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 During mammalian evolution head morphogenesis is both a conserved and 

complex process. The vertebrate skull is a complexly designed, evolutionarily quite 

ancient structure. Within mammals, the overall shape of the skull shows important 

conserved components, species-specific variations, along with hereditarily conserved 

individual components[1]. Craniofacial and orodental developmental anomalies are 

often clear aspects of rare diseases or syndromes. These diseases encompass 

about 7000 different entities, affecting 4 million people in France, and almost 25 

million in Europe. By definition, rare diseases affect less than one person in 2000 and 

for ~80%, are genetically driven. Among the over than 5000 known syndromes, more 

than 700 have a craniofacial and/or orodental phenotype[2, 3]. About 250 (of the 700) 

genetic diseases display cleft lip/palate symptoms. Novel rare diseases and 

corresponding mutated genes will thus be essential to understand genetic signaling 

pathways regulating craniofacial and dental development, and provide clues to 

understand organogenesis to develop future clinical approaches.  

Tooth development/anomalies is an excellent model organogenesis to 

understand how a given mutated gene can alter tooth morphogenesis and/or terminal 

differentiation of post-mitotic cells, events leading to the formation and mineralization 

of dentin, enamel, cement. It is also a system to decipher/epigenetics, including 

genetic interactions with environment. The tooth is indeed an excellent marker of 

environmental assaults, which when taking place during the early mineralization 

process (prior tooth eruption within the oral cavity) can have permanent effects. A 

combination of genetic background and susceptibility to environment may modulate 

any given phenotype.  

Mouse models dentition, despite intrinsic differences reproduces dental 

anomalies encountered in human rare diseases. These models are a powerful 

approach to increase our understanding of human disease, through advancing our 

understanding of fundamental biological mechanisms[4].  
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This PhD thesis will first present as background information dental 

development and the main pathways involved, with a focus on retinoids. It will then 

discuss dental anomalies in relationship with environmental assaults and rare 

diseases. 

The experimental work (presented in published papers) begins with 

investigations on the role of environment, by examining the developmental effects of 

excess retinoic acid on enamel formation. The next two papers explore the 

craniofacial and orodental phenotype of 2 rare diseases transgenic animal models. 

Enamel and dental anomalies in latent transforming growth factor-β binding protein 3 

(Ltbp3) mutant mice are examined. Lastly, a manuscript in preparation on the 

craniofacial and tooth abnormalities in Sparc-related modular calcium-binding protein 

2 (Smoc2) mutant mice is presented.  

These rare disease mouse models were selected based on sequencing data 

from families and patients enrolled in the Strasbourg University and Hospital 

Reference Center for orodental rare diseases.  These investigations have taken 

place in collaboration with O-Rares, within the ERDF funding framework of the 

Interreg IV Offensive Sciences and the Interreg V RARENET projects. 
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CONTEXTE ET COMMENTAIRE 

(BACKGROUND AND SIGNIFICANCE) 
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Part I 

Tooth development 
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Teeth are composite organs with both an epithelial (the enamel organ) and a 

mesenchymal compartment (papilla, pulp). They use epithelio-mesenchymal 

interactions to drive their development. The same conserved signaling pathways that 

regulate most aspects of embryonic development are required for tooth development.  

Odontogenesis starts as neural crest cells individualize and migrate towards 

the first branchial arch to interact with the oral ectoderm, and initiate in specific 

location and timing the beginning stages of tooth development. Tooth development 

then progresses through different stages from dental lamina to individual placodes, 

then through bud, cap, bell stages, to set up the crown and direct later root 

morphogenesis. Timely controlled terminal differentiation of odontoblasts and 

ameloblasts begins, leading to the patterning of dentin and enamel matrix.  This is 

followed by further maturation in the mineralization processes. The alveolar bone and 

the periodontium develop concomitantly.  

Most of our current knowledge on the molecular and genetic basis of tooth 

development has come from mouse studies. Extensive investigations into the 

molecular regulation of tooth formation have been carried out with many genetically 

engineered mouse models[5, 6]. 

Developmental anomalies include changes in the number, shape, size, and/or 

composite tooth structure. These changes may also be visualized through the color 

or structural integrity of dental hard tissues such as dentin, enamel, cementum, 

alveolar bone. In addition the eruption and/or resorption of teeth are also linked to 

stage-specific morphological and molecular events and pathways. 

I.1 The mouse dentition 

 Mouse teeth have a unique, conserved organization. This is shown in Figure 

1. In each quadrant, a single incisor is separated from three molars by a gap (or 

toothless region) called the diastema. Hence rodents such as mice display a reduced 

number of teeth (compared to humans). Mice also have a single set of teeth. Rodent 

teeth are considered to be deciduous teeth that do not undergo replacement[7, 8], 

whereas humans have two sets of teeth[9]. The potential for tooth replacement in 

mice appears to have been retained[8, 10, 11]. Rodent incisors are different from 
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humans because they grow continuously throughout the life of the animal, a property 

assigned to the presence of stem cells populations in their cervical loops. Enamel is 

present only on the labial side of the incisor, considered as a crown analogue. The 

lingual side is covered with dentin and represents the root analogue. 

 

Figure 1 The human and mouse dental morphology and a fate of dental 

development. 

(A) (B) The human permanent dentition, in comparison with the mouse. Mice have a 

toothless diastema separating incisor and molars in each half of the jaw.  

(C) Dental development begins from a thickening of the epithelium, where the 

growing epithelium then forms bud. Then, the dental mesenchyme condenses 

underlying the tooth epithelial bud. At the morphogenesis stage, the epithelial tissue 

transforms to cap and bell shapes. The signaling centers, called primary and 

secondary enamel knots, in the enamel organ control the growth and the shape of 

the tooth. At the tooth differentiation stage, enamel-secreting ameloblasts and dentin-

secreting odontoblasts mature from epithelial and mesenchymal cells, respectively.  

(source [12]) 
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I.2 Sequential stages of odontogenesis 

 Odontogenesis occurs in sequential stages. To recapitulate, this begins with 

tooth initiation, induction of epithelial placodes (seen as localized thickening of the 

oral ectoderm), followed by bud, cap, and bell morphogenetic stages. Subsequently, 

the terminal differentiation of odontoblasts and ameloblasts is observed (Figure 1). 

Next, root formation and tooth eruption occur. The appearance of sub-regional tooth-

types (incisors and molars) can be distinguished by the unique shape of the crown 

and root, as well as a defined cusp patterns. Studies of developing mouse teeth 

suggest that cusp initiation and patterning in tooth germs is a process that repeatedly 

re-utilizes conserved developmental pathways[13-17]. 

I.2.1 The origin of ectodermal tissue and appendages 

 During early embryogenesis the ectoderm is the external germ layer. The 

epidermis develops from the surface ectoderm[18]. Epidermis-derived structures 

include the skin and other stratified epithelia such as the oral epithelium. 

Subsequently, these tissues diversify to specialized structures (called ectodermal 

appendages) that include mammary glands, salivary glands, hair follicles, and teeth. 

These ectodermal appendages all develop through similar mechanisms, involving 

precise crosstalk between the epithelium and mesenchyme, and often sharing 

common morphological features during early organogenesis[19]. 

The cephalic neural crest   

Teeth are ectomesenchymal organs derived from oral ectoderm and neural 

crest cells ectomesenchyme. The level of origin within the crest for lower incisors and 

lower and upper molars is identical, namely the caudal part of the midbrain/rostral 

hindbrain.  These cells all migrate toward the first branchial arch. Cells originating 

from the forebrain and rostral midbrain also migrate towards the frontonasal process 

and the intermaxillary process to participate to the development of the upper incisors. 
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I.2.2 Initiation of dental development 

Teeth are initiated from the dental lamina, a stripe of stratified epithelium, first 

visualized at mouse embryonic stage (E) 11. This dental lamina is of epithelial origin 

(oral ectoderm). Localized epithelial thickenings (placodes) within the dental lamina 

mark the initiating tooth, which then buds into the underlying mesenchyme.  

Dental placode formation can be visualized by Pitx2 expression. This 

transcription factor serves as a specific, early marker of dental epithelium, whose 

expression persists in all epithelial cells of the developing tooth until crown 

morphogenesis[20]. Reciprocal epithelial–mesenchymal cross-tissue interactions 

induce and regulate tooth morphogenesis[21]. Tooth-generating oral regions have a 

so-called odontogenic potential.  

Classical tissue recombination experiments have shown that the odontogenic 

potential first resides in the epithelium at the placode stage[9]. Hence, mouse oral 

epithelial region (between E9 and E11.5) can induce tooth formation in non-dental 

mesenchyme[22, 23]. After E11.5 the odontogenic potential shifts to the dental 

mesenchyme, so this mesenchyme can induce non-dental epithelia to become 

teeth[24]. In parallel, the ability of the epithelium to induce tooth appears lost at this 

stage. The shift in odontogenic potential to mesenchyme temporally occurs at the 

placode stage[24, 25]. The dental lamina expresses many transcription factors and 

signal molecules such as fibroblast growth factors (FGFs), bone morphogenetic 

proteins (BMPs), sonic hedgehog (SHH), and WNT signals that regulate dental 

identity. Gene restricted to the placodes or early signaling centers include Pitx2 and 

Foxi3, along with many other signaling pathway molecules (including Shh, Wnt, Bmp, 

Fgfs-notably Fgf20)[12, 26, 27]. Early combined actions of these factors increase 

proliferation producing the tooth bud. Some of these factors are involved in mediating 

the shift of odontogenic potential to the mesenchyme (Figure 2) (reviewed in [21]). 
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Figure 2 Signaling cascades during epithelial-mesenchymal interaction. 

The capacity to initiate teeth first resides in the oral epithelium of E10 and E11 stage 

mouse embryos (dental lamina stage). This capacity shifts at the placode stage (E12) 

to the surrounding neural crest-derived mesenchyme. This is simultaneous with 

dental mesenchyme condensation. The epithelial/mesenchymal odontogenic 

potential was defined through tissue recombination experiments (source [21]) 

 

Teeth develop as epithelial appendages and share many of the same 

regulatory mechanisms with other ectodermally-derived organs during their initial 

formation and morphogenesis[12] (Figure 3). During odontogenesis, specific cells 

secrete signaling molecules at defined sites which often initiate defined 

transcriptional cascades[28].  
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Figure 3 Ectodermal appendages development during its initial stages. 

Ectoderm-derived structures initiate from embryonic ectoderm, mainly due to 

mesenchymal-derived signals. Epithelial placodes appear and subsequently grow 

into the surrounding mesenchyme. These early developmental events are similar in 

all ectodermal organs. At later stages, epithelial buds undergo different 

morphogenetic configurations, resulting in the formation of more specialized 

structures. (source [29]) 

 

I.2.3 Dental morphogenesis 

During the transition from the bud to cap stage, a signaling center called the 

primary enamel knot is formed from a transient cluster of dental epithelial cells[30]. 

The primary knot establishes the crown base, regulates the pattern of tooth cusps, 

and directs the projections of enamel and dentin on the occlusal surface. In teeth with 

multiple cusps (such as the molars) secondary enamel knots appear early at the bell 

stage, positioned at the tips of future cusps. The secondary knots coordinate cusp 

patterning by inducing terminal differentiation of the adjacent mesenchymal-derived 

odontoblasts. Additional enamel knots (which result in additional cusps) can form 

outside the zones of inhibition of previously formed enamel knots. This process is 

dynamic. The patterning of cusps is not predetermined, so the size, shape and 

location of the first-forming cusps regulates the appearance of later-forming 

cusps[15]. Under this patterning cascade model of cusp development[14], a small 

change early in tooth germ growth results in large alterations in the fully formed 

crown, particularly in the total number of cusps. 

After performing their function, enamel knots disintegrate through cell 

apoptosis. Gradients of signaling molecules, including those belonging to the Bmp, 

Fgf, Wnt, Shh, and NF-κB signaling pathways[13], originate from and act around the 

knot, functioning as inducers, mediators, and inhibitors to determine correct formation 

of tooth shape and crown patterning. These reiterative signaling molecules are 

indispensable throughout the process of micropatterning (cusp size and cusp 

number) and macropatterning (tooth size and tooth number). In mice more than 80 

genes have been reported to be expressed, in and surrounding the knot (http://bite-

it.helsinki.fi), suggesting their complex integration and interactions. Alterations of 
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these fine-tuned interactions lead to alterations of cusp patterning and tooth 

morphology. These types of dental anomalies are observed in a number of animal 

models, and are sometimes seen in analogous patient rare disease cases. 

I.2.4 How the tooth begins to differentiate into defined tooth lineages 

Dentin and enamel are mineralized tissues produced at the late bell stage of 

tooth development by two different tooth-specific post-mitotic cells: the mesenchyme-

derived odontoblasts that produce dentin and the epithelial ameloblasts that produce 

enamel matrix proteins. Morphological and molecular events occurring during 

dentinogenesis and amelogenesis will be described. 

I.2.4.1 Dentin development (dentinogenesis) 

Dentin is the substructure of enamel, and its flexibility reduces tooth damage 

by absorbing force. Dentin has about 60% mineral content and is a tissue very similar 

to bone. It has an intricate network of dentinal tubules and is filled with dentinal fluid 

and odontoblastic processes that are thought to play a role in the neurosensory 

function of teeth[31]. Dentin acts throughout life as a protective barrier, with 

reparative responses to environmental assaults. Dentin also can function to secrete 

sclerotic dentin, which upon attack from dental carries or chewing forces blocks and 

protects dentinal tubules. Sclerotic dentin appears translucent due to calcification, 

occurring with aging or injury.  

Odontoblasts are specialized ciliated cells [32], who function in the formation 

of dentin. Odontoblast differentiation follows a defined temporospatial gradient from 

the cusp tip towards the cervical area of the tooth, an event induced by the inner 

dental epithelial (IEE) cells. Odontoblasts synthesize dentin matrix proteins [33]. 

Collagens (I, type I trimer, III, V, VI) are abundant odontoblast components. Non-

collagen components of odontoblasts include osteonectin, osteocalcin, and 

SIBLINGs (Small Integrin-Binding Ligand, N-linked Glycoproteins), osteopontin, bone 

sialoprotein (BSP), dentin matrix protein 1 (DMP1), and dentin sialophosphosproteins 

(DSPP or DSP and DPP)[34]. Other molecules which contribute to dentin formation 

include the proteoglycans, serum proteins such as albumin, enamel proteins such as 

amelogenins and matrix metalloproteinases (MMPs)[35]. 
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The collagen molecules communicate with a variety of non-collagenous 

proteins to aid initiate and regulate the mineral deposition in these tissues. DSPP is 

the most abundant and well-known non-collagenous protein. It is a highly 

phosphorylated protein, which can attach to the type 1 collagen fibril, regulating 

collagen deposition at specific sites[31, 33]. 

Mutations in either type I collagen or linked proteins can cause hereditary 

dentin defects like Dentinogenesis Imperfecta (DI). Many mutations are found in 

these manners and are often associated with Osteogenesis Imperfecta (OI), a group 

of hereditary defects associated with bone fragility/anomalies. By the way, only some 

collagen mutations result in dentin defects[31, 33]. 

I.2.4.2 Enamel development (amelogenesis) 

Dental enamel is the hardest and the most densely mineralised tissue of the 

body (95% in weight) mainly composed of calcium hydroxyapatite crystallites. Its 

strength is not only linked to its great mineral content, but also to the sophisticated-

arranged organization of enamel crystallites and substructures. Thus, enamel 

formation necessitates an elaborately regulated orchestration of cellular and 

chemical events during amelogenesis to properly make enamel with the certain 

mineral composition and organization[36]. Genetic aberrations or environmental 

disturbances during this process are able to cause developmental enamel 

defects[37, 38]. 

Ameloblasts differentiate, within the enamel organ, at bell stage, from IEE. 

Their differentiation follows the same temporospatial gradient as odontoblasts, but 

with a different timeframe. Amelogenesis proceeds in the presence of 

predentin/dentin and after disappearance of the basement membrane (stages when 

odontoblasts are functional).  

Ameloblast synthesize, participate in mineralization and resorb the enamel 

matrix proteins during the maturation stage[37]. Amelogenesis can be segmented in 

five stages, including the initial or pre-secretory stage, secretory stage, transitional 

stage, maturation stage, and post-maturation stage. First, a layer of IEE adjacent to 

the underlying ectomesenchyme starts to differentiate into ameloblastic cells, they 
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withdraw from the cell cycle, elongate, polarize and develop the protein synthesis 

organites. Pre-secretory ameloblasts differentiate into secretory ameloblasts which 

deposit a protein matrix. Hence, the enamel matrix acts as a provisional protein 

scaffold on which enamel crystals are able to form[39]. Differentiating pre-

ameloblasts stretch cytoplasmic projections through the basement membrane, which 

is then gradually degraded. These pre-secretory stage ameloblasts provide an 

appropriate environment for subsequent matrix and ion deposition. During the 

secretory stage, the ameloblasts become columnar-shape cells and secrete 

tremendous amounts of enamel matrix proteins such as Amelogenin (Amel), 

Ameloblastin (Ambn), and Enamelin (Enam). 

 

 

Figure 4 Normal enamel prism of lower incisor in mouse.  

Scanning electron microscopic (SEM) analyses of lower incisors from 7 week-old 

wild-type (WT) mice shown the characteristic enamel rod/interrod structure. More 

detailed analyses of these enamel microstructure reveals a pattern of interlocking 

enamel prisms at the erupted portion of the incisor (where enamel is mature). This 

enamel prism pattern reveals normal thickness of decussations in its criss-crossing 

pattern. (Images from Supawich Morkmued (2016) collaborated with Pr Joseph 

Hemmerlé and Dr Eric Mathieu)  

 

During initial enamel secretion, ameloblasts move away from the dentino-

enamel junction (DEJ), to permit extension of enamel crystal ribbons and to enable 
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appositional growth (first as aprismatic enamel, then as prismatic enamel 

(ameloblasts with Tomes process), and finally as aprismatic surface enamel (stages 

in human enamel formation)[36]. This progression establishes the thickness of the 

enamel and serves as a mold for orientating enamel crystals. When the enamel 

reaches its maximum thickness, then secretory-stage ameloblasts withdraw their 

cytoplasmic processes and turn into a shorted columnar-shape transition-stage, 

under which a basement membrane reforms. Subsequently, the transition-stage 

ameloblasts further shorten into cuboidal maturation-stage ameloblasts, which begin 

adjusting between ruffle and smooth-ended cells at the surface of enamel. During 

this maturation stage, the enamel matrix proteins are then degraded by enamel 

proteases such as kallikrein-related peptidase 4 (KLK4) and matrix metalloproteinase 

20 (MMP20). Thus, these proteases permit enamel to degrade matrix and to serve 

space for additional mineral deposition at the areas of future enamel crystallites, 

which increases the strength of the enamel[36, 37] (Figure 4). Finally, the enamel is 

able to exchange mineral ions of the saliva and oral fluid after eruption, which can 

affect the composition of the external layers of enamel. Hence, the enamel 

development is elaborately regulated and, still, highly susceptible to either 

environmental or genetic influences. 

I.2.4.3 Dental Pulp 

The tooth mesenchyme is subsequently termed dental pulp at the bell stage, 

as terminal differentiation of odontoblasts proceeds. The dental pulp is mainly a vital 

tissue comprised of odontoblastic cells, fibroblastic cells, blood vessels, nerves, and 

a multiplex extracellular matrix. The pulp provides a neurosensory function as well as 

a reparative potential of dentin[40]. Hence, the dental pulp can increase production of 

dentin, in a process called reparative or sclerotic dentin production, to protect and 

isolate essential vital pulp from the injury or noxious stimuli[41]. The pulp is 

maintained deposing small amounts of new dentin throughout life, as a part of pulp 

normal physiology[42]. The pulp chamber is gradually reduced with aging. It crucial to 

keep healthy dental pulp until the termination of root formation and development of 

the root walls.  If the pulp dies in an immature tooth that lacks full root formation, the 

tooth will likely die. Enamel and dentin are of sufficient thickness to retain the 

massive forces transmitted from the crown during function. 
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I.2.4.4 Root formation 

Root formation occurs after crown development. Outer dental epithelium of the 

prospective crown-root boundary, instead of differentiating into ameloblasts become 

Hertwig’s epithelial root sheath (HERS) –a structure that grows and migrates 

downward guiding the formation of root. This process also induces odontoblasts 

differentiation, producing root dentin.  Essential regulators of bone and dentin 

differentiation, such as Osterix, appear to have roles during root elongation. Hence, 

dental-specific ablation of Osterix produces mice with short tooth roots[43]. Tgfbr2, 

Bmp2, and Ptc1 also appear required for root elongation[44-46]. Thus, HERS has a 

limited growth potential, which defines the length of the root. In addition, the 

expression of ameloblastin in HERS may trigger normal root differentiation[47]. The 

disintegration of HERS leads up to the formation of an epithelial mesh called 

epithelial rests of Malassez.  These are odontogenic epithelium within the matrix of 

the periodontal ligament, supporting tissue-homeostasis or periodontal ligament 

regeneration potentially acting as a stem-cell like population[48]. 
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Part II 

Signaling pathways involved in tooth 

development  
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Orchestrated signaling cascades regulate tooth development. Uncovering the 

molecular details of signaling networks regulating interactions between epithelial and 

mesenchymal cells within the epithelio-mesenchymal interactions during tooth 

morphogenesis has been the subject of intensive investigation (reviewed in [9]). 

These events include developmentally programmed inter- and extra-cellular 

growth factor signaling, transcription factor DNA binding, and cell cycle modulation. 

These signals can be altered in pathological conditions, or by environmental agents - 

often by events adversely altering tooth patterning and/or differentiation[49]. 

II.1 Transcription factors critical in tooth patterning 

The initial patterning, as well as the coordinated interplay of signals at each 

step of tooth development is greatly dependent on the actions of numerous 

transcription factors. For example, during the initiation of tooth development epithelial 

FGF8 and BMP4 within the oral ectoderm and dental lamina induce the expression of 

many transcription factors, including Barx1, Dlx1, Dlx2, Msx1, Msx2, Pax9, Pitx1, and 

Pitx2[50-52]. The expression in the prospective mesenchyme of many non-classical 

or divergent homeobox (HOX) -containing genes, such as Barx1, Dlx1, Dlx2, Dlx3, 

Dlx4, Dlx5, Dlx6, Lhx6, Lhx7, Msx1, and Msx2[53-55] (Figure 5), led to the proposal 

of the odontogenic homeobox code model. This model postulates that expression of 

a specific combinations of homeobox gene directs the formation of specific tooth 

types[56].  
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Figure 5 Pattern of gene expression in the developing tooth.  

(a) The early dental signaling at the mandibular arch stage. Inductive signaling 

occurs between the epithelium and the mesenchyme, and within the epithelium at 

E10.5. Both positive auto-regulatory loops and mutual repression within the 

epithelium causes the formation of tight boundaries of gene expression, which 

establish the presumptive incisor and molar tooth fields. Members of different 

proteins in the epithelium regulate the expression of a variety of divergent homeobox 

genes. This results in a complicated pattern of gene expression in the mesenchyme 

in all directions. 

(b) The early tooth homeobox model. The expression network of homeobox genes in 

the jaws produces a homeobox code that may determine tooth type. (source [57]) 

 

Pitx2  

Paired-like homeodomain transcription factor 2 (Pitx2) is a member of the 

PITX homeobox family encoding a bicoid class of homeodomain proteins. This 

transcription factor[58] appears an important upstream regulator of the transcriptional 

hierarchy in early tooth development. At murine E8.5, prior to any morphological 

signs of tooth development, Pitx2 is expressed in the stomatodeal epithelium (the 

precursor to oral and dental epithelium). Accordingly, Pitx2 is considered to be the 

earliest transcription factor expressed during tooth development[51, 59]. Pitx2hd-/- 

mandibular teeth arrested as tooth buds, and maxillary teeth arrested at the placode 

stage[60]. 

Dlx 

Distal-Less/Dlx homeobox (Dlx) genes function as homeobox genes with 

explicit roles in patterning structures such as the developing limb[61]. Several studies 

have shown that alterations in DLX signaling pathways can cause variations in tooth 

number. Such studies indicate mechanisms that may have determined tooth number 

during mammalian evolution. An example of tooth loss in cypriniform fishes (including 

zebrafish) was correlated with the loss of dlx2a and dlx2b expression in the oral 

odontogenic epithelium[62]. Because DLX genes are required for tooth development 

in mice[63], changes in trans-acting regulators of DLX genes, which might be 

https://en.wikipedia.org/wiki/Homeodomain
https://en.wikipedia.org/wiki/Transcription_factor
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downstream of FGF signaling, have been suggested as candidates responsible for 

the loss of fish pharyngeal oral teeth[62]. Additionally, a region in the upstream 

regulatory element of dlx2b was retained that conducts specific expression in the oral 

epithelium. The retention of this cis-regulatory element is believed to be due to its 

requirement in other tissues, being as Dlx genes have pleiotropic effects in other 

organs[64]. These studies suggest that tooth lost from specific regions may be 

relatively easy to reacquire during evolution[64]. 

The normal early developmental function of other distal-less genes such as 

Dlx3 in odontogenesis remains unclear (potentially owing to functional redundancy 

between other Dlx family members). The loss of Dlx3 in the neural crest diminishes 

both odontoblast differentiation and dentin production. Dlx3 mutant mice have brittle 

teeth and hypoplastic dentin. Dspp is decreased in Dlx3 mutant odontoblasts[65]. 

Hence Dlx3 appears essential in regulating dentin production. It also promotes the 

gene expression of enamel matrix proteins during amelogenesis[66]. In addition, 

DLX3 is mostly involved cases of Tricho-dento-osseous (TDO) syndrome, an 

autosomal dominant disorder characterized by abnormalities in the thickness and 

density of bones and teeth[67, 68].  

Msx1 

Msh homeobox 1 (Msx1) is a protein that in humans is encoded by the MSX1 

gene[69]. Homozygous Msx1-deficient mice show complete secondary cleft palate, a 

failure of incisor development, and an arrest in molar development beginning at bud-

stage[70]. 

Pax9 

Pax9 is a member of the paired box (PAX) family of transcription factors that 

encodes for a paired domain-containing transcription factor which plays a major role 

in the development of mammal dentition. Pax9 expression has been revealed to 

specifically mark the mesenchymal regions at prospective sites of tooth formation 

beginning at E10[50]. In human, it has been associated with selective tooth agenesis, 

which mainly involves the posterior teeth. In mouse, the lack of Pax9 causes an 

arrest in dental development beginning at the bud stage[71]. Molecularly Pax9 may 

https://en.wikipedia.org/wiki/Pax_genes
https://en.wikipedia.org/wiki/Transcription_factor
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act together with Msx1, allowing the dental mesenchyme to maintain expression of 

Bmp4, which is crucial for establishing the enamel knot[72, 73]. Recently, it was 

shown that during early tooth formation, mesenchymal condensation alone could 

regulate expression of Msx1 and Pax9, as well as that of Bmp4[74].  

Runx2 

RUNX2 encodes a runt-domain containing transcription factor (Runx) that is 

critical for bone development, hence Runx2 mutation blocks skeletal ossification, 

severely disrupting tooth formation[75-77]. Runx2 is expressed in the dental 

mesenchyme during the bud and cap stages, and regulates Fgf signaling from the 

dental epithelium to mesenchyme[75, 78, 79]. Runx2 mutant mice show tooth 

developmental arrest at late bud stages[75], accompanied by large reduction or 

absence of expression of Fgf3 in the dental mesenchyme, and of Shh, Edar, and p21 

in the enamel knot[79]. In addition, Runx2 controls continued tooth growth and 

morphogenesis beyond the cap stage through its activation of Fgf3 and Fgf10 

expression in the dental papilla[79, 80]. 

MicroRNAs  

MicroRNAs (miRNAs) are 19- to 25-nt noncoding small single-stranded RNAs 

that negatively regulate gene expression by binding target mRNAs, which is known to 

be essential for the fine-tuning signaling pathways in development. The involvement 

of miRNAs in various ectodermal derivatives has been demonstrated in skin[81, 82], 

hair[83], and teeth[84-87]. The presence of many miRNAs at a single site (potentially 

acting in a redundant manner) complicate the elucidation if their function.  A clear 

strategy to elucidate miRNA function is the tissue-specific deletion of DICER, which 

abolishes all miRNAs processing. Functionally the deletion of dicer in using Pitx2-Cre 

(the earliest marker of tooth) changed both molar and incisor patterning, disrupted 

ameloblast development, and expanded the cervical loop[84]. Enamel-specific 

deletion of DICER revealed somewhat mild changes in tooth shape and enamel 

differentiation[86]. The expression of miRNAs in distinct regions of the mouse incisor 

and pulp was profiled using microarray experiments, laying the groundwork for future 

investigations[86, 87]. miRNA synthesis is tightly controlled, as it guides development 
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and can be altered in congenital malformations such as DiGeorge syndrome 

(reviewed in [88]). 

II.2 The TGF-β/BMP pathway 

BMP 

Bone morphogenetic proteins (BMPs) are a family of growth factors 

functioning to induce the formation of bone and cartilage.  Because of the 

interactions between alveolar bone and tooth, they have obvious roles in tooth 

development. They also appear to have tooth-specific functions. BMPs play roles at 

multiple stages during odontogenesis. For example, BMP4, in particular, is an 

important mediator of signaling between epithelial and mesenchymal tissues[89]. 

Additionally, in the developing mouse tooth, several Bmp genes, including Bmp-2, -3, 

-4, and -7, are expressed in either epithelial or mesenchymal components[90] (Figure 

6). 

They have important physiological actions as dysregulated BMP signaling can 

lead to numerous congenital diseases such as Osteogenesis imperfecta, type XIII 

(OMIM; 614856) or Brachydactyly, type A2 (OMIM; 112600). BMP alterations mark 

diverse pathological processes including (for example) facial clefting, anophthalmia-

microphthalmia, retinal dystrophy, myopia, poly- and/or syndactyly[91, 92].  

 

https://en.wikipedia.org/wiki/Growth_factors
https://en.wikipedia.org/wiki/Bone
https://en.wikipedia.org/wiki/Cartilage
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Figure 6 Schematic representation of the Bmp and Tgf-β signaling pathways. 

BMP is part of the TGF-β superfamily, its signals transduced into cells by a serine-

threonine kinase transmembrane receptor binding with one of the 3 type I receptors 

(BMPR-IA, BMPR-IB, and Alk2). Its ligand-binding induces receptor in turn 

phosphorylating target intracellular Smads, mainly Smads-1. -5, and -8, in the 

cytoplasm. Tgf-β targets mainly Smads-2 and -3 through Tgf-β receptors and Alk5. 

These phosphorylated Smads (pSmads) then bind to the common Smad4 to control 

nuclear gene expression (source [93]) 

 

BMP roles in tooth initiation 

The antagonism between Fgf and Bmp appears to determine the tooth-bud 

site and tooth type during initiation of the tooth bud. BMP signaling in the oral 

epithelium antagonizes FGF signaling, the later thought to determine the sites of 

tooth formation[50-52]. Thus mesenchymal BMP4 regulates Fgf8 expression[51] and 

is critical for the establishment of presumptive incisor and molar tooth field, for the 
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transition from the tooth bud to cap stage, and for induction of the epithelium enamel 

knot[72, 73]. The inactivation of activin or Bmpr1a (in either epithelium or 

mesenchyme) also results in the arrest of tooth development after the bud stage[94-

96].  

BMP roles in tooth number, tooth morphology, and size 

Collectively the BMP signaling pathway regulates tooth formation. 

Overexpression of the BMP inhibitor Noggin arrests tooth development at the lamina 

to bud initiation stage of tooth morphogenesis[97]. While relatively little is known 

regarding the molecular mechanisms in which BMP alterations affect dental 

morphology, decreasing BMP signaling in the incisor region can lead an incisor to 

acquire a molar-like phenotype[98]. The relative size of mouse molars can also be 

influenced by overall BMP levels[99].  Specifically events of BMP activation and 

inhibition occur successively between developing teeth[100]. Mutation of the BMP 

inhibitor gremlin (Grem2) is associated with human tooth agenesis, microdontia, short 

tooth roots, taurodontism, sparse, and slow-growing hair[101]. Consistently, Grem2 

mutant mice have small, malformed maxillary and mandibular incisors[102].  

BMP roles in tooth differentiation  

During odontoblastic differentiation, BMP2 mediates DSPP gene expression 

and odontoblast differentiation via the heterotrimeric transcription factor Y[103]. In 

addition, the down-stream effectors of BMP/TGF-β signaling, such as SMAD4 also 

play a role during tooth differentiation events[104]. 

Ameloblast differentiation is controlled by antagonistic actions of BMP4 and 

activin A[94]. The asymmetrically expression of the BMP inhibitor follistatin also 

regulates the labial-lingual patterning of enamel formation[105]. The continuous 

growth and enamel deposition in mouse incisors can be modulated by the net levels 

of Fgf, Activin, and Bmp signaling in the epithelial stem cell niche[106]. 

TGF-β  

Transforming growth factors beta (TGF-β) is part of a super-family of growth 

factors that regulates a broad range of cell growth, differentiation, and extracellular 

morphogenetic events[107]. The essential functions of the TGF-β superfamily involve 
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actions during tooth crown patterning and tooth root development (Figure 6). Their 

importance is further highlighted in studies investigating Smad-dependent and Smad-

independent pathways regulating tissue-tissue interactions during patterning of tooth 

crown and root (reviewed in [108]). 

TGF-β roles in tooth differentiation  

TGF-β proteins are thought to play an important role in the morphogenesis of 

developing teeth[109]. Both TGF-β1 and TGF-β3 are produced by the enamel organ 

and activated by components of the basement membrane[110]. Inhibiting TGF-β 

signaling stops ameloblast enamel secretion[111, 112] and inactivation of the Tgfbr2 

gene increases odontogenic epithelial cell proliferation[113]. TGF-β-RII cKO and 

TGF-β1 over-expression exhibits a tooth phenotype at the early stage of enamel 

formation[112, 114]. Tgf-β receptor II conditional knockout mice also show enamel 

attrition with thinner crystals[114]. In addition, TGF-β-activating SMAD2, 3 and TGF-

β-inhibiting SMAD7 are found both in the enamel epithelium and dental 

mesenchyme.  Their mutations produce a variety of tooth phenotypes, such as a 

reduction of enamel related to their roles in ameloblastic function and tooth 

morphogenesis[109, 115]. 

In addition, dosage-dependent effects of TGF-β expression are observed. 

Transgenic overexpression of TGF-β1 in early secretory stage ameloblasts (via 

dentin TGF-β1 transgene overexpression) triggers dentin adhesion process 

detachment, ossification of dentin, and the formation of cyst-like structures formed 

from enamel matrix-like proteins[112]. An independent strategy of dental-targeted 

overexpression of TGF-β1 using a Dspp-Tgf-β1 transgene produced a dentin 

dysplasia-like phenotype[116]. TGF-β2 overexpression driven by an osteocalcin 

promoter (expressing in the dental mesenchyme) alters the dentin matrix, reducing 

dentin hardness and elasticity[117].  

Modulation/activation of TGF-β via LTBP 

In addition, TGF-β family interacting proteins play roles in the production and 

degradation of the extracellular matrix. TGF-βs are secreted in the form of latent high 

molecular mass complexes that contain other proteins [118]. Among their associated 
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factors are latent TGF-beta binding proteins (LTBPs) (Figure 7). To date, 4 members 

of the LTBP family (LTBP1, 2, 3, 4) are known. LTBPs are important regulators of 

TGF-β bioavailability and action. They also interact with other extracellular proteins, 

including microfibrils and elastic fibers [119]. The mouse LTBP polypeptide forms a 

complex with the TGF-β1 precursor [119]. LTBP3 allows latent TGF-β complexes to 

be targeted to connective tissue matrices and cells [120, 121]. The observation of 

bone abnormalities in Ltbp-3-null mice supports the role of LTBP3 in modulating 

TGF-β bioavailability [122]. Ltbp3 mutants, much like Ltbp1 null mice, develop 

discernible craniofacial abnormalities [123]. Human LTBP2 polymorphisms may 

underlie bone mineral density defects and fracture risk [124].  A recessive mutation in 

human LTBP4 causes multi-organ defects that include craniofacial 

malformations[125]. 
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Figure 7 TGF-β synthesis and activation. 

TGF-βs are synthesized as inactive precursors that contain unprocessed regions. 

Processing of inactive forms starts with a proteolytic cleavage that removes signal 

peptide from pre-pro-TGF-βs forms. After dimerization, TGF-βs are cleaved by 

proteases into terminal mature peptides and N-terminal Latency Associated 

Peptides. TGF-βs with Latency Associated Peptides form small latent complexes that 

are transported to extracellular matrix where they can further covalently bind to latent 

TGF-β binding protein (LTBP) to form a large latent complexes. LTBP is able to 

connect inactive TGF-β forms to extracellular matrix (ECM) proteins. This interaction 

is further supported by covalent transglutaminase-induced crosslinks. Activation of 

TGF-β starts with release of large latent complexes from ECM by proteases. Then, 

the mature protein is cleaved from LTBP, which is provided in vitro by acidic 

condition, pH or plasmin, or in vivo by thrombospondin. Once the active TGF-β family 

member is released from the ECM, it is capable of signaling. (Source [126]) 

 

LTBP3, has been defined as a member of the LTBP family, which serve to 

regulate TGF-β bioavailability and signaling by interacting with other extracellular 

proteins[119] (Figure 7). These proteins function to allow latent TGF-β protein 

complexes to have an altered conformation, and thus be targeted to connective 

tissue matrices and cells[121]. Mutations in human LTBP3 result in patients with 

short stature, vertebral and skull bone alterations, oligodontia[127], and mitral valve 

prolapse[128]. In a collaborative report examining patients with LTBP3 mutations, we 

observed a range of recessive hypomorphic mutations (producing alterations 

including gene deletion, nonsense, and aberrant splice mutations) causing 

developmental abnormalities such as short stature, brachyolmia, and hypoplastic 

Amelogenesis Imperfecta (AI) (OMIM; 601216)[129]. Investigating the dental 

phenotype of the Ltbp3-/- mouse model demonstrated very thin or absent enamel in 

both incisors and molars[129] and confirmed this animal model to be reliable to study 

the pathophysiology of Verloes Bourguignon syndrome. The full description of the 

tooth-specific morphological alterations in the Ltbp3-/- mutant mouse[130] is reported 

in this thesis in results section page 130. 
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II.3 FGFs 

Fibroblast growth factors, or FGFs, are a vital family of numerous growth 

factors, with members involved in angiogenesis, wound healing, embryonic 

development, and various endocrine signaling pathways. FGFs are major actors in 

the processes of proliferation and differentiation of diverse cells and tissues (Figure 

8) (for a general review see [131]; for skeletal-specific functions see [132]). 
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Figure 8 Schematic representation of Fgf signaling pathway.  

FGF signaling pathway is regulated at numerous levels. Heparan sulfate 

proteoglycans play both as co-receptors and modulators of ligand bioavailability. The 

main signaling pathways downstream of its receptor activation are the Janus 

kinase/signal transducer and activator of transcription, phosphoinositide 

phospholipase C, phosphatidylinositol 3-kinase and mitogen-activated protein 

kinase/extracellular signal-regulated kinase (MAPK/ERK). In addition, Sprouty 

proteins provide a negative-feedback mechanism to decrease or terminate FGF 

signaling (source [133]). 

FGF roles in tooth number, size and morphology 

Fgf8 and Fgf9 are among the earliest genes to be expressed in the oral 

epithelium. The conditional inactivation of Fgf8 in ectoderm caused defects in 

structures derived from the first pharyngeal arch, including teeth, jaws, lateral skull 

wall, and middle ear, as well as part of the tongue and other soft tissues[134].  

The mice with an inactivation of Fgf8 specific to the rostral branchial arch 

showed hypoplastic 1st branchial arch development along with an absence of molars 

(proximal structures), but in which the distal-most structures (such as lower incisors) 

were present. These results suggested a model in which the proximal derivatives of 

the first pharyngeal arch primordium are specified by FGF8, but the distal-most 

region depends on other signaling molecules for its outgrowth and patterning[134].  

In mice over-expressing a dominant negative form of Fgfr2b, tooth 

development did not progress beyond the bud stage[135]. Fgf4 and Fgf9, which are 

expressed in the enamel knot, are thought to stimulate proliferation in adjacent 

epithelial and mesenchymal tissues[136, 137]. Deletion of Fgf3 and Fgf10 in mice 

results in smaller teeth with aberrant cusp morphology[106], but individually these 

genes appear redundant, and did not appear to be individually required for 

ameloblast differentiation[106, 138]. FGF3 deletion in human has craniofacial defects 

with microdontia (OMIM; 610706). The role of FGF signaling is evolutionarily 

conserved and is involved in zebrafish tooth morphogenesis. Decreases in FGF 

signaling have been proposed to lead to the loss of oral teeth[62, 139].  
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The sprouty family of genes/proteins is inhibitors of FGF signaling.  Members 

include Sprouty 1, 2, and 4, which are expressed on the labial regions of the tooth 

during development and in the adult cervical loop. The inactivation of the FGF–

inhibitors Sprouty 2 and 4 produces a net increase in FGF signaling, in turn altering 

the stem cell cervical loop producing the generation of ectopic lingual surface incisor 

enamel[140]. In addition, alterations in MAPK/ERK cascade can reflect additional 

roles of the FGF pathway in evolutionarily controlling the number of teeth, which 

results in the formation of supernumerary teeth in front of the first molar[141]. Indeed, 

an evolutionary reduction in proliferation in the toothless diastema (potentially due to 

reductions in net levels of FGF), may account for evolutionary reductions in tooth 

number[142]. Additional examples of decreases in Sprouty gene dosage leading to 

increasing numbers of incisors have been reported[143]. 

II.4 WNTs 

The Wnt signaling pathway comprises several signal transduction pathways 

made up of proteins that signal through cell surface receptors. The main three Wnt 

signaling pathways have been characterized: the canonical Wnt pathway, the 

noncanonical planar cell polarity pathway, and the noncanonical 

Wnt/calcium pathway. All pathways are activated by Wnt-protein ligands binding to 

Frizzled family receptors. Receptor binding triggers recruitment of the downstream 

intracellular target Dishevelled[144]. The canonical Wnt pathway leads to regulation 

of gene transcription via stabilized b-catenin interacting and inducing TCF/LEF 

activation in the promoter of Wnt-responsive target genes. The non-canonical Wnt 

planar cell polarity pathway regulates the cytoskeleton that is required for the shape 

of the cell. Another component of non-canonical Wnt can be via the regulation of 

calcium concentrations, through calcium release within the cell. The actions of the 

Wnt signaling pathways specific to the bone formation and/or resorption are 

summarized in Figure 9. 
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Figure 9 Schematic representation of Wnt signaling pathway.  

Wnt proteins are secreted glycoproteins or ligands that transduces extracellular 

message to intracellular signaling cascade by binding through frizzled receptors. In 

the absence of this ligand (off state), β-catenin is sequestered by a complex of 

molecules such as Axin1, 2/APC/CK1α and GSK-3β, which is commonly known as 

destruction complex. Phosphorylation of β-catenin within this complex leads to 

ubiquitin and proteosomal mediated degradation process. In the presence of WNT 

ligand (on state), WNT protein binds to frizzled receptors along with its LRP5/6 co-

receptor complex resulting in interruption of the destruction complex. This will inhibit 

GSK-3β activity which in turn causes cytosolic accumulation of β-catenin, 

subsequently causing nuclear translocation resulting in target genes activation. In 

addition, Wnt pathway is inhibited by Dickkopf 1(DKK1), a soluble Wnt inhibitor, 

activated by NF-κB (source [145]). 
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WNT roles in tooth number 

The alteration and modulation of WNT signaling leads to variations in tooth 

number, either increases or decreases in the overall number of teeth. Several of 

these studies demonstrated that dental epithelium-overexpression of Wnt produces 

multiple tooth invaginations by augmenting β-catenin, hence causing the formation of 

extra enamel knots and ultimately, supernumerary teeth[146-149]. Multiple ectopic 

teeth in the molar region were observed after constitutive activation of the 

transcriptional effector CTNNB1 (catenin β 1)[146, 150]. Epithelial mis-expression of 

Lef1, the binding partner of CTNNB1, led to multiple tooth-like structures in the 

murine incisor region[151].  

Inactivation of WNT antagonists such as Apc[148, 152] and Sostdc1[17, 153, 

154] led to increases in the number of teeth. Overexpression of the WNT agonist Sp6 

also caused an augmentation in WNT signaling and mice with over 50 teeth[147]. 

Inversely, there is evidence in humans that decreases in WNT signaling lead to tooth 

loss[155-157]. Collectively the mechanism by which WNT signaling regulates tooth 

number appears quite complex because of the large number of Wnt targets and 

regulators. Further studies appear required for further clarification of this signaling 

pathway.  

WNT roles in tooth morphology 

Molar shape can also be regulated by WNT modulation. For example Lrp4, 

encodes a protein which may be a regulator of Wnt signaling. Lrp4-null mice 

exhibited enamel grooves on the labial surface of incisors with similar molecular 

characteristics as molar cusps, suggesting that WNT signaling may be involved in 

cusp formation[49]. 

II.5 NF-κB/TNF Pathway 

Ectodysplasin A (EDA), a transmembrane protein, is a tumor necrosis factor 

(TNF) superfamily member, whose downstream signaling is transduced by the 

inhibitor of κB kinase (IKK) complex and inhibitors of κB (IκB) to activate the 

transcription factor NF-κB (Figure 10). NF-κB signaling is involved in a wide range of 
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cellular processes and at each stage the different family members must be tightly 

regulated for each function[158, 159].  

It is evident that Ectodysplasin/ NF-κB signaling is involved in the shaping of 

teeth on a number of different levels. This signaling pathway is quite important during 

odontogenesis, particularly in the number of teeth as well as the formation of 

cusps[158]. 

 

 

 

Figure 10 Schematic representation of Eda signaling pathway.  

The binding of the ligand Ectodysplasin (EDA-A1) to the TNF-receptor Edar leads to 

the formation of a complex containing Edaradd, complex. This activates the IKK 

complex either directly or via activation of NIK (JNK), which in turn phosphorylates 

IKK. Activation of the IKK complex regulates ubiquitination and proteasomal 

degradation of the inhibitory proteins IkB and to the launching of the NF-κB 

transcription factor. NF-κB translocates into the nucleus, where it switches on the 

transcription of target genes. (source [160]) 
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EDA plays an essential role in the development of ectodermal tissue such as 

skin[161]. During early odontogenesis, EDA signaling is crucial for determining the 

size of the tooth field and the number of teeth generated. Eda is expressed in oral 

and dental epithelium throughout tooth formation, whereas Edar (ectodysplasin A 

receptor) and Edaradd (EDAR Associated Death Domain) are expressed in the 

enamel knot. Mice with mutations in Eda, Edar or Edaradd (initially found as the 

spontaneous mutants tabby, downless, and crinkled, respectively) all have a 

decrease in tooth number and abnormal cusp morphology[158]. The enamel knots in 

tabby or crinkled mutants are smaller[162, 163], whereas loss of Edar in downless 

mice led to the formation of an elongated-rope like enamel knot[164]. EDA signaling 

also affects tooth shape[165].  

Hypohidrotic Ectodermal Dysplasia (HED) is a rare congenital disorder, 

affecting organs of ectodermal origin, including teeth, hair and sweat glands. Defects 

in EDA, EDAR, and EDARADD cause HED in both humans and mice. These 3 

genes are involved in NF-κB activation[166]. 

 EDA roles in tooth number, size and morphology 

Mutations in Eda or Edar resulted in formation of smaller teeth and frequently 

the absence of third molars[167]. In contrast, increased levels of Eda expression or 

expression of a constitutively active form of Edar, led to the formation of a 

supernumerary tooth in the diastema region[168, 169]. The overexpression of Edar, 

but not of Eda resulted in formation of extra cusps[168, 169]. The loss of function of 

Eda has distinct effects on tooth size and morphology, compared to the Edar 

mutation. This may be due to activation of the EDA2R pathway which is specific to 

Eda, whereas Edar receptor appears to interact with a yet unidentified protein, and/or 

to a ligand-independent activity for EDAR[170]. In zebrafish, mutations in eda and 

edar led to defects in other ectodermal structures, such as scales and glands, and 

partial or complete loss of pharyngeal teeth[171].  

Mice overexpressing IKKβ, an essential component of the NF-κB pathway, 

under the control of the keratin 5 promoter (K5-Ikkβ) produces supernumerary 

incisors, whose formation was accompanied by up-regulation of canonical Wnt 

signaling. Apoptosis that is normally observed in wild-type incisor epithelium was 

reduced in K5-Ikkβ mice. The supernumerary incisors in K5-Ikkβ mice were found to 
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phenocopy extra incisors in mice with mutations of Wnt inhibitor, Wise. Excess NF-κB 

activity thus induces an ectopic odontogenesis program that is usually suppressed 

under physiological conditions[172].  

The NF-κB pathway may activate the odonto/osteogenic differentiation of stem 

cells from apical papilla and regulate some markers such as ALP, RUNX2, Osterix, 

OCN, DSPP, and DMP1[173]. The receptor activator of NF-κB ligand, RANKL, is one 

of the key regulatory molecules in osteoclast formation. Characterization of RANKL 

expression in rat molars indicates a potential function during tooth movement[174]. 

Transactivation of NF-κB by phosphorylation of the p65 component of NF-κB at 

amino acid 536 plays a role in osteoclast differentiation stimulated by RANKL. This 

transactivation pathway is produced rapidly in response to orthodontic stimuli and 

mechanical insults, and may be important in bone remodeling associated with 

orthodontic tooth movement.  This may involve a cross-regulation of osteoblasts or 

the periodontal stromal cells via osteoclasts[175]. 

II.6 The Sonic hedgehog pathway 

Sonic hedgehog (SHH) is one of three protein effectors of the 

mammalian signaling pathway family called hedgehog, with important developmental 

actions in the regulation of limb morphogenesis and the patterning/organization of the 

forming brain. Shh is indeed the best established example of a classical 

developmental morphogen, a molecule that can signal in a concentration-dependent 

manner[176] (Figure 11). During initiation of tooth formation, Shh is expressed in 

specific regions of the epithelium of the molar and incisal placodes[177]. Analysis of 

expression of the receptor Ptch1 and the transcription factor Gli1, which are both 

downstream targets of SHH signaling, show that SHH signals to the mesenchyme as 

well as the epithelium[178, 179].  
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Figure 11 Schematic representation of Notch, Wnt, and Shh signaling 

cascades.  

(a) Notch signaling pathway:  Notch receptor is composed of an extracellular ligand 

binding domain, a single transmembrane spanning region, and intracellular domain. 

Activation of notch signaling takes place through binding of delta ligand with notch 

receptor between neighboring cells. Upon ligand binding to notch receptor, it will 

undergo a conformational change that allows cleavage at extracellular portion. 

Subsequently, the intracellular portion of notch will be cleaved by gamma-secretase, 

an intramembrane protease thereby releasing notch intracellular domain containing 

portion (NICD).  

(b) Wnt signaling pathway: Wnt proteins ligands transduces extracellular message to 

intracellular signaling cascade through the binding of frizzled receptors. In the 

absence of this ligand, β-catenin is sequestered. Phosphorylation of β-catenin within 

this complex leads to ubiquitin and proteosomal mediated degradation process. See 

Figure 9 for a more detailed description.  

(c) Shh signaling pathway: Sonic hedgehog (Shh) is a secreted and lipid modified 

ligand that binds to a transmembrane spanning receptor known as Patched (Ptch) 

leading to subsequent signal transduction events. In the absence of Shh ligand, Ptch 

will constitutively repress Smoothened (Smo), another transmembrane spanning 

protein, having homology similar to G-protein coupled receptor (GPCR). Upon Shh 

ligand binding to Ptch, Smo inhibition by Ptch will be released, which subsequently 

leads to activation of downstream GLI (Gli1, 2, 3) family of transcription factors. 

(source [180])  

 

SHH roles in tooth initiation 

At the early stage of tooth development, the mitogenic activity of Shh is 

thought to stimulate proliferation in the placode epithelium, which enables 

invagination into the underlying mesenchyme and initiation of the epithelial bud[178, 

181]. In the diastema region, it was previously observed that the tooth primordium 
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was present, but failed to further develop because of a lack of maintained Shh 

expression[182-185].  

In zebrafish, Shh signaling is necessary continuously throughout tooth 

development from initiation to mineralization stages[186]. Despite gene duplications 

and differences in tooth location comparing the mice and zebrafish models, the role 

of Shh signaling in tooth development seems to be conserved between these two 

species[186].  

SHH roles in tooth size, morphology, differentiation 

Shh expression is maintained at the tip of the epithelial bud and becomes 

down-regulated towards the end of the bud stage. It is also re-induced in the enamel 

knot and continues to be expressed in the epithelium throughout ameloblast 

differentiation. Shh from the enamel knot controls crown formation, by increasing 

tissue proliferation in both epithelial and adjacent mesenchymal sites[187]. 

Conditional inactivation of Shh or inhibition of signaling using an antibody against 

Shh revealed that Shh signaling regulates tooth separation, size, and morphology, as 

well as cytological organization of matrix secreting cells[188-190]. 

II.7 Notch 

Components of the Notch signaling pathway include four transmembrane 

Notch receptors (Notch1-4) and 5 transmembrane ligands (Jag1, Jag2, Dll1, Dll3, 

and Dll4), that are expressed during tooth development and affect several aspects of 

tooth formation (Figure 11). Notch signaling was demonstrated to regulate tooth 

morphogenesis and ameloblast differentiation[191]. Jag1 and the downstream target 

of Notch signaling, Hes1 are express at the epithelium and ameloblasts, with 

signaling roles link to enamel differentiation[192]. Inactivation of the Notch-interacting 

domain of JAG2 in mice caused abnormal molar shapes, additional cusps, and 

inhibition of ameloblast differentiation due to alterations in the enamel knot[191]. 
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Part III 

Retinoids 
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III.1 The general role of vitamin A 

Vitamin A was known to be the first fat soluble vitamin.  More than a century 

after discovery of vitamin A and β-carotene, these compounds have been 

investigated to understand the molecular basis of their profound effects and broad 

roles in human health. Retinoic acid (RA) is recognized as the active component of 

vitamin A. It carries out many of its diverse actions, in part by playing as the ligand for 

RA receptor mediated signaling. Thus, RA-induces the expression of a large number 

of either direct or indirect target genes[193], partially explaining diverse retinoid 

actions. In addition, nutritionally there are numerous different forms of natural vitamin 

A (collectively known as retinoids) including β-caretinoid, along with a variety of 

metabolic intermediates, including retinaldehyde, and the transcriptional activator of 

retinoic acid receptors –the ligand all- trans-retinoic acid. There are a variety of 

physiological roles of retinoids, including promoting vision, inducing cell 

differentiation, supporting reproduction, and maintaining overall cell growth. RA also 

has important effects on stem cell differentiation, notably in neuroepithelial 

progenitors (reviewed in [194]). Hence, retinoids are vital micronutrients that have to 

be taken from the diet as either preformed vitamin A or as the pro-vitamin A 

caretinoid.  

Vitamin A plays important roles during development or homeostasis of 

different events system or organs such as, eye, skin, growth, reproduction, brain, 

vascularization, bone. Interestingly, developmental defects occur not only under 

conditions of deficiency but exposure to excess vitamin A or its active form, RA, is 

equally deleterious for embryonic development[195]. Thus, too little or too much 

vitamin A disrupts embryonic development[195]. While vitamin A is generally found in 

multi-vitamins formula, the premise that increased admission of vitamin A is a primary 

causative factor in osteoporosis and fracture in developed/industrialized countries 

such as the United States, and in Scandinavia, is still under debate. The highly intake 

of vitamin A in diets such as animal liver may be potentially harmful but population-

based evidence for effects of vitamin A deficiency also exists.  The utility of 

experimental models to understand broad human epidemiological data is in order. 

Hence, excessive, as well as insufficient, levels of retinol intake may be associated 

with compromised bone health. 
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III.2 Clinical use of retinoids and the worldwide role in public 

health 

During last decade, retinoids have been used widely for the treatment of acne. 

Tretinoin (all-trans RA), isotretinoin (13-cis RA), and tazarotene are FDA approved 

retinoids for the treatment of acne, which have been shown anti-bacterial effect 

against the P. acnes organism[196, 197]. Retinoids have actions inducing cell 

differentiation, hence are powererful agents to induce neoplastic differentiation. For 

example, acute promyelocytic leukemia (APL) is a subtype of acute myelogenous 

leukemia (AML). In APL white blood cells are transformed as cancer cells, with an 

abnormal accumulation of immature granulocytes called promyelocytes[198]. This 

disease is produced by RA receptor alpha (RARα) gene fusion with the promyelocytic 

oncogene (PML) and is distinguished from other forms of AML by its responsiveness 

to all-trans RA (ATRA; also known as tretinoin) therapy. This is thus a highly curable 

disease, currently treatment with both ATRA and arsenic resulted in complete 

remission of all 77 patients investigated[199]. 

Regarding other types of cancer, both natural and synthetic retinoids have 

been investigated at the pre-clinical research for anti-cancer activities[200]. The 

strategy to develop specific synthetic retinoid derivatives, with the potential to target 

different biological activities-such as anti-proliferative activity[201, 202], inducing 

apoptosis[203], inhibiting activity of human breast cancer[204], and cytotoxicity or 

growth inhibitory shown in a variety human cancer cell lines[205-210], has been 

achieved by modifying the hydrophobic, linker, or hydrophilic moieties of RA. In 

addition, the development of imaging agents for hybrid compounds containing 

retinoids to detect multiple human cancer xenografts, would open a new avenue to 

study the epigenetic biology in cancer (reviewed in [211]). These compounds could 

have additional applications in neuronal diseases[212]. In addition, the retinoid AM80 

has an anti-diabetic activity[213] and seems useful for treatment of Alzheimer’s 

disease[214], where it significantly reduced brain glial activation and neuronal loss, 

improving spatial learning and memory[215]. Since retinoids have potent actions 

regulating the stem cell differentiation, they may have clear applications in stem-cell 

based regenerative technologies[216]. Retinoids may thus have major applications in 
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the field of biomedicine and including for the repair, replacement or regeneration of 

cells, tissues, and/or organs.  

The importance of retinoid regenerative therapy has been studied in a wide 

range of diseases including the induction of pro-nephric tubule-like structures from 

animal caps by combination of activin and RA in kidney diseases[217]. RA also 

regulates differentiation of the secondary heart field[218, 219], induces dermal 

proliferation reduces skin wrinkling[220], and normalizes retinal astrocytes in retinal 

disorders[221, 222]. In neurodegenerative diseases, retinoid use is largely at the 

experimental stage. Notably, in postpartum Alzheimer’s disease patients Raldh2 

levels were reduced, stating a potential role of disregulated RA signaling in the 

etiology of neurodegenerative diseases[223].  

Because of the essential role of this nutrient, extensive investigations on how 

vitamin A is absorbed and handled by the body, specifically regarding skeletal 

biology[224] or in the entire body[225] have been reviewed. Vitamin A deficiency 

(VAD), effects of hypervitaminosis A, general actions of vitamin A, and mechanisms 

are described in the next sections. 

III.3 How RA is obtained from dietary sources, stored in liver, 

and transported to the cell 

Vitamin A is acquired from the diet either as preformed vitamin A or as 

provitamin A carotenoids[226, 227]. Preformed vitamin A is ingested as long-chained 

fatty acids of retinol or retinyl esters in foods such as liver, eggs, milk, butter, and 

fortified cereals. Provitamin A carotenoids (eg, β-carotene, α-carotene, and β-

cryptoxanthin) are found in vegetables such as carrots, spinach, and pumpkins. 

Ingestion of β-carotene is thought to consider for over 75% of the provitamin A 

carotenoid intake in the United States. A retinol activity equivalent is equal to 1 μg 

retinol or 12 μg β-carotene. Approximate total vitamin A intake in the United States 

averages 600 μg retinol activity equivalents per day. Hence, about 70–75% is 

thought to be due to the consumption of preformed vitamin A. 

Dietary retinyl esters are hydrolyzed by pancreatic and intestinal enzymes. 

Then, free retinol is absorbed by intestinal mucosal cells (i.e. enterocytes)[228, 229] 
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(Figure 12). Retinol is insoluble in water. However, in the enterocyte, retinol is bound 

by cellular retinol binding protein (CRBP) II, which is thought to bind most retinol in 

intestinal cells; it is 1 of 6 known retinoid binding proteins[227]. About 50% of 

provitamin A carotenoid is taken up in mucosa cells, and about 50% is oxidized to 

retinal and then reduced to retinol[230]. Retinol derived from both retinyl esters and 

provitamin A carotenoids is esterified with long-chain fatty acids. The retinyl esters 

and intact carotenoids are incorporated with other lipids (eg, cholesterol, cholesterol 

esters, and triglycerides) into chylomicrons which are carried by lymphatic 

system[231]. Some unesterified retinol is thought to be absorbed directly by the 

portal system. The presence of fat in the diet helps vitamin A absorption. Fat 

activates enzymes responsible for hydrolyzing dietary retinyl esters to increase 

micelle formation for solubilization of retinol and carotenoids in the intestinal lumen, 

which thus increases chylomicron formation[226]. 
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Figure 12 The fate of vitamin A transportation.  

Vitamin A is obtained from the diet as retinyl esters or carotenoids. Retinyl esters and 

carotenoids are incorporated into chylomicrons, which can deliver retinoids directly to 

target cells. The liver acts as the major organ for clearance of chylomicron remnants. 

Within the hepatocytes, retinyl esters are hydrolyzed to retinol and bound to RBP. 

Retinol-RBP is transported via the blood to target cells. If retinol is not used, it can be 

stored in liver stellate cells in the form of retinyl esters. Retinoids reach target cells 

principally as retinol-RBP, but retinyl esters and carotenoids can be transported by 

chylomicrons and ATRA can be bound to albumin (source [224]). 

 

In the bloodstream, chylomicron remnants containing retinyl esters are formed 

after hydrolysis of chylomicron triglyceride by lipoprotein lipase and addition of 

apolipoprotein E[227]. Hepatocytes get the retinoid remnants by receptor-mediated 

endocytosis and retinyl esters are thereby hydrolyzed[232]. If retinol is not needed, it 

is re-esterified and retained in liver stellate cells. The liver serves as the main storage 

depot of vitamin A, stocking approximately 70% of total body stores. Smaller 

amounts of retinyl esters, as well as carotenoids, are also carried by chylomicrons 

and remnants to extra-hepatic tissues for use and storage[227]. 

After hydrolysis of retinyl esters in liver stellate cells, it is supposed that retinol 

is transported back to hepatocytes and bound by retinol binding protein (RBP)[233]. 

After binding with RBP, the retinol-RBP complex is able to enter the circulation, 

where it binds with transthyretin, a larger protein that is also synthesized in the 

liver[234]. Binding of retinol-RBP to transthyretin is important to prevent the 

clearance by kidney[235]. In the fasting state, most retinoids in the circulation (>95%) 

are thought to exist as retinol-RBP. However, in the postprandial state, chylomicron 

retinyl esters is a significant proportion of total circulating retinoid[236]. 
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III.4 Target Cell Uptake, Intracellular Metabolism, Cytoplasmic 

and Nuclear Receptors Mediating Vitamin A Effects 

Pioneering studies of rodents that were nourished with a vitamin A deficient 

diet first described the VAD syndrome affecting many organ systems as a complex 

neonatal syndrome[237]. During the next decades, RA was shown to be a ligand for 

several nuclear receptors, by this way directly controlling the transcriptional activity of 

target genes. Targeted disruption of the murine RA receptor (RAR) genes revealed 

principally redundant roles; homozygous disruption of two RARs was necessary to 

induce abnormalities that add to those of VAD syndrome (reviewed in [238]). Gene-

disruption studies confirmed that RARs play roles in vivo as heterodimers with 

retinoid X receptors (RXRs), nuclear receptors that bind the 9-cis-RA 

stereoisomer[239]. Several experimental approaches have been used to investigate 

functions of retinoid signaling during early embryogenesis. These were carried out in 

various species, using both gain-of-function strategies (to study stage-specific or 

region-specific effects of excess RA signaling) and approaches to reduce retinoid 

signaling for example; through dietary VAD, through loss of function or 

pharmacological inhibition of synthesizing enzymes or RARs, and through dominant-

negative RARs. RA was shown to control embryonic anterior–posterior patterning, in 

particular by regulating the expression of specific homeobox genes (Hox genes)[240, 

241]. These have sequential functions in, for example, neural tube patterning. Here 

active RA (synthesized predominantly by the enzyme Raldh2), diffuses from 

predominantly the mesoderm to regulate embryonic-stage growth and patterning of 

neuronal, notably the posterior hindbrain and embryonic spinal cord[194, 242]. At 

later stages (E11.5-14.5) RA generated by specific brachial and lumbar spinal cord 

motor-neuron progenitors regulates the initiation of limb-innervating motor 

neurons[194, 243]. RA has also been considered as a putative morphogen regulating 

anterio-posterior patterning and digit specification in tetrapod limbs[244] and in 

regeneration of amphibian limbs[245]. Additionally, functions of RA have been shown 

for many developing tissues or organ systems including the facial region and 

forebrain[246-248], the eye[249, 250], and the inner ear[251]. Hence, RA also 

regulates cardiac morphogenesis and differentiation[252] and is associated in the 
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development of several organs undergoing budding morphogenesis, especially the 

lung[233], kidney[253], and pancreas[254]. 

III.5 The function of retinoic acid as a transcriptional regulator 

RA metabolic pathways 

The canonical synthesis pathway  

The canonical pathway for embryonic RA synthesis has been investigated for 

well over a decade, largely through gene-targeting studies of several critical murine 

retinaldehyde or RA synthesizing enzymes. This pathway is conserved in placental 

embryos, for which plasma-circulating retinol is the main source of retinoids. It is also 

conserved in oviparous species that store retinol in the egg yolk. Through either yolk 

sac or placental transfer, retinol is taken up by RBP[239], which is expressed in the 

embryonic visceral endoderm from pre-gastrulation stages (Figure 13). Although the 

existence of a cell-surface RBP receptor (which mediates absorption of retinol) has 

been known for decades, only recently has RBP been identified as the ligand 

capable of binding to and stimulating retinoic acid gene 6 (Stra6) cell membrane 

signaling (Figure 13). A gene initially cloned in a screen for RA-inducible genes[236]. 

This gene displays intricate expression patterns during development, presumably 

indicating tissues to that retinol is preferentially communicated[255]. In human, 

homozygous mutations of STRA6 have been found to cause a syndrome combining 

anophthalmia, heart defects, lung hypoplasia and mental retardation[256]. This 

indeed is the first model of a retinoid signaling pathway mutation causing 

developmental abnormalities in humans. 

 



64 

 

 

 

Figure 13 Intracellular regulation of retinoid signaling. 

Retinoid sources comprise circulating retinol and carotenoid. Retinol is obtained by 

embryonic retinol binding protein 4 (RBP4), imported intracellularly by the receptor 

protein stimulated by retinoic acid 6 (STRA6), and modified into retinaldehyde, 

principally by retinol dehydrogenase 10 (RDH10). Cleavage of β-carotene by β-

carotene oxygenase (BCO) enzyme(s) directly produces retinaldehyde. 

Retinaldehyde dehydrogenases (RALDH1 to RALDH3) then produce retinoic acid 

(RA), which plays as a nuclear ligand for nuclear receptors (heterodimers of RA 

receptors (RARs) and retinoid X receptors (RXRs) to control transcriptional activity of 

target genes. ATRA is the main in vivo RAR ligand. In cells expressing cytochrome 

P450 26 (CYP26) enzymes, RA is changed into more polar compounds, which are 

subject to extra metabolism and elimination. However, RA can act in an intracrine 

manner in cells and also has evidence for non-cell-autonomous actions such as 

paracrine effects on neighboring cells. (source [257]) 

 

Two sequential reactions are necessary to first convert retinol to 

retinaldehyde, then finaly RA. Retinol to retinaldehyde conversion is catalyzed by two 
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enzyme families, the cytosolic alcohol dehydrogenases (ADHs) and microsomal 

retinol dehydrogenases (RDHs) (Figure 13). Gene-knockout studies originally implied 

that this reaction takes place ubiquitously in the embryo, and is mainly due to ADH7 

(ADH3)[258]. However, mutation of RDH10 in mice has been shown to result in lethal 

developmental abnormalities which are characteristic of a RA-deficiency 

phenotype[259]. This finding has changed our view of the regulation of embryonic RA 

synthesis, showing a first level of control due to the presence of RDH10 in specific 

tissues, which prepares the retinoid precursor for tissue-enriched synthesis by 

retinaldehydes[259, 260]. Some RA synthesis persists in Rdh10 mutants, indicating 

other enzymes such as ADH7 can give rise to retinaldehyde (although at quite low 

levels[259]. 

The last step in this pathway is the oxidation of retinaldehyde into RA, and it is 

well founded that this step gives rise to tissue-specific patterns of RA synthesis 

(Figure 13). It is performed by three retinaldehyde dehydrogenases (RALDH1, 

RALDH2, and RALDH3; the corresponding genes are named Aldh1a1–3). The 

murine mutations of Raldh2 lead to embryonic lethal phenotypes[261, 262], whereas 

RALDH3 acts at a later fetal stage producing neonatal lethality[261]. RALDHs exhibit 

distinct expression patterns that attentively correlate with the dynamics of RA 

signaling, as assayed by the action of murine RA-responsive reporter 

transgenes[263, 264]. RALDH2, is firstly expressed and induced in the primitive 

streak and mesodermal cells during gastrulation, is restricted to the posterior 

embryonic region[265]. Later mesodermal differentiation, RALDH2 remains tight to 

prospective cervical and trunk levels. Raldh2 knockout mice indicated this enzyme is 

responsible for all RA production during early embryogenesis, until E9.0 when 

RALDH3 begins its expression in the forebrain[248]. Its absence affects many 

developing systems such as forebrain, hindbrain, heart, forelimbs and somites[248, 

252, 266-271], sites also affected by dietary VAD[272], or aldehyde dehydrogenase 

inhibitors in rodent and other species[246, 273]. RALDH3 has different functions at 

later stages of eye and nasal development[261]. Raldh1 mouse mutants are viable, 

and this enzyme has been shown to play a redundant role with RALDH3, especially 

during eye development[249, 250]. 
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Tissue-specific RA metabolism  

The region-specific and complex effects of excess RA in diverse species 

emphasize the significance of strictly controlling its distribution. Although the 

regulation of its synthesis is patently crucial, a supplementary level of control exists in 

the form of specific RA-metabolizing enzymes. Cytochrome P450 26 (CYP26) A1 

was firstly recognized as a RA-inducible gene output, the prototypic member of a 

cytochrome P450 subfamily is able to transform RA into more polar derivatives[274]. 

Inconsequentially, additional enzymes with similar activity were cloned, namely 

CYP26B1 and CYP26C1[275, 276]. While it has been debated whether CYP26 

products are active retinoids, in vivo data indicate the role of Cyp26a1 is to eliminate 

bioactive RA from specific tissues[277]. All three CYP26 genes have precise 

expression domains during embryogenesis. Targeted mutation of Cyp26a1 and 

Cyp26b1 causes developmental abnormalities similar to effects of teratogenic RA 

excesses[278-280]. Thus, a major function of CYP26 enzymes may be to guard 

proliferative progenitors, or stem cells from the differentiating effects of RA. 

Transcriptional regulation of RA receptor signaling   

RA-generating cells release RA, which is absorbed by neighboring cells. 

Hence, while RA signaling is predominantly paracrine[281], RA may function in an 

autocrine mode during spermatogenesis[282]. Signal transduction requires binding of 

RA to a nuclear RAR, which forms a heterodimer complex with RXR. RAR–RXR 

regulates transcription by binding to DNA at RA-response elements (RAREs) located 

in enhancer regions of RA target genes[257, 281] (Figure 14). 

 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&amp;cmd=Retrieve&amp;dopt=full_report&amp;list_uids=13082
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&amp;cmd=Retrieve&amp;dopt=full_report&amp;list_uids=232174
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Figure 14 RA signaling mechanism. 

RA binds to RAR in an RXR heterodimer complex bound to RAREs near target 

genes, effecting in regulation of transcription. 

(a) For genes activated by RA, the absence of RA allows co-repressors of the 

nuclear receptor co-repressor (NCOR) family to bind to RAR and recruit repressive 

factors such as Polycomb repressive complex 2 (PRC2) and histone deacetylase 

(HDAC), whereas the presence of RA releases co-repressors and allows co-

activators of the nuclear receptor co-activator (NCOA) family to bind to RAR and 

recruit activating factors such as Trithorax and histone acetylase (HAT). 

(b) For genes repressed by RA, for example Fgf8, the presence of RA allows RAR to 

recruit PRC2 and HDAC. Nevertheless, in this case, its co-regulators are unknown. 

(c) The RARE–lacZ RA-reporter transgene, which is usually used to detect RA 

activity in vivo, consists of three tandem RAREs situated upstream of a basal heat 

shock promoter (HSP) directing lacZ gene cassette expression, expressing the β-

galactosidase reporter. (source [281]) 

 

During classical RA-dependent gene activation, unliganded RAR–RXR 

heterodimers bind to RARE sequences and suppress transcription of their associated 

genes. Hence these targets are silenced, except during activation by RA ligand 

binding[283-286]. Nevertheless, additional co-regulators and epigenetic changes 

take part during retinoid transcriptional regulation. In the repressive unliganded state, 

the RAR–RXR heterodimer recruits co-repressors such as nuclear receptor co-

repressor 1 (NCOR1) and NCOR2, which successively recruit histone deacetylase 

(HDAC) protein complexes and Polycomb repressive complex 2 (PRC2). This results 

in histone H3 lysine 27 trimethylation (H3K27me3), chromatin condensation, and 

gene silencing[287-289] (Figure 14). RA binding to RAR–RXR induces a 

conformational change in the heterodimer, which initiates the substitution of 

repressive factors by co-activators such as nuclear receptor co-activator 1 (NCOA1), 

NCOA2, or NCOA3. These co-activators recruit histone acetylase (HAT) complexes 

and Trithorax proteins, which mediate H3K4me3, chromatin relaxation and gene 

activation[290, 291] (Figure 14). During activation, co-activators bind to RAR, not 

RXR, which is consistent with RA-liganded RAR being the main regulatory 

component of RAR–RXR heterodimers[292]. Although there are exceptions to the 
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classical model, for example RARE sequences upstream of Fgf8 and homeobox B1 

(Hoxb1) mediate gene repression[293, 294] (Figure 14). 

Functional RAREs normally are present near the proximal 3’ regions of genes 

which need RA for normal expression during development.  The characteristic 

consensus RA response element consist of hexameric direct repeats (DRs) with 

interspacing of 2 bp (DR2 elements) or 5 bp (DR5 elements) (Table 1), contrary to 

vitamin D and thyroid hormone response elements, which respectively 

characteristically display DR3 and DR4 configurations[295, 296]. Other hexameric 

repeat configurations have been also found to bind to RARs in cell line studies[297], 

but still their in vivo significance is unclear. The DR1 element has been proposed to 

act as a RARE on the basis of in vitro studies in which RA function was induced by 

high levels of exogenous RA and overexpression of RAR[298], but there is absence 

of evidence for DR1 elements regulating RA signaling in vivo (Table 1).  

For both the DR5 and DR2 elements the optimal consensus is a 5′-

(A/G)G(G/T)TCA-3′ sequence arranged as a palindrome, allowing the most efficient 

RAR binding[299] (Figure 14). In some cases it is unclear what defines whether a 

RARE has a repressing or an activating function. The repressive RAREs upstream of 

Hoxb1 and Fgf8 and also in the mouse Wnt8a, are DR2 elements, but many 

activating RAREs also have DR2 spacing, whereas others have DR5 spacing. 

Hence, even if DR2 spacing is required for repressive RAREs, RARE modality 

appears to necessitate other factors such as related partner enhancer elements or 

specific co-regulators[300]. 

Gene regulation by RA 

RA performs by binding to RARs, which are members of the nuclear receptor 

superfamily[301]. There are RARα, RARβ, and RARγ that are conserved throughout 

vertebrates and that mainly bind all-trans-RA. RARs play in heterodimeric 

combinations with retinoid X receptors (RXRα, RXRβ and RXRγ). RXRs bind 9-cis-

RA, a ligand which is not essential for developmental, hence cannot rescue RA 

deficient Raldh2 phenotypes[302]. RXRs appear to play roles as scaffolding proteins 

to aide DNA binding of the RAR-RXR complex[303]. RARα, RXRα and RXRβ 

receptors have rather ubiquitous expression patterns, whereas RARβ, RARγ and 

RXRγ exhibit more complex and tissue-specific expression domains (reviewed in 
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[304]). Therefore, most tissues are potential targets of retinoid activities, while 

different heterodimeric complexes are able to transduce the RA signal. Murine gene 

knockout studies showed a large degree of functional redundancy between 

RAR/RXR heterodimers, with developmental abnormalities generally occurring when 

two receptors are inactivated in combination, except in the occurrence of RXRα 

mutants that die in utero owing to heart defects[305] (Table 2). 

In the nucleus, RAR/RXR dimers bind to DNA motifs known as RAREs as 

described[193]. RAR/RXRs are able to bind RAREs, yet in the absence of ligand they 

recruit co-repressor complexes and produce target gene repression. Conversely, RA 

ligand binding induces a conformational change that causes the recruitment of co-

activator complexes and the release of co-repressors. These events initiate 

chromatin remodeling that de-compacts the chromatin and assists the assembly of 

the transcription pre-initiation complex. Thus, whole-genome chromatin 

immunoprecipitation-sequencing (ChIP-Seq) study carried out in ES cells proposed 

that the presence of RA may induce de novo RAR/RXR binding to large RAREs, 

which are not bound by unliganded receptors[306]. 

Many RAR target genes have been identified[193], including genes from within 

the retinoid pathway, such as Rarb, Crbp1/2 (Rbp1/2), Crabp1/2, and Cyp26a1. 

Included in this list are several members of the Hox gene family, including Hoxa1, 

Hoxb1, Hoxb4 and Hoxd4, harboring RAREs, the function of which has been shown 

in vivo[307]. There are numerous novel putative target genes rising through genetic 

and genomic profiling of novel genes binding RARs and/or with evolutionarily 

conserved RAREs[308, 309]. 



70 

 

 

Table 1 Summary of phenotypes resulting from targeted inactivation of retinoid 

signaling pathway components in mice. (source [308]) 
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Table 2 RA response elements, either activating or repressing retinoid targets, 

and their respective physiological roles. RAREs frequently occur near the 5’ 

proximal region of genes which require RA for their normal expression in embryo or 

adult. (source [300]) 
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III.6 Vitamin A Deficiency and Excess 

At present, vitamin A deficiency (VAD) is still an issue in developing countries, 

and its supplementation has had a huge impact worldwide, enhancing vision and 

immune functions, and also rescuing innumerable lives at a minimal price per 

patient[310]. As described, there has been prevalent use of retinoids for treatment of 

several skin conditions such as acne[311] and for different cancers, including APL, 

head and neck squamous cell carcinoma, Kaposi's sarcoma, ovarian carcinoma, and 

neuroblastoma[312]. 

Assessing vitamin A status in individuals is yet rather difficult. The regular 

methods utilize measuring serum retinol and retinyl ester concentrations. Vitamin A is 

generally stored in the liver and released as needed bound to RBP, so determining of 

the serum retinol level is quite an insensitive method for defining vitamin A status, 

except when levels are exceedingly low or high[313]. Serum levels of retinol usually 

increase with age, so normal conditions in adults are approximately 1–3 μmol/L. 

Serum concentrations of retinol <1.05 μmol/L point out potentially inadequate vitamin 

A status, and concentrations <0.70 μmol/L point out deficiency[314, 315]. However, 

the level of serum retinol is not linked with hepatic vitamin A storage, and additional 

methods, including dose-response tests and isotope dilution assays, have been 

advanced which are better indicators of vitamin A reserves in liver[313, 316]. Hence, 

measurement of serum retinol levels is inadequate for determining vitamin A status 

with clinical or subclinical toxicity[317]. Serum retinyl esters have been proposed as 

an alternative marker for chronic hypervitaminosis A[318, 319]. Serum retinyl ester 

levels of exceeding 10% of total serum vitamin A (retinol plus retinyl esters) or 0.2 

μmol/L have been proposed to give thought to excess retinol stores and potential 

toxicity[320]. Serum retinyl esters increases with age, an effect probably due to 

increased intestinal uptake and reduced clearance of chylomicron remnants[319-

321]. 

Excessive consummation of preformed vitamin A or retinoid derivatives can 

lead to hypervitaminosis A. Hypervitaminosis A is not generally a result of increased 

intake of provitamin A carotenoids such as β-carotene, because β-carotene to retinol 

conversion is under negative feedback[322]. Thus, carotenemia and yellowing of the 
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skin are present with elevated intake of carotenes, but these alterations are easily 

reversible[323]. 

III.7 Associations between vitamin A and evident effect on bone 

mass in humans 

An important finding in this current thesis and work on the adverse effects of 

RA excess on enamel formation[324], was the capacity of fetal RA to rapidly reduce 

skeletal bone ossification. Clinically the consumption of excess, notably from dietary 

supplementation with multivitamins may contribute to skeletal fragility or 

osteoporosis. This is a heated debate. The actually recommended daily allowance 

(RDA) of vitamin A is 900 μg/day in adult males and 700 μg/day in adult, non-

pregnant or non-lactating females, likely producing no ill effects. But it is not clear if 

these subtile increases in vitamin A levels have a physiological role. In animal 

models, though, in which the RA synthesizing enzyme Raldh1 is absent (slightly 

reducing RA endogenous RA levels) mice clearly show higher trabecular and cortical 

bone mass, correlating with increased BMP2, RUNX2 and alkaline phosphatase,  

demonstrating clear targets whereby RA excess perturb bone formation[325]. 

Acute illness due to hypervitaminosis A characterized by peeling of the skin, 

vomiting, convulsions, headache, and diarrhea is rarely seen[225]. Clinical studies 

investigating the association between vitamin A and fracture risk of bone or 

osteoporosis have provided conflicting evidence, showing  that vitamin A is both 

beneficial and harmful to bone health (see [224] for an extensive review). The 

osteoporosis/bone health effects of increased consummation of vitamin A in human 

populations is rather unclear, with increased[326-334], decreased[335-338], and/or 

no associations[339-345] to fracture risk and bone mineral density (BMD) all 

reported[346, 347]. Conversely to the individual observations, a meta-analysis of 

prospective studies has proposed that elevated retinol intake and high blood retinol 

levels have no effect on total fractures, but remarkably enhance the risk of hip 

fracture[348]. 
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Specific skeletal effects reported in human case studies indicate retinoids 

increase cortical bone resorption, augment skeletal and joint pain, and cause 

premature epiphyseal closure[349].  

Typical skeletal alterations due to hypervitaminosis A found in animal 

investigations are thinning of the cortex of long bones and elevated frequency of 

fracture. For example, short-term studies in rodents treated with high concentrations 

of retinoids suggest that cortical bone thinning owes mainly to activation of 

subperiosteal resorption[350]. However, animal studies usually have been 

investigated using higher dosages of vitamin A than humans would generally be 

exposed to, in vivo effects do not always need such large concentrations of vitamin 

A. 

III.8 Mechanism of RA effects on bone development 

Excess vitamin A consumption might reduce BMD and thus lead to increased 

rates of hip fractures in humans. Vitamin D acts a principal role in calcium absorption 

and mineral homeostasis. Vitamin D deficiency is common, and some investigations 

have proposed that the risk of bone fracture and osteoporosis might be higher when 

elevated vitamin A consummation occurs in individuals with low vitamin D levels. It 

indicates the possibility that a high risk of bone fracture and osteoporosis may exist 

for high vitamin A consumption and/or low vitamin D consumption[224]. 

Increased osteoclastic resorption of periosteal bone is a well-determined in 

vitro result of excess vitamin A. In calvarial bone (a model of periosteal resorption) 

ATRA is a strong in vitro activator of RANKL and osteoclastogenesis, compared to 

effects in cultured calvarial bones. Periosteal resorption of cortical bone is an in vivo 

consequence of excess vitamin A in laboratory animals, as well as in humans[224]. 

Moreover, available evidence proposes that excess vitamin A can also reduce 

endosteal blood flow, decreases endosteal osteoclast formation, and leads to 

endosteal mineralization[224] (Figure 15). Vitamin A also causes up-regulated 

osteoblast differentiation and bone formation (Figure 15). Interestingly, injury-induced 

heterotopic ossification is able to be stopped by a RARγ signaling-specific 

retinoid[351]. 
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Figure 15 The model of Hypervitaminosis A. 

Hypervitaminosis A leads to decreased cortical bone mass, whereas results on 

trabecular bone still remain unclear. Alterations in cortical bone are linked with effects 

on osteoclast formation, as well as on bone formation.  

(A) Hypervitaminosis A increases the number of osteoclasts on periosteal surfaces. 

This effect is associated with an increased RANKL/OPG ratio regulated by RARα, 

probably in osteoblasts or osteocytes. At the endosteal surface of cortical bone, it 

appears as if vitamin A decreases osteoclasts, which might be owing to reduced 

numbers of microvessels in bone marrow caused by hypoxia. In other hand, this 

differentiation of osteoclast progenitors in bone marrow may be inhibited because of 

RARα-mediated inhibition of RANK signaling.  

(B) Effects by vitamin A on trabecular bone are less understood. A few studies 

propose that vitamin A has no effect on trabecular bone mass, hence excess did not 

alter bone mass (reviewed in [346, 347]) 

(C) Data studied in vitro propose that vitamin A inhibits adipocyte differentiation and 

activates osteoblast differentiation. This suggests the role of vitamin A playing 

synergistically with BMP2. An in vivo study utilizing dynamic histomorphometry 

shows that vitamin A reduces the number of bone-forming osteoblasts on periosteal 

surfaces without effect on the capacity of the remaining osteoblasts, which proposes 

that vitamin A has a repressing effect on periosteal bone formation. Another 

morphological study shows that vitamin A activates formation of atypical woven bone 

at the endosteal surfaces. Hence, retinoids have been described to inhibit heterotopic 

bone formation. (source [224]) 
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Part IV 

Dental anomalies 
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IV.1 Definitions 

Dental anomalies refer to abnormal tooth development events. Developmental 

dental anomalies may exist in isolation or be associated with extraoral clinical 

manifestations in syndromes. They can be due to the action of teratogens and are 

then acquired or of genetic origin and are therefore inherited. 

Dental anomalies can be classified into anomalies of: 

- Tooth number (missing or extra teeth), and of tooth shape, or size (a 

continuum of anomalies)  

- Tooth structure 

- Root formation and eruption and of resorption.  

Each developmental stage and event when modified is directly linked to a type 

of dental anomaly. Thus, any interferences with these developmental processes can 

lead to clinical anomalies and defects and some occasionally even result in tumours 

arising from dental epithelial cells (odontogenic tumours). 

IV.2 Environmental factors altering tooth development 

Retinoic acid is an important regulator of embryonic and fetal environment. It 

also extends to the potential adverse effects of chemical, nutritional, and/or hormonal 

effects on neonatal and early childhood development. The effects of vitamin A/ 

retinoic acid signaling on tooth development/anomalies are interesting as the tooth 

through mineralization will fix the anomalies and will allow through their discovery a 

coming back in time to altered developmental events. Retinoids also cross path with 

endocrine disrupting agents some of them known to affect odontogenesis and 

specifically amelogenesis[352].   

Endocrine disruptors or hormones may act through epigenetic mechanisms 

producing reversible changes, without affecting DNA sequence, however modifying 

gene expression. Epigenetic events such as changes in DNA methylation, histone 

acetylation, and phosphorylation affecting chromatin structure can modify gene 

activity and expression. Since these changes can be inherited, environmental 

alteration could produce permanent expression alterations during development. 

https://en.wikipedia.org/wiki/Gene_expression
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Enamel, the hardest tissue in the body, and its synthesizing cells the 

ameloblasts are highly sensitive to environmental assaults during development. The 

disruption of ameloblast differentiation and function is thought to contribute to 

qualitative enamel defects that characterize these conditions[353]. A variety of 

environmental factors can interfere with enamel formation. These factors include 

infection, heat (fever), hypoxia, physical trauma, chemical exposure, fluorides, 

nutritional deficiencies or excesses (Table 3). In human, the most critical stage in 

enamel formation/maturation would be from the third trimester of pregnancy to 3 year 

of age[354].  

Many environmental factors can play a role during tooth development and 

results in a disease called Molar Incisor Hypomineralization (MIH). This is a rather 

common developmental dental defect of permanent teeth, which manifests classically 

as hypoplastic/hypomineralized enamel in permanent first molars and enamel 

opacities in permanent incisors. The disease also exists in the primary dentition as 

Hypomineralised Second Primary Molars (HSPM). A high prevalence of MIH has 

recently been recognized by dental professionals globally[355]. From a limited 

number of studies, the prevalence of MIH ranges vary from 2.4% to 40.2%[355] and 

the prevalence of HSPM is reported to be 4.9-6.9%[356-358]. These extended 

enamel defects can increase the subsequent risk of secondary dental caries, 

infection and hospitalization[359].  Both MIH and HSPM are associated with a high 

burden of disease, due to a range of unique clinical challenges that predispose to 

treatment failure such as the adhesion to restorative material[360]. For example, 

given their high prevalence and burden of disease, the cost of these conditions to the 

general community is substantial. 

Since the criteria for MIH were developed, a number of observational studies 

have tried to determine the associated etiological factors[361]. Studies worldwide 

have investigated the potential risk factors for MIH during pre-, peri-, and postnatal 

stages of development; and concluded in a lack of evidence, with lack of 

standardized outcome measurement being a major limitation[362, 363]. These 

studies did not include severe presentations of MIH such as post-eruptive enamel 

breakdown, atypical restorations and atypical extractions[364]. Finally, the results 
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reported are diverse and inconclusive[359, 362, 365, 366] and require more 

extensive investigations, both at the clinical and pre-clinical level.  

In this thesis we considered the impact of RA pathway alteration on the 

genesis of dental/enamel and bone anomalies and retinoids as potential endocrine 

disrupting chemicals. One of the objectives of this PhD work was to discover novel 

early factors initiating and influencing enamel regulatory networks, possibly to design 

strategies to alleviate those tooth defects[195]. 

 

Environmental factors related to tooth formation 

Factors Actions Defects Model References 

Amoxicillin -Amoxicillin 

prenatal 

administration on 

dental enamel 

 

-Chronic 

subcutaneous 

injection of 

amoxicillin 

-Clinically and 

histologically 

observed enamel 

disorders 

 

-Morphology and 

histological changes 

of enamel and 

ameloblasts 

Rat 

 

 

 

 

Mouse 

-Gottberg 

2014[367] 

 

 

 

-Mihalas 

2016[368] 

 

Aspirin -Treatment with 

aspirin during 

pregnancy 

 

 

-Quantitative 

analysis of 

minerals on the 

developing teeth of 

the fetus while the 

mothers were 

treated throughout 

the pregnancy 

-Microhardness of 

mineralized tissues 

of the offspring’s 

teeth 

 

-Calcium was the 

most affected 

mineral 

Rabbit 

 

 

 

 

Rabbit 

-Nazir 

2015[369]  

 

 

 

-Nazir 

2011[370] 
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Bisphenol A 

(BPA) 

-Enamel 

hypomineralization 

by low-dose BPA 

-BPA has both ER-

dependent and 

ER-independent 

effects on 

ameloblasts. 

Enamel defects 

mimic human 

enamel pathologies 

or MIH 

Rat -Jedeon 

2016[371] 

 

Estrogen The estrogen 

signaling pathway 

is involved in tooth 

development and 

the enamel 

mineralization 

process 

Possibility of enamel 

differences between 

sexes 

Rat -Jedeon 

2014[352] 

Fluoride Multiple 

mechanisms;  

-direct fluoride 

related effects on 

ameloblasts  

-indirect fluoride 

related effects on 

the forming matrix 

Porous and 

discoloration of 

enamel 

Rat, 

mouse, 

sheep, 

pig, 

rabbit, 

hamster, 

zebrafish 

-Bronckers 

2009[372] 

 

Genistein 

and 

Vinclozolin 

Endocrine 

disruptor 

Hypomineralization 

of enamel 

-Modulations of Klk4 

and Enamelin in 

males 

-Female rats are 

less affected than 

males 

Rat -Jedeon 

2016[373, 

374] 

Hypoxia Upregulate the 

expression of 

Hypoplasia with 

hypomineralization 

Mouse -Sidaly 

2015[375] 



82 

 

vascular 

endothelial growth 

factor (VEGF) 

or 

hypomineralization 

without hypoplasia 

enamel 

Insulin -Akita-/- mutant 

mice  

 

 

 

 

-The 

EphB2/ephrinB1 

system that govern 

tertiary dentin 

formation in vitro 

and in vivo 

-Decreased enamel 

matrix proteins and 

predisposes to 

excessive wearing 

and decay 

 

-The IGF-

1/ephrinB1 axis 

plays significant 

roles in the early 

stages of tooth 

injury 

Mouse 

 

 

 

 

 

Mouse 

-Yeh 

2012[376] 

 

 

 

 

-Matsumura 

2017[377] 

 

Retinoic 

acid (RA) 

-Availability of RA 

influences tooth  

number and size 

 

 

-Exposure of 

embryos to 

exogenous RA 

induces tooth 

development. 

 

-RA was supplied 

to pregnant mice 

as a food 

supplement 

-RA signalling play 

an important role in 

the diversification 

of teeth 

 

-RA is sufficient to 

induce anterior 

ectopic tooth develo

pment in zebrafish 

 

 

-Elevated RA 

signaling affects 

dental cell lineages 

and induces 

permanent enamel 

alterations. 

Cyprinid 

fish  

 

 

 

Zebrafish

  

 

 

 

 

Mouse 

-Gilbert 

2015[378] 

 

 

 

-Seritrakul 

2012[379] 

 

 

 

 

-Morkmued 

2017[324] 
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Serotonin 

2B receptor  

Contributes to the 

differentiation of 

neuroectodermal, 

neural crest, and 

mesodermal 

derivatives 

Enamel thickness 

and architecture 

Mouse -Dimitrova-

Nakov 

2014[380] 

 

Smoking  The maternal 

passive smoking 

model in offspring 

rats 

The passive 

smoking alters the 

morphological and 

mineralized 

development of 

lower molars 

Rat -Dong 

2011[381] 

Table 3 Environmental factors related to dental hard tissue 

formation/anomalies; pre-clinical studies. 

IV.3 Dental anomalies in rare genetic diseases 

Anomalies of tooth number, shape, size, structure, eruption, and resorption 

may exist as isolated symptoms or diseases but are often part of the clinical synopsis 

of numerous syndromes. Dental agenesis, either with/without size defects, is mainly 

a genetically driven anomaly due to alterations in many signaling pathways including 

TGF-β, FGF, WNT, SHH, and EDA/NF-κB pathways. Genes and their mutations 

responsible for hypo/oligodontia (missing tooth) have been recently reviewed in 

[382]. 

IV.3.1 Hypodontia/Oligodontia 

Congenitally missing teeth is a highly prevalent dental anomaly. Dental 

agenesis is classified according to the number of missing teeth[383]. 

Hypodontia defines less than 6 missing teeth (excluding the third molars). 

Oligodontia refers to six or more missing teeth (excluding the third molars) and 

anodontia to no teeth present (typically seen in ectodermal dysplasia). 
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In the primary dentition, hypodontia is rather rare, occurring at a prevalence of 

0.1% - 2.4% within the population[383]. Primary tooth agenesis might be followed by 

permanent tooth agenesis[384-386]. The prevalence of hypodontia in the permanent 

dentition ranges between 0.15% -16.2%, based on studies using 200 subjects to 

~100,000 patient cases[387]. 

Hypodontia is a result of disturbances during the early stages of development 

and is suggested as a mild dysplastic defect of the dental lamina[388]. Genetics 

plays a crucial role in dental agenesis, as confirmed by studies on monozygotic 

twins[389]. Hypodontia support a monogenic or polygenic mode of inheritance, with 

epistatic genes and environmental factors exerting some influence on the phenotypic 

expression of the genes involved[384, 390]. It has a remarkable variation in both 

penetrance and expressivity.  

Genetic non-syndromic hypodontia is associated with divergent homeobox 

genes as seen in MSX1 and PAX9 mutations[391, 392]. The missing teeth follow a 

pattern that corresponds to the territories specified by the expression of divergent 

homeobox genes within the maxilla and the mandibule. IRF6, FGFR1, and TGFA 

contribute to teeth agenesis. 

Non syndromic hypodontia/oligodontia can also be associated with EDA, 

EDARADD mutations. The same genes are responsible for non-syndromic and 

syndromic tooth agenesis. 

Hypodontia/oligodontia may also be seen in several syndromes:   

- Hypodontia might be associated to cleft/lip and palate (MSX1, IRF6 genes Van 

der Woude syndrome),  

- Ectodermal dysplasia (ED) (EDA1, EDAR, EDARADD, and WNT10A account 

for 90% of hypohidrotic/anhidrotic ectodermal dysplasia cases),  

- Incontinentia Pigmenti, a form of ED is due to NEMO gene mutation,  

- Carvajal/Naxos syndrome secondary to desmoplakin-dominant mutations, 

- Down’s syndrome. 
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IV.3.2 Supernumerary teeth or hyperdontia 

Supernumerary teeth are defined as any supplementary tooth or tooth 

substance in addition to usual configuration of twenty deciduous and thirty two 

permanent teeth. Classification of supernumerary teeth may be based on position or 

morphology[393]. Truly additional (supernumerary) teeth are uncommon (in 0.8% of 

primary dentitions and in 2.1% of permanent dentitions). Supernumerary teeth may 

be found especially in the upper maxilla region and most typically occur alone in 

otherwise healthy individuals but are more common in the relatives of affected people 

than in the general population.  

Expression and formation of supernumerary teeth may be seen in syndromic 

conditions. For examples: Multiple additional teeth are typically seen in association 

with Cleidocranial Dysplasia (CCD), cleft lip and cleft palate (8619981). Familial 

adenomatous polyposis [Gardner's], Apert, Klippel-Trenaunay-Weber, 

Craniometaphyseal dysplasia, Down’s syndrome, Nance-Horan, Orofaciodigital 

syndrome (type III), Sturge-Weber, and Tricho-Rhino-Phalangeal type I 

syndromes[394]. 

IV.3.3 Microdontia  

Microdontia is a rare anomaly. The term microdontia is defined as the 

condition of having abnormally small teeth[395]. Microdontia can be divided into 

different types according to the number of affected teeth and the morphological 

change of each tooth. This size anomaly may affect the entire dentition or a single 

tooth and may therefore be termed generalised or localised. The syndromes 

associated with microdontia are Gorlin-Chaudhry-Moss syndrome, Williams's 

syndrome, Turner syndrome (45X0), Trisomy 13, Rothmund-Thomson syndrome, 

Hallermann-Streiff, Orofaciodigital syndrome (type III), Oculo-mandibulo-facial 

syndrome, Tricho-Rhino-Phalangeal type I, and Branchio-oculo-facial syndrome[396]. 
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IV.3.4 Heritable dentin conditions  

Dentinogenesis Imperfecta / dentin dysplasia. Dentin anomalies are always 

genetic. 

Dentinogenesis Imperfecta (DI) represents a group of hereditary conditions 

that are characterized by abnormal dentin formation. These conditions are both 

genetically and clinically heterogeneous and can either affect only the teeth or can be 

co-associated with other anomalies such as bone defects in OI conditions. DI and 

dentin dysplasias were classified using clinical, radiographic criteria and 

histopathology. DI has been subdivided based on its association with OI (Type I) 

(OMIM; 166240) or not (Type II) (OMIM; 125490), or being associated, within the 

Brandywine population isolate, with large pulp chambers (Type III) (OMIM; 125500). 

In all three DI subtypes the teeth have a variable blue-gray to yellow brown 

discoloration that appears opalescent due to the defective, abnormally colored dentin 

shining through the translucent thin enamel[395]. Due to the lack of support of the 

poorly mineralized underlying dentin, the enamel frequently fractures leading to rapid 

wear and attrition of the teeth. The molecular defects in OI include numerous 

mutations in the pro-alpha chains of collagen type I that result in a phenotype 

characterized by increased bone fragility[397]. Although the dental phenotypes of DI 

types I and type II appear very similar, the later disorder is not associated with any of 

the non-dental phenotypic features of OI, and is not caused by a collagen type I 

defect. DI type II and type III are autosomal dominant allelic conditions due to 

mutations of the DSPP gene[398, 399], coding for the most abundant 

noncollagenous protein in dentin[400] 

IV.3.5 Dentin Dysplasia 

Two types of Dentin Dysplasia (DD) are recognized. DD type I (OMIM; 

125400) is a rare dentin defect that appears to be inherited as an autosomal 

dominant condition with a reported frequency of 1:100,000 persons. Clinically the 

dental crowns appear normal while radiographically, the teeth are characterized by 

pulpal obliteration and short blunted roots. The teeth are generally mobile, frequently 

abscessed, and can be lost prematurely. There is no known specific treatment 
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approach for DD type I although effort to keep occlusal forces to a minimum and 

avoiding orthodontic treatment for the malaligned teeth may increase tooth 

longevity[401].  

DD type II (OMIM; 125420) is also inherited as an autosomal dominant trait. 

DD type II appears virtually identical to DI type II in the primary dentition with yellow-

brown to blue-gray discoloration of the teeth and pulpal obliteration. However, in DD 

II the permanent dentition is normal in color or minimally discolored, but displays 

abnormal pulpal morphology that can appear shaped like a thistle tube in the anterior 

teeth. Pulp stones also are common in the permanent teeth. Studies now show that 

in at least some families DD type II is caused by mutations in the DSPP gene which 

is also associated with DI type II[401]. 

Abnormal dentin may also be a variable feature of syndromes such as:  

- Ehlers- Danlos syndrome,  

- Golblatt syndrome, 

- Schimke immuno-osseous dysplasia,  

- Brachio-skeleto-genital syndrome,  

- Osteodysplastic and primordial short stature with severe microdontia and 

opalescent teeth and rootless molars  

 IV.3.6 Amelogenesis Imperfecta 

In humans Amelogenesis Imperfecta (AI) is a relatively rare heterogeneous 

group of inherited disorders characterized by abnormal enamel formation. The term 

AI is reserved for hereditary defects of enamel that are not associated with defects in 

other parts of the body or other health problems but this might be discussed and 

revised as AI are now more and more recognized as associated to other symptoms 

in syndromes[37].  

The prevalence of these conditions has been studied in only a few populations 

and has been reported to range from 1 in 700 to 1 in 15,000[402]. It is most probably 

inaccurate considering the diversity of these diseases. In AI, the enamel defect 

phenotype exhibit a great variability according to the thickness, hardness and 

smoothness of the affected enamel[37]. These defects are described as hypoplastic 
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(quantitative defect of enamel), hypomature (defect in final growth and maturation of 

enamel crystallites eventually due to insufficient resorption of enamel matrix protein), 

and/or hypocalcified (defect in initial crystallite formation followed by defective 

growth)[403]. The enamel in both the hypomaturation and hypocalcified AI types is 

not mineralized to the level of normal enamel and can be described as 

hypomineralized. AI can be inherited either as a X-linked, autosomal dominant (AD), 

or autosomal recessive (AR) condition. 

As the final thickness of dental enamel is established at secretory stage, 

disruption of this process will lead to insufficient enamel appositional growth and 

pathologically thin or hypoplastic enamel (hypoplastic AI). The maturation stage of 

amelogenesis is critical for development of enamel hardness and translucidity. 

Aberration of this process will cause insufficient mineral deposits on the sides of 

enamel crystallites and leave enamel opaque, colored and sometimes softer, a 

condition known as hypomaturation AI. In this case, the affected enamel is of normal 

thickness but easily abraded after tooth eruption due to the hardness defect. 

Hypocalcified AI is another form of AI in which the failure in mineralization is the most 

extreme. The enamel may have normal thickness but is rough, soft, and easily 

chipped off from tooth surfaces after eruption. Patients with AI often experience 

difficulty chewing and maintaining oral hygiene, have lower self-esteem due to poor 

dental appearance, and report compromised quality of life[404]. 

Defects in a number of genes have been reported to cause isolated AI, 

including AMELX, ENAM, KLK4, MMP20, FAM83H, WDR72, C4orf26, SLC24A4, and 

LAMB3[405]. In addition, many other genes such as DLX3, CNNM4, ROGDI, 

FAM20A, STIM1, ORAI1, and LTBP3[406] have been shown to be involved in 

developmental syndromes with enamel defects. These findings reveal many critical 

players in dental enamel formation. AMELX and ENAM are two genes encoding 

enamel matrix proteins that are actively secreted by ameloblasts at secretory stage. 

Mutations in these two genes lead to hypoplastic forms of AI[37]. MMP20 and KLK4 

are two major enamel proteases expressed by mainly secretory-stage and 

maturation-stage ameloblasts respectively. While MMP20 processes enamel matrix 

proteins during the secretory stage, KLK4 is responsible for further degradation of 

residual proteins during the maturation stage[37, 407, 408]. Mutations in these two 
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genes generally cause enamel hardness defects (hypomaturation AI) due to 

defective protein degradation and removal[37]. Except the four mentioned genes 

encoding enamel matrix proteins and proteases, all of the other AI associated genes 

were identified through human sequence analysis of AI families[409, 410]. Often, the 

enamel-specific functions of many of these genes and associated proteins are largely 

unknown. 

IV.4 A focus on rare diseases through human genetics and 

mimicking mouse models 

On the basis of informative families recruited within the Reference Center for 

rare oral and dental diseases (CRMR O-Rares) of the Hôpitaux Universitaires de 

Strasbourg (Pôle de médecine et chirurgie bucco-dentaires) in collaboration with the 

Laboratoire de Génétique Médicale (Pr Hélène DOLLFUS, UDS EA3939-Avenir 

INSERM, INSERM U1112) and international collaborators, in the framework of 

Interreg IV Offensive Sciences A27 and Interreg V RARENET, ERDF funded 

projects, it was possible to approach via next generation sequencing (NGS) 

especially whole exome sequencing the genotype matching extraordinary oral 

phenotypes. 

LTBP3 was identified as the gene responsible for Verloes Bourguignon 

syndrome linking short stature, platispondyly with hypoplastic amelogenesis 

imperfecta[129].  The characterization of the enamel phenotype was detailed in this 

PhD work using the Ltbp3-/- mouse model. This work is summarized in the next part 

(Page 130).  

A new gene SMOC2 was also discovered as a critical regulator of tooth 

development and alveolar bone growth[411]. In humans SMOC2 null mutation results 

in oligodontia, microdontia, thin enamel, short roots such as in dentin dysplasia type 

I, and shape abnormalities phenotypes. This secreted BM-40 (SPARC) family 

matricellular protein appears a key regulator of extracellular matrix signaling. The 

functional properties of SMOC2 suggest it acts as a secreted signal inducing tooth 

and alveolar bone development.  

The pathophysiology and role of Smoc2 can be approach using the Smoc2-/- 

mouse model. A prelimary manuscript describing the murine Smoc2-/- mutant 
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phenotype, comparing it to the clinical symptoms observed in patients is reported on 

page 148. The summary of human rare diseases associated with orofacial 

manifestations described in results are summarized in Table 4.  

Summay of human rare diseases discussed in this PhD work 

Gene 

name 

Disease name MIM and 

Inheritance 

Clinical Phenotype References 

CYP26B1 

 

-Craniosynostosis 

with radiohumeral 

fusions and other 

skeletal and 

craniofacial 

anomalies 

-Lethal occipital 

encephalocele-

skeletal dysplasia 

syndrome 

614416 -Skeletal and 

craniofacial 

anomalies, including 

fusions of long 

bones, calvarial 

bone hypoplasia, 

and craniosynostosis 

-Laue 2011[412] 

DMP1 

 

- AR 

hypophosphatemic 

rickets 

241520, AR -DI type II 

 

-AR 

hypophosphatemia 

 

-AR 

hypophosphatemic 

rickets, osteomalacia 

with isolated renal 

phosphate-wasting 

associated and 

normocalciuria. 

-Hirst 1997[413] 

 

-Lorenz-

Depiereux 

2006[414] 

-Feng 2006[415] 

DSPP -Deafness, 

autosomal 

dominant 39, with 

dentinogenesis 

605594, AD  

 

 

 

-DI type I and type II 

 

-DI with or without 

hearing loss 

-Takagi 1988[416] 

 

-Xiao 2001[398] 
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-DD, type II 

 

-DI, Shields type II 

 

-DI, Shields type III 

125420, AD 

 

125490, AD 

 

125500, AD

  

-DI Shields type II 

 

-DI type II 

 

-Hereditary dentin 

disorders and no 

obvious 

pathogenetic effects 

on dentin formation  

-Zhang 2001[399] 

 

-Rajpar 2002[417] 

 

-Song 2008[418] 

ENAM 

 

-AI, type IB 

 

 

 

 

 

 

-AI, type IC 

104500, AD 

 

 

 

 

 

 

204650, AR 

-AD local hypoplastic 

AI 

 

-AD smooth 

hypoplastic form of 

AI 

 

-27% of the 

autosomally 

inherited cases of 

local hypoplastic 

form of AI 

 

-AR, AI and localised 

enamel defects 

-Kärrman 

1997[419] 

 

-Rajpar 2001[420] 

 

 

 

-Mårdh 2002[421] 

 

 

 

 

 

-Hart 2003[422] 

FGF3 Deafness, 

congenital with 

inner ear agenesis, 

microtia, and 

microdontia 

 

 

610706, AR -Type I microtia, 

microdontia, and 

profound congenital 

deafness associated 

with a complete 

absence of inner ear 

structures  

 

 

-Tekin 2007[423] 
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-Congenital 

sensorineural 

deafness, microtia 

and microdontia 

 

-Otodental syndrome 

and associated 

ocular coloboma 

 

-Deafness, microtia, 

and microdontia 

-Alsmadi 

2009[424] 

 

 

 

-Gregory-Evans 

2007[425] 

 

 

-Sensi 2011[426] 

LTBP3 

 

Dental anomalies 

and short stature 

 

 

601216, AR -Oligodontia and 

short stature 

 

-Oligodontia, short 

stature, and mitral 

valve prolapsed 

 

-Brachyolmia and 

hypoplastic 

amelogenesis 

imperfecta 

-Noor 2009[127] 

 

 

-Dugan 2015[128] 

 

 

 

-Huckert 

2015[129] 

RUNX2 

 

-CCD 

 

(CCD, forme fruste, 

dental anomalies 

only) 

AND 

(CCD, forme fruste, 

with brachydactyly) 

 

 

 

119600, AD 

 

 

 

 

 

 

 

 

 

 

-CCD with 

brachydactyly 

-Patent fontanelles, 

wide cranial sutures, 

hypoplasia of 

clavicles, short 

stature, 

supernumerary 

teeth, and other 

skeletal anomalies 

 

-Mundlos 

1997[427] 

-Quack 1999[428] 

-Zhou 1999[429] 

-Bergwitz 

2001[430] 

-Otto 2002[76] 

-Yoshida 

2002[431] 
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-Metaphyseal 

dysplasia with 

maxillary 

hypoplasia with or 

without 

brachydactyly 

 

 

 

 

 

 

 

 

 

 

 

 

 

156510, AD 

-Absence of the 

clavicles marked 

calvarial 

hypomineralization, 

osteoporosis, 

progressive 

kyphoscoliosis, 

Bowdler spurs, 

severe osteopenia, 

and low alkaline 

phosphatase. 

 

-Metaphyseal 

dysplasia with short 

stature, facial 

manifestations 

include beaked 

nose, short philtrum, 

thin lips, maxillary 

hypoplasia, 

dystrophic yellowish 

teeth 

-Zheng 2005[432] 

-Fernandez 

2005[433] 

-Baumert 

2005[434] 

-El-Gharbawy 

2010[435] 

 

 

 

 

 

-Halal 1982[436] 

 

-Moffatt 2013[437] 

SFRP4 

 

-Pyle disease 

-Metaphyseal 

dysplasia, Pyle type 

265900, AR Cortical-bone 

thinning, limb 

deformity, and 

fractures 

-Simsek Kiper 

2016[438] 

SMOC2 

 

DD, type I, with 

microdontia and 

misshapen teeth 

 

125400, AR -DD phenotype with 

oligodontia, 

microdontia, and 

tooth shape 

abnormalities 

 

 

-Bloch-Zupan 

2011[411] 
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-Oligodontia and 

microdontia 

-Alfawaz 

2013[439] 

SOX3 -Mental retardation, 

X-linked, with 

isolated growth 

hormone deficiency 

 

-Panhypopituitarism 

X-linked 

 

 

 

 

 

 

 

 

 

300123 

 

 

 

 

312000, XL 

-X-linked mental  

retardation with 

growth hormone 

deficiency 

 

-Variable X-linked 

recessive 

hypopituitarism 

 

-Spina bifida and 

panhypopituitarism 

 

- 46,XY individuals 

with X-linked 

hypopituitarism 

-46,XX individuals 

with random X 

inactivation 

-Hamel 1996[440] 

-Laumonnier 

2002[441] 

 

 

-Solomon 

2004[442] 

-Solomon 

2007[443] 

-Woods 

2005[444] 

-Bowl 2005[445] 

-Sutton 2011[446] 

-Vetro 2015[447] 

-Stagi 2014[448] 

-Haines 

2015[449] 

-Igarashi 

2015[450] 

 

Table 4 Human rare diseases and their phenotypes. This selection reflects the 

diseases linked to the genes, signaling networks discussed in this PhD work. 
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Résumé de la thèse 

 

Approches cliniques, précliniques et translationnelles des anomalies bucco-

dentaires associées aux maladies rares  

Les anomalies bucco-dentaires et crânio-faciales sont des manifestations 

phénotypiques des maladies rares. Elles participent au tableau clinique des 

syndromes et sont susceptibles d’orienter un diagnostic.  Ces anomalies que l’on 

peut classer en anomalies de nombre, forme, taille, structure, d’éruption et de 

résorption de la dent et de son parodonte, entité biologique, sont des signes 

diagnostiques fixés dans le temps par les phénomènes de minéralisation et témoin 

des altérations du développement.   Ces anomalies sont d’origine génétique mais 

peuvent être acquises pour certaines d’entre elles en particulier les anomalies de 

l’émail, tant l’odontogenèse est en interaction avec l’environnement.  

La dent et son parodonte sont confrontés de par leur origine embryologique et les 

processus de développement mis en œuvre à la problématique des crêtes neurales 

céphaliques, au développement des dérivés ectodermiques, aux interactions 

épithélio-mésenchymateuses et aux grandes voies de signalisation, aux 

phénomènes de minéralisation différentielle dans différents contextes et tissus 

(émail, dentine, cément, os alvéolaire) d’organisation variée tant à l’échelle 

macroscopique que microscopique, au remodelage osseux entourant les 

phénomènes d’éruption.  

Ce doctorat combine les approches cliniques, précliniques et translationnelles en 

particulier par l’étude des modèles murins génétiquement modifiés reproduisant les 

maladies rares étudiées. Ces modèles sont choisis pour répondre aux 

problématiques de compréhension des processus biologiques et de prise en charge 

des patients maladies rares suivis au Centre de référence des maladies rares orales 

et dentaires (O-Rares) du Pôle de médecine et Chirurgie Bucco-dentaires des 

Hôpitaux Universitaires de Strasbourg.  

Ce doctorat vise ainsi à identifier des gènes impliqués dans la morphogenèse et la 

signalisation inter-cellulaire en s’intéressant aux facteurs (i) environnementaux et (ii) 
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génétiques initiant et modulant le développement de la dent et la morphogenèse 

associée au parodonte.  

Les résultats sont ici résumés : 

(i) Etude des effets de l’acide rétinoïque en excès sur le développement 

dentaire et la formation de l’émail. Certains facteurs environnementaux 

peuvent altérer le développement de l’émail. Les anomalies de l’émail au cours du 

développement (anomalies de dépôt de la matrice extracellulaire, de la 

minéralisation, ou de la dégradation) peuvent exister dans un éventail de maladies 

génétiques, appelées Amélogenèse Imparfaite (AI). Nous avons réalisé une étude 

visant à évaluer l'action d’un facteur environnemental et nutritionnel : l’acide 

rétinoïque (AR) - la forme active de la vitamine A - lors du développement de l’émail. 

Nous avons observé des défauts de l'émail chez des souris exposées in utero à des 

doses faiblement tératogéniques d'AR, par supplémentation de la nourriture 

maternelle, pendant 2 à 4 jours aux stades précoces du développement foetal (E12,5 

à 16,5). Le profil d'expression d'enzymes impliquées dans la dégradation de l'AR 

(Cyp26b1 et Cyp26c1) suggère qu'en condition d'excès, l'action de telles enzymes 

ne suffit plus à éliminer l'AR dans les cellules qui doivent être exemptes de ce signal, 

ce qui affecte le processus de minéralisation de l'émail. Nous avons effectué une 

analyse transcriptomique (séquençage d'ARN à haut débit ou RNA-seq) des cellules 

de bourgeons d'incisives à E14,5 et E16,5 après exposition à l’AR et avons mis en 

évidence de fortes réductions des niveaux d'ARN messager (ARNm) de gènes 

codant pour des protéines de l'émail : Enamelin (Enam), Ameloblastin (Ambn), et 

Odontogenic ameloblast-associated protein (Odam). L'administration d'AR affecte 

également la minéralisation osseuse crânio-faciale, avec une ossification réduite 

après 2 jours de traitement. Le séquençage par RNA-seq montre une réduction de 

Runx2 (codant pour un facteur de transcription indispensable pour la régulation de la 

différenciation osseuse et de l’émail). Des gènes codant pour des facteurs de 

croissance de l'os (y compris des protéines BMP), des protéines de la matrice 

extracellulaire, ou de l’homéostasie du calcium, sont également affectés dans les 

bourgeons dentaires à E14.5 exposés à l’AR, alors que des gènes mutés dans les 

cas d'AI chez l'homme (ENAM, AMBN, AMELX, AMTN, KLK4) montrent une 

expression réduite à E16.5. Nous avons utilisé une approche bio-informatique pour 



97 

 

proposer un modèle expliquant comment la signalisation par l'AR aux stades E14,5-

15,5 affecte les protéines de l'émail à E16.5. Ce modèle explique comment l'AR en 

excès peut nuire à la production de protéines de l'émail, entraînant des altérations 

permanentes de sa formation. Nos résultats peuvent avoir des implications cliniques, 

puisque des différences phénotypiques dans la sévérité de certaines AI ont été 

décrites entre des membres de la même famille portant des mutations identiques. 

Les patients atteints pourraient être sensibilisés à des altérations normalement 

bénignes provoquées par la consommation en excès de vitamine A (ou de 

médicaments contenant de l'AR), et/ou une activité sub-optimale des enzymes de 

catabolisme de l'AR. Les facteurs nutritionnels, tels que la vitamine A, pourraient 

donc moduler la pénétrance phénotypique et la gravité de maladies rares telles que 

l'AI et l'hypominéralisation des molaires et incisives. Ces données ont été récemment 

publiées dans le journal Frontiers in physiology (IF 4.031). 

(ii) Phénotypage de modèles murins de maladies rares.  

Par une collaboration entre notre équipe à l'IGBMC et le Laboratoire de Génétique 

Médicale (EA3939-Equipe Avenir puis Inserm U_1112) dirigé par le Professeur H. 

Dollfus, nous avons identifié, grâce à des familles informatives, plusieurs nouveaux 

gènes responsables de maladies rares, codant notamment pour : (ii-1) Latent 

Transforming Growth Factor Beta Binding Protein 3 (LTBP3) responsable, lorsqu’il 

est muté, de l’association AI, petite taille et anomalies vertébrales et (ii-2) SMOC2, 

un régulateur du développement de la dent et de la croissance de l’os alvéolaire. 

(ii-1) Anomalies dentaires et de la formation de l'émail chez la souris 

mutante Ltbp3. LTBP3 joue un rôle important dans la morphogenèse crânio-faciale 

et la minéralisation des tissus, car il est requis dans le phénomène d’activation de 

TGF-β. Afin d’étudier le rôle de Ltbp3 dans la formation de l’émail, des souris adultes 

mutantes pour Ltbp3 (fournies grâce à une collaboration avec le Dr D. Rifkin, New 

York University Medical Center, NY, États-Unis), ont été analysées par micro-

tomographie (micro-CT) et microscopie électronique à balayage (SEM). En 

comparaison des témoins, les souris mutantes Ltbp3-/- présentent des altérations de 

l’émail, les anomalies apparaissant dès les premiers stades de formation de la 

matrice amélaire. Les améloblastes (cellules produisant l'émail) sont particulièrement 

affectés au stade de la maturation. La minéralisation de l’émail est en conséquence 
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fortement réduite. La formation des racines des molaires est aussi altérée, avec la 

formation de masses bulbeuses irrégulières chez les mutants. Comme la 

signalisation par TGF-β a rôle majeur dans le développement osseux, le squelette 

crânio-facial est globalement affecté. Ces anomalies miment cliniquement les 

mutations du gène LTBP3 produisant des phénotypes d'AI associées à des 

anomalies osseuses. Ces données ont été publiées dans le journal European 

Journal of Oral Sciences, (IF 1.607) en 2017. 

(ii-2) Caractérisation du modèle mutant Smoc2-/-. Les patients porteurs de 

mutations de ce gène, codant pour une protéine de la matrice extra-cellulaire liant le 

calcium (SMOC2: SPARC-related modular calcium-binding protein 2), présentent une 

déficience prononcée de la croissance de l'os de la mâchoire et des anomalies 

dentaires (oligodontie (plus de 6 dents permanentes manquantes), microdontie et/ou 

dents de forme et taille anormales). Les propriétés fonctionnelles de SMOC2 

suggèrent que cette protéine agit comme un signal sécrété, induisant à la fois le 

développement osseux basal et alvéolaire. Des études récentes démontrent que 

SMOC2 est présent dans des populations de cellules souches (les cryptes 

intestinales et les lèvres cervicales des germes dentaires) où elle favorise la 

prolifération cellulaire et l'angiogenèse. 

J'ai effectué des analyses approfondies du phénotype dentaire et crânio-facial 

des souris mutantes Smoc2-/- (produites pour notre équipe de recherche par l'institut 

clinique de la souris). Afin d’étudier l'origine des anomalies crânio-faciales et 

dentaires, une étude de lignage cellulaire à l'aide d'un marqueur GFP inséré dans le 

gène muté est en cours. La mutation de Smoc2 entraîne un déficit modéré de la 

croissance squelettique, avec une déficience de la croissance osseuse alvéolaire, 

ainsi qu'une dysplasie de la dentine. Ces anomalies phénocopient les altérations 

observées chez les patients. En plus de la microdontie, certaines souris Smoc2-

nulles possèdent une molaire supplémentaire (quatrième molaire), indiquant un 

défaut de développement évocateur de modifications de la signalisation par la voie 

Wnt. 

Pour comprendre l’étiologie et analyser les anomalies crânio-faciales et 

dentaires, une analyse morphométrique approfondie a été effectuée par la 

technologie de micro-tomographie (micro-CT), complétée par des analyses 
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histologiques et en microscopie électronique. Les anomalies de l'expression de 

gènes chez les souris Smoc2-/- ont été explorées par la technique de RNA-seq. Les 

données obtenues pour les molaires au stade E14.5 révèlent chez le mutant des 

réductions significatives pour les gènes Bone gamma-carboxyglutamate protein 

(Bglap), Dentin matrix acidic phosphoprotein 1 (Dmp1), Odontogenic ameloblast-

associated protein (Odam), Secreted frizzled-related protein 4 (Sfrp4) et Fgf3. 

L'expression anormalement faible de gènes des voies Wnt et NF-κB pourraient aussi 

compromettre la formation de l’émail, de la dentine et de l’os alvéolaire. Nous avons 

donc identifié des cibles potentielles de Smoc2. Les données de RNA-seq sur le 

tissu mandibulaire chez le mutant Smoc2 au jour E18.5 montrent une diminution de 

l'expression de gènes comme la Dentine sialophosphoprotein (Dspp), une protéine 

de la matrice extracellulaire de la dentine impliquée dans la biominéralisation. 

Au cours de ce projet, des études ont été publiées indiquant que SMOC2 fait 

partie du sécrétome de certains cancers. SMOC2 pourrait jouer plusieurs fonctions 

permettant la prolifération inflammation-dépendante de cancers, par l’intermédiaire 

de la signalisation NF-κB. Il pourrait aussi agir comme un facteur sécrété pro-

métastatique, induisant la vascularisation, la prolifération des cellules néoplasiques 

et la métastase. Plusieurs nouvelles cibles oncogéniques (Prap1, Aqp1 et Gsdmc) 

ont été découvertes dans notre analyse par RNA-seq. Les données suggèrent une 

fonction dans la régulation de la croissance vasculaire, en induisant localement des 

signaux pro-mitotiques impliquant la signalisation par la MAP-kinase. SMOC2 aurait 

donc un rôle crucial pour contrôler la prolifération cellulaire (expliquant les déficits de 

croissance observés chez les mutants).  

En clinique, de nombreux patients ont besoin de traitements par implants pour 

remplacer des dents manquantes. Un des objectifs de recherche translationnelle 

serait de fournir une preuve de principe que SMOC2 régule la croissance de l’os 

alvéolaire, et pourrait améliorer le taux de succès des implants dentaires. Tandis que 

nos objectifs initiaux étaient d'élaborer des stratégies impliquant l'administration de 

SMOC2 pour améliorer l’adhésion des implants dentaires chez les patients avec un 

os alvéolaire déficient, les découvertes récentes sur les rôles pro-oncogéniques de 

SMOC2 nous ont amené à abandonner cette perspective et à nous concentrer sur le 

rôle physiologique de cette protéine. Puisque les souris Smoc2-nulles montrent des 
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défauts de la cicatrisation osseuse, lorsque celle-ci est stimulée dans un modèle 

d’extraction dentaire, une hypothèse formulée est que la signalisation par SMOC2 

est impliquée dans les interactions réciproques entre l’épithélium et le mésenchyme 

de la dent et de son parodonte. Ce modèle serait conforme avec l'observation de 

niveaux d'expression réduits de Dmp1 et Dspp chez le mutant Smoc2, deux facteurs 

importants pour l’ostéo-intégration et la cicatrisation de l’os alvéolaire. Avec l'aide de 

collègues de la faculté de chirurgie dentaire et de l’INSERM U_1109, j'ai développé 

un modèle d’extraction la première molaire de souris, pour analyser le processus de 

réparation et cicatrisation de l’os alvéolaire. Les données préliminaires montrent que 

six semaines après l'extraction, les souris Smoc2-nulles ne réparent pas 

correctement l'os alvéolaire, et au contraire présentent une résorption osseuse 

ectopique (phénomène d'ostéonécrose). Notre hypothèse est que SMOC2 aurait un 

rôle critique, se manifestant pendant le phénomène de cicatrisation, et peut-être 

d'autres processus pathologiques comme la fibrose. Les expériences en cours se 

concentrent sur cette question, en testant par exemple si les souris Smoc2-nulles 

montrent un excès de la fonction des ostéoclastes. Ces données pourront avoir des 

implications plus larges dans la compréhension de la régénération des tissus et des 

os. 

En conclusion, l’investigation des bases moléculaires et génétiques du 

développement dentaire et crânio-facial, par des approches de recherche 

translationnelle, ne contribue pas seulement à la compréhension des anomalies de 

ce développement, mais permettra aussi de progresser dans la mise au point de 

traitements appropriés et de stratégies thérapeutiques applicables à la prise en 

charge de patients atteins de maladies rares. 
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RÉSULTATS (RESULTS) 
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(i) Environmental factors 
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Retinoic Acid Excess Impairs Amelogenesis 

Inducing Enamel Defects 

Morkmued S, Laugel-Haushalter V, Mathieu E, Schuhbaur B, Hemmerlé J, Dollé P, 

Bloch-Zupan A, Niederreither K. 

Front Physiol. 2017 Jan 6;7:673. doi: 10.3389/fphys.2016.00673 

 

L'excès d'acide rétinoïque interfère avec l’amélogénèse provoquant des 

défauts de formation de l’émail. 

Les anomalies de synthèse et sécrétion de protéines matricielles de l’émail, de la 

minéralisation de cette matrice ou de sa dégradation pendant le développement 

dentaire sont responsables d'un spectre d’anomalies de l’émail ou amélogenèse 

imparfaite (AI) rencontrées dans les maladies génétiques ou éventuellement de 

défauts de l’émail acquis par interaction entre ces processus et l’environnement. 

Pour évaluer si les facteurs environnementaux / nutritionnels peuvent exacerber les 

défauts de l'émail, nous avons étudié le rôle de la forme active de la vitamine A, 

l'acide rétinoïque (AR). Une forte expression des enzymes dégradant l’AR : Cyp26b1 

et Cyp26c1 suggère qu’un excès d’AR réduirait la minéralisation des tissus durs, en 

affectant le développement de l'émail. Nous avons utilisé un protocole où l’AR a été 

donné à une souris gestante comme complément alimentaire, à une concentration 

n’augmentant que modérément le taux sérique d’AR. Cette supplémentation a 

entraîné de graves défauts d'émail observés même à l’âge adulte chez les souris 

nées de mères traitées, les altérations les plus sévères étant observées pour les 

traitements par l’AR effectués entre les jours embryonnaires (E) 12,5 à E16,5. Nous 

avons identifié les protéines de la matrice de l'émail, l'énameline (Enam), 

l'améloblastine (Ambn) et la protéine associée à l'améloblaste odontogène (Odam) 

comme étant des gènes cibles affectés par un excès d’AR et présentant des 

réductions d'ARNm plus de 20 fois supérieures dans les incisives inférieures à 

E16,5. Les traitements à l’AR ont également affecté la formation des os, en réduisant 

la minéralisation. Par conséquent, l'ossification crânio-faciale a été considérablement 
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réduite après 2 jours de traitement (E14.5). Le séquençage massif d'ARN (ARN-seq) 

a été effectué sur les incisives inférieures E14.5 et E16.5. Une diminution de 

l’expression de Runx2 (un régulateur transcriptionnel clé de la différenciation des os 

et de l’émail) et de ses cibles a été observée à E14.5 dans les embryons exposés à 

l’AR. L'analyse par ARN-seq a en outre indiqué que les facteurs de croissance 

osseuse, la matrice extracellulaire et l'homéostasie du calcium étaient perturbés. Les 

gènes mutés dans l'AI chez l’homme (ENAM, AMBN, AMELX, AMTN, KLK4) ont vu 

leur expression réduite à E16.5. Nos observations appuient un modèle dans lequel 

une signalisation élevée d’AR aux stades fœtaux, affecterait les lignées cellulaires 

dentaires. Par la suite, la production de protéines de l’émail est altérée, entraînant 

des altérations permanentes de l’émail. 
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Supplemental Material 

Retinoic acid excess impairs amelogenesis inducing enamel defects 

 

I Supplementary Text 

 

Methods: 

 

Incisor explant culture: 

Pregnant CD1 mice were sacrificed at E13.5, and paired lower incisors (still bearing cartilage 

connection) were dissected, then cultured for 7 days on Costar 6-well Transwell dishes 

containing 1.5 mL of Advanced Dulbecco’s Modified Eagle Medium F12 (DMEM F12 -

GIBCO-BRL) containing 10% fetal calf serum, 1% penicillin-streptomycin (Sigma), and 20 

µg/mL ascorbic acid (Sigma). All-trans retinoic acid (Sigma) at a concentration of 5 mg/mL 

in ethanol was diluted in media and added to cultures. Cultures were shielded from light and 

incubated at 37
°
C in 5% CO2, and medium was changed every two days.  

 

Histological analysis  

Heads of 7 day-old control and RA-treated mice were fixed in 4% paraformaldehyde, rinsed, 

demineralized in 10% EDTA at room temperature for 8 days (the demineralizing solution was 

changed every two days). After thorough water washes, the heads were dehydrated in a 

graded ethanol series, cleared in Histosol, and embedded in paraffin at 60°C. Sagittal sections 

(8 µm) were stained with hematoxylin/eosin. A detailed histology protocol can be found at 

http://www.empress.har.mrc.ac.uk phenotyping, Necropsy Exam, Pathology, Histology 

section. 

 

RNA sequencing  

The mRNAseq libraries were prepared according to a modified Illumina protocol. Purified 

mRNA was isolated from total RNA using oligo-dT magnetic beads, and fragmented using 

divalent cations (95°C for 5 minutes). mRNA fragments were reverse transcribed using 

random primers, and second strand cDNA synthesis was performed. The cDNA fragments 

were blunt-ended, phosphorylated, and ligated to single-ended adapter dimers. Following 

PCR amplification, excess PCR primers and dimer adapters were removed using AMPure 

bead purification (Agencourt Biosciences Corporation). Size selection by electrophoresis in 

agarose gel was used to isolate DNA fragments of ~250-350 bp. These were excised and 

purified using QIAquick Gel Extraction Kit (Qiagen). DNA library quality and quantification 

http://www.empress.har.mrc.ac.uk/
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was assessed using a 2100 Bioanalyzer (Agilent). The libraries were loaded in the flowcell (at 

a 6 picomolar concentration) and sequenced using Illumina Genome Analyzer IIx equipment 

which performed single-end 54 base reads. Image analysis and base calling were performed 

with the 1.6 Illumina Pipeline.  

 

In silico analysis of the enamel matrix protein regulatory regions 

For in silico comparative genomic analysis of the Enam, Ambn, and Amelx regulatory regions 

we used a combination of web-based programs. Blast searches were conducted using the 

National Center for Biotechnology Information programs (https://www.ncbi.nlm.nih.gov/). 

We used the whole human and mouse sequences of each gene to find evolutionarily 

conserved regions. Vista plot analysis was performed using the mVista program at 

http://genome.lbl.gov/vista/mvista/submit.shtml. To identify binding element motifs of the 

Runx2/3, Dlx3/5, and Smad2/3/4 transcription factors we used the web-based program 

JASPAR (version 2016) at http://jaspar.genereg.net. To find transcription factor binding sites 

at the conserved regions both rVista and (http://genome.lbl.gov/vista/rvista/submit.shtml and 

MatInspector 

(https://www.genomatix.de/online_help/help_matinspector/matinspector_help.html#seq_selec

tion) programs were used. Gene expression databases (http://bite-it.helsinki.fi) and 

(http://genepaint.org) were used to verify expression domains of transcription factors 

potentially binding to the selected enamel matrix proteins. 

https://www.ncbi.nlm.nih.gov/
http://genome.lbl.gov/vista/mvista/submit.shtml
http://jaspar.genereg.net/
http://genome.lbl.gov/vista/rvista/submit.shtml
https://www.genomatix.de/online_help/help_matinspector/matinspector_help.html#seq_selection
https://www.genomatix.de/online_help/help_matinspector/matinspector_help.html#seq_selection
http://bite-it.helsinki.fi/
http://genepaint.org/
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II Supplementary Figures and Tables 

 

Supplementary Figures 

 

 

 

 

Figure S1. Mean values of total lower incisor length calculated by micro-CT analysis. 

Incisor length was measured form the most posterior to the tip of the incisal edge of lower 

incisors. In RA-treated samples, total lower incisor length is reduced by ~10% (*** p<0.001). 

 

 

 

Figure S2. Mean values of bone volume/tissue volume (BV/TV) analyzed by micro-CT 

analysis. Percentage of alveolar bone around the lower first molar divided by total volume. In 

RA-treated samples, BV/TV is significantly reduced. (* p<0.05). 
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Figure S3. Micro-CT imaging comparing lower molars from 50 day-old mice: untreated 

(left side) and following E12.5-16.5 RA treatment (right side). Overall, the number of 

cusps, root morphology, and overall appearance is similar, although moderate growth 

reductions are observed. Scale bar: 1 mm. 

 

 

 

Figure S4. RT-PCR analysis of Enam transcripts after Transwell explant culture of 

E13.5 lower incisors for 7 days. Panel A shows effects of 10
-8

 M RA when incisors are 

cultured with adjacent alveolar bone. Panel B shows similar effects of RA in reducing Enam 

in isolated incisors (*** p<0.001). Photos of incisor explants in culture are shown in C. Note 
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equivalent growth of incisors during RA treatment compared with control untreated samples. 

Scale bars: 500 µm.  

 

 

Figure S5. Principal component analysis (PCA plot) visualizing overall effect of retinoid 

treatments on the incisor RNA transcriptome. At E14.5, RA-treated and control samples 

show tight clustering. At E16.5 larger expression changes and sample disparity are observed. 

 

 

 

Figure S6. Comparison between E14.5 untreated and RA-treated samples (left), and 

E16.5 untreated and RA-treated samples (right) using scatterplot diagrams (obtained 

with DESeq2). At E14.5, less than 20 genes had fold-changes (log2) > 1 (red dots). At E16.5, 
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using a false discovery rate (FDR)<0.05 and log2 fold-change > 1, the total number of 

significantly differentially expressed genes is 1375. The number of overexpressed genes is 

502, whereas the number of underexpressed genes is 873.  

 

 

Figure S7. In situ hybridization localization of Enam in the lower incisor pre-secretory 

ameloblasts at E16.5. Marked expression of Enam is detected in pre-secretory stage 

ameloblasts. In RA-treated samples, Enam is significantly reduced. Scale bars: 100 µm.  

 

 

Figure S8. In situ hybridization localization of Runx2, Runx3, Dlx3, Dlx5, Bmp2, and 

Bmp3 in lower incisors at E14.5. Marked expression of these genes is detected 
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predominantly in dental mesenchymal tissue. All images are obtained from the Genepaint 

database (http://genepaint.org/). Abbreviations: epithelium (E), mesenchyme (M). 

 

 

Supplementary Tables 

 

NAME Forward Primer Reverse Primer 

Enam TGC AGA AAT CCG ACT TCT CCT CAT CTG GAA TGG CAT GGC A 

Ambn ATG AAG GGC CTG ATC CTG TTC GTC TCA TTG TCT CAA GGC TCA AA 

Odam AGC TTT GCT GGA CTA TTC CCA GTA CCA CAT AGG ACA TAG GGC T 

Runx2 AGA GTC AGA TTA CAG ATC CCA GG TGG CTC TTC TTA CTG AGA GAG G 

Bmp2 GGG ACC CGC TGT CTT CTA GT TCA ACT CAA ATT CGC TGA GGA C 

Dlx3 CAC TGA CCT GGG CTA TTA CAG C GAG ATT GAA CTG GTG GTG GTA G 

Dlx5 TCT CTA GGA CTG ACG CAA ACA GTT ACA CGC CAT AGG GTC GC 

Ihh CTC AGA CCG TGA CCG AAA TAA G CCT TGG ACT CGT AAT ACA CCC AG 

Gapdh AGG TCG TGT TGA ACG GAT TTG TGT AGA CCA TGT AGT TGA GGT CA 

 

Table S1: Primer sequences used for real-time RT-PCR analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://genepaint.org/
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Symbol Name FC log2 p-value 

Retinoid signaling  

Rarb retinoic acid receptor β 0.50 1.29 E-02 

Retsat 

retinol saturase (all-trans-retinol 13,14 

reductase)  0.40 2.42 E-03 

Rdh16 retinol dehydrogenase 16  0.32 2.38 E-01 

Neuronal transcription pathway  

En2 engrailed 2  1.96 4.63 E-06 

Neurog1 neurogenin 1  0.96 2.58 E-03 

Neurog2 neurogenin 2  1.29 1.22 E-03 

Sox1 SRY (sex determining region Y)-box 1  1.09 7.94 E-03 

Hes5 hairy and enhancer of split 5  0.99 4.07 E-03 

Dbx1 developing brain homeobox 1  0.93 2.38 E-02 

Neurod4 neurogenic differentiation 4  0.86 2.19 E-02 

Neurod1 neurogenic differentiation 1  0.83 4.11 E-02 

Otx2 orthodenticle homolog 2  1.45 9.09 E-04 

Cell death  

Prok1 prokineticin 1  1.20 5.98 E-03 

Prokr2 prokineticin receptor 2  0.88 2.76 E-03 

Hrk harakiri, BCL2 interacting protein  0.76 1.50 E-02 

Blood lineage  

Hbq1a hemoglobin, theta 1A  0.87 3.52 E-02 

Vwf Von Willebrand factor homolog  0.73 2.96 E-06 

Notch signaling  

Hey2 hairy/enhancer-of-split with YRPW motif 2  0.57 3.65 E-02 

Dtx3 deltex 3 homolog   0.33 1.40 E-03 

 

Table S2: Summary of genes increased in expression in E14.5 RA-treated lower incisors. 

Selected genes are members of the retinoic acid pathway, transcriptional regulators of 

neuronal development, or related to cell death, blood lineage commitment, or Notch signaling. 

Data are presented as log2 fold changes in RA-treated versus control samples: for instance, a 

FC log2 value of 1.00 will correspond to a 2-fold mRNA increase in the RA-treated samples. 
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Symbol Name FC log2 p-value  

Retinoic acid  

Cyp26b1 cytochrome P450 26b1  2.26 2.66 E-023 

Rarb retinoic acid receptor β 1.16 2.55 E-007 

Stra6 stimulated by retinoic acid gene 6  1.09 4.11 E-004 

Wnt signaling  

Wnt4 wingless-type MMTV integration site 4  0.94 4.33 E-008 

Wnt5a wingless-type MMTV integration site 5 α 0.96 4.89 E-014 

Wnt5b wingless-type MMTV integration site 5 β 0.42 3.72 E-002 

Wnt7b wingless-type MMTV integration site 7 β  0.94 1.36 E-006 

Wnt11 wingless-type MMTV integration site family 11  0,59 3.04 E-004 

Wisp3 WNT1 inducible signaling  3  0.8 4.36 E-002 

Fzd10 frizzled homolog 10   1.13 1.40 E-007 

Neuronal differentiated  

Sycp2l synaptonemal complex protein 2 2.58 2.10 E-008 

Cntn2 contactin 2  1.68 9.05 E-010 

Fscn2 fascin homolog 2, actin-bundling protein  1.65 9.15 E-005 

Gldn gliomedin  1.57 4.54 E-007 

Nps neuropeptide S  1.51 1.36 E-003 

Syt16 synaptotagmin XVI  1.48 2.08 E-008 

Cacna2d3 calcium channel, voltage-dependent, α2/δ3  1.48 1.26 E-008 

Kcnmb2 potassium large conductance channel M β2  1.47 7.02 E-004 

Mc5r melanocortin 5 receptor  1.14 7.11 E-004 

Scg2 secretogranin II  1.13 6.06 E-003 

Grid2 glutamate receptor δ 2  1.12 3.03 E-006 

Stx19 syntaxin 19  1.11 6.45 E-004 

Gabrg3 gamma-aminobutyric acid (GABA) A receptor, γ3  1.11 9.48 E-005 

Gprin2 G protein regulated inducer of neurite outgrowth 2  1.08 3.94 E-003 

 

Table S3: Genes of the retinoic acid pathway, or involved in Wnt signaling or neuronal 

differentiation, increased in expression in E16.5 RA-treated lower incisors. Data are presented 

as log2 fold changes in RA-treated versus control samples. 
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Enamel and dental anomalies in latent-

transforming growth factor beta-binding protein 3 

mutant mice 

Morkmued S, Hemmerle J, Mathieu E, Laugel-Haushalter V, Dabovic B, Rifkin DB, 

Dollé P, Niederreither K, Bloch-Zupan A. 

Eur J Oral Sci. 2017 Feb;125(1):8-17. doi: 10.1111/eos.12328. 

 

Anomalies de l’émail et des dents chez les souris mutantes pour le gène Ltbp-3 

(latent-transforming growth factor beta-binding protein 3). 

Latent-transforming growth factor beta-binding protein 3 (LTBP-3) est important pour 

la morphogenèse crânio-faciale et la minéralisation des tissus durs, car il est 

essentiel pour l'activation du facteur de croissance TGF-β. Pour étudier le rôle de 

LTBP-3 dans la formation de la dent, nous avons effectué des analyses de souris 

adultes Ltbp3-/- par tomodensitométrie aux rayons X (micro-CT), histologie et 

microscopie électronique à balayage. Les mutants Ltbp3-/- présentent des 

malformations crânio-faciales uniques et une hypoplasie de l’émail qui a débuté au 

stade de la mise en place de la matrice amélaire. L'organisation des améloblastes en 

phase de maturation est gravement perturbée. Les côtés latéraux de l'incisive sont 

les plus affectés. Une hypominéralisation de l'émail, une modification du schéma 

d’organisation des prismes de l'émail et des nodules d'émail sont observés dans les 

incisives, par microscopie électronique à balayage. Les racines des molaires 

montrent des formations internes de forme bulbeuse irrégulière. L'épaisseur du 

cément est réduite, et les tubules dentaires microscopiques montrent des 

changements mineurs à l’échelle nanostructurale. Ainsi, LTBP-3 est nécessaire pour 

la différenciation de l'améloblaste et pour la décussation des prismes d'émail, pour 

empêcher la formation de nodules d'émail et pour la morphogenèse correcte de la 

racine. En outre, et en cohérence avec le rôle de la signalisation TGF-β pendant la 

minéralisation, presque tous les éléments osseux crânio-faciaux sont affectés dans 

les souris Ltbp3-/-, en particulier ceux impliquant la mâchoire supérieure et le 
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museau. Ce modèle de souris démontre un chevauchement phénotypique avec le 

syndrome de Verloes-Bourguignon, également causé par les mutations de LTBP3, et 

caractérisé par des anomalies crânio-faciales et un phénotype d'amélogenèse 

imparfaite. 
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Craniofacial and tooth abnormalities in Sparc-

related modular calcium-binding protein 2 (Smoc2) 

mutant mice  

Supawich Morkmued, Francois Clauss, Brigitte Schuhbaur, Valerie Fraulob, Eric 

Mathieu, Joseph Hemmerlé, Pascal Dollé, Karen Niederreither, and Agnès Bloch-

Zupan 
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Clinical diagnosis and management of patients presenting with rare diseases 

and their associated orodental anomalies is challenging for health professionals and 

dentists, as limited knowledge and understanding of these developmental anomalies 

is available. Dental anomalies are excellent dysmorphic markers, providing visible 

evidence, through their unchanging mineralized state, of earlier developmental 

abnormalities, and giving warning signs that may provide sign-posts in rare disease 

diagnosis. They may be classified into five main groups; number (missing or 

supernumerary teeth), shape, size, hard tissue structure, and root formation 

(including eruption, resorption, and associated periodontal tissue). 

Tooth development is an extraordinarily complex process, which progresses 

through different stages from the initial dental lamina, through bud, cap and bell 

stages to terminal cytodifferentiation of odontoblasts and ameloblasts synthesizing 

dentin and enamel matrix proteins, respectively. It encompasses a very large 

timeframe, from initial neural crest cell formation and migration beginning around day 

22 in human embryogenesis to the completion of root formation of the third molars or 

wisdom teeth occurring around 20-25 years of age. Tooth development is under strict 

genetic control and involves continuous progressive inductive interactions between 

defined sites of the oral ectoderm and ectomesenchymal cells derived from the 

cephalic neural crest.  Disruptions of the involved signaling pathways and associated 

transcription factors lead to dental anomalies. These are seen in human isolated rare 

dental genetic diseases and in numerous syndromes. Of the over 7000 genetic 

syndromes known more than 900 have orodental anomalies and over 250 have 

associated clefting. Some of these anomalies can also occur as the results of or 

could be modulated in their severity through teratogenic environmental factors 

impairing craniofacial or dental development. A differential diagnosis is 

indispensable. 

Providing accurate information to the patient and its family is crucial. The 

specialist dentist is an indispensable partner of the multidisciplinary team helping 

these patients. He/She can also participate to the enrichment of knowledge through 

liaison with a clinical reference center. Thus, the pooling of expertise and cases 

allows the establishment of therapeutic guidelines to provide clear, concise, and 

evidence based recommendations about patient oral health care management.  
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It is therefore important to recognize, characterize, and precisely record dental 

anomalies and phenotypes, so that they may be integrated within the familial, 

medical and dental histories of the patient. Such detailed recording will reveal 

developmental origins and go some way towards providing additional clues for 

understanding underlying etiopathogenic mechanisms and unravelling a syndrome 

diagnosis. Identified informative families will lead to the discovery of new genes 

involved in these developmental processes. While patients can be sequenced to find 

potential loci causing clinical malformations, the molecular basis can neither be 

elucidated nor novel treatment approaches could be design by basing our approach 

solely in humans. 

To go further into understanding the fundamental molecular basis of oro-

dental patterning and morphogenesis, is it of great importance to study rare diseases 

mouse models. The mouse dentition is a powerful model to study the genesis of 

human orodental anomalies. A number of genetically modified mice generated so far 

display dental defects that mimic the pathology encountered in human.  

This doctoral work aims at better understanding the molecular basis of rare 

diseases, and overcoming the inherent limitations of patient-based research. 

Essential to this goal was the involvement in the creation and investigation of novel 

mouse models of human rare diseases.  

In brief summary, the first published study investigated the developmental 

effects of excess retinoic acid on enamel formation to gain understanding of the 

mechanisms by which environmental factors can alter enamel development and 

produce enamel defects resembling AI pathologies observed in rare diseases[405]. 

By assessing the actions of an environmental/nutritional factor, we have in vivo 

evidence, in mouse, that retinoic acid excess blocks craniofacial ossification 2 days 

after treatment. We developed a model that combined reductions in mesenchymal 

targets (surrounding the bud stage tooth) that are first adversely affected by excess 

RA. At later stages (E15.5-onward), these mesenchymal factors later blocked 

epithelial (enamel organ) expression of Enam, Ambn, and Amelx. The bell stage 

tooth is quite sensitive to its environment. It reacts to the high retinoid environment by 

up-regulating the RA-destroying enzyme Cyp26b1. This change, though, is 

insufficient to offset strong reductions in enamel matrix protein secretion caused by 

excess RA. Fetal retinoid exposure causes permanent ameloblast differentiation 
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defects. Thus, nutritional factors such as vitamin A could indeed affect human tooth 

and bone mineralization, and potentially modulate severity of rare diseases such as 

AI.  

The genetics of amelogenesis and its defects was tackled by observing 

enamel and dental anomalies in latent transforming growth factor-beta binding 

protein 3 (LTBP3) mutant mice (Ltbp3-/-), reported in [130].  This gene was identified 

as the causal gene for brachyolmia with amelogenesis imperfecta or Verloes 

Bourguignon syndrome[129].  

LTBP3 plays an important role in craniofacial morphogenesis and hard tissue 

mineralization, as it is essentially required for TGF-β activation. Compared with wild-

type mice, Ltbp3-null mutants presented a unique alteration in enamel formation, 

ameloblast differentiation, root formation, and dentin formation. Almost all craniofacial 

structures were affected in the Ltbp3-null mice, consistent with the important role of 

TGF-β signaling in this region. This change clinically mimicked the human mutation 

and its AI phenotypes.  

Another mouse model used to study craniofacial and tooth abnormalities is the 

Sparc-related modular calcium-binding protein 2 (Smoc2-/-) mutant line. This mouse 

model was created by A Bloch-Zupan and collaborators, following the identification of 

SMOC2 in an informative human family as a gene essential for tooth 

development[411].  

 Our current goals are to understand the functional properties of SMOC2, 

based on clues that it acts as a secreted progenitor signal[451], and appears to 

regulate both tooth and alveolar bone, based on patient phenotypes[411]. A 

summary of mouse phenotypes (the manuscript to date) is presented on page 148 in 

this thesis. To investigate the origins and mechanisms of craniofacial defects, we 

performed lineage tracing of Smoc2-labeled dental stem cells using an engineered 

GFP expression approach. We confirmed Smoc2-GFP labeling in progenitor zones, 

such as the cervical loop. 

We also show the Smoc2-/- mouse mutant shows no obvious developmental 

changes, aside from minor (but consistent) tooth and alveolar bone phenotypes. This 

confirmed previous studies showing no evident developmental change in either 

Smoc2-/- mutant or in Smoc2 overexpressing mice[451, 452]. In adult mice, the 

International Mouse Phenotyping Consortium (IMPC) reported that their 
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independently created Smoc2-/- mutant (Smoc2tm1.1(KOMP)Vlcg)has clear bone density 

and body mass deficits, along with reduced coping, and grip strength defects, 

(http://www.mousephenotype.org/data/genes/MGI:1929881) (date26/06/2017). 

Additionally at http://cordis.europa.eu/docs/results/302/302314/final1-smoos-

summary.pdf, another group reported that analysis of Smoc2-/- knockout mice was 

not possible, as null inactivation of this gene produced early embryonic lethality. We 

similarly observed what we believe as a background or mouse facility-dependent 

lethality from mice obtained from Dr. Hans Clevers[451]. Potentially, variations within 

mouse phenotypes may be due to a significant tissue-specific expression bias, a 

functional consequence of allele-specific transcript abundance variations, found in at 

least 12% of in different mouse background[453]. These differences between mouse 

strains, while interesting, are difficult to understand. Investigating such differences 

would involve comparative genomic analysis using a large set of recombinant inbred 

strains. In addition, we believe large inter-species variations exist.  For example, 

Canine species studies suggest SMOC2 disruption affects 36% of facial length 

variation associated with brachycephalic (in pugs, for example -[454]). Hence, the 

differences of phenotypes in human, canine, murine, and zebrafish models are seen, 

complicated by strain-specific variations in mouse mutant phenotypes.  

 Functionally, some clear mechanisms of SMOC2 signaling have 

recently been reported. SMOC2 appears pro-fibrotic. Indeed, its expression appears 

to induce fibrotic progression (characterized by TGF-β-induced type I collagen, 

fibronectin, and αSMA+ myofibroblastic transition), as characterized in kidney injury 

models[452]. This study also indicated SMOC2 induces fibroblast migration following 

scratch assays.  

Recently we have found a very interesting, clinically relevant phenotype in 

Smoc2-/- mice following tooth extraction.  This alteration-a preferential loss of bone 

around the extracted tooth in Smoc2-/- mutants- is shown in results (Figure 4, page 

165). We are testing the hypothesis that the bone disappearance observed in 

Smoc2-/- mice following first molar extraction may be due to osteonecrosis of the 

alveolar bone[455]. Thus the disappearance of alveolar bone may be due to 

increased cell death. In patients this type of jaw osteonecrosis a frequent 

complication of radiotherapy, oral infections, and nitrogen-containing 

bisphosphonates used during treatment of osteoporosis[456]. In addition, SMOC2 
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may induce bone and tooth growth via integrin-linked Kinase (ILK) activation[457], 

which can induce integrin β1 in both keratinocytes[458] and fibroblasts[452]. Integrin-

based signaling may be the rational of why SMOC2 can activate ERK and AKT 

signaling in hepatocytes[459] and myofibroblasts[452]. To recapitulate, integrin, ILK, 

and ERK signaling pathways are involved in inflammation, cell proliferation, and 

differentiation. Inflammation (along with cell growth and differentiation) can also be 

controlled by the NF-κB factor pathway. Since NF-κB is also SMOC2 transcriptional 

activator[460], we tested if inflammation contributed to bone loss in Smoc2-/- 

mutants. Hence, we are currently testing possible mechanisms by which SMOC2 

regulates bone growth, the inflammatory process, and a variety of other cellular 

events. A step-by-step experimental plan to complete this study is proposed: 

1) Roles of the inflammatory process: 

An obvious plan is to identify inflammatory targets enacting rescue is to screen for 

the levels of potential targets such as interleukin (IL), cytokines, and chemokines.  

This will initially be performed using RT-PCR. Potential critical targets include IL-36 

and IL-17, which are both functional targets in osteomucosal tissues, which can be 

modulated to rescue bisphosphonate-induced osteonecrosis of the jaw (BRONJ) in 

rodent models[461, 462]. Mechanistically, IL-36 can suppress TGF-β mediated 

expression of collagen-α1 and α-SMA, by targeting the ERK signaling pathway. IL-17 

promotes IFN-γ–induced M1 macrophage polarization, inducing a 

cytokine/chemokine production found elevated in BRONJ lesions[462].  

 If time permits, the next step would be investigation of roles specific to immune 

cell. Isolating immune populations can be performed using fluorescence activated cell 

sorting (FACS) approaches with extraction socket tissues[463]. This technique can 

sort monocytes, macrophages, dendritic cells, natural killer cells, and eosinophils 

from a range of tissues, defining for example, macrophages based using CD64 vs. 

CD24 cell-surface antigen expression. 

2) Testing osteoclast activation: 

Increased disappearance of bone following extraction may be due to increased 

osteoclast recruitment. Bone resorption is regulated by osteoclasts, a cell-type 

controlled by the ratios of various cytokines and hormones such as IL. Different 
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osteoclasts can be derived from mesenchymal stem cells[464]. Osteoclastogenesis 

activators play a key role in osteoclast differentiation. Both macrophage colony 

stimulating factor and receptor activator of nuclear factor κB ligand (RANKL) 

stimulates osteoclastogenesis[465]. The ligand RANKL increases the production of 

proinflammatory cytokines and chemokines[466]. This differentiation from 

hematopoietic stem cells requires multiple steps including: monocyte lineage 

commitment, preosteoclast formation, RANKL-mediated osteoclast maturation and 

activation.  

To determine if osteoclasts function is increased, we will first quantify mature 

osteoclasts function using Tartrate Resistant Acid Phosphatase (TRAP) 

immunostaining, a technique detecting acid phosphatase- an activity highly enriched 

in osteoclasts and activated macrophages. Multinucleated (>3 nuclei) TRAP+ cells 

will be quantitated by TRAP staining ~4-10 days after tooth extraction at bone 

surface. We will also test for osteonecrosis caused by cell death (assaying TUNEL 

and activated caspase3 immunostaining as death markers). If justified, we will 

quantitate the osteoclast targets MMP9 and IL-36 using RT-PCR. Then, immune-cell 

specific changes during osteoclast recruitment can be tested by performing FACS 

analyses on sorted populations using different combinations of hematopoietic cell 

surface markers such as CD45R, CD11b, CD3, CD115, Sca-1 and CD117.  

3) Potential roles of fibrosis and altered collagen formation: 

To date, we have no visual clues that fibrosis is altered in the extraction socket 

using micro-CT analysis.  Based on renal studies, SMOC2-KO mice appear protected 

from kidney fibrosis. Hence, targeting SMOC2 using RNA interference protects 

against fibrosis development[452]. Targets of these events include Tgf-β, collagen 

type 1, candidates to be tested by RT-PCR. If Smoc2-/- mutation augments 

inflammatory targets such as IL-36, these would predictably suppress TGF-β, in turn 

reducing collagen-α1 and α-SMA levels. To test if these pathways are functioning 

during alveolar bone healing, we will assay mRNA and protein levels of α-SMA- a 

myelofibroblast target implicated in wound healing and cancer. Addition experiments 

could also be proposed to test the diverse roles of SMOC2 in angiogenesis[467] and 

proliferation[457], events induced by tooth extraction (see below). 
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4) Angiogenesis-a target not altered in the unchallenged Smoc2-/- mutant: 

SMOC2 has clear vascular effects in endothelial cell culture and in matrigel 

invasion assays, according to published data[467].  In spite of this, we observed no 

changes in vascularization by PECAM –endothelial cell staining during normal 

embryonic and fetal-stage Smoc2-/- mutant development. Potentially, a de 

novo/injury-based effect may exist. SMOC2 re-activation may be manifested during 

wound healing. To study this, VEGF and Fgf3, general inducers of vascular 

growth[468, 469] and PECAM levels will be determined by RT-PCR and 

immunohistochemistry. In addition, Tnf-α, acts as a pro-angiogenic chemokine that 

induces an endothelial tip-cell-like phenotype via the NF-κB pathway[470]. This will 

also be tested.  

5)  Proliferation changes under wound repair: 

Published reports suggested SMOC2 promotes growth factor-induced 

expression and DNA synthesis (via increasing Cyclin D1[457]). To date, extensive 

RNA-Seq analysis of fetal stage Smoc2-/- molars and bone did not reveal significant 

enrichment for cell cycle proliferative targets. To investigate if post-wounding 

proliferation events are altered, cyclin D1 levels (RT-PCR) will be screened, followed 

by other cell proliferation assays (PCNA, mitosis-specific phosphorylated histone 

immunohistochemistry). 

These investigations will define the role of SMOC2 in injury/healing and its 

compensated role in normal development. Even though mice are different from 

humans, understanding clinically relevant targets will give a net benefit for patients, 

including in events such as dental implant osseointegration.  In general, SMOC2 

targets may improve alveolar bone growth and dental implant surgery success rate. 

Regarding our results, concerning up-regulated Smoc2 protein, it may play a role in 

promoting healing and bone regeneration in compromised patients. Our concerns are 

that systemic delivery of drugs could have numerous side effects. Specifically, 

SMOC2 up-regulation appears critical in cancer metastasis[460] and SMOC2 levels 

correlate with a worse prognosis in human cancer studies[471]. The possible solution 

might be locally treating implant surfaces, surgical placing membranes, or other 

biomaterials with local SMOC2 over a short period. Ideas of combining biomaterials 

with SMOC2 and/or with TGF-β to overcome osteonecrosis are needed in patients. 
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Thus, long-term investigations must be established to confirm rodent model 

outcomes, aiming treatments at a tightly restricted surgical site. 

This PhD work was made possible thanks to different funding sources: the 

French Ministry of Health (National Program for Clinical Research, PHRC 2008 

N°4266 Amelogenesis imperfecta), the EU-funded project (ERDF) A27 ‘Oro-dental 

manifestations of rare diseases,’ supported by the RMT-TMO Offensive Sciences 

initiative, INTERREG IV Upper Rhine program and the INTERREG V RARENET 

program, the grant ANR-10-LABX-0030-INRT, a French State fund managed by the 

Agence Nationale de la Recherche under the frame program Investissements 

d’Avenir labelled ANR-10-IDEX-0002-02. This research was also funded by the 

University of Strasbourg Institute for Advanced Study (USIAS) as part of a USIAS 

Fellowship granted to Agnès Bloch-Zupan. The PhD is supported by Franco-Thai 

scholarship and Khon Kaen University granted to Supawich MORKMUED.  

Future work will be based on continuous collaborations between the Faculté 

de Chirurgie Dentaire de l’Université de Strasbourg, the Centre de Référence 

Maladies Rares O-Rares, Pôle de Médecine et Chirurgie Bucco-Dentaires, Hôpitaux 

Universitaires de Strasbourg, France, and Khon Kaen University, Khon Kaen, 

Thailand. This work will focus on the genetics of rare diseases, exploring the 

genotypes behind families and patients showing exceptional rare orodental 

phenotype. 
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Mutations in the Latent TGF-beta Binding Protein 3 (LTBP3) gene cause 

brachyolmia with amelogenesis imperfecta. 

Huckert M, Stoetzel C, Morkmued S, Laugel-Haushalter V, Geoffroy V, Muller J, 

Clauss F, Prasad MK, Obry F, Raymond JL, Switala M, Alembik Y, Soskin S, Mathieu 

E, Hemmerlé J, Weickert JL, Dabovic B, Rifkin DB, Dheedene A, Boudin E, Caluseriu 

O, Cholette MC, McLeod R, Antequera R, Gellé MP, Coeuriot JL, Jacquelin LF, 

Bailleul-Forestier I, Manière MC, Van Hul W, Bertola D, Dollé P, Verloes A, Mortier G, 

Dollfus H, Bloch-Zupan A. 

Hum Mol Genet. 2015 Jun 1;24(11):3038-49. doi: 10.1093/hmg/ddv053. Epub 2015 

Feb 10. 

 

Les mutations du gène Latent TGF-beta Binding Protein 3 (LTBP3) provoquent 

une brachyolmie associée à une amelogenèse imparfaite. 

Les malformations dentaires héréditaires constituent un groupe de troubles 

cliniquement et génétiquement hétérogènes. Ici, nous décrivons dans quatre 

familles, dont trois consanguines, un phénotype identique, caractérisé par une petite 

taille avec une brachyolmie et une amélogenèse imparfaite (AI) hypoplasique avec 

un émail presque absent. Ce phénotype a d'abord été décrit en 1996 par Verloes et 

al. comme une forme autosomique récessive de brachyolmie associée à l'AI. Le 

séquençage d’exome a abouti à l'identification de mutations hypomorphiques 

récessives, y compris des délétions, des mutations non-sens et d'épissage, dans le 

gène LTBP3, impliqué dans la voie de signalisation TGF-bêta. Nous avons 

également étudié l'expression de Ltbp3 lors du développement de la souris et de la 

formation des dents. Des améloblastes différenciés synthétisant des protéines de 

matrice d'émail et des odontoblastes expriment le gène. L'étude d'un modèle de 

souris Ltbp3-/- knock-out a montré que les souris mutantes présentaient un émail 

très mince voire absent sur les incisives et les molaires, récapitulant le phénotype 

d’AI observé dans ce syndrome chez l’homme. 
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RSK2 is a modulator of craniofacial development. 

Laugel-Haushalter V, Paschaki M, Marangoni P, Pilgram C, Langer A, Kuntz T, 

Demassue J,  Morkmued S, Choquet P, Constantinesco A, Bornert F, Schmittbuhl 

M, Pannetier S, Viriot L, Hanauer A, Dollé P, Bloch-Zupan A. 

PLoS One. 2014 Jan 8;9(1):e84343. doi: 10.1371/journal.pone.0084343. eCollection 

2014 

 

RSK2 est un modulateur du développement crânio-facial. 

CONTEXTE: 

Le gène RSK2 est responsable du syndrome de Coffin-Lowry, un trouble génétique 

transmis selon le mode dominant lié à X qui provoque un retard mental, un retard de 

croissance squelettique, des anomalies crânio-faciales et des doigts typiquement 

associées à ce syndrome. Les anomalies crânio-faciales et dentaires rencontrées 

dans cette maladie rare ont été insuffisamment  caractérisées. 

MÉTHODOLOGIE / PRINCIPAUX CONSTATS: 

Nous avons examiné, en utilisant l'analyse microtomographique à rayons X, la 

dysmorphie crânio-faciale variable et les anomalies dentaires présentes chez les 

souris Rsk2 knock-out (inactivée), modèles du syndrome de Coffin-Lowry, ainsi que 

chez les mutants triple knock-out  pour Rsk1,2,3. Nous rapportons que la mutation 

de Rsk produit des dents surnuméraires de la ligne médiane / mésiale de la première 

molaire. Ce phénotype très pénétrant récapitule des structures dentaires plus 

ancestrales perdues au cours de l'évolution. Très probablement, cela entraîne une 

réduction du diastème maxillaire. Les anomalies de forme des molaires sont 

généralement limitées à la partie mésiale des premières molaires supérieures et 

inférieures (M1). L'analyse du patron expression des quatre gènes Rsk (Rsk1, 2, 3 et 

4) a été réalisée à différents stades de l'odontogenèse chez des souris de type 

sauvage (WT). Rsk2 est exprimé dans le compartiment mésenchymateux, dérivé de 

la crête neurale, en corrélation avec les zones prolifératives des dents en 

développement. Ceci est cohérent avec le fonctionnement de RSK2 dans le contrôle 

du cycle cellulaire et la régulation de la croissance, des fonctions potentiellement 

responsables de phénotypes dentaires sévères. Pour découvrir les voies 

moléculaires impliquées dans l'étiologie de ces défauts, nous avons effectué une 

analyse comparative transcriptomique (puce à ADN (microarray)) entre les molaires 
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mandibulaires de type sauvage et Rsk2-/Y. Nous avons également démontré une 

dérégulation de plusieurs gènes critiques, en utilisant une stratégie d’inactivation par 

shARN anti Rsk2 dans les germes dentaires molaires cultivés in vitro. 

CONCLUSIONS: 

Cette étude révèle que RSK2 régule le développement crânio-facial, y compris le 

développement dentaire et le modelage via de nouvelles cibles transcriptionnelles. 
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Homozygous and Compound Heterozygous MMP20 Mutations in Amelogenesis 

Imperfecta. 

Gasse B, Karayigit E, Mathieu E, Jung S, Garret A, Huckert M, Morkmued S, 

Schneider C, Vidal L, Hemmerlé J, Sire JY, Bloch-Zupan A. 

J Dent Res. 2013 Jul;92(7):598-603. doi: 10.1177/0022034513488393. Epub 2013 

Apr 26. 

 

Des mutations MMP20 homozygotes et hétérozygotes composites dans 

l'amélogenèse imparfaite. 

 

Dans cet article, nous nous concentrons sur l'amélogenèse imparfaite de type 

hypomature  autosomique-récessive (type IIA2) et décrivons 2 nouvelles mutations 

du gène codant pour la Métalloprotéinase de la matrice 20 (MMP20) retrouvées dans 

deux familles non apparentées: une mutation non sens  p.T130I à l'état homozygote 

et des mutations hétérozygotes composites, avec la même mutation combinée à une 

délétion nucléotidique, conduisant à un codon stop prématuré (p.N120fz * 2). Nous 

avons caractérisé la structure de l'émail de ce dernier cas en utilisant une analyse 

par microscopie électronique à balayage et une microanalyse (Spectroscopie de 

rayons X à énergie dispersive, EDX) et confirmé l'amélogenèse imparfaite de type 

hypomature, comme indiqué dans le diagnostic clinique. Le contenu minéralisé est 

légèrement diminué, avec remplacement du magnésium par le calcium dans la 

structure cristalline. Les anomalies ont affecté l'émail avec épaisseur minimale et des 

cristaux d'apatite perpendiculaires aux prismes d'émail, ce qui suggère un nouveau 

rôle possible de la MMP20 dans la formation de l’émail. 
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Extended methods and protocols 

 

Genotyping protocol:  

- On a small tail (1-3 mm) or fetal membrane samples (DNA) 

- Add : 250 µl NaOH 50mM 

- 40 min 95°C  +4°C (using PCR machine) 

- Then add 25 µl Tris pH8 1M 

- Vigorously vortex several seconds 

- Centrifuge 5 min at 13000 trs/min 

- *Use 1-2 µl of supernatant per reaction* 

 

Calculation formula for 20 µl mix/ PCR tube  

Reaction of 

PCR 

96 60 45 30 20 15 10 

H2O (µl) 1702 1280 850 570 425 285 143 

10xPCR (µl) 

buffer(ROCHE) 

200 150 100 66,6 50 33,3 17 

dNTPs (µl) 

5 mg each 

40 30 20 13,3 10 6,6 3,3 

BSA (µl) 

10mg/ml 

20 15 10 6,6 5 3,3 1.7 

TAQ(ROCHE) 

(µl) 

20 15 10 6,6 5 3,3 1,7 

Primer 1 mg/ml 

(each) (µl) 

6 

each 

4,5 

each 

3 

each 

2 

each 

1,5 

each 

1 

each 

0,5 

Each 

+ 1-2 µl DNA        

 

- Add 20 µl mix per PCR tube + 1 to 2 µl supernatant (DNA) 

- Place tubes in the PCR Machine (A preset program (VANVB) has standard 

PCR conditions listed below). 
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PCR conditions: 

 -94°C : 4 mins 

 

-94°C : 1 mins 

-61°C : 1 mins 

-72°C : 1 mins  2 CYCLES 

 

 -94°C : 30 sec 

 -61°C : 30 sec 

 -72°C : 40 sec  31 CYCLES 

 

 -72°C : 5 min     -4°C 

 

Gel preparation 

Agarose gel (1.5%) 400 ml. 

- TAE 1x 200 ml in « Gel » bottle 

- Add “Agarose powder” 6 g. 

- Microwave ~2 mins cap loosely covered 

- Add TAE 1x 200 ml 

- Add 3 ul ethidium bromide (EtBr in cold room) Caution: Highly mutagenic 

- Rinse tip into the gel under the hood 

- Preparing the gel box before use 
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Sex genotyping in mice 

While adult mice can be readily sexed using anatomical features, young male and 

female mouse embryos are not yet sufficiently developed to assess their sex. In fact, 

their genital tubercles look superficially identical. At E16 (3-4 days before birth), the 

genital tubercle looks like this embedded image:  

To determine sex a PCR genotyping for Sry – a gene found exclusively on the Y 

chromosome can be performed.  

Common male-specific PCRs  

Sry Sex-determining region of the Y chromosome 

 forward SRY F : TTG TCT AGA GAG CAT GGA GGG CCA TGT CAA  

 reverse SRY R : CCA CTC CTC TGT GAC ACT TTA GCC CTC CGA  

 PCR product: 273 base pair  

Primer source: Uni Washington, St. Louis, Mouse Genetics Core  

  

 Alternate strategy: 

 Forward sry1 AACAACTGGGCTTTGCACATTG  

 Reverse sry2 GTTTATCAGGGTTTCTCTCTAGC  

 PCR product: 146/166 bp doublet  

Genotyping protocol from Mutant Mouse Resource and Research Centers 

(www.mmrrc.or), including Sry primers.  

 

 

http://mgc.wustl.edu/Protocols/PCRGenotypingPrimerPairs/tabid/154/Default.aspx
http://www.mmrrc.org/strains/10318/di_protocol.pdf
http://www.mmrrc.org/strains/10318/di_protocol.pdf
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RT-PCR Protocol 

 

First-Strand cDNA Synthesis Using SuperScript II RT 

RNA Extraction protocol by using RNeasy Micro Kit; 

Before starting: 12 tubes are prepared 

- Beta-Mercaptoethanol (β-ME) 10 µl + Buffer RLT 1 ml (1,000 µl) 

* For example: 350 µl per tube x 13 = Preparing 5 ml just before you use  

DNase I stock solution preparation and RNA extraction:  please follow the 

protocol provide from the kit 

 

cDNA preparation: 20 µl per tube, 1 tube contains 1 µg  of RNA  

MIX 1 

- 50-250 µg random primer  1 µl 

- RNA 1 µg (1000 ng) added to sterile, distilled water, TOTAL RNA + H2O = 9 µl 

- 1 µl dNTP 5mM   2 µl 

MIX 2 

- 5X First-Strand Buffer  4 µl 

- 0.1 M DTT    2 µl 

- RNaseOUT (40 units/µl)  1 µl 

- SuperScript (SS)   1 µl 

At the last step add 1 µl (200 units) of SuperScript II P.T and mix by gently 

pipetting up and down. 

**Prepare the thermocycler (Eppendorf, Thermomixer comfort) before starting! 

(65°C / 42°C) 

 

A 20-µl reaction volume can be used for 1 ng-5 µg of total RNA or 1-500 ng of 

mRNA.  

1. Add the following components to a nuclease-free microcentrifuge tube: 

MIXED1 

2. Heat mixture to 65°C for 5 min and quick chill on ice. Collect the contents of 

the tube by brief centrifugation and add MIXED2 

3. Incubate at 42°C for 50 min 
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4. Inactivate the reaction by heating at 70°C for 15 min. 

5. Add 20 µl H2O and store at -20°C (Can add 20 µl H2O after start the RT-PCR) 

RT-PCR plate preparation 

*Prepare every tube before (Standards for three different proportion AND cDNAs of 

samples) 

Standard preparation 

Using the same proportions as samples, but prepare 5x more mix + RNA for samples 

(5 µg of RNA per tube). The RNA for the standard is made from control for these 

experiments.  

Dilute 1  1+9H2O for 0.1  

Use 0.1 and  1+9H2O for 0.001 OR 2+8 for 0.02 

All standard tubes have to be ready before! 

 

Use only 10% of the first-strand reaction for PCR. 

MilliQ autoclaved water can use for diluting Control. 

1. Add the following to each PCR tube/hole; 

- 6 µl SyberGreen (more viscous than dH2O) 

- 3 µl H2O 

- 1 µl Primer 

For 12 columns, prepare enough (eg. x13 for each of the 3 solutions).  

- 2 µl of cDNA (After already add 20 µl H2O) 

1 µl Primer; Prepare by 

- Primer Forward 10 µl 

- Primer Reverse 10 µl 

- H2O 80 µl 

*SyberGreen.  (THE LAST to add) should quickly keep in refrigerator and should be 

the last to add in tube. 

Start  

- Add 3x13 µl H2O in tubes  

- Add 2µl cDNA in holes 

- Prepare primer tube 10-10-80, add 1x13 in tubes that have H2O 

- Add solution with 6x13 µl SyberG. 
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RT-PCR running on the machine (ROCHE, LightCycler 480 II):  

Open the computer before starting– Log-in the computer entering username and 

password (written on the computer). 

 

Then, Click on the LightCycler 480 machine program icon 

Username : Dolle 

Password : Stemcell1 

 

Each new experiment: 

Apply template at the bottom 

1. Run template > templates > run template > carole marie 2011 

2. Click “save” before start machine, after insert PCR plate in the Dolle 

experiment. 

3. Save > Dolle > experiment > name_date_type 

4. Running time 1.15 h. 

 

RT-PCR analysis on office computer: 

LightCycler program 

Username: admin 

Password: LightCycler480 

 

Click icon to shows the navigator 

Select – experiment …. Then click import below the screen 

Select – SubsetEditor on the left side---- add experiment by click (+) below 

Put the name of the “primer” and select the holes that corresponded after that ---- 

click “apply” 

Select – SampleEditor on the left side---- click “Absolute quantification”**** before 

give all the names. 

Select the type Standard and give the concentration. 
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Primer selecting and ordering 

 

Primer design 

Using “Harvard primer” website https://pga.mgh.harvard.edu/primerbank/ 

Primerbank, then finding all the primers 

- Search by keyword, then select- mouse 

- Amplicon size >= 150 

- Length, Tm (melting tempature) = nearly the same 

- Give A, B, C if buy 2-3 primers 

---------------------------------------------------------------------------------------- 

Primer3web for checking our primer 

If an established primer set is not available for a given gene, you can design you own 

primers in the following manner. Find the species-appropriate nucleotide sequence 

from Pubmed Nucleotide https://www.ncbi.nlm.nih.gov/nuccore/. Take the entire 

coding cDNA in its Fasta format and paste this into Primer3web as follows: 

1 atgctgccgc cacagctgtg ctggctgccg ctgctcgctg ccttgctgcc gccggtgccc 

   61 gcgcagaagt tctcagcgct cacgttcttg agagtcgatc aagacaaaga cagagactgc 

  121 agcctggact gcccaagctc ccctcagaag ccactctgtg cctcggacgg gaggaccttc 

  181 ctgtcccgat gtgagttcca gcgggccaag tgcaaagatc cacagctgga gatcgctcac 

  241 cgtgggaatt gcaaagatgt gtccaggtgt gtggctgaga ggaagtatac ccaggagcag 

  301 gcccggaagg agttccagca agtgttcatt ccagaatgca atgatgacgg cacctacagt 

  361 caggtccagt gtcacagcta cacaggatac tgttggtgtg ttacaccaaa tggaagaccc 

  421 atcagtggca ctgctgtggc ccacaagaca cccaggtgcc ccggttcaat aaatgaaaag 

  481 gtgccgcagc gggaaggagc agggaaagca gatgatgctg cagccccagc attggagact 

  541 cagccccaag gagatgaaga agatattgcc tcacgctacc ctacactctg gaccgagcaa 

  601 gttaagagtc ggcagaacaa gaccaataaa aattcagcat cctcctgtga tcaggagcat 

  661 cagtcagctc ttgaggaagc caagcagccc aagaatgaca atgtagtgat ccccgagtgt 

  721 gcacatggtg gtctctacaa gccagtgcaa tgccatccat ccaccggata ctgctggtgt 

  781 gtgctagtgg acactggacg gcccattccc gggacctcca caaggtatga gcaacctaag 

  841 tgtgacaaca cagcccgagc tcacccagcg aaggcccggg acctgtacaa gaacaggcca 

  901 ctgcagggtt gtcctggtgc caaaaagcac gagtttctga caagtgtcct ggatgcgctc 

  961 tccacagaca tggttcatgc cgtctctgac ccctcttcct cttctggcag gctgtcagag 

 1021 ccagacccca gccacaccct ggaggagagg gttgtacatt ggtacttcaa gctgcttgat 
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 1081 aagaactcta gtggagacat tggcaagaag gagatcaaac cctttaagag gttcctgcga 

 1141 aagaaatcca agcccaaaaa gtgtgtgaag aagtttgtgg agtactgcga catgaacaat 

 1201 gacaagtcca tcaccgtgca ggagctcatg ggctgcttgg gtgtcaccag agaggagggt 

 1261 aaagccaaca ccaggaagcg ccacaccccc agaggaaatg ctgaaagttc ttcttctaat 

 1321 agacagccca ggaaacaagg atga 

 

Define a primer size range (typically 18-23 nt), a melting temperature (Tm) (typically 

Tm 57-62), and a desired size of amplification (~180-230 nucleotides). 

*From the suggested list pick primers, which can be ordered at Sigma 

(http://www.sigmaaldrich.com/france.html) 

------------------------------------------------------------------------------------------------------------ 
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Bone and cartilage staining by Alizarin red and Alcian blue 

 

- Fix tissue overnight (O/N) in 95% ethanol  (or in the SAINTE-MARIE fixation) 

- Color in 80 ml 95% ethanol  + 20 ml acetic acid + 15 mg Alcian blue powder 

for approximately 48 hours depending on fetal stage (~24-72 hours) 

- E14 – 24-48 hours 

- E16 – 72 hours 

- Dehydrate in 95% ethanol for 24 hours or more (during week-end) 

- Put in 1% KOH in dH2O, until bones are visible (several hours, up to a day) 

- E14 – 2 hours 

- E16 – 3-6 hours 

- Coloration O/N in 15mg Alizarin red powder diluted in 100 ml 1% KOH in 

dH2O 

- Decoloration about 1-2 weeks in 20% glycerol + 1% KOH in dH2O. Further 

dissection of samples can be performed if needed. 

- Dehydrating in: 70% Ethanol-Glycerol (1:1), absolute Ethanol-Glycerol (1:1), 

Glycerol. 

 

Solution preparations; 

- Alcian blue 8GX CI74240 SIGMA 25g A-3157 

- Alizarin red: Alizarin Sodium Sulforate CI58005 SIGMA 100g A-3757 

- SAINTE-MARIE fixation: 1% acetic acid in 95% ethanol  

 



226 

 

General Histological Procedures: 

Fixation, decalcification, and paraffin embedding of whole adult mouse heads 

 

Procedure: 

1. Cut off the head, remove all skin and muscles and place in a 50 ml 

plastic tube containing 45 ml of 4% paraformaldehyde in 1X PBS, fix 

during 7 days. 

2. Wash in demineralized water for 1 hour (keep in same tube), using a 

rocking platform at room temperature. 

3. Decalcify for 24 hours in 10% EDTA pH 7.3, under gentle agitation, on a 

rocking platform. This step can be increase or accelerated by putting 

samples at 37°C (placed in warm room about few weeks for adult 

heads, changing out the EDTA solution ~every 2 days. 

4.  Wash in demineralized water for 1 hour, replace tube on the rocking 

platform. 

5. Dehydrate in graded alcohol series. 

- 70% ethanol: 1 day 

- 95% ethanol: 2 changes, 1 day each; 

- 100% ethanol: 3 changes (8 hours; overnight, 8 hours) 

6. Transfer to Histosol: 3 changes (8 hours; overnight, 8 hours) 

7. Infiltrate with paraffin (8 hours; overnight, 8 hours) at 60°C under 

vacuum (retort is maintained at -70kPa) 

8. Orient the head to produce frontal sections, and embed in paraffin 
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Immunohistochemistry protocol 

 

Preparation of vibratome sections: 

- Embryos/fetuses are immediately fixed in 4% PFA/in 1X PBS (PECAM) or 8% 

PFA/in 1X PBS (p-ERK) for 4-8 hours, then stored in 1X PBS prior to cutting 

using a Leica VT1000 vibratome.  It is preferable to have tissue sectioned 

several days after collection 

 

Prepare embryonic/fetal sections using the vibratome as follows: 

- Sample thickness is set as 30 µm (thinnest section for which acceptable 

sections are obtained) 

- Samples are embedded in dissolved Ultra-pure LMP agarose gel (Invitrogen, 

REF16520-100) at a concentration of 4% for E12.5-14.5, or 6% for E16.5-

E18.5 in dH2O, correctly oriented in Peel-A-Way embedding molds 

(Polysciences). Note agarose density should approximate the density of the 

tissue to be sectioned. Note: A lower quality agarose can destroy 

mRNA/proteins under analysis. Sections are selected under a stereoscopic 

microscope. Since our focus is dental development, E14.5—15.5 are typically 

in the section plane of the eye for molar frontal sections. In sagittal sections, 

both incisors and molars are located in the oral plane. The samples are re-

fixed immediately following section in a solution of 4% formaldehyde in 1X 

PBS for up to 2 hours, then serial removal of fixative is performed using 2- 3 

PBT rinses (PBS 1X / 0.1% Tween 20), followed by serial dehydration in 

methanol (25 %, 50%, 75% and finally 100%). The sections then can be 

stored for several months at -20 ° C.  

- Processing sections the day immunohistochemistry is performed:  

- Rehydrate the samples serially using graded methanol solutions until at a final 

solution of 100% PBT solution (25% PBT/75% methanol, 50% PBT/50% 

methanol, 75%/25% methanol and then 100% PBT). 

- 2.0 µl aliquots of each antibody and control tubes (lacking the primary 

antibody) are prepared solution: typically 1/500 dilutions or 1 µl antibody per 

500 µl 
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- Composition of antibody staining solution (2-10% species-specific serum/ 1X 

PBT/ + primary antibody). 

 

Antibody procedure: 

Blocking solution: 

It is important to select an appropriate species-specific blocking solution.  Both the 

primary and secondary antibody should be blocked using the same species in which 

the antibody was obtained. 

Examples of blocking solutions are as follows: 

- 10% normal goat serum (NGS) in PBT 

- 10% normal donkey serum in PBT 

- 2% Fetal Bovine Serum (BSA) for phosphorylated antibodies 

Typical blocking solution preparation: 

- 50l of NGS  

- 450l PBT (Dulbecco's Phosphate Buffered Saline Solution) 

Blocking solution is equilibrated to room temperature before use. Sample blocking is 

performed at RT for 30 minutes or more. 

- Add 1l of primary antibody and except in the control tube (negative control). 

Primary antibodies include: 

-PERK: p44 / 42 MAPK (Erk1 / 2) Antibody, Cell Signaling Technology, # 9102 

-PECAM: Purified Rat Anti-Mouse CD31, (PECAM-1), BD Pharmingen ™, # 550274 

Incubation with the primary antibody is performed overnight at 4oC (with gentle 

agitation for vibratome sections). 

 

- Wash with a solution of 1000l of PBT. Pipette 500l of solution thoroughly by tilting 

the tube to avoid pipetting the cuts samples. Agitate for ~30 minutes. Repeat the 

operation 6 times. Remove the remaining PBT solution. 

- Add 500-1000l of NGS solution (diluted to 10% in a PBT solution) depending on 

the dilution of the secondary antibody (1:500-1:1000). 

-In the pERK tube: 1l of the secondary anti-rabbit antibody (red fluorochrome) or 

Goat anti Rabbit 594 

-In the PECAM tube: 1l of the 2nd anti-rat antibody (green fluorochrome) or Goat 

anti Rat 488 
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-In the control tube: 1l of the 2nd anti-rabbit antibody (red fluorochrome) or Goat anti 

Rabbit 594 

- Add 0.1 l DAPI to stain all cell nuclei (DAPI =blue fluorochrome). Incubate from 

few hours/overnight. 

 

Fluorescence microscope: 

Immunohistochemistry reactions were documented using a Leica Leitz DMRB 

fluorescence microscope under semi-darkroom conditions.  The procedure involved 

warning up the microscope and the fluorescence light generator for at least 10 

minutes. The fluorescence source was kept on (to avoid excessive heating by turning 

off and on the device.)  Processed samples (and respective controls) were oriented 

on slides, and Aqua-poly/mount (Polysciences) used to secure coverslips. A 

complementary colored filter is used to observe specific signal position, which in all 

cases is compared to match to control sections (lacking primary antibody). Note: 

Filter No. 1 = red fluorochrome (pERK), Filter No. 2 = green fluorochrome (PECAM), 

Filter No. 3 = blue fluorochrome (DAPI), Filter No. 4=brightfield. 
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Tissue treatments 

 

All dissections are performed at room temperature in sterile Phosphate Buffer Saline 

(PBS) [1x] (made with sterilized milliQ water). All solution changes are done under 

gentle agitation and at room temperature unless specified. 

1). Whole embryos. 

- Fix in Paraformaldehyde 4 % (w/v) in sterile PBS [1x] over-night at 4°C (samples 

can be kept much longer for mRNA in situ analysis). 

- Rinse in sterile PBT (PBS with 0.1 % v/v Tween-20) ~2 x 10 min. 

- Gradually rehydrate in Methanol 100 % (50% methanol/ 50% PBT ~3 min.; 75% 

methanol/ 25% PBT ~3 min; 100% methanol ~5 min). 

- Store at -20°C. 

2). For tissue sectioning. 

Paraplast embedding: 

- Fix in Paraformaldehyde 4 % (w/v) in sterile PBS [1x] over-night at 4°C (do not 

over-fix as this destroys quality of sections). 

- Rinse in sterile PBS [1x] 1 x 30 min. 

- Dehydrate in Ethanol 70 % (made with sterile milliQ water) 1 x 30 min, 

samples can be stored at sterile milliQ water) 1 x 30 min, samples can be 

stored 4°C at this step.  

- Ethanol 95 % 1 x 30 min. 

- Ethanol 100 % 2 x 30 min. 

- Histosol Plus 2 x 30 min. 

(If the embryos are older than E12.5, repeat PBS washing. Fetuses older than 

E16.5 samples also need to be skinned and decalcified)  

- Paraplast 1 x 1 h then overnight or 3 x 1 h at 56°C. 

- Pour Paraplast into Histomolds on a heating plate, transfer samples 

(e.g. with heated glass pipette or quickly with blue tip) and orientate 

them with a heated needle or tweezers. 

- Allow to cool at room temperature. 

- Store the blocks at 4°C. 
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- The thickness of Paraplast sections is 7 µm. Superfrost Plus slides are stored 

at 4°C. 

Freeze embedding: 

Unfixed tissue: 

- Orientate sample in a histomold, remove excess of PBS (with a twisted corner 

of a Kleenex). Using ShandonTM Cryomatrix (Thermo-Fisher Scientific) to 

completely cover tissue/sample. 

- Check the final orientation. 

- Solidify on dry ice (Cryomatrix becomes white) at least 15 min, then store at -

80°C. 

Fixation for large foetuses/organs: 

- Dissect fetuses or organs directly in a petri dish (without PBS). 

- Dip samples in a beaker containing isopentane (2-Methyl-butane) and place 

on dry ice. Let the samples freeze (several minutes), and store them in a 50 ml 

Falcon tube at -80°C. 

- Mouse fetuses are placed in a 14 ml Falcon tube (cut at the bottom) to keep 

them straight during freezing. 

Cryoprotection tissue: 

- Fix samples previously fixed in paraformaldehyde 4 % (w/v) in 1X PBS over-

night at 4°C or less for early stages (E8.5 = 1 h; E9.5 = 1h30; E10.5 = 2h). 

Note: over-night fixation can be used for all stages. 

- Rinse in sterile PBS [1x] 3 x 10 min. 

- Cryoprotect: ~over-night at 4°C in sterile Sucrose 20% (w/v) in PBS [1x], until 

tissue sinks to bottom (hence equilibrated with sucrose). (Sucrose solution is 

sterilized at 0.5 atmosphere or filtered through a 0.2 µm filter.) 

- Put the tissue directly in a Histomold, removing excess sucrose (20%) with a 

Pipetman and a twisted Kleenex. Cover with Cryomatrix and orientate. 

- Follow steps described above for unfixed tissue. 

The thickness of cryostat sections is typically 10 µm. sections are placed on 

Superfrost PlusTM slides are stored at -80°C. 
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Solution preparation; 

- PBS w/o Calcium w/o Magnesium: SIGMA CHIMIE Ref.: D-5652, 10l 

- Formaldehyde 16% ultrapure methanol free: EUROMEDEX Ref.: 15710, 

10x10ml 

- Histosol Plus ininflammable: THERMO ELECTRON DIVISION HYSTOLOGIE-

CYTOLOGIE: Ref.: 67740000, 4x5l 

- Paraplast normal bulk: LABONORD SA: Ref.: 069-48-421, 4x5kg 

- Sucrose minimum 99.5% RNase activity < 0.0005 Kunitz: SIGMA CHIMICAL : 

Ref.: S-9378, 1kg 

- Cryomatrix: THERMO ELECTRON DIVISION HISTOLOGY-CYTOLOGIE: 

Ref.: S6769006, 4x120ml  

- Histomold : LEICA MICROSYSTEMES SA: Ref.: 14702218313 for 13x19mm, 

Ref.: 14702218311 for 6x8mm, /10 

- Slides Superfrost Plus 25x75x1mm: VWR INTERNATIONAL SAS: Ref.: 631-

9483, /72 
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Synthesis of Digoxigenin-11-UTP RNA Probe for In Situ Hybridization. 

 

Linearization 

1. Digest 15 µg plasmid DNA in 100 µl of total volume (use 5 units / µg DNA / 2 h). 

2. Remember: if you put 10 µl enzyme, you need a minimum final volume of 100 µl in 

your reaction tube (glycerol inactivates the reaction if more than 10%). 

3. Do not use restriction enzymes that generate 3’ overhangs like the most commonly 

used Aat II, Apa I, Ban II, Bgl I, Bsp1286 I, BstX I, Cfo I, Hae II, HgiA I, Hha I, Kpn I, 

Pst I, Pvu I, Sac I, Sac II, Sfi I, and Sph I. 

4. Check complete linearization on a 1% agarose gel in TAE Electrophoresis Buffer [1x] 

(2 µl of the digest). 

5. Purify with Phenol pH8 (50 µl)/Chloroform (50 µl), then Chloroform (100 µl). 

6. Precipitate with 1/10 volume of Sodium Acetate 3 M, pH 5.2 (10 µl) and 2 volumes of 

cold 100% Ethanol (200 µl). 

7. Leave at -80°C for 15 min or at -20°C for 30 min (or overnight). 

8. Centrifuge 30 min at 14,000 rpm at 4°C. 

9. Wash the pellet with 0.5 ml cold 70% Ethanol (diluted with sterile milliQ water). 

10. Centrifuge 15 min at 14,000 rpm at 4°C. 

11. Dry the pellet. 

12. Re-suspend in 12.5 µl sterile milliQ H2O (~ 1 µg/µl). Then, store at -20°C. 

In vitro labelling transcription. 

Buffer A. Probes 2(x3) 3(x4) 4(x5) 5(x6) 6(x7) 7(x8) 8(x9) 

9 µl H2O milliQ sterile 27 36 45 54 63 72 81 

4 µl Transcription Buffer 5x 

PROMEGA 

12 16 20 24 28 32 36 

2 µl DIG RNA Labelling Mix, 10 

x conc. (ROCHE) 

(10 mM=ATP=CTP=GTP;  

6.5 mM=UTP 

3.5 mM=DIG-11-UTP) 

6 8 10 12 14 16 18 

0.5 µl DTT 0.5 M 1.5 2 2.5 3 3.5 4 4.5 

0.5 µl RNAsin 40 u/µl 1.5 2 2.5 3 3.5 4 4.5 

16 µl total         
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- Assembled the components of the reaction at room temperature to avoid the 

precipitation of the DNA template by placing Spermidine in the Transcription 

Buffer. 

- Mix. 

Reaction. 

16 µl  Buffer A 

1 µg  linearized template DNA (use 0.5 µg DNA if PCR product) 

1 µl   RNA Polymerase T3, T7 or SP6 20 u/µl 

Up to 20 µl (2 µl sterile milliQ H2O if 1 µl of DNA). 

- Mix and centrifuge briefly. 

- Incubate 2 h at 37°C for T3 and T7, at 40°C for SP6. 

Analysis of labelled RNA. 

Estimate quantity and quality of transcript by a 1% agarose gel in TAE 

Electrophoresis Buffer [1x] (1 µl of the transcription reaction and 1 µl at the end of the 

purification). 

Purification. 

1. Stop reaction by adding 2 µl EDTA 0.2 M, pH 8.0  

2. Add a carrier 1 µl tRNA 10 mg/ml 

3. Precipitate RNA with 2.5 µl Lithium Chloride (LiCl) 4 M (do not use Ammonium 

Acetate) 75 µl cold Ethanol 100%  

4. Mix well. 

5. Incubate the mixture at -80°C for 15 min (not more) or at -20°C for 30 min (do 

not store probe over-night at this stage). 

6. Centrifuge 30 min at 14,000 rpm at 4°C. 

7. Remove the supernatant carefully. 

8. Re-suspend the pellet in 22 µl H2O milliQ sterile 

9. Re-precipitate RNA with 2.5 µl LiCl 4 M + 75 µl cold Ethanol 100%  

10. Mix. 

11. Put at -80°C for 15 min (not more) or at -20°C for 30 min (you can stop here 

and store it at -20°C). 

12. Centrifuge 30 min at 14,000 rpm at 4°C. 

13. Remove the supernatant carefully. 
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14. Wash the pellet with 0.5 ml cold Ethanol 70% (diluted with sterile milliQ H2O) 

15. Centrifuge 15 min at 14,000 rpm at 4°C. 

16. Remove the supernatant carefully. 

17. Air dry. 

18. Dissolve in 20 µl of H2O milliQ sterile and take 1 µl to check the final quantity 

of a gel. 

Storage 

- Dissolve in 100 to 200 µl Hybridization Buffer according to the quantity of transcript. 

- Store at -20°C. 

The day of use, put the tube 5 min at 37°C and vortex briefly. 
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Whole-mount in situ hybridisation of mouse embryos. 

 

Precautions should be taken to avoid the degradation of RNA probes and of cellular 

mRNA during all steps preceding the hybridisation reaction.  Gloves should be 

regularly changed throughout experimentation.  All supplies must be treated with 

RNase inactivation agents.  Instruments (spatulas, dissection tools, magnetic stirrers 

etc.) and glassware must be washed clean and oven-baked for 4 hours at 200°C.  

Following hybridisation, the probe-mRNA duplexes are nuclease-resistant and it is 

not essential to work in RNase-free conditions.   

General notes: 

The procedure described herein is validated for E7.5-11.5 whole mouse 

embryos, fixed overnight in 4% paraformaldehyde in PBS. We have found storage in 

4% PFA at 4OC maintains RNA over the course of months. Similarly storage in 

absolute ethanol at -20°C after steps of graded dehydration can be performed.  

Storage in methanol works equally well. 

The formamide used for pre-hybridisation and hybridisation steps must be of 

‘molecular grade’, while ‘proanalysis’ formamide is sufficient for post-hybridisation 

washes.  Alternatively, deionise with proanalysis formamide for pre-hybridisation 

steps.  Prepare by gently stirring Dowex XG8 resin beads (5 g/100 ml formamide) for 

1 hour (at room temperature) followed by filtration through Whatman N°1 paper.  

Deionised formamide can be stored in aliquots at -20°C. 

The permeabilisation step with proteinase K, prior to hybridisation is critical.  

The exact concentration and length of the incubation should be optimised for: (i) each 

developmental stage, and (ii) each new batch of proteinase K.  Proteinase K (17 

mg/ml) from Roche is found to be stable at 4°C and generates reproducible results.  

This enzyme is validated at the following concentrations: 2.5 µg/ml for 5 minutes with 

E8.5 embryos; 2.5 µg/ml for 10 minutes with E9.5 embryos; 5 µg/ml for 15 minutes 

for E10.5 embryos; and 10 µg/ml for 15 minutes for older embryos.  

Optimisation:  

The anti-DIG antibody is a polyclonal antibody, thus a step of pre-adsorption 

with embryo powder can be performed in order to prevent non-specific binding to 
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embryonic tissues and to reduce background.  Pre-absorption may be helpful for 

large (E9.5 and older) embryos.  

1. Embryo powder: Collect E12.5-14.5 mouse embryos and homogenise them in 

a small volume of cold PBS (2-3 ml), using a douncer.   

2. Add 4 x the volume of acetone and mix.   

3. Incubate on ice for 30 minutes.   

4. Centrifuge at 10000 g for 10 minutes and discard the supernatant. 

5. Wash the pellet with cold acetone.   

6. Centrifuge at 10000 g for 10 minutes and discard the supernatant. 

7. Spread the pellet and grind it to a fine powder using a blade on a filter paper to 

absorb the acetone.   

8. Store the powder at 4°C.  

9. Pre-adsorb antibody: Add 18 mg of the embryo powder to 2 ml of TBST and 

heat to 70°C for 30 minutes.  

10. Cool on ice and add 30 µl of blocking solution and 9 µl of anti-DIG antibody.  

11. Gently agitate at 4°C for 1 hour.  

12. Centrifuge for 10 minutes at 4°C to pellet the embryo powder. 

13. Recover the supernatant and dilute it in 13 ml of blocking solution.  The 

antibody is ready to use. 

Expected range of results:  

According to the probe, the time required for staining can be highly variable 

ranging from 1 hour to between 12-24 hours.  If staining does not appear within the 

day (3-4 hours), samples must be washed in NTMT and stored overnight at 4°C.  On 

the following day, the staining reaction can be resumed with freshly made solutions.  

Staining can also efficiently be resumed after several days of storage in PBT. 

Staining can be terminated when sufficiently stained, and washed with PBT, 

as embryos can be observed and photographed in PBT (can be stored for a few 

weeks in PBT at 4°C).  An additional bleaching step with absolute ethanol can also 

be performed.  This results in bleaching of non-labelled tissue (from pinkish to white) 

and a change of colour (purple to blue) for the signal.  Overall, this increases the 

signal/background ratio.  Embryos are then transferred into a mix of glycerol/PBT that 

allows conservation almost indefinitely at 4°C.  Tissues are more translucent in 
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glycerol, and this can improve the observation of the signal and quality of the pictures 

(see Figure M1). 

 

 

 

 

 

 

 

 

 

Figure M1 E9.5 mouse embryo hybridised with a Sonic Hedgehog RNA probe 

from http://empress.har.mrc.ac.uk/. 

Quality Control: 

  Appropriate controls must always be included for an experimental group, to 

ensure both the sensitivity of detection and specificity of the signals.  These should 

include positive controls to test for the quality of the tissue samples (mRNA 

preservation) and hybridisation procedure, as well as negative controls to assess for 

non-specific (background) and/or artificial labelling.  

Positive controls should include sample(s) known to contain the mRNA of interest 

and/or, if the expression pattern of the gene studied is unknown, the use of additional 

probe(s) whose expression pattern has already been characterised in the tissue(s) 

studied.  

Negative controls are samples devoid of the mRNA of interest (although one 

should be aware that background levels may vary according to the tissue).  Sense 

probes are also commonly used to evaluate non-specific background labelling.  Other 

valuable technical controls to evaluate the specificity of a signal are the omission of 

either the probe or the antibody, or the pre-treatment of sections with RNase A. 

Supplies: 

Pre-treatments and hybridisation: 

-Tissue culture plates (24-well) 

-Dulbecco’s phosphate-buffered saline (PBS) (Sigma-Aldrich):  
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Prepare a 10X stock solution by diluting the powder with 1L of water, 

and autoclave.  The stock solution is diluted to 1X in water before use. 

-PBT: PBS 1X with 0.1% Tween 20 

-Absolute ethanol and 25%, 50% and 75% dilutions in PBT 

-Proteinase K: Stock solution at 17.7 mg/ml (Roche), diluted before use with 

PBT to 2.5, 5 or 10 µg/ml 

-Glycine: Stock solution at 100 mg/ml, stored at -20°C.  Dilute to 2 mg/ml in 

PBT before use. 

-Paraformaldehyde (PFA): Prepare a stock 8% (w/v) solution in PBS 1X pre-

warmed to 85-95°C under a safety hood. Cool using ice and store at -20°C. 

PFA stocks are thawed on the day of use, kept at 4% on ice and used within 

24 hours. 

-Glutaraldehyde 25% (Sigma), stored in aliquots at -20°C. 

Post-fixation mix: 4% PFA, 0.2% glutaraldehyde in PBS 1X. 

-Hydrogen peroxide (H2O2): Stock solution at 30%, stored at 4°C in dark. 

Dilute to 6% in PBT before use. 

-Formamide: ‘molecular grade’ or deionised. 

-SSC 20X (175.3 g NaCl, 88.2 g sodium citrate per 1L of water). Adjust to pH 

5 and autoclave. 

-SDS (electrophoresis grade) 20% (w/v) in water. Adjust pH to 7.2.  Do not 

autoclave. 

-tRNA from baker’s yeast, 10 mg/ml (Sigma), stored at -20°C. 

-Heparin, sodium salt (Grade I-A, from Porcine intestinal mucosa, Sigma), 

stock solution at 100mg/ml, stored at -20°C. 

-Pre-hybridisation mix: 50% formamide, 5X SSC, 50 µg/ml tRNA, 1% SDS, 50 

µg/ml heparin.  Prepare on the day of use. 

-DIG-labelled probe stock solution. 

Post-hybridisation washes and immunocytochemistry: 

-Formamide: molecular biology grade. 

-Washing solution 1: 50% formamide, 5X SSC, 1% SDS.  Prepare on the day 

of use. 

-Washing solution 2: 50% formamide, 2X SSC.  Prepare on the day of use. 

-RNase buffer (0.5 M NaCl, 10 mM Tris-HCl pH 7.5, 0.1% Tween 20 in water).  
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-RNase A: Stock solution at 100 mg/ml in 10 mM Tris-HCl pH 7.5, 15 mM 

NaCl, stored at -20°C in aliquots. 

-TBST 10X stock solution: 1.5 M NaCl, 1 M Tris-HCl pH 7.5, 1% Tween 20 in 

water. Autoclave and store at room temperature.  Dilute to 1X with water the 

day of use. 

-Blocking solution: Blocking reagent for nucleic acid hybridisation (Roche), 

diluted to 1.5% (w/v) in TBST. 

-Anti-DIG antibody, alkaline phosphatase conjugated, Fab fragment (Roche).  

Store at 4°C.  Dilute to 1/1000 in blocking solution just before use.  

Staining reaction and bleaching: 

-TBST 1X 

-NTMT: 0.1 M NaCl, 0.1 M Tris-HCl pH 9.5, 50 mM MgCl2, 0.1% Tween 20 in 

water. This solution is unstable and must be prepared the day of use. 

-BCIP: 5-bromo-4-chloro-3-indolyl-phosphate (Roche). Stock solution of 50 

mg/ml in 100% dimethylformamide, stored in dark at -20°C. 

-NBT: Nitroblue tetrazolium chloride (Roche). Stock solution of 75 mg/ml in 

70% dimethylformamide, stored in dark at -20°C. 

-Staining solution: NTMT with 3.5 µl/ml BCIP and 3.5 µl/ml NBT 

PBT 

-Absolute ethanol and 25%, 50% and 75% dilutions in PBT 

-Glycerol 50% in PBT 

Protocol: 

Pre-treatments and hybridisation: 

1. Rehydrate the embryos on ice, in a graded series of ethanol diluted in 

PBT (75%, 50%, and 25%) for 5-10 minutes each. 

2. Wash with PBT 3 x 5 for minutes, working on ice.  

3. Open the cavities (amniotic cavity, yolk sac, brain ventricles, and heart) 

under a stereomicroscope by piercing with a needle or Dumont forceps, 

and transfer the embryos into the 24-well tissue culture plates. 

4. Permeabilise the samples by treatment with proteinase K (2.5-10 

µg/ml), for 5-10 minutes on ice. 

5. Incubate in glycine (2 mg/ml) on ice for 5 minutes to cease digestion. 
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6. Wash with PBT 3 x for 5 minutes, working on ice.  

7. Post-fix the samples in the post fixation mix (containing 4% PFA and 

0.2% glutaraldehyde in PBS 1X) for 20 minutes on ice. 

8. Wash with PBT 2 x for 5 minutes at room temperature. 

9. Incubate in pre-warmed PBT for 30 minutes at 70°C. 

10. Bleach with 6% H2O2 in PBT for 1 hour at room temperature. 

11. Wash with PBT 3 x for 5 minutes at room temperature. 

12. Incubate with pre-hybridisation buffer in the hybridisation oven set at 

70°C and gentle agitation, for a minimum of 1 hour. 

13. Replace the pre-hybridisation buffer with the solution containing the 

RNA probe, and incubate at 70°C overnight, with gentle agitation.  

Empirically test the optimal probe concentration, which should usually 

vary between 500-1000 ng/ml. 

a. Post-hybridisation washes and immunocytochemistry: 

a.1 Wash the samples in pre-warmed washing solution 1, 3 x for 30 minutes at 70°C 

and gentle agitation. 

a.2 Wash in a (1:1) mix of washing solution 1 or RNase buffer for 10 minutes at room 

temperature. 

a.3 Wash in RNase buffer for 10 minutes at room temperature. 

a.4 Incubate in RNase buffer containing 100 µg/ml RNase A for 1 hour at 37°C. 

a.5 Wash with RNase buffer for 10 minutes at room temperature. 

a.6 Wash with washing solution 2, 3 x for 30 minutes at 65°C, with gentle agitation. 

a.7 Wash with TBST, 3 x for 5 minutes at room temperature. 

a.8 Incubate in blocking solution, for a minimum of 1 hour at room temperature.  

a.9 Incubate overnight at 4°C in anti-DIG-AP-conjugated antibody. 

b. Staining and bleaching: 

b.1 Wash with TBST 3 x for 5 minutes. 

b.2 Wash with TBST 5 x for 1 hour. 

b.3 Wash with NTMT 3 x for 10 minutes. 

b.4 Incubate in the staining solution with gentle agitation, protecting from light.  

Assess the colour reaction regularly. 
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b.5 Wash with NTMT 3 x for 10 minutes. 

b.6 Wash with PBT for 10 minutes. 

b.7 Dehydrate in a graded series of ethanol diluted in PBT (25%, 50%, 75%), for 5-

10 minutes each. 

b.8 Bleach in absolute ethanol for 1 hour. 

b.9 Dehydrate in a graded series of ethanol diluted in PBT for 5-10 minutes each. 

b.10 Wash with PBT for 10 minutes. 

- Wash with 25% glycerol in PBT for 5-10 minutes. 

- Store at 4°C in 50% glycerol diluted with PBT. 
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Automated whole-mount in situ hybridisation of mouse embryos. 

 

Instrument maintenance: 

- The cleaning, dismantling, maintenance, adjustment and repair of the 

automated instrument InsituPro should only be performed by trained 

personnel. 

- The aspiration needle, columns and outlet needles must be regularly 

inspected and replaced when necessary. 

- Service staff from Intavis should perform maintenance and calibration. 

7.0 Equipment: 

InsituPro instrument (Intavis AG, Bioanalytical instruments) see Figure M2 

Software ‘InsituPro WIN editor’ for method development. 

Water bath or heating plate 

 

Figure M2  Schematic representation of the InsituPro instrument. 

 Supplies: 

For a full run:  

1. Medium sized columns, with sealing caps and outlet needles (x 30) 

2. Yellow stopper caps (x 30) 

3. Probe tubes (x 30) 

4. Tubes and bottles for buffers and reagents 

5. Tissue culture plates (24-well) 
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Solutions in accordance to the position in the solvent rack (see Figure M3): 

A PBT: PBS with 0.1% Tween 20  

B Methanol 50% in PBT 

K Hydrogen peroxide 6% in PBT 

G Proteinase K, 5 µg/ml in PBT 

I Glycine 2 mg/ml in PBT 

H Paraformaldehyde 4% with Glutaraldehyde 0.2% in PBT 

C        Hybridisation buffer  

D        Washing solution 1  

E RNase buffer 

J RNase A 100 µg/ml in RNase buffer 

F Washing solution 2 

A2 TBST 

L Blocking reagent at 1% (w/v) in TBST 

M Anti-DIG antibody, alkaline phosphatase conjugated, and Fab fragment 

(Roche), diluted 1:1000 in blocking reagent. 

F2 NTMT 

 

 

Figure M3 Solvent rack, top view. 

1. Dulbecco’s phosphate-buffered saline (PBS) (Sigma-Aldrich, D-5652-10L):   

Prepare a 10X stock solution by diluting the powder with 1 L of water, and 

autoclave.  The stock solution should be diluted to 1X in water immediately 

before use.   

2. Proteinase K, stock solution at 17.7 mg/ml (Roche),  

Dilute to 5 µg/ml in PBT 

3. Glycine, stock solution at 10 mg/ml    

 Dilute to 2mg/ml in PBT 
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4. Paraformaldehyde:  

Prepare a 20 % (w/v) stock solution in PBS 1X pre-warmed at 65°C.  

Use a magnetic stirrer for complete dissolution.  Cool on ice and store 

at -20°C.  Warm to 65°C and dilute with PBS to 4% on the day of use.  

Keep 4% PFA on ice, use within 24 hours. 

5. Paraformaldehyde 4% with Glutaraldehyde 0.2% in PBT:  

Mix 80 µl of 25% glutaraldehyde stock solution with 10 ml of 

paraformaldehyde 4% in PBT. 

6. SSC 20X stock solution:  

Dissolve 175.3 g NaCl, 88.2 g sodium citrate for 1 L water. Adjust to pH 

5 and autoclave. 

7. SDS 20% stock solution: 

Dissolve 100g electrophoresis-grade sodium dodecyl sulfate for 500 ml 

water.  Adjust pH to 7.2.  *Do not autoclave. 

      8.   tRNA from baker’s yeast, 10 mg/ml (Sigma, R-8759), stored at -20°C 

      9.   Heparin (sodium salt (Grade I-A) from Porcine intestinal mucosa, (Sigma). 

      10. Hybridisation Buffer:  

Solution of formamide 50% (molecular grade or deionised – see 5.3), 

5X SSC, 10 µg/ml tRNA, 1% SDS, 50 µg/ml heparin.  Aliquot and store 

at -20°C.  Pre-warm for 30 minutes to 65°C on the day of use.  

       11. Washing solution 1: 50% formamide (proanalysis), 5X SSC, and 1% SDS in 

water.  Prepare the day of use.  

       12. RNase buffer: NaCl 0.5M, Tris-HCl 10 mM pH 7.5, 0.1% Tween 20 in water. 

       13. RNase A, stock solution. 

       14. Washing solution 2: 50% formamide (pro-analysis), 2X SSC in water 

       15. TBST:  

Solution of 0.14 M NaCl, 2.7 mM KCl, 25 mM Tris-HCl pH 7.5, 0.1% 

Tween 20 in water.  A 10X concentrated solution can be prepared and 

stored at room temperature once autoclaved. 

        16. Blocking reagent for nucleic acid hybridisation (Roche).  Prepare a stock 

solution at 10% in MAB (Maleic acid 0.1M, NaCl 0.15M, pH 7.5) and keep at -20°C 

        17. Anti-DIG antibody, alkaline phosphatase conjugated, and Fab fragment 

(Roche) 
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        18.  NTMT:  

Solution of 0.1 M NaCl, 0.1 M Tris-HCl pH 9.5, 50 mM MgCl2, 0.1% 

Tween 20 in water.  This solution is unstable and should be prepared 

on the day of use. 

Staining solutions:  

- BCIP: 5 – bromo – 4 – chloro – 3 - indolyl-phosphate (Roche). Stock solution 

containing 50 mg/ml in 100% dimethylformamide, stored in the dark at -20°C. 

- NBT: Nitroblue tetrazolium chloride (Roche). Stock solution containing 75 

mg/ml in 70% dimethylformamide, stored in the dark at -20°C. 

- Staining solution: NTMT with 3.5 µl/ml of BCIP and 3.5 µl/ml of NBT 

- PBT 

- Absolute ethanol and 25%, 50% and 75% dilutions in PBT 

- Glycerol 50% in PBT 

Other solutions: 

- Dilution reservoir: sterile milliQ water 

     -    DIG-labelled probe stock solution  

Procedure: 

1. Writing the method: 

Note: The procedure described below is an adaptation of a template provided by the 

manufacturer (Stand4.xcp) and stored under the name of ‘mouse.xcp’ on a floppy 

disk (available upon request).   To view and modify this method you will need a 

computer equipped with the software ‘InsituPro WIN editor’ 

1.1 Open the experimental file and adapt it with respect to the following: 

- The number of samples in the experimental session. 

- The proteinase K treatment.  Duration for permeabilisation with proteinase K 

may vary between different sub-zones (sub_A, sub_B, sub_C, sub_D and 

sub_E – see Figure M4).  While proteinase K remains at a concentration of 5 

µg/ml define the incubation time for each individual sub-zone according to the 

developmental stage of the embryos.  Incubation times should vary between 2 

and 15 minutes:  

2 minutes for E8.5 embryos  

5 minutes for E9.5 embryos 

10 minutes for E10.5 embryos  
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15 inutes for older embryos 

- Group embryos of a given developmental stage in the same sub-zone(s).  

Alter steps 15, 18, 21, 24 and 27 accordingly of the automated procedure. 

1.2 Save the customized method onto a floppy disk as a method file (*.xcp) that 

can now be read by the instrument. 

 

Figure M4 Identification of sub-zones in the work area. 

2. Preparation and loading of the samples: 

2.1 Assemble the columns with the yellow stopper and place them on a tube rack.  

Label the columns according to their position on the work area (e.g. A1, A2, 

B1, B2 etc.). 

2.2 Load the embryos into the columns using a plastic holding pipette (a 3.5 ml 

transfer pipette).  The embryos are in 200 µl of 100% methanol.   

2.3 Mount the sealing caps without closing the centre hole to allow air escape 

through it. 

2.4 Loading the columns within the instrument:  

- Close the hole in the sealing cap using a finger (to prevent air escape and 

leakage of methanol from the bottom).  

- Remove the yellow stopper and replace with an outlet needle. 

- Position the column at the correct position within the sample rack area. 

- Finally release your finger from the cap.   
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- Check that methanol is not leaking from the column.  Adjust the needle firmly if 

necessary or replace it with a new one.  

3. Preparation and loading of probes: 

3.1 Prepare the probe tubes (one tube for each column). Label the tubes 

according to the position of the work area and to the probe. 

3.2 Pre-warm the hybridisation buffer for 30 minutes at 70°C.   

3.3 Add 400 µl of the hybridisation buffer to each tube. 

3.4 Dilute the probe in the hybridisation buffer. Empirically test the optimal probe 

concentration, which should usually vary between 500-1000 ng/ml. 

3.5 Place the tubes on the probe rack and load the probe rack in the instrument.   

4. InsituPro Measurement: 

4.1 Insert the floppy disk with the customised method into the disk drive. 

4.2 Switch on the InsituPro instrument and follow the instructions to begin 

automated in situ hybridisation of digoxigenin-labelled riboprobes.  

4.3 The instrument will perform a series of washes and undergo the necessary 

incubation periods for in situ hybridisation automatically.   

5. Staining and bleaching: 

5.1 Following the experimental session, the samples remain in the NTMT buffer.  

Take the columns out of the sample rack, and recover the samples from the 

columns. 

5.2 Transfer the samples using a plastic holding pipette into a 24-well tissue 

culture plate(s) for the colour reaction.   

5.3 Incubate in the staining solution with gentle agitation, protecting from light.  

Assess the colour reaction regularly. 

5.4 When the staining reaction is finished, wash in PBT for 10 minutes at room 

temperature. 

5.5 Dehydrate samples in a graded series of ethanol in PBT (25%, 50%, 75%), for 

5-10 minutes each. 

5.6 Bleach in absolute ethanol for 1 hour at room temperature with gentle 

agitation.  Embryos may be stored in ethanol at 4°C until documentation of 

expression patterns or proceed to 9.5.10. 

5.7 Rehydrate in a graded series of ethanol in PBT for 5-10 minutes each. 
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5.8 Wash in PBT for 10 minutes at room temperature. 

5.9 Wash with 25% glycerol in PBT for 5-10 minutes at room temperature. 

5.1 0Store at 4°C in 50% glycerol in PBT. 

 

Solutions for Hybridization in situ with Digoxigenin RNA Probes on Section. 

 

Proteinase K (prot K): 

Stock solution Proteinase K 20 mg/ml in sterile milliQ water, aliquot in 100 µl and 

store at -20°C. 

Stock Proteinase K Buffer [10x]: 

 Stock solution For 1 l 

Tris-HCl 0.5 M pH 8.0 1 M 500 ml 

EDTA 50 mM pH 8.0 0.5 M 100 ml 

milliQ water  to 1 l 

 

Autoclave, store at 4°C. 

Proteinase K Buffer is used [1x]: 10 ml sterile Proteinase K Buffer [10x] 

for 90 ml sterile milliQ water. 

 

Triethanolamine (TEA): 

 Stock solution For 200 ml For 1l 

Triethanolamine 0,1 

M 

3.75 M 5.33 ml 26.66 ml 

add HCl to pH 8.0 37% 333.33 µl 1666.66 µl 

Anhydride Acetic 

1/400 

 0.5 ml 2.5 ml 

Sterile milliQ water  194 ml 969.2 ml 

 

Prepare the solution the day of use but add the Anhydride Acetic just before the 

slides. 

Triethanolamine 7.5 M is viscous that's the reason we dilute it half in sterile milliQ 

water. 
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Phosphate Buffer Saline (PBS) [10x]: 

Dissolve the powder PBS perused for 10 l of PBS [1x] in 1 l of milliQ water, autoclave 

and store at 4°C. 

PBS is used [1x]: 100 ml sterile PBS 10x for 900 ml sterile milliQ water. 

Paraformaldehyde: 

Stock solution  Paraformaldehyde 4% (w/v) in sterile PBS [1x]: 

Weigh PFA under hood, add sterile PBS [1x], heat at nearly 60°C until it dissolves 

but do not boil. Let cool on ice, store at -20°C in aliquots ready to use. 

Stock solution  Paraformaldehyde 20% (w/v) in sterile PBS [1x]: 

Weigh PFA under hood, add sterile PBS [1x], heat at nearly 40°Cuntil it dissolves but 

do not boil. Let cool on ice, aliquot in 10 or 35 ml and store at -20°C. 

PFA is used at 4%:  10 ml PFA 20% for 40 ml sterile PBS [1x]. 

35 ml PFA 20% for 140 ml sterile PBS [1x]. 

Stock solution  Paraformaldehyde 16% in Di distilled Water from Electron 

Microscopy Sciences: 

(10ml ampoule sealed under inert gas diluted Cat. #15710) 

PFA is used at 4%: 10 ml PFA 16% for 4 ml sterile PBS [10x] and 26 ml sterile water. 

 

Hybridization Buffer: 

Salt 10x: 

 For 1 l  

NaCl 114 g (1.95 M) 

Tris-HCl 14.04 

g 

(Tris 0.1 M pH 7.2) 

Tris-Base 1.34 g  

NaH2PO4, 2H2O 7.8 g (NaH2PO4, 1H2O: 6.9 g) 

0.05M 

Na2HPO4 7.1 g (Na2HPO4, 12H2O: 17.9 g) 

0.05M 

EDTA 0.5 M pH 8.0 100 ml (0.05 M) 

Sterile milliQ water to 1 l  
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Autoclave and store at 4°C. 

 

Dextran Sulphate 50% (w/v): 

Weigh directly in a sterile bottle 5O g of the powder; adjust to a final volume of 100 

ml with sterile milliQ water. Put under agitation at 60°C and let it over-night until 

dissolution. Aliquot in 50 ml and store at -20°C. 

 

t RNA 10 mg/ml: 

Stock solution t RNA (Yeast or Wheat Germ) 10 mg/ml in sterile milliQ water. 

Check purity 260/280nm=2. Aliquot in 10 ml and store at -20°C. 

 

Denhardt's Solution[ 50x]: 

Ficoll 400 5 g 

Polyvinylpyrrolidone 5 g 

Bovine Serum Albumin, Pentax fraction 5 

(BSA) 

5 g 

Sterile milliQ water to 500 ml 

 

Filter through a 0.22 µm filter. Aliquot in 5 ml and store at -20°C. 

 

Hybridization Buffer: 

 Dilution Stock solution For 50 ml 

Sterile milliQ water   4 ml 

Salt [1x] 10x [10 x] 5 ml 

Dextran Sulphate 10% 5x 50% 10 ml 

t RNA 1 mg/ml 10x 10 mg/ml 5 ml 

Denhardt's [1x] 50x [50x] 1 ml 

Deionized Formamide 

50% 

2x 100% 25 ml 

 

Aliquot in 50 ml and store at -20°C. 
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Washing Probe Solution: 

Saline Sodium Citrate (SSC) 20x: 

 PM For 2 l 

NaCl 3M 58.44 g 350.64 g 

Na Citrate 0.3M 294.1 g 176.46 g 

milliQ water  to 2 l 

 

We do not adjust the pH. Autoclave and store at room temperature. 

 

Tween-20 (T) 10% (v/v): 

Stock solution Tween-20; 10% (v/v) in milliQ water. Aliquot in 50 ml, autoclave, 

protect from light and store at 4°C. 

 

Washing Probe Solution with Formamide: 

 Dilution Stock solution For 1 l For 800 ml 

Formamide 

50% 2x 100% 500 ml 400 ml 

SSC [1x] 20x [20x] 50 ml 40 ml 

Tween-20 

0,1% 100x 10% 10 ml 8 ml 

milliQ water   to 1 l to 800 ml 

 

Washing Probe Solutions without Formamide: 

 Dilution Stock solution For 1 l For 800 ml 

SSC 5x 4x 20x 250 ml 200 ml 

SSC 0,2x 100x 20x 10 ml 8 ml 

 

Washing Antibody Solution: Maleic Acid Buffer Tween (MABT) [1x]: 

Sodium Hydroxide (NaOH) 10 N: 

The preparation of 10 N NaOH (PM 40,0 g) involves a highly exothermic reaction, 

which can cause breakage of glass containers. Prepare this solution with extreme 

care in 2 liters plastic beakers. To 800 ml of sterile milliQ water, slowly add 400 g of 
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NaOH pellets, stir. When the pellets have dissolved completely, adjust the volume to 

1 l. Storage at room temperature, sterilization is not necessary. 

 

Maleic Acid Buffer (MAB) [5x]: 

 Stock solution For 2 l 

Maleic Acid 0,5 M PM 116,1 g  116. 1 g 

add NaOH to pH 7,5 

(20°C) 10 N 160 to 200 ml 

NaCl 0,75 M PM 58,44 g 87.66 g 

milliQ water  to 2 l 

 

Adjust the pH with a pH meter, be careful adding NaOH, first you'll observe a 

precipitation until pH6.0 that will disappear and then the pH will change very rapidly 

at 7.0. Check the final pH when the solution is at 20°C. 

Only after adjusting the pH, add NaCl and complete with milliQ water. 

Do not autoclave but filter through a 0.2 µm filter to avoid a floculate precipitate. 

 

Washing Antibody Solution: Maleic Acid Buffer Tween (MABT) [1x]: 

 Dilution Stock solution For 2 l 

MAB [1x] 5x [5x] 400 ml 

Tween-20 0.1% 100x 10% 20 ml 

milliQ water   to 2 l 

 

Blocking Solution: 

Blocking Reagent (BR) 10% (w/v) in MAB: 

Blocking Reagent is dissolved in Maleic Acid Buffer (without Tween) to a final 

concentration of 10% (w/v) with shaking and eating on a heating block. This stock 

solution is autoclaved at 0.5 atm, aliquoted in 10 ml and stored at -20°C. 

 

Heat inactivated Normal Goat Serum (NGS): 

Normal Goat Serum is defreezed on ice and heated during 30 min at 56°C in a water 

bath. Let cool on ice, aliquot in 10 ml and store at -20°C. The purpose of this is to 

denature any remaining immunoglobulins in the serum. 
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Blocking Solution: 

 Dilution Stock solution For 10 ml  

MAB [0.8x] 6,25x [5x] 1.6 ml (6.25x dilution 

BR 2% 5x 10% 2 ml because MAB 

in MAB [0.2x]  [1x]  in BR) 

NGS 20% 5x 100% 2 ml  

Tween-20 

0.1% 100x 10% 0.1 ml 

 

milliQ water   4.3 ml  

 

Alkaline Phosphatase Buffer (NTMT) [1x]: 

Sodium Chloride (NaCl) 5 M: 

 PM For 1 l For 2 l 

NaCl 5 M 58.44 g 292.2 g 584.4 g 

milliQ water  to 1 l to 2 l 

 

Autoclave and store at room temperature. 

 

Tris 1M pH 9,5: 

 Stock solution For 1 l For 2 l 

Tris-Base 1 M PM 121.1 g 121.1 g 242.2 g 

add HCl to pH 9.5 37% ~ 4.5 ml ~ 8.5 to 20 ml 

milliQ water  to 1 l to 2 l 

 

Adjust the pH with a pHmeter. Aliquot in 100 ml, autoclave and store at 4°C. 

 

Magnesium Chloride (MgCl2, 6H2O) 1 M: 

 PM For 1 l 

MgCl2, 6H2O 1 M 203,3 g 203,3 g 

milliQ water  to 1 l 

 

Aliquot in 100 ml, autoclave and store at 4°C. 
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Alkaline Phosphatase Buffer (NTMT) [1x]: 

 

Dilution 

Stock 

solution For 1 l For 200 ml For 800 ml 

NaCl 100 mM 50x 5 M 20 ml 4 ml 16 ml 

Tris 100 mM 

pH 9,5 10x 1 M 100 ml 20 ml 80 ml 

MgCl2, 6H2O 

50 mM 20x 1 M 50 ml 10 ml 40 ml 

Tween-20 

0,1% 100x 10% 10 ml 2 ml 8 ml 

milliQ water   to 1 l to 200 ml  to 800 ml 

 

Make freshly from stocks on the day of use, since otherwise the pH can change due 

to the absorption of CO2. 

 

Alkaline Phosphatase Staining Buffer: 

 Stock solution For 1 ml 

NTMT [1x]  1 ml 

NBT 0.35 mg/ml 100 mg/ml 3.5 µl 

BCIP 0.175 mg/ml 50 mg/ml 3.5 µl 

Levamisole 5 mM 

(4 drops / 5 ml) 125 mM 40 µl 

 

Make with fresh NTMT. Mix after adding each product. Protect from light. 

In some cases a precipitate may occur in NBT stock solution which is easily brought 

into solution by briefly warming the substrate at 37°C before using it. 
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Micro-CT imaging 

 

Principle: X-ray microtomography (μCT) uses X-rays to create cross-sections of a 

physical object that can be used to re-create a 3D virtual model noninvasively. 

Quantum FX μCT System Components 

The Quantum FX μCT is a CT imaging system that consists of a moveable sample 

holder surrounded by a rotating gantry (Figure M5). The gantry has an X-ray source 

and a flat panel detector mounted on it. The detector and slide can be moved radially 

to change the magnification. Two bore sizes are available depending on the 

magnification chosen: 70 or 200 mm. 

Quantum FX micro-CT Technical Specifications 

Maximum Energy 90kV with 0.2 mA 

Focal spot 5 μm - 30 μm 

High resolution X-ray detector 127 μm pixel 14 bit X-ray 

 flat panel detector 

X-ray detector type Amorphous Silicon 

Detector Speed Up to 30 fps 

Bore size 193 mmϕ (standard) 113 mmϕ (medium), or 65 

mmϕ (High resolution) 

Longitudinal travel 200 mm 

Field of view 10 mmϕ to 73 mmϕ (120 mmj axially with image 

stitching) 

Pixel size 10 μm - 295 μm 

Standard scan time Standard: 17 seconds, 26 seconds 

Fine: 2 min, 3 min, 4.5 min 

Dimensions Height 1,450 mm 

 Width 980 mm 

 Depth 930 mm 

 Weight 470 kg 
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Figure M5 PerkinElmer's Quantum FX microCT Pre-clinical In Vivo Imaging 

System, Caliper, Life Sciences. 

After dissection, samples were fixed in a 4% paraformaldehyde solution (PFA) for 10-

14 days. These samples were then washed in demineralised water several times to 

remove all traces of fixative (because PFA is a neurotoxic crosslinking agent). After 

each scan, samples can be used for other procedures such as histology, scanning 

electron microscopy (SEM), or in-situ hybridization (ISH). 

To operate Quantum FX system CT: 

Open the computer of Quantum FX system control software CT: Identifier: "CT 

admin" and password: "ct2admin". The machine door needs to be in a proper closed 

position before opening the program. The micro-CT key then opens the machine. 

When the program is running, the control panel and the dialog box will appear as 

Figure M6. Warm up is required before performing the scan. Click on the warm up 

button to start so the machine will generate x-ray about 15 minutes. Every time 

before the machine performs an x-ray, it will ask for your permission for the safety 

reason. After warming up is completed, the "Stand by" will appear and the “Live 
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mode” button  will appear on the control panel instead of warm-up button 

(Figure M6). 

 

Figure M6 The control panel of the Quantum FX microCT machine from 

https://www.perkinelmer.com/Content/LST_Software_Downloads/9092.pdf. 

To create or select a database:  

Defining where the images (series) are to be saved, use the create or select 

database function. Then, creating the sample and describing any information such as 

name, gender, date of birth, age, type, and number. 

To adjust the acquisition conditions:  

This system allows the user to adjust the voltage and the amperage. The recommend 

threshold to scan bone and tooth is 90 kV and 160 µA with “Fine” scan technique.  

To perform a scan: 
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Open the door of the Quantum FX CT and remove the sample table. Place the 

subject in the sample chamber, on the bed. Each head is placed in the actual 

position so that each tooth is in its well-arranged position. For the acquisitions to be 

standardized, we placed the samples in the same manner. First, the head of the 

mouse is placed muzzle forward, taking care to place the teeth around a wooden bit. 

The holder is oriented in its usual place (indicated by the more worn/dirty area of the 

platform). A transparent plastic bag was placed surrounded the bed and the samples 

to reduce contamination of the machine and sample. Then push the sample table into 

the rail and close the door, so that the locking system is engaged. 

Center the subject in the capture window X:  

Turn on the "Live Mode". In the capture window X, we chose a field of view of 20 mm. 

The subject appears in real time to be able to center the image. Use the axis control 

by pressing the "Fast" button and the right or left arrow to mobilize the sample. Check 

the position in the capture window. Orient at 90 ° in the frontal and sagittal plan, 

correctly centering the molars and incisors. 

Start scanning CT: press "Start". Note the entry number (ex: no. 145338). After the 

complete acquisition, double-click on the series to automatically visualize the 3D 

image. Allow 2-3 minutes for scanning and 2 minutes for rebuilding 

In order to standardize the acquisitions and make a comparable image analysis, the 

scanning technique was strictly the same for each sample, side by side, namely: 

overall view with whole head, molars and upper incisors straight, molars and lower 

right incisors, Upper molars and incisors left, molars and incisors lower left, head of 

the femur, knee, head of the tibia and whole leg. 

Export the images to the file in DICOM format 

Bone fenestration removes the surrounding soft tissue. Repeat the scans as many 

times as there are samples to be analyzed.  

To further analysis data obtained from micro-CT machine, please refer to 

Analyze11.0 instructions listed below. 
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Analyze11.0 instructions for bone and tooth analysis 

 

Analysis of micro-CT data using AnalyzeDirect program:  

Analysis of 3D reconstructions. 

Open file: Open the file concerned in DICOM format in the "Caliper Analyze" 

program. A window opens: "Caliper microCT Analysis Tools by Analysis". In the 

working window, create a new tab by clicking "new" or select the file already created.  

The data acquisition heads of mutant and corresponding age/sex- matched WT 

controls were analyzed importing files in the following order: 

 Total head scan 

 Upper molar –right side 

 Lower molar-right side 

 Upper molar- left side 

 Lower molar- left side 

DICOM tool 

Files are exported in DICOM format and named as Month-day-year with the 

operation time.  For formatting DICOM databases see https://youtu.be/R35MLj8QlOI 

for information on how to upload files.  

Typically image data is loaded into Analyze using one of the load modules (Load, 

Load As, DICOM Tool, or Import/Export) from the ‘File’ menu. In our procedure, we 

use DICOM data because this file is normally used in the clinic and Analyze11.0 has 

a specific function for this format. 

In the main Analyze window, each u-CT scan has 512 images in each DICOM folder. 

The default import to workspace is to open files in Drive C of the PC. Right-click to 

open the work space directory D/temp/___ where files are stored in drive D.  
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Import all micro-CT data needed for the analysis by using the DICOM button .  

Firstly, create a new DICOM Tool by =>File create database=>save in Drive D 
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Import files in the following order: 

1) Total head scan 

2) Upper molar –right side 

3) Lower molar-right side 

4) Upper molar- left side 

5) Lower molar- left side 

 

(Head of femur, tibia, and leg scans are analyzed separately). Then create local 

database. 

Afterwards, import the DICOM files, the data save from micro-CT machine, by 

clicking on . Then select each folder contains DICOM data. 
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At this step, no need to change image parameters because all are exported from the 

same source and the machine is set the same parameter. 

 

After import DICOM folder, these data will be available in DICOM tools and will 

arrange in different patients regarding to the name of the sample.  

 

Clicking on "Up to date". A new database appears: "Patient name". Import the 

images in the order of the digitized samples (i.e. overall view with whole head, upper 

right molar, lower right molar, upper left molar, left lower molar, femur head, knee, 

tibial head and whole leg). The name of the folder is entered in "Patient name" (ex: 

No19KO1Y for upper right molar of mutant mice). Open each DICOM file, load all the 

images by clicking on "Load volume". The images appear in the workspace. Close 

the dialog once the images are imported. 
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Close DICOM window and go back to the Analyze workspace. 

 

Oblique section  

Changing the orientation and re-arrangement the CT slides by using Oblique 

section 
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Click on  to initially select the cutting plane for your prefer section. The new 

window will show the µCT data in 3 planes. 
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On this window, select on “Interactive Prep Axis” to show the yellow line for locating 

the cutting plane. Then put the yellow line through the interested plane by click+hold 

the mouse left button. Put this line through the organ you want to see for example 

upper and lower molars (M1+M2+M3). The result image will show on the main panel 

of oblique sections tool. Close this window after selected.  

The images still needed to nicely arrange to get the highest consistency between 

different data. This can be done using the next tool . 

The new small window will show the tools to move the cutting 

line and the object. 

 

Pitch – to move the cutting line up or down 

Roll - to move the cutting line left or right 

Flip – to flip the cutting line 

Yaw – to rotate/turn the cutting line clockwise or anti-clockwise 

Rotate – to rotate the cutting line 90 degree 

Elevate – to elevate or descend the cutting line 

Slide – to slide the object into four directions 

Fly Value – to set the value of all these movements 
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After getting the right section plane, to save it to the workspace, select on “file” and 

“output” 

 

Use the “Reformat Entire Volume” method and select on “Maintained” the volume 

size to get new data which still has the same size (512 slides).  

Click on generate slices and the new data will appear in the workspace. 

 

Volume Edit – Object segmentation  

This tool allows you to click on object to select the ROI from micro-CT data. 

 

- Edge strength; to define the overall border of the CT data which allows the program 

to separate each object. 

The value of the strength can be adjust. 
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- Wall; to define the wall to limit the semi-automated functions. 

For example, draw the wall on three planes covering molars or alveolar bone. 

 

Intensity  can be adjusted to change the contrast of the x-ray image. 
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Low intensity – air, liquid, and soft tissue. 

High intensity – bone, dentin, and enamel. 

Exclude the lowest intensity value. This will take off the air and soft tissue. 

 

 

- Semi-Automatic; to segment the object by different setting commands. 
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Region growth 

For the head scans we select the upper incisor, for the molar scans we select the 

enamel of the second molar.  After selecting the site use the volume editor to define 

the minimum (~2900) and maximum (highest level ~10,000+).  The aim for the head 

is to extract all of the bones (leaving no major holes).  Be careful to adjust the 

minimum extraction lower limit for Smoc2 mutants (~2600) which have low bone pixel 

densities otherwise they will have obvious hole appearing in the total head scan. The 

whole head sometimes the minimum threshold is around 1700. 

 

 

Object separator 

To separate the 1st object into another object such as upper and lower jaw or molars 

and alveolar bone. 

When the 1st object has been defined, create the new object by “Add Object”. 

Put the two seed points within this object, the future objects will separate between 

these two points.  
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- Manual; to define and segment the object manually. 

 

Draw 

To define the object by using the pen to paint on the data manually. This pen can 

select on both 2D plane and 3D rendering object.  
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Then push extract button.  

 If there is sufficient space between the maxillary and jaw the images will be imported 

as two separate regions. 

Save as name of the object (Crane, Maxillary, Jaw WT/KO/ 1yr/M etc.) 

 

Extract the density & area-selected image (which will be color coded –red, green, 

etc.) Hence, the object can be rename and recolor on this window. 

Segmented objects can also be reassigned on the object tool.  
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After images is extracted open the file (in saved regions). 

Save image. 
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Segmentation of the object manual. 

Extract areas of interest: To extract images of the areas of interest to be analyzed, 

click on the "Volume editor" tab to segment the volume of the object. On the "Semi 

automatic" tab, several filters are possible. Select "Region grow" (ex: bone). On the 

display, 4 dials are displayed; Top left: the coronal cut in the upper right: the 3D 

reconstruction, bottom left: the axial section, bottom right sagittal section. Here we 

have selected the root zone of the 2nd molar. It is also possible to set the pixel 

density threshold. 

In our experiment, the bone density threshold was between 2900 and the maximum 

pixel density (between 2300 and the maximum density for mutant mice). For enamel, 

the density threshold was between 6000 and 10000 pixel density. To visualize the 

reconstructions in 3D, it was enough to keep the key of the keyboard "Control" while 

mobilizing the cursor of the mouse and to repeat the procedure to extract a second 

zone (for example, the mandible). The first selected area then appeared in red and 

the second in green. It was not necessary to change the density threshold of the 

pixels since it was prerecorded. Save the selection. Close the window. 

Extract the elements of interest: to analyze the teeth in particular, separate the bone 

of the teeth by clicking on "Object separator". Select 2 points of the same object 

(bone and tooth). Then click on "Separate" 

Repeat as long as bone tissue remains around the selected teeth until the sample to 

be analyzed is devoid of virtual bone tissue. 

 

You can modify using volume render => adjust orientation 

For Volume rendering (button with Face image) File=>load object 

Set Rendering Type 
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Loading object which already extracted 

 



276 

 

Position of the object can be adjust by using this tool.  

 

Background color can be modified on “Generate””Background” 
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The appearance of the object can be modified on “Generate””Render type” 

 

 

 

Using the 3-color buttons & selecting the object. The best quality image is usually 

obtained by selecting Volume Composition & Interpolated Rays (oversampling 

option). 
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Save rendering on Analyze workspace. 

 

 

Volume rendering manual 

Image preview options: To modify the images (colors ...) and adjust the orientation, 

retrieve the recording in the appropriate file, click on "Generate" then "Render types", 

select the "Volume compositing" and "Interpolated rays" with 4 samples. Save the 

changes ("Rendering") on the work area, then save the images in the computer in 

JPEG format. Repeat the procedure for all items to compare in order. 
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Measurements: To analyze the images, take the files recorded in the "Caliper micro-

CT analysis tools by analysis" and measure the length and width of the teeth of the 

sample. 

 

To do this, on the “Line profile” tab in “Measure”, right-click on the image to be 

analyzed, then use “Line tool” and hold the left click from one end to the other. 

Here, the first molar, then the second molar, and then the third molar are to be 

measured in its greatest length and then its largest width. 

Data report: Since the measurement technique is subjective, in order to avoid a 

dependent operator measurement bias, each length and width of each tooth to be 

analyzed has been measured 3 times by 3 different operators in order to calculate 

the means of measurements and then allow Exploitation of results. 

In addition, the “Line profile” can also measure on both 3D segmented object as 

described and on 2D data. 
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Measure ROI 

 

Load the previous segmented object.  

 

Then click on sample option . The new window will appear. 



281 

 

 

Select the object you want to calculate. Sequence display can be turn off to reduce 

operating time. 

 

Configure Log stats tool is used to modify/select the appropriated result. 
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Result shows all parameters in a table and can be export to excel format. 
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Surface extraction 

This is a tool to create the segmented object into 3D object files. The 3D object file 

can be view by any 3D program and analyze (locate the anatomical land mark points 

or 3D printing) 
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For bone mineral density (BMD) calculations; please follow the procedure from the 

AnalyzeDirect website (https://analyzedirect.com/micro-ct/). 
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Supawich MORKMUED 

Clinical, preclinical and 
translational approaches of 

orodental anomalies associated 
with rare diseases 

 

 

Résumé 

Les anomalies bucco-dentaires et crânio-faciales sont des manifestations phénotypiques des 
maladies rares. Ce doctorat combine les approches cliniques, précliniques et translationnelles en 
particulier par l’étude des modèles murins génétiquement modifiés reproduisant les maladies rares 
étudiées. Ce doctorat vise ainsi à identifier des gènes impliqués dans la morphogenèse et la 
signalisation inter-cellulaire en s’intéressant aux facteurs environnementaux et génétiques. Une 
étude détaille les effets d’un facteur d’environnement l’acide rétinoïque en excès sur du 
développement dentaire et la formation de l’émail. Les anomalies dentaires et de la formation de 
l'émail sont analysées dans des modèles murins, de maladies rares génétiques, inactivés pour Ltbp3 
et Smoc2. Ces résultats permettent une meilleure compréhension du développement dentaire et 
crânio-facial, pourraient déboucher sur la mise au point et l’amélioration de traitements appropriés et 
de stratégies thérapeutiques applicables à la prise en charge de patients atteins de maladies rares. 
L’approche via les modèles murins des maladies rares est tout à fait pertinente pour suivre la 
régénération osseuse et les pathologies associées.   

Mots-clés : dent, génétique, syndrome, environnement, souris, développement, anomalies 

 

Résumé en anglais 

The goal of this thesis is to investigate genetic and environmental factors, both initiating and 
influencing signaling centers that regulate tooth development and thus producing associated defects. 
Essentially, my research program utilizes patient-based rare disease phenotypes to create novel 
mouse models. This study also involved investigating the developmental effects of excess retinoic 
acid on enamel formation to gain understanding of the mechanisms by which environmental factors 
can alter enamel development. Other studies investigated enamel and dental anomalies in Ltbp3 and 
Smoc2 mutant mice. These results advance our understanding of tooth development, and may 
translate towards optimizing clinical diagnosis, and improving treatment strategies for several human 
rare diseases. An improved understanding of rare disease models and our testing of clinically 
relevant approaches using rodent models is a feasible approach to address bone degeneration 
problems.  

Key words: tooth, genetic, syndromes, environment, mouse, development, abnormalities 


