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ABSTRACT 

OF THE THESIS OF 

 

 

 

Josephine Michel Boueri  for  Master of Science 

       Major: Orthodontics 

 

 

Title: Genetic Basis of Familial Oligo-Hypo-Hyperdontia in Eastern Mediterranean 

Families 

 

Background: 

Tooth agenesis is one of the most common congenital malformations in humans. This may 

affect either the primary or permanent dentition and can range from 5 or fewer missing teeth 

(hypodontia), 6 or more (oligodontia), to complete absence of teeth (anodontia). Tooth 

agenesis may originate from either genetic or environmental factors. Hypodontia as 

genetically determined can either occur as an isolated condition (non-syndromic hypodontia) 

involving 4 common genes types: MSX1, PAX9, WINT10A and AXIN2 or can be associated 

with a syndrome (syndromic hypodontia). Early tooth development can lead also to 

supernumerary teeth known for “hyperdontia” which refers to the presence of extra teeth 

compared to a normal dentition. Genetic factors play a role in the occurrence of hyperdontia, 

but the isolated condition (non-syndromic hyperdontia) is rare compared to the syndromic 

condition.   

Objective:  

1. To gain more insight into the prevalence of dental agenesis and dental excess. 

2. Clarify the inheritance pattern of dental agenesis and dental excess. 

3. Highlight the concomitance of hypodontia/hyperdontia in one family. 

Methods: 

An initial cohort of 16 patients seeking orthodontic treatment at AUBMC will be recruited 

for the study. The patients were from different families affected by hypodontia, oligodontia, 

and hyperdontia. Inclusion criteria were: at least two generations affected in each family; 

agenesis ranging from 1 to ≥ 6 teeth, hyperdontia ≥ 1 tooth; no genetic syndromes or systemic 

conditions, no history of facial trauma, previous extractions, or orthodontic treatment. Tooth 

agenesis and hyperdontia were evaluated on panoramic radiographs and pedigrees were 

established using the progeny software. Whole exome sequencing will be performed on all 

family members and variants would be analyzed using the Illumina variant studio based on 

minor allele frequency of <1% concomitant with a segregation of the genotype with the 

underlying phenotype. 
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A second cohort study will be conducted on the affected members (with dental agenesis) of 

the included families and their relatives to evaluate the dental and arches dimensions 

compared to control groups. The group are as follow: group 1 (affected patients N=18); group 

2 (control of group 1 N=18); group 3 (relatives of group 1: non affected N=10) and group 4 

(control of group 3 N=10). The inclusion criteria for the control groups are: no dental 

extractions or implant restorations; no genetic syndromes or systemic conditions, no history 

of facial trauma and no orthodontic treatment. Variables assessed were: dental crown width 

and length; root length; maxillary/ mandibular arch perimeters: arch circumference available, 

required and deficiency; maxillary/ mandibular inter-molar and inter-canine widths. 

 

Results:  

Most of the pedigrees suggest a Mendelian inheritance pattern and segregate in an autosomal-

dominant manner. Pedigree analysis indicated an equal number of reported generations per 

family (n=3-4), number of families with female predominance (n=11), number of families 

with male predominance (n=4) and families with equal number of reported affected males 

and females (n=1). Genetic screening did not show any aberration in the previously reported 

genes linked to hypodontia/hyperdontia, but did point out to 14 potential candidate novel 

genes (CRACR2A, PER3, NOV/CCN3, EDAR, APCDD1, CDH26, NME8, LAMC2, 

LIMD1, WNT10A, FGFBP1, DFFA, OR10A6 and DYRK1A) that could be implicated in 

hypodontia/hyperdontia.  

Dental evaluation through panoramic x-ray and intra-oral 3D scans from the 8 families 

having hypodontia, confirmed a reduced arch dimension, less crowding and smaller teeth 

with shorter roots in the affected group compared to the control and to their relatives. In 

addition, dental evaluation confirmed as well that the relative group have smaller arch and 

dental dimensions compared to the control group and larger compared to the affected group.  

Conclusion: 

This study gains its strength and novelty from its design as it is the first genetic study on 

large families having hypodontia alone (n=5), hyperdontia alone (n=1) and combined hypo 

and hyperdontia (n=3) in the Eastern Mediterranean population using the NGS/WES.  

An “accordion pattern” exists between the two phenotypes:  

Hypodontia is an evolutionary effect and hyperdontia is a compensatory effect.  

A “continuum pattern” exists between all groups for all dental variables:  

Teeth crowns tend to get thinner and shorter, and root length tend to get shorter as we move 

from control to non-affected to agenesis group. 
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CHAPTER I 

INTRODUCTION 

A. Background  

A tooth is defined to be congenitally missing if it has not erupted in the oral cavity 

and not visible on radiographs. The use of panoramic radiography is recommended, along 

with clinical examination in detecting or confirming dental agenesis.(Thesleff, 2000)   

Hypodontia (dental agenesis) is the most common developmental anomaly in 

humans (0.3-2.4% and 2.8-8% in primary and permanent dentition respectively),  

constituting a clinically challenging problem and genetics play a fundamental role in its 

etiology (Garib et al., 2010). Several studies of odontogenesis at the molecular level, 

mostly using mouse teeth as models, have indicated that the development of teeth is under 

strict genetic control, which determines the position, number, size, and shape of teeth.(Arte, 

2001)  

Three types of dental agenesis are to be mentioned according to the number of 

teeth missing: Hypodontia is when less than six teeth are missing; Oligodontia when equal 

or more than six teeth are missing; Anodontia is when all teeth are missing excluding third 

molars. (Arte, 2001; Symons et al., 1993).  

Dental agenesis is frequently associated with various dental anomalies such as:  

• Craniofacial development defects (especially maxillary retrognathism and reduced 

anterior facial height). 

• Reduction in jaw size. 

• Abnormal occlusion, the severity of which is dependent on the number of missing teeth. 
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• Reduction in tooth dimensions (microdontia) and morphology or dental malformation (ex: 

peg shaped lateral incisors), delays of development, root anomalies, abnormal positions 

(ectopias and transpositions) and enamel hypoplasia.(Arte, 2001; Miletich and Sharpe, 

2003) 

These different dental anomalies commonly appear together in the same patient; 

which can be explained by the fact that a certain genetic mutation might cause a series of 

different phenotypic expressions. (Baccetti, 1998; Garn and Burdi, 1971; Peck et al., 1996)  

Teeth agenesis affects mostly the last element within each category of teeth: 

incisors, canines, premolars, molars (Figure I) (De Coster et al., 2009a). The most common 

teeth to be missing are the mandibular second premolars (20.3 and 18.1%) followed by the 

maxillary lateral incisors (17.8 and 17.7%) and the maxillary second premolars (7.4 and 

6.3%). (Gracco et al., 2017; Polder et al., 2004; Symons et al., 1993) 

 

 Figure I.1: Teeth categories and dental agenesis 

 

Early defect in tooth development can lead also to supernumerary teeth known for 

“hyperdontia” which refers to the presence of extra teeth compared to a normal dentition. 
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(Wang et al., 2018). Hyperdontia may occur in both dentitions, unilaterally or bilaterally 

and in both jaws. While mesiodens, which is a supernumerary tooth located between the 

maxillary central incisor, is the most frequent type of supernumerary tooth, multiple 

supernumerary teeth are rare in individuals with no syndromes associated. (Rajab and 

Hamdan, 2002). 

 

B. Significance 

Identifying the candidate genes responsible for the dental agenesis/supernumerary 

and its familial transmission in different Mediterranean population is a major advancement 

in orthodontics because it can help comprehend the molecular mechanisms of dental 

development and how gene mutation at different levels can affect dental development. 

Also, better understanding of the specific genes contributing to variation in the risk for 

dental agenesis/excess in the Mediterranean population can help estimate the genetic 

susceptibility to this condition in families with affected individuals. By extension, the 

research emphasizes the need for early diagnosis and treatment.   

In addition, by early forecast of the condition following a blood test to assess the 

patient’s genes, earlier treatment may be instituted (if needed) to try to intercept the 

development of malocclusion if possible or to minimize its severity. More importantly, 

present intervention in case of dental agenesis, is in favor to prevent later dental implants or 

decrease their number and manage spaces in severe cases of hypodontia. Such achievement 

can improve treatment modalities and outcome and help in the prevention of moderate to 

severe cases where maxillofacial surgery might be needed or facilitate it.  



18 

 

Recent gene mapping and linkage analysis give hope that the genetic determinants 

of dental development in general and hypo/hyperdontia in particular will be better 

understood in the near future.  

An emphasis should be placed on studying the heritable pattern of dental agenesis 

and/or supernumerary. However, only a few genome-wide family-based linkages have been 

performed in different ethnic populations to identify the gene(s) involved in the trait, and 

no previous study was conducted in the Mediterranean population, underscoring the fact 

that the genetic determinants of dental agenesis and/or excess remain unclear. 

In this study, the genetic determination is based on the assumption that dental 

agenesis/excess is genetically determined. Accordingly, the inclusion criteria were set in a 

stringent way that may lead to proper identification of a candidate gene(s). 

 

C. Research objectives 

The aims of this study are to: 

1. Clarify the Inheritance pattern of dental agenesis in Mediterranean population especially 

Arab population. 

2. Explore the concomitance between hypo/hyperdontia in one family in Mediterranean 

population. 

3. Compare between the genotype of families having isolated teeth agenesis and families 

having concomitant hypo/hyperdontia. 
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D. Hypothesis 

Our main hypotheses are:  

1- Specific candidate loci and genes have an etiological role in the susceptibility to dental 

agenesis in the Mediterranean population.  

2- Inheritance may be related more to dental agenesis than dental excess. 
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CHAPTER II 

LITERATURE REVIEW 

A. Definitions and concepts 

1. Dental morphogenesis: 

Dental morphogenesis and differentiation are part of the embryonic development 

and the result of complex interactions between the ectoderm and the mesenchyme at 

molecular level (Figure II) (Arte, 2001). During dental development the enamel develops 

from ectoderm of the oral cavity, and all other tissues come from the associated 

mesenchyme. The first teeth buds to develop are in the anterior mandibular region, later in 

the anterior maxillary region, then posteriorly in both jaws. (Lowder and Mueller, 1998) 

 

Figure II.1: Stages of dental development 
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At least 300 genes are involved in the processes of dental morphogenesis through a 

bind between the transcription factors homeodomains and a growth factor encoding genes 

acting upstream and downstream of the homeobox genes. (Arte, 2001; Thesleff, 2000) 

The growth factors genes involved in dental morphogenesis are: the fibroblast 

growth factors (FGF), transforming growth factors (TGF, including BMP4 - bone 

morphogenetic protein 4), the family of Wnt genes (Wingless), and the morphogenesis 

molecule Shh (Sonic hedgehog). (Miletich and Sharpe, 2003) 

The growth factors play an important role in the regulation of the initiation, 

budding, epithelial morphogenesis and the differentiation of the dental cells. (Thesleff, 

2000) 

The orchestrated work and fine-tuned expression of these genes are essential for 

the general scheme of dentition that is determined even before the development of the 

visible teeth (Miletich and Sharpe 2003). Thus, tooth development requires genetic and 

molecular regulation to establish accurate tooth number and precise location, size, 

morphology, and composition of each tooth (Cobourne and Sharpe 2013). 

The sequence of eruption can vary from one child to another but follow continuous 

developmental stages. Dental morphogenesis and differentiation begin in the third month 

prenatally. The development of all primary teeth and permanent first molars starts before 

birth. (Garn and Burdi, 1971) 

At birth neither the primary nor permanent teeth are well developed. The first 

primary tooth normally does not erupt before the age of 6 months. The timing and sequence 
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of eruption of the primary dentition, along with root formation are shown in table II.1. A 

delay or acceleration of 6 months is considered normal. (Proffit et al., 2018) 

 

Table II.1 Sequence of eruption of the primary dentition 

Tooth 

Calcification 

begins 

Crown 

completed 
Eruption 

Root 

completed 
Exfoliation 

Maxillary and 

mandibular 

Maxillary 

and 

Mandibular 

Maxillary Mandibular 

Maxillary 

and 

Mandibular 

Maxillary Mandibular 

Central 14 wk in utero 1 ½ - 2 ½ mo 10 mo 8 mo 1 ½ yr 7 - 8 yr 6 – 7 yr 

Lateral 16 wk in utero 2 ½ -3 mo 11 mo 13 mo 2 yr 8 - 9 yr 7 – 8 yr 

Canine 17 wk in utero 9 mo 19 mo 20 mo 3 ¼ yr 11 – 12 yr 9 – 11 y 

1st 

Molar 
15 wk in utero 5 ½ - 6 mo 16 mo 16 mo 2 ½ yr 9 – 11 yr 10 -12 yr 

2nd 

Molar 
19 wk in utero 10 - 11 mo 29 mo 27 mo 3 yr 9 – 12 yr 11 -13 yr 

 

The failure of exfoliation can be related to several causes: Defect in bone and root 

resorption due to ectopic position of the underlying permanent tooth. Ankylosis of the 

primary tooth and absence of the succedaneous permanent tooth are factors causing the 

failure of exfoliation. (Proffit et al., 2018)    

Eruption of permanent teeth follows a sequence of stages as follow:  

• Pre-emergent stage:  

Two processes are necessary for the pre-emergent stage, first is the bone resorption 

and the primary teeth roots overlying the crown of the erupting tooth. Second is a 

propulsive mechanism that moves the tooth through the path of eruption. Although the two 

processes occur in a concert but in some circumstances, they do not.(Proffit et al., 2018)  
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Failure in the eruption of the permanent teeth is caused by factors related to the 

surrounding tissue: defect or lack of bone resorption covering the permanent tooth, 

presence of supernumerary teeth causing obstacle for the eruption. This condition occurs 

frequently in the cleidocranial dysplasia syndrome. Heavy fibrous gingiva, cystic lesions 

pushing against the path of eruption are causes for eruption failure. Another factor may 

relate to the tooth itself such as the anomaly of formation that can be genetic or caused by 

trauma impeding dental eruption. (Garn and Burdi, 1971) 

• Post-emergent stage:  

Once a tooth emerges into the mouth, it erupts rapidly until it approaches the 

occlusal level and is subjective to the forces of mastication.  

This stage of eruption is divided into two phases:  

Post-emergent spurt “relatively rapid eruption”: from the time the tooth penetrates the 

gingiva until it reaches the occlusal level.  

Juvenile occlusal equilibrium “slow eruption”: As the tooth is subjected to biting 

forces that oppose eruption, the overall rate of eruption will be slow. During this phase, 

teeth erupt at a rate parallel to the growth of the mandibular ramus which moves the 

mandible away from the maxilla creating space into which the teeth will erupt more.(Proffit 

et al., 2018) 

The transition from the primary to the permanent dentition begins at age 6 with the eruption 

of the first permanent molars followed soon by the permanent incisors. The sequence of 

eruption of the permanent teeth is shown in (table II.2).  
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Table II.2 Sequence of eruption of the permanent dentition 

Tooth 

Calcification begins Crown completed Eruption Root completed 

Maxillary  Mandibular 
Maxillary and 

Mandibular 
Maxillary Mandibular 

Maxillary and 

Mandibular 

Central 3 mo 3 mo 3 ½ - 4 ½ yr 7 ¼ yr 6 ¼ yr 9 ½ - 10 ½ yr 

Lateral 11 mo 3 mo 4 – 5 ½ yr 8 ¼ yr 7 ½ yr 10 – 11 yr 

Canine 4mo 4 mo 5 ¾ - 6 yr 11 ½ yr 10 ½ yr 12 ¾ yr – 13 ½ yr 

1st Premolar 
20 mo 22 mo 6 ¾ - 7 yr  10 ¼ yr 10 ½ yr  13 ½ yr 

2nd Premolar 27 mo 28 mo 7 ½ - 7 ¾ yr  11 yr 11 ¼ yr 14 ½ - 15 yr  

1st Molar 32 wk in utero  32 wk in utero 3 ¾ - 4 ¼ yr 6 ¼ yr  6 yr 10 ½ yr 

2nd Molar 27 mo 27 mo 7 ½ - 7 ¾ yr 12 ½ yr 12 yr 15 ¾ - 16 yr  

3rd Molar 8 yr 9 yr 14 yr 20 yr 20 yr 22 yr 

 

2. Dental agenesis  

a. Definition  

Congenital lack of a tooth results from disturbances during the early stages of dental 

morphogenesis described above and may cause arrest of development. A tooth is defined to 

be congenitally missing if it has not erupted in the oral cavity and is not visible on 

radiographs. 

Diagnosis of dental agenesis is based on clinical and radiographical examinations. 

A child by age 3 would have all his primary teeth erupted and an adolescent would have all 

his permanent teeth erupted by age 12 – 14 (except for third molars). (Polder et al., 2004; 

Thesleff, 2015) Therefore, clinical diagnosis of congenitally missing primary teeth can be 

done on 3 to 4-year-old children, and that of permanent teeth on 12 to 14-year-old 

adolescents, excluding the third molars based on clinical examination.  
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Radiographic diagnosis can be made at younger age depending on tooth group. All 

primary teeth and the crypts of first permanent molars are visible by radiograph at birth. 

The crowns of first premolars, second premolars, and second permanent molars start to 

mineralize near the second birthday, and all permanent tooth crowns except the third molars 

have begun their mineralization by the age of six. (Thesleff, 2000)  

Differences exist in mineralization stages among children depending on race, 

gender, and even on family and on the individual. The second premolars may show late 

onset of mineralization, and give a false-positive diagnosis of hypodontia in radiographs. 

Therefore, diagnosis of tooth agenesis in the permanent dentition should be made after the 

age of 6 excluding third molars, and after 10 years of age if third molars are also studied. 

(Lowder and Mueller, 1998; Polder et al., 2004; Thesleff, 2015) 

 

b. Etiology 

Many theories of the etiology of dental agenesis have been suggested in the 

literature, especially before the recent extensive genetic studies, and obviously both genetic 

and environmental factors may contribute.(Polder et al., 2004; Schalk-Van Der Weide and 

Bosman, 1996; Vastardis, 2000).  

When trying to elucidate the causal factors underlying agenesis, it is necessary to 

analyze carefully the pattern of hypodontia. First, the developmental level at which 

defective tooth development occurred can be very informative. Failure of initiation 
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(formation of an epithelial thickening) is likely to be caused by a defect other than the one 

responsible for arrest of development at cap or bell stage.(Coster et al., 2009) 

 

i. Environmental factors 

Many environmental factors may cause arrested tooth development. Traumas in the 

dental region such as fractures, surgical procedures on the jaws, and extraction of the 

preceding primary tooth are the main environmental causes of dental agenesis followed by 

multiagent chemotherapy and radiation therapy that may affect irreversibly the developing 

teeth with various severities depending on age of patient and dosage. (Nieminen, 2009).  

Treatment of malignant diseases in children at an early age shows arrest in root 

development with short V-shaped roots, roots with premature apical closure, enamel 

hypoplasia, microdontia, and hypodontia. Irradiation produces more severe effects than 

those caused by chemotherapeutic agents (Arte, 2001; Näsman et al., 1997). Thalidomide R 

(N-phtaloyglutamimide) consumption by women during pregnancy have been reported to 

cause congenitally missing teeth in their children. No definite etiologic relationship has 

been found between hypodontia and systemic diseases or endocrine disturbances. (Arte, 

2001; Thesleff, 2000) 

 

ii. Genetic factors 

Although tooth agenesis is occasionally caused by environmental factors, in the 

majority of cases hypodontia has a genetic basis. The classic family study of Grahnen in 
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Sweden done in 1956 on a total of 685 family members of 171 probands affected with 

hypodontia (Grahnén, 1956) showed that hypodontia in permanent dentition is primarily 

determined by genetic factors. 

Frequency of hypodontia differs between races, and greater concordance of 

hypodontia appears in identical twins (Markovic, 1982). In familial hypodontia, the type of 

inheritance in the majority of families seems to be autosomal dominant with incomplete 

penetrance and variable expressivity. (Human Genome Program, 2008: Penetrance is 

considered incomplete if someone have a particular gene variant that is known to be 

associated with a disease, yet they never get the disease). In addition, peg-shaped maxillary 

lateral incisors are considered to be a modified manifestation or different phenotype of the 

same genotypes as hypodontia (Grahnén, 1956; Thesleff, 2000).  

Sex-linked inheritance patterns and a polygenic or multifactorial model of 

inheritance have also been suggested (Peck et al., 1996; Suarez and Spence, 1974), and an 

autosomal recessive model in one family (Ahmad et al., 1998). Female predominance has 

been reported, but in most studies the difference does not reach statistical significance 

(Bergstrom, 1977; Kotsomitis et al., 1996; Rølling, 1980; Symons et al., 1993). 

Different studies have shown evidence for the genetic basis of dental agenesis. 

Two mutated genes were described causing an autosomal dominant form of human non-

syndromic tooth agenesis (van den Boogaard et al., 2000; Vastardis et al., 1996). A 

missense mutation was found by the Vastardis group in the homeodomain of MSX1 gene in 

chromosome 4 (4p16) in all affected members of a family with missing second premolars. 

Some affected individuals also lacked their maxillary first premolars, mandibular first 
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molars, one or both maxillary lateral incisors, or a single mandibular central incisor. All 

affected individuals were reported to have initially normal primary dentitions.  

In a Dutch family, however, a nonsense mutation in the MSX1 gene was associated 

with tooth agenesis and various combinations of cleft lip and/or palate(van den Boogaard et 

al., 2000). Other reports have excluded MSX1 as the gene responsible for tooth agenesis 

(Scarel et al., 2000).  

A frameshift mutation in another transcription factor gene, PAX9, in chromosome 

14 (14q21-q13) was identified in a family with autosomal dominant oligodontia causing a 

premature termination of the protein coded by the PAX9 gene (Stockton et al., 2000). The 

PAX 9 mutation causes agenesis of most permanent molars, maxillary and/or mandibular 

second premolars as well as mandibular central incisors. In this study sample, dental 

agenesis was not observed in the primary dentition. MSX1 and PAX9 are transcription 

factors which, before being associated with human tooth agenesis, had been shown to 

regulate early tooth morphogenesis in the mouse. They are expressed in dental 

mesenchyme after initiation of tooth development in response to epithelial signals 

(Thesleff, 2000). Mutation and inactivation of Msx1 and Pax9 genes in mice causes arrest 

in dental development at the bud stage and malformations of palate, limb, and pharyngeal 

pouch derivatives, whereas heterozygous mice develop normal teeth which concludes that 

in mice the mutation was recessive. (Peters et al., 1998).  

In humans, the mutation of the gene is dominant and one copy of the gene (one 

allele) causes dental defects (Stockton et al., 2000; Vastardis, 2000) or dental defects 

associated with cleft lip and palate in the case of MSX1 nonsense mutation (van den 
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Boogaard et al., 2000). In addition, several gene defects have been identified which cause 

syndromes with hypodontia or oligodontia and few others cause non-syndromic hypodontia 

or oligodontia MSX1, PAX9, AXIN2, WINT10A, EDA, and LRP6. (Juuri and Balic, 2017; 

Lammi et al., 2004; Polder et al., 2004; Stockton et al., 2000) (Table II.3-4). In grey are the 

most common gene associated either with syndromic or isolated dental agenesis.  

The inheritance pattern of dental agenesis was reported in different studies as 

being: Autosomal dominant or recessive for some genes and X-linked for others. (De 

Coster et al., 2009a; van den Boogaard et al., 2000; Vieira et al., 2004) 

Table II.3: Genes involved in syndromic dental agenesis 
GENEs Chromosome Mutation effect 

Syndrome/ condition 

Association 
Publication Population 

Mutation in 

BCOR Gene 
Xp11.4 Hypodontia/Oligodontia 

Occulofacicardiodigital 

syndrome 

Lenz micro-phtalmia 

syndrome 

Zhu et al., 2015 

Du et al., 2018 

Chinese 

Turkish families 

Mutation in 

TSPEAR 

Gene 

21q22.3 Hypodontia 
Deafness and 

hypotrichosis 
Du et al., 2018 Turkish families 

Mutation in 

LAMB3 
1q32.2 

Tooth agenesis, 

Amelogenesis 

imperfeca type IA 

Epidermolysis bullosa, 

junctional spinal disorders 
Du et al., 2018 Turkish families 

Mutation in 

DLX3 
17q21.33 

Hypodontia, 

amelogenesis 

imperfecta 

Down syndrome, tricho-

dento-osseous syndrome 

Price et al., 1998 

Whitehouse et al., 2019 

American families 

(Virgina) 

American families 

Mutations in 

EDA 
Xq13.1 

Enamel hypo-

mineralisation, 

hypodontia, hypoplasia 

X-linked anhidrotic 

ectodermal dysplasia 

syndrome 

Tao et al., 2006 

Parveen et al., 2019 

Zeng et al., 2016 

Zeng et al., 2017 

Andreoni et al., 2021 

Mongolian family 

Pakistan, Egypt, 

Saudi Arabia, and 

Syria 

Chinese 

Chinese 

Italian 

Mutation in 

EDARADD 
1q42.3 

Enamel hypo-

mineralisation, 

hypodontia, hypoplasia 

Autosomal anhidrotic 

ectodermal dysplasia 

syndrome 

Martínez-Romero et al., 

2019 

Zeng et al., 2016 

Spannish 

Chinese 

Mutation in 

EDAR 
2q13 

Enamel hypo-

mineralisation, 

hypodontia, hypoplasia 

Autosomal anhidrotic 

ectodermal dysplasia 

syndrome 

Parveen et al., 2019 

Zeng et al., 2016 

Martínez-Romero et al., 

2019 

Andreoni et al., 2021 

Pakistan, Egypt, 

Saudi Arabia, and 

Syria 

Chinese 

Spannish 

Italian 
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Mutation in 

WNT10A 
2q35 Oligodontia 

Autosomal anhidrotic 

ectodermal dysplasia 

syndrome 

Parveen et al., 2019 

Zeng et al., 2016 

Zeng et al., 2017 

Martínez-Romero et al., 

2019 

Pakistan, Egypt, 

Saudi Arabia, and 

Syria 

Chinese 

Chinese 

Spannish 

Mutation in 

IRF6 
1q32.2 

Missing incisors and/or 

premolars. Cleft lip 

with/without palate + 

pits in the lips. 

Van der Woude and 

popliteal pterygium 

syndromes 

Kondo et al., 2002 

Ghassibé et al., 2004 

Northern European 

European 

Mutation in 

Tp63 
3q28 

Agenesis of primary 

and permanent incisors 

RIH syndrome Remote 

intracranial hemorrhage 

van Bokhoven et al., 

2001 

Jin et al., 2019 

Netherlands, 

Belgium, US, Italy, 

Israel, Turkey, 

Austria, Germany, 

and the UK 

Chinese family 

Mutation in 

SHH 
7q36.3 

Agenesis of 1 maxillary 

central incisor 
Hyloprosencephaly 

Frazier-Bowers et al., 

2003 
Vietnam 

Mutation in 

OFD1 
Xp22.2 

Congenitally missing 

and supernumerary 

teeth + enamel 

hypoplasia 

Oro-facial-digital 

syndrome type 1 
Romero et al., 2007 Spanish 

Mutation in 

PITX2 
4q25 

Hypodontia, 

microdontia and/or 

conical shaped teeth 

Rieger syndrome 

(malformed teeth and 

underdeveloped eyes) 

Reis et al., 2012 American 

Mutation in 

PVRL1/ 

nectin 

11q23.3 

Cleft lip/ palate and 

Hypodontia to 

oligodontia 

Ectodermal dysplasia 

syndrome 
Suzuki et al., 2000 Israel 

 

 

Table II.4: Genes involved in isolated dental agenesis 
GENEs Chromosome Mutation effect  Publication Population 

Mutation of 

EDARADD 
1q42.3 Isolated oligodontia Bergendal et al., 2011  Swedish 

Mutation of TSPEAR 21q22.3 Isolated hypodontia  Dinckan et al., 2018 Turkish  

Mutation of DKK1  10q21.1 Isolated hypodontia  
Dinckan et al., 2018 

Liu et al., 2014 

Turkish  

Chinese 

Mutation of LAMB3 1q32.2 Isolated hypodontia  Dinckan et al., 2018 Turkish  

Mutation of LRP6 12p13.2 Isolated hypodontia  
Ockeloen et al., 2016 

Shokeh, 2014 

American families 

Palestinian 

Mutation of IRF6 1q32.2 
Isolated hypodontia + Cleft 

lip with or without palate  
Pegelow et al., 2008 Swedish families 

Mutation of EDA Xq13.1 Isolated oligodontia 
Song et al., 2009 

Bergendal et al., 2011 

Chinese  

Swedish families 

Mutation of MSX1  4p16.2 
Oligodontia (Severe 

congenital dental agenesis)  

Nieminen et al., 1995 

Vastardis et al., 1996 

Bergendal et al., 2011 

Silvia Bowers et al., 2011 

American families 

Swedish 

American 

Mutation of PAX9 14q13.3 
Oligodontia (Severe 

congenital dental agenesis)  

Stockton et al., 2000 

Bergendal et al., 2011 

Silvia Bowers et al., 2011 

American (Texas)  

Swedish 

American 
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Koskinen et al., 2019 Finnish family 

Mutation of AXIN2  17q24.1 

Dental agenesis and 

colorectal cancer 

Oligodontia 

Callahan et al., 2009; 

Hartsfield et al. 2011 

Lammi et al., 2004 (Thesleff) 

Bergendal et al., 2011  

Silvia Bowers et al., 2011 

Finnish and German 

families 

Finnish Families 

Swedish 

American 

Mutation of WNT10A  2q35 

Congenital dental agenesis  

Hypodontia and microdontia 

Isolated Hypodontia 

Du et al., 2018; Dinckan et al., 

2018 

Kantaputra and 

Sripathomsawat, 2011 

Abdalla et al., 2014 

Zeng et al., 2017 

Parveen et al., 2019 

Turkish  

American family 

Egyptian 

Chinese 

Pakistan, Egypt, 

Saudi Arabia, and 

Syria 

 

c. Types of dental agenesis 

i. Non-syndromic hypodontia in primary dentition 

Abnormality in the number of teeth in primary dentition is not as common as in the 

permanent dentition, with no significant difference exists between both genders. The 

prevalence of dental agenesis in primary dentition is shown in Table II.5  (Grahnen, 1961; 

Järvinen and Lehtinen, 1981; Ravn, 1971; Whittington and Durward, 1996).  

Mostly one or two teeth are missing, and the majority of cases represent unilateral 

hypodontia (Coster et al., 2009). A strong correlation exists between hypodontia in the 

primary and permanent dentitions. Children with hypodontia in the primary dentition nearly 

always show hypodontia of the successors.(Coster et al., 2009; Thesleff, 2000) 

 

Table II.5: Prevalence of hypodontia in primary dentition in various countries 

Author Year Country Prevalence 
Tooth most frequently 

missing 

Grahnen and Granath  1961 Sweden 0.4% Upper lateral incisor 

Ravn 1971 Denmark 0.6% Upper lateral incisor 

Brook 1994 Britain 0.3% --- 
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Jarvinen and Lehtinen 1981 Finland 0.9% Upper lateral incisor 

Magnusson 1984 Iceland 0.6% Upper lateral incisor 

Whittington and Durward 1996 New Zealand 0.4% Upper lateral incisor 

Yonezu et al.  1997 Japan 2.4% Lower lateral incisor 

Carvalho et al. 1998 Belgium 0.4% Upper lateral incisor 

 

ii. Non-syndromic hypodontia in permanent dentition 

• Prevalence and characteristics 

Various studies have highlighted the prevalence of hypodontia (early studies shown in table 

II.6) in different countries, showing some variation in populations, on continents and 

among races (Grahnen, 1961; Haavikko, 1971; Lynham, 1990; Muller et al., 1970; 

Niswander and Sujaku, 1963)  

 

Table II.6: Prevalence of hypodontia in permanent dentition in various countries 

  

Recent studies showed similar prevalence values: 4-8% in European Caucasian 

population, 3.2 -4.6% in North American population, 5.6-11.4% in Spanish population, and 

5.5-7.6 in Australian population. (Polder et al., 2004; Tallón-Walton et al., 2010).  

Author Year Country Prevalence 

Muller et al. 1970 USA 2.8% 

Dolder  1936 Switzerland 3.4% 

Muller et al. 1970 North America 3.5-3.7% 

Grahnen and Haavikko 1961-1971 Europe  6-8% 

Thompson and Popovich 1974 Canada 7.4% 

Lynham 1990 Australia 6.3% 

Niswander and Sujaku 1963 Japan 6.6% 
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Hypodontia is more prevalent in permanent than primary dentition. A higher but 

not statistically significant predominance in females was reported. (Järvinen and Lehtinen, 

1981; Polder et al., 2004; Tallón-Walton et al., 2010) 

Early and recent studies confirm that the most frequently missing teeth (excluding 

third molars) are the mandibular second premolars followed by the maxillary lateral 

incisors and the maxillary second premolars. (HAAVIKKO, 1971; Polder et al., 2004; 

Symons et al., 1993; Wang et al., 2018) 

 

iii. Non-syndromic oligodontia in permanent dentition 

The prevalence of non-syndromic oligodontia is low compared to the hypodontia 

and to its higher presence in combination with syndromes. The difference in the frequency 

of oligodontia between males and females is not statistically significant, nor is the 

difference in distribution of missing teeth over maxilla/mandible and left/right sides. 

(Rølling and Poulsen, 2001; Schalk-Van Der Weide and Bosman, 1996).  

Isolated oligodontia is inherited in an autosomal dominant form with reduced 

penetrance. Oligodontia and hypodontia have similar associated anomalies with a tendency 

toward delayed tooth formation, reduced size of teeth, and taurodontism. (Schalk-Van Der 

Weide and Bosman, 1996) 
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iv. Anodontia 

Anodontia is defined as congenital lack of all teeth and its isolated form is 

extremely rare. Some case reports of anodontia have suggested autosomal recessive 

inheritance. Anodontia occurs as an extreme dental phenotype in ectodermal dysplasia 

syndromes. (Schalk-Van Der Weide and Bosman, 1996; Stockton et al., 2000). Incisors and 

premolars are the most frequently missing teeth. Therefore, incisor premolar hypodontia 

(IPH) is a term used in different studies to describe this form of the anomaly. (Arte, 2001) 

v. Syndromic hypodontia 

Dental abnormalities are seen in several syndromes together with malformations of 

other organs. Several syndromes have been described in the literature to be associated with 

hypodontia or oligodontia (De Coster et al., 2009a). Some of these syndromes are: 

Ectodermal dysplasia, oral‐facial‐digital syndromes, syndromes with oral‐facial clefting 

CL/CLP such as Pierre‐Robin sequence and Van Der Woude syndrome. In cases of 

clefting, the most frequent tooth to be missing is the maxillary lateral incisor in the cleft 

area both in primary and permanent dentitions with higher prevalence in the permanent 

dentition (De Coster et al., 2009a). Pierre‐Robin sequence is associated with the following 

peri and intra-oral manifestations: CL/CLP, micrognathia, glossoptosis, and 50% 

prevalence of hypodontia most frequently in the mandibular arch. Van Der Woude 

syndrome (VWS) one of the most common human autosomal dominant disorders is 

associated with CL/CLP (1%), pitting of the lower lip mucosa and hypodontia (70%) (De 

Coster et al., 2009b). Other syndromes were described in earlier studies: Ectodermal 

dysplasias (ED), Rieger syndrome, Holoprosencephaly, Down syndrome, Wolf-Hirschhorn 
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syndrome, Kabuki syndrome, Diastrophic dysplasia (DTD), Hemifacial microsomia, and 

Recessive incisor hypodontia (RIH) (Gorlin et al., 1995; Mhanni et al., 1999; Shapira et al., 

2000; Wallis and Muenke, 2000; Wright et al., 1997)  

 

3. Associated dental anomalies to hypodontia 

Abnormal function of the genes responsible for the dental development will cause 

disruption of one or more signaling cascades, which may result in a variety of dental 

anomalies that can either be generalized or local, and either numerical, morphological 

and/or structural (De Coster et al., 2009b).  

 

a. Delayed formation and eruption of teeth 

Delayed formation and eruption of premolars and molars were reported in children 

with agenesis of the lower third molar(s) or third molar(s) together with some other teeth 

(Garn and Burdi, 1971). A mean delay of 1.8 years for boys and 2.0 years for girls in 

relation to chronological age has been reported.(Rune and Sarnäs, 1974) A tendency to 

delayed eruption was found in teeth contralateral to the missing teeth (Rune and Sarnäs, 

1974).  Great individual variation in tooth formation has been noticed in oligodontia 

patients (Schalk Van Der Weide, 1992). Delay diversity was shown between patients and 

the delay was more obvious in males than females. (SCHALK VAN DER WEIDE, 1992) 
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b. Reduction in tooth size and form  

Early studies have reported reduction in the mesiodistal and occluso-gingival 

dimensions of teeth crowns in individuals with hypodontia (Garn and Lewis, 1970; 

GRAHNEN, 1961a; McKeown et al., 2002). Correlation was present between the number 

of teeth missing and the crown-size reduction, so that the increased number of missing 

teeth, the higher percentage of clinically apparent microdontia in remaining teeth crowns 

(Brook, 1984; Garn and Lewis, 1970; McKeown et al., 2002).  

The most frequent example of crown-size reduction associated with hypodontia is 

the “peg-shaped” maxillary lateral incisor, a mesiodistally and occluso-gingivally reduced  

tooth (Baccetti, 1998). Significant reciprocal correlation between agenesis of second 

premolars and decreased overall size of upper lateral incisors (Baccetti, 1998). Different 

studies considering the frequency of reduced crown length and width of maxillary laterals 

in cases of missing maxillary premolars and/or lateral incisors suggested that the agenesis 

and peg-shaping of the maxillary lateral incisors are different phenotypes of one dominant 

autosomal gene mutation with incomplete or reduced penetrance (Baccetti, 1998; Brook, 

1984; McKeown et al., 2002).  

 

c. Malposition of teeth  

i. Ectopic maxillary canines  

Baccetti et al. reported on non-orthodontically treated individuals that palatally 

displaced canines had significant reciprocal correlation with reduced size of maxillary 
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lateral incisors and agenesis of second premolars (Baccetti, 1998). Significantly higher 

frequencies were observed in the experimental group than the control group (Baccetti, 

1998). 

Other earlier studies have shown that hypodontia was significantly associated to 

ectopic permanent canines (palatally displaced), maxillary canine-first premolar 

transposition or mandibular lateral-canine transposition (Peck et al., 1996; Pirinen et al., 

1996; Shapira et al., 2000). 

 

ii. Ectopic eruption of other teeth  

In the same aforementioned study, Baccetti et al. reported that ectopic eruption of 

the first permanent molar(s) was significantly correlated with agenesis of second premolars 

and reduced size of maxillary lateral incisors (Baccetti, 1998; Shapira et al., 2000).  

 

d. Infra-position of primary molar(s) 

Infra-position or infra-occlusion is defined by the lower position of the primary 

molars compared to the adjacent permanent teeth and this is caused by ankyloses of the 

primary tooth.(Baccetti, 1998) A reciprocal correlation exists between infra-position of 

primary molars and agenesis of premolars where absence or agenesis of the succedaneous 

premolars will not cause root resorption of the primary molars but ankylosis in some cases. 

(Baccetti, 1998; Symons et al., 1993) 
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e. Short roots of teeth  

Short roots of teeth have a reciprocal association with dental agenesis and it affects 

mostly the central and lateral incisors and premolars. (Baccetti, 1998; Brook, 1984) 

 

f. Taurodontism  

 

Studies were done on siblings to investigate the association between taurodontism 

and hypodontia as well as oligodontia and resulted in: mandibular molars are the most 

affected and more in oligodontia than hypodontia.  (Rølling and Poulsen, 2001; SCHALK 

VAN DER WEIDE, 1992; Schalk-Van Der Weide and Bosman, 1996) 

 

g. Rotation of premolars and/or maxillary lateral incisors 

The most relevant study that illustrated the rotation of the premolars and the 

maxillary lateral incisors associated with dental agenesis was conducted by Baccetti in 

1998 (Baccetti, 1998). In this study the authors compared a group of affected patients with 

dental agenesis combined to different dental anomalies with the control group (normal 

patients). The study revealed that the occurrence of tooth rotation in association with 

agenesis of second premolars and/or maxillary lateral incisors was significantly higher than 

in the control group for all the categories of tooth rotation.(Baccetti, 1998) Its frequency is 

higher with the agenesis of maxillary lateral incisors. It was reported as well that rotation of 
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the contralateral lateral incisor is associated with the agenesis of unilateral maxillary lateral 

incisor and the same for the maxillary premolars. (Baccetti, 1998)  

 

h. Enamel hypoplasia and hypocalcification 

Different studies highlighted the association between hypodontia or oligodontia 

and enamel imperfections and defects (enamel hypoplasia, hypocalcification, and dentino-

genesis imperfecta) (Baccetti, 1998; Garib et al., 2010; Kotsomitis et al., 1996; Thesleff, 

2000). Bacceti in his study (1998) included enamel hypoplasia in seven types of dental 

anomalies and concluded that it presented significant associations with agenesis of the 

second premolars, small size of the upper lateral incisors, infraocclusion of the primary 

molars, and palatal displacement of the upper canines. (Baccetti, 1998) 

 

4. Dental Supernumerary or “Hyperdontia” 

a. Definition and prevalence 

Supernumerary teeth known for “hyperdontia” refers to the presence of extra teeth 

compared to a normal dentition (Wang et al., 2018). Hyperdontia may occur in both 

dentitions, unilaterally or bilaterally and in both jaws (GRAHNEN, 1961b; Rajab and 

Hamdan, 2002). Hyperdontia in the primary dentition is overlooked because supernumerary 

teeth are often of normal shape, erupt normally and appear to be in proper alignment and 

can be mistaken for gemination or fusion anomalies. Anterior primary supernumerary teeth 

would erupt and exfoliate normally prior to detection. (Nazif et al., 1983).  
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Hyperdontia may occur in any region of the dental arch with a particular 

predilection for the premaxilla (Nazif et al., 1983; Rajab and Hamdan, 2002). The reported 

prevalence of supernumerary teeth in the general Caucasian population for the permanent 

dentition ranges from 0.1 to 3.8%. (MCKIBBEN, 1971; Paterson and Thomas, 2000; Ravn, 

1971; Stellzig et al., 1997). Supernumerary teeth seem to be more common in Mongoloid 

racial groups, with a frequency higher than 3% (Davis, 1987; Niswander and Sujaku, 

1963). The prevalence of supernumerary teeth is lower in the primary dentition and is 

reported to range between 0.3 and 0.8% (Nazif et al., 1983; Ravn, 1971). 

Although no difference in the sex distribution exists in the primary dentition, 

supernumeraries occur more frequently in the permanent dentition of boys than girls. 

(Brook, 1984; Ravn, 1971) The frequency of supernumerary teeth was reported as follow: 

upper lateral incisors (50%), mesiodens (36%), upper central incisors (11%), followed by 

bicuspids (3%). Whereas in the mandible, the premolar region was the more vulnerable for 

hyperdontia followed by the anterior region (Fukuta et al., 1999; Rajab and Hamdan, 2002; 

TANAKA, 1998). 

Single supernumerary teeth occur in 76-86% of cases, double supernumeraries in 

12-23% of cases and multiple supernumeraries in less than 1% of cases (GRAHNEN, 

1961b; Rosenzweig and Garbarski, 1965). 
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b. Etiology 

While the etiology of hyperdontia remains unclear, heredity is believed to be a 

major factor behind supernumerary tooth formation. It has been suggested that 

supernumerary teeth may be associated with autosomal recessive heredity, with lower 

penetrance in females (Niswander and Sujaku, 1963). However, few case reports have 

proposed a low frequency of autosomal dominant inheritance (Batra et al., 2005; Orhan et 

al., 2006; Wang et al., 2007). Several articles support the idea that genetic component is 

needed for development of supernumerary teeth (Anthonappa et al., 2013; Fleming et al., 

2010; Kangas et al., 2004).  

Originally, it was theorized that supernumerary teeth formation was nature’s way 

of restoring teeth that had been lost during the process of evolution, a third incisor, a third 

premolar, or a fourth molar (Anthonappa et al., 2013). 

Several theories behind the etiology of supernumerary teeth have been investigated in 

previous studies. One of these theories was dichotomy, which claims that the developing 

tooth bud may be divided to form a supernumerary tooth. Another theory, the hyperactivity 

of the dental lamina has also been suggested as a possible factor (Anthonappa et al., 2008; 

Khambete and Kumar, 2012). 

Genes associated with syndromic and isolated supernumerary teeth are reported in 

the following tables. (Table II.7-8). In grey are the most common gene associated either 

with syndromic or isolated supernumerary teeth. 
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Table II.7: Genes involved with syndromic supernumerary teeth 

GENEs Chromosome Mutation effect  Syndrome/ condition  Publication Population 

Mutation 

FAM20A 
17q24.2 

Supernumerary teeth + 

amelogenesis 

imperfecta 

Autosomal anhidrotic 

ectodermal dysplasia 

syndrome 

Kantaputra et al., 

2014 
Thailand 

Mutation of 

IKBKG/NEMO 
Xq28 

Multiple 

supernumerary teeth + 

cleft palate 

Bloch-Sulzberger 

syndrome: 

“Incontinentia 

pigmenti (IP)” 

Aradhya et al., 2001 

Hull et al., 2015 

US/UK 

1 Patient: Czech 

Republic 

(mother) and 

Tanzanian Indian 

(father) 

Mutation of 

RUNX2 
6p21.1 

Multiple 

supernumerary teeth  

Cleidocranial 

dysplasia 

Suda et al., 2007 

Ma et al., 2018 

Japanese 

Chinese  

Mutation of 

EVC, EVC2 
4p16.2 

Supernumerary teeth 

and polydactyly 
Ellis-Van Creveld 

Temtamy et al., 

2008 
Egyptian 

Mutation of APC 5q22.2 

Multiple impacted and 

supernumerary teeth 

and jaw osteomas 

Gardner syndrome Yu et al., 2018 Chinese 

Mutation in 

IL11RA 
9p13.3 

Multiple 

supernumerary teeth, 

delayed tooth eruption, 

maxillary hypoplasia 

and digit abnormalities 

Craniosynostosis 

Crouzon‐like 

craniosynostosis 

syndrome 

Nieminen et al., 

2011 

Korakavi et al., 

2019 

Pakistani families 

Finnish 

Europeans 

Mutation of 

FGFR2 
10q26.13 

Mesiodens + delayed 

dental development and 

cleft palate 

Crouzon syndrome  Glaser et al., 2000 British Families  

Mutation of NHS Xp22.2 

Supernumerary teeth 

and dental 

dysmorphology 

Nance-Horan  Burdon et al., 2003 Australian 

Mutation of 

PTPN11  
12q24.13 Supernumerary teeth  Noonan syndrome  

Bentires-Alj et al., 

2004 

American 

(Boston) 

Mutation of 

OFD1   
Xp22.2 

Supernumerary teeth 

and abnormal size and 

shape 

Oro-facial-digital type 

I 
Ferrante et al., 2001 Italian families  

Mutation of 

RECQL4 
8q24.3 

Supernumerary teeth, 

dental dystrophy, hair 

and skin problems 

Rothmund-Thomson 

syndrome  
Kitao et al., 1999 Japanese 

Mutation of 

DYRK1A 
21q22.13 

Supernumerary teeth, 

neonatal teeth, extreme 

calculus, delayed 

primary dentition 

DYRK1A syndrome 

Van Bon et al., 

1993 

Bwm et al., 2015 

American 

Mutation of 

SOX2   
3q26.33 

Supernumerary 

impacted teeth  

Anophthalmia 

syndrome 

Numakura et al., 

2010 
Japanese patient 

Mutation of 

TRPS1   
8q23.3 

Supernumerary teeth 

and enamel 

hypermineralisation 

Trichorhinophalangeal 
Kantaputra et al., 

2008 
Thailand 
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Table II.8: Genes involved with isolated supernumerary teeth 
GENEs Chromosome Mutation effect  Publication Population 

Mutation of AGRN 1p36.33 

Isolated supernumerary 

teeth 
Takahashi et al., 2017 

Japanese families  

(19 Genes in 4 families: 

2 Generations per 

family, 2 affected 

members in 3 families 

and 4 affected members 

in the 4th family) 

Mutation of 

ATXN1 
6p22.3 

Mutation of 

CDH26 
20q13.33 

Mutation of CFB 6p21.33 

Mutation of 

EFCAB5 
17q11.2 

Mutation of 

EXOC3L4 
14q32.32 

Mutation of 

FANCE 
6p21.31 

Mutation of 

FMNL1 
17q21.31 

Mutation of 

FXYD4 
10q11.21 

Mutation of 

HMCN1 
1q25.3 

Mutation of 

IGSF9B 
11q25 

Mutation of MGA 15q15.1 

Mutation in 

KIAA1614 
1q25.3 

Mutation of 

PLCH2 
1p36.32 

Mutation of 

PKD1L2 
16q23.2 

Mutation of 

RNF207 
1p36.31 

Mutation of TEX15 8p12 

Mutation of 

TKTL1 
Xq28 

Mutation of 

TUSC1 
9p21.2 

Mutation of 

SOSTDC1 
7p21.2 

Isolated supernumerary 

teeth 
Arikan et al., 2018 Turkish 
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c. Classification 

Supernumerary teeth may be classified according to morphology and location 

(Brook, 1984). In the primary dentition, the morphology is usually normal or conical. The 

morphology of supernumerary teeth in the permanent dentition is more variable, and four 

morphological types have been described: Conical, Tuberculate, Supplemental, and 

Odontoma. (Rajab and Hamdan, 2002). According to their locations, supernumerary teeth 

are classified as follow: Mesiodens, paramolar and distomolar. (Rajab and Hamdan, 2002) 

Mesiodens is the most frequent type of supernumerary tooth, multiple supernumerary teeth 

are rare in individuals with no syndromes associated (Rajab and Hamdan, 2002; Varela et 

al., 2009). 

 

d. Concomitant hypo/hyperdontia “CHH” 

The condition of Hypodontia and hyperdontia occurring in the same individual has 

been described as “concomitant hypodontia and hyperdontia” (CHH) by Camilleri or 

simply “concomitant hypo-hyperdontia” (Camilleri, 1967). The prevalence of CHH is very 

rare, while hypo-hyperdontia distributed in one family into different generations or within 

one generation is more prevalent although rare studies were published on these cases. 

(Camilleri, 1967) 
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B. Genome, genotype and genes   

1. Human genome  

An organism’s genome is defined as the complete set of genetic instructions for 

that organism. The human genome is made up of a double helix of deoxyribonucleic acid 

(DNA) comprised of 3.2 billion chemical nucleotide base pairs. The genetic instructions, or 

DNA code(s), are created by the particular side-by-side arrangement (linear pattern, order, 

and number) of purines: adenine (A) and guanine (G), and pyrimidine nucleotides: thymine 

(T) and cytosine (C) along the paired double helix, where A base pairs with T, and C base 

pairs with G. This genetic information (DNA) is normally packaged in each human cell into 

46 smaller units (ranging in length from 50 to 250 million base pairs each) called 

chromosomes, which are arranged in 23 pairs (Human Genome Program, 2008). 

A chromosome is made up of the double helical DNA that is wrapped around 

proteins called histones. Those proteins enable the DNA units to be tightly packed into the 

nucleus of the cells and also play an important role in regulating when and where the cells 

will use portions of the genetic information contained in the genome (Golbabapour et al., 

2011). Each human being inherits a total of 46 chromosomes; 22 homologous pairs of 

chromosomes called autosomes and one pair of sex chromosomes that are homologous (X, 

X) in females and only partly homologous (X, Y) in males, which make the individual 

unique. Each pair is formed by one chromosome that is a copy of the original maternal 

chromosome and another chromosome that is a copy of the original paternal chromosome. 

(Human Genome Program, 2008) 
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2. Genes  

Chromosomes are microscopic elements present in the eukaryotic cell nucleus and 

are the carriers of genetic information. Each chromosome contains many genes, which 

represent the smallest physical and functional units of inheritance and allow their 

distribution. Genes are specific sequences of bases that encode instructions for the synthesis 

of a specific polypeptide via a messenger RNA intermediate (mRNA) or the synthesis of a 

specific RNA molecule (e.g., transfer RNA, ribosomal RNA, and noncoding regulatory 

RNA molecules such as microRNA or long noncoding RNA). In fact, most codons 

(sequence of three nucleotides) in the mRNA lead to the addition of an amino acid to a 

growing polypeptide chain, which may ultimately become a protein (Figure II.2). Each 

person normally inherits two copies of every gene within the genome: one gene copy on the 

autosome or sex chromosome of maternal origin and the other gene copy on the autosome 

or sex chromosome of paternal origin (Hartsfield, 2011).  

Our genes only make up 2% of the estimated 3.2 billion base pairs present in the 

human genome and the average gene is 3000 nucleotide base pairs in length. The remainder 

consists of non-coding regions (Human Genome Program, 2008).  Every gene resides in a 

specific location referred to as a locus. Genes at the same locus on a pair of homologous 

chromosomes are called alleles, these terms imply that for a given character transmitted in a 

Mendelian way, each individual has two physical versions of the same hereditary element 

“gene”.(Allen, 2003) One allele would be a copy of the maternal allele and the other a copy 

of the paternal allele.(Allen, 2003) When the two alleles are identical, the individual is said 

to be homozygous for that locus. When the two alleles are different in the DNA sequence, 
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the individual is said to be heterozygous for that locus (Hartsfield, 2011).  The gene is 

simultaneously a unit of function and transmission, a unit of recombination, and of 

mutation (Allen, 2003). 

Figure II.2: From DNA, gene to protein 

3. DNA variations 

The human genome is 99.9% identical from one person to another. Thus, there is 

only an estimated 0.1% variation within the entire DNA code between two people that 

makes each individual unique. The DNA variation is due to either normal inherited 

variations or sporadic mutations.  

The most common DNA variation in the human genome is called Single 

Nucleotide Polymorphism (SNP; pronounced “snip”). SNP describes the occasion when 

more than one nucleotide base (A, G, T, or C) can be inherited at a specific location in the 

DNA code upon comparing the DNA codes at that same position among many individuals. 

In other words, it is a variation in a single nucleotide that occurs at a specific position in the 

genome. There are over 10 million SNPs that have been identified in the human genome to 

date; 1 SNP occurs every 300 nucleotides.  An example of a SNP is a frameshift mutation 
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(also called framing error or reading frame shift) caused by INDELS (Insertions or 

Deletions) of a number of nucleotides in a DNA sequence that is not divisible by three. Due 

to the triplet nature of gene expression by codons, the insertion or deletion can change the 

reading frame (grouping of codons), resulting in a completely different translation from the 

original.   

Nonsense mutation is also an example of a SNP, defined as a point mutation in a 

DNA sequence that results in a premature stop codon (or termination codon) within the 

mRNA that signals a termination of translation into proteins. Those two types of mutations 

are called “disruptive mutations”, having a high putative impact on protein function and 

structure. Another example of a SNP is a missense mutation defined as a point mutation in 

which a single nucleotide changes results in a codon that codes for a different amino acid. 

This type of mutation has a moderate putative impact on protein function and structure 

(Human Genome Program, 2008).   

 

4. Genotype 

A genotype refers to the combination of alleles at a given locus within the genome 

that codes for a particular trait. Two organisms whose genes differ at even one locus are 

said to have different genotypes. The transmission of genes from parents to descendants is 

controlled by precise molecular mechanisms which was discovered by Gregor Mendel 

(Allen, 2003; Hartsfield, 2011; Chandra S. Pareek et al., 2011). 
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5. Phenotype 

The phenotype can be thought of as a clinical expression of an individual’s specific 

genotype. It is the observable properties, measurable features and physical characteristics of 

an individual (Baltimore, 2001). It is created by summation of the effects arising from an 

individual’s genotype and the environment in which the individual develops over a period 

of time. 

Dental agenesis is a trait, which is a particular aspect or characteristic of the 

phenotype that has a specific mode of inheritance. The genetic influences on traits are 

monogenic (predominantly single gene with the possibility of other smaller genetic and 

environmental factors) or complex (many genetic and environmental factors) (Hartsfield, 

2011; Chandra S. Pareek et al., 2011). 

 

6. Modes of inheritance and penetrance  

a. Modes of inheritance  

The nature of family-based (familial) traits can be studied by constructing family 

trees called pedigrees in which, it shows how individuals within a family are related to each 

other and indicate which individuals have a particular trait or genetic condition. The 

standard way to read pedigrees, squares denote males and circled denotes females. The 

affected individuals having a particular genetic trait will have their symbol filled in black. 

Three generations are usually drawn in pedigrees and numbered following the roman 
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numerals. The first or top generation “I” represents the grandparents, the second generation 

“II” represents the parents or children, aunts, uncles. The third generation “III” represents 

the siblings and cousins or grandchildren. It is important when we draw pedigrees that we 

try to put in as much information as possible (Figure II.3). (Allen, 2003; Pemberton, 2008) 

Figure II.3: Pedigree template 

 

i. Autosomal dominant  

The mode of inheritance is autosomal dominant when a trait is present as the result 

of only one copy of a particular allele (example: “A”) in a heterozygous allele pair 
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(example: “Aa”). The trait is also expressed in the presence of a homozygous allele pair 

(example: “AA”) (Figure II.4) (Hartsfield, 2011) 

Figure II.4: Three-generation pedigree of a family with an autosomal dominant trait  

 

ii. Autosomal recessive  

The mode of inheritance is autosomal recessive when a trait is only present when 

both alleles at the locus are the same (example: “aa”); in other words, when the individual 

is homozygous for “a”. The symbols for presumed carriers (heterozygotes) of the 

autosomal recessive gene are filled in halfway (Figure II.5) (Hartsfield, 2011). 

Figure II.5: Three-generation pedigree of a family with an autosomal recessive trait 
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iii. X-linked recessive  

The mode of inheritance is X-linked recessive when a mutation in a gene on the X 

chromosome causes the phenotype to be expressed in males (who are necessarily 

hemizygous for the gene mutation because they have one X and one Y chromosome) and in 

females who are homozygous for the gene mutation. The symbols for presumed female 

carriers (heterozygotes) of the X-linked recessive gene have a dot in the middle of the circle 

(Figure II.6) (Hartsfield, 2011). 

Figure II.6: Three-generation pedigree of a family with an X-linked recessive trait 

 

iv. X-linked dominant 

The mode of inheritance is X-linked dominant when a mutation in a gene on the X 

chromosome causes the phenotype to be expressed in males (who are necessarily 

hemizygous for the gene mutation because they have one X and one Y chromosome) and in 

females who are homozygous or heterozygous for the gene mutation (Figure II.7). 

(Hartsfield, 2011) 
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Figure II.7:  Three-generation pedigree of a family with an X-linked dominant trait 

 

Table II.9: Summary of the modes of inheritance 

Males and females affected Equally Equally Males more than females 

Phenotype appearance Every generation 

Typically appears in one 

generation and not in the 

individual’s offspring or 

parents 

---- 

Probability of inheritance 

Offspring have a 50% 

chance of inheriting the 

trait 

Offspring have a 25% 

chance of inheriting the trait 

if both parents are carriers 

Carrier females have 50% 

chance of having an affected 

son and 50% chance of 

having a carrier daughter 

 

b. Modes of penetrance  

Penetrance is the proportion of individuals carrying a particular variant of a gene 

that also expresses an associated trait.  

• Complete penetrance: when all individuals who have the trait-causing mutation have 

clinical symptoms of the trait. In other words, whoever is carrying the gene variant 

will develop the disease.  
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• Highly penetrance: when the trait is almost always apparent in an individual carrying 

the allele. (Baltimore, 2001; Zlotogora, 2003) 

• Incomplete penetrance or reduced penetrance: when some individuals fail to express 

the trait, even though they carry the allele. Those individuals are able to have 

offspring with the trait. In other words, if some people have a particular gene variant 

that is known to be associated with a disease, yet they never get the disease.  

• Low penetrance: it will only sometimes produce the trait with which it has been 

associated at a detectable level (U.S. National Library Of Medicine, 2016). 

(Baltimore, 2001; Zlotogora, 2003) 

 

c. Measures of heritability  

Heritability is a static used in genetics to estimate how much variation in a 

phenotypic trait in a population is due to genetic variation among individuals in that 

population. Heritability increases when genetic factors are contributing more variation or 

when non-genetic (environmental) factors are contributing less variation.  

H2 is a common measure of heritability, which reflects a specific mathematical 

formula that embeds all the genetic contributions to a population’s phenotypic variance. 

The values of H2 range between 0 and 1. A trait with a heritability estimate of 1 would be 

expressed with complete positive correlation to genotypic factors theoretically, as measured 

by comparing the concordance of the phenotype to the percentage of genes in common 

among twins or other siblings. By comparison, a trait with a heritability of 0.5 would have 

half its variability of concordance (from individual to individual) positively correlated with 
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the percentage of genes in common. H2 ≥ 0.5 reflects a high heritability and H2 ≤ 0.2 

suggests a low heritability (Allen, 2003; Baltimore, 2001; Hartsfield, 2011). 

 

7. Sanger and next generation sequencing techniques  

DNA sequencing is the process of determining the precise order of nucleotides 

(adenine, guanine, cytosine and thymine) within a DNA molecule.   

 

a. Sanger sequencing  

Developed by Frederick Sanger and his colleagues in 1977, the Sanger sequencing 

technique is based on the selective incorporation of chain-terminating dideoxy-nucleotides 

by DNA polymerase during in vitro DNA replication. It requires a single-stranded DNA 

template (DNA to be sequenced), a DNA primer (starting point for DNA synthesis on the 

strand of DNA to be sequenced), a DNA polymerase, normal deoxy-nucleoside 

triphosphates (dNTPs), and modified dideoxynucleoside triphosphates (ddNTPs) that 

terminate DNA strand elongation (chain terminators).  

Four individual’s DNA synthesis reactions are performed. The four reactions 

include normal A, G, C, and T dNTPs and each contains a low level of one of four ddNTPs: 

ddATP, ddGTP, ddCTP, or ddTTP. The four reactions can be named A, G, C and T, 

according to which of the four ddNTPs was included. The DNA to be sequenced is added 

to the 4 reactions. Most of the time, DNA polymerase will add a proper dNTP to the 

growing strand it is synthesizing in vitro, but at random locations, it will instead add a 
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ddNTP. When it does, that strand will be terminated at the ddNTP just added. If enough 

template DNAs are included in the reaction mix, each one will have the ddNTP inserted at 

a different random location, and there will be at least one DNA terminated at each different 

nucleotide along its length for as long as the in vitro reaction can take place. The ddNTPs 

that terminate the strands have specific fluorescent labels covalently attached to them. After 

the reaction is over, it is subject to capillary electrophoresis.  

All the newly synthesized fragments, each terminated at a different nucleotide and 

so each a different length, are separated by size. Smaller fragments will migrate more. As 

each differently sized fragment exits the capillary column, a laser excites the fluorescent tag 

on its terminal nucleotide. From the color of the resulting fluorescence, a computer can 

keep track of which nucleotide was present as the terminating nucleotide. The computer 

also keeps track of the order in which the terminating nucleotides appeared, which is the 

sequence of the DNA used in the original reaction (Sanger et al., 1977). 

 

b. Next generation sequencing “NGS”  

In 2009, Next Generation Sequencing (NGS) or deep sequencing platform 

appeared on the market as a revolutionary technology that performs sequencing of millions 

of small DNA fragments in parallel “massive parallel sequencing”. NGS can be used to 

sequence entire genomes (Whole Genome Sequencing: WGS) or constrained to specific 

areas of interest, including a whole exome (all 22 000 coding genes) (Whole Exome 

Sequencing: WES) or small numbers of individual genes.  
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NGS has many advantages over the traditional sequencing technique known as 

Sanger sequencing: much faster, captures a broader spectrum of mutations, produces more 

data, genomes can be interrogated without bias, needs significantly less template DNA and 

is cost effective. However, the Sanger method remains in wide use for smaller-scale 

projects, validation of NGS results and for obtaining especially long contiguous DNA 

sequence reads (> 500 nucleotides) (Behjati and Tarpey, 2013; Chandra Shekhar Pareek et 

al., 2011). The technique of NGS will be described in details in the material and methods 

section.  

 

8. Terms related to the genetic analysis  

a. Quality score  

The quality score (Q score) is used to measure base calling accuracy, one of the 

most common metrics for assessing sequencing data quality. It reveals how much of the 

data from a given run is usable in a resequencing or assembly experiment. Sequencing data 

with lower quality scores can result in a significant portion of the reads being unusable, 

resulting in wasted time and expense. Low Q scores can lead also to increased false-

positive variant calls, resulting in inaccurate conclusions and higher costs for validation 

experiments. For example, Q20 means that 90% of the fragments have 20 copies read and 

more and Q30 means that 90% of the fragments have 30 copies read and more (Human 

Genome Program, 2008). 
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b. Filter status 

Prior to cluster analysis or genetic network analysis it is customary to filter, or 

remove genes considered being irrelevant from the set of genes to be analyzed. The filter 

status is marked “PASS” if this position has passed all filters, i.e., a call is made at this 

position. Otherwise, if the site has not passed all filters, a specific code for filters that fail is 

written (Human Genome Program, 2008). 

 

c. Putative impact  

The putative impact aims to check if the variant has a deleterious effect on protein 

function and structure or not. It is classified into high, moderate or low (Human Genome 

Program, 2008). 

 

d. Allele count and Minor Allele Frequency (MAF) 

The allele count is defined as the count of each alternate allele for each site across 

all samples. The MAF determines the frequency of a minor variant of the gene at a 

particular locus in the normal population, obtained by dividing the number of appearances 

of the minor variant by the total number of alleles. An MAF of 0% indicates that the variant 

is not present in the normal population (new variant) and an MAF of 100% indicates that 

the variant is present in the normal population (Human Genome Program, 2008). 
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e. Approximate read depth 

The approximate read depth (sequencing depth or coverage) is obtained by using the 

following formula: number of reads x read length / assembly size; number of reads meaning 

the number of times that a given nucleotide in the genome has been read in the reconstructed 

sequence and assembly size meaning the size of the genome that is sequenced. Deep 

sequencing refers to the general concept of aiming for high number of replicates reads of 

each region of a sequence (Human Genome Program, 2008). 

 

f. Inbreeding coefficient 

The inbreeding coefficient (F) is the probability of auto-zygosity. Inbreeding is 

evident when alleles in an individual are identical by descent (IBD) in other words (F) is 

the probability that a zygote obtains the two identical alleles at a locus from 

consanguineous parents (related parents). In contrast identical alleles arising from 

mutations don’t count as being IBD.I (Human Genome Program, 2008).   

 

g. Yield 

The yield is defined as the total number of sequences for one individual. The total 

yield is calculated by using the following formula: total number of reads * average read 

length (Human Genome Program, 2008). 
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h. GC-content 

GC-content (or guanine-cytosine content) is the percentage of nitrogenous bases on 

a DNA molecule that are either guanine or cytosine (from a possibility of four different 

ones, also including adenine and thymine). DNA with high GC-content is more stable than 

DNA with low GC-content (Human Genome Program, 2008).  

 

C. Inheritance pattern  

The inheritance pattern of dental agenesis was reported in different studies as 

being: Autosomal dominant or recessive for some genes and X-linked for others. (De 

Coster et al., 2009a; van den Boogaard et al., 2000; Vieira et al., 2004) 

A study conducted by wang et al. in 2017 on 21 CHH subjects revealed that a 

recessive inheritance or a dominant inheritance with incomplete penetrance was observed. 

The variability in the pattern of missing teeth combined with the supernumerary suggested 

a significant influence from environmental factors and potential genetic modifiers on the 

disease expressivity and phenotype (Wang et al., 2018). 

This hypothesis was supported by the phenotypic variance from identical twin 

cases included in this study. Despite their identical genetic backgrounds, one boy had 3 

supernumeraries and missing tooth number 29, while the other had 2 supernumeraries and 

missing tooth number 20, this confirms the environmental contribution to the condition. 

Isolated hyperdontia and CHH might result from the same genetic mutation but be 
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phenotypically affected by environmental factors and potential genetic modifiers. (Wang et 

al., 2018) 

 

D. Genetic studies 

PAX9 has been identified as a key controlling factor during dental morphogenesis 

process and highly expressed specifically at the prospective sites of all teeth prior to any 

morphological signs of odontogenesis (Vieira et al., 2004). MSX1 plays a major role in the 

development of ectodermal derivatives and strongly expressed in the dental mesenchyme 

(Vieira et al., 2004). Signaling molecules that determine the position and the shape of the 

teeth are MSX1, MSX2, DLX1, DLX2, BARX1, and PAX (Miletich and Sharpe, 2003).  

PAX9 and MSX1 have been reported to have an important regulatory role in the 

maintenance of BMP4 expression and signaling (BMP signaling regulates the progression 

of tooth development from the lamina to the bud stage by controlling Cyclin-D1 expression 

and thereby cell proliferation in the dental epithelium, and by maintaining the odontogenic 

fate of dental epithelium), therefore it is suggested that they have a role in odontogenic 

potential shifts (Miletich and Sharpe, 2003).  

A variety of dental anomalies either morphological, numerical, and/or structural in 

nature may result due to abnormal function of these specific proteins. Depending on the 

molecule and its timing of required expression in either (or both) the oral epithelium and 

adjacent mesenchyme, tooth primordia may be absent (Wnt, p63), or tooth development 

may be arrested at the bud stage (Lef1, Msx1, Msx2, Pax9, Pitx2) or at the cap/bell stage 
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(Cbfa1/Runx2) (Table II.10) (Das et al., 2002; D’Souza et al., 1999; Lin et al., 1999; Sarkar 

and Sharpe, 1999; Satokata et al., 2000; Zhao et al., 2000).  

Studies in mutant mice have demonstrated that tooth development is arrested at the 

bud stage in both PAX9 and MSX1, suggesting they have similar, but non-redundant roles 

in signal progression to the cap stage of tooth development.(Das et al., 2002; Vieira et al., 

2004, p. 9). 

Table II.10: Protein factors involved in specific stage of tooth development 

Stage of tooth 

development 

Protein factors involved 

in signaling from 

epithelium 

Protein factors involved in 

signaling from 

mesenchyme 

Initiation Stage 

 

Bud Stage 

 

Cap Stage 

 

Bell Stage 

Fgfs, Bmps, Shh, Pitx2 and 

Wnts 

 

 

Bmp, Fgf, Wnts, Shh, Pdgf, p21, 

Msx2, Lef1 and Tgf-ᵝ 

 

 

Bmp, Fgf, Wnts, Shh, Pdgf, 

p21, Msx2, Lef1 and Tgf-ᵝ 

Pax9, Ptc, Msx1, Msx2, Bmp4, 

Lhx6, Lhx7, Lef1, Dlx1, Dlx2, 

Gli1, Gli2, Gli3 and Barx1 

 

Pax9, Bmp, Dlx1, Dlx2, Lhx6, 

Lhx7, Msx1, Lef1, Gli1, Gli2, 

Gli3, Barx1 and Fgfs 

 

Pax9, Bmp, Dlx1, Dlx2, Lhx6, 

Lhx7, Msx1, Lef1, Gli1, Gli2, 

Gli3, Barx1, Bmp4, Msx2 and 

Fgfs 

 

Different studies revealed defects in various genes that encode transcription factors 

as MSX1 and PAX9, or genes that code for a protein involved in the canonical Wnt 

signaling “AXIN2”, and a transmembrane receptor of fibroblast growth factors (FGFR1). 

Protein products of genes that encode transcription factors MSX1 and PAX9, are 

responsible for the crosslink between dental tissues and are essential for the establishment 

of the odontogenic potential of the mesenchyme (Peters and Balling, 1999). 
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MSX1 and PAX9 interact during odontogenesis at both the gene and protein level 

and are intimately involved in the genetic networks regulating tooth development. PAX9 

forms a physical association with MSX1, which enhances the ability of PAX9 to activate 

both MSX1 and mesenchymal Bmp4 gene expression during tooth development. This 

interaction dictates morphogenesis of the dental organ, more in particular, the transition 

from bud to cap stage during tooth morphogenesis and enamel knot induction at the late cap 

stage (Ogawa et al., 2005). 

Besides Bmp4 downregulation, PAX9 mutations could result in a selective 

reduction in PAX9 binding to sites that regulate MSX1 expression levels. Mutations in 

either PAX9 or MSX1 might also lead to defective protein–protein interactions, both at the 

gene and protein levels that disrupt normal downstream functions important for tooth 

development (Ogawa et al., 2005). 
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CHAPTER III 

MATERIAL AND METHODS 

A. Target population 

1. General characteristics 

This is a prospective case-control study including 16 Mediterranean families 

known to include subjects diagnosed with hypodontia/hyperdontia over 2 generations. The 

approached probands were either ongoing or had previous orthodontic treatment at the 

Division of Orthodontics and Dentofacial Orthopedics of the American University of Beirut 

Medical Center, AUBMC. The pedigrees were drawn for the families in concern.  

Nine families, including 37 subjects, accepted to undergo a detailed data and 

biospecimen collection for the genetic analysis. IRB approval was granted before initiation 

of the study for both levels of investigation (Protocol Number: BIO-2019-0464). Privacy of 

the subjects was only accessed by the research group members; therefore, there was no 

potential risk of breach of confidentiality. The research was funded by the Medical Practice 

Plan (MPP) and the University Research Board (URB). 

 

2. Inclusion criteria 

The approached families were part of the Mediterranean population and comprised 

several affected individuals over at least 2 generations. The inclusion criteria were 

congenital agenesis of at least one tooth, not including third molars, as verified by clinical 

examination, radiographs and dental history. Individuals with supernumerary of at least one 
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tooth were also enrolled in a separate category. Non-affected relatives for both groups were 

additionally included as controls. 

 

3. Exclusion criteria 

Instances of tooth agenesis adjacent to a cleft site were not included, because the 

absence of such teeth is likely to be the consequence of local developmental anomalies at 

the cleft site. Subjects having congenital disorders and syndromes were excluded. 

 

B. Families selection and recruitment process 

Twenty-Six probands from 16 families, belonging to the Mediterranean population 

and diagnosed with hypo/hyperdontia, were identified from the pool of patients at the 

Division of Orthodontics and Dentofacial Orthopedics at AUBMC due to a previous or 

ongoing orthodontic treatment.  

The recruitment process for the detailed data and biospecimen collection came as 

follows:  

a- The probands were first approached by their treating orthodontist, then subsequently 

addressed by the study coordinator and asked if they are willing to participate in the 

research project.  

b- Subjects who agreed to enroll were detailed more about the study, handed a written 

consent form and given enough time to sign it in a private environment. Consent forms 

were adapted to each age category. (Child between 7-12 years, adolescent between 13-

17 years, adult above 18 years and parental consents). The consent form enclosed 
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information about the aims of the study, procedure, risks and benefits and a 

confidentiality section. 

c- Detailed information on demographics, medical history, affection status of other 

individuals within the family etc. was gathered 

d- Flyers (invitation to participate in a study) were handed to the probands to distribute 

them to their affected and non-affected relatives. The flyers included general 

information about the study.  

e- Interested relatives were requested to contact the research team (at (01) 350 000 ext. 

5706) to come to the Division of Orthodontics and Dentofacial Orthopedics, AUBMC. 

f- Affected and non-affected subjects underwent the data and biospecimen collection 

procedure that consisted of a thorough clinical examination, a panoramic radiograph 

and the collection of 5cc of blood.  

 

Nine Mediterranean families (Lebanese) including 37 subjects (14 males, 23 

females; 25 affected, 12 non-affected) consented to participate and undergo the data and 

biospecimen collection. Each one of the 37 selected subjects was assigned a specific code 

that includes the family code (A-I) followed by a number (1-6). Among those families: 

- 5 (A, B, C, D and E) had isolated dental agenesis of <6 teeth missing,  

- 2 families (F and G) had members with either dental agenesis of <6 teeth missing or 

supernumerary, 

- In family H, one of the two members who had dental agenesis, presented with 

oligodontia (≥ 6 teeth missing). Another member within the same family had 

hyperdontia.  
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- Family I exhibited 3 affected members with Hyperdontia (Table III.1-III.2). 

 

 

Table III.1: Distribution of the phenotypes in the 9 recruited families 
Family AFFECTED NON-AFFECTED 

 HYPO HYPER  

A 2  1 

B 2  2 

C 2  2 

D 3  1 

E 3  1 

H 2 (1 oligo) 1 0 

 14  7 

F 2 1 1 

G 3 1 2 

 5 3 3 

I  3 2 

   5 

Total 19 6 10 (12) 

TOTAL 37 

                                          Vvjhbkj: individuals having hypodontia 

Vvjhb kj individuals having hyperdontia 
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Table III.2: Summary of the demographic characteristics of the 9 recruited families 
 Ethnicity Blood collection Panoramic x-ray 

  
Number 

of males 

Number 

of females 

Number of 

affected 

individuals 

Number of 

non-

affected 

individuals 

Number 

of males 

Number 

of 

females 

Family (A) Lebanese 2 1 2 1 2 1 

Family (B) Lebanese 1 3 2 2 1 3 

Family (C) Lebanese 2 2 2 2 2 2 

Family (D) Lebanese --- 4 3 1 --- 4 

Family (E) Lebanese 1 3 3 1 1 3 

Family (F) Lebanese 2 2 3 1 2 2 

Family (G) Lebanese 2 4 4 2 2 4 

Family (H) Lebanese 1 2 3 --- 1 2 

Family (I) Lebanese 3 2 3 2 3 2 

Total  14 23 25 12 14 23 

TOTAL  37 37 37 
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C. Families’ structure (pedigrees)  

1. Pedigrees of the 16 approached families 

Pedigrees of the 16 Mediterranean families that were approached are illustrated below  

 

a. Families with distributed hypodontia (Figure III.1)  
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Figure III-1: Pedigrees of 10 families with affected individuals with hypodontia 

(underlined in blue) 

 

b. Families with distributed hypodontia and hyperdontia (Figure III.2): 
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Figure III.2: Pedigrees of 3 families with distributed hypodontia (underlined in blue) and 

hyperdontia (underlined in green) 

 

c. Families with distributed oligodontia, hypodontia and hyperdontia (Figure III.3) 

 

 

Figure III.3: Pedigrees of 2 families with distributed oligodontia (underlined in red), 
hypodontia (underlined in blue) and hyperdontia (underlined in green)  
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d. Family with distributed hyperdontia (Figure III.4) 

Figure III.4: Pedigree of the family with distributed hyperdontia (underlined in green)  

 

2. Pedigrees of the 5 enrolled families 

The Pedigrees of the families who accepted to enroll in the study are illustrated 

below (Figures III.5-13), with the subjects for whom blood was collected and panoramic x-

ray was taken underlined in orange. The selected subjects are numbered using Arabic 

numerals. Double oblique lines indicate divorce. All 9 families are Lebanese.  

Figure III.5: Pedigree of the family (A) 
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Family’s structure: the pedigree illustrated 3 generations with a total of 25 

individuals with 2 affected males only. The mode of inheritance is autosomal dominant. 

Blood was collected from 3 subjects (2 affected, 1 non-affected) and a panoramic x-ray was 

taken for them.   

Figure III.6: Pedigree of the family (B) 

Family’s structure: the pedigree comprised 3 generations with a total of 19 

individuals including 5 affected of which 3 were females and 2 were males. The mode of 

inheritance is autosomal dominant. Blood was collected from 4 subjects (2 affected, 2 non-

affected). 

Figure III.7: Pedigree of the family (C) 
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Family’s structure: the pedigree consisted of 3 generations with a total of 16 

individuals (2 affected and 14 non-affected). The mode of inheritance is autosomal 

dominant. Blood was collected from 4 subjects (2 affected, 2 non-affected) and a 

panoramic x-ray was taken on them. 

Figure III.8: Pedigree of the family (D) 

Family’s structure: The pedigree of 3 generations included a total of 15 

individuals with 3 affected females. The mode of inheritance is autosomal dominant. Blood 

was collected from 4 subjects (3 affected, 1 non-affected) and a panoramic x-ray was taken 

on them. 

Figure III.9: Pedigree of the family (E) 
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Family’s structure: pedigree comprised of 3 generations with a total of 13 

individuals (5 affected and 8 non-affected). The mode of inheritance is autosomal 

dominant. Blood was collected from 4 subjects (3 affected, 1 non-affected) and a 

panoramic x-ray was taken on them. 

 Figure III.10: Pedigree of the family (F) 

 

Family’s structure: the pedigree comprised of 3 generations with a total of 13 

individuals including 3 affected (2 males and 1 female) and 10 non-affected. The mode of 

inheritance is autosomal dominant. Blood was collected from 4 subjects (3 affected, 1 non-

affected) and a panoramic x-ray was taken on them. 

Figure III.11: Pedigree of the family (G) 
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Family’s structure: the pedigree enclosed 3 generations with a total of 15 

individuals with 3 affected females versus 1 affected male. The mode of inheritance is 

autosomal dominant. Blood was collected from 6 subjects (4 affected, 2 non-affected) and a 

panoramic x-ray was taken on them. 

Figure III.12: Pedigree of the family (H) 

 

Family’s structure: the pedigree illustrated 3 generations with a total of 15 

individuals with 2 affected males and 1 affected female. The mode of inheritance is 

autosomal dominant. Blood was collected from 3 affected subjects only and a panoramic x-

ray was taken for them.   

Figure III.13: Pedigree of the family (I) 
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Family’s structure: the pedigree comprised of 4 generations with a total of 21 

individuals with 4 affected (3 males and 1 female). The mode of inheritance is autosomal 

dominant. Blood was collected from 5 subjects (3 affected, 2 non-affected) and a 

panoramic x-ray was taken on them. 

In summary, 5cc of blood was withdrawn from 37 subjects (25 affected, 12 non-

affected) and a panoramic x-ray was taken on all of them the 37 subjects. It should be noted 

that consanguinity was not present, and an autosomal dominant mode of inheritance was 

noted in all 9 families.  

 

D. Clinical examination and dental measurements 

1. Initial measurements  

Dental measurements were performed in 8 families having hypodontia, on 

panoramic radiographs (2D) and, either cast models or 3D intraoral images using the 3 

Shape Trios® intra-oral scanner. Both diagnostic tools were used as the 3D intraoral 

imaging technique as well as cast models provide higher accuracy versus the 2D 

radiographic imaging, by properly calibrating the latter to the measurements retrieved from 

scans and cast models. These measurements included: 

✓ Arch circumference discrepancy (ACD) 

✓ Arch circumference available (ACA) and required (ACR)   

✓ Crown length (CL) and crown width (CW)  

✓ Root length (RL). 
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Patients who had a recent panoramic radiograph taken within the range of 6 

months to 1 year did not have to take a new one. The panoramic radiograph was taken at 

our division and housed in the departmental radiologic software (CLINIVIEW 9.3).  

Teeth dimensions were measured by one investigator (JB) using: 

- CLINIVIEW 9.3 software for the panoramic radiographs (following calibration) 

(Figure III.14) 

- 3Shape Ortho Analyzer® for the 3D intraoral scans (Figure III.15) 

- Digital Caliper for the cast models (Figure III.16) 

 

Figure III.14: Crown length, Root length for different teeth measured on the panoramic x-

ray using Cliniview.  
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Figure III.15: Crown length, and width as well as arch dimensions measured on the 3D 

image obtained using 3Shape Ortho Analyzer® 

 

Figure III.16: Crown length, width measured on the cast models using digital caliper.  

 

The total sample from the 8 studied families with hypodontia comprised 28 subjects 

(18 affected and 10 non-affected relatives). Each of both groups were matched for age and 

gender with corresponding controls; these matched controls had the full set of their 

permanent dentition (meaning no agenesis was noted). Subsequently, the subgrouping came 

as follow: 
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- Group A (N=18): affected patients with dental agenesis 

- Group CA (N=18): matched control group for group A (no agenesis) 

- Group N (N=10): non-affected relatives of group A 

- Group CN (N=10): matched control group for group (no agenesis) 

 

2. Repeated measurements 

Intra-examiner reliability of the measurements was assessed by choosing randomly 

28 patients (50% of the total sample) 1 month after initial digitization. Spearman 

correlation test was performed for intra-class examiner and gave an average correlation 

coefficient of 0.97.   

 

3. Statistical analysis  

The differences between the radiographic and the intra-oral measurements among 

CA/A and CN/N were evaluated using Paired t-test (since the groups are matched). In 

order to assess variable differences between A and N, a two-sample independent t-test was 

employed. The results were considered statistically different if the p value was ≤ 0.05.  
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E. Genetic procedure 

1. Blood collection 

The Inheritance pattern of oligo/hypo and hyperdontia were potentially explored 

by isolating genomic DNA from whole blood cells of both affected and non-affected 

individuals and then running the analysis, which was performed by Dr. Georges Nemer 

(Professor and head of Basic Science Affairs and genetic unit at FM) who has ample 

expertise in this field. Both affected and non-affected individuals were included in order to 

facilitate the analysis by associating the genotype to the underlying phenotype. 

For this purpose, 5cc of blood was withdrawn from affected and some non-

affected individuals of each family, using needles and Capillary Blood Collection tubes 

(CBC tubes) with a purple/lavender top color (i.e., the interior of the tube wall is coated 

with EDTA K2 or K3) by applying the following protocol: 

1. Positioning of the patient in a chair.  

2. Selection of a suitable site for venipuncture, by placing a tourniquet 3 to 4 inches above 

the selected puncture site on the patient.  

3. Palpation for a vein.  

4. When a vein is selected, cleansing of the area using alcoholic pad, in a circular motion, 

beginning at the site and working outward.  

5. Allowing the area to air dry.  

6. Asking the patient to make a fist, then grabbing the patient’s arm using the thumb and 

swiftly inserting the needle through the skin into the lumen of the vein. The needle 

should form a 15-30 degree angle with the arm surface.   
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7. Removal of the tourniquet when the last tube is filling.   

8. Removal of the needle from the patient’s arm using a swift backward motion. 

9. Placement of gauze immediately on the puncture site, applying and holding adequate 

pressure to avoid formation of a hematoma. After holding pressure for 1-2 minutes 

taping a fresh piece of gauze or Band-Aid to the puncture site (Figure III.17). 

Figure III.17: Different steps for blood withdrawal 

 

Then, the blood samples were preserved in the refrigerator at a temperature of -

4°C, awaiting DNA extraction (done within 0 to 10 days maximum after blood 

withdrawal). The potential risks associated with blood withdrawal include bruising, pain, 

hematoma, and slight possibility of infection or fainting. However, blood withdrawal was 

done at the hospital (AUBMC), by a specialized nurse or physician, using a clean needle. 

The AUBMC Laboratory Medicine rules and regulations were followed, including any 

information provided by this department on a routine basis. Therefore, these potential risks 

are considered minimal and the benefits of this study outweigh its potential risks. In fact, 

these potential risks didn’t occur to anyone of the participants in this study. 
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2. DNA extraction 

Genomic DNA was isolated using the Qiagen Blood-Midi kit (Qiagen Science 

Inc., Germantown, MD), as per the manufacturer recommendations. The DNA extraction 

process used in this study is quite short and the DNA at the end tends to be purer though 

less concentrated.   

It includes the following steps: 

1. In a 15ml falcon tube (conical centrifugation tube), put: 2ml blood, + 200 μl protease 

(5.5ml H2O to the powder) (to denature the proteins and keep the DNA intact). + 2.4ml 

lysis buffer (breaks open cells and nuclear membranes but also exposes the DNA to 

proteins).  

2. Mix by inversion 15 times, vortex for 1 min to mix the liquid and then incubate at 70°C 

for 10 min (boil the water on the heater).  

3. Add 2ml of ethanol 100% to precipitate the DNA from the lysed cells.  

4. Mix by inversion 10 times and vortex for 30 sec.  

5. Remove half of the volume (≈ 3ml) and pour into the purifying falcon tube (with 

membrane).  

6. Centrifuge at 3600 for 10 min at 15°C to separate the DNA from the reagents and 

proteins during the cell lysis step.  

7. Decant the supernatant and add the remaining volume of the lysed blood + 3.6ml in the 

purifying tube.  

8. Centrifuge at 3600 for 10 min at 15°C.  

9. Add 2ml of washing buffer 1 to clean the reagent then centrifuge at 3600 for 10 min.  
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10. Add 2ml of washing buffer 2 also to clean the reagent, then centrifuge at 3600 for 10 

min. At this stage, the DNA moved to the bottom of the tube.  

11. Air-dry for 7 min to evaporate the ethanol.  

12. Transfer to a new falcon tube, add 150μl of dilution buffer and incubate for 5 min at 

room temperature.  

13. Centrifuge for 10 min at 3600. Repeat the elution step if the quantity is small.  

14. Quantify with a nanodrop to know the concentration of DNA in the blood.  

15. Store at -20°C with an elution buffer to stabilize the DNA while protecting it from 

degradation. 

Steps 1 to 3 constitute the cell lysis stage. In steps 4 to 11, the cellular debris are 

eliminated (DNA purification process): once the hydrolytic enzymes have been destroyed 

and the DNA precipitated, the DNA purification process begins. In essence, the cellular 

components, including DNA, are placed into a spin column and the spin column is washed 

of all components except the DNA. Upon centrifugation, the material will pass through the 

filter, which attracts the DNA and allows debris to pass through. This will be followed by 

two wash steps with two buffers (AW1 and AW2). Steps 12 and 13 constitute the DNA 

elution stage that consists of removing the DNA from the filter. This is done by adding the 

elution buffer and then spinning the tube with the DNA embedded in the filter, which will 

pull the elution buffer through the matrix, thus pulling the DNA into the collection tube. 
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3. Genetic analysis 

Through the whole Exome Sequencing (WES) the genetic variants were identified 

in exonic regions of the 37 subjects that are part of the 9 selected families, including the 

affected ones as well as the non-affected.  

For each individual, the results were first displayed on a file named “FastQ file” 

that can only be read on a specific software. Then, by comparing the sequences to the 

normal databases, an annotated file named “Variant Call Formal” (VCF) was generated for 

each individual that can be read on a specific software “Illumina Variant Studio”, which 

has the advantage of allowing a clustering analysis by family. The Variant Call Format 

(VCF) is a text file format that contains information about variants found at specific 

positions in a reference genome. The file format consists of meta-information lines, a 

header line and data lines. Each data line contains information about a single variant: 

chromosome number, position of the variant, gene name, quality score, filter status, 

putative impact on the proteins function and structure, allele count, total number of alleles 

in called genotypes, allele frequency, approximate read depth, inbreeding coefficient.  

DNA was first quantified and assessed for quality using the Nanodrop at the 

American University of Beirut Molecular Core Facility. Then, the experimental genetic 

procedure was done in four main steps:  

1. Library preparation 

2. Cluster generation 

3. Sequencing   

4. Data analysis and report generation (Figure III.18).  
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The first 3 steps were performed at Macrogen Laboratory in South Korea 

(dna.macrogen.com) while data analysis was done at the department of biochemistry and 

molecular genetics at AUB.  

Figure III.18: Four main steps of the genetic experimental procedure following DNA 

extraction (Adapted from source: http://dna.macrogen.com. Accessed: November, 2020). 

 

a. Captured library preparation 

Following DNA extraction, a random fragmentation of the DNA was performed, 

followed by a library hybridization during which the DNA fragments of a few hundred base 

pairs were added to the target enrichment capture kit Agilent SureSelect V6-Post. The 

SureSelect Target Enrichment workflow is a solution-based system utilizing ultra-long -120 
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mer biotinylated cRNA baits- to capture regions of interest, enriching them out of a NGS 

genomic fragment library. The kit fragment includes primers at both ends (formed of 20 

intron nucleotides) that are the same for all fragments, in addition to a unique primer (bar 

code) for each individual. The DNA fragments that include only exons had their both ends 

ligated to the kit fragment and the other DNA fragments were eliminated (Figure III.19). 

Then, the libraries were amplified by emulsion PCR during which DNA is amplified on 

micro beads. After PCR amplification, for each one of the annealed fragments, the number 

of copies read (read depth) was indicated. To be reliable, the read depth should be >40-50 

for the preliminary analysis and then >20 if a result was not found during the preliminary 

analysis. 

Figure III.19: Detailed procedure of the captured library preparation step. (Adapted from 

source: http://dna.macrogen.com. Accessed: November, 2020). 
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b. Cluster generation 

The goal is to detect groups of genes that exhibit similar expression patterns by 

subdividing the genes in such a way that similar ones fall into the same sub class 

(cluster), whereas dissimilar ones fall in different sub-classes (clusters). Consequently, 

two criteria are satisfied: homogeneity - elements in the same cluster are highly similar to 

each other; and separation - elements from different clusters have low similarity to each 

other. Clusters are generated through a unique isothermal "bridge" amplification reaction 

occurring on the surface of the flow cell. Each cluster represents the single molecule that 

initiated the cluster amplification. It contains approximately one million copies, which is 

sufficient for reporting incorporated bases at the required signal intensity for detection 

during sequencing. This allows an open-ended exploration of the data, without getting 

lost among the thousands of individual genes.   

 

c. Next generation sequencing (NGS) 

The libraries underwent Whole Exome Sequencing (WES) on a HiSeq6000 

Illumina platform to determine the exact sequence of nucleotides (adenine, guanine, 

cytosine and thymine). A flow cell containing millions of unique clusters is loaded into 

the HiSeq6000 for automated cycles of extension and imaging (Figure III.20). 

Sequencing-by-Synthesis is through the use of polymerase-catalyzed addition of four 

proprietary fluorescently labeled nucleotides with “reversible terminators”. Each 

sequencing cycle occurs in the presence of all four nucleotides leading to higher accuracy 
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than methods where only one nucleotide is present in the reaction mix at a time. This 

cycle is repeated, one base at a time, generating a series of images each representing a 

single base extension at a specific cluster. Hundreds of thousands to hundreds of millions 

of sequencing reactions occur simultaneously, which refers to the term “massive parallel 

sequencing”. 

 

Figure III.20: Hiseq6000 Illumina sequencer (Adapted from source: 

http://dna.macrogen.com. Accessed: November, 2020) 

 

d. Data analysis 

Several software (GWA, Picard, GATK and Snpeff) were used to map and analyze 

the sequencing data with a primary focus on variant discovery and genotyping as well as 

strong emphasis on data quality assurance, while using the normal databases as a 

reference. That software annotates and predict the effects of variants on genes (such as 

amino acid changes). In fact, they can generate the following results: genes and 

transcripts affected by the variants, location of the variants, how the variants affect 
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protein synthesis (e.g., generating a stop codon) and comparison with other databases to 

find equal known variants.  

Single nucleotides and deletion/insertion variants were generated using the GATK 

software, and during the 1st stringent filtering, only the variants having a high putative 

impact passed (disruptive mutation: frameshift or stop codon) and a coverage read >40-50 

were analyzed; if no result was found, an analysis was performed on the variants with a 

read depth >20. 

During the 2nd filtering, a comparison was done between individuals of the same 

family in an attempt to find common gene(s) between the affected ones that is(are) not 

noted in the genetic material of the non-affected ones. In other words, we aim to find a 

mutation that segregates with the phenotype. Then, the analysis was repeated by selecting 

only the passed variants having a moderate putative impact and a Minor Allele Frequency 

MAF ≤ 0.001 in the normal population and a comparison was also done between 

individuals of the same family in order to find common gene(s) between the affected 

ones. In families a large number of common genes was noted, 2nd sub-filtering was 

performed to reduce the number of genes. The 2nd sub-filtering is a complimentary 

biochemical interface done to prove that the results obtained by sequencing affect protein 

function. Assessment of the effects of the filtered variants on protein function was done 

in silico using both the Polyphen2 and SIFT softwares. During this 2nd sub-filtering, 

which is applicable only on the variants having a moderate putative impact, the genes 

having the Polyphen and SIFT predictions as “Damaging” were kept and the others were 

filtered out. Then, the genes having several mutations were filtered out and the potential 

genes were highlighted. 
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After the several steps of filtering, we ended up with a reduced number of possible 

candidate genes, so depending on their function, some of them were filtered out and the 

other(s) were considered as candidate gene(s) for Oligo/Hypo and Hyperdontia. In other 

words, the genes that do not have a role in dental development and morphogenesis were 

filtered out, and those that are related to the dental development, were considered as 

candidate gene(s) for the tested phenotypes.  Then, a search was done to check if the 

potential candidate gene(s) is(are) found in one family were present in individuals that are 

part of the 7 other selected families and the candidate gene(s) found in this study were 

compared to those discovered by previous studies published in the literature to assess if 

common genes are present.  

It should be noted also that this is a straightforward genetic approach to identify 

gene(s) implicated in the condition. No statistical power analysis is needed because the 

analysis is not a linkage analysis, which requires SNP genotyping across the genome, but 

rather a genotype-phenotype linkage based on the results of the WES. The latter takes 

into account all the variables (e.g., level of inbreeding) because it allows us to analyze the 

genotypes with a hypothesis-free strategy whereby any variant(s) would be assessed 

across the family as being linked to the phenotype.   
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CHAPTER IV  

RESULTS  

A. Pedigree analysis 

The pedigrees drawn to represent the structure of the 16 Mediterranean families 

with affected individuals suggest a Mendelian inheritance pattern and segregate in an 

autosomal dominant manner.  

The analysis of those pedigrees disclosed the following: (Tables IV.1-2):   

- An equal number of reported generations per family (n=3-4).  

- 11 families with female predominance. 

- 4 families with male predominance. 

- 1 family with equal number of reported affected males and females.  

- 1 family with affected females in the first generation.  

- 7 families having affected siblings in the youngest generation; 5 of the families 

accepted to enroll in the genetic analysis. 

 

Table IV.1: Pedigree analysis of the 16 Middle Eastern families 

 

 Generations Affected females Affected males 

Total number in 16 

families 
51 40 19 

Average 3.19 2.5 1.19 
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Table IV.2: Pedigree analysis of the 16 Middle Eastern families 

 

 N %  N % 

Families with more affected 

females 
11 68.75 

Families with more affected 

males 
4 25 

Families with at least 3 

affected 

females 

9 56.25 
Families with at least 3 

affected males 
2 12.5 

Families with no affected 

females 
1 6.25 

Families with no affected 

males 
6 37.5 

Families with affected females 

in the 1st generation 
1 6.25 

Families with affected males 

in the 1st generation 
0 0 

 

 

B. Panoramic and IO-Scanner analysis: 

Statistical analysis was performed on measurements related to 56 individuals, 28 of 

whom were from the first 8 selected families and 28 from the control group.  

 

1. Group A versus group CA 

When comparing group A with its corresponding control (CA) for arch parameters, 

a significant reduction in arch dimensions (ACA) was noted, which similarly reflected on 

inter-molar/ canine widths and arch length, thus the constricted arches. Less crowding 

(ACD) was also recorded in group A, however only statistically significant in the mandible 

(Table IV.3). 
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Table IV.3: Comparison between CA&A for arch parameters 
Measurements Mean 

difference 

(CA-A) 

SD P 
Maxilla 

ACD -1.94 0.97 0.104 

ACA 10.94 5.47 <0.001 

ACR 12.89 6.45 <0.001 

Inter-molar width 6.15 3.08 <0.001 

Inter-canine width 6.81 3.40 <0.001 

Arch length 6.23 3.12 <0.001 

Mandible 

Mean 

difference 

(CA-A) 

SD P 

ACD -2.11 1.06 <0.001 

ACA 8.15 4.08 <0.001 

ACR 6.25 3.13 <0.001 

Inter-molar width 5.15 2.57 <0.001 

Inter-canine width 5.71 2.85 <0.001 

Arch length 4.70 2.35 <0.001 

 

As for teeth dimensions, Group A had smaller crown widths overall however only 

statistically significant for maxillary R 3-4-5/ L3 and mandibular R 2-4-6-7/ L1-3-6-7 

(while noting that the mean differences were within 1 SD which is not clinically 

substantial) (Table IV.4) 
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Table IV.4: Comparison between CA&A for crown width 

Measurements Mean difference 

(CA-A) 
SD P 

Maxilla 

CW. MR1 0.34 0.60 0.131 

CW. MR2 0.41 0.49 0.141 

CW. MR3 0.32 0.40 0.027 

CW. MR4 0.49 0.43 0.003 

CW. MR5 0.51 0.45 0.015 

CW. MR6 0.22 0.68 0.395 

CW. MR7 0.29 0.72 0.136 

CW. ML1 0.29 0.55 0.185 

CW. ML2 0.65 0.64 0.136 

CW. ML3 0.41 0.45 0.007 

CW. ML4 0.14 0.34 0.348 

CW. ML5 0.56 0.70 0.137 

CW. ML6 0.71 1.32 0.175 

CW. ML7 0.23 0.71 0.273 

Mandible 
Mean difference 

(CA-A) 
SD P 

CW. mR1 0.33 0.37 0.07 

CW. mR2 0.39 0.45 0.052 

CW. mR3 0.26 0.45 0.149 

CW. mR4 0.49 0.47 0.031 

CW. mR5 0.62 0.62 0.066 

CW. mR6 0.51 0.60 0.013 

CW. mR7 0.58 0.69 0.003 

CW. mL1 0.42 0.31 0.006 

CW. mL2 0.34 0.41 0.09 

CW. mL3 0.50 0.32 0.001 

CW. mL4 0.34 0.49 0.157 

CW. mL5 0.46 0.48 0.064 

CW. mL6 0.49 0.54 0.008 

CW. mL7 0.61 0.66 0.003 

CW: crown width, M: maxilla, m: mandible, R: right, L: left 

 

The affected group had reduced crown lengths for maxillary R 1-3/ L 1-3-6 and 

mandibular R/L 1-2-3-4 (Table IV.5). 
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Table IV.5: Comparison between CA&A for crown length 

Measurements Mean 

difference 

(CA-A) 

SD P 
Maxilla 

CL. MR1 0.87 0.90 0.022 

CL. MR2 0.78 0.61 0.078 

CL. MR3 0.89 0.80 0.012 

CL. MR4 0.43 0.75 0.083 

CL. MR5 0.58 0.74 0.066 

CL. MR6 0.25 0.81 0.14 

CL. MR7 0.12 0.68 0.558 

CL. ML1 0.92 0.80 0.007 

CL. ML2 0.60 0.56 0.065 

CL. ML3 0.66 0.70 0.007 

CL. ML4 0.24 0.64 0.177 

CL. ML5 0.43 0.63 0.121 

CL. ML6 0.40 0.65 0.015 

CL. ML7 -0.05 0.65 0.83 

Mandible 

Mean 

difference 

(CA-A) 

SD P 

CL. mR1 0.57 0.70 0.054 

CL. mR2 0.81 0.64 0.004 

CL. mR3 0.89 0.60 0.001 

CL. mR4 0.71 0.55 0.005 

CL. mR5 0.40 0.69 0.056 

CL. mR6 0.20 0.58 0.399 

CL. mR7 0.05 0.73 0.719 

CL. mL1 0.60 0.60 0.008 

CL. mL2 0.69 0.70 0.029 

CL. mL3 0.81 0.70 0.006 

CL. mL4 0.61 0.60 0.038 

CL. mL5 0.29 0.69 0.452 

CL. mL6 0.28 0.51 0.324 

CL. mL7 0.08 0.79 0.699 

CL: crown length, M: maxilla, m: mandible, R: right, L: left 

 

 

 



97 

 

Significant differences for root length existed for maxillary R 2-4-5/ L 1-2-4-5-6-7 

and mandibular R 2-4-6-7/ L 1-2-6. Worth noting is that the roots of patients in group A 

tended to be shorter in comparison with their controls, however it was not clinically 

momentous (Table IV.6) 

Table IV.6: Comparison between CA&A for root length 

Measurements Mean difference 

(CA-A) 
SD P 

Maxilla 

RL. MR1 0.01 0.45 0.936 

RL. MR2 1.12 0.42 <0.001 

RL. MR3 0.15 0.48 0.394 

RL. MR4 0.50 0.39 0.005 

RL. MR5 0.45 0.34 0.007 

RL. MR6 0.22 0.30 0.079 

RL. MR7 -0.13 0.20 0.078 

RL. ML1 0.23 0.33 0.037 

RL. ML2 1.19 0.54 0.001 

RL. ML3 0.13 0.44 0.519 

RL. ML4 0.49 0.35 0.002 

RL. ML5 0.56 0.41 0.007 

RL. ML6 0.20 0.27 0.029 

RL. ML7 -0.07 0.13 0.04 

Mandible 
Mean difference 

(CA-A) 
SD P 

RL. mR1 0.33 0.33 0.062 

RL. mR2 0.35 0.44 0.063 

RL. mR3 0.12 0.34 0.351 

RL. mR4 0.29 0.21 0.001 

RL. mR5 0.18 0.15 0.319 

RL. mR6 0.54 0.20 <0.001 

RL. mR7 0.31 0.28 <0.001 

RL. mL1 0.48 0.41 0.009 

RL. mL2 0.42 0.28 0.002 

RL. mL3 0.04 0.25 0.67 

RL. mL4 0.12 0.34 0.664 

RL. mL5 -0.03 0.40 0.703 

RL. mL6 0.60 0.25 <0.001 

RL. mL7 0.07 0.26 0.496 

RL: root length, M: maxilla, m: mandible, R: right, L: left 
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2. Group N versus group CN 

The arch circumference available (ACA) was reduced in group N (by 4.32mm and 

4.82mm in maxilla and mandible respectively) except not statistically significant in the 

maxilla. Differences in crowding (ACD) between both groups did not reach a statistical 

significance, while the space required (ACR) in both arches indicated significant disparity 

(Table IV.7). 

Table IV.7: Comparison between CN&N for arch parameters 

Measurements Mean 

difference 

(CN-N) 

SD P 
Maxilla 

ACD -0.90 -0.90 0.217 

ACA 4.32 4.32 0.056 

ACR 5.22 5.22 0.027 

Inter-molar width 0.21 0.21 0.819 

Inter-canine 

width 0.23 0.23 
0.800 

Arch length 1.69 1.69 0.225 

Mandible 

Mean 

difference 

(CN-N) 

SD P 

ACD 0.15 0.15 0.823 

ACA 4.82 4.82 0.005 

ACR 4.67 4.67 0.002 

Inter-molar width 0.74 0.74 0.374 

Inter-canine 

width 0.73 -0.73 
0.729 

Arch length 1.25 1.25 0.173 

 

When contrasting group N with their controls, crown widths were significantly 

different for maxillary R 3-4-5-7/ L 4 and all mandibular teeth with the exception of R 7/ L 

4-5-7. Differences were statistically, yet not clinically, significant as the mean differences 

were within 1SD (Table IV.8). 
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Table IV.8: Comparison between CN&N for crown width 

Measurements Mean difference 

(CN-N) 
SD P 

Maxilla 

CW. MR1 0.15 0.32 0.386 

CW. MR2 0.04 0.61 0.875 

CW. MR3 0.53 0.51 0.025 

CW. MR4 0.48 0.34 0.008 

CW. MR5 0.17 0.42 0.016 

CW. MR6 0.34 0.58 0.069 

CW. MR7 0.39 0.43 0.045 

CW. ML1 0.38 0.48 0.137 

CW. ML2 0.17 0.63 0.401 

CW. ML3 0.36 0.44 0.117 

CW. ML4 0.55 0.41 0.016 

CW. ML5 0.49 0.69 0.239 

CW. ML6 0.44 0.44 0.055 

CW. ML7 0.64 0.65 0.063 

Mandible 
Mean difference 

(CN-N) 
SD P 

CW. mR1 0.40 0.35 0.042 

CW. mR2 0.51 0.39 0.036 

CW. mR3 0.55 0.41 0.006 

CW. mR4 0.54 0.46 0.046 

CW. mR5 0.54 0.39 0.006 

CW. mR6 0.72 0.58 0.045 

CW. mR7 0.19 0.51 0.194 

CW. mL1 0.45 0.35 0.021 

CW. mL2 0.50 0.32 0.018 

CW. mL3 0.51 0.46 0.017 

CW. mL4 0.37 0.54 0.157 

CW. mL5 0.30 0.45 0.191 

CW. mL6 0.75 0.46 0.002 

CW. mL7 0.19 0.65 0.5 

CW: crown width, M: maxilla, m: mandible, R: right, L: left 

 

The only significance for crown length between group N and their controls was 

noted for maxillary L6 and mandibular R 6-7 (Table IV.9).  Although not statistically 

significant, group N presented a trend of decrease in crown length. 
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Table IV.9: Comparison between CN&N for crown length 

Measurements Mean difference 

(CN-N) 
SD P 

Maxilla 

CL. MR1 0.70 0.87 0.246 

CL. MR2 0.43 0.97 0.421 

CL. MR3 0.50 0.90 0.21 

CL. MR4 0.31 0.86 0.472 

CL. MR5 -0.14 0.92 0.773 

CL. MR6 0.01 0.76 0.965 

CL. MR7 -0.43 0.72 0.319 

CL. ML1 0.69 0.85 0.153 

CL. ML2 0.05 0.86 0.908 

CL. ML3 0.61 1.00 0.186 

CL. ML4 0.12 0.93 0.954 

CL. ML5 -0.41 0.74 0.276 

CL. ML6 -0.77 0.61 0.047 

CL. ML7 -0.66 0.89 0.153 

Mandible 
Mean difference 

(CN-N) 
SD P 

CL. mR1 0.28 0.87 0.532 

CL. mR2 0.10 0.88 0.793 

CL. mR3 0.09 1.18 0.866 

CL. mR4 -0.04 0.84 0.929 

CL. mR5 -0.19 0.89 0.69 

CL. mR6 0.35 0.46 0.046 

CL. mR7 0.66 0.55 0.024 

CL. mL1 0.26 0.81 0.546 

CL. mL2 0.40 0.70 0.233 

CL. mL3 0.92 0.81 0.939 

CL. mL4 -0.09 0.82 0.821 

CL. mL5 -0.28 1.03 0.624 

CL. mL6 -0.44 0.65 0.262 

CL. mL7 -0.78 0.70 0.063 

CL: crown length, M: maxilla, m: mandible, R: right, L: left 

 

A trend was observed in the mandible, rather than the maxilla, where root lengths 

tended to be more elongated in group N compared to their corresponding controls. 
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Statistical differences existed for the maxillary R 2/ L 6 and mandibular R 3-4-5-6/ L 1-3-4-

5-6 (Table IV.10). 

Table IV.10: Comparison between CN&N for root length 

Measurements Mean 

difference 

(CN-N) 

SD P 
Maxilla 

RL. MR1 -0.06 0.26 0.582 

RL. MR2 0.19 0.18 0.05 

RL. MR3 0.06 0.27 0.605 

RL. MR4 0.02 0.12 0.769 

RL. MR5 0.09 0.21 0.442 

RL. MR6 -0.11 0.14 0.102 

RL. MR7 -0.06 0.14 0.365 

RL. ML1 -0.01 0.19 0.92 

RL. ML2 0.29 0.30 0.06 

RL. ML3 0.08 0.19 0.326 

RL. ML4 0.19 0.26 0.224 

RL. ML5 0.18 0.56 0.225 

RL. ML6 -0.10 0.11 0.023 

RL. ML7 -0.07 0.13 0.354 

Mandible 

Mean 

difference 

(CN-N) 

SD P 

RL. mR1 0.14 0.14 0.087 

RL. mR2 0.06 0.15 0.467 

RL. mR3 0.16 0.12 0.02 

RL. mR4 0.24 0.13 0.002 

RL. mR5 0.42 0.17 0.001 

RL. mR6 0.27 0.20 0.035 

RL. mR7 0.14 0.21 0.189 

RL. mL1 0.20 0.10 0.004 

RL. mL2 0.11 0.14 0.096 

RL. mL3 0.23 0.15 0.004 

RL. mL4 0.27 0.11 0.001 

RL. mL5 0.52 0.24 0.003 

RL. mL6 0.31 0.17 0.004 

RL. mL7 -0.03 0.19 0.698 

RL: root length, M: maxilla, m: mandible, R: right, L: left 
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1. Group N versus A 

The comparison between the affected individuals (A) with the non-affected 

relatives (N) exposed a reduction in all parameters related to arch dimension, which 

manifested in constricted maxillary and mandibular arches. Less crowding was also 

observed (Table IV.11). 

Table IV.11: Comparison between N&A for arch parameters 

 
Measurements Mean difference 

(N-A) 
SD P 

Maxilla 

ACD -3.02 1.51 0.006 

ACA 6.03 3.02 0.02 

ACR 9.05 4.53 0.002 

Inter-molar width 6.27 3.14 <0.001 

Inter-canine width 7.20 3.60 <0.001 

Arch length 7.23 3.62 <0.001 

Mandible 
Mean difference 

(N-A) 
SD P 

ACD -3.02 1.51 0.003 

ACA 3.35 1.68 0.013 

ACR 2.37 1.19 0.002 

Inter-molar width 4.98 2.49 <0.001 

Inter-canine width 7.28 4.01 0.002 

Arch length 4.61 2.30 0.002 

 

Differences for crown width between affected and their non-affected relatives was 

only statistically significant for maxillary R2 (Table IV.12). 
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Table IV.12: Comparison between N&A for crown width 

Measurements Mean difference 

(N-A) 
SD P 

Maxilla 

CW. MR1 0.19 0.43 0.262 

CW. MR2 0.59 0.50 0.016 

CW. MR3 0.02 0.40 0.894 

CW. MR4 0.15 0.42 0.408 

CW. MR5 0.56 0.49 0.588 

CW. MR6 0.03 0.65 0.926 

CW. MR7 -0.18 0.59 0.502 

CW. ML1 0.11 0.42 0.515 

CW. ML2 0.61 0.68 0.058 

CW. ML3 0.04 0.44 0.848 

CW. ML4 -0.09 0.37 0.536 

CW. ML5 0.01 0.61 0.966 

CW. ML6 0.36 1.24 0.629 

CW. ML7 -0.45 0.70 0.115 

Mandible 
Mean difference 

(N-A) 
SD P 

CW. mR1 -0.03 0.34 0.853 

CW. mR2 0.05 0.46 0.778 

CW. mR3 -0.15 0.47 0.473 

CW. mR4 0.02 0.47 0.928 

CW. mR5 0.12 0.40 0.489 

CW. mR6 -0.11 0.51 0.613 

CW. mR7 0.31 0.56 0.225 

CW. mL1 0.01 0.33 0.946 

CW. mL2 -0.01 0.31 0.95 

CW. mL3 0.11 0.37 0.425 

CW. mL4 -0.04 0.51 0.831 

CW. mL5 0.18 0.46 0.34 

CW. mL6 -0.07 0.50 0.748 

CW. mL7 0.31 0.52 0.158 

CW: crown width, M: maxilla, m: mandible, R: right, L: left 

 

Statistically significant differences were noted for crown lengths were reduced in 

group A for maxillary R 5-7/ L 2-5-6 and mandibular R 3-4-6-7/ L 4-6. While not clinically 

significant, group A present a trend of decrease in crown length (Table IV.13). 
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Table IV.13: Comparison between N&A for crown length 

Measurements Mean difference 

(N-A) 
SD P 

Maxilla 

CL. MR1 0.47 1.07 0.276 

CL. MR2 0.83 0.86 0.064 

CL. MR3 0.58 0.80 0.076 

CL. MR4 0.53 0.94 0.16 

CL. MR5 0.84 0.83 0.02 

CL. MR6 0.46 0.82 0.179 

CL. MR7 0.69 0.70 0.017 

CL. ML1 0.57 0.96 0.134 

CL. ML2 1.04 0.83 0.012 

CL. ML3 0.68 0.87 0.084 

CL. ML4 0.42 0.97 0.276 

CL. ML5 1.05 0.75 0.003 

CL. ML6 1.05 0.68 0.001 

CL. ML7 0.46 0.87 0.267 

Mandible 
Mean difference 

(N-A) 
SD P 

CL. mR1 0.29 0.94 0.444 

CL. mR2 0.45 0.85 0.185 

CL. mR3 0.88 0.74 0.022 

CL. mR4 0.75 0.72 0.034 

CL. mR5 0.81 0.95 0.054 

CL. mR6 0.26 0.59 0.023 

CL. mR7 -0.04 0.77 0.05 

CL. mL1 0.21 0.83 0.569 

CL. mL2 0.17 0.83 0.609 

CL. mL3 -0.31 0.64 0.078 

CL. mL4 0.86 0.65 0.011 

CL. mL5 0.78 0.94 0.053 

CL. mL6 0.61 0.62 0.023 

CL. mL7 0.70 0.92 0.059 

CL: crown length, M: maxilla, m: mandible, R: right, L: left 

 

As for root length, Group A had significantly shorter roots for the majority of the 

teeth when compared with their relatives. Differences existed for maxillary R 1-2-3-6/ L 1-

2-3-4-6 and mandibular R 1-2-3-6/ L 1-2-3-5 (Table IV.14). 
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Table IV.14: Comparison between N&A for root length 

Measurements Mean difference 

(N-A) 
SD P 

Maxilla 

RL. MR1 0.22 0.22 0.023 

RL. MR2 0.40 0.23 0.005 

RL. MR3 0.29 0.24 0.007 

RL. MR4 0.07 0.11 0.095 

RL. MR5 0.09 0.13 0.175 

RL. MR6 0.29 0.18 0.002 

RL. MR7 -0.09 0.15 0.138 

RL. ML1 0.27 0.24 0.011 

RL. ML2 0.51 0.22 <0.001 

RL. ML3 0.24 0.24 0.026 

RL. ML4 0.11 0.11 0.03 

RL. ML5 0.11 0.44 0.089 

RL. ML6 0.27 0.16 0.004 

RL. ML7 0.00 0.07 0.391 

Mandible 
Mean difference 

(N-A) 
SD P 

RL. mR1 0.15 0.08 <0.001 

RL. mR2 0.37 0.16 <0.001 

RL. mR3 0.21 0.12 <0.001 

RL. mR4 -0.07 0.13 0.216 

RL. mR5 -0.12 0.19 0.158 

RL. mR6 0.14 0.17 0.049 

RL. mR7 0.01 0.21 0.926 

RL. mL1 0.18 0.09 <0.001 

RL. mL2 0.40 0.17 <0.001 

RL. mL3 0.17 0.12 0.001 

RL. mL4 -0.06 0.12 0.257 

RL. mL5 -0.16 0.18 0.04 

RL. mL6 0.13 0.16 0.076 

RL. mL7 0.04 0.20 0.606 

RL: root length, M: maxilla, m: mandible, R: right, L: left 

 

C. Genetic analysis   

The average characteristics of all selected family in terms of number of reads, 

quality scores, read length, total number of variants are displayed in Table IV.15.  The 9 
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Families have an average total read bases of 10,399,532,574, 52% of which are guanine or 

cytosine nucleotides. The average quality scores Q20 and Q30 are 98% and 95% 

respectively, indicating that 98% of the fragments have 20 copies read and more and 94% 

of the fragments have 30 copies read and more. The total number of variants equal to 

154,616. 

Table IV.15: Summary of the average characteristics of the 9 selected families. 
 Average Standard deviation Minimum Maximum 

Total read bases (bp) 10,399,532,574 906,454,924 9,499,680,592 13,636,610,680 

Total number of reads 68,871,077 6,003,013 62,099,310 94,401,106 

GC-content (%) 52 0.145335 51.35 52.05 

AT-content (%) 48 0.145335 47.95 48.65 

Q20 (%) 98 0.086362 97.82 98.23 

Q30 (%) 95 0.209444 94 94.98 

Total number of variants 154,616 25,842 15,089 176,390 

 

1. Family characteristics  

The average characteristics of each selected family in terms of number of reads, 

quality scores, read length, total number of variants are presented in this section (Tables 

IV.16-24).   

 

Family A:  

Family A has an average total read bases of 11,220,856,206, 51% of which are 

guanine or cytosine nucleotides. The average quality scores Q20 and Q30 are 98% and 94% 

respectively, indicating that 98% of the fragments have 20 copies read and more and 94% 

of the fragments have 30 copies read and more. The total number of variants was equal to 

111,181 (Table IV.16).  
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Table IV.16: Summary of the average characteristics of family A 
 Average Standard deviation Minimum Maximum 

Total read bases (bp) 11,220,856,206 1031632447 10,289,062,386 12,658,976,582 

Total number of reads 74,310,306 6832002.96 68,139,486 83,834,282 

GC-content (%) 51 0.136707 51.35 51.64 

AT-content (%) 49 0.136707 48.36 48.65 

Q20 (%) 98 0.114407 97.82 98.1 

Q30 (%) 94 0.249043 94 94.61 

Total number of variants 111,181 68,140 15,089 165,505 

 

Family B:  

Family B has an average total read bases of 11,832,428,177, 51.43% of which are 

guanine or cytosine nucleotides. The average quality scores Q20 and Q30 are 97.93% and 

94.3% respectively, indicating that 97.93% of the fragments have 20 copies read and more 

and 94.3% of the fragments have 30 copies read and more. The total number of variants 

was equal to 155,736 (Table IV.17).  

Table IV.17: Summary of the average characteristics of family B. 
 Average Standard deviation Minimum Maximum 

Total read bases (bp) 11,832,428,177 781,018,396 10,823,206,766 12,942,278,856 

Total number of reads 78,360,452 5,172,307 71,676,866 85,710,456 

GC-content (%) 51.43 0.062849 51.35 51.52 

AT-content (%) 48.57 0.062849 48.48 48.65 

Q20 (%) 97.93 0.027386 97.9 97.97 

Q30 (%) 94.3025 0.054025 94.24 94.37 

Total number of variants 155,736 11,571 139,842 171879 

 

Family C: 

Family C has an average total read bases of 11,221,746,206, 51% of which are 

guanine or cytosine nucleotides. The average quality scores Q20 and Q30 are 98% and 94% 

respectively, indicating that 98% of the fragments have 20 copies read and more and 94% 

of the fragments have 30 copies read and more. The addition total number of variants was 

equal to 156,562 (Table IV.18).  
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Table IV.18: Summary of the average characteristics of family C. 
 Average Standard deviation Minimum Maximum 

Total read bases (bp) 11,221,746,206 1011642447 10,278,025,386 12,618,976,582 

Total number of reads 74,310,306 6832002.96 68,139,486 83,834,282 

GC-content (%) 51 0.136707 51.35 51.64 

AT-content (%) 49 0.136707 48.36 48.65 

Q20 (%) 98 0.114407 97.82 98.1 

Q30 (%) 94 0.249043 94 94.61 

Total number of variants 156,562 5,779 146,805 161,027 

 

Family D:  

Family D has an average total read bases of 11,821,887,169, 52% of which are 

guanine or cytosine nucleotides. The average quality scores Q20 and Q30 are 98% and 94% 

respectively, indicating that 98% of the fragments have 20 copies read and more and 94% 

of the fragments have 30 copies read and more. The total number of variants was equal to 

158,415 (Table IV.19).  

Table IV.19: Summary of the average characteristics of family D. 
 Average Standard deviation Minimum Maximum 

Total read bases (bp) 11,821,887,169 908,474,852 10,348,040,570 12,622,456,024 

Total number of reads 78,290,644 6,016,389 68,530,070 83,592,424 

GC-content (%) 52 0.129904 51.37 51.73 

AT-content (%) 48 0.129904 48.27 48.63 

Q20 (%) 98 0.025495 97.91 97.98 

Q30 (%) 94 0.081662 94.22 94.44 

Total number of variants 158,415 6,808 150,514 167,639 

 

Family E:  

Family E has an average total read bases of 13,767,955,086, 52% of which are 

guanine or cytosine nucleotides. The average quality scores Q20 and Q30 are 98% and 94% 

respectively, indicating that 98% of the fragments have 20 copies read and more and 94% 
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of the fragments have 30 copies read and more. The total number of variants was equal to 

168,265 (Table IV.20).  

 

Table IV.20: Summary of the average characteristics of family E. 
 Average Standard deviation Minimum Maximum 

Total read bases (bp) 13,767,955,086 577,782,516 13,067,475,070 13,520,513,122 

Total number of reads 91,178,511 3,826,374 86,539,570 94,401,106 

GC-content (%) 52 0.209205 51.53 52.02 

AT-content (%) 48 0.209205 47.98 48.47 

Q20 (%) 98 0.095743 97.96 98.14 

Q30 (%) 94 0.237627 94.21 94.76 

Total number of variants 168,265 2,832 164,306 172,314 

 

Family F:  

Family F has an average total read bases of 11,689,109,698, 52% of which are 

guanine or cytosine nucleotides. The average quality scores Q20 and Q30 are 98% and 94% 

respectively, indicating that 98% of the fragments have 20 copies read and more and 94% 

of the fragments have 30 copies read and more. The total number of variants was equal to 

161,678 (Table IV.21).  

Table IV.21: Summary of the average characteristics of family F. 
 Average Standard deviation Minimum Maximum 

Total read bases (bp) 11,689,109,698 1,391,846,628 9,915,496,238 13,636,610,680 

Total number of reads 77,411,323 9,217,527 65,665,538 90,308,680 

GC-content (%) 52 0.174428 51.38 51.87 

AT-content (%) 48 0.174428 48.13 48.62 

Q20 (%) 98 0.023452 97.95 98.01 

Q30 (%) 94 0.047434 94.33 94.45 

Total number of variants 161,678 11,168 145,797 176,390 
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Family G:  

Family G has an average total read bases of 13,767,955,086, 52% of which are 

guanine or cytosine nucleotides. The average quality scores Q20 and Q30 are 98% and 94% 

respectively, indicating that 98% of the fragments have 20 copies read and more and 94% 

of the fragments have 30 copies read and more. The total number of variants was equal to 

156,654 (Table IV.22).  

 

Table IV.22: Summary of the average characteristics of family G. 
 Average Standard deviation Minimum Maximum 

Total read bases (bp) 13,767,955,086 577,782,516 13,067,475,070 13,520,513,122 

Total number of reads 91,178,511 3,826,374 86,539,570 94,401,106 

GC-content (%) 52 0.209205 51.53 52.02 

AT-content (%) 48 0.209205 47.98 48.47 

Q20 (%) 98 0.095743 97.96 98.14 

Q30 (%) 94 0.237627 94.21 94.76 

Total number of variants 156,654 6,768 147,102 161,964 

 

Family H:  

Family H has an average total read bases of 11,821,887,169, 52% of which are 

guanine or cytosine nucleotides. The average quality scores Q20 and Q30 are 98% and 94% 

respectively, indicating that 98% of the fragments have 20 copies read and more and 94% 

of the fragments have 30 copies read and more. The total number of variants was equal to 

161,573 (Table IV.23).  

Table IV.23: Summary of the average characteristics of family H. 
 Average Standard deviation Minimum Maximum 

Total read bases (bp) 11,821,887,169 908,474,852 10,348,040,570 12,622,456,024 

Total number of reads 78,290,644 6,016,389 68,530,070 83,592,424 

GC-content (%) 52 0.129904 51.37 51.73 

AT-content (%) 48 0.129904 48.27 48.63 
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Q20 (%) 98 0.025495 97.91 97.98 

Q30 (%) 94 0.081662 94.22 94.44 

Total number of variants 161,573 3,941 156,023 164,788 

 

Family I:  

Family I has an average total read bases of 10,062,817,697, 52% of which are 

guanine or cytosine nucleotides. The average quality scores Q20 and Q30 are 98% and 95% 

respectively, indicating that 98% of the fragments have 20 copies read and more and 95% 

of the fragments have 30 copies read and more. The total number of variants was equal to 

153,218 (Table IV.24).  

 

Table IV.24: Summary of the average characteristics of family I. 
 Average Standard deviation Minimum Maximum 

Total read bases (bp) 10,062,817,697 618,194,128 9,376,995,810 10,859,611,960 

Total number of reads 66,641,177 4,094,001 62,099,310 71,917,960 

GC-content (%) 52 0.141704 51.69 52.05 

AT-content (%) 48 0.141704 47.95 48.31 

Q20 (%) 98 0.044721 98.11 98.23 

Q30 (%) 95 0.070106 94.79 94.98 

Total number of variants 153,218 8,453 139,842 161,027 

 

 

2. Comparison with previous studies 

A comparison was performed, prior to the filtering steps, between the results of the 

present study and those from previous publications in which the following candidate genes 

were discovered: DSPP, MSX1, PAX9, AXIN2, WNT10A and EDAR for hypodontia and 

CDH26, APC for hyperdontia. 
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Variations in EDAR, CDH26 and APC were located in the genome of affected 

members of families E, F respectively in the present study, while WNT10A was found in 

both affected and non-affected members of family G. 

3. Filtering results  

As previously described, we started our 1st stringent filtering analysis by keeping 

only the variants that have a PASS filter status, a coverage read >40-50 and a high putative 

impact (clinically pathogenic variants) on protein structure and function. The number of 

variants was reduced to an average of 40000 in all families. Further reduction of variants 

was done by filtering out the non-affected subjects. 

The common variants in specific genes among affected individuals in each family 

came as follow, while no shared variants were found in families C, E and G (Tables IV.25-

26):  

- 2 in family A: CRACR2A and RMDN1 

- 2 in family B: ADCK2 and PER3 

- 1 in family D: NOV CCN3 

- 1 in family F: NME8  

- 2 in family H: MUC4 and OR10A6  

- 2 in family I: PDE4A and PICK1 

 

Table IV.25: Summary of the common variants in specific genes between affected 

individuals of each family following the 1st filtering (high putative impact) 
 A B C D E F G H I 

Gene 1 CRACR2A ADCK2 -- NOV -CCN3 -- NME8 -- MUC4 PDE4A 

Gene 2 RMDN1 PER3 -- -- -- -- -- OR10A6 PICK1 
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Table IV.26: Summary of the characteristics of the shared variant in specific genes 

between affected individuals following the 1st filtering (high putative impact) 

Family Gene Name Chrom Position HGVSp dbSNP Zygosity Effect 

A 

CRACR2A 12 3747334 p.Thr520HisfsTer15 -- HET 
Frameshift 

variant 

RMDN1 8 87519253 p.Gln73GlyfsTer11 -- HET 
Frameshift 

variant 

B 

ADCK2 7 140374064 -- rs140400082 HET 
Splice donor 

variant 

PER3 1 7902731 -- rs772840416 HET 
Frameshift 

variant 

D NOV-CCN3 8 120431446 p.Trp213Ter -- HET Stop gained 

F NME8 7 37936670 p.Phe582Ter -- HET 
Frameshift 

variant 

H 

MUC4 3 195505766 p.Ser4229GlufsTer85 rs751479306 HET 
Frameshift 

variant 

OR10A6 11 7949334 p.Leu292CysfsTer6 -- HET 
Frameshift 

variant 

I 

PDE4A 19 10572358 -- -- HET 
Frameshift 

variant 

PICK1 22 38470313 -- -- HET 
Frameshift 

variant 

 

As part of the 2nd stringent filtering, the analysis was then repeated by selecting 

only the variants having a PASS filter status a Minor Allele Frequency (MAF) ≤ 1% and a 

moderate putative impact, while ensuring that these variants affect protein function and 

were classified as “damaging” according to the Polyphen2 and SIFT prediction software. 

The number of variants was subsequently reduced to 29000 in all families.  

Common gene(s) among affected individuals were found in all families except for 

families B, C and D (Tables IV.27-28):  

- 4 in family A: GYS1; HOXA3; AGK and AKR1C4 

- 1 in family E: EDAR  

- 4 in family F: APCDD1; CDH26; DDX11 and LAMC2 
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- 3 in family G: LIMD1; DCAF6 and WNT10A. It should be noted that the gene 

WNT10A was expressed in non-affected individual. 

- 2 in family H: FGFBP1 and DFFA 

- 3 in family I: ABCA10, DYRK1A, PKN3 

 

Table IV.27: Summary of the common variants in specific genes between affected 

individuals of each family following the 2nd filtering (moderate putative impact and 

MAF<0.001) 

 
Family 

A 

Family 

B 

Family 

C 

Family 

D 

Family 

E 
Family F Family G 

Family 

H 

Family I 

Gene 

1 
GYS1 -- -- -- EDAR APCDD1 LIMD1 FGFBP1 ABCA10 

Gene 

2 
HOXA3 -- -- -- -- CDH26 DCAF6 DFFA DYRK1A 

Gene 

3 
AGK -- -- -- -- DDX11 WNT10A -- PKN3 

Gene 

4 
AKR1C4 -- -- -- -- LAMC2 -- -- -- 

 

 

Table IV.28: Summary of the characteristics of the shared variant in specific genes between 

affected individuals (that segregate with the phenotype) following the 2nd stringent (moderate 

putative impact and MAF<0.001) 

Family 
Gene 

Name 
Chrom Position HGVSp dbSNP Zygosity Effect 

A 

GYS1 19 49477975 p.Pro442Thr rs142951866 HET Missense variant 

HOXA3 7 27147763 p.Gly368Ala rs747577258 HET Missense variant 

AGK 7 141321601 p.Lys196Asn -- HET Missense variant 

AKR1C4 10 5242311 p.Lys84Asn -- HET Missense variant 

E EDAR 2 109545744 p.Arg89His rs121908450 HET Missense variant 

F 

APCDD1 18 10485732 p.Gly350Ser rs376017098 
HET. 

HOM 
Missense variant 

CDH26 20 58545197 p.Leu63Met rs144755899 
HET. 

HOM 
Missense variant 

DDX11 12 31242081 p.Arg263Gln rs201968272 
HET. 

HOM 
Missense variant 

LAMC2 1 183196682 p.Ile440Val rs147889360 HOM Missense variant 
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G 

LIMD1 3 45707144 p.Arg505Trp -- 
HET. 

HOM 
Missense variant 

DCAF6 1 168014447 p.Arg747Gln rs145189179 
HET. 

HOM 
Missense variant 

WNT10A 2 219755011 p.Phe228Ile rs121908120 HET Missense variant 

H 

FGFBP1 4 15937904 p.Arg118Trp rs374462127 
HET. 

HOM 

Missense 

variant 

DFFA 1 10529326 p.Ile69Thr rs138842024 HOM 
Missense 

variant 

I 

ABCA10 17 67146204 p.Arg1466Ser rs137945891 HET 
Missense 

variant 

DYRK1A 15 90344377 p.Phe326Val -- HET 
Missense 

variant 

PKN3 9 131479036 p.Glu607Lys rs549258373 HET 
Missense 

variant 

 

The 3rd step of stringent filtering consisted of function check to the 14 potential 

family candidate genes (CRACR2A, PER3, NOV CCN3, EDAR, APCDD1, CDH26, 

LAMC2, NME8, LIMD1, WNT10A, FGFBP1, DFFA, OR10A6 and DRK1A) that may 

segregate with the investigated phenotypes (hypo/hyperdontia) based on either 

genotype/phenotype correlation or their functions were described to be related to 

development and differentiation.  

The genes characteristics as well as the phenotype/genotype distribution are 

displayed in Tables IV.29-30.  

 



 

116 

 

Table IV.29: Summary of the characteristics of the 14 potential novel genes and their variants 

 Gene  Chrom Locus Position HGVSp dbSNP Zygosity Effect  

A CRACR2A 12 12p13.32 3747334 p.Thr520HisfsTer15 -- HET Frameshift  

B PER3 1 1p36.23 7902731 chr1:7902731:G:A rs772840416 HET Frameshift  

D NOV CCN3 8 8q24.12 120431446 p.Trp213Ter -- HET Stop gained 

E EDAR 2 2q13 109545744 p.Arg89His rs121908450 HET Missense  

F 

APCDD1 18 18p11.22 10485732 p.Gly350Ser rs376017098 
HET, 

HOM 
Missense 

NME8 7 7p14.1 37936670 p.Phe582Ter -- HET Frameshift  

CDH26 20 20q13.33 58545197 p.Leu63Met rs144755899 
HET, 

HOM 
Missense  

LAMC2 1 1q25.3 183196682 p.Ile440Val rs147889360 HOM Missense 

G 
LIMD1 3 3p21.31 45707144 p.Arg505Trp -- 

HET, 

HOM 
Missense  

WNT10A 2 2q35 219755011 p.Phe228Ile rs121908120 HET Missense  

H 

FGFBP1 4 4p15.32 15937904 p.Arg118Trp rs374462127 
HET, 

HOM 
Missense  

OR10A6 11 11p15.4 7949334 p.Leu292CysfsTer6 -- HOM Frameshift  

DFFA 1 1p36.22 10529326 p.Ile69Thr rs138842024 HOM Missense  

I DYRK1A 21 21q22.13 90344377 p.Phe326Val -- HET Missense 

Bhbjkk Moderate putative impact 

Bhbjkk High putative impact 
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Table IV.30: Genotype and phenotype distribution in the 9 families 

 Genes  AFFECTED 
NON-

AFFECTED 

Families HYPO HYPER Non-Affected HYPO HYPER  

A CRACR2A   2  1 

B PER3   2  2 

C --   2  2 

D NOV/CCN3   3  1 

E EDAR   3  1 

H FGFBP1 DFFA  2 (1 oligo) 1 0 

 5 1  14  7 

F 
CDH26, APCDD1, 

NME8 

LAMC2, CDH26, 

NME8, APCDD1 
 2 1 1 

G WNT10A, LIMD1 LIMD1 WNT10A 3 1 2 

 5 5 1 5 3 3 

I  DYRK1A   3 2 

      5 

Total 10 7 1 19 6 10 (12) 

TOTAL 13  37 

Vvjhbkj: individuals having hypodontia 

 Vvjhb kj individuals having hyperdontia 

 

 

4. Family findings  

Below are displayed the pedigrees of each family with their corresponding 

candidate genes.  

 

Family A 

Figure IV.1: Phenotype and genotype distribution in family A 
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CRACR2A (Figure IV.1) segregates in a heterozygous pattern in subjects A1 and 

A3. 

 

Family B  

PER3 (Figure IV.2) segregates in a heterozygous pattern in subjects B2 and B4. 

Figure IV.2: Phenotype and genotype distribution in family B 

Family D 

Figure IV.3: Phenotype and genotype distribution in family D 
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NOV/CCN3 (Figure IV.3) segregates in a heterozygous pattern in subjects D1-2-3. 

 

Family E 

Figure IV.4: Phenotype and genotype distribution in family E 

EDAR (Figure IV.4) segregates in a heterozygous pattern in subjects E1-E3 and 

E4. 

 

Family F 

CDH26, APCDD1, NME8, and LAMC2 were identified in family F (Figure IV.5). 

Figure IV.5: Phenotype and genotype distribution in family F 
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• NME8: 

NME8 gene segregates in a heterozygous pattern in subjects F1 and F4 and 

homozygous in subject F2.  

• LAMC2: 

LAMC2 gene segregates in a homozygous pattern in subject F2. 

• CDH26: 

CDH26 gene segregates in a heterozygous pattern in subjects F1 and F4 and 

homozygous in subject F2. 

• APCDD1: 

APCDD1 gene segregates in a heterozygous pattern in subjects F1 and F4 and 

homozygous in subject F2. 

 

Family G 

WNT10A and LIMD1 were identified in family G (Figure IV.6). 

Figure IV.6: Phenotype and genotype distribution in family G 
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• WNT10A: 

WNT10A gene segregates in a heterozygous pattern in subjects G1-4-5-6.  

Its expression in G5 (non-affected control) negates its direct role in dental 

agenesis. 

• LIMD1: 

LIMD1 gene segregates in a heterozygous pattern in subjects G1-4-6 and 

homozygous in subject G3. 

 

Family H 

FGFBP1, OR10A6 and DFFA were identified in family H (Figure IV.7). 

Figure IV.7: Phenotype and genotype distribution in family H 

• FGFBP1: 

FGFBP1 gene segregates in a heterozygous pattern in subjects H2 and H3. 
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• OR10A6: 

OR10A6 gene segregates in a heterozygous pattern in subjects H3 and homozygous 

in subject H1.  

• DFFA: 

DFFA gene segregates in a homozygous in subject H1. 

 

Family I 

DYRK1A gene segregates in a heterozygous pattern in subjects I2-3-5 (Figure 

IV.8). 

Figure IV.8: Phenotype and genotype distribution in family I 
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CHAPTER V  

DISCUSSION  

 

A. Introduction 

The genetic component plays a substantial role in the etiology of hypo/hyperdontia, 

as supported by the observation of familial segregation. Different studies on human genome 

sequencing have been completed and through which, researchers documented the genetic 

basis of many common human traits and diseases.  

The use of Genome Wide Association Studies (GWAS) enabled the association of 

specific genes loci with particular traits and diseases. Accordingly, genetic association data 

currently provide new routes to understanding the etiology of conditions, predicting a 

patient’s risk to the trait, or treatment response, and improving personalized prevention and 

treatment. The technology and statistical methods for completing whole genome tagging of 

variants and GWAS has developed rapidly over the last decade.  

This recent progress has allowed the investigations of susceptible genes that are 

responsible of the development of hypo/hyperdontia through genetic mapping studies that 

were performed in different ethnic populations: European, Italian, Spanish, Australian, 

Japanese, Chinese, African-American. Those studies identified several chromosomal 

regions or loci that inhouse susceptible genes for hypo/hyperdontia.  In the present study, 

Whole Exome Sequencing (WES) was performed on 9 Mediterranean families including 37 
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individuals (affected and non-affected) of different generations. The objectives of this 

research project were met. 

 

B. Genetic findings  

The Pedigree analysis indicated that, all pedigrees suggest a Mendelian inheritance 

pattern and segregate in an autosomal dominant manner. This finding supports several 

previous genetic studies (Ahmad et al., 1998; Arte, 2001; Bergstrom, 1977; Coster et al., 

2009; Das et al., 2002; Davis, 1987; Järvinen and Lehtinen, 1981; Polder et al., 2004; Rajab 

and Hamdan, 2002; Tanaka, 1998; Thesleff, 2000; Vastardis, 2000; Vastardis et al., 1996; 

Wang et al., 2018) .  

The analysis further revealed equal number of reported generations per family 

(n=3) in most of the families, average number of reported affected males and females (n=1-

2) per family, and more families with female predominance for hypodontia and male 

predominance for hyperdontia.  

Considering the number of affected males and females, we can hypothesize that in 

the Middle Eastern families with female predominance, the number of affected females is 

greater for hypodontia and the number of affected males is greater for hyperdontia.   

The results of this study support previous reports of no significant gender 

differences related to the prevalence of DA although female predominance was noted 

(Polder et al., 2004; Schalk-Van Der Weide and Bosman, 1996; Vastardis, 2000). No 

conclusive findings regarding gender predisposition to hypo/hyperdontia was elaborated 

possibly because of sampling or population differences.   
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Our genetic analysis revealed four common genes, associated with hypodontia 

and/or hyperdontia, between the present study and the results of previous studies done in 

different ethnic population:  

 

▪ CDH26 and APCDD1 expressed in family F where both phenotypes are present: 

CDH26 was previously described as being responsible for the development of 

isolated supernumerary teeth, on the contrary, our study findings revealed that CDH26 

alone does not develop supernumerary teeth.  

APCDD1 was previously described as being responsible for syndromic 

supernumerary teeth, whereas, our study findings revealed that APCDD1 was expressed in 

individuals with isolated supernumerary teeth.  

▪ EDAR and WNT10A were expressed in family E and G respectively where dental 

agenesis phenotype was present: 

EDAR gene was previously described in the literature as being responsible for 

syndromic dental agenesis, on the contrary, our study findings revealed its association with 

isolated dental agenesis.  

WNT10A was previously described as being responsible for syndromic and non-

syndromic (isolated) dental agenesis. In our study, we found that, WNT10A alone does not 

cause dental agenesis which was confirmed by the expression of WNT10A in one of the 

non-affected (control) individuals of the family G. 
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Therefore, the development of hypo/hyperdontia is polygenic. And since different 

genes are expressed in each family, we cannot search for one universal gene in all affected 

individuals. 

 

C. Family’s findings 

1. Family A: “CRACR2A” 

Figure V.1: Phenotype and genotype distribution in family A 

The CRACR2A (Figure V.1) gene was previously reported as being involved in cell 

differentiation (ameloblast and odontoblasts) and the mutation of the gene plays a key role 

in the development of amelogenesis imperfecta in humans causing the teeth to be unusually 

small, discolored, pitted or grooved, and prone to rapid wear. (Robinson et al., 2012) 

No clear relation with dental agenesis was previously reported. 
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2. Family B: “PER3” 

Figure V.2: Phenotype and genotype distribution in family B 

 

• Dental relation:  

The PER3 (Figure V.2) (among the family of the clock genes) was previously 

reported to be highly expressed in periodontal and gingival cells and its level is modulated 

by hypoxia mimetic agents (master regulators of the hypoxia response).  

Previous studies reported that the mutation of the PER3 gene will affect the 

periodontal health (Janjić et al., 2017; Mortola, 2007). 

• Non-dental relation:  

Clock genes family encode components of the circadian rhythms of locomotor 

activity, metabolism, and behavior. Polymorphisms in those genes (including the PER3) 

have been linked to sleep disorders and Major Depressive Disorders (Xu et al., 2019). 

Downregulation of the PER3 gene is associated with shortened circadian period length 

(Leocadio-Miguel et al., 2018). 
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• Subject health report:  

Subject B4 reported migraine issues and episodes of insomnia. 

Subject B2 reported some sleep disorders including: snoring, coughing and waking 

arousals caused by overweight and reported afternoon fatigue and sleepiness which may be 

a diagnosis for sleep apnea.  

The health report confirms the effect of hypoxia on the PER3 expression and its 

effect on the patient’s health. 

 

3. Family D: “NOV/CCN3” 

Figure V.3: Phenotype and genotype distribution in family D 

NOV (Figure V.3) gene was published in the literature as being involved in 

promoting dentin regeneration through proliferation and differentiation of DPSCs (dental 

pulp stem cells) by modulating Notch and BMP2 signaling pathways. (Wang et al., 2014) 

After dentin injury, CCN3 expression increases activating the Notch signaling 

pathway which will activate the cell proliferation (DPSCs). The cell proliferation will then 
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decrease the expression of the CCN3 which will activate the BMP signaling pathway and 

induce the cell odontoblastic differentiation. (Wang et al., 2014) 

 

4. Family E: “EDAR” 

Figure V.4: Phenotype and genotype distribution in family E 

EDAR (Figure V.4) gene plays a role in the embryonic development (Parveen et 

al., 2019; Zeng et al., 2017). 

It has been previously reported that the EDAR gene is associated with syndromic 

dental agenesis causing hypohidrotic and anhidrotic ectodermal dysplasia (HED). The HED 

features comprise of hypodontia/oligodontia, along with hypohidrosis/anhidrosis, and 

hypotrichosis (Cluzeau et al., 2011; Parveen et al., 2019)  

Non syndromic tooth agenesis associated with EDAR gene mutation has not been 

previously reported. 
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5. Family F:  

Figure V.5: Phenotype and genotype distribution in family F 

• NME8: 

The study conducted by Shimizu et. al in 2015 on Asian population highlighted 

genes causing predisposition for periodontal disease (Shimizu et al., 2015) and two 

suggestive were reported: KCNQ5 on chromosome 6q13 and GPR141-NME8 at 

chromosome 7p14.1  

This study concluded that GPR141-NME8 locus had a strong genetic effect on the 

susceptibility to generalized periodontitis in Japanese individuals with a history of 

smoking. (Shimizu et al., 2015) 

• LAMC2: 

A study was conducted by Song et al. in 2013 to determine the molecular, 

functional and histological differences between human deciduous and permanent 

periodontal ligament (PDL) tissues by comparing their gene expression patterns. 

LAMC2 was among the genes up-regulated in deciduous PDL tissues and involved 

in the formation of the extracellular matrix.(Song et al., 2013) 
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A second study was conducted Kim et al. in 2016 to determine the gene expression 

of the human coronal pulp (CP) and apical pulp complex (APC) aiming to explain 

differences in their function. LAMC2 was among the genes strongly expressed the 

APC.(Kim et al., 2016) 

Conclusion of both studies:  

- LAMC2 gene is an active gene in the early stages of dental development. 

- Down regulation can be related to dental anomaly whether in number or in structure. 

• CDH26: 

A study was conducted using whole-exome sequencing of non-syndromic Japanese 

individuals possessing supernumerary teeth to identify genes and/or loci involved in the 

pathogenesis of the condition (Takahashi et al., 2017a).  

An autosomal-dominant transmission pattern of non-syndromic multiple 

supernumerary teeth has been reported by: (Batra et al., 2005; Takahashi et al., 2017b) 

• APCDD1: 

APCDD1 is a negative regulator of Wnt signaling which plays a role in tooth 

development. It is expressed in the condensed mesenchyme at the bud stage, and in the 

inner enamel epithelium (IEE), including enamel knot (EK) at the cap stage. It is involved 

in tooth cusp patterning by modulating the epithelial rearrangement in the IEE (Neupane et 

al., 2015). 

Mutation in APC gene was described causing syndromic supernumerary teeth: 

“Gardner syndrome” (Lu et al., 2017). 
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• Summary of Family F:  

NME8, CDH26, and APCDD1 are common among all affected members of this 

family. Subject F2 having supernumerary tooth have an additional gene LAMC2 not 

expressed within the parents thus, it is called “denovo gene”.  

This gene distribution indicates that polygenicity of NME8, CDH26 and APCDD1 

cause dental agenesis, which means that those three genes are potentially individually or in 

combination causing the hypodontia phenotype.  

When LAMC2 is expressed, it downregulates the NME8 and masks its effect thus 

inducing supernumerary teeth.  

The hypothesis is: the difference in phenotypes expression is a gene dosage effect 

made by the addition of LAMC2.   

 

6. Family G:  

Figure V.6: Phenotype and genotype distribution in family G 
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• LIMD1: 

LIMD1 is highly expressed in PDLCs: mesenchymal cells which can differentiate 

into osteoblastic and cementoblastic cells that will be involved in the alveolar bone and root 

cementum remodeling process during the orthodontic tooth treatment. (Huang et al., 2016; 

Tsuge et al., 2016) 

Results indicate that the osteoblastic/cementoblastic differentiation of PDLCs was 

increased when mechanical force was imposed, and higher expression of 

osteoblastic/cementoblastic genes, among which: “LIMD1” (Wu et al., 2019) 

• WNT10A: 

WNT10A plays an important role in the formation and shaping of both the primary 

and permanent dentition.  

WNT10A was previously described to be associated with syndromic and non-

syndromic dental agenesis. (Abdalla et al., 2014; Dinckan et al., 2018; Du et al., 2018; 

Martínez-Romero et al., 2019; Parveen et al., 2019; Zeng et al., 2017, 2016) 

Non-dental relation:  

Mutation of WNT10A was published in the literature as being pathogenic and 

disease causing regardless of the disease type although few articles including (Abdalla et 

al., 2014; Parveen et al., 2019) described its presence without a disease linked and refuted 

its pathogenic effect.  

The hypothesis of the pathogenicity of this gene may be explained in the current 

family since subjects G5, G6, G1 and G2 reported hypertension and Diabetes, subjects G3 

and G4 reported prediabetes history.  
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It is strongly expressed in the cell lines of promyelocytic leukemia and Burkitt's 

lymphoma. In addition, WNT10A and WNT6 gene, are strongly co-expressed in colorectal 

cancer cell lines (Cluzeau et al., 2011). 

WNT10A Gene has a role in the embryonic development of many parts of the body 

including: skin, hair, nails, teeth and sweat glands (Ectodermal tissues) (Cluzeau et al., 

2011). 

• Summary of Family G:  

WNT10A and LIMD1 are common genes among affected members with 

hypodontia. Subject G3 having supernumerary tooth expressed only the LIMD1 gene. 

Subject G5 (control) expressed the WNT10A gene.  

Therefore, it can be assumed that WNT10A alone does not cause dental agenesis. 

WNT10A works in digenic mode with the LIMD1 gene to cause dental agenesis. LIMD1 

alone cause dental supernumerary.  

The same hypothesis can be added in this case: difference in phenotype 

expression, is a gene dosage effect made by the LIMD1 gene in this case.  

 



135 

 

7. Family H:  

Figure V.7: Phenotype and genotype distribution in family H 

• FGFBP1: 

A study done by Kim et al., in 2012, described the embryologic stages of dental 

development and the role of the FGF proteins in it.  

FGF-binding proteins such as FGFBP1 and the epidermal growth factor receptor 

(EGFR) were highly expressed in the epithelium at the initiation and bell stages of dental 

development (Kim et al., 2012). 

A study done on mice reported that FGFBP1 is expressed in dental germ, dental 

pulp, external enamel epithelium and apical side of the ameloblasts, which indicates that 

the later may play roles in ameloblast and odontoblast differentiation (Aigner et al., 2002). 

• OR10A6: 

Although no dental relation was previously described whether in human or animal 

studies, this gene was considered as potential gene because the mutation reported in the 

present study is frameshift with a high putative impact. The gene variant was only 
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expressed in those two family members and not present in other families or previous 

database.  

Non-dental relation:  

The human odorant receptor OR10A6 is part of the olfactory receptors gene family 

(OR). Each individual is found to harbor as many as 636 OR allelic variants, this has a 

direct effect on smell perception diversity between individuals. Mutation at the level of the 

OR genes affect the smell perception. (Malnic et al., 2004; Olender et al., 2012) 

• DFFA: 

The gene function was not yet described in humans. 

A study conducted by Gonzalez et. Al in 2013 using a nonhuman primate model 

reported detailed gene expression in apoptotic pathways that occur in oral mucosal tissues 

(Gonzalez et al., 2013) 

DFFA was among the upregulated genes which have a function as block points for 

apoptosis thus decreasing the apoptotic potential of cells in aging gingiva. The mutation of 

the gene will cause gingival problems (Gonzalez et al., 2013). 

• Summary of Family H:  

FGFBP1 was common between H2 (hypodontia) and H3 (oligodontia). The two 

individuals have dental agenesis but with different severity, but having the same gene 

variant, this can be explained by the different degree of penetrance.  

The digenic work of OR10A6 with the DFFA causes dental supernumerary but when 

OR10A6 is present in addition to the FGFBP1, this digenic work causes oligodontia.  
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Therefore, the presence of OR10A6 can explain the phenotype/genotype difference between 

the individuals H2 and H3.  

8. Family I “DYRK1A”: 

Figure V.8: Phenotype and genotype distribution in family I 

 

The DYRK1A (Figure V.8) mutation was reported in patients having DYRK1A 

syndrome “intellectual disability syndrome” and supernumerary teeth (Bwm et al., 2015; 

van Bon et al., 1993).  

Among the Syndrome features: extreme dental calculus, delayed primary dentition, 

neonatal teeth, and supernumerary teeth.  

Non-dental relation:  

DYRK1A gene is overexpressed in down syndrome. It is the most studied member 

of DYRK kinases, because it is located on the chromosome 21 within the Down syndrome 

critical region. This gene has a pro-oncogenic activity (Guimera et al., 1999; Laham et al., 

2021). 



138 

 

DYRK1A gene mutation is related to neurodegenerative disorders causing 

Alzheimers and Parkinson’s disease (Laham et al., 2021). 

 

D. Dental findings 

1. Comparison between group A and Control:  

Group A has significantly decreased arch dimensions thus, constricted arches and 

significantly less crowding (ACD>0).  

This can be explained by the fact that group A have missing teeth and have smaller 

teeth (crown width) thus, more space in the arch.  

Although not significant for all teeth, but hypodontia population have shorter teeth 

crowns and shorter roots. 

 

2. Comparison between group N and Control:  

Arch dimension differences between both groups are not significant. This can be 

explained by the absence of dental agenesis and therefore, presence of crowding.  

When we compare the crown width between both groups, the non-affected group 

have smaller teeth although they don’t have missing teeth. Therefore, the non-affected 

group is affected in a way having small teeth. 

When we compare the crown length and root length, group N have shorter crowns 

and roots although not significant for all teeth. 
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3. Comparison between group A and N:  

Group A have significant smaller arch dimensions (constricted arches) and 

significantly less crowding. This is explained by the fact that group A have dental agenesis 

and the remaining teeth are smaller thus, this group have extra spaces in the arches.  

Both groups have smaller teeth compared to control but group N have larger values 

compared to group A.  

When we compare the crown and root length, the same previous pattern exists 

between both groups: group A have shorter crowns and shorter roots compared to their 

relatives although not significant for all teeth. 

 

E. Strengths and limitations 

1. Strengths  

Very few human genetic studies to identify genes conferring susceptibility to 

hyperdontia have been performed. More genetic studies have been conducted for 

hypodontia because it is more common and more readily diagnosed within families. Most 

genetic studies of hypodontia and hyperdontia have been associated with syndromes and 

craniofacial anomalies such as:  anhidrotic ectodermal dysplasia syndrome and Van der 

Woude syndrome (Kondo et al., 2002; Parveen et al., 2019; Tao et al., 2006; Zeng et al., 

2016) were associated with hypodontia. Cleidocranial dysplasia and Gardner syndrome 

were associated with hyperdontia (Suda et al., 2007; Yu et al., 2018).  

Moreover, studies have not been conducted in the Mediterranean population, 

indicating that the genetic determinants of hypo/hyperdontia in this ethnic population were 
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completely unclear. Therefore, identifying the candidate genes in this population is a new 

contribution, especially that many families with several affected individuals over many 

generations were observed.  

The most important strengths of this study are related to: 1- its novelty as the first 

genetic study of hypodontia conducted in 5 families, the greater number to date. 2- the first 

study to be conducted not only in families with hypodontia but also in families with 

combined hypodontia and hyperdontia (3 families) and a family with DE. 3- New theories 

about genetic influences could be formulated.  

The present study contributed to better comprehend the genetic determinants and 

the variation in the risk for hypo/hyperdontia in this population.  

The results of this study were possible through the application of the “Whole 

Exome Sequencing (WES)” technique, which is part of the Next Generation Sequencing 

(NGS) technology. WES was preferred over the Whole Genome sequencing (WGS), even 

though WES convers only 2% (around 180000 genes) of the entire genome, WES focuses 

on the protein coding sequences (exomes) which contain high portions of the functional 

variants and around 85% of known-disease related variants, making this method a cost-

effective alternative to Whole-Genome sequencing.  

WES also have the capability to expand targeted content to include untranslated 

regions (UTRs) and microRNA for a more comprehensive view of gene regulation. 

Majority of previous studies did not include WES using NGS while exploring 

hypo/hyperdontia. In addition, previous studies applied linkage analysis and did not explore 

all the genes of each individual. This linkage analysis was based on a search for specific 
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genes or loci that were found to be associated in the literature with the phenotype tested or 

with dental development.  

The genetic screening did not show any aberration in the reported genes linked to 

hypo/hyperdontia that were revealed in the earlier genetic studies except for the WNT10A 

which was determined in the present study as not being individually a causing gene for 

hypodotnia. 

Therefore, 14 potentially novel genes (CRACR2A, PER3, NOV CCN3, EDAR, 

APCDD1, CDH26, LAMC2, NME8, LIMD1, WNT10A, FGFBP1, DFFA, OR10A6 and 

DRK1A) were recognized that segregate with the phenotypes and could be implicated in 

the development of hypo/hyperdontia. Accordingly, if those genes are present in the 

genotype of an individual, the later may express the trait.  

A significant contribution of this study is also in its design, including subjects and 

families with hypo/hyperdontia, thus focusing on the heritability characteristic of the 

phenotypes. 

Such phenotypic characterization will represent data infrastructure to future large-

scale genetic studies that should allow in-depth analysis of the etiology of 

hypo/hyperdontia.  

The early diagnosis through the identification of genetic influences would aid in 

preventing the development of malocclusion or at least reduce its severity, and improve 

treatment planning. 

The sample used in this study constitutes by itself a strength because it includes 

several families (N=9) with affected individuals over 2-3 generations, demonstrating 

clearly the segregation of the phenotype across generations, and allowing comparisons to 
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find common genes across individuals of the same family and across different families. 

Other studies,  (Arikan et al., 2018; Bergendal et al., 2011; Klein et al., 2005; Liu et al., 

2014; Ockeloen et al., 2016; Pegelow et al., 2008; Shokeh, 2014) had included non-related 

individuals which means non-familial studies, or limited number of families (1-2 families) 

or the sequencing technique was not a WES but rather it was targeting a specific gene or 

loci thus called “linkage analysis”, in other words, analysis did not explore all the genes of 

each individuals.  

The present study involved also non-affected individuals of each family that served 

as controls when comparing the genes and variants across individuals and families, as well 

as in panoramic and intra-oral scanner analysis.   

 

2. Limitations  

Some limitations were related to the fact that previous database results: did not 

exist in Lebanon or the Mediterranean region regarding WES analysis in normal 

individuals.  

Therefore, we could not verify if the 14 candidate genes were present or not in the 

normal populations of this region. We compared our results to the normal database of the 

whole globe, which includes 6000 healthy individuals for WES and found that the 14 genes 

also are not present in these databases.  

Other limitations related to specific families or the number of families in the study: 

No potential candidate gene for hypodontia could be noted in the family C following the 1st 

and 2nd filtering process. 
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Although the number of families having dental agenesis exceeded the number 

included in previous studies and some were distinguished with numbers having hypodontia 

and hyperdontia, only one family presented exclusively with hyperdontia.  

This limitation was due to the COVID-19 situation that restrained initially 

accepting families from enrolling in the study.  

Finally, some limitations were related to the sample included in the dental analysis: 

The small sample size of the non-affected members limited the generalization of the dental 

findings. 
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CHAPTER VI 

CONCLUSIONS AND RECOMMENDATIONS 

 

A. Conclusion 

In both the developmental and clinical contexts, this study represents a significant 

advance in the fields of orthodontics and dentofacial orthopedics and in prosthodontics and 

periodontics. It is the first genetic study on large families with hypo/hyperdontia worldwide 

using NGS/WES to better understand the variations and risks for this condition.  

The key conclusions are summarized:  

• A visual inspection of the pedigrees corresponding to the 16 Mediterranean families 

approached during this study suggests an autosomal dominant mode of inheritance of 

hypo/hyperdontia with incomplete penetrance. Analysis indicates an equal number of 

reported generations per family (n=3-4), number of families with female predominance 

(n=11) and male predominance (n= 4), an equal number of reported affected males and 

females per family (n=1).  

• Through WES, 14 genetic variants were identified in exonic regions of the 37 subjects 

(25 affected and 12 non-affected) that are part of the 9 enrolled families. These variants 

were classified as family-candidate genes. CRACR2A, PER3, NOV/CCN3, EDAR 

were present in affected members of families with hypodontia. CDH26, APCDD1 and 

NME8 were common between all affected members (with hypo and hyperdontia) of 

family F. LAMC2 was found in one affected member (with hyperdontia) of family F. 
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WNT10A was observed in affected members (with hypodontia) of family G and one 

non-affected member of the same family. LIMD1 was present in all affected members 

(hypo and hyperdontia) of the family G. FGFBP1 was found in affected members (hypo 

and oligodontia) of the family H. OR10A6 was present in affected members (oligo and 

hyperdontia) of the family H. DFFA was observed in only one affected member 

(hyperdontia) of the family H. DYRK1A was present in all affected members 

(hyperdontia) of the family I.  

• No specific chromosome was found to be suggestive of linkage to familial 

hypodontia/hyperdontia in the Eastern Mediterranean population as the 14 genes were 

located on different chromosomes, except for the PER3, LAMC2 and DFFA which 

were present on the chromosome 1 and EDAR and WNT10A on chromosome 2.  

• The presence of families with combined hypodontia and hyperdontia helped to confirm 

the evolutionary hypothesis:  

✓ Hypodontia and hyperdontia are genetically accordionized and synchronized and 

genes mutation would drive the phenotype one way or another.  

✓ An “accordion pattern” exists between the two phenotypes in other words, the data 

suggest that hypodontia is an evolutionary effect whereas hyperdontia is a 

compensatory effect.  

✓ The difference in phenotypes expression from hypodontia to hyperdontia is a gene 

dosage effect made by the “3 stars genes”: LAMC2, LIMD1 and OR10A6.  

• Dental analysis revealed a “continuum pattern” which exists between all sample groups 

for all variables: teeth crowns tend to get thinner and shorter, and root length tend to get 
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shorter in a progression from control to non-affected to agenesis group. The control 

group have the highest values for all variables. 

 

B. Recommendations and future research 

Following the recent advances in molecular genetic studies investigating the 

candidate genes associated with hypodontia/hyperdontia, it would be beneficial in families 

with a history of affection to have a blood test and assess the individuals’ genes for early 

forecasting of the condition, if present. This identification would allow the anticipation of 

hypo or hyperdontia, thus early approach to manage space within the affected clinical arch.  

With further genetic and clinical association in future studies, the genetic test 

(involving blood collection, DNA extraction and NGS) might become a diagnostic tool in 

candidate families. 

Future research should also focus on a larger number of pedigrees for more conclusive 

findings especially for the families with distributed hyperdontia. Therefore, a larger sample 

of non-affected individuals (relatives) for dental analysis should allow for better result 

generalization.  

The etiology behind hypo/hyperdontia resides not only in genetics but also the 

contribution of environmental developments that in consequence lead to the ultimate 

phenotype.  

A well-designed twin studies (mono and dizygotic twins) would contribute to quantifying 

the relative impact of genetic and environment factors on the development of 

hypo/hyperdontia.   
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APPENDIX 

A. Teeth dimensions norms 

Table III.3: Normal values of Dental Measurements 
Crown width and length of Maxillary teeth 

Tooth Crown Width SD Crown Length SD 

Central 9 0.3 11 0.4 

Lateral 7 0.3 10.1 0.4 

Canine 8.4 0.39 11.4 0.7 

1st Premolar 7.5 0.3 9.3 0.8 

2nd Premolar 7.2 0.6 8.8 0.9 

1st Molar 11.3 0.7 8 0.5 

2nd Molar 10 0.4 7.8 0.6 

 

Crown width and length of Mandibular teeth 

Tooth Crown Width SD Crown Length SD 

Central 6 0.37 10 0.4 

Lateral 6.5 0.24 10.6 0.5 

Canine 7.3 0.28 11.5 0.7 

1st Premolar 7.8 0.43 9.5 0.8 

2nd Premolar 7.8 0.47 9 0.8 

1st Molar 11.9 0.58 8.2 0.6 

2nd Molar 11 0.5 8 0.5 

 

Root Length 

Maxilla 

Tooth 
Crown 
Width 

SD 
Crown 
Length 

SD 
Root 

Length 
SD 

Total 
Length 

SD 

2nd Molar 10.09 0.52 7.8 0.47 12.7 0.5 20.5 0.5 

1st Molar 10.16 0.53 8 0.75 13.5 0.70 21.5 0.7 

2nd Premolar 6.49 0.41 8.8 0.70 13.4 0.6 22.2 0.7 

1st Premolar 6.93 0.48 9.3 0.65 13.2 0.45 22.5 0.95 

Canine 7.79 0.43 11.4 0.5 17.6 0.5 29 1.25 

Lateral incisor 6.60 0.51 10.1 0.5 12.4 0.6 22.5 0.5 

Central incisor 8.44 0.56 11.3 0.5 14.2 0.6 25.5 1.25 

Mandible 
2nd Molar 10.50 0.66 8 0.47 13 0.5 21 1.2 

1st Molar 10.67 0.57 8.2 0.75 13.8 0.70 22 1 

2nd Premolar 6.84 0.56 9 0.70 15 0.6 24 1.7 

1st Premolar 6.86 0.43 9.5 0.65 14.5 0.45 24 1.2 

Canine 6.68 0.44 11.5 0.5 17.5 0.5 29 1.7 

Lateral incisor 5.77 0.42 10.6 0.5 13.4 0.6 24 1.45 

Central incisor 5.21 0.31 10 0.5 12 0.6 22 1.3 
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B. Descriptive statistics 

Table IV.3: Arch Dimensions 

Measurements 
Groups 

Group A (N=18) Group CA (N=18) Group N (N=10) Group CN (N=10) 

Maxilla N Mean SD N Mean SD N Mean SD N Mean SD 

ACD 18 1.222 3.8472 18 -0.722 1.5739 10 -1.8 1.3166 10 -2.7 1.0593 

ACA 18 60.55 6.76 18 71.49 2.18554 10 66.58 5.28 10 70.903 4.148 

ACR 18 59.33 7.26 18 72.22 2.863 10 68.38 5.43 10 73.603 4.197 

Inter-molar width 18 21.5506 1.95288 18 27.7039 3.17229 10 27.822 1.92186 10 28.032 2.57924 

Inter-canine width 18 43.3039 3.05566 18 50.1133 4.35705 10 50.502 4.03183 10 50.728 4.00376 

Arch length 18 26.6567 1.30439 18 32.8889 3.64312 10 33.887 2.05586 10 35.578 5.3504 

Mandible N Mean SD N Mean SD N Mean SD N Mean SD 

ACD 18 1.222 2.6359 18 -0.889 1.7112 10 -1.8 1.8135 10 -1.65 0.8182 

ACA 18 54.59 6.26 18 62.74 3.30 10 57.94 3.41 10 62.756 3.159 

ACR 18 57.37 7.92 18 63.62 3.16 10 59.74 2.56 10 64.406 3.282 

Inter-molar width 18 19.1561 1.22814 18 24.3044 2.00224 10 24.137 2.25695 10 24.873 1.58261 

Inter-canine width 18 38.7444 2.66082 18 44.4533 3.1166 10 46.758 5.88323 10 46.027 1.72134 

Arch length 18 21.9339 2.00745 18 26.6344 2.06029 10 26.541 3.38034 10 27.788 2.31354 
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Table IV.4: Crown width  

Measurements 
Groups 

Group A (N=18) Group CA (N=18) Group N (N=10) Group CN (N=10) 

Maxilla N Mean SD N Mean SD N Mean SD N Mean SD 

CW. MR1 18 8.2294 0.59947 18 8.5672 0.60101 10 8.4189 0.2558 10 8.564 0.38088 

CW. MR2 10 6.2 0.54171 18 6.6111 0.44588 10 6.792 0.45301 10 6.829 0.76693 

CW. MR3 18 7.3194 0.42073 18 7.6378 0.37951 10 7.341 0.37403 10 7.875 0.65554 

CW. MR4 18 6.2928 0.4843 18 6.7778 0.37203 10 6.44 0.35587 10 6.915 0.33009 

CW. MR5 15 6.0513 0.51972 18 6.5583 0.38442 10 6.613 0.46246 10 6.785 0.37227 

CW. MR6 17 9.9812 0.75885 18 10.2017 0.59327 10 10.007 0.54999 10 10.351 0.60128 

CW. MR7 18 8.9456 0.74596 18 9.2361 0.69472 10 8.77 0.42862 10 9.16 0.43074 

CW. ML1 18 8.2267 0.44541 18 8.5117 0.64945 10 8.339 0.40308 10 8.714 0.56506 

CW. ML2 11 5.98364 0.770808 18 6.63111 0.500563 10 6.592 0.585051 10 6.7603 0.684658 

CW. ML3 17 7.2265 0.50223 18 7.6411 0.3888 10 7.262 0.37213 10 7.617 0.50669 

CW. ML4 17 6.4024 0.35024 18 6.5394 0.3358 10 6.3078 0.3942 10 6.861 0.41627 

CW. ML5 13 6.1838 0.44581 18 6.7456 0.95413 10 6.195 0.77695 10 6.683 0.60986 

CW. ML6 18 9.33294 2.177112 18 10.04778 0.456322 10 9.69333 0.31277 10 10.134 0.557439 

CW. ML7 18 8.7439 0.70072 18 8.9778 0.72594 10 8.294 0.6988 10 8.931 0.59263 

Mandible N Mean SD N Mean SD N Mean SD N Mean SD 

CW. mR1 16 5.0944 0.37238 18 5.4206 0.3657 10 5.068 0.3036 10 5.469 0.3906 

CW. mR2 17 5.4088 0.43731 18 5.8033 0.459 10 5.46 0.47326 10 5.97 0.31009 

CW. mR3 18 6.27 0.62047 18 6.5306 0.28196 10 6.116 0.3198 10 6.669 0.49321 

CW. mR4 17 6.3929 0.47356 18 6.8872 0.46295 10 6.41 0.46774 10 6.95 0.45497 

CW. mR5 13 6.5515 0.48742 18 7.1689 0.75259 10 6.676 0.30714 10 7.213 0.47689 

CW. mR6 16 10.1863 0.57083 18 10.6933 0.6215 10 10.0722 0.45656 10 10.792 0.69504 

CW. mR7 17 9.1341 0.7319 18 9.7117 0.65159 10 9.446 0.38306 10 9.64 0.63254 

CW. mL1 16 5.0031 0.31155 18 5.4256 0.29993 10 5.012 0.34159 10 5.458 0.35615 

CW. mL2 17 5.5141 0.35002 18 5.8494 0.46895 10 5.506 0.26044 10 6.007 0.37038 

CW. mL3 18 6.0683 0.30301 18 6.5717 0.33456 10 6.183 0.44502 10 6.691 0.46715 

CW. mL4 16 6.5875 0.50027 18 6.9322 0.47932 10 6.543 0.52924 10 6.917 0.54626 

CW. mL5 14 6.58 0.55394 18 7.0394 0.40068 10 6.764 0.36927 10 7.062 0.52873 

CW. mL6 15 10.1073 0.60953 18 10.5978 0.47985 10 10.0333 0.38623 10 10.783 0.53323 

CW. mL7 18 9.1017 0.55669 18 9.7161 0.77083 10 9.409 0.49285 10 9.6 0.80474 
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Table IV.5: Crown Length 

Measurements 
Groups 

Group A (N=18) Group CA (N=18) Group N (N=10) Group CN (N=10) 

Maxilla N Mean SD N Mean SD N Mean SD N Mean SD 

CL. MR1 18 8.3839 0.95583 18 9.2578 0.84919 10 8.8533 1.17829 10 9.552 0.56413 

CL. MR2 10 6.804 0.5578 18 7.5883 0.66666 10 7.632 1.16482 10 8.059 0.77548 

CL. MR3 18 7.7844 0.79832 18 8.6728 0.80211 10 8.366 0.79847 10 8.864 0.99565 

CL. MR4 18 6.4128 0.90111 18 6.8467 0.60418 10 6.941 0.97228 10 7.247 0.74627 

CL. MR5 15 5.486 0.79303 18 6.0667 0.68665 10 6.326 0.85879 10 6.183 0.98748 

CL. MR6 17 5.3171 0.88302 18 5.5644 0.7467 10 5.78 0.75818 10 5.795 0.75338 

CL. MR7 18 5.0756 0.6577 18 5.1956 0.69663 10 5.768 0.75098 10 5.34 0.69009 

CL. ML1 18 8.3906 0.81326 18 9.3106 0.78153 10 8.957 1.11515 10 9.652 0.58518 

CL. ML2 11 6.8955 0.59618 18 7.4989 0.51492 10 7.932 1.06024 10 7.986 0.66667 

CL. ML3 17 7.7471 0.7171 18 8.4078 0.68514 10 8.424 1.01566 10 9.035 0.99266 

CL. ML4 17 6.5218 0.69231 18 6.7628 0.58607 10 6.9444 1.25542 10 7.064 0.5958 

CL. ML5 13 5.4362 0.63071 18 5.8672 0.6209 10 6.482 0.86723 10 6.068 0.6113 

CL. ML6 18 5.3317 0.62672 18 5.7322 0.67118 10 6.3767 0.73352 10 5.604 0.49541 

CL. ML7 18 5.2194 0.5822 18 5.1739 0.70932 10 5.675 1.15769 10 5.017 0.62716 

Mandible N Mean SD N Mean SD N Mean SD N Mean SD 

CL. mR1 16 7.0487 0.74785 18 7.615 0.64437 10 7.334 1.12714 10 7.609 0.6073 

CL. mR2 17 6.9535 0.72194 18 7.765 0.56493 10 7.402 0.98334 10 7.501 0.78277 

CL. mR3 18 7.72 0.48422 18 8.6061 0.71169 10 8.597 0.98773 10 8.686 1.37814 

CL. mR4 17 6.6188 0.51887 18 7.3256 0.58053 10 7.368 0.91298 10 7.327 0.75906 

CL. mR5 13 5.9931 0.8025 18 6.3922 0.57498 10 6.802 1.10447 10 6.61 0.68443 

CL. mR6 16 5.6044 0.62681 18 5.8028 0.53311 10 5.863 0.55329 10 6.2144 0.3643 

CL. mR7 17 5.2376 0.9232 18 5.2911 0.53191 10 5.199 0.6264 10 5.854 0.47428 

CL. mL1 16 7.0563 0.63919 18 7.655 0.5585 10 7.267 1.02401 10 7.522 0.60347 

CL. mL2 17 6.95 0.8419 18 7.64 0.56442 10 7.122 0.81677 10 7.524 0.57579 

CL. mL3 18 7.835 0.70211 18 8.6411 0.70523 10 7.524 0.57579 10 8.439 1.04293 

CL. mL4 16 6.6244 0.47118 18 7.2294 0.71945 10 7.484 0.83613 10 7.393 0.79765 

CL. mL5 14 5.8993 0.79433 18 6.1933 0.57595 10 6.677 1.07679 10 6.4 0.98084 

CL. mL6 15 5.404 0.45922 18 5.6872 0.55244 10 6.0144 0.77634 10 5.579 0.52784 

CL. mL7 18 5.0683 0.84808 18 5.1489 0.73365 10 5.77 0.98811 10 4.994 0.41234 
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Table IV.6: Root Length (4 groups) 

Measurements 
Groups 

Group A (N=18) Group CA (N=18) Group N (N=10) Group CN (N=10) 

Maxilla N Mean SD N Mean SD N Mean SD N Mean SD 

RL. MR1 18 13.7667 0.3675 18 13.7806 0.53357 10 13.99 0.0817 10 13.926 0.44247 

RL. MR2 10 11.637 0.34734 18 12.7561 0.49024 10 12.039 0.10999 10 12.233 0.24042 

RL. MR3 18 16.9367 0.27819 18 17.0817 0.67321 10 17.228 0.20137 10 17.293 0.33556 

RL. MR4 18 12.9572 0.11385 18 13.4583 0.65716 10 13.032 0.10097 10 13.051 0.12974 

RL. MR5 15 12.978 0.17933 18 13.425 0.49721 10 13.064 0.08922 10 13.152 0.32907 

RL. MR6 17 12.9888 0.2551 18 13.2039 0.34799 10 13.278 0.09807 10 13.166 0.18781 

RL. MR7 18 12.6128 0.22759 18 12.4844 0.1645 10 12.526 0.07304 10 12.463 0.20543 

RL. ML1 18 13.74 0.38543 18 13.9656 0.26796 10 14.01 0.10066 10 14 0.28437 

RL. ML2 11 11.5136 0.31945 18 12.6989 0.75207 10 12.021 0.11532 10 12.31 0.48279 

RL. ML3 17 16.9718 0.27476 18 17.0972 0.60615 10 17.209 0.20058 10 17.287 0.17082 

RL. ML4 17 12.9012 0.11968 18 13.3911 0.58817 10 13.0111 0.10671 10 13.205 0.42201 

RL. ML5 13 12.9446 0.17567 18 13.5028 0.63993 10 13.05 0.7071 10 13.228 0.41614 

RL. ML6 18 12.9922 0.25082 18 13.1939 0.28934 10 13.2656 0.07367 10 13.169 0.14418 

RL. ML7 18 12.525 0.07122 18 12.455 0.18763 10 12.525 0.07122 10 12.455 0.18763 

Mandible N Mean SD N Mean SD N Mean SD N Mean SD 

RL. mR1 16 11.8113 0.11815 18 12.1406 0.53506 10 11.959 0.04701 10 12.101 0.23881 

RL. mR2 17 12.6447 0.2677 18 12.9928 0.61276 10 13.011 0.05705 10 13.071 0.24655 

RL. mR3 18 16.9683 0.13049 18 17.0872 0.55234 10 17.177 0.11804 10 17.334 0.12122 

RL. mR4 17 14.1247 0.19109 18 14.4156 0.23405 10 14.059 0.07203 10 14.295 0.19597 

RL. mR5 13 14.6169 0.19168 18 14.7928 0.10395 10 14.501 0.18406 10 14.918 0.14793 

RL. mR6 16 13.095 0.18744 18 13.6333 0.2142 10 13.2378 0.14898 10 13.507 0.25065 

RL. mR7 17 12.7312 0.20331 18 13.0433 0.34707 10 12.739 0.22168 10 12.882 0.19697 

RL. mL1 16 11.7638 0.12457 18 12.24 0.69132 10 11.943 0.04785 10 12.145 0.15813 

RL. mL2 17 12.6047 0.27929 18 13.0244 0.28945 10 13.005 0.06948 10 13.12 0.20221 

RL. mL3 18 16.9722 0.11563 18 17.0106 0.38597 10 17.142 0.12665 10 17.374 0.16453 

RL. mL4 16 14.1044 0.17565 18 14.2194 0.51263 10 14.048 0.06408 10 14.315 0.15443 

RL. mL5 14 14.5493 0.17843 18 14.5183 0.62885 10 14.387 0.18148 10 14.904 0.29102 

RL. mL6 15 13.1053 0.17715 18 13.71 0.31546 10 13.2344 0.13848 10 13.546 0.20321 

RL. mL7 18 12.7011 0.20719 18 12.7733 0.31671 10 12.743 0.19613 10 12.712 0.17612 
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E. ADOLESCENT ASSENT FORM  



160 

 

 



161 

 

 



162 

 

  



163 

 

  



164 

 

  



165 

 

 



166 

 

  



167 

 

 



168 

 

  



169 

 

 



170 

 

F. ADULT CONSENT FORM  
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VII. PARENTAL CONSENT FORM 
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