 2012; Stock et al., 2006). For 
instance, fish and reptiles generally have simple teeth of the same type (homodont dentition) that are 
constantly replaced (polyphyodont dentition). The mammalian dentition consists of four types of 
complex, specialised teeth: incisors, canines, premolars and molars (heterodont dentition). For 
instance, in each jaw quadrant, mice have one continuously growing incisor separated by a toothless 
diastema from three non-renewing molars, which originate by serial addition. Differently, human
permanent dentition is composed of two incisors, one canine, two premolars and three molars in each 
half of the jaw, and all teeth, but the molars, are replaced once. The majority of mammals, replace 
their teeth maximally once (diphyodont dentition), this is attributed to the evolution of exact 
occlusion, which required high dental complexity (Davit-Béal et al., 2009; Jernvall and Thesleff, 
2012).

Mouse is the most common animal model used in the dental field, and as murine molars are not 
replaced, relatively little is known about tooth replacement in mammals. Most of our knowledge on 
mammalian tooth replacement comes from studies on the ferret. It was shown that a successional 
dental lamina, expressing the stem cell marker Sox2, elongates from the lingual side of the deciduous 
tooth and generates a new tooth bud. Afterwards, the successional lamina loses its connection with 
the oral epithelium (Järvinen et al., 2009; Jussila et al., 2014; Juuri et al., 2013). Regression of the 
successional dental lamina occurs in diphyodont dentitions to prevent the formation of new 
replacement teeth (Buchtová et al., 2012). Conversely, successional dental lamina is maintained in 
polyphyont dentition (Whitlock and Richman, 2013).

2.2.2. Mouse as a model for the study of tooth development
In developmental biology, the domestic mouse (Mus musculus) is commonly used as a model to study 
the function of genes given that human and murine genomes are highly homologous (Gregory et al., 
2002). In the dental field, mouse models have proven useful to decipher the mechanisms regulating 
tooth development for more than 50 years. Initial research was carried out using classical 
developmental biology techniques, including tissue recombination and transplantation assays, but in 
the late 1980s researchers focused on the study of genes during tooth development (Thesleff, 2014).
To date, the expression pattern of hundreds of genes has been studied in developing teeth (http://bite-
it.helsinki.fi) (Nieminen et al., 1998). The use of genetically modified mouse models has allowed the 
discovery of the functions of a large number of these genes during tooth formation. Ultimately, these 
findings lead to a better understanding of the molecular basis of human dental abnormalities
(Fleischmannova et al., 2008; Thesleff, 2014).

Furthermore, murine incisors constantly renew the dental hard tissues due to the maintenance 
of dental stem cells. Human teeth, similarly to other mammals, lose their dental epithelial stem cells 
when the tooth erupts into the oral cavity and are unable to regenerate their enamel. Hence, mice are
not only excellent models for the study of tooth induction and morphogenesis, but also for better 
understanding the genetic network regulating enamel regeneration. However, murine molars are not 
replaced, which hinders the study of tooth replacement and shedding (Jussila and Thesleff, 2012).
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Another limitation of mouse as a model for the study of tooth development is the reduced heterodonty 
of their dentition, as canines and premolars have been lost during evolution.

Loss-of-function approaches allow the deciphering of a gene’s function. Such mouse models 
can either be knockouts, if the gene of interest is fully inactivated, or knockdowns, if there is a 
reminiscent expression. Also, gain-of-function approaches are valuable as overexpressing a certain 
gene in a specific context can give information about its role in physiological conditions (Thesleff, 
2014).

There are two main methods to generate mutant mice: gene targeting and gene trapping. Gene 
targeting or homologous recombination consists of introducing an exogenous DNA sequence at a 
specific target locus in the genome of cultured ESCs. The DNA sequence usually contains a reporter 
gene flanked by two sequences matching that of the target locus. The cell’s nuclear machinery 
recognises the identical sequences and substitutes the existing gene with the exogenous fragment of 
DNA. ESCs containing the mutation are then identified (for example via a reporter gene, targeted 
DNA sequencing) and injected into mouse blastocysts that will be transplanted into a pseudo pregnant 
mouse. Mice containing the transgene in their germ line are finally bred to produce homozygous 
mutant mice. In 1987, a group led by Nobel Prize Mario Capecchi successfully mutated the HPRT 
gene in cultured ESCs and the following year, they generated a knockout mouse for Fgf3 using the 
same technique (Mak, 2007; Mansour et al., 1988; Thomas and Capecchi, 1987).

Targeted recombination allows for the generation of conditional knockout mice based in the 
CreER-loxP system, in which the enzyme Cre recombinase mediates the deletion of any sequence 
flanked by loxP sites (Kilby et al., 1993). Cre recombinase is placed under the control of a gene-
specific promoter in order to restrict its expression to the cells where the gene is physiologically 
active. Then, the gene that ought to be deleted is placed between two loxP sequences. To generate a 
conditional knockout mouse, both a floxed mouse line and a Cre transgenic line are needed. This 
system allows the deletion of a specific gene in a concrete set of cells (Guan et al., 2010; Nagy, 2000).
Furthermore, Cre-inducible lines (CreER) allow the deletion of genes at specific time points. In these 
mice, Cre is fused with a mutant estrogen receptor that binds Tamoxifen, so it only becomes active 
upon Tamoxifen administration (Danielian et al., 1998).

Gene trapping mutagenesis is a high-throughput and random mutation technique. A trapping 
vector (containing a reporter gene) is introduced into ESCs cells for its random integration into the
mouse genome. If it inserts into a gene intron, the selection marker will fuse with the surrounding 
exons and will produce a fusion transcript, which will lead to the formation of a truncated protein 
(Guan et al., 2010).

Generating knockout mice using gene targeting and gene trapping is costly and time-
consuming, therefore, new technologies such as CRISPR-Cas9 could be a worthy alternative 
(Williams et al., 2016).

To date, many loss-of-function mouse mutants have been generated and are publicly available 
(Lloyd et al., 2015) (https://www.jax.org). Among these, there are a number of mouse models with 
dental abnormalities such as hypodontia, supernumerary teeth or structural problems
(Fleischmannova et al., 2008).

Furthermore, mice are suitable models for in vitro manipulation. Thus, the role of different 
genes during dental development can be addressed using murine tooth explants, which undergo 
normal development when cultured in vitro. These explants can be manipulated by incubation with
different compounds, such as proteins. Proteins are commonly delivered by placing protein-coated 
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beads onto the tissue explant. For example, the regulation of Msx1 in the mesenchyme by FGFs was 
shown in vitro by placing FGF-coated beads onto isolated dental mesenchyme between embryonic 
day 11 and 14 (E11.0-E14.0) (Kettunen and Thesleff, 1998). Alternatively, proteins can be added 
directly to the culture medium. For instance, culture of E13.5 molar explants in hanging drops 
containing SHH recombinant protein lead to overexpression of Foxi3. This indicated that Foxi3,
which codes for a transcription factor involved in maintaining the dental epithelium in an 
undifferentiated state, is a downstream target of SHH (Jussila et al., 2015).

Other compounds can also be used to truncate gene expression. For instance, small interfering 
RNA (siRNA), double-stranded RNAs of about 21-25 nucleotides, trigger RNA degradation and 
prevent protein translation. siRNAs can be transfected into the samples as synthetic RNA 
oligonucleotides, plasmids or using viral-mediated delivery mechanisms (Caplen et al., 2001; 
Elbashir et al., 2001; Wu et al., 2016; Xia et al., 2002). The importance of VANGL2, a component 
of the planar cell polarity pathway, during tooth morphogenesis was revealed by culturing dental 
explants with Vangl2 siRNAs and a transfection reagent. Disruption of VANGL2 expression led to
delayed tooth development (Wu et al., 2016).

2.2.3. Craniofacial development
The formation of craniofacial structures requires cooperation between ectoderm, endoderm and
mesodermal and neural crest cells. In general, the neural crest migrates into the presumptive facial 
primordia and proliferates, giving rise to the facial prominences. Later, the facial prominences fuse 
and the developing face is shaped by directional growth of the bones. During this process, ectodermal 
thickenings interact with the neural-crest derived mesenchyme and give rise to various structures 
including sensory organs and teeth (Szabo-Rogers et al., 2010).

By E9.5, during early face formation, the murine facial primordium is composed of five facial 
prominences (Szabo-Rogers et al., 2010). Also, the first branchial arch participates in the formation 
of the face. The branchial arches are ectodermal structures that arise in the ventral segment of the 
head region and are filled with mesenchyme from the mesoderm and cranial neural crest cells. As the 
first branchial arch contains the mandibular and maxillary processes, the mandible (lower jaw) arises 
exclusively from the first branchial arch, and the maxilla (upper jaw) forms from both the first
branchial arch and the frontonasal process. Teeth start to form in the mouse jaws at E11.0, from the 
interactions between the ectoderm-derived dental epithelium and the underlying neural crest-derived 
mesenchyme (Chai et al., 2000; Mina and Kollar, 1987).

The development of the upper face involves complex morphogenetic dynamics, and can be 
divided in early lip development and secondary palatogenesis (Szabo-Rogers et al., 2010). In ~E10.5 
mice, the medial nasal processes and the maxillary prominences meet and fuse to form the upper lip 
and the primary palate. The lower lip and lower jaw form by fusion of the bilateral mandibular 
processes (Gritli-Linde, 2007). At this stage, the tongue starts to form as an elevation in the first 
branchial arch, and all branchial arches will contribute to its formation (Parada et al., 2012).
Afterwards, secondary palate formation initiates as the maxillary prominence gives rise to the palatal 
shelves, which extend anterioposteriorly along the oropharynx and grow vertically. By E14.5 the 
palatal shelves elevate horizontally and above the tongue and grow towards each other. The palatal 
shelves fuse along the midline and with the primary palate (frontally) and the nasal septum (dorsally) 
by E15.5 (Gritli-Linde, 2007). Bone formation follows as the mesenchyme becomes differentiated 
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and ossifies in order to divide the nasal and oral cavities (Gritli-Linde, 2007). Also, maxillary and 
mandibular bones condense in the absence of a cartilaginous precursor in centres lateral to the nasal 
capsule (Szabo-Rogers et al., 2010).

2.2.4. Murine molar and incisor morphogenesis
Individual tooth morphogenesis is rather similar among different tooth classes, however there are 
some events that are type-specific. Here, we will discuss the formation of murine first molar and 
incisor teeth (Fig. 4). Murine second and third molars originate in a sequential manner from the dental 
epithelium of the first molar: The distal epithelium of the first molar generates a bud from which the 
second molar forms and the third molar arises in the same fashion (Jussila and Thesleff, 2012).

The first morphological sign of tooth formation is the dental lamina or odontogenic band, a 
horseshoe-shaped thickening of the oral epithelium along the jaws that arises at E11.0. By E12.5, 
discrete dental placodes appear within the dental lamina, these consist of a thickened epithelium and 
the underlying condensing dental mesenchyme.

The epithelial placode proliferates into the mesenchyme and forms a bud. The neck of the bud 
constricts and forms the dental cord, which connects the tooth to the oral epithelium. The dental 
epithelium segregates into peripheral basal cells and stellate reticulum. Meanwhile, the underlying 
mesenchyme condenses (Jussila and Thesleff, 2012).

During bud to cap stage, the primary enamel knot (EK) forms at the tip of the bud. It consists 
of a cluster of non-dividing epithelial cells and acts as a signalling centre that orchestrates the 
proliferation of the surrounding epithelium (Jernvall et al., 1994; Jernvall et al., 1998). The growing 
dental epithelium encompasses the dental papilla mesenchyme, which gives rise to the dental pulp 
and dentine-forming odontoblasts. The mesenchyme surrounding the epithelium and dental papilla 
becomes the dental follicle, which will go on to eventually form the periodontal tissues and 
cementoblasts (Jussila and Thesleff, 2012).

In the mandibular molar the dental epithelium grows downwards, while in the mandibular 
incisor it rotates anterioposteriorly and continues growing in that axis. At this stage, the epithelium is 
called enamel organ and is composed of the stellate reticulum (SR), the stratum intermedium (SI),
the inner enamel epithelium (IEE), and the outer enamel epithelium (OEE). The SR and SI are 
encompassed by the IEE, which abuts the dental mesenchyme, and the OEE, which abuts to the dental 
follicle. As the enamel organ grows, the cervical loops, round structures composed of highly 
proliferative cells, arise at the base of the tooth (Thesleff and Tummers, 2008).

In the bell stage, tooth-specific differentiated cells form. The IEE gives rise to preameloblasts 
that mature into enamel-secreting ameloblasts. In the meantime, the mesenchymal dental papilla cells 
generate dentine-producing odontoblasts. During the bell stage of multicusped teeth, secondary EKs 
arise within the IEE, marking the sites where the cusp tips will form (Jernvall et al., 1994; Jernvall et 
al., 1998). Also, as mineralized tissue is deposited, the shape and size of the tooth crown becomes 
permanently determined.  Mineralization starts from the crown tip and progresses sequentially until 
it reaches the cervical loops, the tooth starts to erupt and root formation begins. By this time, all 
enamel-producing cells are lost. During root formation, the SR disappears and the IEE and OEE fuse 
to form the Hertwig’s epithelial root sheath (HERS). This structure proliferates for a limited time and 
directs root development. Dental follicle cells differentiate into cementoblasts, which cover the root 
surface with cementum; osteoblasts, which contribute to the formation of alveolar bone;
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Figure 4. Schematic representation of molar (transverse view) and incisor (sagittal view) tooth
development. Mice contain three non-renewing molars and one continuously-growing incisor per jaw 
quadrant. Mouse teeth develop from the interactions between the epithelial and mesenchymal tissues in the 
jaws and undergo a series of morphological changes during development. According to the shape of the 
dental epithelium the different stages of tooth development are named placode, bud, cap and bell. While 
initial stages of molar and incisor development are equivalent, the molar tooth grows in the vertical axis 
while the incisor rotates anterioposteriorly. In both cases growth is guided by the cervical loops, and, in the 
incisor, the labial cervical loop becomes enlarged and retains a pool of dental epithelial stem cells. Cells 
from the epithelial compartment give rise to enamel, the hardest tissue in the body, while mesenchymal 
cells produce dentine and cementum. EK: enamel knot, IEE: inner enamel epithelium, laCL: labial cervical 
loop, liCL: lingual cervical loop, OEE: outer enamel epithelium, SR: stellate reticulum.
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and the periodontal ligament, which connects the root to the alveolar bone. HERS cells eventually 
break down and remain as the epithelial rests of Malassez (ERM), covering the roots (Thesleff and 
Tummers, 2008; Tummers and Thesleff, 2003). The dental pulp originated from the dental papilla is 
encased into an inner chamber covered by dentine and enamel, which contains the nerve and blood 
supply for the tooth. The dental pulp comprises dental mesenchymal stem cells, which participate in 
tooth postnatal homeostasis and repair (Sharpe, 2016).

In the incisor, secondary EKs are not formed and the tooth becomes asymmetrically patterned 
in the labial-lingual axis: the labial cervical loop (laCL) is larger than the lingual cervical loop (liCL). 
Murine incisors are different from murine molars and human teeth as they are not rooted, are 
continuously erupting and contain all stages of differentiating cells.

2.2.5. Murine incisor continuous renewal
For decades, scientists have researched the continuous growth of the rodent incisor. They discovered 
that the cells in the proximal region of the incisor (apex) divide and migrate distally, towards the more 
differentiated region of the tooth. Further histological studies enabled the identification of the cervical 
loops (Addison and Appleton, 1915; Smith and Warshawsky, 1975; Smith and Warshawsky, 1977).

The mouse incisor laCL contains the dental epithelial stem cell niche (Harada et al., 1999). At 
the core of the loop is the SR, surrounded posteriorly and labially by the OEE, and anteriorly and 
lingually by the IEE (Fig. 5). The dental epithelial stem cells are thought to reside in the proximal 
region of the laCL (SR and OEE), where label-retaining cells (LRCs) have been identified (Hu et al., 
2014; Seidel et al., 2010). The early progeny is composed by the TA cells and the SI cells, and they 
locate to the IEE (Harada et al., 2006). The TA cells give rise to preameloblasts, which move towards 
the tip of the incisor like a conveyer belt. Preameloblasts differentiate into polarised ameloblasts that 
secrete enamel into the labial side of the incisor. 

The liCL is a much smaller and less studied structure. It has fewer proliferating cells than the 
laCL and lacks cells that normally form ameloblasts (Hu et al., 2014). Some LRCs have been
identified but little is known about its function (Seidel et al., 2010).

The incisor cervical loops are surrounded by the periodontal tissues while the dental pulp is
encompassed by the loops. Mesenchymal stem cells are located between the labial and lingual 
cervical loops. These yield a constant flow of odontoblasts, which produce dentine, a mineralised 
tissue softer than enamel. Since dental epithelial cells from the cervical loops and the surrounding 
mesenchymal stem cells continuously produce differentiated cells, communication between the two 
tissues is vital for the proper renewal of the incisor.

Hence, the labial side of the incisor is covered with enamel (crown-analogue) while the lingual 
side contains dentine and cementum (root-analogue) (Beertsen and Niehof, 1986; Tummers and 
Thesleff, 2009). The asymmetrical deposition of mineralised tissues of different wear resistance leads 
to the formation of a cutting edge at the tip of the tooth. 
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2.2.6. Patterning of the dentition and tooth initiation
The body pattern of an organism is established very early during development. In vertebrates, 
anterior-posterior polarity is defined by the expression of Hox genes once gastrulation has begun.
Hox genes contain a highly conserved homeobox DNA-binding motif, and they are related to 
Drosophila homeotic genes. It is thought that both gene families evolved from a common ancestor 
present in nematodes (Sharpe, 1995). In mammals, Hox genes are not expressed in the mandibular 
arch, and tooth development occurs independently of Hox gene patterning (James et al., 2002).

The potential to form teeth resides first in the epithelial compartment of the first branchial arch, 
which signals into the underlying mesenchyme and triggers the formation of a tooth (Mina and Kollar, 
1987). However, the specific cellular mechanisms leading to the formation of the dental lamina have
not yet been established. Patterning of cusp size and tooth size is determined by the dental epithelium 
and mesenchyme, respectively (Cai et al., 2007).

In the developing oral epithelium, before the onset of odontogenesis, FGF8 is expressed 
proximally (molar field), while BMP4 is expressed distally (incisor field). The expression of these 
factors is mutually antagonistic and it is still unclear how these domains are established in the 
epithelium (Neubüser et al., 1997; Tucker and Sharpe, 2004). It has been hypothesised that patterning 

Figure 5. Schematic illustration of the mature labial cervical loop. Stem cells inhabit the proximal 
region of the stellate reticulum and in the outer enamel epithelium. Stem and progenitor cells give rise to 
differentiated cells from the ameloblasts or stratum intermedium fate. Committed cells migrate towards 
the distal tip in a conveyer-belt-like system, and they get increasingly differentiated. Differentiated 
ameloblasts produce enamel, while dentine is produced by cells in the adjacent mesenchyme. IEE: inner 
enamel epithelium, OEE: outer enamel epithelium, SI: stratum intermedium, TA: transit amplifying.
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of the dentition (i.e. incisors in the front and molars in the back) is guided by homeobox-containing 
genes, as a number of these (including Msx, Dlx, Barx, Lhx and Pitx genes) have temporal and spatial 
expression patterns within the first branchial arch (Mitsiadis et al., 2006). Before odontogenesis, 
FGF8 from the early oral epithelium activates the expression of Barx1 and Dlx2 in the presumptive 
molar mesenchyme. Similarly, BMPs promote the expression of Msx1 and Msx2 and inhibit 
expression of Barx1 in the presumptive incisor mesenchyme (Neubüser et al., 1997; Tissier-Seta et 
al., 1995; Tucker et al., 1998). Tooth identity can be changed by modifying these signalling cascades.
For example, if BMP signalling is inhibited at E9.0-E10.0, Barx1 expression is induced in the distal, 
presumptive incisor mesenchyme and leads to transformation of incisors into molars (Tucker et al., 
1998).

Different studies suggest that canonical WNT signalling (WNT/β-catenin) might be the 
upstream-most signal for tooth induction. WNT signalling inhibition by overexpression of Dkk1
arrests tooth development at the lamina-early bud stage, while WNT signalling boost by stabilisation 
of β-catenin in the dental epithelium leads to continuous tooth initiation (Jarvinen et al., 2006; Liu et 
al., 2008). Moreover, it has been recently shown that WNT signalling has a double role: high WNT
signalling in the epithelium stimulates tooth initiation, while high WNT signalling in the mesenchyme 
inhibits the initiation of sequential tooth formation (Järvinen et al., 2018). In humans, alterations in 
WNT signalling cause tooth agenesis, and mutations in WNT10A are the most common cause of non-
syndromic hypodontia (56% of the cases) (van den Boogaard et al., 2012).

The mouse incisor and the three molars are separated by a diastema, in which rudimentary teeth 
form during early development. In the maxillar diastema, these germs are removed via apoptosis 
during early bud stage (Keränen et al., 1999). In the mandible it has been shown that the posterior 
rudimentary bud is integrated into the anterior part of the first molar (Prochazka et al., 2010). Even 
though the diastema lacks teeth, it is still competent and can produce them upon alteration of the 
genetic network. Ectopic teeth in the diastema region have been reported in mice with mutations in 
the BMP, FGF, SHH and WNT signalling pathways, which indicates their important role in tooth 
patterning (Lan et al., 2014). For instance, Sprouty2 null mice have teeth in the diastema. In 
physiological conditions, Sprouty genes prevent rudimentary buds in the diastema from engaging in 
FGF signalling, necessary for tooth development. (Klein et al., 2006). Also, exogenous application 
of FGF8 promotes activation of the tooth developmental program in the diastema (Li et al., 2011b).

2.2.7. Molecular regulation of tooth morphogenesis
Tooth development is regulated by reciprocal interactions between the dental epithelium and the 
mesenchyme. Cross-talk is mediated by conserved signalling pathways such as FGF, BMP, SHH,
EDA and WNT (Bei, 2009; Seppala et al., 2017). Interfering with these signalling pathways by 
disrupting their effectors leads to aberrations during tooth development. For instance, disruption of 
EDA signalling in mice causes aberrant tooth shape and occasional lack of the incisor and the third 
molar. In humans, the phenotype is stronger, and patients with disrupted EDA signalling suffer from
hypohidrotic ectodermal dysplasia syndrome, characterised by misshaped teeth, oligodontia, sparse 
hair, and absence of sweat glands (Mikkola, 2009). Conversely, overexpression of EDA signalling in 
mice causes supernumerary teeth, as well as ectopic hair and mammary placode formation (Mustonen 
et al., 2004). Also, impairment of BMP signalling by deleting BMP receptor 1A (Bmpr1a) in the 
epithelium provokes arrest of tooth development at the bud stage (Andl et al., 2004).
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Besides these pathways, many other players regulate tooth formation, including transcription 
factors, membrane receptors, and soluble ligands. All in all, tooth formation and morphogenesis is 
orchestrated by a complex gene regulatory network (http://bite-it.helsinki.fi) (Nieminen et al., 1998).
Tooth-specific regulatory genes have not been found, and it is possible they do not exist (Thesleff, 
2014). Furthermore, the same signal can be used reiteratively and play different roles during different 
stages of tooth formation (Jernvall and Thesleff, 2000) (Fig. 6).

It has been known for a very long time that tooth formation occurs independently from the 
surrounding tissue, as isolated tooth germs develop normally when cultured in vitro (Glasstone, 
1936). At the initiation stage, the odontogenic potential resides in the epithelium, within the dental 
lamina. Classical recombination experiments have demonstrated that oral epithelium from the 
mandibular arch of E9.0 and E11.0 murine embryos can induce tooth formation when combined with 
non-dental mesenchyme derived from the neural crest (Mina and Kollar, 1987). In E11.0 mice, the 
dental lamina expresses a number of transcription factors including Pitx2, Foxi3, Dlx2, Lef1 and p63,
which could be linked to the dental fate acquisition and odontogenic potential in the epithelium (Balic 
and Thesleff, 2015). In Pitx2-null mice, tooth development fails after placode or bud stages. Also, 
lack of PITX2 in humans is linked to Rieger Syndrome type 1, which includes dental anomalies 
(Amendt et al., 2000; Lin et al., 1999).

Tooth morphogenesis begins with the appearance of the dental placode around E12.0 in mice,
when the dental mesenchyme condensates. In the molar placode, Notch2 is expressed symmetrically 
in the apical cells, while it is only present in the anterior portion of the developing incisors. This has 
been considered the first sign of an asymmetric gene expression pattern during rotation of the rodent 
incisors (Mucchielli and Mitsiadis, 2000). By the placode stage, the odontogenic potential has shifted

Figure 6. Tooth development is orchestrated by a number of signalling molecules. Bone 
morphogenetic protein (BMP), Sonic hedgehog (SHH), ectodysplasin (EDA) and WNT signalling 
pathways are the major players regulating the continuous signalling between the epithelial and 
mesenchymal compartments, which guides all steps in tooth development. Odontogenic potential resides 
initially in the dental epithelium, but it is transferred into the dental mesenchyme shortly after tooth 
initiation. The schematic drawing shows a number of signalling molecules necessary for proper tooth 
formation.
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to the underlying mesenchyme, which is able to induce tooth formation when combined with non-
dental epithelium (Kollar and Baird, 1970; Mina and Kollar, 1987). Even though the specific
molecular basis of this process is not yet known, a number of transcription factors are induced in the 
mesenchyme between the dental lamina and placode stages. It has been hypothesised that at least 
some of these genes or a combination of them are responsible for the switch of the odontogenic 
potential (Balic and Thesleff, 2015). Among these factors are Msx1-2, Dlx1-2, Lhx6-7, Pax9, and 
Gli2-3 (Tummers and Thesleff, 2009). Most of these transcription factors have been proven important
during early stages of tooth formation, as mutant mice for these genes exhibit tooth development 
arrest (Bei, 2009). However, some of these factors might also have a redundant function. For instance 
Lhx6 and Lhx7 mouse mutants do not exhibit defects in the dentition, while Lhx6/Lhx7-deficient 
mouse embryos lack molar teeth, even though they have normal incisors (Denaxa et al., 2009). During 
the shift of the odontogenic potential, Bmp4, which is expressed in the dental epithelium at the 
initiation of tooth development, induces its own expression in the mesenchyme. Moreover, Bmp4 also 
regulates the expression of Msx1 and Msx2 in the mesenchyme (Vainio et al., 1993). MSX1, together 
with EDA were the first genes shown to cause tooth agenesis in humans (Kere et al., 1996; Vastardis 
et al., 1996). Mice lacking Msx1 expression exhibited a number of craniofacial and dental 
malformations, including failure of incisor development, and arrest of molar development at the bud 
stage (Satokata and Maas, 1994).

Tooth development is regulated by three different epithelial signalling centres: the early 
signalling centre, the primary enamel knot, and the secondary enamel knots (Jussila and Thesleff, 
2012). A cluster of cells within the dental placode acts as the early signalling centre and regulates the 
proliferation and growth of the dental placode. These cells express Shh, Wnt10, and Bmp2, among 
others (Dassule and McMahon, 1998). The cells in the early signalling centre do not actively 
contribute to the growth of the tooth, as budding is driven by proliferation of the surrounding cells. 
The EDA pathway regulates the early signalling centre and, consequently, the size of the growing 
bud (Ahtiainen et al., 2016).

During the bud stage, mesenchymal Bmp4 induces the expression of cell-cycle inhibitor p21 in
the epithelium, which causes cell cycle arrest and the formation of the primary enamel knot (PEK)
(Jernvall et al., 1998). The PEK consists of a group of condensed, quiescent cells that prompts cell 
proliferation and, in the mouse incisor, it is derived de novo from a group of Sox2-positive cells from 
the posterior region of the tooth germ (Du et al., 2017). The EK expresses a number of genes including 
Msx2, Lef1 and Edar and, while it does not contain FGF receptors, it expresses Fgf4 and Fgf9
(Jernvall et al., 1994; Kettunen et al., 1998; Tummers and Thesleff, 2009). As the cervical loops and 
dental papilla contain FGF receptors in abundance, it is thought that the PEK induces proliferation in 
these tissues via FGF signalling (Jernvall et al., 1994; Kettunen et al., 1998). The PEK disappears 
apoptotically, likely mediated by Bmp4 (Jernvall et al., 1998).

In teeth with many cusps (e.g. mouse molars), the PEK induces the formation of secondary 
enamel knots (SEKs) (Jernvall et al., 1998). Recent lineage tracing experiments show that PEK cells 
give rise to the buccal SEK (Du et al., 2017). SEKs arise at ~E15.5 (bell stage) and control the correct 
cusp position, size and final tooth shape. Similarly to the PEK, the SEKs are quiescent, express Fgf4,
and are removed via apoptosis. (Jernvall and Thesleff, 2000).
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2.2.8. Molecular regulation of the mouse incisor stem cell niche 
The major signalling networks regulating tooth morphogenesis are also involved in the formation and 
maintenance of the incisor epithelial stem cells, including FGF, BMP, TGFβ, SHH, NOTCH, and 
WNT (Felszeghy et al., 2010; Tummers and Thesleff, 2009) (Fig. 7).

FGF signalling has been studied in detail in the mouse incisor. Fgf3 and Fgf10 are coexpressed 
in the dental papilla already at E14.0, suggesting a functional redundancy during early incisor 
morphogenesis. After E16.0, Fgf10 becomes restricted to the mesenchyme, surrounding the cervical 
loops. In contrast, Fgf3 is only expressed in the mesenchyme neighbouring the labial IEE (Harada et 
al., 2002). These molecules signal to the cervical loops, which express FGF receptors (Harada et al., 
1999; Juuri et al., 2012). Epithelial cells in the laCL also express FGFs: Fgf8 is expressed in the distal 
part of the SR and Fgf9 is expressed in the IEE and TA cells (Juuri et al., 2012; Wang et al., 2009; 
Yokohama-Tamaki et al., 2008).

Figure 7. Signalling pathways regulating incisor stem cell niche homeostasis. Signalling molecules 
regulating tooth formation also maintain homeostasis in the mouse incisor stem cell niche. Pathways 
including FGF, BMP, TGFβ, SHH, NOTCH and WNT, regulate a number of processes such as stem cell 
maintenance and proliferation, cell differentiation. SC: stem cell, SI: stratum intermedium
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FGFs contribute to the proliferation and survival of the epithelial stem cells (Harada et al., 2002; 
Wang et al., 2007). Incisors from Fgf10-null mice have a small cervical loop (E16.0), which 
disappeared at later stages due to reduced growth and increased apoptosis. Furthermore, upregulation 
of WNT/β-catenin signalling in the mesenchyme leads to downregulation of Fgf10 and increased 
apoptosis in the laCL. Therefore, FGF10 plays a key role in maintaining stem cells in the developing 
and postnatal incisor by limiting apoptosis (Harada et al., 2002; Yang et al., 2015). While Fgf3-null 
mice show normal laCL morphology, Fgf3-/-;Fgf10+/- mice present hypoplastic cervical loops and 
reduced enamel formation, indicating that FGF3 and FGF10 function cooperatively and that FGF 
signalling levels are important for the maintenance of incisor epithelial stem cells. TGFβ receptors I 
and II also regulate the expression levels of Fgf3 and Fgf10 (Yang et al., 2014; Zhao et al., 2011),
and a complex signalling network involving Activin, Bmp4, Follistatin and other Fgfs regulate the 
expression of Fgf3 (Wang et al., 2007). Conditional removal of FGF10 receptor Fgfr2 led to abnormal 
formation of the laCL during development, and to failure of enamel formation and degradation of the 
incisor in postnatal mice (Parsa et al., 2010). Finally, ex vivo inhibition of Fgf8, a tooth initiation 
marker and a direct target of WNT/β-catenin signalling led to decreased Sox2 expression in the laCL 
(Juuri et al., 2013). TBX1 is thought to both regulate and respond to FGF signalling in the cervical 
loop (Cao et al., 2010b; Mitsiadis et al., 2008). Also, TBX1 represses PITX2 transcriptional activity, 
which results in inactivation of p21. Thus, incisors from Tbx1 null mice have defective proliferation 
and lack ameloblasts and enamel (Cao et al., 2010b; Catón et al., 2009).

Besides TBX1, molecules from the TGFβ family such as BMP4 and activin, also modulate FGF 
signalling. For example, follistatin, also known as activin-binding protein, is expressed in the lingual 
epithelium and inhibits BMP4 function, preventing the formation of enamel (Wang et al., 2004). In 
follistatin knockout mice, Fgf3 is ectopically expressed in the lingual mesenchyme adjacent to the 
liCL, which resembles the laCL in size (Wang et al., 2007). Furthermore, modulation of FGF 
signalling can lead to ectopic enamel production in the lingual epithelium. Inactivation of FGF 
antagonists Sprouty2 and Sprouty4 leads to ectopic mesenchymal expression of FGF3 and FGF10 
near the liCL, which produces ameloblasts (Klein et al., 2008). Removal of transcription factor 
BCL11b leads to an inverted Fgf3/Fgf10 expression pattern in the mesenchyme during development 
and leads to the reduction of the laCL, the expansion of the liCL, and appearance of ameloblasts in 
the lingual aspect (Kyrylkova et al., 2012). Epithelial inactivation of Isl1, a transcription factor 
involved in the development of various organs, results in alterations in BMP, SHH, FGF and NOTCH
signalling pathways and to the ectopic production of ameloblasts by the liCL (Naveau et al., 2017).
Altogether, these studies indicate that, besides controlling proliferation and survival of stem cells,
FGF signalling contributes to maintain the asymmetry of the incisor.

WNT/β-catenin pathway is a key regulator of various epithelial stem cells, including those in 
the intestine (Flanagan et al., 2018). As mentioned before, canonical WNT signalling is key during 
tooth formation, however, it seems to be absent from the epithelial stem cell niche. This has been 
shown by ablating the expression of Axin2, a WNT responsive gene, and WNT reporters BATgal and 
TOPgal from the laCL (Suomalainen and Thesleff, 2009). However, Lgr5, a WNT target gene, is 
expressed in the SR of the laCL, suggesting that either WNT activity is low and has not been properly 
detected, or that Lgr5 is regulated by other signalling pathways (Chang et al., 2013; Hu et al., 2014; 
Suomalainen and Thesleff, 2009). In contrast to the epithelium, WNT signalling is active in the 
mesenchyme where it appears to be a negative regulator of FGF signalling (Yang et al., 2015).
Furthermore, forced epithelial activation of WNT/β-catenin in postnatal mice leads to the formation 
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of ectopic tooth-like structures (Wang et al., 2009; Xavier et al., 2015). Therefore, control of WNT
signalling is necessary for the regulation of incisor stem cells.

Low levels of Axin2 are found in differentiating ameloblasts, indicating some degree of WNT
activity (Suomalainen and Thesleff, 2009). Also, Dkk3, a WNT modulator, is transiently expressed 
in ameloblasts before enamel secretion (Fjeld et al., 2005). In line with these observations,
overexpression of Wnt3 leads to progressive loss of ameloblasts in postnatal mouse incisor (Millar et 
al., 2003). Altogether, these studies suggest that inhibition of the WNT pathway may regulate enamel 
formation (Liu and Millar, 2010).

NOTCH signalling promotes cell–cell communication and regulates homeostasis in multiple 
tissues (Siebel and Lendahl, 2017). Components of the NOTCH signalling pathways (i.e. ligands, 
receptors and key target genes) are expressed during tooth development (Mitsiadis et al., 1998; 
Mitsiadis et al., 2010; Mustonen et al., 2002). Notch1-3 are expressed in the laCL (Harada et al., 
1999; Mitsiadis et al., 1998). In vitro inhibition of NOTCH signalling results in apoptosis of the dental 
epithelial stem cells in the laCL, indicating that NOTCH signalling is a positive regulator of stem cell 
survival in the incisor (Felszeghy et al., 2010). Also, NOTCH signalling has been shown to play a 
role regulating the differentiation of the SI lineage from the ameloblast lineage (Harada et al., 2006).
In line with this, inhibition of different components of the NOTCH pathway using inhibitory
antibodies leads to faulty enamel formation, partly due to defects in the interaction between 
ameloblasts and the SI cells (Jheon et al., 2016).

Hedgehog pathway is also required for the maintenance of the epithelial stem cell niche. Shh is 
expressed in the TA cells and maturing ameloblasts (Seidel et al., 2010). Dental epithelial stem cells
expressing Gli1 are responsive to SHH, and inhibition of Hedgehog signalling leads to ameloblast 
production arrest (Seidel et al., 2010). A BMP/SMAD4/SHH/GLI1 signalling cascade regulates the
maintenance of epithelial stem cells during incisor morphogenesis. Loss of BMP-SMAD4 signalling 
activates epithelial SHH-GLI1 signalling cascade, which leads to the ectopic distribution of Sox2+

dental epithelial stem cells (Li et al., 2015). In the mesenchyme, some cells are Gli1+, and the sensory 
nerves of the neurovascular bundle, identified as the mesenchymal stem cell niche, secrete SHH 
protein (Seidel et al., 2010; Zhao et al., 2014).

Other extracellular signals play a role in the maintenance of the incisor epithelial stem cells,
these include cell-cell contact, mechanical stimuli and cell polarity. For instance, extracellular inputs 
regulate the Hippo pathway by controlling YAP/TAZ transcriptional activity. Inducible deletion of 
Yap and Taz leads to loss of the cervical loops and precocious differentiation of the TA cells,
indicating the importance of these genes in incisor maintenance (Hu et al., 2017). Similarly,
conditional inactivation of E-cadherin, an adherens junction molecule involved in cell-cell adhesion, 
leads to fewer LRCs, increased proliferation in the TA cells, and decreased cell migration in 
differentiating odontoblasts (Li et al., 2012). Finally, miRNAs, which regulate tooth development and 
differentiation of tooth-specific lineages, have been associated with laCL mainenance (Cao et al., 
2010a; Cao et al., 2013; Michon et al., 2010). For instance, miR720 regulates Fgf8 expression, and 
miR200b regulates expression of stem cell marker Sox2 (Cao et al., 2013; Juuri et al., 2012)
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2.2.9. Epithelial stem cells in the mouse incisor
The first evidence that stem cells inhabit the cervical loop was the identification of LRCs in cultured 
incisor explants after a long pulse-chase experiment with BrdU (Harada et al., 1999). This was further 
supported by the validation of these results in vivo (Seidel et al., 2010).

In the recent years, a number of genes that mark stem cells in other organs have been discovered 
in the laCL, including Abcg2 Bmi1, Gli1, Igfbp5, Lgr5, Lrig1, Oct3/4, Pitx2, Sox2, Tbx1, and Yap 
(Biehs et al., 2013; Cao et al., 2013; Chang et al., 2013; Gao et al., 2015; Hu et al., 2017; Juuri et al., 
2012; Li et al., 2011a; Seidel et al., 2010; Seidel et al., 2017). However, to date, only a few of these 
have been identified as stem cell markers in the laCL by means of lineage tracing. Despite some LRCs 
have been found in the liCL very little is known about the role and regulation of this structure (Seidel
et al., 2010).

SHH transcriptional effector Gli1 is expressed both in the mesenchyme and the laCL, where it
marks a population of cells located in the same area as the LRCs. Gli1+ cells give rise to differentiated 
ameloblasts and SI cells (Seidel et al., 2010). Bmi1 is necessary for the regulation of stem cell self-
renewal and differentiation, as lack of Bmi1 leads to loss of enamel deposition. Furthermore, the 
progeny of Bmi1-positive cells produce differentiated ameloblasts (Biehs et al., 2013). A population 
of long-lived stem cells in the laCL express Lrig1 and give rise to cells of all epithelial lineages 
(ameloblasts, SI, SR, OEE, IEE and ERM) over long periods of time. Also, Lrig1-positive cells are 
expressed in the mesenchyme and contribute to the periodontal tissue (Seidel et al., 2017). Igfbp5-
expressing cells are present in the liCL, the laCL and the periodontal mesenchyme, and they 
contribute to the generation of new cells in both epithelial and mesenchymal tissues (Seidel et al., 
2017). Sox2 is only expressed in the epithelial compartment, where it marks a stem cell population 
that contributes to all epithelial lineages in the incisor. Prior to differentiating into the distinct cell 
fates, Sox2-expressing cells give rise to an early progeny expressing WNT-inhibitor Sfrp5 (Juuri et 
al., 2012).

The presence of different stem cell markers, and the different cell dynamics shown in the mouse 
incisor suggest the existence of distinct stem cell subpopulations, in a fashion similar to other organs 
(Hu et al., 2014).

2.2.10.Mesenchymal stem cells in the mouse incisor
Dental mesenchymal stem cells also play an important role in tooth homeostasis and repair (Sharpe, 
2016). These cells are thought to be located in the area between the lingual and the labial cervical 
loops as LRCs have been detected in the region (Seidel et al., 2010; Zhao et al., 2014). Label-retaining 
experiments have shown the presence of a pool of rapidly cycling cells, distal to the slow-cycling 
cells. This population represents TA cells or progenitors (Zhao et al., 2014). The inner mesenchyme 
and the periodontal tissue are maintained by separate pools of progenitor cells, as the outer region of 
the mesenchyme only contributes to periodontal cell lineages but not to the dental pulp (Seidel et al., 
2017).

Some of the stem cell markers found in the epithelial stem cells are also present in the 
mesenchymal LRCs, for instance Bmi1, Gli1, Igfbp5, and Lrig1 (Biehs et al., 2013; Seidel et al., 2010; 
Seidel et al., 2017). Slow-cycling pulp mesenchymal cells expressing the marker Thy1 contribute to 
odontoblasts and pulp cells throughout the life of the incisor and are, hence, mesenchymal stem cells 
(Kaukua et al., 2014). It has been shown recently that a fraction of the Thy1+ cells also expresses 
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CD90. This subpopulation has a specific role in increasing tooth growth rates during postnatal 
development and following incisor clipping (An et al., 2018).

2.2.11.Tooth bioengineering
The regenerative capacity of human teeth is limited, as epithelial stem cells are lost after eruption into 
the oral cavity and only mesenchymal tissues can regenerate (Hu et al., 2014). Dentine can be 
produced in human teeth given the presence of mesenchymal stem cells within the dental pulp 
(Gronthos et al., 2000). Mesenchymal dental stem cells can be isolated from adult human dental pulp,
while human dental epithelial stem cells have been obtained from the epithelial rests of Malassez 
(Gronthos et al., 2000; Nam et al., 2011).

Currently, damaged dental hard tissues are restored using artificial composites, and even though 
these materials adhere well to enamel their adhesion to dentine is weak (Mitsiadis et al., 2015). New 
techniques aimed at regenerating dentine have been developed, such as delivering mesenchymal stem 
cells into the root canal in order to promote dentinogenesis in damaged teeth (Peters, 2014). Besides 
the use of stem cells, other approaches aim at inducing dentinogenesis by modifying signalling 
pathways. For example, it has been shown that upregulation of WNT signalling in murine teeth by 
delivering small molecule GSK-3 antagonists promotes dentine restoration following dental damage 
(Neves et al., 2017). However, therapies directed to regenerating the dental pulp are still characterized 
by an empirical approach (Peters, 2014).

Regeneration of a whole tooth is of importance as failure to develop teeth is one of the most 
common developmental anomalies in humans. Between 3 and 10% of the population exhibit tooth 
agenesis of at least one permanent tooth and about 1% of humans lack more than six teeth 
(oligodontia) (Fleischmannova et al., 2008; Nieminen, 2009). Furthermore, lack of proper hygiene or 
trauma can lead to tooth loss. It has been reported that about one third of the global population aged 
between 65 and 74 years of age have no natural teeth (WHO, Oral health, 2016).

Currently, one solution to tooth loss are dental osseointegrated implants made of artificial 
materials that are inserted into the bone after surgical intervention (Mitsiadis et al., 2015). A tooth 
with periodontal ligament and proper bone integration was generated by combining mesenchymal 
and epithelial dental cells from mouse embryos (Ikeda et al., 2009; Nakao et al., 2007; Oshima et al., 
2011). This technique has been recapitulated using human gingival epithelial cells and embryonic 
cells expanded in vitro. However, a source of fresh embryonic cells is necessary to induce tooth 
formation (Angelova Volponi et al., 2013; Yang et al., 2017). While bioengineered tooth buds using 
porcine postnatal dental cells have been recently reported, the method has limitations and offers low 
reproducibility (Smith et al., 2018). The use of embryonic tissues has limited medical applications 
for both technical and ethical reasons. The use of iPS cells could overcome this issue. Nonetheless,
the process by which the odontogenic potential is established during development is poorly 
understood, rendering generation tooth-inductive iPS cells impossible. Taken together, the mouse 
incisor is an appropriate model to research the signalling mechanisms that coordinate dental stem 
cell-fate decisions, self-renewal, and maintenance (Horst et al., 2012).

Bioengineering a fully functional tooth would require (1) a source of stem cells with 
odontogenic potential and (2) a detailed roadmap of how to recapitulate tooth differentiation and 
organization.
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2.3. SOX transcription factors
The high mobility group (HMG) is a DNA-binding domain first found in Sry, a factor involved in 
mammalian male sex determination. Proteins containing a domain with more than 50% amino acid 
homology are classified as SOX proteins (Sry-related HMG box) (Gubbay et al., 1990; Sarkar and 
Hochedlinger, 2013). Twenty different Sox genes have been identified in mouse and human. These 
show identical genomic organization between the two species, except for Sox6 and Sox13, which vary
by the loss or gain of an intron (Schepers et al., 2002).

The different Sox genes are classified into groups A to H. Members of the same group may 
have overlapping functions as they share biochemical properties. Contrarily, factors from different 
groups have dissimilar functions even though they recognise the same DNA consensus motif (Sarkar 
and Hochedlinger, 2013).

The SoxB group is split into SoxB1 and SoxB2. The SoxB1 subgroup contains three genes: Sox1,
Sox2 and Sox3, and also Sox19 in fish. All SOXB1 proteins exhibit similar transcriptional regulatory 
characteristics and they might function redundantly (Kamachi, 2016; Kamachi and Kondoh, 2013).
For instance, SOX2 overexpression can rescue pituitary gland and spermatogenic defects that occur 
in Sox3-null mice (Adikusuma et al., 2017).

2.3.1. Sox2
Sox2 marks the pluripotent lineage of the early mouse embryo and it is not expressed in cell types 
with restricted developmental potential. Sox2 deletion results in early embryonic lethality, thus 
information about its biological role has been obtained using conditional mutants in various animal 
models (Avilion et al., 2003; Sarkar and Hochedlinger, 2013). During development, Sox2 plays an 
important role in lineage specification, morphogenesis, proliferation, and differentiation in a dosage-
and context-dependent manner (Sarkar and Hochedlinger, 2013). Also, forced expression of Sox2, in 
combination with other factors, such as Oct4, Llf4, and c-Myc, can reprogram committed cells into 
iPS cells (Takahashi et al., 2006).

In the adult, Sox2 is required for tissue homeostasis and marks stem cells in primordial germ 
cells as well as various organs of mesodermal, endodermal and ectodermal origin, including skin, 
bone, brain, trachea, lung and teeth (Sarkar and Hochedlinger, 2013). Also Sox2 is expressed in at 
least 25 different cancers (Wuebben and Rizzino, 2017).

As SOX2 effect is dose-dependent, regulation at the gene and protein levels are important 
(Kamachi and Kondoh, 2013; Que et al., 2007). Sox2 is regulated by extracellular signals and 
intracellular cofactors. For example, FGF10 downregulates Sox2 in the ventral mesenchyme during 
embryonic foregut patterning (Que et al., 2007). In contrast, FGF8 signalling induces Sox2 expression 
in the mouse incisor epithelium (Juuri et al., 2013). SOX2 levels can be modulated by microRNAs 
(miRNAs), which promote transcript degradation. In murine neural progenitor cells, miR-200
miRNAs directly target Sox2, which in turn regulates miR-200 expression, establishing a unilateral 
negative feedback loop that allows for neuronal differentiation (Peng et al., 2012). Also SOX2 post-
translational modifications, such as phosphorylation, acetylation, methylation and glycosylation, can 
modulate its activity, stability and intracellular localization (Kamachi and Kondoh, 2013).

In the tooth, Sox2 is expressed by the oral epithelium already at E12.0, and its expression is 
maintained during morphogenesis. In the mouse incisor, Sox2 expression becomes restricted to the 
laCL, where it is maintained during postnatal stages. Sox2+ cells are regulated by FGF8 and miRNAs
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and contribute to the formation of all dental epithelial cell lineages via Sfrp5+ progenitors (Juuri et 
al., 2012). Also, Sox2 marks competence for successional tooth formation in mammals and reptiles 
(Juuri et al., 2013).

2.4. MEIS transcription factors
Homeobox genes encode transcription factors involved in different developmental processes. The 
canonical structure of these transcription factors consists of a 60-amino acid long homeodomain 
composed of three alpha helixes. However, there are some homeobox proteins with a different 
number of residues. This is the case for the Three Amino Acid Loop Extension-homeodomain 
(TALE) protein superclass, which have three extra amino acids between helixes 1 and 2 (Bürglin, 
1997). In animals, TALE superclass contains five classes of proteins: PBC, IRO, MKX, TGIF and 
MEINOX, further subdivided into MEIS and PREP subfamilies (Bürglin and Affolter, 2016; 
Longobardi et al., 2014).

The MEIS protein subfamily is encoded by three genes: Meis1 (Myeloid ecotropic viral 
integration site 1 homolog, Drosophila homothorax), Meis2 and Meis3, which can generate multiple 
protein isoforms via alternative splicing (Longobardi et al., 2014). For instance, Meis1 codes for 
MEIS1a and MEIS1b proteins, the differential biochemical functions of which have not yet been 
determined (Longobardi et al., 2014). Moreover, MEIS1 and MEIS2 have a very similar sequence 
(83% identity) and an almost identical homeodomain, and could have redundant functions during 
development of certain organs such as the eye (Marcos et al., 2015; Oulad-Abdelghani et al., 1997).

2.4.1. Meis1
Meis1 locus was first discovered as a site of retroviral integration associated with myeloid 

leukaemia development (Moskow et al., 1995). Since then, this gene has been largely studied in the 
cancer context. Meis1 overexpression has been linked to skin and ovarian cancers and neuroblastoma,
and in leukaemia it promotes cell proliferation and resistance to apoptosis (Blasi et al., 2017; 
Okumura et al., 2014; Rosales-Aviña et al., 2011).

In physiological conditions, Meis1 is a transcriptional regulator of various developmental 
processes. In the trunk, Meis1 controls the proper development of several organs, such as the limbs, 
heart, blood and vasculature (Azcoitia et al., 2005; Hisa et al., 2004; Mercader et al., 1999) and lack 
of Meis1 expression leads to embryonic death due to cardiovascular defects (Azcoitia et al., 2005; 
Hisa et al., 2004). Its potential target genes in the trunk have been identified using a loss-of-function 
approach (Penkov et al., 2013). Additionally, Meis1 coordinates a network of genes regulating eye 
patterning and development, and Meis1 loss-of-function is linked to microphthalmia (Marcos et al., 
2015).

In the adult, Meis1 expression has been detected in different tissues. For instance, MEIS1b is 
present in the heart, where it regulates cardiomyocyte proliferation: while Meis1 deletion extends the 
postnatal proliferative window of cardiomyocytes and reactivates mitosis, Meis1 overexpression 
inhibits neonatal heart regeneration (Mahmoud et al., 2013). Also, this gene is expressed in the 
epidermal stem cells of the hair follicle bulge region, where it is thought to regulate both the number 
of quiescent stem cells and stem cell differentiation (Okumura et al., 2014).

Meis1 controls gene expression by binding DNA as a dimer. Concretely, it is known to act in 
cooperation with HOX proteins and other TALE transcription factors, mainly PBX1. For instance, in 
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the murine embryonic trunk, MEIS1 cooperates with HOX/PBX proteins (Penkov et al., 2013).
However, Meis1 can also undergo gene regulation independently from HOX and PBX proteins, as 
seen in the context of eye formation, where its role is HOX/PBX-independent (Marcos et al., 2015).
Extensive studies of the molecular targets of Meis1 using chromatin immunoprecipitation combined 
with high throughput DNA sequencing (ChIP-seq) in different cell types have shown a very complex 
regulatory landscape involving many genes. To add an extra level of complexity, these regulatory 
mechanisms are, to a certain extent, cell-specific (Blasi et al., 2017; Longobardi et al., 2014; Penkov 
et al., 2013).
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3. Aims of the study
Similar to human teeth, enamel cannot be regenerated in murine molars, as enamel-producing 
ameloblasts are lost after tooth eruption into the oral cavity. In contrast, murine incisors contain an 
epithelial stem cell pool that continuously produces ameloblasts and enables constant enamel renewal. 
The dental epithelial stem cell niche is known as labial cervical loop, and it is a well-established 
model for the study of epithelial stem cells.

Sox2 is a known marker of dental epithelial stem cells, and it also marks the competence to 
generate teeth (Juuri et al., 2012; Juuri et al., 2013). However, the potential impact of Sox2 loss in 
incisor tooth formation and renewal remains elusive. Besides Sox2, many other genes participate in 
tooth morphogenesis. Meis1 regulates the formation and homeostasis of various tissues (Mahmoud 
et al., 2013; Marcos et al., 2015; Mercader et al., 1999; Miller et al., 2016; Okumura et al., 2014), but 
its expression during tooth development and incisor renewal is yet to be determined.

The aims of this thesis are to:

1.Understand the role of SOX2 during murine incisor formation.

2.Elucidate the effects of the loss of Sox2 in the adult murine labial cervical loop.

3.Discover the expression of Meis1 in developing molar and incisor murine teeth.

4.Uncover a possible relationship between Meis1 and Sox2 expression in the murine tooth.
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4. Material and methods

Mouse strain Reference Used in study
K14CreER (Vasioukhin et al., 1999) I
Lef-1cKI (Sun et al., 2016) II
Lgr5GFP-CreER (Barker et al., 2007) I
Meis1ECFP (González-Lázaro et al., 2014) III
NMRI I, III
Pitx2Cre (Liu et al., 2003) II
ROSACreERT (Ventura et al., 2007) II
ShhGFP-Cre (Harfe et al., 2004) I
Sox2CreERT2 (Arnold et al., 2011) I
Sox2flox (Smith et al., 2009) I
Sox2GFP (D’Amour and Gage, 2003) I
All aspects of mouse care and experimental protocols required for the completion of this thesis 
were approved by the Finnish National Board of Animal Experimentation.

Method Reference Used in study
Apoptosis detection (TUNEL) I, II I, II
Cell proliferation assay I, II I, II
Fluorescence-activated cell sorting I I
Haematoxylin and eosin staining (Juuri et al., 2012) I, II, III
Immunohistochemistry I, II I, II, III
Quantitative real-time PCR I, II I, II
RNA in situ hybridisation (RNAscope) (Wang et al., 2012), I I, III
Tamoxifen administration 
(intraperitoneal and oral gavage)

I, II I, II

Transcriptome microarray analysis I I
X-ray microtomography (micro-CT) 
and 3D reconstruction

I, II, III I, II, III
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Antibodies Host species Company Used in study
AMELOGENIN Rabbit Santa Cruz II
CLEAVED CASPASE-3 Rabbit Cell Signaling II
GFP Rabbit Abcam II
GFP Chicken Abcam I
KERATIN 14 Rabbit NeoMarkers I
KI67 Rabbit Abcam I, II and III
LEF-1 Rabbit Cell Signaling II
MEIS1 Rabbit Abcam III
P-CADHERIN Goat R&D Systems I
PHOSPHO-HISTONE H3 Rabbit Abcam I
SHH Mouse R&D Systems I
SOX2 Goat Santa Cruz I and III
SOX2 Goat R&D Systems II
SOX2 Rabbit Abcam II

RNA in situ hybridisation (RNAscope) Probe Channel Used in study
Clusterin 1 I
Keratin 14 1 I
Lgr5 1 and 2 I
Meis1 2 III
Meis2 1 III
Pbx1 1 III
Sox11 1 I
Sox2 1 and 2 I and III
Vangl2 1 I
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5. Results and discussion
5.1. Sox2 marks a heterogeneous population in the labial cervical loop 

that comprises Lgr5+ cells (I)
In the past years a number of stem cell markers have been found in the incisor laCL (Biehs et al., 
2013; Juuri et al., 2012; Seidel et al., 2010; Seidel et al., 2017). However, whether these genes mark 
the same cells or if there is more than one stem cell type remains unclear. It has been hypothesised 
that different stem cell populations with different dynamics reside in the epithelial stem cell niche. 
This is supported by lineage tracing experiments showing that Gli1+ and Bmi1+ cells generate a more 
reduced progeny than Sox2+ cells (Biehs et al., 2013; Juuri et al., 2012; Seidel et al., 2010).

SOX2 is known to play important roles during development, including morphogenesis, cell 
lineage specification, proliferation, and differentiation (Sarkar and Hochedlinger, 2013). Sox2 is
expressed in the dental epithelium from early development and, in the incisor tooth, its expression 
becomes restricted to the laCL as morphogenesis progresses. In the adult incisor, Sox2 marks stem 
cells that contribute to all dental epithelial lineages (Juuri et al., 2012; Juuri et al., 2013).

Lgr5 is expressed by stem cells in different tissues, such as skin and intestine (Barker et al., 
2007; Jaks et al., 2008). In the laCL, Lgr5 marks a small population of putative stem cells (Chang et 
al., 2013; Suomalainen and Thesleff, 2009; Yang et al., 2015). Earliest Lgr5 expression had been 
reported in the incisor laCL at E16.5 (Suomalainen and Thesleff, 2009). Using RNAscope in situ 
hybridisation we found that Lrg5 expression arises in the laCL as early as E15.5, at the point when 
almost all cells are Sox2+. At this stage, Lgr5 expression localises to the SR, where it marks a subset 
of Sox2+ cells. At E18.5 we identified the small Lgr5+ cell population by immunofluorescent 
detection of the LGR5-GFP transgene. During postnatal incisor renewal, Lgr5 expression overlapped 
with that of Sox2, and Lgr5+ cells were confined to the proximal region of the loop. Similarly, LGR5-
GFP+ cells in the laCL also express SOX2. 

We have confirmed that Lgr5+ cells constitute a subpopulation within the Sox2+ cells. 
Previously, Lgr5+ cells in the SR were proposed to be active stem cells, adjacent to a different 
population of slow-cycling LRCs in the OEE (Chang et al., 2013). This would be comparable to the 
actively cycling Lgr5+ stem cell population in the hair follicle and intestine (Haegebarth and Clevers, 
2009). Furthermore, it is likely that not all Sox2+ cells are stem cells (Juuri et al., 2012) and that more 
differentiated cells also express Sox2. Thus, we propose that Sox2 marks a heterogeneous cell 
population, comprising smaller stem cell populations with specific dynamics. In the hair follicle,
location of the stem cells within the niche predicts their fate (Rompolas et al., 2013). Interestingly, 
Lgr5+ cells are located in the basal area of the SR and OEE, similar to the intestine where Lgr5+ cells 
inhabit the base of the crypt (Barker et al., 2007). Altogether, this data indicate that Lgr5+ cells are a 
subpopulation of Sox2+ cells both during incisor morphogenesis and postnatal renewal, unlike other 
stem cell niches such as the stomach, where Lgr5+ and Sox2+ cells do not overlap (Arnold et al., 
2011).

Whether all cells within the dental epithelial stem niche are equal has remained an open 
question in the field. Our results show that Sox2+ cells constitute a heterogeneous population 
encompassing Lgr5+ cells and support the hypothesis that the laCL is populated by different stem cell 
types. Still, the specific role of Lgr5+ cells in the mouse incisor has yet to be elucidated by means of 
lineage tracing and loss-of-function experiments. Concretely, lineage tracing of already known stem 
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cell populations using the same conditions (i.e. mouse line and developmental stages) will yield a 
better understanding of the cell dynamics and hierarchy in the niche.

5.2. Role of Sox2 in incisor development (I and II)
Thus, Sox2 marks a large, heterogeneous population in the mouse incisor. However, the role of SOX2
during tooth formation and dental epithelial stem cell maintenance has not been elucidated. In order 
to better understand the function of this gene during incisor morphogenesis, we ablated Sox2 
expression using conditional knock out mice. We chose this model because full Sox2 deletion leads
to embryonic death shorty after implantation (Avilion et al., 2003). Two different Sox2 conditional 
knock out (cKO) embryonic mouse models have been used in this thesis: Pitx2Cre;Sox2fl/fl and
ShhCre;Sox2fl/fl. These embryos lose Sox2 expression in the dental epithelium at different time points:
from embryonic day 10.5 (E10.5) in the Pitx2-driven Sox2cKO, and from E11.5 in the Shh-driven 
mutant (Cao et al., 2010a; Hovorakova et al., 2013). Absence of Sox2 expression was confirmed via 
immunofluorescent detection on Pitx2Cre;Sox2fl/fl incisor sections and RNAscope in situ hybridisation 
on ShhCre;Sox2fl/fl samples.

Histological analysis of Pitx2Cre;Sox2fl/fl incisors showed morphological defects from early 
tooth formation, including delayed invagination of the epithelial compartment and general size 
reduction. Strikingly, at E17.5, incisor development had undergone regression until the tooth
completely disappeared by postnatal day 0 (P0). This down growth was not caused by cell death, as 
detected using TUNEL analysis. We addressed cell proliferation in the embryonic tooth by labelling 
dividing cells with a thymidine analogue and immunodetection of Ki67, a protein present during all 
cell cycle phases (G1, S, G2 and M). The assays indicated that the dental phenotype was caused by 
reduced cell proliferation in the mutant laCL at E16.5. By analysing the location of cells marked with 
a thymidine analogue 24 hours after pulse-chase, we found that cell migration from the laCL towards 
the distal tip was reduced in the absence of Sox2.

Similarly, the morphology of ShhCre;Sox2fl/fl incisors differed from that of control littermates at 
all analysed stages (from E13.5 to E18.5), according to histological analysis and reconstructions from 
micro-computed tomography (micro-CT) scans. We consistently observed a high degree of variability
in the shape of the mutant incisors both within the same individual and among different embryos. 
Nevertheless, there were some recurrent traits present in the ShhCre;Sox2fl/fl incisors, such as incorrect 
invagination of epithelial buds and clefts in the labial epithelium. At E17.5, mutant incisors were 
significantly shorter than those of control littermates, and they did not increase in length after this 
stage. We quantified the number of phospho-histone H3+ cells (M-phase cells) and detected apoptosis 
by TUNEL assay in order to understand whether the difference in incisor length was a consequence 
of impaired cell proliferation or cell death. We could not conclude that neither of these events stood 
behind the reduced size of the embryonic ShhCre;Sox2fl/fl incisors.

In addition, histological sections of E18.5 ShhCre;Sox2fl/fl incisors evidenced defective cell 
differentiation in the mutant embryos. In line with this, qRT-PCR analysis revealed that Sox2-
deficient incisors displayed reduced expression of Sfrp5 and Shh, expressed by the early progeny of 
Sox2+ cells, and TA cells, preameloblasts and immature ameloblasts, respectively (Juuri et al., 2012; 
Seidel et al., 2010). Altogether, these results showed that Sox2 expression is required for cell lineage 
commitment and early differentiation towards the enamel-secreting ameloblast fate. Also, using both 
qRT-PCR and RNAscope in situ hybridisation we determined that Lgr5 expression levels were 
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constant between the control and ShhCre;Sox2fl/fl E18.5 cervical loops. This indicated that Sox2
expression is not crucial for the establishment of other cell populations in the laCL, as appearance of
Lgr5+ cells is independent from Sox2 expression. It is possible that Lgr5+ cells are induced by cues 
from the incisor stem cell niche.

All in all, the two analysed Sox2cKO mouse models exhibited a slightly different incisor
phenotype during morphogenesis. Amongst the changes reported, complete resorption of the mouse 
incisor in the Pitx2Cre;Sox2fl/fl embryos was the most striking. While this phenomenon did not occur 
in the other mutant analysed, ShhCre;Sox2fl/fl incisors stopped growing around the same embryonic 
stage. The disparity could originate from a dissimilar penetrance of the phenotype (variability in the 
levels of Sox2 deletion) as well as from the difference in the timing of Sox2 ablation (from E10.5 vs. 
E11.5). Also, the number of proliferative cells was reduced in the laCL of E16.5 Pitx2Cre;Sox2fl/fl

embryos, while we did not detect a decrease in cell division in the loop of ShhCre;Sox2fl/fl embryos. 
While it is likely that the discrepancy in the results is caused by the fact that phospho-histone H3 
marks fewer cells (cells in M phase) than Ki67 (cells in G1, S, G2 and M phases), it evinces that 
decreased cell proliferation is not the only force leading to a reduced cell migration and consequent 
shorter incisor. We propose that impaired growth in Sox2-deficient incisors is caused by multiple 
factors. Besides decreased cell proliferation in the laCL, defects in stem cell differentiation and 
subsequent cell migration contribute to the dental phenotype.

Overall, we found that Sox2 is necessary for proper incisor morphogenesis and ameloblast-
lineage cell differentiation, as it regulates cell proliferation and differentiation in the laCL. However, 
it is possible that Sox2 is playing other roles during mouse incisor formation and that they were not 
detected due to limitations of the method or due to compensatory mechanisms from the system.

5.3. Role of Sox2 in molar, palate and tongue formation (II and 
unpublished)

Sox2 ablation in the murine dental epithelium also leads to a molar phenotype. A previous report 
showed that the molars of ShhCre;Sox2fl/fl embryos exhibited a normal first molar and hyperplastic 
posterior molars (Juuri et al., 2013). The mild phenotype was due to incomplete Sox2 deletion. Molars 
from Pitx2Cre;Sox2fl/fl embryos did not invaginate properly, and were small and abnormally shaped. 
Hence, we show that Sox2 expression is also necessary during molar morphogenesis.

We also discovered Sox2 expression throughout the palate and tongue epithelia during 
development (Fig 8A), indicating a possible function during the formation of these organs. In 
physiological conditions, palatal shelves fuse along the midline giving rise to the secondary palate by 
E15.0. Contrarily, the palatal shelves of ShhCre;Sox2fl/fl embryos were not fused at E18.5 (Fig. 8B, C),
giving rise to a cleft palate phenotype. Besides, the frontal region of the tongue was adhered to the 
oral epithelium in ShhCre;Sox2fl/fl embryos (Fig. 8D, E). This phenotype resembles ankyloglossia, a 
human craniofacial defect that leads to difficulties in suckling and speaking, and is often associated 
with cleft palate (Morita et al., 2004). Fusion of the lingual epithelium was also observed in mice 
with impaired WNT signalling such as Lgr5-null embryos and Wnt5a-null mice, which also display
a cleft palate (Liu et al., 2012; Morita et al., 2004).

The presence of a cleft palate and ankyloglossia in Sox2-deficient mice demonstrate the 
importance of Sox2 not only for dental formation, but also during craniofacial morphogenesis. 
However, further research is necessary to determine the exact role of Sox2 during tongue and palate 
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development─ whether Sox2 is involved in cell proliferation, differentiation and migration similar to 
the forming mouse incisor remains to be determined.

5.4. Sox2 in the maintenance of dental epithelial stem cells (I, II)
After birth, Sox2+ cells within the laCL actively contribute to the renewal of all dental epithelial cell 
lineages (Juuri et al., 2012). We have observed that Sox2 expression pattern is different between P3 
and P60 laCLs, as transcripts become more scattered with the maturation of the stem cell niche. This
supports the notion that the dynamics of the laCL are different during juvenile and adult stages. 
Consequently, in this thesis, we considered as adult those animals older than one month.

To elucidate the role of Sox2 in incisor homeostasis we utilised inducible knock out mice, since
both Pitx2Cre;Sox2fl/fl and ShhCre;Sox2fl/fl embryos die at birth. Three different mouse models are 
included in this thesis: Rosa26CreER;Sox2fl/fl, Keratin14CreER;Sox2fl/fl , and Sox2CreER/fl. In the first one,
Sox2 is ubiquitously ablated from all cells upon Tamoxifen administration, while in the other two,
Sox2 expression is only removed from Keratin14+ and Sox2+ cells, respectively.

A drawback from using Sox2CreER/wt mice is that they contain a CreERT2 allele in the 
endogenous Sox2 locus, resulting in Sox2 haploinsufficiency (Arnold et al., 2011). It has been shown 
that partial Sox2 deficiencies can lead to defects in some organs. For instance, despite having a normal 
auditory function, Sox2CreER/wt mice exhibit delayed terminal mitosis and ectopic sensory cells in the 
cochlea (Atkinson et al., 2018). Also, while Sox2 haploinsufficiency does not cause any abnormal 
eye phenotype, reduction of SOX2 expression to 40% or less of normal leads to reduced eye size 

Figure 8. Absence of Sox2 expression 
leads to a palate and tongue 
phenotype. (A) Sox2 (blue) expression 
on a frontal section of a wild type E14.5 
mouse. Haematoxylin and eosin sections 
show the (B, C) cleft palate and (D, E)
ankyloglossia phenotypes of E18.5 
ShhCre;Sox2fl/fl embryos. Scalebars 
100μm.
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(microphthalmia) (Taranova et al., 2006). Furthermore, in humans Sox2 happloinsufficiency has been 
linked to severe microphthalmia and to pituitary tumours (Alatzoglou et al., 2011; Taranova et al., 
2006). However, studies using Sox2CreER mice to research various organs, including the incisor laCL, 
did not describe any phenotypical inconsistencies (Arnold et al., 2011; Juuri et al., 2012). To further 
confirm that the mouse incisor was normal in Sox2CreER/fl mice, we injected them with corn oil
(carrier). We could not detect any differences between the laCL of Sox2CreER/fl injected with carrier 
(heterozygous) and Sox2wt/fl (wild type).

We did not observe any abnormal phenotype in the laCL of Keratin14CreER;Sox2fl/fl mice at
various time points after Tamoxifen administration. Protein and RNA expression patterns of 
Keratin14 and Sox2 showed a minimal overlap and denoted a lack of recombination in the Sox2+

cells. A recent study has also reported low levels of Cre recombination in the OEE when using the 
Keratin14CreER driver (Hu et al., 2017).

Continuous Tamoxifen administration over twelve days led to the absence of SOX2 expression 
in the laCL of one-month-old Rosa26CreER;Sox2fl/fl mice. The prolonged Sox2 ablation caused a 
reduction in incisor growth, even though the morphology of the laCL was maintained. Based on the 
observations from the embryonic incisor, we could infer that the delay in incisor growth was caused 
by improper cell proliferation and differentiation. Similarly, when Sox2CreER/fl mice were administered 
seven doses of Tamoxifen over eleven days, the laCL morphology remained normal. Interestingly, 
the Lgr5+ cell subpopulation was lost, indicating that the dynamics in the loop had been disrupted and 
that the stem/progenitor cells in the laCL are likely lost upon Sox2 deletion. However, further analysis 
of other epithelial stem cell markers (e.g. Bmi1 or Gli1) would give more insights into this process.

To better understand the impact of Sox2 loss in the laCL, we studied the short-term effect of 
Sox2 ablation. We administered Tamoxifen during three consecutive days and analysed one day later. 
Sox2 deletion was confirmed by RNAscope in situ hybridisation, and histological analysis showed
that Sox2CreER/fl mice had a thinner, more elongated laCL than that of the control littermates. Similarly 
to the embryonic scenario, Sox2 ablation did not trigger cell death, as determined by TUNEL assay.
It is plausible that the phenotype originates by impaired cell renewal: differentiated cells would exit
the loop and would not be replenished due to lack of active stem cells. 

Taken both results together, we propose that Sox2 expression is necessary for the maintenance 
of dental epithelial stem cells. However, some growth is maintained in the incisor after Sox2 ablation, 
whether this is caused by insufficient deletion or due to other mechanisms remains unanswered. Also,
while Sox2 deletion initially affects the shape of the laCL, normal morphology can be regained over 
time, indicating the existence of compensation mechanisms. Regardless, two different mouse models
indicate that proper function of the laCL remains impaired in the absence of Sox2 expression.

5.5. Cell plasticity in the labial cervical loop (I)
To further study how the laCL can regain its normal morphology following an insult, we analysed 
the morphology of the laCL of Sox2CreER/fl mice after transient Sox2 deletion.

Our experimental setup involved Tamoxifen administration to Sox2CreER/fl mice during three 
consecutive days and analysed the morphology of the laCL at different timepoints. Four days after 
the last Tamoxifen dose, Sox2 transcripts were detected in the laCL of Sox2CreER/fl mice and the shape 
of the stem cell niche was restored. One month after chase, there were no differences between the
mutant and control laCLs in terms of shape and Sox2 expression. Interestingly, expression of stem 
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cell marker Lgr5 was also lost upon Sox2 ablation. However, similar to Sox2, Lgr5 expression 
reappeared four days later and, after one month, Lgr5 expression pattern in the laCL was 
indistinguishable from that of the control. Altogether these results indicate that the cell dynamics in 
the epithelial stem cell niche can be re-established. While lineage tracing of certain cell populations 
after Sox2 ablation would give interesting information, it is technically challenging.

In physiological conditions, cells within the laCL exhibit different proliferation rates. Actively 
dividing cells in the distal region of the SR and IEE are not considered stem cells. More quiescent 
cells (LRCs) reside within the OEE and proximal SR and are thought to be stem and progenitor cells
(Seidel et al., 2010).

To address the proliferation dynamics following Sox2 ablation, we labelled actively dividing 
cells in Sox2CreER/fl mice with EdU one day after the last Tamoxifen dose (when Sox2 expression is 
absent). We quantified 30% more EdU+ cells in the SR of Sox2CreER/fl mice compared to control 
littermates, indicating an increase in cell proliferation in the laCL as a consequence of the size 
reduction. Also, most of the EdU+ cells localised to the proximal-most region of the laCL, close to 
where the Lgr5+ cells reside. It is possible that these cells migrated from the proximal Sox2-negative 
region of the SR, where proliferative cells usually reside. However, it could also be that proliferation 
appeared in other regions of the SR upon Sox2 ablation. Thus, quiescent, Sox2-negative cells would 
enter cell cycle to regain tissue homeostasis.

Events such as activation of facultative stem cells, dedifferentiation, and transdifferentiation
reflect the plasticity of a tissue (Blanpain and Fuchs, 2014; Varga and Greten, 2017). Plasticity events 
following tissue damage have been described in a number of organs such as skin and intestine 
(Rompolas et al., 2013; Tetteh et al., 2016; Tian et al., 2011) and usually involve dedifferentiation 
and/or redifferentiation (Blanpain and Fuchs, 2014). As mentioned above, regeneration of the cervical 
loop likely occurs via the actively dividing cells from the distal region of the SR, which are Sox2-
negative and are not considered to be stem cells. These cells would dedifferentiate in order to shift 
their expression profile towards a new set of genes, including Sox2. In turn, these would become 
potent cells able to give rise to a differentiated progeny. While this is the most likely scenario, we 
cannot rule out the possibility that increased proliferation would occur in other regions of the SR, 
where cells are usually quiescent. In this case, cell plasticity events would also be guiding the 
restoration of the loop, as quiescent cells would be forced to become activated and express (at least)
Sox2 and Lgr5. Finally, we cannot exclude the possibility that a low number of stem cells remained 
in the laCL of Sox2CreER/fl mice after Tamoxifen administration, even though we administered a very 
high dose and we did not detect any Sox2 expression. In this case, these hypothetical Sox2+ stem cells 
could be contributing to the repair of the laCL morphology but are unlikely to be the main drivers of 
the restoration process due to the low numbers. However, even if they were, it would not change the 
fact that the number of proliferative cells in the laCL ectopically increases, and that cells become able 
to express the stem cell marker Sox2 and to produce differentiated cells.

While we have shown that the laCL can exhibit plastic properties to restore tissue homeostasis 
after an insult, further research is necessary to decipher the exact mechanisms by which dental 
epithelial stem cells are restored. As lineage tracing of Sox2+ cells is technically challenging in this 
context, insults other than Sox2 deletion could be useful to study plasticity events in the laCL.
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5.6. Gene expression profile of embryonic and adult Sox2+ cells (I)
While we have shown that Sox2+ cells are important both during incisor formation and renewal, there 
are still some open questions regarding how the Sox2+ stem cells form and home to their niches. In 
other words─ are incisor epithelial stem cells set aside during early development or are they 
established later during tooth formation? In in various organs such as oesophagus, tongue, lens, lungs, 
trachea, and brain, adult Sox2+ stem cells originate from Sox2+ embryonic progenitors (Arnold et al., 
2011). In the mouse incisor, the dynamic Sox2 expression pattern indicates a similar situation (Juuri 
et al., 2012).

To gain insight into the enigma, we analysed the transcriptome of Sox2+ cells from the incisors 
of E14.5 and P30 SOX2-GFP+ mice. Cells were obtained by means of manual microdissection and 
fluorescence-activated cell sorting. As Sox2 is expressed in mESCs (Arnold et al., 2011), we 
compared the transcriptome of mESCs, E14.5 Sox2+ cells and P30 Sox2+ cells and analysed the 
number of transcripts differentially expressed with a fold difference greater or equal to 2. In this 
approach, we have to take into consideration the heterogeneity of the samples as (1) at E14.5 Sox2+

cells in the incisor bud are present in areas other than the laCL and (2) Sox2 marks a heterogeneous 
cell population.

Initial analysis showed that around 4400 transcripts were differentially expressed between 
mESCs and Sox2+ embryonic progenitors, while about 2500 transcripts were differently regulated 
between embryonic or adult Sox2+ cells (Fig. 9A). These results imply that embryonic Sox2+ cells 
are more similar to adult Sox2+ cells than to mESCs, suggesting that Sox2+ cells become progressively
committed towards the dental fate during development.

Figure 9. Overview of the transcriptomic results from mESCs, embryonic Sox2+ cells and adult 
Sox2+ cells. (A) Number of differentially expressed transcripts between the three analysed cell 
populations. Embryonic Sox2+ cells are more similar to adult Sox2+ cells than to mESCs. Percentage 
and number of transcripts upregulated and downregulated between (B) embryonic and adult Sox2+ cells 
and (C) dental Sox2+ cells and mESCs.
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While almost 94% of the analysed transcripts were similarly expressed between the embryonic 
and adult Sox2+ dental cells, 3.5% of the transcripts were expressed higher in the embryonic Sox2+

cells and 2.75% of the transcripts were specifically enriched in the postnatal Sox2+ population (Fig. 
9B).

First, we searched for the functional identity of gene clusters differentially expressed between 
the two populations. In E14.5 Sox2+ cells, morphogenesis and cell division regulation processes were 
activated (Gene ontology processes, GOP). Also, we found that a number of genes that regulate 
mineralisation of forming teeth were enriched in embryonic Sox2+ cells. Among the transcripts 
upregulated in the E14.5 Sox2+ cells, we identified Sox11, a transcription factor involved in epithelial-
mesenchymal interactions whose expression had been shown in the developing molar (Dy et al., 2008; 
Hargrave et al., 1997). RNAscope in situ hybridisation showed that in the incisor it is expressed in 
the dental epithelium at E14.5 and, additionally, in the TA cells and preameloblasts of adult incisors.
Among the transcripts enriched in the postnatal Sox2+ cells we found a great number of mineralisation 
markers and metalloproteases. Also, we found that the expression of Clusterin was enhanced in adult 
cells expressing Sox2. Clusterin participates in secretory odontogenesis (Chou et al., 2009; Khan et 
al., 2013; Shiota et al., 2012) and we found that it was weakly expressed in the adult laCL and strongly 
expressed by ameloblasts.

From this analysis, it seemed that variations in gene regulation were inherent to the temporal
role of the Sox2+ cell population: morphogenesis versus epithelial lineage renewal. In other words, 
differences in gene expression between embryonic and adult Sox2+ cells reflect cues from the 
microenvironment and changes in the role of the cells. 

Second, we focused on the similarities between the Sox2 transcriptomes. In order to better 
understand which genes were inherent to the tooth lineage, we compared the list of transcripts equally 
expressed in Sox2+ cells (i.e. both at E14.5 and P30) to the transcriptome of murine embryonic stem 
cells (mESCs) (Fig. 9C). We found over 2500 transcripts differentially expressed between Sox2+ cells 
and mESCs. Predictably, activated gene ontology processes included those specific to ectodermal 
organ formation and odontogenesis. Among the genes enriched in dental cells we found many 
members of WNT signalling pathway, including Vangl2, a core component of the planar cell polarity 
signalling pathway (non-canonical WNT) that had been described as a regulator of cell alignment in 
the ameloblasts and odontoblasts of embryonic molars (Obara et al., 2017; Wu et al., 2016).
Subsequently, we showed that Vangl2 is expressed throughout the embryonic dental bud and in the 
adult it was present in the SR, IEE and ameloblasts. We also found that Meis1, a transcription factor 
involved in the development of different organs (Azcoitia et al., 2005; Hisa et al., 2004; Marcos et 
al., 2015; Mercader et al., 1999), was enriched in Sox2+ cells compared to mESCs.

Even though a number of genes are differentially regulated in the Sox2+ cells of E14.5 and P30 
incisors, the expression of most of the analysed genes was equal between the two populations. It is 
likely that embryonic Sox2+ cells are already committed to the dental lineage, but are more naïve than
adult Sox2+ cells. At E14.5, the laCL that will host the adult dental epithelial stem cells is beginning 
to form and these cells likely require signals from the niche in order to acquire their final fate and 
organization. In line with this, Lgr5+ cells, which are a subpopulation of the Sox2-expressing cells 
and putative stem cells (Chang et al., 2013), appear in the incisor stem cell niche only at E15.5.
Furthermore, it is probable that the identity of Sox2+ cells continually changes during early postnatal 
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stages since Sox2 expression pattern changes as the postnatal stem cell niche matures and acquires its 
final shape.

Even though these results help us understand the nature and origin of dental epithelial stem 
cells, there are still some open questions. In this approach we have only analysed the heterogeneous 
Sox2+ cells, thus it would be interesting to analyse other know epithelial stem cell populations. Single 
cell transcriptomic studies (RNA sequencing) could be employed to understand how and when 
different stem cells appear in the mouse incisor.

5.7. Meis1 during tooth morphogenesis and incisor renewal (III)
Once we analysed the general traits of Sox2+ cells during embryonic and adult stages, we focused on
a concise group of genes with potentially interesting functionality. We found that Meis1 was enriched 
in the transcriptomic signatures of Sox2+ cells during morphogenesis (E14.5) and adult renewal (P30). 
Meis1 is important for the proper development of different organs, including the eye, limbs and the 
vascular system (Hisa et al., 2004; Marcos et al., 2015; Mercader et al., 2009; Zhang et al., 2002).
Furthermore, Meis1 is essential to maintain and expand the haematopoietic stem cells (Azcoitia et al., 
2005; Miller et al., 2016), and to regulate differentiation and the number of quiescent epidermal stem 
cells in the hair (Okumura et al., 2014).

Using high-sensitivity RNAscope in situ hybridisation, we identified Meis1 expression in the 
developing incisor and molar at different stages. A few scattered Meis1 transcripts were detected in 
the dental epithelium during early tooth formation. By E14.5 Meis1 expression was mostly localised 
to the forming cervical loops of the molar and to the laCL of the incisor. Meis1 expression in the 
incisor laCL was maintained through embryogenesis and during adult stages. Additionally, Meis1
was expressed in the dental lamina, which generates the oral vestibule, a band located between the 
gingivae and the lips and cheeks (Hovorakova et al., 2016).

To address the function of Meis1 during morphogenesis we used Meis1ECFP/ECFP mice as Meis1-
null mice (Meis1KO) (González-Lázaro et al., 2014). Histological analysis indicated that tooth 
development was initiated in Meis1KO mice and no abnormal phenotype could be detected by E14.5.
The rather normal phenotype correlates with the fact that Meis1 is only strongly expressed in the 
cervical loops of the forming teeth at E14.5. Unfortunately, Meis1KO mice died at E14.5 (González-
Lázaro et al., 2014), which prevented us from researching the function of MEIS1 at later 
developmental stages. This problem could be solved by using conditional loss-of-functions mouse 
models with longer lifespans. In these, Meis1 would be specifically ablated in the dental epithelium. 
For instance, one could utilise constructs similar to the ones used in part 4.2 of this thesis (i.e. 
ShhCre;Meis1flox/flox or PitxCre;Meis1flox/flox). Alternatively, E14.5 Meis1KO tooth buds could be 
dissected out and cultured in vitro, in order to analyse tooth morphogenesis ex vivo.

MEIS1 expression starts in the incisor tooth at the time when the stem cell niche (laCL) forms, 
and its expression is maintained during adult incisor renewal. Similarly, Meis1 is preferentially 
expressed in the bulge region of the hair follicles and in haematopoietic stem cells (Okumura et al., 
2014; Unnisa et al., 2012). In these niches MEIS1 contributes to the maintenance of stem cells and 
prevents differentiation (Okumura et al., 2014; Unnisa et al., 2012). Hence, we hypothesise that 
MEIS1 is dispensable during early tooth morphogenesis but may play a role in the regulation of the 
dental epithelial stem cells. However, further research would be necessary to prove this hypothesis.   
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As Meis1 and Meis2 have been proposed to have redundant roles during the development of 
some organs, such as the eye (Antosova et al., 2016; Marcos et al., 2015; Oulad-Abdelghani et al., 
1997), we compared their expression patterns. Meis2 expression was stronger than that of Meis1 in 
both the incisor and the molar epithelia during the early stages of tooth formation. However, its 
expression became restricted to the vestibular lamina and dental cord area during morphogenesis, 
wherefrom it gradually disappeared. Hence, Meis1 and Meis2 expression patterns in the dental 
epithelium are different during tooth morphogenesis. Furthermore, Meis2 expression pattern appears 
unaltered in Meis1KO at E14.5. Altogether these results indicate that Meis1 and Meis2 might have 
different roles during tooth morphogenesis. Similarly, Sox2 expression appeared unaltered in Meis1KO

at E14.5, indicating that early Sox2 expression is independent of Meis1. Additionally, it would be 
interesting to understand whether Sox2 regulates Meis1 expression in this context. For instance, Meis1 
expression could be checked in E19 Sox2cKO (ShhCre;Sox2fl/fl or Pitx2Cre;Sox2fl/fl) via qRT-PCR, 
RNAscope in situ hybridisation or immunodetection.

5.8. Meis1 and Sox2 mark the same cells in the labial cervical loop (III)
To further research MEIS1 role in the incisor stem cell niche, we compared its expression pattern 
with that of Sox2, both at the gene and protein levels. By addressing the overlapping of these two 
populations we could determine whether these two genes are marking the same or different cell 
populations.

We found that Meis1 and Sox2 expression patterns partially overlapped in the incisor laCL at 
E14.5. In the adult incisor laCL, Meis1 and Sox2 were mostly expressed in the OEE and proximal 
region of the SR. Given the high sensitivity of RNAscope in situ hybridisation, we could determine 
that cells in the adult incisor laCL expressed both Meis1 and Sox2. Protein immunodetection revealed 
a complete overlap of MEIS1 and SOX2 in the laCL, uncovering that these two transcription factors 
are marking the same cells.

As it has been shown that Sox2+ cells in the laCL are stem cells that contribute to all dental 
epithelial cell lineages (Juuri et al., 2012), we can extrapolate that Meis1+ cells are also dental 
epithelial stem cells, similar to other stem cell niches. Furthermore, this result indicates that the 
heterogeneous Sox2+ cell population is characterised by expressing more than one marker. Thus, 
similar to SOX2, MEIS1 may have a role in the maintenance of the cells in the laCL, rather than 
marking a small, specific stem cells subpopulation like Lgr5. It would be interesting to delete Meis1 
expression during adult stages and compare the phenotype to the one observed in Sox2 conditional
knockouts (Rosa26CreER;Sox2fl/fl and Sox2CreER/fl). Also, we could address the effect of Meis1 ablation 
on the Sox2 expression pattern during adult incisor renewal. Alternatively to genetically modified 
mouse models, ex vivo gene silencing strategies could be used. For instance, dental explants could be 
cultured in the presence of siRNA that would knock down Meis1 expression. This strategy has been 
used to knockdown Sox2 and Vangl2 expression from embryonic molars (Lee et al., 2016; Wu et al., 
2016).
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6. Concluding remarks
In order to preserve homeostasis in the mouse incisor, it is necessary to maintain a proper balance 
between stem cell proliferation and differentiation. To achieve this equilibrium, communication is 
necessary among the different components of the system, including stem/progenitor cells and TA 
cells from the mesenchymal and epithelial compartments. A number of markers are expressed within 
the incisor epithelial stem cell compartment, including Sox2 (Juuri et al., 2013). It is likely that several 
stem cell subpopulations with different dynamics inhabit concrete areas of the laCL, similarly to other 
stem cell niches such as hair and intestine (Greco and Guo, 2010; Rompolas et al., 2013). In this 
thesis we showed that Sox2 marks a heterogeneous cell population in the laCL, as it contains a distinct 
subpopulation of Lgr5+ cells in the basal region of the loop. While Lgr5 marks actively dividing cells 
in intestine and hair follicle (Barker et al., 2007; Jaks et al., 2008), further studies would be necessary 
to determine whether dental Lgr5+ cells have a similar role.

Sox2 participates in the maintenance of dental epithelial stem cells and in regulating cell 
differentiation towards the ameloblast fate. Also, transient deletion of Sox2 can trigger cell plasticity 
events in the laCL in order to restore the normal dynamics following an insult (i.e. transient deletion 
of Sox2). Other stem cell niches such as the hair follicle and the intestinal crypt can exhibit intra-
organ plasticity in order to regenerate the tissue and restore homeostasis after damage (Rompolas et 
al., 2013; Tetteh et al., 2016; Tian et al., 2011). In the context of the laCL, it remains to be determined 
which are the exact mechanisms guiding the restoration of the dental epithelial stem cells.

A yet unanswered question in the field is the origin of adult stem cells. Sox2 is expressed in 
ESCs, foetal progenitors and several adult stem cells, and it has been shown that early Sox2+ foetal 
progenitors are the precursors for Sox2+ adult stem cells in a number of tissues (Arnold et al., 2011).
Previous work describing the dynamic Sox2 expression pattern in the mouse incisor supported the 
hypothesis that adult Sox2+ stem cells originate from embryonic progenitors (Juuri et al., 2012).
However these studies did not specify how similar the embryonic and adult Sox2+ cells were. We 
have found that the transcriptomes of these two populations are highly homologous but some genes 
specific for embryonic or adult Sox2+ cells. We propose that Sox2+ embryonic progenitors are 
destined towards the dental fate during tooth development and become increasingly more committed. 
For example, Sox2+ cells start expressing Meis1 at around E14.5 and retain the expression of this 
marker during adult stages. It is likely that cues from the stem cell niche are necessary to refine the 
dynamics of the embryonic progenitors and help establish different stem cell populations in the adult 
incisor. The analysis of the gene expression profile of Sox2+ cells at different timepoints would help 
confirm this conjecture. Also, single cell sequencing could be extremely valuable, given the 
heterogeneous nature of Sox2+ dental cells. 

As a result of our analysis, we have generated a list of genes expressed by Sox2+ cells during 
embryogenesis (embryonic progenitors) and adult incisor renewal (adult stem cells). The analysis of 
these genes can yield interesting findings regarding dental identity and stem cell maintenance. For 
instance, we have studied the transcription factor MEIS1. While, similarly to Sox2, Meis1 is not 
necessary during the early stages of tooth morphogenesis, it is mainly expressed in the cervical loops 
of developing teeth and in the adult incisor it specifically marks Sox2+ cells within the laCL. These 
results suggest a role for MEIS1 in the regulation of dental epithelial stem cells, similarly to other 
stem cell niches (Okumura et al., 2014; Unnisa et al., 2012). Further studies would be necessary to 
understand the role of Meis1 in the laCL.
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In this thesis, we have demonstrated that (1) Sox2 marks a heterogeneous population containing an 
Lgr5+ subpopulation, (2) Sox2 is necessary for stem cell maintenance and cell differentiation during 
tooth morphogenesis and incisor homeostasis, (3) embryonic and adult Sox2+ cells are largely similar, 
supporting the hypothesis that Sox2+ embryonic progenitors give rise to adult Sox2+ stem cells. 
Finally, we have discovered that (4) Meis1 is expressed during tooth formation and that (5) Meis1
marks the same cell population as Sox2 in the adult incisor labial cervical loop. Taken together, this 
work contributes to better understanding the biology of dental epithelial stem cells. 
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