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ABSTRACT
OF THE THESIS OF

Elie Joseph Haddad for Master of Science
Major: Orthodontics

Title: Genetic Basis of Excessive Gingival Display in Eastern Mediterranean Families

Background:

Excessive gingival displaly EGD (Gummy smile) is a condition in which a high-lip

line exposes a large amount of gingival tissue upon smiling. Several potential factors
could contribute to EGD: excessive vertical maxillary growth, short upper lip,
hypermobile upper lip, altered passiveion (short clinical crownsgGD is

commonly presnt within the long face syndrome (LFS) which is the second most
inherited facial condition. Treatment of this condition may require an invasive surgical
approach to correct bony positions and decrease or eliminate EGD. However, EGD may
be separate from ¢hLFS.

Aims:

1. Investigate the inheritance pattern of excessive gingival display in Eastern
Mediterranean population; 2. Identify candidate loci and gene(s) responsible of the
development and familial transmission of EGD in the studied Mediterraneatapop;
3. Evaluate the skeletal and desafgeolar cephalometric characteristics of individuals
affected by EGD.

Methods:

Pedigrees of 4 Mediterranean families with individuals of different generations having
EGD were included. 21 subjects (Affectedlamonaffected) underwent a detailed data
and biospecimen collection procedure. This consisted of: (1) a clinical examination
during which a set of extraoral photographs were captured; (2) lateral cephalometric
radiograph to assess the skeletal and derdtwddr features of all participants and (3)

5cc of blood collection from affected and some-affected members. The elevation of
the upper lip, height of clinical crowns and the incisor display at rest were measured on
photographs. The upper lip lengthiyergence pattern, vertical maxillary height,

position of the jaws and the inclination of maxillary and mandibular teeth were
measured on the lateral cephalometric radiographs. Next Generation Sequencing (NGS)
technology was used and a Whole Exome Seduogneas applied to determine the

genetic determinants of EGD.



Results:

A Mendelian inheritance pattern was observed segregating in either an autosomal
dominant or Xlinked manner. Pedigree analysis showed a female predominance among
affected individuad. Extraoral photographs demonstrated that EGD is transmitted with
different levels of penetranca&.hypermobile upper lip was present in 5 affected
individuals. Short clinical crowns were observed in 6 affected subjects. A normal or
slightly increase uppdip length was measured among individuals having EGD.
Cephalometric analysis on affected subjects revealed an increased lower facial height, a
hyperdivergent facial pattern, an increased anterior vertical maxillary height, a tendency
towards a skeletalass Il and retroclined maxillary incisors. Genetic analysis denoted
the presence @3 novel genes affecting skeletal and muscular development. HERC2
gene could have a direct impact on the transmission of EGD.

Conclusion:

This is the first study evaltiag the inheritance pattern and genetic contribution to
EGD. It illustrated the clinical, cephalometdbaracteristics adffected individuad and
shed light on the genetic map responsible for the development of B@pré&sence of
multiple etiologic fators responsible for EGD do not necessarily point to a skeletal
discrepancy but also to a muscular alteration and to a lesser extent to dental
contribution Vertical maxillary excess is the main determinant of the condition.
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CHAPTER |

INTRODUCTION

A. Background

A harmonious smile depends on well balanitede anatomic componenthe
gingiva, teeth, and lip@vlahardawi et al., 2019 he gingival smile is the state in which
the smileline moves in an apical direction beyond the gingival margin of the
anteroposterior teeth, causing excessive exposure of the maxillary gingiva during the
smile(Mohamed Ali and Ines, 2020xcessive gingival displayEGD (Gummy
smile) isa condition in which a high Ijine exposes a large amount of gingival tissue
upon smiling. Therefore, the gingiva is an important determinant of the smile esthetics
(IzraelewiczDjebali and Chate, 2015) Sharma et al., defined the normal gingival
display as the gum exposure between the inferior border of the upper lip and the
gingival margin of the anterior central incisors when smi(8lgarma et al., 2017) his
condition affects a notable proportion of the pagion, espeally women who are

more affectedhan mern(Allen, 1988; Bhola et al., 2015; Liebart et @004)

The lip line is the amount of vertical tooth exposure upon smifadpri, 2005)
During smile, the upper lip should elevate around 80% of its length to the level of the
gingival margin of the maxillgrcentral incisors, displaying about 1 to 2 mm of gingiva
in females, and up to the cervical crown in mé&sbri, 2005) An exposure of gingiva
around 02 mm when smiling, and display o2-4 mm of the maxilry incisor edges
when the lips are at the rest are considered as acceptable. EGD is defined as a gingival
exposure of more than 2 mm when a person srgiésn, 1988; Pausch and Katsoulis,

2017a)
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Table 1.1: Acceptable gingival exposure Epand diagnosis of EGD among different
studiegBhola et al., 2015; Geron and Atalia, 2005; Jananni et al., 2014; Kokich et al.,
1999; Pausch and Katsoulis, 2017b; Pinto et al., 2015; Van der Geld et al., 2011)

Author Year
Kokich el al. 1999

Geron and Atalia 2005
Van der Geld et al. 2011

Jannani et al. 2014
Pinto et al. 2015
Bhola et al. 2015

Acceptable GE
<4 mm by lay persons

Having EGD
O 4 mynaypersons

<2 mm by Orthodontists O 2 mm by Ol

Until 1 mm
Until 4 mm
2-3 mm
1-3mm
Until 1 mm

>1mm
>4 mm
>3 mm
>3 mm
>1mm

A high lip line exposes an additional amount of gingival tissue, whereas a low

lip line shows less than 75% of the maxillary anterior t@@ting et al., 1999; Tjan et

al., 1984) The female lip line is on average 1.5 mm higher than it is for {@hle=don

Peck et al., 1992; Rigsbee et al., 1988a; Tjan et al., 1B&8dg¢nts showing more than 2

mm of gingiva are often unattractive (Figure 1.1).

At reg, the smile line should allow on average the display of 1.91 mm of

maxillary incisors in men and 3.4 mm in won(&hg and Brundo, 1978)Due to the

loss of muscle tone with age, exposure of the maxillary incisors at rest decreases

progressively and, to a lesser extent, in smiling and there is an increase in lower teeth

display.(Dong et al., 1999; Sheldon Peck et al., 1992; Vig and Brundo, .1978)
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Figure 1.1: (A) Upper lip Ine measuremeriSheldon Peck et al., 1992)B) Lip line
(Sabri, 2005pnd (C) Patient with EGD.

Facial esthetic harmony correlates directly with the smile. In turn, the union of
the teeth, gingiva and lips define the sniBashetty et al., 2009; Hwang et al., 2009;
Narayan et al., 2011Yhe smile becomes esthetiggleasing when these components
are disposed in suitable proportion, dhne gingivalexposure is less than 2 miwhen
the exposuref the gingival tissa exceeds B 3mm, facial esthetics is compromised.
The unpl easant facial appearance- associ at e
confidence and lead to psychological and social prob{Bashetty et al., 2009; Indra
et al., 2011; Mangano and Mangano, 2012; Mazzuco and Hexsel, 2010; Polo, 2005a)

Therefore, a welbalanced smile is important for seléteem and sodimtegration.

EGD is a readily noticed unattractive featudeverthelesshie perception of
gingival exposure differs between individualzthodontists made the distinction
between esthetic anthaesthetismilewhen the distance from the lower bordéthe
upper lip to the gingival margin of the maxillary teeth was 2 (lRigure 1.2) They
rated 0 mm of gingival display as most attractive. General dentists and lay people were
more tolerant of increasing the gingit@lip distance. They classified isaxcessive if
4 mm of gingiva was visible above the level of the anterior gingival mafigoidgch et

al., 1999)
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Figure 1.2: Photographs wére the lip line was altered inrf@m incrementgKokich et
al., 1999)

In most instancesyhen EGD is developmental,ig not evident in early
childhood becauséssseee r i ty accompani es Theherticalndi vi dual
component ofrowthis the last to end argbes not reach its complete expression until
the individual is fully matur¢ Ahmed et al.2016) Therefore, this conditioemerges
progressively and accelerates in puberty due to the excessive vertical growth of the
maxilla. When EGD is due to constitutional limitatigqiskortor hypermobileupper lip),
it is detected earlier in life because severity is not directly related to the growth

potential.

The treatment of EGD is based on the etiologic factor involved. Therefore, the
identificationand diagnosisf all factors resulting in EGD are imperative for its
appropriate managemeiihe rature of a high smile line can be: (1) degtogival,
associated with an abnormal dergalption andhort clinic crows; (2) muscular,

caused by a hyperactivity of the elevator muscle of the upper lip; (3)-detmlar
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(skeletal), dug¢o an excessiveertical growth of the maxilla; (4) a mixed nature, in the

presence of more than®@mwof the above described fact@kdonaco et al., 2004)

The diagnosis of gummy smile must be precocious and based, with reference to
specific parametsr upon a careful analysis of the &dgic factors and the degree of
seriousness of the alteration. A correct treatment plan mustngolate the possibility
of aperiodontal prthodonti¢ orthopedic and/or surgical therapeutic resolution
considering theseriousiess and complexity of the gingival displayconnection with

the age of the subject.

In some instances, EGD is present within the long face syndrome (LFS) which
is the second most inherited facial condition. However, EGD may be separate from the
LFS.The LFSis a craniofacial pattern characterized by narrow face, excessive exposure
of maxillary anterior teeth, poor uppip-to-tooth relationship, large interlabial
distance, long lower third of the face, increased mandibular plane angle, inordinate
exposure of the maxillargéth, gingiva upon smilinghe most important feate of the
long face syndrome is vertical maxillary excéSehendel eal., 1976) The reatment of
this LFS may require an invasive surgical approach to correct bony positions and

decrease or eliminate EGD.
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B. Significance

Identifying the candidate genes responsible of the development and familial
transmission of EGINn different ethnic populations is a major advancement in
orthodontics and dentofacial orthopedics because it can help comprehend the molecular
mechanisms of jaw development and how these mechanisms may influence the
response to orthodontic and orthopedeatment. Also, better understandofghe
specific genes contributing variation in the risk for EGIh the Mediterranean
population can help estimate the genetic susceptibility to this condition in families with
affected individuals. By extension, thesearch may help the identification of

environmental factors that may be addressed in early treatment.

In addition, by early forecast of the condition following a blood test to assess
the patientdés genes, earl i ertrytointeraeptithe nt ma )
development of EGDor at least minimizéhe vertical maxillary growthMore
importantly, earlieintervention may be foregone in favor of a ladgihognathic
surgery when vertical maxillary overgrowthgenetically determinedasiac er t ai nt y o,

in order to prevent a longeatment.

In other words, if EGIzould be defined genetically in a precise manner in
different ethnic populations, rather than phgpeaally, we would approach the
treatment of the condition in a more rational afféctive approach. Such achievement
can improve treatment modalities and outcome and help in the prevention of moderate
to severe cases, potentially reducing the frequency of maxillofacial surgery. Molecular
genetic information can also be used to acelyairedict longterm growth changes

and may ultimately lead to the utilizatiohgene therapy. Recent gene mapping and
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linkage analysis give hope that the genetic determinants af tharelopment in

general and EGIh particular will be better undersid in the near future.

An emphasis should be placed on studying the heritable patterns of each
skeletal morphologic characteristic that ntaytribute to EGDHoweverno genetic
studieshave been performaateviouslyin anyethnic populations to identifjyne gene(s)
involved in the traitTherefore, the genetic determinants of Ef@ain unclearn
both the developmental and clinical contexts, the novelty of this study would contribute
to the introduction of new genes. It would also represent a sigriiicaance not only
in the fields of orthodontics and dentofacial orthopedics but also tsuolgimn all its

specialties.

The most significant contribution of this study is the recognition of the true
etiology of this condition in families with severe gival display affecting theigquality
of life. This specification may lead to better genetic delineation of the condition, and as
such, would provide a guideline to which phenotype is more probable and accordingly
would need more intervention. Furthermdfes association between the genetic and

environmentafactors will be addressed.

C. Research objectives

With the lack of specific studies on the genetics of EGD, the expectation is that
environmental or epigenetic factors can also modify phenotype expréssio
multifactorial etiology of EGD. However, this mechanism is poorly understood. Our
objectives are thus to assess the genetic basis of excessive gingival display in families

and establish a genotyphenotype correlation by carrying the following sfe@ims:
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- Investigate the inheritance pattern of EGEastern Mediterranean families

- ldentify candidate loci and gene(s) responsible of the development and familial

transmission of EGD in the studied Mediterranean population.

- Determine the etiologic &ors contributing to EGD.

- Evaluate the skeletal and derstiveolar cephalometric characteristics of individuals

affected by EGD.

- Analyze the correlation between vertical maxillary excess and the divergence

pattern of individuals

D. Hypothesis

Our main hyptheses are that:

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

EGD in the Mediterranean population.

- Inheritance may be related more to excessive vertical maxillary growth.
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CHAPTER Il

LITERATURE REVIEW

A. Definitions and concepts
1. Genome, genotypes and genes

a. Human Genome

An organi smos genome is defined as the
that organism. The human genome is made up of a double helix of deoxyribonucleic
acid (DNA) comprised of 3.2 billion chemicailicleotide base pairs. The genetic
instructions, or DNA code(s), are created by the particulartsigede arrangement
(linear pattern, order, and number) of adenine (A), thymine (T), cytosine (C), and
guanine (G) bases along the paired double helixravAdase 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 pair each) called
chromosomes, wbh are arrangeith 23 pars( i Human Genome Progr am.

and Its I mpact on Science and Society, o 2C(

A chromosome is made up of the double helical DNA that is wrapped around
proteins called histones. Those proteins enable the DNA unitstighllg 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 gefGwibabapour

etal., 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 pdythomologous X, Y) in males, which make the
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individual unique. Each pair is formed by one chromosome that is a copy of the original
maternal chromosome and another chromosome that is a cogyafgimal paternal

chromosome.

b. Genes

Each chromosome canihs many genes, which represent the smallest physical
and functional units of inheritance. Genes are specific sequences of bases that encode
instructions for the synthesis of a specific polypeptide via a messenger RNA
intermediate (MRNA) or the synthesisa 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 grayypolypeptide chain, which may
ultimatdy become a protein (Figure I).JEach 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 autosoisex chromosome of paternal
origin (Hartsfield JK, 2017)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 remaindeonsists of noitoding regiong A Hu man Ge n o me

Program. Genomics and |Its I mpact on Sci
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Figure Il. 1. Structural components of the geno(@& H u m aame Begram.
Genomics and Its I mpact. on Science and Soc

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. One allele would
be a copy of the mateal allele and the other a copy of the paternal allele. 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, the individual is said to be

heterozygous for thadcus(Hartsfield JK, 2017)

c. DNA variation
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 dwther normal inherited
variations or sporadic mutations. The most common DNA variation in the human
genome is called Single Nucleotide Pol ymor

descrbes the occasion wheme nucleotide base (A, G, T, or C) can be inbérat a
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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 milliontBaiPsve

been identified in the human genome to date; 1 SNP occurs every 300 nucleotides.

An example of a SNP is a frameshift mutation (also called framing error or
reading frame shift) caused by INDELS (Insertions or Deletions) of a number of
nucleotices 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. A
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
mutationsar e call ed Adisruptive mutationso, had

function and structure.

Another example of a SNP is a missense mutation defined as a point mutation
in which a single nucleotide change results in a codon that codes for antliffieri@o
acid. This type of mutation has a moderate putative impact on proteirofuaot
structurf A Human Genome Program. Genomics and |

Society, o0 2008)
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d. Genotype

A genotype refers tthe 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 pyecise molecular mechanisms the discovery of which

began with MendegHartsfield JK, 2017)

2. Phenotype

The phenotype can be thought of as a ¢
specific genotype. It is the observable properties, measurable features and physica
characteristicsfaan individual(Baltimore, 2001)It is created by summation of the
effects arising from an individual 6s genot
individual develops over a period of time. EGPa trait, which is agrticular 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 (gemstic and

environmental factorgHartsfield JK, 2017)

3. Mode of inheritance and penetrance

a. Mode of inheritance

The nature of famikbased (familial) traits can be studied by constructing
family trees called pedigrees in which males are denoted by squarkesrehes by

circles, with the affected individuals having their symbol filled. Pedigrees illustrate the
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family history in firstdegree relatives of the patient (siblings and parents), second
degree relatives (ha#fiblings, aunts, uncles, grandparents) dundl-degree relatives

(first cousins)Hartsfield JK, 2017)

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 al

pair ( ex e trad is aldd Axpréssed in the presence of a homozygous allele

pair (example: )AAAO) (Figure 11.2

Figure 11.2: Threegeneration pedigree of a family with an autosomal dominant trait
(Hartsfield JK, 2017)

ii. Autosomal recessive
The mode of inheritance is autosomal recessive when a trait is only present
when both alleles at the | ocus are the sar

i ndi vidual i s homozygous for fAao. The symt

the awosomal recessive genesdilled in halfway (Figure II.3
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Figure II. 3: Threegeneration pedigree of a family with an autosomal recessive trait
(Hartsfield JK, 2017)

ii. X-Linked recessive
The mode of inheritance is-ldked recessivevhen 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. Titeots/for presumed

female carriers (heterozygotes) of thditkked recessive gene have a dot in the teidd

of the circle (Figure 11.1

©

Figure 1. 4: Threegeneration pedigree of a family with arliXked recessive trait
(Hartsfield K, 2017)
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Table II. 1: Summary of the modes of inheritar{¢tartsfield JK, 2017)

Autosomal dominant

Autosomal recessive

X-linked recessive

Males and females

Equally

Equally

Males more than

affected tomales
Typically appears in
Phenotype , one generation and n(
Every generation . ; )
appearance in the in

offspring or parents

Probability of
inheritance

Offspring have a 50%
chance of inheriting the
trait

Offspring have a 25%
chance of inheriting thé
trait if both parents arg

cariers

Carrier female gave ¢
50%chance of having
an affected son and ¢
50% chance of having

a carrier daughter

b. Mode of penetrance

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

gene that also expresses an associatedHiaitsfield JK, 2017)

A Complete penetrance: when all individuals who have thedaaising

mutation have clinical symptoms of the trait.

A Highly penetrant: when the trait is almost always apparent in an individual

carrying the allele.

A Incomplete penetrance meduced penetrance: when some individuals fail to

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

to have offsprings with the traitt is most commonly observed with

dominant traits such as hypodontia, Class Ill maloa@mtuand Treacher

Collins syndroméHartsfield JK, 2017)

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

been associated atatectable level.

30



c. Measures of heritability

Heritability is a static used in genetics to estimate how mugdhtiar 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 norgenetic (environmental) factors are contributing lesgtian. H2 is a
common measure of heritability, which reflects a specific mathematical formula that
embeds all the genetic contributions to a
of H2 range between 0 and 1. A trait with a heritability estimafeveduld 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 hétytaibio.5
would have half its variability of concordance (from individual to individual) positively
correlated with the percentage of genes i
and H2 O 0.2 s ug gHarsstiesl JKa2017pWrayNe & Viissche, P.] i t vy

2008)

4. Sanger and Next Generation sequencing techniques
DNA sequencing is the procestdetermining 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 incaoadtchainterminating
dideoxynucleotides by DNA polymerase during in vitro DNA replication. It requires a

singlestranded DNA template (DNA to be sequenced), a DNA primer (starting point
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for DNA synthesis on the strand of DNA to be sequenced), a DNAnawshse, normal
deoxynucleoside triphosphates (dNTPs), and modified dideoxynucleoside triphosphates
(ddNTPs) that terminate DNA strand elongation (chain terminators). Four individual
DNA synthesis reactions are performed. The four reactions include nay@alC, 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 redttishs.

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 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 soddéetent

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 fluorescencanputer 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 originaaton(Sanger and Coulson, 1975)
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b. Next Generation Sequencing

In 2009, Next Generation Sequencing (N®Sjleep sequencing platform
appeared on the market as a revolutionary technology that performs sequencing of
millions of smal.|l DNA fragments in paral/ e
used to sequence entire genomes (Whole Genome Sequencinyovwe8sstrained to
specific areas of interest, including a whole exome (all 22 000 coding genes) (Whole
Exome Sequencing: WES) or small numbers of individual genes. NGS has many
advantages over the traditional sequencing technique known as Sanger sgguenci
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 sreedller projects,
validation of NGS results and for obtaining especially long contiguous DNA sequence
reads (> 500 nueotides)(Behjati and Tarpey, 2@&] Pareek et al., 201I)he technique

of NGS will be described in details in the material and methods section.

5. 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
unusableresulting in wasted time and expense. Low Q scores can lead also to increased
falsepositive variant calls, resulting in inaccurate conclusions and higher costs for

validation experiments. For example, Q20 means that 90% of the fragments have 20
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copies ead and more and Q30 means that 90% of the fragments have 30 copies read

and morgHuman Genome Program, 2008)

b. Filter status

Prior to cluster analysis or genetic network analysis it is custorodifyet, or
remove genes considered being irrelevant from the set of genes to be analyzed. The
filter status i positnahakpasteddllHilte®tBaywise, ff the site s
has not passed all filters, a specific code for filters thaisfairitten(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 inghhmoderate or lo i Hu ma n

Genome Program, 20Q08)

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 sample$he 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 mot present in the normal population (new variant) and an
MAF of 100% indicates that the variant is present in the normal popu(&tionan

Genome Program, 20Q8)
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e. Approximate read depth

The approxinate 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 gaence 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

replicate reads of each region of a sequé¢Hcenan Genome Program, 2008)

f. Inbreeding coefficient

The inbreeding coefficient (F) is the probability of autozygosity, i.e. the
probability that a zygote obtains two copies of the same ancestral gene from both its

parents because they are relgtddman 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

readlength(Human Genome Program, 2008)

h. GC-content

GC-content (or guanineytosine content) is the percentage of nitrogenous
bases on a DNA molecule that are either guanine or cytosine (from ailggssitour
different ones, also including adenine and thymine). DNA with highc@@ent is more

stable than DNA with low G&ontent(Human Genome Program, 2008)
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B. Incidence,prevalenceand sexuadimorphism

The smile pattern varies with patient sex, age, nationality, anqd@aceet al.,
2011) EGD can affect a large percentage of the population, with prevalence ranging
from 10.5%(Tjan et al., 1984)0 29%(Dong et al., 1999EGD is more prevalent and
considered more unesthetic in women than (A&kerman and Ackerman, 2002;

Geron and Atalia, 2005; Sheldon Peck et al., 1992)

Furthermore, among all ethnic groups a higher smile line is generally found
more frequently in the younger individuals (up to 35rgethan in the older subjects
(more than 36 years). The highest incidence has been observed in the Asian population,
where younger females (up to 35 years) with high smile lines comprised almost 50% of
the population. Among all ethnicities, EGD are endeted in one third of the female

populations and to a lesser proportion of the male populgtiensen, 1996)

Comparisons of data derived from several studies demonstrate a 2 to 1 ratio of
the female subjects with high smile lines over the male subjects, and a 2.5 to 1 ratio of
the male subjects with low sia lines over the female subje¢&heldon Peck et al.,

1992; Rigsbee et al., 1988a; Tjan et al., 19B4dther words, fematehave EGD twice

as much as boys.

Another study comparing the smile line of 207 men and 247 females with an
age ranging between 20 to 30 years revealed that 10.57% of the population were
classified as having a high lip line, 68.94% as having an averaggelsnd and 20.48%
as having a low lip line. Among the individuals having a high hp,li70.86 were

females, whereas amortipse having a low lip line 68/ were menTjan et al., 1984)
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C. Classification of EGD
The diagnosis of the excessive gingival display requires a proper classification
of the gingival level. Several classifications loé tEGD were introduced using different

criteria(Jensen, 1996; Liebart et al., 2004; Tjan et al., 1984)

According to Tjan et al., the smile is divided intothceat egor i es: (1)
smiled displaying |l ess than 75% of the cli
teeth (found in 20% of the population), ar

the maxillary anterior crown height (found in 69% of the papuli on) and a dhi
exposingaband of contiguous maxillary gingiva (found in 11% of the population).
According to Liebart et al., the skailines were analyzed relatiwe the following

classification(Figure 11.5)

- Class 1. Very high smile ling=GD): more than 2 mm of marginal gingiva visible or

more than 2 mm apical to the cemepttamel junction for the deiced but healthy

periodontium.

- Class 2. High smile lindbetween 0 and 2 mm of marginal gingiva visible or

between 0 and 2mm apical to the egne-enamel junction visible for the reduced but

healthy periodontium.

- Class 3. Average smile lin&ingival embrasure only visible.

- Class 4. Low smile lineGingival embrasures and cemesttamel junction not

visible.
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Class 1. Very high smile line

Class 3. Average smile line Class 4. Low smile line

Figure II. 5: Classification of EG[{Liebart et al., 2004)

Another classification of EGD considers the site of excessive gingival exposure

(Wu et al., 2010fFigure 11.6)

- Type I Presence of a continuous band of EGD with equal distribution anteriorly and

posteriorly(Most common typé 88% of patients with EGD)

- Type II: Posterior parts of EG[% of patients with EGD)

- Type lll: Presence of one side of EGI% of patients with EGD)

- Type IV: Anterior parts of EG§2% of patients with EGD)
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Type I1 Type IV

Figure II. 6: Classification of EGXWu et al., 201Q)

D. Craniofacial and dental morphological features
1. Craniofacial features

Regarding the skeletal pattern, mtran 50% of EGD patienfgesent with a
skeletal class 1l malocclusidimcreased ANB anglegnd a ré&atively less number of
subjectdbelongto askeletal class | malocclusiofihe posterior position of Pog (Pog
NP) reflectghat sagittal discrepancy (etruded mandibland a convex profile). In
females, the convexity of the facial profile is greater than normal where aseis) i
facial convexity is usually within normal rangeherefore, EGD is not only related to
an alteration in the maxilla but is also correlated with the configuration and location of

the mandiblgWu et al., 201Q)

Concerninghe facial growth patteri82.5% of individuals develoa vertical
growth pattern while 17.5% show an average growth paft&tnet al., 201Q)EGD is

strongly linked with anterior vertical maxillary exceddackley, 1993; S. Peck et al.,
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1992) Another study also suggests that excessive maxilla together with the protrusion

of anterior alveola results in a gummy sni{zquerra et al., 1999)

The decrease in-Go/N-Me (Ratio of posterior facial height/anterior facial
height),the increasen ANS-Me/N-Me (Ratioof inferior-anterior facial height/anterior
facial height) and the greater valw MP-SN (Angle of mandibular plane to SN plane)
areindicative of avertical growth pattern, long face and divergent facial type.
Furthermore, patients affected with EGD &an increased &arior maxillary height
(U1-PP). In contrast, the posterior height of mandible ) is reduced. Als@ large
proportion ofsubjects with EGD haviecompetentips at rest(86%-92%) (S. Peck et

al.,1992; Wu et al., 2010)

Theupper lip length in patients witBGD is the same with normalubjects
(Schendel SA, Eisenfeld J, Bell WH, et al, 19&ther studies demonstrated that the
upper lip length of patients with EGDs$ightly longer than norm&S. Peck et al.,
1992;Singer RE, 1974; Wu et al., 2010he increased upper lip length might be
considered as a compensation for the overdeveloped anterior maxillary alve®®)U1
Moreover, the inclination of the upper lip and the nasolabial argleecreased in both

Sexes.

2. Dental features

The dental characteristics of EGD include:

- Increased overbite and over{& Peck et al., 1992; Wu et al., 2010)

- Proclined maxillary incisors both sexesvith SN plane as a referentle labidly

inclined maxillary incisors along with the excessive anterior maxillary height and
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greater overjet led to a labially inclined upper lip and a diminished nasolabial(&hgle

et al., 2010)

- The inclination of the occlusal plane in boys is within normal range, whereas it is

rotated downward in girl@Vu et al., 201Q)

The maxillary incisor clinical crown height is sligh8forter in patients having

EGD ; however, the difference is not significéat Peck et al., 1992)

E. Etiology of EGD
1. Vertical maxillary excess (VME)

This condition involves an overgrowth of the maxilla in the vertical dimension.
It is highly related to the development of EG@dackley, 1993; S. Peck et al., 1992)
VME has the following characteristics: longer lower third of the face, in relation with
the upper and middlirds, a greater exposure of maxillary incisors at rest,
incompetent lips, inclination towards a class Il malocclusion with or without open bite,
andanexcessive gingival displajgometimes, the nose is longer, the alar bases are
smaller and the zygoma flat(Mahardawi et al., 2019)n an Asian population, VME
wasfound in 50% of class | malocclusioms,48% of class limalocclusions and 10% in
class Il patient§Chew, 2006)In severe cases, the incisal edge of the maxillary
anterior teeth can be covered by the lower lip due to the excessive downward growth of
the maxilla(Robbins, 1999)VME occurs in patients with longer than normal lower
facial heights. As a general rule, the face is normalliddivinto three equal distances,
from hairline to nose base, nose base to subspinale, and subspinale to chin which
constitute the lower facial thir@Proffit et al., 2007)Figure 11.7) In turn, the lower face

can itself be subdivided into thirds, with the upper third measured from the subnasale to

41



the stonon and the lower twahirds measured from the stomion to the menton

(Milutinovic et al., 2014)

Brows

e Glabella

Eyes

Width equal to
brow-to-chin | /3

173 | Nose Subnasale

Stomion \Lips
2/3

| Soft tissue menton

Figure 1. 7 : (A) Horizontal thirds of the fac@Proffit et al., 2007)(B) Schematic
representation of the horizontal thirds of the fg@iéberberg et al., 2009)

To diagnose VME, the anterior maxillary height (upper incisor to palatal plane)
is measured on a lateral cephalometric radiogr@pyurell.8). The anterior maxillary

height is approximately 2 mm higher in patients with ESDPeck et al., 1992)

. =%
g
—

=,

e -
Palatal plane \\ \

Incisal edge

Figure II. 8: Measurement of the anterior maxillary hei¢®ilberberg et al., 2009)

Garber and Sama proposed a classification of VME based on the amount of

gingival display(Garber and Salama, 1996)
A Degree 12-4 mm of gingival display
A Degree 24-8 mm of gingival display

A Degree 3>8 mm of gingival display
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2. Short upper lip

The upper lip length is defined as the length from the base of the nose

(subnasale point) to the inferior part of the upper ligpéupip stomion point{Roe P, et

al., 2012) which is normally around 23 mm in males and 20 mm in fen{Sisigri,

2005)(Figure 11.9)

Figure II. 9: Upper liplength measurement (&8chematic represetian; (b) Clinical
measuremer(Robbins, J.W. and Rouse, J.S., 2016, n.d.)

Table II.2: Upper lip length from various studiéBurstone, 1967; Farkas et al., 1984,

Sheldon Peck et al., 1992; Powell and Humphreys, 1984; Prabu et al., 2012; William
Arnett and Bergman, 1993; Wolford, L.M, 1988)

Author Male Female
Burstone 238+ 15 20.1+£1.9
Farkas et al. 21.8+2.2 196+24
Powell, Humphreys 23.8+15 201 +1
Wolford 22+2 20+ 2
Peck el al. 234125 21.2+2.4
Prabu et al. 23.4 +£3.42 20.02 £ 2.89
Arnett, Bergman Male and female combined: 122

However, thaupper lip tends to become longer and sagging along with aging.

Therefore, the position of the lip line becat@wver with ageThis agerelated

phenomenon could be caused by 3 possibilities:
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- As the facial height increasesth age(Baer, 1956; Herzberg and Holic, 1943;

Sharma et al., 2014bhe upper lip might lengthgdensen, 1996)

- Another possibility relates to the presence of gingival recessions as a result of past
or present periodontal disease in adults. In this cassniie line appears to be lower,

even though it might not have chand@dnsen, 1996)

- The increased upper lip length can also be attributed to the decrease in the elasticity
of soft tissues with age. In consequence, the alterations in the connective tissue

metabolism result i n (Jénhsen nd06; Neymanroet al.,t1988) f ac i

3. Hypermobile upper I (HUL)

This condition represents an increase in the activity of the elevator muscles of
the upper lip during smile revealing excessive gingival dispJapn smiling, the upper
lip elevates about 80% of its original length displaying 10 mm of the maxiHaisors
(Rigsbee et al., 1988The upper lip elevation from rest position to the full smile varies
between individuals ranging fromZ2mm, with an average of8mm (Rubin, 1974;
Zachrisson, B.U, 1998Dther sudies reported a 23% decregBeck S, Peck L, 1993)
and 28% decreag@arantili et al., 2005)n the initial upper lip length uposmiling.
Furthermore, the elevation of the upper lip is about 3.5% higher in w(iRigsbee et

al., 1988)

The mobility of the upper lip is calculated by subtractingrtiaillary incisal
displayat rest from the dentogingival exposure durug smile. The maxillary incisal
exposure atest is defined as the distance from the inferior part of the upper lip (upper

lip stomion) to the incisal edge of the maxillary incisors. In addition, the dentogingival
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exposure represents the distance from the inferior part of the upper lip (upper lip
stomion) to the incisal edge when the upper lip is at the maximum smile pq&ten

P, et al., 2012(Figure 11.10,11)

Thediagnosis of HULis made wherthe upper lipelevationduring smileis
larger tharB mm(S. Peck et al., 1992; Silva et al., 201R)rthermore, a HUL is
considered the main etiologic factor of EGD when the upper lip length is within normal

range and the lower facial third is rbsproportionat€Silva et al., 2013)

A classification of E5SD caused by hypermobile upper lip was described in

2015(Bhola et al., 2015)
- Subclass 11 to 3 mm of gingiva is visible irhe dynamic smile
- Subclass 2 4 to 6 mmof gingival display

- Subclass 387 mmgingival display

Figure Il. 10: Anatomical landmarks at (A) the rest and (Baximum
smile positiongRoe P, et al., 2012)
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Figure II. 11: The difference between the measurementt(egst to (b) full smile
determine the upper lip elevatifRobbins J.W. and Rouse, J.S., 2016

In patients havig EGD, HUL consisted the primary etiology factor being
present in almost 80% of thefAndijani and Tatakis, 2019 heelevation of the pper
lip is determinedy severalfacial muscles(1) the levator labii superioris (LLS§2) the
levator labii superioris alaequeasi (LLSAN),(3) the zygomaticus minor (ZMi)4) the
zygomaticusnajor (ZMj), (5) the levator anguli oris (LAO6) orbicuaris oris(O0O),
(7) the risorus (Rand (8 the depressor septi nasi (DSKHwang et al., 2009; Indra et
al., 2011; Jaspers et al., 20Mazzuco and Hexsel, 2010; Polo, 2005; Sucupira and
Abramovitz, 2012)Figure Il. 12) The first three mscles play the major role in lip

elevation(Pedron and Mangano, 2018)

- The LLS originates from the orbital rim of the max#lad inserts into the upper lip.

- The LLSAN originates fronthe frontal process of the maxilla adi¢ides into two

fascicles that insert intihe upper lip and the skin tissue of the ala of the nose.

- The ZMj muscle originates from the upper lateral surface of the zygomatic bone
(Spiegel and DeRosa, 2008)d inserts into the skin at the angle of the corner of the
mouth(Shim et al., 2008)The ZMi originates from thieower surface of theygomatic

bone and inserts into thateral parof the upper ligfFehrenbach MJ, Herring SW,
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2002) The activity of both zygomatic muscles causes elevation and lateralization of the

lateral portion of the upper lip.

- The LAO originates inferior to the infraorbital foramen from the canine fossa of the
maxilla. Its fibers progress in an anteroinferior direction and insert into the modiolus,
where the muscle fibers are combined with the fibers of the zygomaticus(BDagor

and Le, 202Q)

- The OQis a complex, multlayered muscle which attaches through a thin,
superficial musculoaponeurotic system to the upper lgnnstitutesan attachment site

for several facial muscleglain and Rathee, 2020)

- The risorugnuscle originate at the fascia of the lateral cheek over the parotid gland
and superficial massetand platysma muscles and inserts at the angle of the mouth.
The risorus muscle elevates the corner of the mouth laté@diynann and Al Khalili,

2020)

- TheDSN originates at the orbicularis oris muscle and it inserts at the superior

portion of the maxilla (close to the anterior nasal spjBeybosa et al., 2013)

Therefore, variations in facial expression is encountered when the morphology,
distribution and activity of the muscles occ(is S. Hu etal., 2016) The LLS and
LLSAN are more involved in the anterior elevation of the upper lip resulting in more
anterior gingival exposure whereas the ZMi and ZMj elevate the upper lip from its
posterior regions leading to a posterior gingival display.cmbination of an anterior
and posterior gingival display is causedthy hyperactivity of several muscl@edron

and Mangano, 2018)

a7



Levator labii superioris
alaeque nasi *
Levator labii superioris

Nasalis
(Transverse part)

. . Depressor Septi
Zygomaticus minor

Zygomaticus major Orbicularis oris

Levator anguli oris

Risorius
Mentalis
Depressor labii inferioris

Figure 1l. 122 Main muscles involved in lip elevation

4. Short clinical crownsi Altered passive eruption

A maxillary centraincisor should have approximately 80% width compared to
height (Figure 1.13). Higher ratios are the result afshort, square ttlo while lower
valuesindicatea longer tooth(Girel, 2003) Other reports suggested that the ratio might
vary between 66% ar8B% (Gillen et al., 1994)The presence of short clinical crowns
in a patient having EGD indicates that the disproportionate height to width ratio of the

teeth contributes to the excessive gingival exposure.

|<—8.37-9.3 mm——>|

Figure 11.13: Crown width/height ratigSarver, 2004)

Altered passive eruption (APE) is a condition where the gingiva fails to migrate
in the apical direction during the eruption of teeth. In this case, the gingiva remains in a
coronal position in relation with the seentoenamel junction (CEJ). This alteratcam

be localized or generalized andeads to an increase gingival exposure due to the
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unfavorable teeth proportioifBhola et al., 2015)Tooth eruption consists of an active
and passivelmse. The movement of teeth in the direction of the occlusal plane is
defined as active eruption while the apical migration of the girfigivenore tooth
exposure is namegahssive eruptiofF, 2011; Nart et al., 2014yherefore, as its name

refers, APE is an alteration of the passive phase of tooth eruption.

During the normal passive eruption pragebe gingival margin is positioned
within 1 to 2 mm of the CEJ (Robbins, 1998RE can occur on a single or multiple
teeth with an incidence a2% in the generadopulation(Silberberg et al., 2009

1977, aclassification for APE was introducé€@oslet et al 1977)(Figure 11.14)

- Type 1A excessive amount of keratinized gingiva with normal alveolari¢ogst

cementoenamel junctio€EJ relationship

- Type 1B excessive amount of keratinized gingiva with osseous crest at the CEJ

level

- Type 2A normal amounof keratinized gingiva with normal alveolar ciigst CEJ

relationship

- Type 2B normal amount of keratinized gingiva with osseous crest at the CEJ level

B

Figure 11. 14: (A) Patient having APEAbhyankar and Blan, 2019)B)
Classification of APE (Coslet et al., 1977)
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By definition, the keratinized gingiva includes the free gingiva and the attached
gingiva. The free gingiva is a mobile cuff located above the alveolar crest. It represents
the terminal border of the gingiva. The attached gingiva is continuous with the ahargin
gingiva. It consists of a band, varying betweeand 9 mm in length and tightly bound
by collagen fibers to the underlying bone and cemeriCope and Cope, 2011)

Buccaly, the attdwed gingiva is separated from the oral mucosa by the mucogingival

line where as in the palate no such delineation efiggsire 11.15)

Alveolar mucosa
. Tooth
Mucogingival junction surface
Attached gingiva Gingival sulcus
=0.69 mm
Junctional epithelium
=0.97 mm
O =2.04 mm
Stippling Connective tissue
attachment
=1.07 mm

Free gingiva
Interdental papilla Biologic width [ [

Periodontal
ligament
- B

Free gingiva + Attached gingiva one
= Keratinized Tissue (KT)

Cementum

Figure II. 15: Anatomy of the periodontiurfKasaj, 2018; Reddy Shantipriya, 2011)

The diagnosis of APE is based several factorsio sign of periodontal
diseaseno bleeding upon probing, no inflamtiwan, no radiographic bone lass
Nevertheless, the most common clinical sign of APE is the presence of a short tooth
crown. Also, in the case of APE, the gingival margan be located up to 10 mm
coronal to the CE(F, 2011) The presence of a band of gingiva covering the teeth is a
normal condition during childhood where the eruption process is not finished yet. The
eruption of anterior teetls completed in late teenshile the eruption of posterior teeth

remains till the third decade of lif€, 2011)
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F. The long face syndrome

The long face syndrome is a comnaentofacial abnormalitynainly
characterized by excessive vertical facial developnidr@.morphological featurdgbat
accompanyhelLFS area longer lower third of the face, facial retrognathism, depressed
nasolabial areagxcessive gingival exposyng incompetence, narrow palate,
posteriorcrossbite, and sometimes an anterior elpiga(Schendel et al., 1976frigure
[1.16,17). Furthermore, the LFS can be associated witlolichocephalic cranium,
narrow nasal apertures, small temporal fossa, underdedetogedibular processes,
narrow and long mandibular symphysis, redud@&d prominence, and large teeth

(Sassouni, 1969)

The prevatnce of the long face syndrome is approximately PRédey et al.,
2001) This severe pattern of vertical craniofacial growth is found to be the second most
frequent cause for seiek orthodontic/surgical treatmefRroffit et al., 199Q)Also the
LFS seems to be more frequent in blacks than in Whites or AdBik.genetic and
environmeral factors might contribute to the development of the (B&hsal et al.,

2015)

1. Genetic factors
The long face pattern seems to be the second rkekt type of deformity to
run in families(Proffit etal., 2007) Furthermore, the heritability of the total face height
is estimated to range from 0.8 to 1,3 while that of the lower anterior face varies between
0.9 and 1.@Amini and BorzabadFarahani, 2009Dominant genetic components were

observed for most vertitaephalometric variables at 15 and 18 years of age
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(HersbergeiZurfluh et al., 2021)However, the estimations are derived in specific
populations and under different environmewtahditions. Therefore, there is no

conclusive finding in the literature that report the genetic contribution to this condition.

Other studies suggested that if the growth of the maxillary sutures and the
maxillary or mandibular alveolar processes surplassertical condylar growth, the
face becomes longer due to the backward rotation of the magididdeson et gl1971;
Schudy, 1965)Some athors reported that the characteristt¢he LFS are the
expression of a hereditary pattern and that environmental factors such as
mouthbreathing are only considered as aggravating cétsesie et al., 1952; Tourne,

1990)

2. Environmental factors

i. Nasal airway obstructioand mouth breathing

Most patients with long face patterns bresatirough the nose. Howeven,
some cases, the presence of a nasal airway obstruction reduces the nasal airflow and
favors mouth breathingNormal respiratory activity leads to the harmonious growth and
development of theraniofacial structure@ooper, 1989; Moss, 1997; Yamada et al.,
1997) Environmental factors accounted for-40% of vertical discrepancies in a study

on MZ and DZ twins(HersbergeiZurfluh et al., 2021)

Nasal obstructioforces the patient to breathe through the mouth which
maintainthetongue and javin a lower position. This ks toovereruption of posterior
teethresulting in aclockwise rotation of the mandib{roffit et al., 2007; Valera et al.,

2003) Another study found thathconicaly allergic mouthbreathing children
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developedharrower maxillashigher incidence gbosterior crossbites; longer anterior
facial heights; steeper palatal, occlusal, and mandibular planes; larger gonial angles; and

more retrognathic mandibl¢Bresolin et al., 1983)

Mouth breathing can be a habitual trahiere thenasal potencis adequater
due to a nasal obstruction that occurs in the anterior (maxillary) airway or in the

posterior (pharyngeal airwagjimms DJ, 1981)

Table 11.3: Etiologies of mouth breathin@imms DJ, 1981)

Mouth breathing due to nasal obstruction
Anterior (maxillary) airway \ Posterior (pharyngeadlirway

| |

Causal factors
Catarrhal and allergic rhitié | Large adenoids
Nasal Polyps Large tonsils
Deviated septum
Turbinate irregularities
Hard tissues | Congenital traumatic
/therapeutic asymmetries of
nasal cavity

Softtissues

Therefore, subjects with airway obstructibiat started during childhood
becomeobligatorychronicmouth breathers leading to an abnormal face development

and absence of lip seal. The resultant long face is known as adenoid facies.

ii. Weak muscles
Excessive vertical growth might be associated with weaker masticatory
musculature in yperdivergent patients in contrast to short anterior facial height patients

possessing a strong musculat(irgervall and Thilander, 1974n this case, the
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muscles responsible of elevation of the mandible are not capable of preventing
excessive tooth eruption and vertical growth of the maxilla. Nevertheless, muscle
strength remains a secondary etiologic factor contributing to a lesser extent in the

development of the LF@ansal et al., 2015)

Figurell.172The A adenoi d f aci es 0(Masslenpnd Schalir, wi t h
1958)
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G. Treatment of EGD

Theunderlying cause of EGD has the main effect on the treatmeantithbe
performed.Theestablishment of an accurataghosis is imperative for achieving a
stable and predictable outcons®veral multidisciplinary procedures have been
introducedo correet thisdentofacial discrepancy including surgical and-sargcal

approaches:

- Orthognathic surgery (Maxillary impaction)

- Orthodontic intrusion using minmplants

- Periodontal surgery (Crown lengthening/Gingivectomy)

- Lip Stabilization technique (LipStaT)

- Botulinumtoxin injection

Orthognatic surgery is the primarngéatment to considen severe cases where
the gingival exposure is larger than 4 r(Bmola et al., 2015)Figure 11.18) It is
generally indicated when EGD is caused by severe vertical growth of the maxilla as in
the LFS. Maxillary impaction following the LeFort | osteotptechnique allows
reduction of the bone between the nasal floor and apices of maxillaryNesttimento
Meger et al., 2017 Therefore, the maxilla is repositioned in a superior position
resulting in the reduction or tle®mplete correction of the EGDeFort | osteotomy
refers tothe fracture patterimitially reportedby Rene LeFort in 1901. It extends from
the nasal septn, along the tooth apices, and through the pterygomaxillary junction

(Buchanan and Hyman, 2018yYassmund is the first to use this procedure to correct
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dentofacial deformities in 192Wassmund M, 1927At presentLeFort | osteotomys

commonly usedo correct severeertical maxillarygrowth.

Figure II. 18 Patient affected by EGIJA) before andB) after athognathic surgery.

For many years, orthodontic intrusion was considered hard to achieve due to the
lack of efficient skeletal anchorage. With the introduction wifiimplants, intrusion of
teethbecame aiable treatment option inases with mild to maderate EGD (2 mm)

(Bhola et al., 2015Nevertheless, apical root resorption occurs when heavy forces are
applied. h contrast, intrusion with light forcaeduceghe incidencend amounof
apical root resorptiofCostopoulos and Nanda, 1996ythodontic intrusion with the

use of controlled mechanics legd the correction of EGD (§ure 1.19).
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Figure II. 19: Orthodontic intrusion for a patient having EGB, B), Use of buccal and
palatal miniimplants to intrude anterior and postetieeth;(C) Initiation of intrusive
mechanics(D) End of orthodotic intrusion

Periodontal surgery is indicated in the presence of a disproportionate
relationship between the tooth and its periodontium. In this case, the teeth are short,
squared and can benefit from a gingival or combgiadival and osseous resection
known as crown lengthening. This approach consists of a surgical procedure to increase

the amount of exposed tooth structure

Gingivectomy is the removal of a band of gingiva. It is indicated in the
presence of an excessive keratinized soft tissue aagmopriate bone level.
Gingivectomy is the standard treatment option in casesgival overgrowth and
altered passive eruption type {Allen, 1988; Foley et al., 2003; Levine and McGuire,

1997; Wennstrom JL, 2006)

The aically positioned flagAPE)is the apical repositioning of the gingival

structure while maintaining the mucogingival comp(sabers, 1954{Figure 11.20)
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APE without osseous resection is recommendbdnthe bone level is appropriate but
gingivectomy will leave less than 3 mm of keratinized gingival tissuésave the

patient with alveolar mucosa at the crown mafgevine and McGuire, 1997This

approach is indicated faitered passive eruptiappe 2A where the width of ggiva is
relatively normal, but most of it is located coronal to the C&BE with osseous

resection is required in the absence of an adequate bony support. In this case, the bone
crestis repositione@.5 to 3.0 mm away apically from the CEJ to obtaimgsplogic

biologic width(Allen, 1988; Foley et al., 2003; Wennstrom JL, 2006)

Figure II. 20: Crown lengthening. (A) Short clinical crowns;

(B) Apically repositioned flap{C) Final outcome

The lip repositiomg techniquewas originallyintroducedn 1973 by
Rubinstein and Kostianovsland used in plastic surgefirubinstein A and
Kostianovsky A., 1973)n 2006, Rosenblatt and Simon developed the technique and
incorporated it in dentistrfRosenblatt and Simon, 200&)p stabilization technique
(LipStaT)is a conservative permanent surgisalcedure aimingotcorrectan average
of 3.4 mm of EGD while obtaining stable resfggure 11.21) It limits the activity of

the elevadrs muscles of the upper ljpygomaticus minor, levator anguli, orbicularis
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oris, and levair labii superioris) by decreasitige deph of the upper vestibul@awfik
et al., 2018)LipStaT is primary indicated in cases with vertical maxillary excessssf |
than 8 mm and in situations of hypermobility of the uppe(Bipola et al., 2015)
Nevertheless, the presence of degree Il and Il of VME often requires a
multidisciplinary approacfJacobs and Jacobs, 2018hother contraindication for
LipStaT include the presence of a minimal band of attached gingiva, which can

compromise the flap design, stabilization and suturing.
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Figure II. 21: Lip repositioning techniquga) Preoperative image of the smile; (b) A

marking pencil was used to identify the apical, coronal and lateral boundaries of the

incision; (c) Incision; d) Exposed connective tissfierahe epithelial excision. (e)
Suturing; f) The mucosa was advanced and sutured to the attached gingiva at the
mucogingival junction; g) Situation after the suture removal. h) Final situation.

The botulinum toxin (Botox) ia more conservative and imdiate nonsurgical
procedure for the correction of EGBigure 11.22) Injection of the toxin into
hyperactivanusclegeduces muscle tonicifMeunier et al., 2002yhich relaxes the

muscles of the lip and decreases the elevation of th€Hgteatment outcome is
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immediately obtained, lasts for 3 to 6 months and progressively dagsvic and

Brin, 1997) The short term effect of Botox is considered its main disadvantage and
requres the constant reapplication. There are 8 different serotypes of botulinum toxin
produced by the anaerobic bacterium Clostridium botulinum. Type A {B)Ii$ the

most powerful and frequently used clinically. Botox is isolated from the fermentation of
Clostridium botulinum to obtain a purified form. The clinical disposition is a stable and

sterile vacuurrdried powder that is diluted with salii@olo, 2005)

Figure II. 22 Botox injection (A) Initial; (B) Outcom¢Cengiz et al.,2020)

Adequate diagnosis of the etiological factors behind EGD is the initial key step
to select the appropriate treatment proto€bk following table summarizes the
treatment modalities of EGD in relati to the etiologic factqiBhola et al., 2015;

Garber and Salama, 1996)
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Table Il.4: Treatment modalities of EGD

Vertical maxillary Excess

Degree Gingival display Treatment modalities

(mm)
I 2-4 Orthodontic intrusion
Orthodontics and periodontics
Periodontal and restorative therapy
Il 4-8 Periodontal and restorative therapy
Orthognathic surgery (Le Fort | osteotomy)
1 o8 Orthognathic surgery with or without adjunctive

periodontal and restorative therapy

Hypermobile upper lip

Subclass Gingival Treatment modalities
display (mm)
1 1-3 LipStaT with removal of 5 mm of mucosa

Botulinum type A toxin

2 4-6 LipStaT with removal of 82 mm of mucosa

3 o7 LipStaT with removal of 1415 mm of mucosa

Altered passive eruption / Short clinical crowns

Type Subtype Treatment modalities

1 A Gingivectomy

1 B Gingivectomy + Osseous reduction

2 A Apically repositioned flap

2 B Apically repositioned flap + Osseous reduction
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The treatment of EGD as a result of a short upper lip is not directly related to
the correction of the lipehgth déiciency. Because lip elongation is not a viable option,
the treatment of such condition relates to the amount of gingival exposarefore,
the same treatment modalities of vertical maxillary exapgdyin addition to the

possibility of lip repositiaing technique.

The treatment of LFS combined EGD necessitates orthognathic surgery were
maxillary impaction is recommendéBigure 11.23) Surgeryis difficult to perform in
growing patients. In most instanc@sgombined orthodontic drorthognathic sgery
treatmenis performed after growth cessation to undo the dentofacial discrepancies of

EGD and long face syndrome

A multidisciplinary approach is essential for the successful treatment of EGD.
Therefore, the establishment of a correct diagnosisddeal to the proper
management dEGD depending on its etiology and contributing factbrany case, the

communication with the patient and special@ttors is crucial for patient satisfaction.

Figure II. 23 Correctionof EGD with orthognathic surgery
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H. Genetic studies

The Human Genome Project introduced in 1990 and completed in 2003 allowed
the identification othe sequence of chemical base ptieg constitutes the human
DNA and the identification and localizatia all genes in the human genormée
genomewide linkage scan technologyade it possible tcecognizethe genetic basis of
malocclusionsTherefore, genetic mapping led to the determination of the underlying
susceptibility to diseag&awicki et al., 1993)Studies have mainly investigated the
genetic contribution in Class Il and class Il malocclusions while the EGD genetic

determinants were not yet explored.

1. Excesive gingival display

Genetic factors contribute to the development of malocclusions in the vertical
and anteregposterior dimensiay(BakerCR, 1924; Korkhaus G, 1930; Markovic, 1992)
The vertical features are morerggtically controlled than thenteroposterior parameters
(Manfredi et al., 1997)Another study also reported that the vertical proportions are
genetically determine@Savoye et al., 1998 However, the inheritance pattern has not
been studied for vertitaaxillary excess. VME could be a monogenic or polygenic
trait which means that thénpnotype is causegtherby the expression of one gene or
the simultaneous segregatiohmany geneddowever, no previous study has identified
the defective gene(s) and {their) localization in the human genome. Therefore, the
study of the genetic canibution to EGD is required to determine the genes leading to

this dentofacial alteration as well as the inheritance pattern.
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2. Other malocclusions
Severalgenetic studieglentified thegenes responsible ftie deelopment of
some malocclusions such@ass lll, Class Il, congenitally missitgeth ad primary

failure of eruption and others.

Class lll malocclusions are caused by mandibular prognathism (MP), maxillary
retrognathism or botiMP wasreportedas a polygenic traitlowever, in most cases,
the condition presented an autosomal dominant inheritance pattern like in the European
noble families (e.g., Hapsburg family). Despite the high penetrance, the clinical

expression of the trait is highly varial{M/olff et al., 1993)
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Table II.5: Summary oimapping studies for class Ill malocclusion

Gene name Phenotype Population Reference
HSPG2, MATN1 and MP Korean and Japanese | (Yamaguchi et al., 2001
ALPL
MATN1 MP Korean (Jang et al., 2010)
EPB41 MP Chinese (Xue et al., 2010)
EVC and LTBP2 MP Chinese Han (Li etal., 2010)
TGFb3 and MP Chinese Han (Lietal., 2011)
MYO1H (rs10850110 MP White, African American| (TassopoulotFishell et

Hispanic and Asian al., 2012)
DUSP6 MP, MD | Estonian (Nikopensius et al.,
2013)
PLXNA2 and SSX2IP MP Japanese (Ikuno et al., 2014)
COL2A1 MP, MD | Chinese (Xue et al., 2014)
ADAMTS1 MP Chinese (Guan et al., 2015)
Gly1121Ser variant in MP Italian (Perillo et al., 2015)
ARHGAP21
IGF1 MD Hispanic (FrazierBowers et al.,
2009)
Clorf167, NBPF8 and MP Eastern Mediterranean | (Genno et al., 2019)
NBPF9

MP: Mandibular Prognathism; MD: Maxillary Deficiency

Class Il malocclusion can be the resultr@xillary praggnathism, mandibular

retrognathism or bothA genetic component is associated with class Il division 2

malocclusion with a polygenic inheritance patténnatwin study all 20 monozygotic

twin pairs were concordant for Class 11/2, whildyoh0.7% of 28 dizygotic twin pairs

were concordaniThe higher discordander dizygotic twins suggests that more than

one genetic factor contributes to Class (NM&arkovic, 1992) A relative risk of first
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degree relatives of the patients to have a Class II/2 is found to be between 3.3 t0 7.3

(Morrison M. W. et al., 2008)

The genetic factors contributirig the class Il phenotype aggplored in the

following table:

Table II.6: Summary of mapping studies for class Il malocclusion

FGFR3, ZNF181,
INTS7 and WNT6

Mandibular retrognathism

Mediterranear

Gene name Phenotype Population Reference
Shorter mandibular ramus (Yamaguchi et al.,
GHR P561T height (COGO) Japanese 2001)
GHR P561T Negative impact on Japanese | (Sasaki et al., 2009
mandibular growth
. . . . . (Gutiérrez et al.,
NOG rs 1348322 | Mandibular micrognathia Hispanic 2010)
ACTN3 rs1815739 | Class Il French (Zebrick etal., 2014)
SNAI3 1s28755 Clas_s Il, accentuated conve Caucasian (da Fontoura et al.,
profile 2015)
FGFR2 rs11200014 Increased risk of Cl Il Caucasian (da Fozn(;t(i;;a etal,
MYO1H rs3825393| Mandibular retrognathism Indian (Arun et al., 2016)
MATNL1 rs1149042 | Mandibular retrognathism | South Indian (Balkggri(;? etal,
GLUD2, ADGRG4,
ARSH, TGIF1, Eastern El-Chekie et al.

(unpublished dta)

Primary failure of eruption is also affected by genetic determinants especially

the PTHR1 genéecker et al., 2008)-urthermore, dental crowding of more than 5

mmin Class | malocclusiors associated with SNPs within EDA, XEDAR rs 372024

and BMP2(Ting et al., 2011) For Class | mlocclusion, an SNP rs6504340 within the
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HOXB gene is related to delayed tooth eruption and occlusion irreguléRtiles et

al., 2010)

3. Tooth size and agenesis

The overall crown size is determined to a larger extent by genetic variation than
by the morphology of the occlusal surfgg@ndo et al., 2014)Sonic hedgehp (SHH)
gene expression influences tooth development and promotes tooth morphology by

defining crown width and cusp structyfeeppala et al., 2017)

Although dental agenesis can be due to a newly introduced mutation (sporadic),
it is commonly inherited among geneoais and observed as an isolated trait {non
syndromic). In some instances, dental agenesis is part of a syndromic condition such as
ectodermal dysplasia. The inheritance pattern varies between autosomal dominant,
autosomal recessiveked and multifaatrial inheritancMostowska et al., 2003)
Patients with dental agenesis tend to have a relatively small-gietabsize crown
particularly if more teeth are missing. This fimgl suggests a polygenic influence on the
size and patterning of the dentitiiHartsfield JK, 2017)Although genetic factors are
involved, epigenetic and environmental elements can be impliftedk et al., 2009)

Tooth agenesis can be classified into thiigegoriegMatalova et al., 2008)

- Hypodontia: tooth losexcept third molars ¢20%)

- Oligdontia:more than 6 teeth missing (61%6)

- Anodontia: absence of all tegfBxtremely rare)

Mutations in paired box @PAX9) muscle segment homeoboXMSX1) Axis

inhibitor 2 gengAXIN2)lead to dental agenesis.
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Table II.7: Summary of mapping studies foypodontia/oligodontia

Gene name

Phenotype
(Hypodontia or oligodontia)

Reference

PAX9

Missing M/m molars, M premolars > 1

premolars

Could be associated withissing or

pegshaped m central @sors and/or M

laterals

(Bergendal et al., 2011; Frazer
Bowers et al., 2002; Klein et al.,
2005; Mitsui et al., 2014; Niemine
et al., 2001; Suda et al., 2011)

MSX1

MissingM/m premolars

(Bergendal et al., 2011; Chishti €
al., 2006; De Muynck et al., 2004
Kim et al., 2006; Kimura et al.,

2014; Lidral and Reising, 2002;
Mostowska et al., 2003; Pawlows
et al., 2009; Vastardis et al., 199¢
Xuan et al., 2008; Yamaguchi et a

2001)

AXIN2

MissingM/m molars and premolars, n

incisors > M laterals > canines

(Abdalla et al., 2014; Arzoo et al.
2014; Mostowska et al., 2015,
2013; Song et al., 2014; van de

Boogaard et al., 2012)

I. Orthodontic studies on heritability of malocclusions

One of the most effective methods to quantify the relative contributions of

genetic (nature) and environmental (nurture) factors to modifications in the phenotype is

the classical tim research design that compare timsilarities in monozygoti¢MZ) or

identical pairs and dizygoti{®Z) or fraternal pairsT h e |

atteros

environmental features but are not genetically idenft286 alike) In contrast, a

greater similarity in identical twins is exgedbecause they share the same genetic

information Differences between MZ twins are due to environmental factors while

variations between DZ twins can be the result of genetic and environmental changes.
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Considering that twins are raised in identical emvnents, when comparing MZ to DZ
twins, traits that show a greater similarity in MZ than in DZ are attributed to a shared
genetic materiaHeritability estimates how much variation in a phenotypic trait in a

population is due to genetic contributiGh K. Hartsfield Jr. et al., 2012)

1. Growth and development

Studies on the dental development stages for mandibular first and second
molars found that dental developmés genetically determing@arn et al., 1960)The
co-twin study methodavas used by Picacentian six sets of same s&xplets in whom
the zygosity had previously been determined to a high degree of probétbility.
demonstratethat the combined incremental growth of maxilla and mandiblleeof
monozygotidwin show significantlylessernntrapair differencesampared tdhat of
dizygotic twin. This finding confirnthe role of heredity in thgrowth of these bones

(Piacentini FD, 1962)

2. Craniofacial complex
The morphology of all bones of the craniofacial complex is controlled by
genetic factors with complete concordance in MZ triples and at a lower degree in DZ

triplets (Kraus et al., 1959)

In a cephalometric study of craniofacial variation in 56 twin pairs, the lower
facial heightis found to be under strict hereditary factors while the upper facial height is

the most stable element in the facial profile. Also, significant genetiations are

69



present within the anterior cranial base and mandibular body I@dgthwitz S.L. et

al., 19®).

Other studies also concluded that the vertical parameters have higher
heritability values compared with horizontal variableparticular the total anterior
facial height (TAFH) and its lower component (LAFf@udas and Sassouni, 1973;

Hunter, 1965; Lundstrom, 1984; Manfredi et al., 1997)

3. Tooth size and occlusal variations
The genetic information contributes to the development of malocclusion. In
Class | occlusion, concordance is observed in 87.3% of MZ twins and 84.6% of DZ

twins in @ntrast to 67.7% and 10% respectively in Class Il cdsaslstrom, 1948)

A strong genetic component of variability of the four maxillary and mandibular
incisors with a low hereditary component of variability for canines was proven in a

study on 54 pairs like sexed adult tw{iorowitz et al., 1958)

Regardhg occlusal variations, teeth displacement and crossbite were found to
be the most notable heritable feature in a sample of 32 MZ and 28 DZ twins. However,
there was no genetic contribution to the development of overjet, buccal segment
relation, rotation&lisplacements and overbite. This finding suggests the role of the

environment in the variability of the occlusi¢@orruccini and Potter, 1980)
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CHAPTERIII

MATERIAL AND METHODS

A. Target population
1. General characteristics

This is a prospective casentrol study incluthg a sample that consisted of 6
Mediterranean families knowto include growing and/or adult subjects diagnosed with
EGD (prior to aprevious oranongoing treatment of some of them at the Division of
Orthodontics and Dentofacial Orthopedics of the American University of Beirut
Medical Center, AUBMC)Initially, 6 Mediterranean families were first approached
and theirmpedigrees drawrmowever, 4 families accepted to undergo the genetic
procedurelRB approval was grantdekefore initiation of the studyrivate information
of the subjects couldnly beaccessed by #research group membeagoiding any

potential risk of breach of confidentiality.

2. Inclusion criteria
Familiesrecruited from the eastern Mediterranean populat@nprised
affected probands over at least 2 generafjamith an average of 5 individualep
family). Affected individuals were identified clinically as having excessive gingival
display of at least 2 mmThe rationale was based on the established norms for males

and femalesNon-affected family members weiacluded as controls.
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3. Exclusion criteria

Subjects having a previous orthognathic surgery for the correction of a skeletal
discrepancy were excluded. Pregnant women and individuals with a general physical
disease or congenital disorders (such as cleft lip and palate and syndromic eenditio

were also ruled out.

Table Ill. 1: Selection criteria for affected individuals

Inclusion criteria Exclusion criteria

- General physical disease or congenital disorde

"EGDInmal es 021, as dft lip/palate and syndromic conditions

-EGD in femal

- Pregnant women

Table Ill. 2: Selection criteria fonon-affected individuals

Inclusion criteria Exclusion criteria

-EGD in males’ 2 mm | - General physical dissa or congenital disorders su

_EGD in female< 3 as cleft lip/palate and syndromic conditions

mm - Pregnant women

B. Families selection and recruitment process

Six subjects from the Mediterranean population diagnosedB&b (prior to a
previous ormnongoing treatment at ¢éhDivision of Orthodontics and Dentofacial
Orthopedic§ODO), AUBMC) were approachebly their treating orthodontist;
Subsequentlyhe study coordinator assembled peeligrees of their corresponding
familiesin order todetermine th@umber of affected antbnaffectedmales ad

females, mode of inheritance and consanguinity
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The recruitment procesgas according to the following steps

. The selected subjects who were followed in the QIion were first approached
by the study cordinator and askedtifiey werewilling to participate in the research

project.

. Thosewho agreed wergiven additional detailabout the study, handed a written
consent form and given enough time¢ad and sign it.[&cific consent formkad
been developedepending on the agf the participant (child betweenl? years,
adolescent between 11F years, adult and parental consents). The consent form
contains information about the aims of the study, the procedure, the risks and

benefits and a confidentiality section.

. The studycoordinatorinquiredabout the medical history of each subject including
demographics: gender, date of birth, age, family origin, or racial/ethnic background,
health status: congenital disorders, genetics: consanguinity, previous geriatic test

number ofaffected subjects over at least 2 generations.

. Individuals were givefilyers (invitation to participate in thstudy) to distribute to
affected and noaffected relatives. The flyers include general information abeut th
study, its purpose, benefits alodation. If the relatives weliaterested, they could

contact the research team (at (01) 350 000 ext. 5702) for further information

. The relatives who decided to enroll were requested to come to the Divistinf
to sign the consent forrthe consent fian was signed by a parental guardian for

minors.

The subjectsvere diagnosetlased on the results clinical examinatiorand a

lateral cephalometricadiograph
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g. Biospecimen collection consisted of 5cc of blood withdrawal from both affected and

nonaffeced individuals.

FourMediterranean familincluding 21subjects 12 affected, :on-affected)
accepted to participate in the stu@yospecimen collection was performed on all 21
subjects whereas the lateral cephalometric radpdgwas taken on Jaticipants
Each one of the selected 21 individuals was assigned a specific abdelidedhe

family code (AD) followed by an Arabic numeral {8). (Tables 111.3111.4)

Table Ill. 3: Distribution of the families included ithe study

Families who were first approached and
their pedigree drawn

Families who had data and specimen
collection

6 4

Table Ill. 4: Summary of the demographic characteristics of the 4 families

Lateral
Family Ethnicity Blood collection cephalometric
radiograph
Number| Number| Number of Number of Number| Number
non
of of affected of of
e affected
males | females| individuals| . ;. . males | females
individuals
Family (A) | Lebanesg - 4 2 2 - 3
Family (B) | Lebanese 1 7 6 2 - 5
Family (C) | Lebanese 3 2 3 2 3 2
Family (D) | Lebanesg 3 1 1 3 2 1
Total 5 16 12 9 5 11
TOTAL 21 21 16
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CCFamiliesd structures (pedigrees)
1. Pedigrees of the 6 approaeldfamilies
The pdigrees of the 6 eastern Mediterranean families that were approach are

illustratedbelow (Figure 1l1.1):

(1) @)

JZTTQY
b 5 54 ﬁﬂééééﬁﬁ&ééiﬁoéﬁéﬁ
%Tﬁ% %&iﬁﬁ behh

()

EE %ﬁﬁﬁé@ %ﬁ&éééééé

T sk
) (6)
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ﬁﬁﬁééﬁé&é

Figure 1ll. 1: Pedigrees of the 6 approacched families

Families1, 2, 3 and 4inderwent the data and bioscpecimen collection

75



2. Pedigrees of the 4 participatinfamilies

The detailed pedigrees of thaur participatingamilieslabeled A to Dare
illustrated inFigures 111.2111.5. Thesubjects from whom blood was collectae
underlined in red anthoseon whom a lateral cephalometric radiograph was taken

underlined in greernlhe selected subjectseanumbered using Arabic numerals.

(A)

7 v
O O o 00 O

© &
000 o o0l

Figure lll. 2: Pedigree ofamily (A)

Family A. Pedigree compris&igenerations with otal 22 individuals
including4 affected(all females)and 18 noraffected A1 6 s Hwascoraideredas
nonaffected. However, he hadremovable prosthesis thegated the clinical
diagnosis of EGD. fie mode of transmissiamas considered toe eitherautosomal
dominant,autosomatecessiver X-linked. Bloodcollection and lateral cephalometric

radiograpls were taken od subjectg2 affected and 2 neaffected).
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(B)

Figure lll. 3: Pedigree ofamily (B)

Family B.Four generations were gathered in thedligreewith a total 35
individuals includinglO affected (7 females; 3 malegnd 25non-affected. The mde of
transmission couldbe eithermutosomatecessive or dominanBloodwas collected from

8 subjects (6 affected and 2 naffected) and a lateral cephaletric radiograph was

taken on Ssubjects.

(©)

Figure lll. 4: Pedigree ofamily (C)

Family C With 2 generations ana totalof 5 individuals including3 affected
(2 females; 1 male) and 2 naffecied, he mode of transmissian this pedigree could

be eitherautosomatecessive or dominanBlood collection and lateral cephalometric

radiograph were taken on all 5 subjects.
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Figure Ill. 5: Pedigree ofamily (D)

Family D. The pedigreef 4 genertionsincluded38individuals,7 affected(6
females; 1 majeand 31nonaffecied. The mode of transmission coblkel either
autosomatecessiver X-linked. Bloodwas collected from 4ubjectq1 affected and 3

nonaffected) and a lateral cephalometricicggaph was taken ons®ibjects.

In summary, the genetic analysis was performed on 21 subjects (12 affected and
9 nonaffected) from whom 5cc of blood weoellected. A lateral cephalometric
radiograph was taken dr6 individuals (1laffected and 5 neaffected). Consanguinity
was not present in any family and the mode oérithnce varied between autosomal

dominant, autosomal recessive or linked to X
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D. Clinical examination and cephalometric analysis
1. Description of the means of diagnosis

Theparticipding subjects were diagnosed by means of a clinical examin@ation
determine the presence of EGD. Tateral cephalometric radiograplvere takeim
natural head position with theandible in centric occlusion atigs at rest (in gentle
touch). The radigraphs were taken in the division of Orthodontics and Dentofacial
Orthopedics, AUBMC and stored in the corresponding bank of radiographs generated

and housed hr ough t madidogiasoftware (ELANIVIEWversion 9.3.

A total of 6extraoral photogphs werdgaken orthe probands: (1) Frontal at
rest; (2) Frontal on full smile; (8) Right and left profile at rest; {&) Right and left
profile on full smile.Subjectsvho alreadyhad anongoing treatment had had the series
of records taken before iration of therapyAll records were copied by the study
coordinator (EH) to a separate dithgital f ol
ODOdivision and codes wemgssigned so that the folder coblel accesseanly by the

study coordinator.

The laterakephalometric radiographs were digitized and analyzed by the study
coordinator (EH) using the Dolphin Imaging program (version 11.5, La Jolla,

California). The advantages of using the imaging program include:

- The compter software is consistent and fatates the operat@ffortin reduced
time. Easily manipulated, grovides accurate measurements and instant reading of

linear and angular measurements of corresponding landmarks.

- The use of mathematical algorithms to generate digitized cephalometmg$a
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- Options of enhancing the tracings for adequate assessment of the bony and soft

tissue structures.

Figure 1ll. 6: Digitized lateral cephalogram with soft and hard tissue landmarks.

2. Cephalometric landmarks
The digitizdlandmarks aréetailedin Figure Ill.7and thé& corresponding

definitionsdisplayed in Tables Ill. 5, 6 and 7.

Figure Ill. 7: Lateral cephalogram tracing displaying the used anatomic landmarks
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Table Ill. 5: Soft tissue landmarks

Landmark Number | Definition
Most anterior point in the midagittal plane of the forehead at thg
Glabella 1 . o
level of the superior orbital ridges
. : Point of intersection of the setiissue profile wih a line drawn
Soft tissue nasion 2 . .
from the center of sella turcica through nasion
Bridge of nose 3 Mid-way between the soft tissue N and tip of nose
Tip of nose 4 Most prominent or anterior point of the nose tip
Columella 5 Most anterior soft tissue point on the coluraell
Midpoint of the columella base at the apex of the angle where {
Subnasale 6 .
lower border of the nasal septum and the upper lip surface meg
Soft tissue A point 7 pggpest point on th_e upper lip determlned by an imaginary ling
joining subnasale with thlaberale superius
Upper lip 8 Midpoint of the upper vermilion line
Stomion superior 9 Most inferior point located on the upper lip
Stomion inferior 10 Most inferior point located on the lower lip
Lower lip 11 Midpoint of the lower vermilion line
Soft tissue B point 12 I?omt at the o!eepest concavity between laberale inferius and s
tissue pogonion
Soft tissue pogonion 13 Most anterior point on the soft tissue chin in the-sagittal plane
Soft tissue gnathion 14 Midpoint between soft tissue pogon and soft tissue menton
Soft tissue menton 15 Most inferior point on the soft tissue chin
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Table Ill. 6: Hard tissue landmarks

Landmark Number | Definition

Nasion (N) 16 Middle point of the junction between the ftahand the two
nasal bones (frontonasal suture)

Sella (S) 17 Center of sella turcica, located by inspection

Porion (Po) 18 Highest point on the roof of the external auditory meatus

Basion (Ba) 19 Most |nfer|or pomF on the anterior margin of the forame
magnum in the midsagittal plane

Pterygoid point (Ptm) 20 Most posterior point on the outline of the pterygopalatine fos

Orbitale (Or) 21 Lowest point on the lower margin of the orbit

Condylion (Co) 22 Most posterior and superior point on the mankdibaondyle
Intersection of the radiographic image of bastipital and the

Articulare (Ar) 23 radiographic image of the posterior border of the condylar
process

Sigmoid notch 24 Deepest point on the most inferior border along the top of th
ramus

Rarus point 25 Most posterior point up the border of the ramus

Mid ramus 26 Most concave point of the inferior of the ramus
External angle of the mandible, located by bisecting the ang

Gonion (Go) 27 formed by tangents to the posterior border of the raandshe
inferior border of the mandible

Menton (Me) o8 Most |.nfer|.or point on te mandibular symphysis of the
mandible, in the median plane

Gnathion (Gn) 29 M!dpomf[ between Me and Pog on the contour of the chin on
mid-sagittal plane

Pogonion (Pog) 30 Most anterior point on the mislagittal symphysis
Deepest (most posterior) midline point on the bony curvature

B point 31 the anterior mandible, between infradentale and pogonion. A
called supramentale (Downs)

Posterior nasal spif®NS) 32 Most posterior point on the contour of the bony palate

Anterior nasal spine (ANS) 33 Most _anter!or point of the nasal flgdip of the premaxilla on
themidsagittal plane
Deepest (most posterior) midline point on the anterior conto

A point 34 the maxila [curvature between ANS and prosthion (dental
alveolus)]. Also called subspinale (Downs)
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Table Ill. 7: Dental landmarks

Landmark Number | Definition

Ul 35 Most proclined maxillary incisor (at the incisal edge)
L1 36 Most proclined mandibular incisor (at the incisal edg
U6 37 Maxillary first molar

L6 38 Mandibular first molar

3. Cephalometric measurements

Angular and linear measurements weoenputedo determine the
characteristics of the craalibase and each jatherelationships of the jaws to the
cranial base and to each othethe sagittal and vertical planes, ahd inclination of

maxillary and mandibulancisors b the cranial base and to corresponding jaw
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Table Ill. 8: Measurements of the: cranial base, maxilla, facial heights, vertical and
sagittalrelationshipdetween the jaws, and derdtveolarrelationships.

Measurement | Definition Category
1 | SN Length of the anterior cranial base
2 | SAr Length of he posterior cranial base Cranial base
3 | SN/H Angle between anterior cranial base and the true horizontal
4 | N-S-Ar Saddle angle
5 | ANS-PNS Maxillary length Maxilla
6 | CoGn Mandibular length Mandible
6 | N-ANS Linear measurement between nasion and anterior nasal sp
7 | ANS-Me Anterior facial height
8 | PFH Posterior facial height
9 | LFH/TFH Ratio between lower facial height and total facial height . :
Ratio between soft tissue lower facial height and total facial Facial heights
10 | StLFH/TFH 1o betw ISsue fowertaciaihelg '
height
10 | AFH/PEH Fapal height index: ratio between anterior and posterior facig
heights
11 | MP/SN Angle between cranial base cant and mandibular plane (MP Vertical
12 | MP/H Angle between mandibular plane (MP) and the broigzontal relationship
13 | PP/MP Angle between palatal plane (PP) and mandibular plane (MF  between the
. jaws (facial
14 | PP/H Angle between palatal plane (PP) and the true horizontal divergence)
15 | SNA Angle between anterior cranial base cant and point A Saqittal
16 | SNB Angle between anterior cranial base cant and point B relati?)nshi
17 | ANB Angle between points A and B between thpe
Distance between the perpendiculars drawn from A and B "
18 | AOBO . jaws
points to the occlusal plane
Angle between maxillary incisor long axis and a line joining
19 | I/NA . .
nasion and A point
Distance between maxillary incisor long axis and a line
20 | I-NA o ) .
joining nasion and A point
Angle between maxillary incisor long axis and anterior cranig
21 | I/SN
base
22 | I/IPP Angle between maxillary irisor long axis and palatal plane
. Angle between mandibular incisor long axis and a line joining
23 | iIINB . .
nasion and B point
. Distance between mandibular incisor long axis and a line
24 | i-NB - ) .
joining nasion and B point Dentcalveolar
. Angle between mandibular iisor long axis and mandibular relationships
25 | iIMP
plane (MP)
26 | Ifi Angle between maxillary and mandibular incisors long axes
27 | UL-PP Distance between incisal edge of maxillary incisor and palatd
plane
28 | UB-PP Distance between occlusal surface of maxillary first mafed
palatal plane
29 | L1-MP Dlstar_lce between incisal edge of mandibular incisor and
mandibular plane
30 | Le-MP Dlstar_lce between occlusal surface of mandibular first molar
mandibular plane
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Figure 1ll. 8: Lateral cepalometric tracing with landmarks and angles describing the
cranial base, maxilla, facial heights, vertical and sagittal relationships between the jaws
and eentoalveolar relationships.

The potential risk associatedtivlateral cephalometric radiograpis the
radiation dose. fie effective dose of a single cephalogram is 1.7 mrem, an exposure
consdered minor. This radiograph wpart of thediagnostic records taken for
participatingpatiensin the ODO clinic For otler subjects, the radiograpépreserdd a
possibleopportunity for evaluation of present or past problems in thesakabetween
the jaws. If he same radiograph with a good quality was obtained within the past year,

no additional exposuneasrequired.

Subjects were claffied as affected clinical excessive gingival display was
larger than 2 mm imales and 3 mm in females. Consequertliamilial pedigree was
constructed to determine the mode of inheritance of EGD in families with several

affected individuals.
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4. Statistical analysis

Thecephalometric analysis aimed at finding the differences at the level of
cephalometric measurements between subjects affected with EGD and a control group
which consisted of unaffected individuals tihormal tootHip relationshipgetrieved
from the podbof patients at th© DO andmatchedo ANB and agevith the study
group The differences were gauged usai@/ilcoxon norparametric test to compare
the affected individuals to their matched controls and theaffected individualsd
ther own matched ontrols. AMannWhitney U test was used to cpare the affected
individuals withthe nonaffected subjects he results were considered statistically

significantly differentwhen he p value was O 0.05.

5. Clinical evaluation

The EGD wasmeasurean the set of extraoral photgraphs takameach
affected individuato asseshp length, incisor display at rest, gingival display at full
smile, lip elevation from rest position to fgimile and todt proportion (width/height).
Patients were asked to hold a ruler next to their face to calibrate the magnito¢ation

linear measuremen(Bigure 111.9).

Figure Ill. 9: Method of calibration

86



The gingival disfay was measured from the gingival margins of the maxillary

central incisors to thiewer border of the upper lip during full smilEigure 111.10)

Figure Ill. 10: Measurement of gingival display

The upper lip length was rasured fronthe base of the nose (subnasale point)
to the inferior part of the upper lip (upper lip stomion pofRgrkas et al., 1984).ip
length can be determined either on the profile photograph of the patient or the lateral
cephalometric radiograf(frigure 111.17). In our study, the uppdip length was

measured on the lateral cephalometric radiograph to obtain an accurate value.

Figure Ill. 11: Upper lip measurement

An extraoral photograph was taken at rest to evaluatetisor display when
the lips weein a relaxed position. The incisor display was measured from the lower

border of the upper lip to the incisal edge of the maxilkkamytral incisor (Figure I11.12

(Farkas et al., 1984)
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Figure Ill. 12 Incisor display at rest

Tooth proportion was determineg balculating the ratio of width to height of
themaxillary central incisors (Figure Ill.)3An increased ratio (>80%) indicated the
presence oghort clinical crowns whereas a lesgalue reflected trend tdarge

crowns(Sarver, 2004)

Figure I1'1.13: Tooth proportion

The mobility of the upper lip wasalculated by subtracting the maxillary incisal
display at rest from the dentogingival exposure during full s¢rilgure Ill. 14

(Robbins, J.W. and Rouse, J.S., 2016, n.d.)

Figure Ill. 14: Lip elevation measurement
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6. Frontal photographs of affected individuals in families (R)
The following etraoral photographs illustrate tB$D amonghe different
families (Figure 111.1518). The level of penetrance between affected individuals is

different as some probands had severe EGD while otherslegyraffected.

Figure lll. 15: Affected individuals in family AA4
was considered as a borderline case)
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Figure Ill. 17: Affected individuals in family C.
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Figure 1ll. 18: Affected individual in family D.

E. Genetic procedure

To investigate possiblgenetic determinanta thedevelopment of EGD,
genomic DNA wassolated fronthewhole blood cell®f the participatingubjects
Both affected and neaffected individuals were included in orderagsociat¢he
genotype to the underlying phenotypée extracted DNA waguantifiedand assessed
for quality using the Nanodrop at the American University of Beirut Molecular Core
Facility. Theexperimental genetic process whasn completed by Macrogen in Korea
(dna.macrogen.com) using the NovaSeq Gfl@Gorm known as Illlumina. The siem
initiates a sequencing by synthesis (SBS) to deliver accurate data. This reversible
terminatorbased method enables parallel sequencing of millions of DNA fragments.
The technology decreases the risk of errors and missed calls associated witlofstrings
repeated nucleotides (homopolymef3pding varants were identified by Whole
Exome ®&quencing (WES). The generated data was analyz8xl.l§yeorges Nemer
(Professoand head of Basic Scienead genetic unit at AUB) who has ample exiger

in this field, through aspecialsoftware
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1. Blood collection
5cc of blood werevithdrawn from affected and consenting reffected
subjects fromeach family. Noraffectedindividuals served as contrdihe following

protocol was applied:

1. The patient wapositioned inle chair

2. Atourniquet wagplaced 3 to 4 inches above the puncture area and aopaiape

site for venipuncture waselected(Figure 111.19-A)

3. Palpation then selection of @im wasperformed. (Figure 11.9-B)

4. The areavascleaned usingraalcohol padn a circular motion beginning at the site

and working outward(Figure 111.19C)

5. After the area was dry, the patient was asked to make a fist aadritveas heldby

the thumb of the operator.

6. The needlattached to the vacutaineasinserted through thekin into the lumen

of the vein forming a 1830-degree angle with the surfa¢eigure 111.19-D)

7. The Capillary Blood Collection (CBC) tulmaced in the holder wgmished onto
the needle to remove the proper volume of bigédure 111.19-E). The CBC tubse
used had a purple/lavender togor and their inner surface wesated with EDTA

K2 or K3 to avoid blood clotting.

8. The tourniquet wasemovedas the last amount of blood waéswn (Figure 111.19-

F)

9. The needle was removed and a gauzephaxed immedieely on the puncture site

with some pressure to avdide formation ofa hematoma(Figure 111.19-G)
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10.The CBC tube wagently mixed to incorporate the anticoagulant molecfgure

1. 19-H)

E F G H

Figure Ill. 19: Various step®f blood withdrawa(McCall and Tankersley, 2011)

The Hood samples were stored at a temperaturétofrnarefrigerator untithe
DNA extractionprocessvas compl eted (done 0O to 7 days¢g

withdrawal).

The potential risks associated with blood withdrawal include bruising, pain,
hematoma, and a minor possibility afection or fainting Blood collection was

performed at the hospital (AUBMC) by a specialized nurse or physician using a clean
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needle and the AUBMC Laboratory Medicine rudesl regulations were followedihe

symptoms were minor and more serioigks were not encountered agy subject.

2. DNA extraction
Genomic DNA wassolated using the Qiagen Bloddidi Kit (Qiagen Science
Inc., Germantown, MD) as per the manufacturer recomntemsa The following

workflow wasadopted:

a. Celllysis:
1. Pipet 200 ¢l QI AGPNthe powder @osdenatrectheprotéiis H

and keep the DNA intact) into the bottom of a 15 ml centrifuge tube (conical

centrifugation tube).
2. Add 2 ml of blood and mix briefly.

3. Add 2.4 ml of lysis buffer, and mix thoughlyby inverting the tube 15 times
followed by additional vigorous shaking for at least 1 min. To ensure adequate lysis,
the sample must be mixed thoroughly with the buffer to yield a homogenous

solution.

4. l ncubate at 70eC f orambOmumafterlysiXi 20 myniate | d r

70eC, but |l onger incubation times wil!/ n

5. Add 2 ml of ethanol (94.00%) to the sample, and mix by inverting the tube 10
times, followed by additional vigorous shaking for 30 seconds. This aloeetDNA

to precipitate from the lysed cells.
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. To ensure efficient binding, it is essential that the sample is mixed thoroughly after

addition of ethanol to yield a homogenous solution.

. DNA purification: removal of the cellular debris

. Carefully transfepne half of the solutionf3ml) from step 5 onto the QIAamp Midi

column placed in a 15 ml centrifuge tube. Close the cap and centrifuge at 3600 rpm

from 10 minutes at 15eC to separate
the cell lysis step. If the solution has not congdiepassed through the membrane,

centrifuge again at a slightly higher speed.

. Removed the QIAamp Midi column, discard the filtrate and place back into the
15ml centrifuge tube. Load the remainder of the solution from step 5 onto the
QIAamp Midi column. Clge the cap and centrifuge again at 3600 rpm for 10

mi nutes at 15eC.

. Carefully, without moistening the rim, add 2 ml washing buffer (buffer AW2) to
QIAamp Midi column, also to clean the reagent. Close the cap and centrifuge at

3600 rpm for 10 minutes. Ahis stage, the DNA moved to the bottom of the tube.

. Air-dry for 7 minutes to evaporate the ethanol as resgthaholin the eluatenay

cause inhibition of PCR leading to falsegative results.

. DNA elution:removing the DNA from the filter
. Placed the (Aamp Midi column in a clean 15ml centrifuge tube and discard the

collection tube containing the filtrate

.Pipet 150 ¢l od dilution buffer or dist.i

1525eC), directly onto the membrane
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cap. Incubate at room temperature for 5 min, and centrifuge at 3600 rpm for 10

minutes. Repéaahe elution step if the quantity is small.

3. Quantify with a nanodrop to know the concentration of DNA in the blood.

4., Storeat2 0e C with an elution buffer to stabil

degradation.

3. Genetic analysis

Exomes are regions tiie genome that encogeoteins. They represent 2% of
the genome but are responsible of approximately 85% of disaaseng variants. WES
is a costeffective method that is useful in detecting genetic disorders. Therefore, the
NovaSeq 6000 platforsatis the necesary requirements (Figure D). The lllumina
sequencing workflow consists of four basic steps: (1) Library preparation, (2) Target
enrichment, (3) Sequencing and (4) Data analy#$is.first three steps were carried out
at Macrogen (dna.maagen.com). fie data analysis was completed at the department

of biochemistry and molecular genetics at AUB.

_

Figure Ill. 20: NovaSeq 6000 lllumina sequeng@r2021Illumina, Inc.)
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a. Library preparation:

The first step of library preparation is fragmentatidmnch consist of cuting
the large genomic DNA (gDNA) into smaller fragment&Siplatforms like lllumina
readmillions of small fragrents in parallel, then assemithem back later rather than
sequencing the full length of the genome one base at a time. Therefore, the gfrocess

fragmentation results in fragments of 300 bp in length on average.

Subsequentiythe fragmented DNA undergse three consecutiy@ocedures:
(1) Blunting, (2) Atailing, and (3) Alaptor ligation.The process of blunting involves
addi ng A b legualtergth emthek slouldefstrand of the fragmented DNA.
Therefore, base pairs are either removed or added depending on whichhgrand t

overhang is on (Figure 111.21

NERRAEEN
fVBVSUE]UVl

gl |
Figure lll. 21: Bluntingof DNA ( Adapted from: Awww. twistbi

A single adenine (A) nucleotide &lded to the blunted ends forming an
o v er h a ntga imhgdatferfattaches to adapters with an overhanging thymine (T)
nucleotide foming basepair interactions with a covalent bond. In consequence, the
presence of sequencing adaptors on each DNA fragment will initiate ther&ding
reaction (Figure 111.22 Once the adaptor ligation is completed, the next phase of the

sequencing pragss begins: target enrichment.
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Figure Ill. 22 Sequencing adapters with a&il are ligated to DNA fragments with-A
tal. ( Adapted from: Awww.twistbioscie

b. Target enrichment:

Target enrichment consists of isolating and separating important domains of the

genome defined as protetoding exome for focused analysis by NGS.

A hybridizatonb ased target enrichment was i1 mpl
CoreExom&Ki t 0 contains double strandedeDNA pr
DNA sequences. The probes amxed with the genomic sample and then heated to
above 95e¢e to melt t he b-atmeedgenomicDNAt er act i
forming a pool of singlstranded DNAAs the temperature decreases, the genomic
DNA reorganizesnto complementary double stranded molecules. Also, the probes form

complementary base pair interactions with the genomic DNA.

The probes ardesignedo containa biotin molecule oone end. Biotin is a
molecule thafirmly binds b a protein called streptavidilagnetic leads coated in
streptavidin ar¢hen added to the ntixre. Once the coated beads taghtly bound to
the biotinylatedorobes, a magnet pullise bound exome DAl out of solution (Figure

111.23).

98



Figure Ill. 23: Biotin (pink) and streptavidin (green) form one of the strongest
molecular interactions in nature. This interaction is used to affix the target capture
probes to the magnetiedds.( Adapt ed fr om: Awww. t wi st bi

c. Next Generation Sequencing (NGS):

Thetarget DNA isloaded onto a flow cell and the adapters hybridize to DNA

strands affixed into each well ¢ime Illumina flow cell.

Once the exome fragments have battachedn thelawn by their adapters, the
lllumina sequencestartsa process called clusteringconsists of isothermal
amplification of the DNA fragment3.he NovaSeq 6000 system offers #ti@ndard
workflow featuring fully automated onboard cluster generation for ease of use and
reduced handen time. Prepared libraries are loaded directly into a sample tube that sits
in a preconfigured reagent cartridge, which is loaded directly onto stensyor fully

automated cluster generation.

A single stranded DNA molecule flips over and forms a bridge by hybridizing
to anadjacent, complementapyimer. The hybridized primer extenbg polymerases
forming a doublestranded bridge. Then, the doulstkeanded bridge is denatured
resulting in two copies of covalently bound singteanded templateRepeated
denaturation and extension cycleadto the formation omillions of unique, clona

clusters across the flow cell. Cluster with forward straedaaintained whereas reverse
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strands are cleaved and washed away. The bridge amplification atlegsate
detection oincorporated bases at the required signal intensitpygwequencing. Each
fragment ighus amplified into distinct, clonal clustersabgh bridge amplification
(Figure 111.24). When cluster generatiorcismpleted, the templates were ready for

sequencing.

Figure 1ll. 24: Cluster generation through bridge amplificatiphdapted from:
Awww. t wi stbioscience.com, 0

The amplified librarieshen underg®ES to determine the exact sequence of
nucleotides (adenine, guanine, cytosine and thymine). As previously mentioned,
NovaSeq 6000 leverages proventina sequencing by synthesis (SBS) chemistry
SBS technologyncorporategour fluorescently labeled nucleotides to sequence the tens
of millions of clusters on the flow cell surface in paralfekingle labeled dNTP is
added to the nucleic acid chalaring each sequencing cyclehe nucleotide label
serves as a fAreversible terinsermogtheor 0 f or
fluorescent dye is identified through laser excitation and imaging, then enzymatically
cleaved to allow the next round otrporation. Base calls are made directly from
signal intensity measurements during each cycle. This reversible terrbastxt

method enables the parallel sequencing of millm3NA fragment, detecting single
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bases as they aseldednto growing DNA $rands. Once the sequencing fsin
completedthe sequencer compilal of the spots from all of the images it had taken
and converted it into millions of short sequences of Détfers. These short reads are
exported as a FASTQ file along with ottustals about the read quality. The FASTQ

files are ready for data analysis.

d. Data analysis:

Several softwares 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 database as a reference. Those softwares
annotate and predict the effectsnufitationson genes. fiey can generataformation
on the:genes and transcripts affected by the variants, how the variants affect protein
synthesis (e.g. inducing a stop codon) and compagsath other databases to find

equal know variants.

The reads generated from the FASTQ files were aligned to the hg 19 human
genome using Novoalign and variants were called by the Genome Analysis Toolkit
(GATK). Single nucleotides and deletion/insertion variants were generated using the
GATK software. The average total number of single nucleotide variants (SNV) and

Indels in all samples was aroun@ G00.

The first filtering included all variants with a minallele frequency (MAF) in
the genomic database of less than 1% against the normal popHati@eme families,
the MAF was set at 5% his filtering was performed using the variant call software

(VariantStudio software by Illumina).
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During the second tod of filtering, only the variants having a high putative
impact (either missense mutations or disruptive mutations: frameshift/stop codon inside
the coding region) and a coverage read of >20 were analjzed.ariants were
compared between individual§the same family to find potential common genes
present between the affected subjects while absent in the genomeaffenvad
subjectsThe aim wago find a mutation that segregates with the phenofjjpen,
relevant variants were compared betwa#acted members of different families in an

attempt to find genetic similarities.

Thefirst and secondiltering steps resulted ia reduced number of candidate
genes. ring the third filteringdepending on their function sorgenesvere

eliminated andhe others judged as candidgenes for EGD.

This genetic approacis straightforwardo identify gene(s) implicated in the
condition. No statistical power analysis is needed because the analysis is not a linkage
analysis, which requires SNP genotypingoasrthe genome, but rather a genotype
phenotype linkage based on the results of the WES. The latter takes into account all the
variables (e.g. levehbredness) because it allows the analysgeniotypes with a
hypothesidree strategy whereby any variéjtwould be assessed across the family as

being linked to the phenotype.
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Table IlI. 9: Filtering steps

First filtering

Variants with a minor allele frequen¢ylAF) in the genomic database of less than
1% against the normadopulation(Family C)

Variants with a minor allele frequen¢ylAF) in the genomic database of less than
5% against the normal populatighamily A, Band D)

Second filtering

Variants having @igh putative impact (either missense mutations or disruptiv
mutations: frameshift/stop codon inside the coding regaom) acoverage read of
>20

Variants were compared between individuals ofsthee family

Variants were compared between affected membaetgfefent families

Third filtering

Function analyss based on previous articles
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CHAPTER IV

RESULTS

A. Pedigree analysis
The pedigrees of the 6 eastern Mediterranean families with affected individuals
suggestda Mendelian inheritance pattern and could segregatetosomal recessive,

dominant manner or Xinked pattern. Analysis of tlse pedigrees show (Table LY.

A 2 pedigrees witl repated generations, 2 pedigrees with 3oieed generations and

2 pedigrees with 2 reported generations.
A All families have more affected females
A Mostfamilies (n=3)with no affected males

Table IV.1: Number and average of generations, affected males and females in the 6
Eastern Mediterranean families.

Generations| Affected females| Affected males
Total number in 6 families 18 26 5
Average 3 4.33 0.83

B. Clinical analysis
1. Measurements related to theparticipating families

The lip length, incisor display at rest, gingival display at full smile, lip elevation
from rest position to full smile and tooth propors@mong affectednidividuals in each
family are displayed ifables V2, 3. The average gingival display 6f30 mmfor all
subjectexceedshresholdvalues of3mm in females and 2 mm in males. The most
severe condition wasbservedn family B (Table 1V4) with an averag EGD of 6.07

mm. The higheEGD value was noted in BIL{L mm) whereas the lowest value sva
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measured in B2 (3.12 mniThe average EGD for the probands was 8.54 8uhject

A4 was considered as a borderlgandition having an EGD of 3.0fhm.

The lip lengthdid not contribute to #nincrease gingival displayall affected
individuals hackither a normal or slightly increased upper lip lengtie lip elevation
from rest position to full smile showed an average of H16% mm. Five out of thel2

affectedsubjects (B2, B7, C1, C4 and D1) hadhypermobile upper lip.

The average incisor display at rest was increaS€@# 2.86 mm)relative to
control Thehighest value wasbservedn A3 (10 mm).Tooth proportions were
increased in 6 affected individuaBpecifically, A2, B1, B8, C1, C3 and D1 hathort
clinical crowns. The remaining subjects had almost normal crown width to height
proportions and the values wem@nsidered within normal rang€&€ooth proportions

were the most increased in the borderlingestibA4.

Table 1V.2: Measurements related tioe affected individuals the 4participating
families (n=12 excluding A3

. Incisor Gingival Lip Tooth
Measurement Lip length display at display elevation proportion
rest (Width/H eight)
Female Male Female| Male 7 mm + .
Gender/Norm 192'_3i 2;2 + 2-4 mm samm | >2mm 5 approx. 80%
A2 F 20.50 2.00 7.69 11.85 143.77
A3 F 21.19 10.00 7.06 10.60 74.30
A4 F 20.04 1.02 3.01 10.74 146.62
B1 F 20.33 8.50 11.00 10.50 100.00
B2 F 23.10 2.56 3.12 12.82 87.83
B4 F - 3.88 4.34 10.60 85.71
B6 F 23.50 6.00 8.50 11.00 88.24
B7 F 21.15 2.45 3.99 12.85 82.32
B8 F 21.60 6.71 5.44 8.93 98.35
C1 F 21.91 2.03 4.42 12.10 99.69
C3 F 21.08 8.64 6.67 9.08 101.66
C4 M 25.04 3.01 3.88 13.01 81.25
D1 F 18.60 4.42 9.44 16.11 94.14
Probands Borderline condition
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Table IV.3: Average measurements relatedhe affectedvithin the 4 participating

families (n=12 excluding A4

Measurement Average | Standard deviation | Maximum | Minimum
Lip length 21.69 1.83 25.04 18.60
Incisor display at rest 5.02 2.86 10.00 2.00
Gingival display 6.30 2.50 11.00 3.12
Lip elevation 11.62 1.97 16.11 8.93
Tooth proportion
Wi dtﬁ/Hgight) 94.77 17.69 143.77 | 74.30

Table 1V.4: Average measurements related to the affected individuals in family B

(most severe EGD among individuals)

Measurement Average | Standard deviation | Maximum | Minimum
Lip length 22.13 1.45 23.50 20.33
Incisor display at rds 5.02 2.44 8.50 2.45
Gingival display 6.07 3.05 11.00 3.12
Lip elevation 11.12 151 12.85 8.93
Tooth proportion
(Width/Height) 90.41 7.13 100.00 82.32
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C. Cephalometric analysis

1. Measurements related to the 4 participatirfigmilies

Table 1V.5: Measurements related to individuabving lateral cephalometric
radiographthat are parof the 4 participatindamilies (n=16

Measurement | Average | SD Maximum | Minimum Norms**
SN (mm) 65.24 7.66 74.6 45 67mm = 1.9
N-ANS (mm) 52.55 5.55 58.2 36.1 50.3mm £ 2.5
S-Ar (mm) 29.76 3.10 35.3 23.8 35°+5
SN-H (°) 11.03 3.16 17 7 8°x2
SN-ATr (°) 130.09 | 6.32 141.3 119.3 124 +5
ANS-PNS (mm) 48.15 5.66 54.5 34.2 49.4mm £ 2.2
Co-Gn (mm) 108.85 | 11.88 124.4 80.4 109.9mm + 3.8
ANS-Me (mm) | 63.37 | 8.35 75.7 46.2 60.6mm + 3.5
PFH (mm) 46.98 6.81 60.7 36.2 77.5%+7.5
LFH Ht (%) 56.51 | 2.29 61.1 53.3 55%
LFH St (%) 52.14 2.71 57.1 48.4 50%
AFH/PFH (%) 140.26 | 13.96 167.1 116.6 63.5P0+1.5
MP - SN (°) 39.66 5.28 49.4 32.3 32°+5
MP-HP (°) 35.69 6.55 48.1 26.6 25°
PRMP (°) 30.10 | 6.77 43.1 20 27°
PRH (°) -0.76 4.37 5.4 -8.6 0°x2
SNA (°) 82.29 | 2.02 85.1 76.6 82°+ 2
SNB (°) 77.0F 3.40 81.6 71.7 80° 2
ANB (°) 5.13 2.88 10.8 0.4 2°%2
Ao-Bo (mm) 0.34 3.38 9.1 -5.4 Omm 2
Ul-NA(°) 15.67 8.56 27.7 2.4 22° %2
U1- NA (mm) 3.30 2.86 7.4 -0.7 4mm
Ul-SN(°) 97.9¢ 8.08 108.9 83.4 104° £ 4
Ul-PP (°) 107.51 | 851 119.8 92 110° + 4
L1-NB(°) 31.45 5.98 41.8 21 25°+4
L1 -NB (mm) 7.21 2.14 10.9 4 4mm
L1-MP (°) 9464 | 8.68 108.1 79.1 90° + 2
Ul-L1(° 127.76 | 10.84 148 110.2 131° £ 2
Ul- PP (mm) 30.80 3.59 36.1 21.3 27.3mm = 3.1
U6 - PP (mm) 23.95 2.90 28.8 16.3 22.1mm+= 2.5
L1 - MP (mm) 40.72 | 5.53 49.6 30.8 37.1mm + 2.9
L6 - MP (mm) 3054 | 4.84 37.4 22.4 28.5nm * 2.4

* After correction of SN/H
** Bhatiaet al.
SD: Standard Deviation
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The cephalometrimeasurementsf theaffected individuals are presented in
Table IV.67,8 TheANB angle averaged 5.92which reflects a tendendy a skeletal
class Il relatioship. This discrepancy was mainhglated taaretrognathic mandible
(SNB=76.34) while the position of the maxilla was adequate (SNA=82.9%e
mandible wasnost retrognathic in C3 with a measurement of 71h2& maxilla was the

most protruded in A3 ($A=85.1°).

The height of the upper face ANS was slightly increased having an average
value of 52.62 mneompared to a normal value of.83@nm. An increased or normal
lower facial height was presein patients having EGD witan average of 57.05% and
52.63% for hard and soft tissue respectivebynpared to normal values of 55 and 50%
Most affected individualbad a tendency for a hyperdivergent facial patigth an
average MPSN angle of 40.98 The most severe hyperdivergent pattern was observed

in B1 with a value of 47.2compared to a normal value of+%2.

The naxillary incisors were retroclined-f1A=12.15:7.81°) and retrudedl-
NA=2.35:2.85mn). The average inclination éfie mandibular incisors was 29 8529
to NB and 92.288.27 to MP exceedinghormal values but having a large standard
deviation.The palatal plane had a tendency to be tipped downward anteriorly as the

mean value of PP was-2.47.

108



Table IV.6: Measurements related tive affected individuals hamg lateral
cephalometric radiograghat are part of the 4 participatifgmilies (n=11)

Measurement | Average | SD Maximum | Minimum Norms**
SN (mm) 65.12 7.63 74.6 45 67/mm = 1.9
N-ANS (mm) 52.62 5.92 58.2 36.1 50.3mm + 2.5
S-Ar (mm) 29.79 2.93 34.5 23.8 35°+5
SN-H (°) 11.59 3.50 17 7 8°+2
SN-AT (°) 132.0¢ | 6.08 141.3 124.7 124 +5
ANS-PNS (mm) 48.60 4.69 54.5 37.4 49.4mm £ 2.2
Co-Gn (mm) 109.27 | 10.20 117.3 81.3 109.9mm = 3.8
ANS-Me (mm) | 63.94 | 8.09 75.7 46.2 60.6mm * 3.5
PFH (mm) 46.77 6.36 60.7 36.2 775+ 75
LFH Ht (%) 57.04 | 2.29 61.1 53.9 55%
LFH St (%) 52.63 2.89 57.1 48.4 50%
AFH/PFH (%) 142.37 | 13.95 167.1 126.3 63.580+1.5
MP - SN (°) 40.98& 3.89 47.1 33.1 32°+£5
MP-HP (°) 37.57 5.67 48.1 29.6 25°
PRMP (°) 32.09 5.89 43.1 26.6 27°
PRH (°) -2.47 4.06 2.2 -8.6 0°x2
SNA (°) 8255 | 1.36 85.1 80.1 82°+2
SNB (°) 76.34& 3.57 81.6 1.7 80° 2
ANB (°) 5.92 3.09 10.8 0.4 2°+2
Ao-Bo (mm) 1.10 3.82 9.1 -5.4 Omm+2
Ul-NA(°) 12.15 7.81 26.9 2.4 22°+2
U1 - NA (mm) 2.35 2.85 7.1 -0.7 4mm
Ul-SN(°) 94.7¢x 7.53 107 83.4 104° £ 4
Ul-PP (°) 103.58 7.13 114.7 92 110° £ 4
L1-NB(°) 29.85 5.29 37.7 21 25°+4
L1 -NB (mm) 7.09 2.24 10.9 4 4mm
L1 - MP (°) 9225 | 8.27 104.1 79.1 90° + 2
Ul-L1(° 132.09 9.48 148 110.2 131° £2
Ul- PP (mm) 3237 | 2.25 36.1 29.4 27.3mm + 3.1
U6 - PP (mm) 24.69 2.31 28.8 21.3 22.1lmmz 2.5
L1 - MP (mm) 41.18 | 5.47 49.6 30.8 37.1mm + 2.9
L6 - MP (mm) 30.84 4.66 36.8 22.4 28.5mm £ 2.4

* After correction of SN/H

** Bhatiaet al.

SD: Standard Deviatn
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Table IV.7: Measurements related to each affected individuals having lateral

cephalometric radiograph in families{2) (n=11)

Family
A B C D
Measurement A2 A3 Bl B2 B6 B7 B8 Ci C3 C4 D1
SN (mm) 65.5 45 675 | 746 | 67.7 | 624 62 715 | 69.1 | 65.9 65.1
N-ANS (mm) 58.2 | 36.1 | 54.4 57 55 528 | 52.6 | 53.6 | 53.1 | 50.1 55.9
S-Ar (mm) 31.2 | 23.8 | 30.3 | 31.9 32 275 | 275 29 345 | 284 31.6
SN-H (°) 10 7 16 11 16 13 8 8 10 115 17
SN-Ar (°)* 134.4 | 124.7| 135.4 | 141.3| 137.8| 138.7| 125.2| 1252 | 129.3| 133.7| 126.4
ANS-PNS (mm) | 51.1 | 37.4 | 48.3 | 545 | 49.2 a7 443 | 524 | 52.1 | 50.7 47.6
Co-Gn (mm) 109.2| 81.3 | 111.2| 116.9| 116.5| 103.7| 108.2| 115.1| 109.7| 117.3| 112.9
ANS-Me (mm) | 59.6 | 46.2 | 67.1 | 67.7 | 725 | 56.8 | 60.5 | 67.1 | 62.8 | 75.7 67.3
PFH (mm) 48.6 | 36.2 | 456 | 48.6 51 443 | 49.1 | 474 | 39.8 | 60.7 43.2
LFH Ht (%) 54 57.6 | 58.6 | 56.9 59 539 | 544 | 57.7 | 58.3 | 61.1 55.9
LFH St (%) 495 | 529 | 533 | 484 | 55.1 | 499 | 518 | 52.3 | 515 | 57.1 57.1
AFH/PFH (%) | 133.7| 129.6| 153.6 | 143.3| 144.8| 133.5| 126.4| 146.6 | 167.1| 126.3| 161.2
MP - SN (°)* 429 | 42.7 | 47.1 | 38.7 42 36 42,1 | 39.6 | 435 | 33.1 43.1
MP-HP (°) 379 | 34.7 | 48.1 | 34.7 43 34 351 | 326 | 385 | 29.6 45.1
PRMP (°) 26.6 | 31.8 | 43.1 31 40.6 | 27.4 | 28.3 | 27.2 | 32.7 | 26.6 37.7
PRH (°) -0.8 0.4 -5.8 -8.2 -8.6 -5.8 1.8 -2.9 2.2 -1.5 2
SNA (°) 826 | 85.1 | 83.2 | 80.1 | 82.6 82 82.9 81 825 | 84.1 81.9
SNB (°) 73.2 | 795 | 754 | 725 | 80.1 77 79 734 | 71.7 | 79,8 81.6
ANB (°) 9.4 5.6 7.9 7.6 2.5 5 4 1.7 10.8 4.2 0.4
Ao-Bo (mm) 1.8 -0.1 3.2 9.1 -1 1.3 -2.6 1 4.8 0 -5.4
Ul-NA(°) 5.3 10.6 4.8 26.9 | 14.2 6 12.7 2.4 11.6 15 24.1
Ul- NA (mm) -0.7 1.7 -0.7 7.1 6.1 -0.3 1.7 0 2.6 2.5 5.9
Ul-SN (°F 88 95.8 88 107 | 96.8 88 95.6 | 834 | 94.1 99 106
Ul-PP (°) 104.3 | 106.6| 92 114.7| 98.2 | 96.6 | 109.5| 95.7 | 104.9| 105.5| 1114
L1-NB (°) 37.7 | 274 | 294 | 353 | 26.2 21 33.6 | 347 | 325 | 26.9 23.7
L1 - NB (mm) 10 5.2 8.5 10.9 7.2 4 6.7 6.7 8.8 5.3 4.7
L1-MP (°) 101.7 | 85.2 87 104.1| 84.1 88 925 | 101.8| 97.3 94 79.1
Ul-L1(°) 1275| 136.4| 137.9| 110.2| 137.1| 148 | 129.8| 135.3| 125.1| 133.9| 131.8
Ul- PP (mm) 305 | 306 | 348 | 322 | 333 | 294 | 30.2 | 36.1 | 33.3 | 34.9 30.8
U6 - PP (mm) 22.8 | 26.7 | 25.2 | 23.6 26 21.3 | 219 | 259 | 23.1 | 28.8 26.3
L1-MP (mm) 415 | 30.8 | 436 | 49.6 | 456 | 355 | 36.7 | 419 | 453 | 448 37.7
L6 - MP (mm) 33 224 | 299 | 36.8 | 33.3 | 263 | 27.3 | 33.6 34 36.2 26.4

* After correction of SNA
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The main features of each affected individual are presented in Table IV.8. The
soft tissue lower facial height was increased in 7 subjects, decreased in 1 individual and
normal in the remaining 3.he majority of affected individualsada hyperdiverget
facial pattern with an orthognathic maxilla. The position of the mandible varied among
subjects A2, B1, B2, B7, C1 and C3 had a retrognathic mandible; A3, B6, B8, C4 and
D1 hadan orthognathic mandibl&he naxillary incisors were retroclined in 9 atted

individuals. However, the inclination of mandibular incisors varied among subjects.

Table 1V.8: Cephalometric characteristics of tharticipatingfamilies (A-D)

Inclination - PRI Position of Position of Inclina_tion |nC|Ir(1)?tI0n
ofSN\H | Hard Soft | \oon| ppmp | maxila | mandible | OfM@MAY | o ndibular
Tissue tissue INCISOrs incisors
A2 | Increased| Normal Normal | Hyper | Normo | Orthognathic| Retrognathic| Retroclined Proclined
A3 | Decreased| Normal | Increased| Hyper | Hyper Prognathic | Orthognathic| Retroclined | Well inclined
Bl | Increased| Normal | Increased| Hyper | Hyper | Orthognathic| Retrognathic| Retroclined | Well inclined
B2 | Increased| Normal | Decreaseq Hyper | Normo | Orthognathic| Retrognathic| Proclined Proclined
B4 - - - - - - - - -
B6 | Increased | Normal Normal | Hyper | Hyper | Orthognathic| Orthognathic| Retroclined | Well inclined
B7 | Increased | Decreaseq Normal | Hyper | Normo | Orthognathic| Retrognathic| Retroclined | Well inclined
B8 Normal Normal | Increased| Hyper | Normo | Orthognathic| Orthograthic | Retroclined Proclined
C1 Normal Increased| Increased| Hyper | Normo | Orthognathic| Retrognathic| Retroclined Proclined
C3 | Increased | Increased| Increased| Hyper | Hyper | Orthognathic| Retrognathic| Retroclined Proclined
C4 | Increased | Increased| Increased| Normo | Normo | Orthognathic| Orthognathic| Retroclined | Well inclined
D1 | Increased | Increased| Increased| Hyper | Hyper | Orthognathic| Orthognathic| Proclined Retroclined

The diagnosis of vertical maxalty excess (VME) walsased on the presence of

excessive gingival displegnd an increasedterior maxillary height. VME wapresent

in all individuals except B{Table IV.9) The anterior maxillary height averabg2.37

mm with a maximum value of 36.1 mm and a minimum value of 29.4 Most

patients diagnosed with VME haahincreased lower facial height. The presence of an

increased or normal posterior maxillary height does not necessarily reflect the existence

111




of a VME but gives an indication about the expected amount of posterior excessive

gingival display.

Table 1V.9: Measurements of vertical maxillary excess related to the affected
individuals having lateral cephalometric radiograph that are paneagfgarticipating
families (n=11).

Vertical Maxillary Excess
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Gingival Antt_arior Pos'gerior
Gender | Age display mﬁ\x_lllary Norms* max!IIary Norms*
eight height
A2 F 29 7.69 30.5 27.3mm = 3.1 22.8 22.1mmz* 2.5
A3 F 32 7.06 30.6 27.3mm = 3.1 26.7 22.1mmz= 2.5
Ad F 32 3.01 28.4 27.3mm + 3.1 23.4 22.1mm+ 2.5
Bl F 30 11.00 34.8 27.3mm 3.1 25.2 22.1mm+ 2.5
B2 F 67 3.12 32.2 27.3mm + 3.1 23.6 22.1mm+ 2.5
B4 F 52 4.34 - 27.3mm + 3.1 - 22.1mm= 2.5
B6 F 42 8.50 33.3 27.3mm + 3.1 26 22.1mmz 2.5
B7 F 34 3.99 294 27.3mm + 3.1 21.3 22.1mmz 2.5
B8 F 19 5.44 30.2 27mm £ 2.9 21.9 219mm =24
C1l F 48 4.42 36.1 27.3mm = 3.1 25.9 22.1mm= 2.5
C3 F 26 6.67 33.3 27.3mm = 3.1 231 22.1mm= 2.5
C4 M 28 3.88 34.9 28.2mm 2.9 28.8 24.9mm £ 2.2
D1 F 47 9.44 30.8 27.3mm = 3.1 26.3 22.1mmz* 2.5
Borderline condition * Bathia et al.




2. Group comg@risons

Table IV.10: Comparison between affected and +affected individuals

Measurement Mean A Mean NA P Value
SN (mm) 65.12 65.50 0.743
N-ANS (mm) 52.62 52.40 0.661
S-Ar (mm) 29.79 29.70 0.661
SN-H (%) 11.59 9.80 0.377
SN-Ar (°) 132.0% 125.86 0.09
ANS-PNS (mm) 48.60 47.16 1
Co-Gn (mm) 109.27 107.92 1
N-ANS (mm) 52.51 52.18 0.661
ANS-Me (mm) 63.94 62.12 0.743
PFH (mm) 46.77 47.42 1
LFH Ht (%) 57.04 55.36 0.145
LFH St (%) 52.63 51.08 0.003
AFH/PFH (%) 142.37 135.0 0.583
MP - SN (°) 40.98 36.74 0.115
MP-HP (°) 37.57 31.54 0.052
PRMP (°) 32.09 25.72 0.027
PRH (°) -2.47 3.00 0.013
SNA (°) 82.55 81.7Z 0.913
SNB (°) 76.34 78.34 0.371
ANB (°) 5.92 3.40 0.09
Ao-Bo (mm) 1.10 -1.32 0.145
Ul-NA () 12.15 23.42 0.019
Ul - NA (mm) 2.35 5.38 0.052
U1-SN (°) 94.70 105.14 0.013
Ul-PP(°) 103.58 116.14 0.001
L1-NB (°) 29.85 34.96 0.145
L1 -NB (mm) 7.09 7.46 0.827
L1 -MP (°) 92.25 99.90 0.09
Ul-L1(°) 132.09 118.24 0.013
Ul- PP (mm) 32.37 2734 0.003
U6 - PP (mm) 24.69 22.32 0.32
L1 - MP (mm) 41.18 39.70 0.661
L6 - MP (mm) 30.84 29.88 0.743

A: Affected: Affected individuals having EGD (n=11).
NA: Nonaffected (n=5.

* After correction of SN/H

PvalueO 0. 05: statistically significant.
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Table IV.11: Comparison between affected individuals and their matched control
subjects.

Measurement Mean A Mean AM P Value
SN (mm) 65.12 67.37 0.534
N-ANS (mm) 52.62 52.72 0.374
S-Ar (mm) 29.79 31.30 0.155
SN-H (°) 11.59 8.90 0.026
SN-Ar (°) 132.0% 124.18 0.010
ANS-PNS (mm) 48.60 51.95 0.075
Co-Gn (mm) 109.27 109.68 0.534
N-ANS (mm) 52.51 52.45 0.328
ANS-Me (mm) 63.94 60.37 0.213
PFH (mm) 46.77 45,75 0.790
LFH Ht (%) 57.04 5563 0.130
LFH St (%) 52.63 52.89 0.789
AFH/PFH (%) 142.37 136.73 0.328
MP - SN (°) 40.98 36.36° 0.075
MP-HP (°) 37.57 30.24 0.050
PRMP (°) 32.09 27.15 0.328
PRH (°) -2.47 0.16 0.213
SNA (°) 82.55 82.94 0.534
SNB (°) 76.34 77.05 0.575
ANB (°) 5.92 5.89 0.604
Ao-Bo (mm) 1.10 2.80 0.083
Ul-NA(°) 12.15 17.36 0.075
Ul - NA (mm) 2.35 2.62 0.328
Ul-SN (°) 94.7¢ 100.3%* 0.075
Ul-PP (%) 103.58 109.48 0.021
L1-NB (%) 29.85 30.43 0.790
L1 - NB (mm) 7.09 6.95 0.959
L1-MP (°) 92.25 9694 0.248
Ul-L1(°) 132.09 126.44 0.286
Ul- PP (mm) 32.37 27.85 0.007
U6 - PP (mm) 24.69 21.73 0.016
L1 - MP (mm) 41.18 39.97 0.424
L6 - MP (mm) 30.84 29.63 0.398

A: Affected: Affected individuals having EGD (n=11).

AM: Affected Matched: Individals matched by ANB and age to affected individuals (n=11).
* After correction of SN/H

PvalueO 0. 05: statistically significant.
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Table IV.12 Comparison between naffected individuals and their matched control
subjects.

Measurement Mean NA Mean NAM P Value
SN (mm) 65.50 67.64 0.893
N-ANS (mm) 52.40 53.82 0.686
S-Ar (mm) 29.70 33.98 0.078
SN-H (%) 9.80 5.60 0.043
SN-Ar (°) 125.86 124.88 0.686
ANS-PNS (mm) 47.16 52.56 0.225
Co-Gn (mm) 107.92 118.70 0.225
N-ANS (mm) 52.18 53.28 0.686
ANS-Me (mm) 62.12 64.50 0.686
PFH (mm) 47.42 50.98 0.225
LFH Ht (%) 55.36 55.20 0.684
LFH St (%) 51.08 50.88 0.500
AFH/PFH (%) 135.60 128.32 0.686
MP - SN (°) 36.7& 35.3% 0.686
MP-HP (°) 31.54 25.92 0.345
PRMP (°) 25.72 23.18 0.893
PRH (°) 3.00 1.58 0.500
SNA (°) 81.7% 81.9¢ 0.500
SNB (°) 78.3%4 78.88 0.500
ANB (°) 3.40 3.42 0.854
Ao-Bo (mm) -1.32 -1.80 0.588
Ul-NA (°) 23.42 23.76 0.686
Ul - NA (mm) 5.38 4.70 0.500
Ul-SN (%) 105.14 105.86 0.686
Ul-PP (°) 11614 117.98 0.225
L1-NB (°) 34.96 31.18 0.345
L1 - NB (mm) 7.46 6.96 0.893
L1-MP (%) 99.90 97.36 0.686
Ul-L1(°) 118.24 121.46 0.686
Ul- PP (mm) 27.34 27.40 0.715
U6 - PP (mm) 22.32 21.80 0.893
L1 - MP (mm) 39.70 41.04 0.500
L6 - MP (mm) 29.8 31.74 0.500

NA: Non-Affected (n=5.
NAM: Non-Affected Matched: Individuals matched by ANB and agedo-affected individuals

(n=9).
* After correction of SN/H
PvalueO 0. 05: statistically significant.
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The cephalometric differences between affectetireoraffected individials is
presented in Table V.10 he soft tissue lower faci@ieightwas significantly increased
in affected individual$52.63%)compared toon-affected member&b1.08%)(P
value=0.003)The divergence pattern had atsdticaly significant differencdetween
both groups. Subjects having EGD had more tendency towards a hyperdivegent facial
pattern wvih MP/SN=40.98 &R/BIP= 32.08(P value=0.02) Furthermore, affected
i ndividuals had a skeletal «c¢l| am@endrmhal patter
skeletal relationshipinneaf f ect ed i ndi vi ddifaadnceswerNoB=3. 4 0 ¢
statistically significat (P value=0.09)The naxillary incisors were retroclined and
retruded relative to NA, SN and PP in affected individuatsontrast taiormal incisor
inclination inthe non-affected subjects. Ae anterior maxillary height wasatistically
significantly differentbetween both groug® value=0.003). Thmaxillary incisors
were overerupted (UIPP=32.37) in idividuals having EGD compared wittormal

values in control subjects.

The cephalometric differences between affected individuals and their matched
control gioup are presented in Table 1V.11. The divergence pattern between both groups
was statistically significant (P value= 0.05). Affected individuals had an increased
divergence of the face (MP/SN=40698 ¢ o mp armatchedtcantrot (MR/'SN=
36.3& )The posiion of the mandible was retroghi in bothaffectedl SNB=76. 34 ¢
andcontrof SNB=77. 05e). The maxillary incisors
group In addition, individuals having EGD had increased anterior and posterior
maxillary height compared to control with a statistigasignificant diffaeence (P value=

0.007 and 0.01Gespectively).
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The cephalometric differences between-adfiected individuals and their
matched control group are presented in Table NAllZrelevantmeaurements were

not statistically gnificant between both groups.

D. Etiology of EGD for each individual

EGD can be the result of an excessive maxillary vertical growth, a short upper
lip, @ hypermobile upper lip, short clinical crowns or a combinationwdra¢factors.
The clinial and radiographic measurements revealed the etiologies of EGD in each
affected individua(Table 1V.13) Amongthe 12 affected individualéexcluding A4)
10had an excessive vertical maxillary growth. All individuals had edhssrmalor
increased upper lip lengtiherefore, the lengthlid not contribute téhe development
of EGD. Fivesubjects had an increaegpper lip elevation from rest position to full
smile showing more gingiva. Short clinical crowns were present ibjécs.Short
clinical crowns were the main determinant of @ in A4; Subsequently, A4 was not
included among affected individuals in the cephalometric analysis.

Table IV.13: Etiologies of EGD for each affected indivialu

Excessive maxillary Short Hypermobile Short clinical
growth upper lip upper lip crowns

A2 + - - +
A3 il
A4 - - - +
Bl + - - +
B2 + - +
B4 N/A N/A
B6 +
B7 - ) n
B8 + - - +
C1l + - + +
C3 + - - +
C4 + - +
D1 + - + +

(+): Contributing factor(-): Not present; Borderline condition

N/A: Unavailable data (missing lateral cephalometric radiograph)
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E. Genetic analysis

Whole exome sequencing (WES) identified the coding genes of the 21 subjects
(affected anchon-affected) of the 4 participatifigmilies. The genetic variants were
first displayed on a AFASTQo file. Then, th
databases and a Variant Call Format (VCF) was generated for each subject. The file was
read on a specifioosf t war e Al I |l umi na Variant Studi o00.
storingDNAdad a such as SNP6s and structural wvar
file contains a header and data related to each variant including gene name,

chromosome number, coordile quality scorgputative impact and read depth.

1. Sample and family characteristics

The total number of variantsnong affected and naffected individualsvas
3,194,828 The number of variants for each individimpresented indble 1V.14 The
piecharts il lustrate the sperlcearetlisl,e MNiPsbtsr iabnud
complex mutations in addition to the zygosity of the generated variants in each

individual (Figure 1V.1:21).

Table 1V.14: Number of variants amongl ahdividuals in the $articipatingfamilies
(A-D).

Individual Number of variants Individual Number of variants
Al 150,035 C1 155124
A2 165,790 C2 152163
A3 145,111 C3 146,723
A4 161,372 C4 153703
Bl 169558 C5 160,363
B2 149453 D1 159827
B3 149417 D2 144507
B4 148699 D3 152109
B5 144,284 D4 161,634
B6 157,237
B7 161,549 | Total (A-D)_ | 3,194,828 |
B8 153014
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a. Family A:

A

Insertion,
4.10%

Hemizygote,
0.44%

Homozygote,
32.26%

Heterozygote,
67.30%

Figure IV.1: Variant type(A) and genotyp€B) for individual Al

Hemizygote,
0.52%
Hemozygote,
32.06%

Heterozygote,
67.43%

Figure IV.2: Variant type (A) and genotype (B) for individual A2

A MNP's, B

Deletion, 2.34% Complex,
4.68% 0.22%

Hemizygote,
0.52%
Hemozygote,
32.67%

Insertion,
3.99%

Heterozygote,
66.81%

SNV's,
88.76%

Figure IV.3: Variant type (A) and genotype (B) for individual A3
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Hemizygote,
0.50%
Homozygote,
32.65%

Heterozygote,
66.86%

Figure 1V.4: Variant type (A) and geotype (B) for individual A4

b. FamilyB:

A

Insertion,
4.15%

Hemizygote,
0.53%
Homozygote,
31.20%

Heterozygote,
68.27%

Figure IV.5: Variant type (A) and genotype (B) for individual B1

A B Hemizygote,
0.48%
Insertion,
4.05%

Homozygote,
3217%

Heterozygote,
67.36%

Figure 1V.6: Variant type (A) and genotype (B) for individual B2
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B Hemizygote,
0.53%

Homozygote,
32.47%

Heterozygote,
66.01%

Figure IV.7: Variant type (A) and genotype (B) for individual B3

A MNP's,
Deletion, 2.26% Complex,
4.67% o 0.22%
Insertion,
4.00%
SNV's,
88.84%

Hemizygote,
0.48%
Homozygote,
33.07%

Heterozygote,
66.45%

Figure IV.8: Variant type (A) and genotype (B) for individual B4

A MNP's,
Deletion, 2.28% Complex,
4.50% 0.23%
Insertion,
3.97%
SNV's,
89.03%

Hemizygote, ]
0.47%

Homozygote,
33.33%

Heterozygote,
66.20%

Figure 1V.9: Variant type (A) and genotyg8) for individual B5




A MNP's, B

Deletion, 2.30% Complex,
4.66% 0.22%

Hemizygote,
0.46%
Homozygote,
32.03%

Insertion,
4.00%

Heterozygote,
67.51%

SNV's,
88.81%

Figure IV.10: Variant type (A) and genotype (B) for individual B6

Hemizygote,
0.50%
Homozygote,
32.21%

Heterozygote,
67.29%

Figure IV.11: Variant type (A) and genotype (B) for individual B7

A MNP's, B

Hemizygote,
0.48%
Homozygote,
32.81%

Insertion,
3.93%

Heterozygote,
66.70%

Figure IV.12: Variant type (A) and genotype (B) for individual B8
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C.

Family C:

Hemizygote,
0.54%

Homozygote,
32.46%

Heterozygote,
67.00%

Figure IV.13: Variant type (A) and genotype (B) for individual C1

A

Insertion,
4.14%

Hemizygote,
0.57%
Homozygote,
32.36%

Heterozygote,
67.07%

Figure IV.14: Variant type (A) and genotyp8) for individual C2

Hemizygote,
0.50%
Homozygote,
32.47%

Deletion,
4.83%

Heterozygote,
67.03%

Figure IV.15: Variant type (A) and genotype (B) for individual C3
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Hemizygote,
0.50%
Homozygote,
32.51%

Insertion,
4.01%

Heterozygote,
66.99%

Figure 1V.16: Variant type (A) and genotype (B) for individual C4

Hemizygote,
0.59%

Insertion,
4.10%
Homozygote,
32.16%

Heterozygote,
67.25%

Figure IV.17: Variant type (A) and genotype (B) for individual C5

d. Family D:
MNP's, B Hemizygote,
Deletion, 2.38% Complex, 0.54%
4.90% T 0.23%
Insertion,
4.13%

Homozygote,
32.67%

Heterozygote,
66.79%

SNV's,
88.37%

Figure IV.18: Variant type (A) and genotype (B) for individual D1
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Deletion,
4.71%
Insertion,
4.05%

MNP's, B
2.16% Complex,
0.23%

Hemizygote,
0.48%
Homozygote,
33.48%

Heterozygote,
66.04%

SNV's,
88.85%

Figure IV.19: Variant type (A) and genotype (B)rfondividual D2

Deletion,
4.86%
Insertion,
4.15%

MNP's, B
2.06% Complex,
0.23%

Hemizygote,
0.49%
Homozygote,
33.24%

Heterozygote,
66.27%

SNV's,
88.71%

Figure 1V.20: Variant type (A) and genotype (B) for individual D3

Insertion,
4.06%

Deletion,
4.78%

MNP's, B Hemizygote,
2.54% Complex, 0.63%
0.26%

Homozygote,
32.24%

Heterozygote,
67.12%

SNV's,
88.36%

Figure IV.21: Variant type (A) and genotype (B) for individual D4
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2. Filtering results

The genetic analysisllowedthree stringent filtering stegas previously
describedFrom the total number of variants among all affected anehaffected
individuals (n= 3,194,828), 33, 208 variants having a MAF<1% were filtered. The
second filtering step consisted of onlyeszing variant witha coverage read greater
than 20 and having high putative impadeither missense mutations or disruptive
mutations: frameshift/stop codon inside the coding regidngh resulted in a total of
18, 836 variants. Among thed<s], genes verecommon between affected individuals of
the same family. These genes were compared in different families to check for
similarities andheir functiors were retrieved fronthe available terature filtering a

total of 33candidate gess (Table IV.15).

Table IV.15. Number of variant§iltered at each step in the 4 participatfagilies

Number of

Filtering step Description variants

Variants with a minor allele frequen¢ylAF) in
First filtering | the genomic database of lessrili&o against the 33, 208
normal population

Variants having &igh putative impact (either
missense mutations or disruptive mutations:

frameshift/stop codon inside the coding region) 18, 836
and acoverage read of >20

Second filtering Variants were congred between individuals of 51
thesame family
Variants were compared between affected i
members oflifferent families

Third filtering | Function analysis based on previous articles 33
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a. Family A:

Becauseéhe inheritance pattern in Familywas determiad tobe either
autosomal dominant, sasomal recessive or-knked, homozygous, heterozygous and
hemizygous variants were selected. The following flow chart was adopfétér the

variants in family A(Flow chart IV.1)

Flow chart IV. 1: Process adopted to filter genes in FamiliM¥AF<1%)

The filtering process reveald® common genes between A3 and 9
common genes between A2, A84. A4 was considered as a borderline condition and
two filterings were performedn family A: the first excluded4 as having EGD and the

second recognizing A4 as an affected individual.
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