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This doctoral thesis will first present the context of rare diseases and their association with 

dental anomalies. It will then examine dental development and the main pathways involved, 

focusing in particular on enamel formation.  

 Rare diseases 

A disease is defined as rare when it affects less than one in 2,000 people. More than 7,000 

rare diseases have been described, with new rare diseases being identified every week. 80% of 

rare diseases have a genetic origin. Rare diseases affect 3 to 4 million people in France and 

nearly 30 million in Europe [14]. In Chile, it is estimated that those affected by some of these 

diseases could reach 1.5 million people [15]. For many rare diseases, due to a deficit in both 

medical and scientific knowledge, many patients are not diagnosed, and their disease remains 

unidentified. A careful examination of the oral cavity may provide invaluable information for 

an earlier, faster and more accurate diagnosis of rare diseases [16,17]. 

France has maintained its position as a global leader in the field of rare diseases since 2004, 

thanks to three subsequent national strategy plans. The construction of 23 health networks, 

supported by 387 reference centers and 1,800 competence centers, provides comprehensive 

care as close to patients as possible in the battle against rare diseases [18].  

The Reference Center for Rare Oral and Dental Diseases (CRMR O-Rares) (2018-2022) 

has a coordinating site (Strasbourg – Hôpitaux Universitaires de Strasbourg), a constituent site 

(Paris - Hôpital Rothschild) and 16 competence centers located throughout France 

(Angoulême, Besançon, Bordeaux, Dijon, Lyon, Marseille, Montpellier, Nancy, Nantes, Paris 

APHP Henri Mondor Créteil, Paris APHP Pitié Salpétrière, Reims, Rennes, Rouen, Toulouse, 

and Tours), whose mission is to provide care and follow-up for patients as close to their home 

city. This coordinated reference center network helps to diagnose rare diseases, implement 

therapies, and organize patient care. Hence all components of this Rare Oral and Dental 

Diseases (CRMR O-Rares) reference center network coordinate local care and allow better 

identification of affected patients. They are involved in research programs and facilitate 

development and progression of knowledge. 

To better understand these disorders, CRMR O-Rares research incorporates clinical, 

preclinical, bioinformatics, genetic and biological approaches, including developmental 

approaches. In the same line of translational research that characterizes our center, new projects 

are continuously being established. 

The investigation of oral and dental defects from a phenotypic, genotypic and fundamental 

perspective is one of the main objectives. In order to present high-performance diagnostic tools 

and novel therapy methods, multidisciplinary scientific and clinical teams have been brought 

together under the auspices of two international programs (European Union in the framework 

of the INTERREG IV and V Upper Rhine program RARENET), directed by Pr. Agnès Bloch-

Zupan. 

Thanks to these programs, the team has built and validated a high-throughput sequencing 

method gene panel which can be used to identify uncommon, rare, and orphan oral disorders 

[19,20]. The study of phenotypes at the molecular and physiological levels has generated 



15 

 

encouraging novel findings. To date, numerous new rare disease target genes have been 

discovered, with published findings improving disease understanding [21–25]. 

In partnership with the Mouse Clinical Institute (Institut Clinique de la Souris-ICS), under 

the INTERREG IV, V and Phenomin projects, it has been possible to generate novel mouse 

models of uncommon disorders with an inactivation of the genes Smoc2 and Rogdi. 

These models have helped in phenotypic exploration, notably using imaging techniques 

such as Micro-CT and scanning electron microscopy. They have also facilitated the 

understanding of developmental and pathophysiological mechanisms that can be employed to 

develop innovative therapeutics (i.e., maxillary bone regeneration and implant 

osseointegration). 

 

 Orodental anomalies  

Dental and oral anomalies, as dysmorphology traits and clues, are critical to the early 

detection of rare genetic diseases. Hence, dental defects (such as enamel alterations) are quite 

useful to identify several rare diseases, especially when assessed in combination with extraoral 

clinical diagnosis. Over 950 rare disorders have oral and dental development defects. Most 

often, a wide range of gene mutations produce these rare/orphan disorders. 

Dental abnormalities are defined as changes to one or more primary or permanent teeth's 

outward appearance, internal structure, or topography. The etiology (or original causes) of 

these dental malformations is often genetically determined or sometimes acquired. Dental 

anomalies can affect the number of teeth, tooth size or shape, tooth location or position, overall 

dental growth, or other components of dental structure (see Table 1 below). Hence overall, 

dental defects can either be isolated or included as a symptom of an overall syndrome [16]. 

Timing is a crucial factor in tooth development. When a process is disrupted during dental 

development it may indeed have a dramatic effect(s). Obvious variations in tooth morphology 

and structure occur in different species. To date, rodent models have been critical in our 

elucidation of the underlying molecular mechanisms dictating dental morphogenesis [26]. 

A table of the definition of patient dental anomalies and how they can be classified is presented 

below:  

 

 

 

 

 

 

Table 1 Dental anomalies and oral warning signs. Adapted from [1]. 
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Type of Anomaly Clinical Signs Anomalies observed 

Number 

anomalies 
  

Reduced number 

Anodontia Absence of all dental elements 

Oligodontia More than 5 missing teeth = 6 and above 

Hypodontia From 1 to 5 missing teeth 

Increased 

number 

Supplementary 

teeth 

The tooth repeats the shape and function of an adjacent 

tooth 

Supernumerary 

teeth 

Elements are atypical, smaller and rudimentary. They are 

classified into: 

-Mesiodens: between the two upper central incisors 

-Paramolar: in the molar region 

-Distomolar: behind the third molar 

Location 

anomalies 

Ectopia 
The element is located near the usual site, in a vestibular, 

lingual or palatal position 

Transposition Two contiguous teeth reciprocally invert their position 

Heterotopia 
Element located far from the usual position. If the position 

is outside the oral cavity it is defined as migration. 

Position 

anomalies 

Version 
Inclination of a tooth towards the buccal or palatal side, 

forward (mesioversion) or backward (distortion) 

Inversion 

Inverted tooth position (root versus alveolar ridge and 

crown versus basal bone portion). It is constantly 

accompanied by inclusion. 

Rotation The element rotates along its longitudinal axis 

Intrusion The tooth crown is on a lower plane than the occlusal plane 

Extrusion 
The coronal margin is located higher than the occlusal 

plane 

Volume 

anomalies 

Gigantism Macrodontia 

Dwarfism Microdontia 

Taurodontism Tooth with wide crown, short roots, extended pulp chamber 
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Type of Anomaly Clinical Signs Anomalies observed 

Shape anomalies 

Crown 

anomalies 
Accessory cusps, conical or tuberculate shape of the crown 

Roots anomalies Anomalies in number, shape and size 

Endodontic 

anomalies 

Anomalies in number, shape and size of the root canal 

morphology 

Developmental 

anomalies 

Enamel pearl 
Small hard rounded excrescence, located near the enamel-

cement junction. 

Fusion 

Fusion of two teeth. Coalescence anomaly: due to close 

contact between germs; it can affect crowns and roots or 

only the crowns 

Concrescence 
Two teeth are joined along the root surfaces by cementum. 

Coalescence anomaly 

Invaginated 

tooth 

It is due to an infolding of enamel into dentine. There are 

two forms, coronal and radicular, with the coronal one 

being more common. 

Structural 

anomalies 

Enamel 

anomalies 

Quantitative and/or qualitative enamel defect affecting 

some or all teeth. Amelogenesis imperfecta: abnormal 

formation of the enamel, unrelated to any systemic or 

generalized conditions. Autosomal dominant or autosomal 

recessive or x-linked pattern. It affects both deciduous and 

permanent. 

Dentin 

anomalies 

Dentinogenesis imperfecta: brown teeth, crowns shrunk 

due to enamel flaking not supported by intact dentin. 

Autosomal dominant. It affects both deciduous and 

permanent. 

 

 

 

 

 

 

 

 Odontogenesis 
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To understand dental anomalies, it is necessary to focus on dental development and 

disturbances. Teeth develop as an ectodermal organ. Other examples of ectodermal structures 

include hair follicles, mammary glands, and nails. All ectodermally-derived organs have a 

similar development (Figure 1). An ectodermal epithelial placode invades the underlying 

mesenchyme. In this process a variety of diffusible communication signals direct ectoderm to 

invade underlying ectomesenchyme, and coordinate this complex remodeling process. 

Odontogenesis or tooth development indeed offers a great model for understanding the 

molecular principles of organogenesis. Mammalian teeth develop through a number of distinct 

morphological stages that call for sequential and reciprocal interactions between the oral 

epithelium and ectomesenchyme generated from the neural crest [26,27]. 

In humans, primary dentition begins about 6 weeks in utero, gradually erupting between 

the ages of 6 months and 2.5 years, with development often being finished by 3 years. The 

primary dentition is then replaced by the permanent dentition. For the permanent dentition, 

eruption starts around age 6 and is finished by ages 18 to 25 [28]. 

Tooth development is a complex process that involves precise and time-dependent 

orchestration of multiple genetic, molecular, and cellular interactions [29]. It is characterized 

by several successive stages: dental lamina formation, placode stage, bud stage, cap stage, bell 

stage. This is followed by terminal cytodifferentiation of odontoblasts and ameloblasts. Root 

formation occurs, and the tooth eruptions ensue. Odontogenesis begins with the formation of 

the dental lamina. This lamina results from interactions between the epithelium (the oral 

ectoderm) and the underlying ectomesenchyme. Ectomesenchyme derives from the migrating 

cephalic neural crest cells [30]. These cells induce the formation of the dental mesenchyme, 

dental pulp, odontoblasts, dentin matrix, cementum, periodontium [31,32]. The odontogenic 

epithelium continues to enter into the underlying mesenchyme. The base of the bud flattens as 

it moves from the bud stage to the cap stage, where it bends into a cap form, with edges known 

as "cervical loops". A capsule is formed when the surrounding mesenchyme condenses during 

the transition from bud to cap stage. 
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Figure 1. Embryonic development of epidermal appendages. Ectodermal placode formation is 

initiated by signals from the embryonic ectoderm (pink) to the underlying mesenchyme (blue). 

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. 

Some genes, including Fgfs and Bmps, are involved in the early development of all appendages, 

whereas others are only important for the development of certain epidermal derivatives, for example 

Lef1, Eda and Edar, as indicated. Abbreviations: AP, arrector pili muscle; β-cat, β-catenin; B, bulge; 

D, dentin; DPa, dermal papilla; DPu, dental pulp; E, enamel; GM, germinal matrix; HS, hair shaft; 

N, nipple; NM, nail matrix; NP, nail plate; SG, sebaceous gland. From reference [3,33] 

The cervical loops eventually deepen, curve toward one another with a bell-shape, 

given the name to the following stage. The inner enamel epithelium (IEE), is located between 

the cervical loops and develops into the primary enamel knot, which is a signaling center (see 

Figure 2) [4]. 

The primary enamel knot is a complex transitory structure involved in cusp formation 

that contains cells in contact with the basement membrane, internal round cells, and peripheral 

cells grouped concentrically. At the end of the cap stage this structure undergoes apoptosis, but 

within the molars some cells of the enamel knot will form the secondary enamel knots- which 

participate in cusp formation [12]. In the bell stage, the dental papilla is gradually defined by 

the enamel organ. Cusps begin to develop and the size of the crown increases.  
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Figure 2. Molar tooth germs show dynamic shape change from bud to cap to bell stage. Confocal images 

of frontally sliced tooth germs at the indicated stages were stained with phalloidin (green) for F-actin and 

DAPI (4’,6-diamidino-2-phenylindole; blue) for nuclei. Scale bar = 100 µm. From reference [4]. 

Ameloblasts and odontoblasts are defined as the differentiated cells that will create the 

mineralized tissues of the tooth crown. Prior to cell differentiation, at the bell stage, ameloblasts 

differentiate from the IEE and odontoblasts from the neighboring dental papillary cells. Both 

cell types (ameloblasts and odontoblasts) develop specific phenotypes in a process termed 

cytodifferentiation [4,6,12]. Odontoblasts first produce a thin layer of pre-dentin, which is 

mainly composed of collagen. Pre-dentin will provide a signal to pre-ameloblasts inducing 

them to differentiate into secretory ameloblasts. The basal lamina degrades when the pre-

ameloblasts go through terminal differentiation, and during the transition stage, when an 

atypical basal lamina is produced [9]. Secretory ameloblasts will then start to secrete enamel 

matrix proteins (EMP). Odontoblasts and ameloblasts will continue secreting dentin and 

enamel, respectively. While enamel is secreted until it reaches the required thickness, dentin 

continues to form throughout life [12]. 

The development of the root starts once the crown is fully formed and enamel covers the 

future cementoenamel junction (CEJ). A double layer of cells known as Hertwig's epithelial 

root sheath (HERS) develops when cells of the inner and outer enamel epithelium grow from 

the cervical loop. Between the dental follicle and the dental pulp, this sheath of epithelial cells 

wraps around the dental pulp, enclosing all but the basal part of the pulp. The inner epithelial 

cells of HERS will determine the size, shape and number of tooth roots guiding the 

differentiation of the ectomesenchymal cells of the pulp into odontoblasts. Odontoblasts will 

then secrete the dentin of the root [6,34]. After that, for the following three weeks, as the root 

grows, the portion of HERS continuously fragments. This causes a direct contact between the 

newly formed dentin and dental follicle cells that will differentiate into cementoblasts (cells 

that will form the cementum) (Figure 3) [34,35]. The tooth starts to erupt after 1/2 to 2/3 of 

root formation, normally in an axial direction [6].  
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.  

Figure 3. Diagram showing root morphogenesis in 2 stages: root initiation and root elongation. HERS 

is formed by fusion of outer enamel epithelium (OEE) and inner enamel epithelium (IEE), which marks the 

initiation of root formation. The odontoblasts derived from the dental papilla (apical papilla at root 

elongation stage) form dentin, whereas there are 2 stem cell niches giving rise to cementoblasts (Cb), 

including the dental follicle (dashed red arrow) and HERS (dashed blue arrow). Some HERS cells 

eventually become epithelial rests of Malassez (ERM). DFC, dental follicle cell; HERS, Hertwig’s 

epithelial root sheath; SI, stratum intermedium; SR, stellate reticulum. From reference [5]. 

 

 Genes and signaling pathways involved in tooth development  

During embryonic tooth development and subsequent tissue proliferation, numerous 

interactions take place. The contact between the epithelium and the mesenchyme, is a crucial 

stage [36]. Epithelio-mesenchymal interactions require a messenger system between both 

structures separated by the basement membrane. This includes direct cell-cell communication, 

matrix vesicles, ions, extracellular matrix molecules, growth and transcription factors, among 

others. Most genes are associated with central tooth development regulations and signaling 

pathway interactions between cells and tissues [37]. 

Bone morphogenetic protein 4 (Bmp4) and fibroblast growth factor 8 (Fgf8) are the first 

signals during tooth development. The expression of these molecules in the oral ectoderm will 

cause the underlying mesenchyme to respond with differential expression of divergent 

homeobox genes (Barx1, Dlx2, Msx1 and Msx2) [38]. 
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The conserved wingless-type MMTV integration site (Wnt), bone morphogenetic protein 

(BMP), fibroblast growth factor (FGF), and sonic hedgehog (Shh) pathways are significant 

molecular regulators of odontogenesis, starting to act early at the stage of formation of the 

dental lamina (see Figure 4). During tooth formation, these factors work together to establish 

which developmental pathway a particular cell population will undertake. These same 

signaling factors also signal in stem cell populations [12]. The basis for tooth development is 

the stable and accurate expression of many, including all of the aforementioned signaling 

molecules. Hence the differential and spatial restriction of Wnt/FGF/Shh levels (either the up- 

regulation or down-regulation of many of these signaling pathways) may elicit a range of dental 

anomalies [39]. 

The earliest known markers of tooth initiation include Wnt10b, Shh expression, pituitary 

homeobox 2 (Pitx2) and Fgf8 [12]. Shh plays crucial roles in mammalian development. Shh is 

expressed predominantly in the dental epithelium marking the initial stages of tooth formation. 

Shh signaling controls the development of a variety of dental components, including enamel, 

dentin, cementum, and other soft tissues [40]. 

Canonical Wnt and Shh signaling in particular seem to be essential for odontogenesis, as 

disruption of any of these pathways results in either defective tooth development or 

supernumerary teeth [12]. Supernumerary teeth or dental agenesis are linked to mutations in 

the intracellular WNT antagonists AXIN2 and APC. In both the primary and permanent 

dentition, variation in tooth number is a typical developmental defect in humans. These 

differences are frequently isolated, non-syndromic malformations, or characteristics of 

developmental syndromes [41]. 

 

Figure 4. Molecular signaling during tooth crown development. Expression of transcription 

factor-coding genes (all these genes, except Edar and p21, code for transcription factors) [italics] 

and signaling molecules [bold]. From reference [6]. 

 Amelogenesis 
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Dental enamel is the hardest and most mineralized structure in our body (having a 98% 

mineral content). Enamel has a unique composition (making it the hardest body tissue-type), 

which is reflected in the unique process by which it is formed. Enamel formation (also known 

as amelogenesis) is a strictly controlled stepwise process [42]. This process involves the 

formation of various epithelium-derived cell types, including the inner enamel epithelium 

(IEE) and the outer enamel epithelium (OEE). These cells converge at the cervical loop, a niche 

for dental epithelial stem cells, providing a constant source of enamel-forming cells until the 

enamel crown is fully formed. In rodent incisors, the stem cell niche in the cervical loop is 

retained for life, enabling continuous growth of long teeth [43]. 

Ameloblasts originate from the IEE. They transform from pre-ameloblasts to post-mitotic 

cells and then into differentiated ameloblasts. Dental cells differentiate into odontoblasts and 

ameloblasts at the end of the late bell stage and continuing during crown formation. 

Odontoblasts at these stages secrete the dentin matrix (having a 70% mineral content, 20% of 

organic matrix and 10% of water) [44]. During amelogenesis, the ameloblast cell type 

continuously secretes a highly organized extracellular organic matrix while slowly moving 

away from the dentinal surface until the desired thickness of the matrix is achieved. In 

mammals, enamel formation can be divided into pre-secretion, secretion, and maturation stages 

[42]. 

Throughout the secretory and maturation stages, the enamel organ's cells go through 

morphological changes. Secretory ameloblasts, the stratum intermedium, the stellate reticulum, 

and the single-layer OEE are all clearly identifiable at the secretory stage [43,44]. 

Secretory ameloblasts are post-mitotic cells with a unique process known as the Tomes' 

process. Tomes' process is a structural component of ameloblasts, located on their secretory 

side. It is essential for the secretion of the enamel matrix proteins into the extracellular matrix. 

Secretory ameloblasts produce and secrete a protein-rich scaffold. Enamel proteins must be 

secreted and then removed during enamel maturation (i.e. mineralization). Hence, enamel 

matrix protein (EMP) secretion is required to direct the generation of the highly ordered, 

therefore very strong mineralized composition of the enamel structure [7]. During the secretion 

stage, ameloblasts secrete a number of enamel matrix proteins (EMPs). These EMPs include 

amelogenin (AMEL), ameloblastin (AMBN), and enamelin (ENAM) (Figure 5). These 

proteins can be classified as structural proteins. This is because their secretion is essential in 

determining the proper microstructure of the enamel [7]. 

Secretory ameloblasts change their morphology into maturation-stage ameloblasts, losing 

the Tomes' process and shrinking in height by roughly 50%. Ameloblasts at this stage have an 

enlarged nucleus that appears more central when compared to secretory ameloblasts. The most 

recognizable alteration at this stage is the cyclic transformation of ruffle-ended (RE) 

ameloblasts into smooth-ended (SE) ameloblasts. This ruffle to smooth (RE to SE) ameloblast 

modulation is required for the maintenance of pH homeostasis in the mineralizing enamel 

matrix microenvironment (Figure 5) [44]. The other three epithelial cell populations from the 

secretory stage (stratum intermedium, stellate reticulum, and OEE) reorganize to become the 

papillary layer (PL) cells, rich in blood vasculature [43]. PL cells participate in ion transport 

from the blood to the ameloblasts [11,45]. 
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During the maturation stage, both the deposition of hydroxyapatite and matrix turnover, 

require controlled pH regulatory mechanisms. This pH regulation is mediated by a number of 

ion transporters [46]. Enamel formation during the maturation-stage of amelogenesis involves 

mineral deposition, crystal growth, protease activation, and the degradation of the internalized 

organic matrix. Every one of these events in enamel maturation requires the tight control of 

extracellular pH, including the bicarbonate concentration. To recapitulate, any pH alteration 

could have pronounced effects during enamel maturation. Maintenance of pH homeostasis of 

the mineralizing enamel matrix environment is essential for modulation and for completion of 

enamel mineralization. A continued acidification of pH during enamel maturation inhibits 

enamel mineralization and eventually become toxic to cells [8,47]. 
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Figure 5. Histological changes in amelogenesis and ameloblast modulation. (A) The histological 

development of enamel crystals goes hand in hand with changes in ameloblast morphology. Undifferentiated 

epithelial cells receive signals to transform into secretory ameloblast cells of some 75 μm tall and ~5 μm in 

diameter with a specialized distal cell process (Tomes’ process) which plays an important role in matrix 

exocytosis. These same cells will retransform into shorter cells (~35 μm tall) during maturation devoid of the 

Tomes’ process. At the maturation stage, ameloblasts undergo cyclical changes from a cell with a distal ruffled 

border, the ruffled-ameloblast (RA), to a cell with a smooth distal border, the smooth-ameloblast (SA). Tight 

junctions are found at the basal and apical pole of secretory ameloblasts. The apical or distal pole is closest to 

the enamel crystals. In RA cells, tight junctions are found only at the apical pole but in SA cells they are located 

at the basal pole. Organellar distribution differs in cells at each stage. SI = stratum intermedium, PL = papillary 

layer, EMPs = enamel matrix proteins. AMELX, ENAM, and AMBN are secreted since early stages of 

amelogenesis. MMP20 and KLK4 are the main proteases in AMELX processing. AMTN is secreted during 

the transition to the maturation stage as KLK4. During maturation, the ameloblast, at its distal pole, becomes 

ruffle ended (RE), while the enamel is slightly acid. Later the RE ameloblast loses its ruffled border and turns 

into a smooth-ended (SE) cell in contact with pH-neutral enamel, after which it becomes RE again. This 

periodic change moves in a wavelike manner from the apical end toward the incisal end and is called 

modulation or pH cycling. (B) illustrates the changes in pH of enamel during modulation. Figure adapted from 

[7,8]. 

 

Enamel formation needs Ca2+, but crystal growth also requires an extracellular pH cycling. 

Modulation involves near pH-neutral (in SE cells) enamel and acidic pH (in RE cells). pH is 

important to allow optimized enzyme function [8]. In maturation stage, enzymes like matrix 

metalloproteinase 20 (MMP20) and KLK4 (a calcium-dependent peptidase) cleave newly 

secreted EMPs into various derivative fragments [29,48]. This allows for full mineralization, 

defined as increasing both the width and thickness of enamel hydroxyapatite crystal deposition.  

 

 Proteins critical to the amelogenesis process 

Amelogenesis requires the synthesis of many different proteins. Three of them are key 

structural proteins needed to develop enamel: amelogenin, ameloblastin, and enamelin (Figure 

6). The production of these proteins is followed by their degradation by metalloproteinases, 

and the final mineralization of the organic matrix until enamel maturation, resulting in a highly 

mineralized tissue [49]. 

Amelogenin (AMELX, X standing for “X-linked”) is the most abundant protein (90%) of 

enamel matrix proteins (EMP). Its expression in the pre-secretory and secretory stages leads to 

enamel formation assembling into nanospheres that regulate crystal arrangement adsorbing 

apatite [7,44]. Amelogenin has also been found in the dentin mantle, showing that there is 

structural continuity between enamel and dentin [49]. Ameloblastin represents about 5% of 

EMP helping to separate rod and interrod enamel. The less expressed protein is enamelin 

playing a role in crystal elongation [44]. 

During the pre-secretory stage, inactive enamelysin (also known as MMP20) is located 

inside the ameloblast. Enamelysin quantities increase, whereas amelogenin levels are reduced 

during the secretory stage [49]. Amtn and Klk4 are both expressed in the ameloblast lineage 

starting in the transition stage between secretory and maturation ameloblasts. Both Amtn and 

Klk4 are necessary for proper dental enamel maturation [50]. Kallikrein 4 (KLK4), a serine 
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protease, that takes the place of MMP20, helps in extracellular matrix degradation [51]. AMTN 

plays a crucial role in the aprismatic enamel development, influencing biomineralization by 

promoting hydroxyapatite mineralization [52]. 

To mineralize enamel, ameloblasts must transport Ca2+ and HPO4
2– (Pi) into the enamel 

space using transmembrane transporter molecules, including members of sodium-calcium 

exchanger family (solute carrier 8A/SLC8A) and sodium-potassium-calcium exchangers 

(NCKX/SLC24A family) [45]. Slc26a1 is actively involved in maturation-stage amelogenesis, 

mediated pH regulation process, and is significantly up-regulated at the mRNA level at this 

stage [53,54]. Cftr, Car6, and Car12 are all significantly up-regulated at the onset of the 

maturation stage of amelogenesis when compared to the secretory stage (Figure 6). Carbonic 

anhydrases (CA) catalyze the reversible conversion of CO2 to bicarbonate (HCO-
3) [47,55]. 

Mice null for Cftr have enamel defects, Cftr expression increased significantly during the rat 

enamel maturation stage versus the earlier secretory stage [56]. It has been described that 

Wdr72 is also involved in vesicular trafficking and membrane turnover in ameloblasts, 

especially during endocytosis [57]. WDR72 is a member of the WD40-repeat protein family, 

and its predicted protein structure is similar to proteins that regulate membrane deformation 

[57]. 

Additionally, during amelogenesis, there must be a direct contact between the ameloblasts 

and the secreted extracellular matrix. For these interactions, integrins (ITGB6), laminins 

(LAMA3 and LAMB3), collagens (COL17A1), and organelles like desmosomes and 

hemidesmosomes are all required (Figure 6) [9].  
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Figure 6. The three “compartments” involved in amelogenesis: the enamel space (extracellular matrix; 

red), the enamel organ (ameloblast cell layer and supporting cells; blue) and the interface between the 

two (purple). Known AI proteins are grouped according to functions within compartments. Those with 

no causative mutations for AI identified are designated by square brackets. From reference [9]. 

 

 pH cycling and V-ATPase function in amelogenesis 

During the maturation stage, deposition of hydroxyapatite and matrix turnover requires 

controlled pH regulatory mechanisms. This regulation is mediated by a variety of ion 

transporters [46]. As mentioned above, ameloblasts undergo a morphological change during 

this stage, cycling between ruffle- and smooth-ended forms. These changes serve to secrete 

calcium and phosphate, neutralize protons released during the growth of hydroxyapatite 

crystals, and to reabsorb and degrade AMEL (that has been broken down by MMP-20 and 

KLK4 – see Figure 7) [10]. It has been reported that the dysregulation of genes involved in pH 

control often produces severe amelogenesis imperfecta (AI)-like phenotypes. Hence, pH 

alterations can lead to deficits in enamel structure, including compositional anomalies (such as 

hypocalcification or hypomaturation) [54]. Enamel formation during maturation-stage 

amelogenesis involves mineral deposition, crystal growth, protease activities, and the 

degradation of the internalized organic matrix, all of which require tight control of extracellular 

pH and bicarbonate concentration. Extracellular pH and bicarbonate level alterations can have 

pronounced effects on enamel development. Maintenance of pH homeostasis of the 
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mineralizing enamel matrix environment is essential for the modulation and completion of 

enamel mineralization. Hence, enamel pH needs to periodically alternate between 6.0 and 7.2 

[58]. A continued acidification of enamel pH may inhibit mineralization, and eventually be 

toxic to cells [8,47]. By releasing a HCO3
- rich intercellular fluid onto the enamel surface, 

ameloblasts move from the RA phase to the SA phase. These cyclic alterations allow 

ameloblasts to develop an acidic zone on the enamel surface during the ruffle-ended phase. 

This is followed by a rapid elevation of pH of the enamel surface [11].  

Ion transporters are extremely important to mineralize enamel, mediating the pH regulation 

process. Nbce1, Ae2, CFTR and carbonic anhydrases such as Car2, Car3, Car6, and Car12 

have been found expressed in ameloblasts (Figure 8) [10,11,47]. NBCe1 is found at the basal 

pole of secretory ameloblasts, allowing for the movement of bicarbonate from the papillary 

layer cells and/or blood circulation into ameloblasts. AE2 and CFTR are found at the apical 

side of ameloblasts, allowing for the movement of bicarbonate from ameloblasts to the enamel 

matrix. In the case of carbonic anhydrases (CA), they catalyze the reversible conversion of CO2 

to bicarbonate (HCO3
−) [47,55,59,60]. 

 

 

Figure 7. pH cycle in the luminal surface of ameloblasts during the maturation phase of amelogenesis.  

Cells cycle between smooth-ended and ruffle-ended stages multiple times. This cycling is accompanied by 

luminal pH changes between approximately 6.2 and 7.2. The primary driver of acidification is the release of 

protons liberated during hydroxyl-apatite formation. Acidification is counterbalanced then by the buffering 

effect of bicarbonate. From reference [10]. 

Vacuolar H+-ATPase (V-ATPase) has also been found at the maturation stage of 

amelogenesis in the ruffle border of ruffle-ended  ameloblasts (RA) and in intracellular vesicles 

in the smooth-ended ameloblasts (Figure 8) [11]. V-ATPases are highly conserved proton 

pumps consisting of a cytosolic V1 subcomplex with at least 8 subunits (A-H). V-ATPases 

contains the sites of ATP hydrolysis, attached to an integral membrane Vo subcomplex with at 

least 5 subunits (a, c, c”, d and c) that forms the transmembrane proton pore. There are different 

V-ATPases isoforms depending on the cell type and tissue. In the case of the “a” subunit, 

required for proton translocation, there are four isoforms - a1, a2, a3, and a4. The a1 isoform 

of V-ATPases is more common in neurons, while a4 is enriched in renal intercalated and 
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epididymal clear cells. Despite being ubiquitously expressed, a3 isoform V-ATPases have 

expression levels at least 100 times higher in osteoclasts than in all other cell types [61–63]. 

V-ATPase is essential for acidification of endosomes, lysosomes, and the trans-Golgi 

network, as well as for acid secretion by osteoclasts, kidney intercalated cells, and some tumor 

cells [64,65]. In contrast to the conventional osteoclast-type plasma membrane associated 

proton pump, which acidifies the extracellular environment, the V-ATPase in the apical pole 

of ameloblasts appears to have an intracellular acidification role [65].  

 

Figure 8. Diagrammatic model of the enamel organ during maturation stage of amelogenesis 

stating the localization of ion transporters (colored circles). The ameloblasts cyclically change 

between ruffle-ended ameloblasts (RA) and smooth-ended ameloblasts (SA). The present model 

assumes that ameloblasts and papillary cells (PL) act as a functional syncytium allowing free diffusion 

of ions via the numerous connected gap junctions. Furthermore, it suggests that carbonic anhydrase (CA 

II or other isoforms) together with vacuolar H+-ATPase, AE2, and a Cl− channel (possibly CFTR) are 

key players in the acidification of the enamel surface compartment (ES) in the RA stage. In SA cells, 

internalization of the H+-ATPase from the distal cell surface membrane precludes this acidification and 

the intercellular spaces between SA cells open toward the enamel surface. This allows acidified, 

decomposed enamel matrix proteins (DEMP) to escape from the bulk enamel and let the HCO3
−-

containing intercellular fluid neutralize the enamel surface. bl, Basal lamina. From reference [11]. 

ATP6V1A encodes for the A subunit that belongs to the cytosolic V1 complex. It has 

been described that variants encountered in ATP6V1A gene show amelogenesis 

imperfecta/enamel dysplasia at a rate of 42% [66]. A similar phenotype has been found in 

patients with autosomal recessive osteopetrosis (OMIM #259700), caused by variants in the 

TCIRG1 gene, which encodes for the a3 subunit of the V1 complex. Autosomal recessive 

osteopetrosis patients display abnormal dentition and enamel dysplasia. A mouse model for 
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osteopetrosis with a point mutation in the V-ATPase a3 subunit showed abnormalities in tooth 

development, with a delay in enamel mineralization. Enamel was thinner and mineralization 

was significantly reduced [67].  

While control of acid/base homeostasis and ion transport are essential for the development 

of healthy enamel, mineral transport to the enamel is also required for proper crystal growth 

[47]. Blood Ca2+ levels, enamel matrix proteins, and mineralization-regulating substances like 

amelogenins and Mg2+ affect how quickly ameloblasts transfer Ca2+. When the majority of 

amelogenins and Mg2+ have been eliminated, mineral accretion is at its peak during mid- and 

late maturity [8]. 

 Amelogenesis imperfecta and its management 

Amelogenesis imperfecta (AI) is a heterogeneous group of different diseases affecting 

enamel formation. Amelogenesis imperfecta can be inherited in an autosomal dominant, 

autosomal recessive, or X-linked mode [68,69]. AI can present as an isolated disease or coexist 

with other abnormalities and symptoms as part of syndromic disorders [44]. The variety of 

enamel defects seen in individuals with AI are categorized according to the thickness, hardness, 

and smoothness of the damaged enamel. It is thought that variations in these characteristics 

reflect disturbances during amelogenesis. Problems during secretory stage lead to a 

pathologically thin or hypoplastic enamel, as a result of poor appositional growth and related 

crystal elongation defects. Disturbances during the maturation stage of amelogenesis result in 

pathologically soft (hypomaturation) enamel of normal thickness, due to a failure in the 

degradation of the EMP. In the case of a severe failure in mineralization with an enamel of 

normal thickness, the AI is classified as hypocalcified. 

Factors such as age, associated medical conditions, AI type and severity, socio-economic 

status, have to be considered in treatment planning. Patients main demands are in pain 

management and aesthetics. These patients suffer from reduced quality of life, social 

integration difficulties, and loss of self-esteem. Oral hygiene and rigorous follow-up are 

recommended. Hypomineralized enamel shows progressive alteration with time because of its 

softness and post-eruptive enamel breakdown. 

AI is a rare inherited enamel disease, which explains the difficulties of evidence-based 

clinical recommendation. This makes AI treatment challenging. Prevention, restorative, 

including prosthodontic dentistry must be done to maintain oral function and growth. Enamel 

must be restored to prevent tooth loss and allowing oral hygiene maintenance. Composite 

veneers in adolescents and young adults with severe forms of AI show excellent success rates 

and longevity with few adverse events. Treatment alternatives can also include minimally 

invasive dentistry, with the objective of maintaining tooth vitality. The goal is to achieve 

therapeutic solutions during the entire patient’s life. Genetic and biological knowledge of AI 

physiopathology can be very helpful in treatment plan decision [69,70]. 

In France, a National Protocol for Diagnosis and Care (PNDS) for amelogenesis imperfecta 

has been developed as a guideline for good practice [71]. The PNDS is designed to improve 

the diagnosis, care, and follow-up of people with rare diseases. The aim of this protocol is to 

explain, to the involved health professionals, the current optimal diagnostic and therapeutic 
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management and care pathway of a patient with amelogenesis imperfecta based on scientific 

evidence.  

Specific rare disease reference centers such as the reference center for rare oral and dental 

diseases O-Rares in Strasbourg (Centre de Référence des Maladies Rares Orales et Dentaires, 

Pôle de Médecine et Chirurgie Bucco-dentaire, Hôpitaux Universitaires de Strasbourg) provide 

advice and capitalize expertise contributing to the improvement of AI patient management, as 

well as developing research programs to enhance knowledge about the origins and molecular 

pathogenesis of these rare diseases.  

 Mouse models mimicking rare orodental diseases  

Odontogenesis in the mouse begins on the 11th day of embryonic development (E11), 

mirroring analogous stages of tooth development in human (see Figure 9). The continuous 

growth and eruption of the rodent incisor (not found in humans) makes rodents a useful model 

system for researching how cells proliferate, migrate, differentiate, and deposit mineral matrix 

throughout dental development (Orsini et al., 2015). In addition, our ability to mutate or 

modulate gene expression in mouse and other rodents allows us to better understand how 

genetics can affect dental development. Hence, it is important to understand the distinctions 

between mouse and human to better apply this information. 

The human dentition differs to that of the mouse in several aspects. In human, the dental 

formula is diphyodontia (primary and permanent dentition) and is composed of four types of 

teeth (incisors, canines, premolars and molars). For the mouse, the dental formula is 

monophyodontia (one set of teeth) with the two types of teeth (incisors and molars) separated 

by an edentulous space called diastema. The incisors of the mouse are characterized by an 

asymmetrical development. In mouse, enamel is present only on the labial side [38]. Despite 

these differences, the mouse is an excellent model for studying dental development and 

anomalies. Indeed, genetic ablation or “knockout” mice have been generated mimicking human 

rare diseases and associated orodental abnormalities [67,72–76]. 

Our research team work has a focus on rare diseases through human genetics and generating 

mouse models that mimick the disease. This serves to better understand the role of the affected 

proteins, elucidate novel gene targets, and to potentially develop therapeutic strategies for 

patient treatment. For instance, the Ltbp3-/- mouse model shows a similar phenotype to Verloes-

Bourguignon syndrome caused by LTBP3 variants. Ltbp3-/- mutant mice display craniofacial 

anomalies and amelogenesis imperfecta [72]. Another human rare disease is caused by 

mutations or altered expression of the SMOC2 gene. Smoc2 -/- mutant mice exhibit oligodontia, 

microdontia, tooth root deficits, alveolar bone hypoplasia, and a variety of skeletal 

abnormalities . Smoc2-GFP reporter expression in mouse shows that Smoc2 dynamically labels 

a variety of dental and bone progenitors. Smoc2-/-  mutants dysplay an alteration in the structure 

of enamel prisms, with a reduced crystal compaction, smaller teeth, and reduced alveolar 

ossification [73]. 

During my research we have investigated a new gene, ROGDI. Interestingly, ROGDI 

regulates both neurological and orofacial development. In humans ROGDI variants result in 
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Kohlschütter-Tönz syndrome. Here, affected patients display epilepsy, intellectual disability, 

psychomotor regression, along with amelogenesis imperfecta.  

The pathophysiology and role of Rogdi can be investigated using the Rogdi-/- mouse model. 

A manuscript describing the murine Rogdi-/- knockout phenotype, comparing it to the clinical 

symptoms observed in patients, is reported on page 160. 

 

 

Figure 9. Overview of mouse tooth development. (A) Embryonic stages of mouse tooth development, 

with divergent morphology of molar and incisor tooth germs. (B, C) Schematic of fully formed adult molar 

(B) and incisor (C). AB, ameloblasts; C, cementum; CEJ, cemento-enamel junction; CL, cervical loop; D, 

dentin; DEJ, dentino-enamel junction; DF, dental follicle; DL, dental lamina; DP, dental pulp; E, enamel; 

E11-18.5, embryonic days; ERM, epithelial cells rests of Malassez; HERS, Hertwig’s epithelial root sheath; 

IEE, inner enamel epithelium; IK, initiation knot; JE, junctional epithelium; laCL, labial cervical loop; 

liCL, lingual cervical loop; pEK, primary enamel knot; PDL, periodontal ligament; PN7, postnatal day 7; 

OB, odontoblasts; OEE, outer enamel epithelium; SR, stellate reticulum. From reference [12].  
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This thesis focuses on rare orodental diseases, specifically in amelogenesis imperfecta and 

enamel phenotypes encountered in rare human diseases, whether isolated or syndromic, and in 

mouse models developing these diseases.  

The objectives of this Ph.D. thesis are to analyze a Rogdi-/- mouse mutant to understand the 

role of ROGDI during development and the pathophysiology behind its inactivation in 

Kohlschütter-Tönz syndrome (KTS). Identifying the role of ROGDI will facilitate 

understanding of the phenotype encountered in this disease, particularly the dental and 

neurological symptoms. Our goal is to apply a variety of approaches (including mouse genetic 

modeling) for improving our understanding of this disease, and thus the management of 

patients affected with this syndrome. 

The first chapter provides an overview of rare orodental diseases and the clinical research 

correlating phenotype and genetics. 

Amelogenesis imperfecta (AI) is the main focus of this thesis. AI is a heterogeneous group 

of diseases where there is a disruption of the development of enamel. We show an evolution in 

the classification of the AI phenotypes, using next generation sequencing to classify this group 

of diseases at the molecular level and not only at the clinical level (article #1). The 

classification used until nowadays was described by Witkop in 1988, dividing AI into 4 types 

according to the nature of the enamel defects and the mode of transmission (Type I hypoplastic, 

Type II hypomature, Type III hypomineralized, and Type IV hypomature/hypoplastic with 

taurodontism). There currently exist more than 70 genes known to cause disease. At the 

Reference Center for Rare Oral and Dental Diseases (O-Rares, Strasbourg), patients exhibiting 

AI were enrolled and evaluated using the D4/phenodent protocol (www.phenodent.org). Using 

a specialized next generation sequencing (NGS) panel called GenoDENT, families provided 

written informed consents for phenotyping as well as molecular analysis and diagnosis. With 

this study was possible to clarify the molecular basis of the Witkop’s AI classification.  

A case report of “A novel homozygous variant in GJA1 causing a Hallermann-

Streiff/Oculodentodigital Dysplasia overlapping Phenotype: a clinical report” is presented 

(article #2). Here, thanks to whole-exome sequencing (WES) it was possible to identify a 

homozygous variant in the GJA1 gene affecting the second extracellular loop of the CX43 

protein causing clinical features of both Hallermann-Streiff (HSS, OMIM 234100) and 

Oculodentodigital Dysplasia (ODDD, OMIM 164200) syndromes. CX43 protein allows the 

cell-to-cell exchange of ions and small molecules. During enamel development, CX43 is 

involved in the transport of ions from the papillary layer into the ameloblasts. 

AI can be isolated or associated to a syndrome. In the case of KTS linked to ROGDI 

variants, patients present the hypomineralization type of AI, in which enamel is less 

mineralized, porous, rough, and brown stained in both primary and permanent teeth. This type 

of AI is associated with problems during the maturation stage of amelogenesis [77].  

The most significant clinical traits of this disease are highlighted in the section titled 

Kohlschütter-Tönz syndrome of this text. 

Signals guiding craniofacial development are also used in establishing sensory, motor, and 

cognitive function. Such widespread cranio-oro-facial phenotypes are often due to alterations 
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in key DNA transcriptional factors or members of the DNA repair process. Our laboratory 

combines patient-based clinical screens with the strength of the IGBMC/Institute Clinique de 

la Souris (ICS) in creating and analyzing equivalent mouse models.  

The second chapter addresses studies using mouse models as a tool for translational 

research in orodental disorders.  

Numerous genetically altered mice used as models for rare diseases replicate the 

craniofacial and dental anomalies, found in humans. This enables a deeper examination of the 

effects of the underlying molecular dysfunctions. We identify, treat, and perform genomic 

screenings of patients with unusual dental craniofacial defects to identify candidate genes. 

Additionally, there are rodent models available that have defective dentine, enamel, and other 

dental tissues in addition to gene mutations for which no human disease has yet been described. 

They offer proof that these genes play a role in tooth development and identify prospective 

new candidate genes in humans (article #3). 

The principal subject of this PhD work is the investigation of a novel leucine zipper 

domain-containing protein of unknown function, ROGDI. Patients with an autosomal recessive 

mutation in this gene exhibit Kohlschütter-Tönz Syndrome, displaying epilepsy, severe 

psychomotor regression, and amelogenesis imperfecta symptoms. Using the approach of gene 

targeting we have generated an equivalent mouse model for this disease (article #4). The article 

details the work carried out on a Rogdi gene-inactivated (Rogdi-/-) mouse model summarizing 

the phenotype encountered in KTS using behavioral, morphological, and molecular 

approaches. To understand neurodegenerative and enamel deficits, comparative genomic 

studies were conducted. Whole genome RNA-sequencing, combined with bioinformatic 

approaches helped to uncover a Rogdi transcriptional network. Behavioral tests as well as in 

situ hybridization, immunohistochemistry, Micro-CT, and SEM analysis showed that Rogdi-/- 

mice displayed a similar phenotype compared to KTS patients. The phenotypic correlations 

between the mouse model and human, and the identification of Rogdi role will hopefully help 

researchers and clinicians understand the combination of dental and neurological symptoms 

and improve patient healthcare and management.  

We have also worked in collaboration with Dr. Gilles Lavery (team of Daniel Metzger - 

IGBMC - Functional Genomics and Cancer) whose interest is the pathophysiological role of 

vitamin D signaling, to understand the role of this receptor in tooth development. The article 

#5 of this PhD work describes two vitamin D receptor mouse models (VDR-null and VDRgem) 

presenting tooth and alveolar bone defects.  
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 Amelogenesis imperfecta: Next-generation sequencing sheds light on Witkop’s 

classification. 

Amelogenesis imperfecta (AI) refers to a group of rare genetic diseases that affect the 

formation, structure, and clinical appearance of enamel, either as isolated trait, or in association 

with other symptoms. The prevalence of AI varies from 1/700 to 1/14000. This disease can be 

inherited in an autosomal dominant, autosomal recessive or X-linked manner. Primary and 

permanent teeth are concerned with almost the same severity [68,69]. Enamel may be modified 

in its width, microstructure, or mineralization degree. Thus, clinical symptomatology goes 

from light discoloration to disintegration/break- down of the enamel of the entire tooth. AI can 

be classified into different sub-types (hypoplastic [quantitative defects], hypomineralized, and 

hypomature [qualitative defects]) based on the nature of the enamel defect, i.e., thickness, 

hardness, and/or color. Witkop, in 1988, considered reclassifying these AI considering the type 

of enamel flaws and the mode of transmission [78]. Type I hypoplastic, Type II hypomature, 

Type III hypomineralized, and Type IV hypomature/hypoplastic with taurodontism were the 

four basic types of AI, each of which had subtypes. [79]) have remarked on this classification 

and suggested including molecular data. Since then, more genes have been found, and 

currently, more than 70 genes have been associated to AI. 

We used next-generation sequencing (NGS) to investigate a heterogeneous group of AI 

patients in an effort to identify the disease's genetic cause and enhance diagnosis and treatment. 

A cohort of 115 patients exhibiting isolated (73%) or syndromic (27%) AI were enrolled and 

evaluated. The NGS panel called GenoDENT, which investigates 567 genes at once, was used 

for molecular analysis. Results were correlated with the patient’s phenotype to arrive at a final 

diagnosis. In both isolated and syndromic AI, the most common AI is the hypoplastic type, 

followed by hypomature and hypomineralized type.  

47 newly reported class 4 or 5 variations, out of the 151 sequenced variants, are included 

in this article. For isolated AI, the genotypes linked to MMP20 and FAM83H were the most 

commonly found. The most frequently mutated genes found in syndromic AI in this study were 

FAM20A (enamel-kidney syndrome), LTBP3 (Verloes Bourguignon syndrome) and ROGDI 

(Kohlschütter-Tönz syndrome). 
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Supplementary Table S3: Variations found in individuals presenting with isolated amelogenesis imperfecta. 

Variations found in 17 different genes in 85 individuals presenting with isolated amelogenesis imperfecta. One 

hundred eleven variants were found, 19 variants are of uncertain significance. Variants known and previously 

published are reported in grey, variants previously reported by the team are represented in salmon, variants 

published thanks to GenoDENT panel are represented in blue or green, new variants reported for the first time are 

highlighted in green. Familial segregation is also reported when available and reported as: Family member code 

(Phenotype code, Genotype code): Fa: father; Mo: mother; S: sibling; D: daughter; So: son; Co: cousin; A: 

affected; U: unaffected; NA: not available; C: carrier; R: reference genotype. 
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 A novel homozygous variant in GJA1 causing a Hallermann-

Streiff/Oculodentodigital Dysplasia overlapping Phenotype: a clinical report.  

A rare condition known as Hallermann-Streiff syndrome (HSS) causes developmental 

delays, short stature, and craniofacial characteristics. Despite most cases being isolated, the 

inheritance pattern of HSS remains a mystery. Clinical characteristics of HSS and 

oculodentodigital dysplasia (ODDD) coincide, making difficult to make a differential 

diagnosis. The transmembrane gap junction protein connexin 43 (CX43), which is encoded by 

the Gap Junction Protein Alpha 1 (GJA1) gene, is the causative gene of ODDD. These variants 

may reduce CX43 cell-to-cell communication, which exacerbates the symptoms of ODDD. 

This case report shows the diagnosis of a 3-year-old girl presenting repeated dental 

abscesses. She was born to second-degree consanguineous parents and has two healthy 

siblings.  

Specific craniofacial traits pathognomonic of HSS were revealed via extraoral examination. 

The teeth had a ghostly look due to very thin, under-mineralized hard tissues, short roots, and 

big pulp, which were confirmed by radiographic examination. First unerupted permanent 

molars also had hypomineralized dentin and enamel.  

Whole-exome sequencing (WES) research was done to determine the genetic etiology 

producing the HSS phenotype and related dental abnormalities. Therefore, a unique 

homozygous variation of the GJA1 gene was discovered that had a missense substitution in 

exon 2 [Chr6(GRCh37): g.121768554C>G NM_000165.4: c.561C>G p.Cys187Trp]. The 

variant was heterozygous in both parents.  

Hallermann-Streiff syndrome and oculodentodigital dysplasia share a number of clinical 

traits. ODDD is primarily inherited in a dominant manner and is caused on by changes in the 

GJA1 gene. It is still unclear what causes HSS at the molecular level. There is evidence of a 

recessive pattern of inheritance in people with ODDD or HSS/ODDD spectrum disorders. 

The second extracellular loop of the CX43 protein is affected by the novel homozygous 

mutation in the GJA1 gene, which results in clinical signs of the HSS and ODDD syndromes. 

Ion and small molecule exchange from cell to cell is made possible by the CX43 protein. CX43 

is involved in the movement of ions from the papillary layer into the ameloblasts during enamel 

formation. 
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 Kohlschütter-Tönz syndrome 

Kohlschütter-Tönz Syndrome (KTS, OMIM 226750, ORPHA: 1946) is a rare genetic 

disorder with autosomal recessive inheritance. It is characterized by early onset epilepsy, 

psychomotor regression, intellectual disability, and enamel defects. It is caused by mutations 

in ROGDI gene, encoding a protein of unknown function but highly conserved among species 

including Danio rerio, Drosophila melanogaster, Xenopus laevis, Caenorhabditis elegans, and 

Mus musculus, suggesting an important functional role [17,68,80,81]. After the first description 

of the syndrome in 1974 [82], several splice-site, non-sense, and frameshift mutations in 

ROGDI gene have been published delineating a similar phenotype in additional affected 

individuals (Figure 10) [13,17,77,81,83–85].  

 

 

Figure 10. ROGDI variants and corresponding protein domain. The gene transcript NM_024589.3 is 

composed of 11 exons represented by vertical lines. The variations detected in this study are symbolized in 

bold if homozygous. Variants with purple color are compound heterozygous. Variants with brown color are 

compound heterozygous. The corresponding protein domains are represented according to the PFAM 

database. The arrows indicate the localization of the detected variant with predictable protein impact. 

 

Linkage analyses followed by genomic sequencing have revealed that most, if not all, KTS 

patients have homozygous nonsense, frameshift, deletion, or splicing site mutations at the 

ROGDI locus 2–6 [83], but there are a number of families with an atypical phenotype which 

were negative for ROGDI mutations and failed to show homozygosity in the ROGDI region, 

suggesting genetic heterogeneity in atypical forms of the disease [85]. Huckert et al. (2014) 

[17] had reported a case of a 13-year-old Malian girl presenting with this rare disease. By 

genetic analysis, a novel ROGDI homozygous mutation was identified NM_024589.1: 
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c.117+1G>T [Chr16 (GRCh37): g.4852382C>A] which confirmed the diagnosis of KTS. The 

mutation abolishes the usual splice donor site of intron 2 which leads to the deletion of exon 2 

and in-frame assembly of exon 3. Exon 2 encodes a highly conserved leucine-rich region that 

is essential for ROGDI protein function. Hence, this deletion may affect the function of the 

ROGDI protein.  

ROGDI protein expression is not detectable in affected individuals, indicating that the loss 

of ROGDI function is likely responsible for the pathogenesis of KTS. In control human tissues, 

ROGDI transcripts are ubiquitously expressed, but elevated levels are observed in adult brain 

and spinal cord. This observation is consistent with the neurological phenotypes observed in 

KTS patients [81]. 

KTS epilepsy usually starts in the first year of life, and seizures are often resistant to 

treatment, even with newer antiepileptic drugs. Perampanel monotherapy, though, produced 

quite effective seizure control in a 6-year-old girl with unresponsive seizures to other drugs [2]. 

Detailed data on the characteristics of epilepsy in patients with KTS are still lacking showing 

a heterogeneity of the seizure type [84]. There have been reports of generalized tonic, tonic-

clonic, myoclonic, atonic, and focal clonic seizures as well as seizures with secondary bilateral 

synchronization and consciousness [84,86,87]. 

In the majority of KTS cases, initial psychomotor development is normal and only 25% 

have a delayed psychomotor development. Usually, both coarse and fine motor skills are 

compromised. Others can be bedridden due to spastic tetraparesis, whereas some patients are 

ambulant (with or without help). In 23% of cases, severe progressive psychomotor regression 

with a fatal end was documented. Some children experience speech delays and slow language 

development. Learning difficulties, aggression, and attention deficit hyperactivity disorder 

have been also reported in some patients [17,80,88,89]. The most severely affected individuals 

display profound intellectual disability, never acquire speech, and become bedridden early in 

life (Table 2). Clinical and laboratory signs are not specific in the disease, except for dental 

findings. Therefore dental diagnosis is essential for the overall clinical diagnosis of KTS 

[77,84]. 

All affected individuals show variable yellow-to-brown discoloration of primary, as well 

as permanent teeth. These defects are observed upon the initial eruption of hypomineralized 

amelogenesis imperfecta (AI)-marked yellow/brownish teeth (Table 2). ROGDI-associated 

KTS AI has a characteristic hypomineralized, rough, colored type of maturation defect [77]. In 

KTS patients, enamel is soft, rough, and stained in various shades of brown. This enamel 

malformation has severe clinical consequences in the form of poor mechanical properties, high 

sensitivity to pain, high susceptibility to caries, and low esthetic quality. Clearly, the severity 

of these defects necessitate extensive dental treatment [84]. In the partially erupted first molar 

assessed from an individual with ROGDI-associated KTS, the hypomineralized enamel had 

normal thickness in non-erupted parts of the crown. When exposed to the oral cavity, the 

hypocalcified enamel was easily worn away or showed abfractions because it could not 

withstand the abrasive and occlusal forces during chewing (Figure 11). In both types of AI, 

exposed dentin may be temperature sensitive, and pits and cracks are predilection sites for 

caries. Hypersensitivity of teeth as well as high caries risk requires individual dental 
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prophylaxis and attentive dental monitoring and management [77]. The identification of the 

gene ROGDI role will hopefully help researchers and clinicians understand the intriguing 

combination of dental and neurological symptoms [84]. 

 

Figure 11. Clinical intraoral photographs and panoramic radiographs detailing the 

phenotype of amelogenesis imperfecta patient for each associated genotype. ROGDI 

(Kohlschütter-Tönz syndrome) Hypomature amelogenesis imperfecta. Individuals present a 

yellow-brownish discoloration of enamel affecting both primary and permanent dentitions. 

Stainless steel crowns are covering the molars in patients 24.1 and 24.3. Patient 24.2 was 

published in [17]. Source: Supplementary Figure 1P from article 2 [13] 

 

 

The gathering of individuals suffering from KTS but not demonstrating any mutation 

in ROGDI gene allowed the identification of a second gene SLC13A5, (encoding a sodium-

dependent citrate transporter) involved in KTS [77]. 

The pathogenic phenotypes commonly found in ROGDI- and SLC13A5- [77]  

associated KTS gives rise to the intriguing possibility that these two genes might work together 

to control the intracellular levels of citrate. This idea is further supported by the relevance of 

citrate metabolism to neurological phenotypes in KTS patients. Neurons are energetically 

dependent on astrocytes because neurons lack pyruvate carboxylase, an enzyme that converts 

pyruvate to oxaloacetate in the citric acid cycle [83].  

Table 2. Clinical characteristics of Kohlschütter–Tönz syndrome with confirmed ROGDI 

pathogenic variants. Adapted from [2] 
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 Symptom and previously reported patients, n (%) 

Neurological 

symptoms/findings 

 

Epilepsy  

43/43 (100%) 

 

Refractory epilepsy [17,84,85,89–91]  

9/43 (21%) 

 

Cerebellar ataxia [17,88,89] 

3/43 (7%) 

 

GDD or development regression [89] 

43/43 (100%) 

 

Microcephaly [89,92–95] 

6/43 (14%) 

 

Spasticity [82,88,89,91,96] 

9/43 (21%) 

 

ADHD, hyperactivity [80,88,89] 

7/43 (16%) 

 

Other behavioral disorders: aggressive and impulsive behavior [17,88] 

2/43 (5%) 

EEG Hypsarrhythmia [89]  

1/16 (6%) 

Other EEG abnormalities [86,88,90,91] 

14/16 (88%) 

MRI Ventriculomegaly [82,89,96,97] 

8/21 (38%) 

 

Cerebral atrophy [84,86,88–91,96,97] 

9/21 (43%) 

Others Teeth anormalities: amelogenesis imperfecta  

43/43 (100%) 

 

Eyes: loss of visual fixation, nystagmus, esotrophy [85,88]  

3/43 (7%) 

 

Dysmorphic features: asymmetric skull, frontal bossing, short 

stature, scoliosis, broad or altered thumbs/toes, smooth 

philtrum, concave nasal bridge, short nose, hypoplastic ala nasi, 

small ears, deeply set eyes, bristly, coarse hair [17,85,88,90,96] 7/43 

(16%) 

Abbreviations: ADHD, attention deficit hyperactivity disorder; EEG, electroencephalogram; GDD, global developmental 

delay; MRI, magnetic resonance imaging. 
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 Pre-clinical animal models reproducing rare diseases of mineralized dental tissues 

To better understand the etiology, progression, and potential therapy options for a variety 

of rare orodental diseases, mouse models have been extensively used in research.  

Dental anomalies can be present alone or associated with extraoral symptoms of rare 

disorders. By definition, a rare disease impact fewer than one person worldwide in 2000. 

Each dental abnormality is associated with a certain genetic and developmental issue. Here 

we present anomalies affecting the mineralized structures of the tooth. Numerous genetically 

altered mice used as models for rare diseases replicate the cranio-facial deformities, including 

dental anomalies, mimicking human’s phenotypes. This enables a more in-depth examination 

of the effects of the underlying molecular dysfunctions. Additionally, there are rodent models 

available displaying dentin, enamel, and other dental defects in addition to gene mutations for 

which no human disease has yet been described. 

The publication also discusses the differences in tooth conformation and dental 

composition between humans and mice. Despite these differences, both organisms exhibit the 

same pattern of tooth development and development, which makes the rodent a useful model 

for research on dental diseases and the mechanisms underlying their development.  

The article recapitulates the various phenotypes that the models exhibit, replicating the 

defects present in humans, and describes the mouse models that have been described to explore 

enamel and dentin malformations (either isolated or associated with syndromes). Additionally, 

it shows rodent models with mutations that have never been described in humans but that also 

cause dental defects. 
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 The Rogdi Knockout Mouse is a Model for Kohlschütter–Tönz Syndrome 

This study is about a novel knockout mouse model that inactivates Rogdi, a gene and 

corresponding protein with yet unknown functions. ROGDI variants are also responsible in 

humans for Kohlschütter-Tönz Syndrome (KTS, OMIM 226750, ORPHA: 1946), a rare 

genetic disorder with autosomal recessive inheritance. This disease is characterized by early-

onset epilepsy, psychomotor regression, intellectual disability, and enamel defects.  

Little is known about the pathophysiology leading to the KTS phenotype when ROGDI is 

altered. ROGDI transcripts are present in organs/tissues affected during mouse and human 

brain development. The localization of transcripts to neuronal presynaptic sites in rats suggests 

that Rogdi may regulate protein exocytosis. Rogdi is present in two important types of synapses 

in the hippocampus: the mossy fiber and hilar synapses [95]. Rogdi is also expressed during 

odontogenesis from the cup stage in E14.5 mouse embryos [17]. Regarding cellular 

localization, the ROGDI protein is localized in the nuclear envelope of cultured human cells 

[81]. The pathophysiology of epilepsy involves defects in gamma-aminobutyric acid 

(GABA)ergic transmission known to induce sleep disorders. A Rogdi homolog in Drosophila 

has been consistently shown to act as a novel sleep-promoting factor by supporting a specific 

subset of GABAergic transmissions. As a result, Rogdi mutant flies exhibit insomnia-like 

behaviors accompanied by sleep fragmentation and delay in sleep initiation [83].  

The crystal structure of the ROGDI protein (287 amino acids, 32kD) in humans comprises 

an alpha domain with four leucine-zipper helices, and a beta-sheet domain. The ZIP-like motif 

in the alpha domain appears to mediate their intramolecular interactions, contributing to the 

overall structure and stability of a monomeric ROGDI protein. Disruption of the four-helix 

bundle following mutations leads to significant destabilization of the protein structure [68]. 

Despite the information and data published on ROGDI, its function remains unknown to date. 

Here, we report that Rogdi expression is enriched since early stages, during both tooth and 

neurological development. Rogdi homozygous mutant mice recapitulate patient’s phenotype. 

Micro-CT and scanning electron microscopy imaging analysis show a less dense and low 

mineral content of the enamel layer, mimicking the amelogenesis imperfecta phenotype 

displayed in KTS patients. They also exhibit epilepsy susceptibility, memory impairment, and 

hyperactivity. To understand neurodegenerative and enamel deficits, comparative genomic 

studies were conducted. Whole genome RNA-sequencing, combined with bioinformatic 

approaches, helped uncover a Rogdi transcriptional network. We propose a new role for Rogdi 

through the identification of partners as members of the V-ATPase complex and demonstrate 

the impairment of acidification and pH cycling both during amelogenesis and in stomach 

function. These results could lead to the development of new therapeutic avenues. 

 

This article has an important translational significance, providing a mouse model that 

displays the clinical characteristics found in patients and the discover of new phenotypes such 

as gastrointestinal difficulties that could also be part of the KTS syndrome. 
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Here we present the Rogdi-/- mutant as a novel model deciphering partially KTS 

pathophysiology. Rogdi-/- mutant defects in acidification might explain the unusual 

combination of enamel and neurological rare disease symptoms.  
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 Impaired vitamin D signaling in VDRgem mutants reveals novel targets in tooth and 

alveolar bone 

Vitamin D is an essential endocrine regulator of mineral absorption, increasing inorganic 

calcium and phosphate uptake, which are crucial for proper skeletal and dental formation. 

Vitamin D insufficiency affects up to 70% of the general population, with severe 

hypovitaminosis D causing symptoms like rickets and stunted growth in children. Vitamin D 

signaling can be ligand-dependent or ligand-independent, depending on the target gene. 

Critical vitamin D receptor (VDR) targets are homeostatic regulators of mineral uptake, 

ensuring bone growth in a structurally integrated manner. Both tooth and surrounding alveolar 

bone are highly mineralized, and human vitamin D/VDR deficiency produces hypocalcified, 

fragile intramembranous bones. In rodents, vitamin-D deficient mineralization permanently 

alters dentin and enamel composition and can alter tooth morphology. 

VDR mutants have been used to understand how molecular targets of vitamin D signaling 

regulate skeletal and dental mineralization. VDR inactivation in mice reproduces human 

vitamin D resistant type II rickets, displaying severe hypocalcemia and hypophosphatemia, 

with teeth showing skeletal and dental defects. 

Here, we report the mouse expression of the VDR during tooth, skeletal and intestinal 

development. Two models with deficient VDR signaling – VDR-null and VDRgem – were 

studied to understand VDR signaling and its unliganded and liganded role during tooth and 

bone development. VDRgem mice present a VDR unresponsive to endogenous 1,25(OH)2D3, 

which can be used to selectively dissect which VDR defects are ligand-dependent (such as bone 

mineralization) and which phenotypes like alopecia are due to the absence of unliganded VDR 

in promoting hair follicle proliferation. 

Overall, dental and skeletal defects are more severe in VDRgem mice than in VDR-null mice. 

VDRgem inactivation produces severe reductions in alveolar bone and dentin mineralization. 

VDR-null and VDRgem were both hypocalcemic and hypophosphatemic, maintaining a normal 

Ca/P ratio. 

The VDRgem mutant serves as a powerful tool to understand how vitamin D receptor and its 

derivatives regulate dental development and may promote alveolar bone regeneration or offset 

periodontal disease. 

Global transcriptomic analysis revealed an impairment in developmental pathways 

conferring vitamin D actions in tooth and bone normal growth. While the vitamin D receptor 

is disrupted in both VDR mutants, VDR-null and VDRgem models present different affected 

pathways. 
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Rare diseases and translational research 

Each week, new rare diseases are discovered, adding to the list of more than 7,000 described 

rare disorders. 80% of these disorders are genetically based. In France 3–4 million people are 

afflicted with rare diseases, compared with a total of 30 million people found in the rest of 

Europe. Given the lack of information and awareness about these developmental anomalies, 

clinical identification and management of individuals with rare disorders and their 

accompanying orodental malformations is quite difficult. Indeed, medical experts and dentists 

take between 5 and 30 years to provide an accurate diagnosis. For an earlier, faster, and more 

accurate identification of these uncommon disorders, a thorough examination of the oral cavity 

may yield crucial information. 

A continuous range of research, from fundamental biomedical study discoveries into clinical 

practice, is necessary for the development of new disease treatments and preventative 

strategies. To close the gap between applying laboratory discoveries to human clinical trials, 

numerous techniques and tactics have been created. Translational research in the field of rare 

diseases is crucial to improving patient’s health. One important investigative tool in molecular 

genetics involves the generation of mouse models that mimic the diseases’ clinical features. 

This obviously will aide our understanding the physiological role and molecular mechanism of 

action of these to date orphan disease genes. The studies performed in animal models may also 

help identify novel symptoms that may be present in humans, but have not yet been linked to 

the syndrome. Mouse models can also be used to test innovative new therapeutics. 

The reference center for rare oral and dental diseases (CRMR O-Rares) combines clinical, 

preclinical, bioinformatics, genetic, and biological approaches to understand oral and dental 

defects present in rare diseases. The team has generated mouse models of uncommon disorders 

including for the Smoc2 and Rogdi genes. 

The objectives of this PhD were to investigate through translational research the etiology of 

a rare disease, and to understand the molecular genetics of the basic biological processes that 

affect human health, with a focus on bench-to-bedside research. 

Briefly, the first article is focused on the molecular classification of amelogenesis 

imperfecta. Depending on the enamel defects and the inheritance mode, amelogenesis 

imperfecta can be divided into different categories. The main types are: hypoplastic (type I); 

hypomaturation (type II); hypocalcified (type III); and 

hypomaturation/hypoplasia/taurodontism (type IV). Depending on the inheritance we can have 

AI X-linked, autosomal dominant, or autosomal recessive. We were able to further refine this 

classification to a molecular level as a result of the phenotype and genetic data following 

Witkop’s classification from 1988 [78]. We categorized the AI types in the context of a full 

phenotype study supported by clinical characteristics and imaging, as well as their linkage with 

genes and identified pathogenic variants. Genetic data was obtained from the GenoDENT NGS 

panel or exome sequencing from a cohort of 115 individuals. We identified 151 different 

variants, with 47 newly reported and classified in classes 4 or 5, defined as likely pathogenic 

or pathogenic, respectively. From these 151 variants, 42 were identified in syndromic AI, with 

10 variants reported for the first time in this publication (7 class 4, 3 VUS). FAM20A (enamel-
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kidney syndrome), LTBP3 (Verloes Bourguignon syndrome), and ROGDI (Kohlschütter-Tönz 

syndrome) were the most commonly discovered genes for syndromic AI [98]. 

This publication will aide practitioners to assess and diagnose AI more precisely, enabling 

the identification of syndromic variations when AI is associated with other symptoms. 

The second published article described the diagnosis of a patient who shared clinical traits 

with two distinct syndromes: Hallermann-Streiff and oculodentodigital dysplasia [99]. The 

genomic analysis assisted in identifying a new variant that might be responsible for this 

phenotype. Hallermann-Streiff syndrome (HSS) is a rare condition causing developmental 

delays, short stature, and craniofacial characteristics with an unknown inheritance pattern. 

Clinical characteristics of HSS and oculodentodigital dysplasia (ODDD) coincide, making it 

difficult to differentiate between the two. ODDD is caused by variants in the transmembrane 

gap junction protein connexin 43 (CX43), which is encoded by the Gap Junction Protein Alpha 

1 gene (GJA1). 

Genetic testing is essential for validating diagnoses, enhancing medical care, and informing 

families about future medical requirements. Hence, genetic testing enables patients to get a 

more specialized, multidisciplinary healthcare and management specific to their illness, while 

also adhering to global standards.  

Although the exact molecular cause of HSS is unknown, the identification of the 

homozygous variant in GJA1 gene shows that the HSS/ODDD spectrum shares a common 

phenotype and genotype. Clinical traits from both HSS and ODDD may be combined into a 

single syndrome known as HSS/ODDD if homozygous mutations are found in particular 

regions of the GJA1 gene. 

Variants in CX43 may reduce cell-to-cell communication, exacerbating ODDD symptoms. 

CX43 channels have been found in tooth papillary cells and ameloblasts [11]. Both syndromes 

present dental anomalies, specifically amelogenesis imperfecta. 

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 each patient. Such detailed recording will reveal developmental origins and go some way 

towards providing additional clues for understanding underlying etiopathogenic mechanisms 

and unravelling e.g. a syndrome diagnosis. Moreover, developing new tools like computer-

assisted facial recognition programs may enhance the detection and diagnosis of some 

disorders [100]. 

While patient DNA can be sequenced to find potential genes 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 orodental patterning 

and morphogenesis, it is of great importance to study rare diseases in in-vivo models, such as 

mice or in-vitro using cellular approaches. 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 humans. 
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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. 

Pr. Bloch-Zupan, specialist in odontogenetics at the Reference Center for Rare Diseases, 

identified patients with loss of function mutations in the ROGDI gene causing Kolschutter Tonz 

syndrome (KTS). This syndrome presents neurodegenerative disorders (intellectual disability, 

epilepsy, psychomotor regression) and a generalized enamel malformation called amelogenesis 

imperfecta. My research objectives included elucidating function(s) of this novel signaling 

pathway using a mouse model with a Rogdi inactivation. To understand the functional 

properties of the ROGDI gene that produces both neurodegenerative and dental enamel defects, 

we compared the knockout mouse to KTS patient defects. 

Molecular, cellular, and structural analyses were performed to validate the Rogdi -/- mouse 

model as a model for KTS and to establish the role of Rogdi during development of 

neuroepithelial and biomineralized tissues with relevance in the development and 

pathophysiology of the rare disease known as Kolschütter-Tönz Syndrome. 

A striking characteristic of KTS-affected children is their global developmental delay (KTS 

individuals displaying intellectual disability, spasticity, and seizures). The progressive nature 

of their neurological decline might be attributed to epileptic seizures inducing epileptic 

encephalopathy [80,81,84]. Our data showed Rogdi displays enriched central nervous system 

expression, with higher levels in the fetal and adult brain (hippocampus and cerebellum) and 

spinal cord. This suggests that ROGDI has critical roles during brain formation, potentially 

continuing during organ homeostasis. 

Tooth enamel in patients is soft, rough, and stained in various shades of brown - a diagnosis 

of amelogenesis imperfecta with a hypomature/hypomineralized type [17,77,81,83–85]. Tooth 

mineral content analyses show a reduction in calcium and phosphate levels, consistent with the 

observed phenotype (article #4 The Rogdi Knockout Mouse is a Model for Kohlschütter–Tönz 

Syndrome). 

Rogdi transcripts are enriched in the incisor epithelium, specifically in the pre-ameloblasts 

and ameloblasts classes. Cycling cells and non-ameloblasts epithelial cells also have 

expression, but at lower levels. Rogdi transcripts are 100 times lower than those of enamel 

matrix proteins (Ambn and Enam), but are comparable to levels of Orai1 and Stim1, which are 

responsible for syndromic hypomature AI 

(https://kleintools.hms.harvard.edu/tools/springViewer_1_6_dev.html?datasets/Sharir_et_al_

2019/control_epithelial) [101]. Our results also found expression of Rogdi beginning at early 

stages of tooth development (E12.5). Rogdi levels are enriched during tooth morphogenesis 

during the formation of the dental lamina throughout all stages of fetal tooth growth. At 

postnatal stages this expression switches and appears localized in ameloblasts- cells involved 

in enamel formation. Besides, we found Rogdi protein is localized in the apical pole of the 

ameloblasts. This data correlates with the phenotype of AI found in our mouse model and in 

humans, indicating a role of Rogdi during amelogenesis.  

https://kleintools.hms.harvard.edu/tools/springViewer_1_6_dev.html?datasets/Sharir_et_al_2019/control_epithelial
https://kleintools.hms.harvard.edu/tools/springViewer_1_6_dev.html?datasets/Sharir_et_al_2019/control_epithelial
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This data confirms the significant role that Rogdi plays in the onset of the disease, as 

evidenced by the fact that it is expressed throughout early stages of tooth and brain 

development. Our results also demonstrate expression in the liver and kidney, noteworthy 

because nephrocalcinosis was recently reported as a new clinical feature [2]. 

The research project involved the analysis of the Rogdi knockout mouse. To understand 

neurodegenerative and enamel deficits, behavioral tests, imaging analyses, and comparative 

genomic studies were conducted. 

Rogdi homozygous mutant mice recapitulate patient’s phenotype  

We thoroughly analyzed the mouse morphological aspects in order to investigate potential 

correspondences with the Kohlschütter-Tönz phenotype. Rogdi mouse mutants were found to 

be viable at early stages, although they did not exhibit the expected Mendelian ratio (1/5). 

Mouse mutants were smaller than wildtype (WT) mice and had an early lethality rate, typically 

dying around 12 weeks of age. 

One of the clinical characteristics seen in KTS patients is epilepsy. Depending on the patient, 

it has been found that they can develop myoclonic, focal, and generalized seizures, as well as 

generalized tonic-clonic seizures [84]. A timed pentylenetetrazol infusion test (PTZ) (40 

mg/kg, i.p.) was carried out to analyze if the Rogdi mice were more prone to seizures. The 

Rogdi-/- mutant animals showed greater susceptibility and faster seizure onset when compared 

to control mice. These findings indicate that the Rogdi KO mice had a higher probability of 

developing epilepsy. 

The study also found significant increases in locomotor activity in Rogdi-/- mice during 

circadian activity and novel object recognition (NOR) tests, indicating a hyperactivity disorder. 

Memory impairment was also observed, with increased object exploration time during the 

NOR. Both findings correlate with phenotypes found in KTS patients. To better understand 

Rogdi function in brain development, we analyzed histological sections of the hippocampus 

and cerebellum. These analyses revealed an altered cerebellar and hippocampal morphology 

related with motor coordination, cognition, and language function [102,103], correlating the 

findings from the behavioral tests. Besides, cerebral CT scans and MRI on KTS patients show 

brain atrophy, including smaller hippocampus and hypoplasia of the cerebellar vermis 

[81,84,86,88]. The observed architectural defects could explain the clinical signs of KTS 

patients. Dysregulated brain growth in both Rogdi-/- mice and KTS patients suggest a central 

role in disease etiology with a potential role in memory establishment. 

Teeth of the Rogdi mutant mice have extensive enamel abnormalities related to an 

amelogenesis imperfecta-like phenotype. These defects are a result of a lack of mineral 

accumulation and enamel maturation. Calcium and phosphorus levels are significantly 

decreased in the Rogdi KO. Carbon levels, indicative of organic content, were higher in mutants 

and did not differ between maturation stage of amelogenesis and mineralized enamel in Rogdi-

/- mutants. pH analyses performed in adult lower incisors revealed altered pH regulation. Rogdi-

/- mutants display neutral pH during the maturation stage of enamel formation, whereas an 
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acidic pH is required for enamel maturation. Hence precisely at the maturation stage of enamel 

formation, a pH reduction is necessary for enamel crystal growth and protein degradation. The 

neutral pH in Rogdi-/- mutants could most likely explain the high carbon levels found during 

mineral content analyses. 

Examination of other organs showed a distended stomach full of undigested food in the 

Rogdi-/- mice. The stomach content in Rogdi-/- had a pH of 6 instead of a normal acidic pH of 

3 for fed mice [104]. In addition, 10% of the Rogdi-/- had a urinary bladder full of urine and 

with a viscous liquid inside of it. Renal defects (nephrocalcinosis) have been reported in KTS 

patients [2]. Interestingly, we discovered that at least one of the patients was receiving medical 

therapy because of persistent constipation after asking the family if they had digestive issues. 

Irritable bowel syndrome patients (at times displaying persistent constipation) have altered 

(less acidic) gastrointestinal pH [105]. In order to improve the quality of life for those who 

have the disease, this Rogdi mutant model may also aid in the elucidation of novel clinical 

aspects to be considered in the diagnosis and treatment of KTS. 

Whole genome RNA-sequencing, combined with bioinformatic approaches helped to 

uncover Rogdi transcriptional network. It was confirmed the downregulation of Rogdi 

transcripts, affecting neurodegeneration and synapses pathways, calcium signaling, tight 

junction, Wnt, Notch and Hedgehog signaling networks, among others. Genes known to be 

causative of amelogenesis imperfecta, such as Lama3, Itgb6, Acp4, Lamb3, Col17a1, Cnnm4, 

Ltbp3, Slc24a4, Gpr68, and Orai1, were either down or upregulated [9,43]. Slc9a3r2 and 

Atp6v0c were upregulated in our RNA-seq data, both proteins are part of the V-ATPase 

complex, involved in acidification [106,107]. Wdr72, described as a homologue of WDR7 [64], 

was also upregulate. 

Understanding dysregulated pathways in rare diseases is crucial for therapeutic 

development. Research is currently focused on molecular and pathophysiologic pathways 

shared by numerous illnesses, revealing potential targets for small-molecule intervention, even 

if the mutated gene is not a druggable target [108]. 

Rogdi and the role of V-ATPase in acidification 

Loss of ROGDI function may cause enamel and brain defects by disrupting the vacuolar 

type (V)-ATPase dependent lysosomal acidification pathway [109]. V-ATPases are crucial for 

pH homeostasis, vesicle transport, membrane fusion, and synaptic transmission. Defects in V-

ATPase action lead to lysosomal disorders like Alzheimer's and Parkinson's disease. V-ATPase 

function is essential for adult development and maintaining lysosomal pH gradients, also 

required in tooth formation [67,110–112]. V-ATPases pump H+ ions into the endosomes 

causing an acidification of 5.5–6.0. For many receptors, this pH causes a conformational shift 

that frequently leads in the release of bound ligands from receptors [113]. The process of 

endocytosis and the targeting of receptors and ligands are increasingly used in drug delivery 

methods. Potential therapies for cancer, Alzheimer's, Parkinson's, and lysosomal storage 

diseases use nanoscale drug carriers that target endolysosomes [114]. 
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Signals like glucose deprivation, will cause a decrease in ATPase activity, and proton 

transfer, where the V1 subcomplex will be detached from the V0 subcomplex. The yeast RAVE 

(Regulator of H+-ATPase of Vacuolar and Endosomal membranes) or its functional equivalent 

in higher eukaryotes, the Rabconnectin-3 complexes [64], are necessary for the assembly of 

V1 with V0 [115]. The crystal structure of one of RAVE complex components, Rav2, is 

strikingly similar to the human ROGDI protein [64]. In addition, ROGDI protein shares an 

interactome community with DMXL1, DMXL2, and WDR7, components of the V-ATPase 

chaperone Rabconnectin-3 complex [64,116]. 

The results found in this PhD work solidify the ROGDI-V-ATPase connection. Rogdi-/- 

mutants exhibit severe reductions in enamel acidification, likely accounting for morphological 

deterioration in enamel structure. RNA-seq data from Rogdi mutant incisors shows increased 

Slc9a3r2, Atp6v0c, and Wdr72 levels, which interact with the acidifying V-ATPase complex 

and DMXL1 and DMXL2 proteins. These changes likely affect pH regulation, disrupting 

acidification [117]. Defects in ameloblast organelle acidification that limit the degradation of 

enamel proteins can cause amelogenesis imperfecta [8,47]. 

In the stomach, V-ATPase may serve as an additional pathway for acid secretion or as an 

internal proton-buffering mechanism [118,119]. V-ATPase alterations can also aggravate or 

produce cancer, neurodegenerative diseases, diabetes, and disrupting energy and nutrient-

sensing functions within cells [120]. 

Considering ROGDI as a regulator of V-ATPase assembly, it could be interesting to study 

treatments targeting the reassembly of the proton pump to help in its functioning. In addition, 

a better understanding of the altered pathways in the mouse mutant model may aide in more 

effectively focusing patient care. 

The Rogdi mutant is a useful new model for analyzing treatment outcomes and points to 

new perspectives on the function of ROGDI in cell biology and pathophysiology, and to test 

functional hypothesis about its potential role in the V-ATPase assembly. 

Considering the pathways that are altered in our model, one of interest is calcium signaling. 

Numerous signaling pathways are controlled by intracellular calcium levels, which are also 

subject to intricate spatial and temporal control. For example, in Alzheimer's disease, altered 

calcium signaling and the involvement of intracellular calcium reserves have long been 

recognized [121,122]. Endolysosomes and endoplasmic reticulum (ER) are the two main 

intracellular calcium reserves [123]. Endolysosome de-acidification causes the release of 

calcium from endolysosomes, and the accompanying rise in cytoplasmic calcium levels can 

activate related pathways and calcium export from ER [124]. Furthermore, long-term 

depression has been related to Ca2+ signaling modification, which may also contribute to 

memory impairment [122,125,126]. 

Using high affinity ligands that are specific to receptors to target macromolecular complexes 

can help to control, not only the cellular identification of these carriers, but also the trafficking 

pathway and their activity within the cell. Therapies focused along these routes might 

considerably help disorders connected with the endosomes and lysosomes [114].  
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In addition, endolysosome de-acidification has been associated with elevated levels of 

circulating cholesterol, a risk factor for developing sporadic Alzheimer’s disease [127]. 

It has been described that ML-SA1, an agonist of TRPML1, significantly decreased 

endolysosome pH in rat primary cultured neurons. In addition, when TRPML1 knockdown 

does not affect endolysosome pH, it blocks the magnitude of ML-SA1-induced acidification. 

The mechanisms by which TRPML1 activation affects endolysosome pH remain unclear. 

These findings indicate that ML-SA1 induced endolysosome acidification is, at least, in part 

by activating TRPML1 [128]. 

It is possible that calcium released from TRPML1 activates calcium-activated potassium 

channels, increasing the exchange of potassium and hydrogen ions, or that calcium released 

from TRPML1 affects the activity of V-ATPase, which maintains the acidic environment of 

endolysosomes [128]. Treatments that increase V-ATPase activity and acidify endolysosomes 

may prevent the onset of symptoms associated with lysosomal disorders [125]. 

Vitamin D receptor gemini mouse model used to study craniofacial and tooth 

abnormalities 

Due to our interest in craniofacial development, we also collaborated with Dr. Gilles 

Laverny (Team Pathophysiological role of nuclear receptor signaling – Dr. Daniel Metzger) in 

a project characterizing dental and bone alterations in a mouse with a point mutation in the 

ligand binding domain of the vitamin D receptor (VDR). This highly specific vitamin D ligand 

(gemini) can exert potent anti-inflammatory and antiproliferative actions. Gemini mice can be 

used to elucidate the importance of the vitamin D ligand in tissue mineralization and define 

vitamin D targets. VDRgem mice, which have a point-mutated vitamin D receptor, have a greater 

severity of tooth and alveolar bone defects than VDR-null mice. These mice have reduced 

alveolar bone density, abnormal root and pulp morphology, and severely hypocalcified alveolar 

bone and dentin. Additionally, VDRgem mice display hypomineralized enamel structures. The 

importance of this study is we show mutants with the complete absence of VDR display less 

severe defects bone/dental defects than VDRgem mice.  We can thus conclude that an unliganded 

vitamin D receptor has a worse physiological consequence for bone and tooth formation 

(compared to a total absence of the VDR receptor). Vitamin D indeed acts through its receptor 

allowing bone and tooth to accumulate sufficient calcium and phosphorous required for 

structural integrity. Low vitamin D3 levels afflicts more than 1 billion children and adults 

worldwide [129]. Increasing vitamin D3 intake or its skin photosynthesis will likely improve 

bone and tooth integrity in humans. This can be further concluded from results on VDRgem 

mice- the most severe example of how the unliganded VDR receptor can have possible 

detrimental effects. 
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Therapeutic treatments in rare diseases: a global view 

When it comes to rare diseases and the unique issues they present, having an effective 

animal model that exhibits a phenotype that is equivalent to the human disease allows for the 

testing of functional hypotheses and the creation of bioengineering tools that could be 

advantageous to the entire population. On the other hand, a rare disease's molecular foundation 

might be considered while attempting a treatment already employed for other well-known 

disorders with comparable altered pathways. 

Researchers can utilize the outcomes of animal models to guide the design of human 

therapeutic trials if they show promising results. However, it is important to proceed cautiously 

and understand that human responses could vary from those seen in animals. 

Overall, animal models are essential for developing both medical and scientific 

understanding. To study and treat human diseases and biological processes, however, there are 

many steps that must be taken. Results are more thorough and dependable when data is 

combined from several sources, such as animal models, in vitro experiments, and clinical 

research. 

Using our expertise in orodental development, we were able to extensively characterize 

orofacial defects in all the mouse models that we studied. With the assistance and knowledge 

of specialists who study brain development, it was feasible to take a first step toward 

understanding the neurological impairments in the Rogdi mutant mouse.  

The fact that our Rogdi mutant mouse model presents all the known clinical features in KTS 

creates a novel model to investigate the origins of this disease and the unknown function of 

this protein.  

Testing the hypothesis that the Rogdi protein directs exocytosis and/or serves as a 

transcription factor that regulates the formation of enamel and the function of neurons, will 

develop a range of useful conceptual and practical tools for regenerative medicine. Our goal is 

to test for phenotypic rescue using pharmacological and gene therapy approaches. 

Molecule screening, for example, of proteins known to be part of the Rabconnectin-3 

complex, such as DMXL1, DMXL2, and WDR7 [64,106] could be worth testing to prove their 

connection with ROGDI function. 

Despite significant advancements in research to comprehend the molecular foundation and 

the development of specialized therapeutics, the majority of rare diseases still do not have 

recognized treatments. 

Antisense oligonucleotides (ASOs), small interfering RNAs (siRNAs), gene and cell 

therapies, as well as protein-based treatments are possible experimental treatment strategies in 

Rodgi mouse mutants (along with other rare disease mouse models). For example, RNA seq 

analysis has revealed potentially critical protein targets in Rodgi mouse mutants. In these cases, 

protein‐based targeted re-expression can serve to modulate these targets and replace the 

dysfunctional or missing proteins. ASOs, siRNAs and gene and cell therapy are more relevant 

to transcription factor targets and/or compensation for dysfunctional intracellular proteins. 
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Together, these treatment modalities enable an extensive coverage of targets and mechanisms, 

which can be expanded by combining different approaches [108]. 

Currently,  there is a great interest in using cellular disease models including pluripotent 

stem cells, organoids, along with technologies for more rapid gene editing such as CRISPR-

Cas9 [130,131]. Collectively, such advances in technology will be relevant at the translational 

research level. 

In addition to the aforementioned experimental strategies, we can consider repurposing 

medications that have already been demonstrated to be safe and well tolerated in other 

conditions. Here, the logic is to adapt rare disease symptomatic treatment(s) in shared pathway 

for intervention strategies. The specificity of such an approach will improve as rare disease 

phenotype screening advances [108]. 

We must also work together to address common obstacles. Some of the issues include access 

to data from electronic medical records and patient-specific clinical outcomes [108]. 

Today, much research done in rare diseases is abandoned well before it even reaches the 

clinic and even the preclinical stage. Despite the fact that the number of orphan drug 

designations is continuously rising worldwide, approved orphan medications only treat a small 

percentage of rare diseases [14]. 

Finally, it should be noted that, despite the fact that a rare disease affects only a small 

number of people, collectively there are more than 400 million patients suffering from a rare 

disease worldwide. 
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Intitulé de la thèse : ROGDI- une nouvelle protéine avec un motif leucine-

zipper-régulant le développement neurologique et orofacial 

Introduction 

Au sein de l'Union Européenne, une maladie est dite rare lorsqu'elle touche moins d'une 

personne sur 2000. Plus de 7000 maladies rares sont décrites et chaque semaine de nouvelles 

maladies rares sont identifiées. 80 % des maladies rares ont une origine génétique. Les maladies 

rares touchent 3 à 4 millions de personnes en France et près de 25 millions en Europe [14]. 

Pour de nombreuses maladies rares, en raison d'un déficit de connaissances tant médicales que 

scientifiques, de nombreux patients ne sont pas diagnostiqués et leur maladie reste non 

identifiée. Un examen attentif de la cavité buccale peut fournir des informations précieuses 

pour un diagnostic plus précoce, plus rapide et plus précis des telles maladies [16,17]. 

Depuis 2004, la France est un des principaux acteurs mondiaux dans le domaine des 

maladies rares grâce à des stratégies nationales, notamment la mise en place de 23 réseaux de 

santé et du Centre de référence pour les maladies bucco-dentaires rares (CRMR O-Rares). Ce 

réseau contribue au diagnostic des maladies rares, à la mise en œuvre des thérapies et à 

l'organisation de la prise en charge des patients. 

Les recherches menées par le CRMR O-Rares intègrent des approches cliniques, 

précliniques, bio-informatiques, génétiques et biologiques, y compris des approches 

développementales. Les principaux objectifs du CRMR O-Rares comprennent l'étude des 

anomalies bucco-dentaires d'un point de vue phénotypique, génotypique et fondamental. Des 

équipes scientifiques et cliniques multidisciplinaires ont collaboré au développement d'outils 

de diagnostic performants et de nouvelles méthodes thérapeutiques. De plus, en collaboration 

avec l’Institut Clinique de la Souris (ICS), il a été possible de générer de nouveaux modèles 

murins de maladies rares, permettant l'exploration phénotypique à l'aide de techniques 

d'imagerie. La compréhension des mécanismes développementaux et physiopathologiques peut 

conduire à des thérapies innovantes telles que la régénération de l'os maxillaire et l'ostéo-

intégration des implants dentaires. 

La caractérisation d’anomalies dentaires et buccales s’est avérée être un outil essentiel pour 

la détection précoce de certaines maladies rares. Plus de 950 maladies rares présentent des 

anomalies du développement bucco-dentaire, souvent causées par des mutations génétiques. 

Les anomalies peuvent affecter la forme, la structure interne et la topographie des dents et 

peuvent être isolées (sans autres symptômes ou anomalies associées) ou faire partie d'un 

syndrome. Les modèles murins porteurs de mutations ciblées de gènes jouent un rôle 

déterminant dans la compréhension des mécanismes moléculaires qui déterminent la 

morphogenèse dentaire [26]. 

Les dents sont des organes d’origine ectodermique qui se développent selon une série de 

stades morphologiques distincts, impliquant des interactions entre l'épithélium buccal et 

l'ectomésenchyme. L'odontogenèse est un processus complexe impliquant des interactions 

génétiques, moléculaires et cellulaires. Elle comprend la formation de la lamina dentaire, le 
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stade des placodes dentaires, le stade du bourgeon, de la cupule et de la cloche, suivis de la 

cytodifférenciation terminale des odontoblastes et des améloblastes. La formation des racines 

et l'éruption des dents ont alors lieu [26,27]. Outre son intérêt propre, l’étude de l’odontogenèse 

est un bon modèle pour comprendre les principes moléculaires généraux de l'organogenèse. 

L’émail est une structure d’origine ectodermique, constituée à 96-98% de minéral sous la 

forme de cristaux d’hydroxyapatite. Sa formation implique les améloblastes, cellules post-

mitotiques issues de l’ectoderme oral, qui sécrètent une matrice extracellulaire organique 

spécifique, hautement organisée, d'épaisseur définie. Chez les mammifères, l’amélogenèse 

peut être divisée en trois étapes : pré-sécrétion, sécrétion et maturation [42]. Concomitamment 

à l’étape de minéralisation de cette matrice, des enzymes spécifiques éliminent le contenu 

protéique pour permettre la minéralisation complète pendant cette phase de maturation.  

Au cours de la phase de sécrétion, les améloblastes libèrent des protéines (EMP, Enamel 

Matrix Proteins) qui contribuent à la matrice de l'émail. Ces EMP comprennent l'amélogénine 

(AMEL), l'améloblastine (AMBN) et l'énaméline (ENAM). Au cours de la phase de 

maturation, des enzymes comme la métalloprotéinase matricielle 20 (MMP20) et la kallikrein 

4 (KLK4 une peptidase dépendante du calcium), clivent les EMP nouvellement sécrétées en 

divers fragments dérivés, essentiels pour la minéralisation [7]. Tout au long de la phase de 

sécrétion, les cristaux d'émail augmentent principalement en longueur, et la couche d'émail 

s'épaissit. Des perturbations au cours de la phase de sécrétion entraînent un amincissement ou 

une hypoplasie de la couche d'émail finale. À un certain stade du programme de 

développement, la phase de maturation commence et les améloblastes subissent une transition 

qui non seulement réduit leur activité de sécrétion de protéines de l'émail, mais initie également 

la sécrétion de la kallikréine 4 (KLK4), une sérine protéase qui dégrade la matrice organique, 

facilitant ainsi son élimination du compartiment extracellulaire [7,44]. À la fin de cette étape, 

l'émail a terminé sa minéralisation. Des perturbations au cours de la phase de maturation de 

l'amélogenèse se traduisent par un émail anormalement mou (hypomaturation) alors qu'il est 

d'épaisseur normale. Ce stade de l'amélogenèse est caractérisé par une modulation (ou cycle) 

de l'homéostasie du pH dans l'environnement de la matrice de l'émail en voie de minéralisation 

[46]. Le cycle du pH implique la transformation cyclique des améloblastes à bordure plissée 

(RE, ruffled-ended) face à un émail légèrement acide, en améloblastes à bordure lisse (SE, 

smooth-ended) à proximité d'un émail au pH neutre [8,47,54] . 

Les amélogenèses imparfaites (Amelogenesis Imperfecta, AI) constituent un groupe 

hétérogène de maladies affectant la formation de l'émail dentaire [68,69]. L'AI peut se présenter 

comme une maladie isolée ou coexister avec d'autres anomalies et symptômes dans le cadre de 

troubles syndromiques tels que le syndrome de Kohlschütter-Tönz [95].  

Le syndrome de Kohlschütter-Tönz (KTS, OMIM #226750, ORPHA : 1946) est une 

maladie génétique rare à transmission autosomique récessive. Il se caractérise par une épilepsie 

d’apparition précoce, une régression psychomotrice, une déficience intellectuelle et des défauts 

de l'émail. Il est causé par des mutations dans le gène ROGDI, codant pour une protéine de 

fonction encore inconnue mais hautement conservée au cours de l’évolution parmi les espèces, 

notamment chez Caenorhabditis elegans, Drosophila melanogaster, Danio rerio, Xenopus 

laevis et Mus musculus, ce qui suggère un rôle fonctionnel important [17,68,80,81]. Après la 
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première description du syndrome en 1974 [82], et la découverte d’une mutation du gène 

ROGDI (localisé en 16p13.3, et constitué de 11 exons, 5.98 kb) en 2012, plusieurs types de 

mutations non-sens, affectant un site d'épissage, et/ou provoquant un décalage du cadre de 

lecture ont été publiées, délimitant un phénotype similaire chez d'autres individus affectés par 

ce syndrome [17,77,81,83–85]. 

L'épilepsie débute généralement au cours de la première année de vie et les crises sont 

souvent résistantes au traitement, même avec les nouveaux médicaments antiépileptiques. Les 

signes cliniques et biologiques ne sont pas spécifiques de la maladie, à l'exception du phénotype 

bucco-dentaire ; ce dernier est donc essentiel pour le diagnostic clinique du KTS [84]. Tous les 

individus affectés présentent une coloration variable jaune à brune des dents temporaires et 

permanentes dès leur éruption, pathognomonique d'une amélogenèse imparfaite (AI) 

hypominéralisée. 

Dans les KTS associés aux mutations du gène ROGDI, l'AI est caractérisée par une 

hypominéralisation et des défauts de maturation avec des surfaces dentaires rugueuses de 

couleur brun orangé [77]. Des perturbations au cours de l'étape de maturation engendrent un 

émail moins minéralisé, anormalement riche en protéines, cliniquement coloré, mou et poreux, 

mais d'épaisseur normale. Comme mentionné plus haut, cette étape de l'amélogenèse est 

modulée par le contrôle de l'homéostasie du pH dans l'environnement de la matrice de l'émail. 

Cette modulation (ou cycle du pH) est importante pour permettre une fonction optimisée des 

enzymes dégradant la matrice extracellulaire [8]. 

Il existe peu d'informations pour comprendre la pathophysiologie conduisant au phénotype 

du KTS lorsque ROGDI est muté. L'analyse de l'expression de ROGDI humain par PCR 

quantitative (détection des ARNm) indique une expression dans le cerveau, la moelle épinière, 

le sang, le cœur et la moelle osseuse [81]. Chez le rat, la localisation des transcrits aux sites 

présynaptiques neuronaux suggère que Rogdi pourrait réguler l'exocytose des protéines. Les 

transcrits sont présents dans deux types importants de synapses dans l'hippocampe : celles des 

fibres moussues et les synapses hilaires [95]. La physiopathologie de l'épilepsie implique des 

défauts de transmission de l'acide gamma-aminobutyrique (signalisation GABAergique) 

connus pour induire des troubles du sommeil. Il a été démontré qu'un homologue de Rogdi 

chez la drosophile agit comme un facteur favorisant le sommeil en soutenant un sous-ensemble 

spécifique de transmissions GABAergiques. De manière intéressante, les mouches mutantes 

pour Rogdi présentent des troubles du comportement semblables à ceux de l'insomnie, 

caractérisés par une fragmentation du sommeil et des retards dans l'initiation du sommeil [83]. 

Chez la souris, Rogdi est exprimé pendant l'odontogenèse depuis le stade de la cupule au stade 

embryonnaire E14.5 [17]. Concernant la localisation cellulaire, la protéine ROGDI est localisée 

dans l'enveloppe nucléaire des cellules humaines en culture [81].  

La structure cristalline de la protéine ROGDI (287 acides aminés, 32 kD) humaine permet 

de définir 2 domaines, un domaine alpha, avec un faisceau de quatre hélices de type leucine-

zipper (ZIP), et un domaine de feuillets bêta. Le motif de type ZIP dans le domaine alpha 

semble médier les interactions intramoléculaires, contribuant à la structure globale et à la 

stabilité d'une protéine ROGDI monomère. La perturbation du faisceau des quatre hélices suite 
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à des mutations semble entraîner une déstabilisation significative de la structure de la protéine 

[68]. 

Malgré les informations et les données publiées sur ROGDI, sa fonction reste inconnue à ce 

jour. 

Des patients atteints du syndrome de Kolschütter-Tönz ont été diagnostiqués et pris en 

charge au Centre de référence des maladies rares orales et dentaires (CRMR O-Rares) des 

Hôpitaux Universitaires de Strasbourg. Le diagnostic clinique a été confirmé au niveau 

moléculaire par séquençage d’ADN via le panel NGS GenoDENT [19] identifiant des 

mutations pathogènes dans ROGDI. Afin d'avoir un meilleur aperçu de la compréhension de la 

maladie et de la fonction de ROGDI, et pour explorer les options de traitement, un modèle 

murin portant une mutation de perte de fonction dans Rogdi a été créé à l'Institut Clinique de 

la Souris (grâce à des financements via les programmes Interreg IV et V RARENET). La 

stratégie choisie a conduit à supprimer les exons 6 à 11 afin de mimer le génotype de certains 

patients KTS traités au sein du CRMR O-Rares de Strasbourg.  

Les objectifs de mon travail de thèse ont été d'analyser ce mutant de souris Rogdi-/- pour 

comprendre le rôle de Rogdi pendant le développement et les mécanismes pathophysiologiques 

sous-tendant les anomalies et symptômes rencontrés dans le KTS. La caractérisation du rôle de 

Rogdi facilitera la compréhension du phénotype rencontré dans cette maladie, notamment en 

ce qui concerne les anomalies dentaires et neurologiques, et permettra de proposer des pistes 

pour améliorer la prise en charge des patients.  

Dans une première partie, cette thèse décrit les amélogenèses imparfaites [98,99] et les 

phénotypes spécifiques de l’émail rencontrés dans les maladies rares chez l’homme, qu’elles 

soient isolées ou syndromiques, ainsi que dans les modèles murins de ces maladies [132]. Elle 

détaille ensuite les travaux menés sur le modèle murin inactivé pour le gène Rogdi et 

récapitulant le phénotype rencontré dans le KTS grâce à des approches comportementales, 

histologiques et moléculaires.  

 

Les résultats sont ici résumés : 

Chapitre 1 : Maladies oro-dentaires rares  

Le premier chapitre de ma thèse donne un aperçu des maladies orodentaires rares et de la 

recherche clinique corrélant le phénotype et la génétique.  

L'amélogenèse imparfaite (AI) est l'objet principal de cette thèse. L'amélogenèse imparfaite 

est observée dans un groupe hétérogène de maladies caractérisées par une perturbation du 

développement de l'émail. Nous proposons une évolution dans la classification des phénotypes 

de l'AI. Pour cela nous avons utilisé les outils du séquençage de nouvelle génération (NGS) 

pour classer ce groupe de maladies au niveau moléculaire et au niveau clinique. La 

classification utilisée jusqu'à présent a été décrite par Witkop en 1988 [78], divisant les AI en 

4 types selon la nature des défauts de l'émail et le mode de transmission (Type I hypoplasique, 
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Type II hypomature, Type III hypominéralisé, et Type IV hypomature/hypoplasique avec 

taurodontisme). Il existe actuellement plus de 100 gènes connus pour être à l'origine d’AI. Au 

centre de référence des maladies rares bucco-dentaires (CRMR O-Rares, Strasbourg), les 

patients présentant une AI ont été recrutés et évalués selon le protocole D4/phenodent 

(www.phenodent.org).  

Nous avons utilisé un panel spécialisé de séquençage de nouvelle génération (NGS) appelé 

GenoDENT [19], pour étudier un groupe de patients atteints d'AI afin d'identifier la cause 

génétique de la maladie et d'améliorer le diagnostic et le traitement. Une cohorte de 115 patients 

présentant une AI isolée (73 %) ou syndromique (27 %) a été recrutée et évaluée. Le panel 

GenoDENT, qui étudie 567 gènes à la fois, a été utilisé pour l'analyse moléculaire. Les résultats 

ont été mis en corrélation avec le phénotype du patient pour parvenir à un diagnostic final. 

Dans l'AI isolée et syndromique, l'AI la plus fréquente est le type hypoplasique, suivi du type 

hypomature et du type hypominéralisé. Ces analyses ont permis de clarifier la base moléculaire 

de la classification de l'AI de Witkop [98].  

Un deuxième article sur un rapport de cas intitulé "A novel homozygous variant in GJA1 

causing a Hallermann-Streiff/Oculodentodigital Dysplasia overlapping Phenotype: a clinical 

report" montre que grâce au séquençage d’exome (WES), il a été possible d'identifier un variant 

homozygote dans le gène GJA1 qui affecte la protéine connexine (CX) 43, provoquant un 

phénotype qui combine les caractéristiques cliniques du syndrome de Hallermann-Streiff 

(HSS, OMIM 234100) et de la dysplasie oculodentodigitale (ODD, OMIM 164200). L'une des 

caractéristiques cliniques des patients atteints de ces syndromes est le défaut d'émail. La 

protéine CX43 permet l'échange d'ions et de petites molécules d'une cellule à l'autre. Au cours 

du développement de l'émail, CX43 est impliquée dans le transport d'ions de la couche 

papillaire vers les améloblastes. 

Chapitre 2 : Les modèles murins 

De nombreuses lignées de souris génétiquement modifiées utilisées comme modèles pour 

des maladies rares reproduisent les anomalies crâniofaciales et dentaires observées chez 

l'homme. L’étude de ces modèles permet un examen plus approfondi des effets des 

dysfonctionnements moléculaires sous-jacents. Dans le cadre du réseau O-Rares, nous 

identifions, traitons et réalisons des criblages génomiques de patients présentant des anomalies 

crâniofaciales dentaires inhabituelles afin d'identifier les gènes candidats. En outre, il existe 

des modèles de rongeurs présentant des défauts de la dentine, de l'émail et d'autres tissus 

dentaires, ainsi que des mutations génétiques pour lesquelles aucune maladie humaine n'a 

encore été décrite. Ils apportent la preuve que les gènes mutés jouent un rôle dans le 

développement des dents et identifient de nouveaux gènes candidats potentiels chez l'homme. 
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Caractéristiques du modèle de souris inactivé pour Rogdi  

Les mutants de souris Rogdi (Rogdi-/-) sont viables ; néanmoins, les naissances ne sont pas 

observées à la fréquence attendue selon les lois de Mendel, car dans les croisements 

hétérozygotes, seulement 1/5 de la progéniture est Rogdi-/-. Aucune malformation aux stades 

embryonnaires (E9.5, E12.5) ou fœtaux (E14.5-18.5) n'a été observée chez les mutants Rogdi-

/-. Cependant, les animaux montrent une létalité précoce avec plus de 60% des mutants Rogdi -

/- ne survivant pas après l'âge de 12 semaines post-natales (PN). Après le sevrage, les mutants 

Rogdi -/- ont un poids significativement inférieur à celui des souris sauvages (WT). Cette 

différence de poids se maintient tout au long de la vie de l'animal.  

Rogdi et son rôle dans le neurodéveloppement 

Des crises tonico-cloniques généralisées d’apparition précoce, des crises myocloniques et 

des crises focales et généralisées ont été rapportées dans le KTS [84]. Concernant notre modèle 

murin, les souris Rogdi-/- n'ont pas présenté de crises épileptiques spontanées ou leur détection 

a échoué. Un test d'infusion de pentylènetétrazol (PTZ) a été effectué pour évaluer la 

susceptibilité des souris Rogdi -/- à développer une épilepsie induite. Les animaux mutants ont 

montré une plus grande susceptibilité que les souris témoin (WT), avec une apparition plus 

rapide des crises.  

Les personnes atteintes de KTS présentent des déficiences motrices et cognitives évidentes 

[17,68]. Les tests comportementaux évaluant ces caractéristiques chez les souris Rogdi -/- et les 

contrôles respectifs ont montré, chez les mutants, une activité locomotrice accrue pendant la 

première heure du test d’activité circadienne ainsi que pendant le test de reconnaissance de 

nouveaux objets, ce qui pourrait refléter un trouble d'hyperactivité chez les souris mutantes, 

caractéristique déjà décrite dans le KTS [80]. De plus, nous avons observé que les souris Rogdi-

/- présentent des troubles de la mémoire lors du test de reconnaissance de nouveaux objets. Ces 

résultats suggèrent que les souris Rogdi-/- présentent une déficience de la mémoire qui pourrait 

s’apparenter à la déficience intellectuelle sévère trouvée dans le KTS [17,81,84]. La fonction 

motrice des mutants a été testée à l'aide de tests de force de préhension (Grip strength) et de 

cylindre tournant (Rotarod). La force de préhension est significativement diminuée chez les 

souris femelles Rogdi-/-. Le test du Rotarod n'a indiqué aucune différence entre les groupes. 

Ces données indiquent qu'il n'y a pas de déficience motrice dans notre lignée, sauf chez 

certaines femelles. Les analyses histologiques des muscles tibial antérieur, gastrocnémien et 

quadriceps, faites en collaboration avec l’équipe de Jocelyn Laporte (IGBMC), n'ont révélé 

aucune variation significative entre les souris Rogdi-/- et WT.  

Concernant l’expression de Rogdi, nous avons détecté par hybridation in situ ses transcrits 

à partir de E12.5, dans les tissus du neuroépithélium, y compris le cerveau, la moelle épinière 

et les ganglions spinaux. Une expression dans le foie et l'endothélium vasculaire est également 

apparente à ce stade. À E14.5, l'expression persiste dans le système nerveux central, y compris 

dans les ganglions trigéminés et spinaux. Un signal positif a également été observé dans le foie 

et les reins. Dans le cerveau adulte de 7 semaines, l'expression enrichie dans l'hippocampe et 

le cervelet suggère un rôle persistant de Rogdi dans le développement de ces structures. 
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Les analyses histologiques des cerveaux au jour post-natal (PN)15 ont montré une 

organisation altérée de certains lobules cérébelleux (simplex, crus II, paramédian) des souris 

Rogdi-/-. Ces altérations traduisent un retard de développement. De plus, les souris mutantes 

présentent des défauts d'organisation des composants de l’hippocampe, notamment un défaut 

de croissance de l'arborisation dendritique basale des cellules pyramidales de la corne 

d'Ammon 1 (CA1). 

Rogdi et son rôle dans le développement crâniofacial et l’amélogenèse  

L'analyse morphométrique des souris Rogdi-/- et WT âgées de 8 semaines, réalisée à partir 

de l’imagerie micro-CT (μ-CT), n'a révélé aucun changement significatif chez les femelles, 

alors que chez les mâles, on a constaté la présence de bosses pariétales et des variations dans 

la partie antérieure du crâne, montrant une tête plus courte et plus large chez les mutants Rogdi-

/- que chez les contrôles (WT). 

À l'âge adulte, des anomalies dentaires ont été observées chez les souris mutantes. D'un 

point de vue phénotypique, les souris mutantes Rogdi-/- présentent des défauts sévères de 

l’émail. Normalement, la surface labiale des incisives de rongeurs présente une pigmentation 

de couleur jaune/orange, en raison de la présence d’environ 0,03 % de fer dans l'émail [133]. 

Les mutants Rogdi-/- montrent un éclaircissement crayeux prononcé de l’émail, avec des taches 

blanches suggérant une fragmentation ou un "effritement" plus prononcé à la base des incisives 

inférieures ; les molaires étaient abrasées et plus arrondies avec une perte d'émail du côté 

occlusal exposant la dentine. Cette attrition indique des défauts structurels dans l'intégrité de 

l'émail. L'aspect plus blanc et la brillance réduite de la surface correspondent à une épaisseur 

d'émail réduite et à un émail sous-minéralisé, un phénotype typique rencontré dans les modèles 

de souris avec une AI [134,135].  

En ce qui concerne les changements de densité et de volume de l'émail, il a été possible de 

montrer une différence significative de densité chez les mutants Rogdi-/- par rapport aux souris 

de type sauvage. La microscopie électronique à balayage (MEB) a montré que l'organisation 

prismatique et le modèle de croisement de ces prismes d’émail étaient conservés dans l'émail 

des souris Rogdi-/-. Les prismes d'émail étaient cependant dépourvus de cristaux, comme dans 

d'autres modèles de souris AI [57,135]. L'émail des incisives de souris témoin présentait une 

structure cristalline normale, tandis que les incisives de souris Rogdi-/- étaient hypo-

minéralisées, démontrant un phénotype sévère de l'émail. Les niveaux de calcium et de 

phosphore étaient réduits par rapport aux souris témoins. Les niveaux de carbone indiquant la 

teneur en protéines étaient plus élevés chez les mutants et ne différaient pas entre le stade de 

maturation et d'émail minéralisé, ce qui suggère une absence de dégradation de la matrice 

protéique de l'émail pendant le stade de maturation de l'amélogenèse chez les mutants.  

Il est possible que les souris Rogdi-/- présentent une altération du cycle du pH, contribuant 

aux défauts de maturation de l'émail. L’altération du pH a été testée chez les souris mutantes 

avec la solution indicatrice de pH rouge de méthyle qui colore l'émail. Chez les souris Rogdi-/-

, aucune bande rouge donc acide n'a été observée, contrairement aux souris WT, ce qui suggère 

qu'il n'y a pas de changement de pH pendant l'amélogenèse, une anomalie qui pourrait 

fortement perturber la minéralisation de l'émail. 
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L'analyse histologique de souris WT et Rogdi-/- a montré des différences à l’échelle 

cellulaire et tissulaire dans la couche améloblastique, qui chez les mutants est désorganisée et 

dans laquelle les améloblastes sécrétoires et de maturation sont légèrement plus courts et 

semblent moins polarisés, avec un noyau plus rond que chez les souris témoin. Le stratum 

intermedium sous-jacent et le réticulum stellaire collapsé à l'épithélium dentaire externe étaient 

également désorganisés. Ces altérations histologiques attestent du rôle critique de Rogdi 

pendant l'amélogenèse. 

Notre analyse par hybridation in situ a montré que pendant le développement de la dent, 

Rogdi était exprimé depuis le stade de la lame dentaire à E12.5, au stade de la cupule à E14.5, 

au stade de la cloche à E16.5, et au stade postnatal (PN)1 tant dans les compartiments 

ectodermiques qu’ectomésenchymateux. Les transcrits de Rogdi montrent un enrichissement 

dans les améloblastes et les odontoblastes. A PN5, un signal fort a été observé dans les 

améloblastes uniquement, ce qui pourrait refléter un rôle critique de Rogdi dans l'amélogenèse. 

En ce qui concerne l'expression de la protéine Rogdi, l'immunohistochimie n'a pas montré 

d'expression significative de Rogdi pendant le développement de la dent aux stades 

embryonnaires (peut-être en raison de limites dans la sensibilité de détection). Aux stades 

postnataux, elle semble être enrichie dans la partie apicale des améloblastes. 

En recherchant l’interactome de Rogdi avec d’autres protéines, nous avons trouvé grâce à 

l’aide de Gergo Gogl (IGBMC) dans Bioplex Explorer [136] que Rogdi interagit avec Atp1a2, 

Atp2a1, Myh7, Myh8, Tuba3c, Nudt3, Wdr7, Dmxl1 et Dmxl2. Ces trois dernières protéines - 

Wdr7, Dmxl1 et Dmxl2 - sont associées à la V-ATPase [64,106]. Les V-ATPases sont des 

pompes à protons, essentielles pour l'acidification des endosomes, des lysosomes et du réseau 

trans-Golgi, ainsi que pour la sécrétion d'acide par les ostéoclastes, les cellules intercalaires du 

rein et certaines cellules tumorales [64]. Rogdi serait la protéine Rav2 du complexe RAVE 

favorisant la réassociation du complexe V-ATPase.  

Dans notre modèle de souris Rogdi-/-, nous avons trouvé des résultats qui confirment le lien 

entre ROGDI et V-ATPase. Les mutants Rogdi-/- présentent de fortes réductions de 

l'acidification de l'émail, ce qui explique probablement la détérioration morphologique de la 

structure de l'émail. Les données de séquençage d’ARN des incisives des mutants PN5 

montrent une augmentation des niveaux de Slc9a3r2, Atp6v0c et Wdr72, qui interagissent avec 

le complexe acidifiant V-ATPase et les protéines DMXL1 et DMXL2. Ces changements 

affectent probablement la régulation du pH, perturbant l'acidification pendant l’amélogenèse 

[117]. 

Les souris Rogdi-/- ont par ailleurs un estomac distendu et rempli de nourriture non digérée. 

Le contenu de l'estomac des souris Rogdi-/- avait un pH de 6 au lieu d'un pH acide entre 3 et 4. 

Dans l'estomac, la V-ATPase peut servir de voie supplémentaire pour la sécrétion d'acide ou 

de mécanisme interne de tamponnement des protons [118,119]. Des défauts dans l'acidification 

des organites de l'améloblaste qui limitent la dégradation des protéines de l'émail peuvent 

causer l'amélogenèse imparfaite [8,47]. Les altérations de la V-ATPase peuvent également 

aggraver ou produire des cancers, des maladies neurodégénératives, des diabètes et perturber 

les fonctions de détection de l'énergie et des nutriments au sein des cellules [120]. 
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Pour confirmer et détailler ces données, nous avons réalisé un séquençage de l'ARN dans 

les incisives inférieures postnatales de 5 jours (PN5) de souris WT et Rogdi-/-. Les données ont 

confirmé la diminution de l’expression de divers gènes, pouvant affecter les voies de la 

neurodégénérescence et des synapses, la signalisation calcique, les jonctions serrées et les 

réseaux de signalisation de la voie Wnt. Les gènes dont l'expression est réduite à PN5 

comprennent Lama3, Itgb6, Enam, Acp4, Amelx, Ambn, Lamb3 et Col17a1, qui sont tous des 

gènes connus pour être impliqués dans les amélogénèses imparfaites. D’autres gènes impliqués 

dans les amélogenèses imparfaites tels que Car12, Cnnm4, Amtn, Ltbp3, Slc24a4, Lamb2, 

Wdr72, Gpr68 et Orai1 étaient régulés à la hausse. Slc9a3r2 et Atp6v0c sont régulés à la hausse 

dans nos données, et ces deux protéines font partie du complexe V-ATPase. Wdr72 est 

également régulé à la hausse, et ce gène a été décrit comme un homologue de WDR7 (codant 

pour une protéine du complexe V-ATPase). 

Un modèle de souris avec une mutation du récepteur de la vitamine D (VDR gemini) 

utilisé pour étudier les anomalies craniofaciales et dentaires 

Dans le cadre d’une collaboration avec l’équipe de Daniel Metzger et Gilles Laverny 

(IGBMC), j’ai également eu l’occasion d’étudier un nouveau mutant de souris pour le gène du 

récepteur de la vitamine D (VDR). La vitamine D est un régulateur endocrinien essentiel de 

l'absorption des minéraux. Elle est cruciale pour la formation correcte du squelette et des dents 

[137], et la signalisation par la vitamine D peut être ligand-dépendante ou ligand-indépendante 

en fonction du gène-cible [138]. Les cibles essentielles du récepteur de la vitamine D sont des 

régulateurs homéostatiques de l'absorption des minéraux, assurant la croissance des os d'une 

manière structurellement intégrée [137]. Chez les rongeurs, la minéralisation anormale due à 

une déficience en vitamine D modifie de façon permanente la composition de la dentine et de 

l'émail et peut altérer la morphologie de la dent [139–141]. Les mutants "conventionnels" VDR-

/- (VDR-null) ont été utilisés pour comprendre comment les cibles moléculaires de la 

signalisation par la vitamine D régulent la minéralisation du squelette et des dents [142,143]. 

Pendant mon travail de thèse, j’ai pu analyser deux modèles de signalisation VDR-

déficiente, à savoir les lignées de souris mutantes VDR-null et VDRgem, pour mieux comprendre 

la signalisation VDR et son rôle pendant le développement des dents et des os. Les souris 

VDRgem expriment un VDR muté (VDRgem pour gemini) qui ne répond pas à la vitamine D 

[1,25(OH)2D3] endogène. Ce mutant peut donc être utilisé pour distinguer sélectivement les 

défauts du VDR qui dépendent du ligand (comme la minéralisation osseuse) et les phénotypes 

dus à l'absence de VDR non "ligandé", comme l'alopécie due à une anomalie des follicules 

pileux. Dans l'ensemble, les défauts dentaires et squelettiques sont plus graves chez les souris 

VDRgem que chez les souris VDR-null. Ces souris présentent une densité osseuse alvéolaire 

réduite, une morphologie anormale de la racine et de la pulpe, et une hypocalcification sévère 

de l'os alvéolaire et de la dentine. La vitamine D, agissant par l'intermédiaire de son récepteur, 

permet à l'os et à la dent d'accumuler suffisamment de calcium et de phosphore pour assurer 

leur intégrité structurelle. L'analyse transcriptomique globale a révélé une altération des voies 

de développement conférant à la vitamine D une action sur la croissance normale des dents et 

des os. 
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Conclusion 

En conclusion, les modèles animaux sont essentiels pour la compréhension médicale et 

scientifique des maladies rares et de leurs anomalies spécifiques. En utilisant des modèles 

murins présentant des phénotypes similaires à ceux de l'homme, les chercheurs peuvent tester 

des hypothèses fonctionnelles et développer de nouveaux traitements qui bénéficieront à 

l'ensemble de la population. La combinaison de données provenant de modèles animaux, 

d'expériences in vitro et de la recherche clinique permet d'obtenir des résultats plus complets 

et plus fiables.  

Le modèle de souris mutant inactivé pour Rogdi présente un phénotype superposable à celui 

retrouvé dans le KTS chez l’homme. Les défauts d'émail récapitulent une amélogenèse 

imparfaite. Les résultats d'immunohistochimie montrent une expression de Rogdi dans les 

améloblastes aux stades postnataux. Ce modèle montre également une susceptibilité à 

l'épilepsie, ainsi que des troubles de la mémoire et une hyperactivité.  

La génération de ce mutant a permis d’obtenir un nouveau modèle pour étudier la 

physiopathologie du KTS et explorer la fonction de cette protéine. Il est nécessaire de 

poursuivre les recherches sur le rôle de ROGDI au cours du développement du cerveau et des 

dents, afin d’envisager des stratégies thérapeutiques. En outre, le criblage de molécules et 

l’analyse fonctionnelle de protéines connues pour faire partie du complexe Rabconnectin-3, 

telles que DMXL1, DMXL2 et WDR7 pourrait permettre de les relier à la fonction de ROGDI 

et aux processus biologiques dont elles font partie.   
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ROGDI- une nouvelle protéine avec un motif 

leucine-zipper-régulant le développement 

neurologique et orofacial 
 

Résumé 

Une maladie est dite rare lorsqu'elle touche moins d'une personne sur 2000. Environ 900 

maladies rares sont associées à des anomalies bucco-dentaires et crâniofaciales. Les objectifs de 

cette thèse comprennent l'étude des anomalies orales, en particulier l'amélogenèse imparfaite, et 

la génération de modèles murins qui reproduisent les signes cliniques de ces maladies. Le 

syndrome de Kohlschütter-Tönz (KTS) est une maladie autosomique récessive rare causée par 

des variants du gène ROGDI. Les patients atteints du KTS souffrent de crises d'épilepsie, et 

présentent une déficience intellectuelle et une amélogenèse imparfaite. La protéine ROGDI est 

conservée chez les métazoaires, cependant, sa fonction reste inconnue. Nous présentons ici un 

nouveau modèle de souris knock-out Rogdi-/- qui récapitule la plupart des symptômes des patients 

atteints de KTS. Les souris Rogdi-/- ont des anomalies sévères de l'émail, avec un phénotype de 

type amélogenèse imparfaite. Ce mutant fournit un nouveau modèle pour étudier les origines du 

KTS et la fonction du gène Rogdi. 

Mots-clés : maladies rares, émail, amélogenèse imparfaite, modèles murins, syndrome de 

Kohlschütter-Tönz. 

 

Résumé en anglais 

A disease is defined as rare when it affects less than one in 2,000 people. Around 900 rare 

diseases are associated with oral and craniofacial anomalies. The main objectives of this thesis 

include the study of oral anomalies, specifically amelogenesis imperfecta, and the generation of 

mouse models that mimic the clinical features of these diseases. Kohlschütter-Tönz syndrome 

(KTS) is a rare autosomal recessive disorder caused by ROGDI variants. Patients with KTS 

display epileptic seizures, intellectual disability, and amelogenesis imperfecta. ROGDI is highly 

conserved across metazoans, however, its function remains unknown. Here, we describe a novel 

Rogdi-/- knockout mouse model that recapitulates most KTS patient symptoms. In particular, 

Rogdi-/- mutants display severe enamel defects, showing an amelogenesis imperfecta-like 

phenotype. This mouse mutant provides a novel model to investigate the origins of KTS and the 

function of the Rogdi gene. 

Keywords: rare diseases, enamel, amelogenesis imperfecta, mouse models, Kohlschütter-Tönz 

syndrome. 


