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Dissection of the Genetic and Molecular
Pathways of Cleft Lip and Palate

Jinine Hatoum

ABSTRACT

Cleft lip and palate (CLP) is a congenital anomaly affecting the lips and
oral cavity and known to have an impact on the quality of life of the individuals
who have it. This disease is known to be caused by both environmental and
genetic factors and its etiology has been widely studied over the years but is
still not close to being fully deciphered.

Using whole exome sequencing (WES), we have identified in a
Lebanese family two novel CLP variants in two different integrin subtypes
coding for ITGA10 and ITGB8 genes. Integrins are cell surface proteins
consisting of several subtypes and act as an interface between the extra
cellular matrix (ECM) and internal cell signaling pathways involved in many
cellular processes such as migration and differentiation (/ntegrins - an
Overview | ScienceDirect Topics, n.d.).

In order to further validate our findings, functional tests have been
conducted on primary gingival fibroblasts collected from an affected individual
of the studied family. Gene and protein expression analysis showed a
differential expression of the identified mutated integrins. Cells’ viability,
adhesion and motility were studied to be able to identify the process being
altered in the affected cells. The cells collected from the proband appeared to
have increased adhesion to the ECM and an overall decrease in its motility
when compared to wild type gingival fibroblasts used as a control. This deficit
in the cells’ migratory ability was attributed to a decrease in the activity of Ras-
related C3 botulinum toxin substrate 1 (Rac1), a member of the Rac family of
small GTPases known to play role in cytoskeletal reorganization of the cell and

ultimately its motility.
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This study contributes to the process of establishing of a genotype-
phenotype correlation in CLP that helps in better understanding the etiology of
this complex disease. It does so by emphasizing the role of cell motility in lip
and palate formation and establishing one of the mechanisms by which this

function can be altered.

Keywords: Orofacial clefts, Cleft lip and palate (CLP), integrins, whole exome

sequencing (WES), cell adhesion, cell motility, RhoGTPases, Rac1.
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Chapter 1

Literature Review

1.1: Orofacial Clefts

1.1.1 Overview:

Orofacial clefts (OFC) are the most common craniofacial anomalies,
with an occurrence rate that varies between different regions, races and
ethnicities, and ranges between 1/500 and 1/2500 births (Agbenorku, 2013;
Merritt, 2005). One of the most frequently presenting forms of OFC, cleft lip
with or without a palate (CL/P), is second only to down syndrome as the most
common congenital birth defect in the US (Shkoukani et al., 2013).

Clefts are usually diagnosed at birth or later in childhood, but some are
diagnosed prenatally using ultrasound. The lip, the hard palate at the roof of
the mouth, the soft palate made up of soft tissue just behind the hard palate,
and some structures around the oral cavity can all be involved in OFC. In
severe cases, the cleft can extend to involve facial structures leading to oral,
facial and craniofacial malformations (Agbenorku, 2013).

1.1.2 Different Classifications:

The classification of OFC can be based on different criteria. The
broadest classification divides clefts into cleft palate only (CPO) and cleft lip
and palate (CLP) (Fig. 1); more recently, cleft lip only (CL) was added as an
independent subdivision in this classification that is based on their distinct
phenotypic features, different embryological processes that include disruptions

at different stages of development, as well as genetic linkage patterns that are



specific to each subdivision (Dixon et al., 2011; Shkoukani et al., 2013). Within
each of these subdivisions, many forms of clefts can occur. For instance, a
cleft lip can be unilateral, bilateral or median; a cleft palate can also be
unilateral, bilateral or median, and can affect the soft palate and/or the hard
palate (Allori et al., 2017). Also, clefts in general can be complete or
incomplete, whereby complete clefts can affect the nasal cavity and the upper
face while the incomplete clefts do not have an effect on these structures
(Smahel & Brejcha, 1983).

Another adapted classification is based on the presence or absence of
any additional anomalies in the patients. Patients having syndromic CL/P
present their cleft in association with other congenital anomalies and diseases,
the most common one being van der Woude syndrome (VWS), which is
characterized by pits on the lower lip (Stuppia et al., 2011; Venkatesh, 2009).
Non-syndromic cleft lip with or without a palate (NSCL/P) however is the most
common subdivision in this classification of OFC, accounting for approximately
70% of CL/P and 50% of CPO cases (Hadadi et al., 2017).

Luijsterburg et al. provided a relatively new classification based on the
cleft formation event in which the defect occurred during embryogenesis. The
subdivisions within this classification would be clefts resulting from fusion
defects, clefts resulting from differentiation defects, and clefts resulting from

both fusion and differentiation defects (Luijsterburg et al., 2014).
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Partial cleft palate palate and cleft lip

Fig. 1. Partial CPO vs complete CLP. Schematic representation of a partial cleft palate
affecting the soft palate only, and a complete cleft affecting the lip and the palate. (Adapted
and modified from source: Human diseases and conditions: cleft palate — body, viral, mixed
feelings).

1.1.3. Etiology:

The mode of inheritance of clefts has been investigated for the longest
time, but to this date no clear pattern has been deciphered. This is due to the
involvement of both genetic and environmental factors in the disorder, making
it complex (Prabhu et al., 2012).

When it comes to the genetic aspect of OFC, many variants on
independent genes were shown to be common and directly associated with
the disease, with transforming growth factor-alpha (TGFA) gene variants being
the first to be reported (Ardinger et al., 1989). Furthermore, there was never a
consistent mode of inheritance in clefts; since some variants were reported as
recessive, others as dominant, and some where shown to be sex linked
(Prabhu et al., 2012).

In terms of environmental factors involved in OFC, they can be grouped
in 4 different categories: the prenatal womb environment, the external

environment, drugs and nutrition (Bernheim et al., 2006). Some of the most



studied examples would be hypoxia in the human embryo (Muhamad et al.,
2014), maternal smoking and alcohol consumption (Little et al., 2004; Romitti

et al., 1999), and maternal stress during pregnancy (Wallace et al., 2011).

1.1.4. Embryological development:

A cleft lip and cleft palate can occur between week 4 and week 10 of
embryological development (Merritt, 2005, p. 1). During this period, the neural
crest cells (NCCs), which take part in the development of cartilage, bone and
connective tissue of the developing head, start to grow (Merritt, 2005; Minoux
& Rijli, 2010).

By the end of week 4, the frontonasal prominence, the bilateral maxillary
prominences, and the bilateral mandibular prominences would have been
formed and the nasal placodes (Fig. 2A) start to develop around the mouth.
The tissue growing in their margins will cause the elevation that will form the
lateral and medial nasal prominences (Merritt, 2005, p. 1). These medial nasal
prominences will continue to grow until they merge with the area above the
mouth (Fig. 2B), that is still primitive at this point, to make up the philtrum (Fig.
2C) which is the groove in the middle of the upper lip (Merritt, 2005, p. 1). The
upper lip is formed when the lower edges of the lateral nasal prominences (Fig.
2D) extend and merge with the groove of the upper lip, this occurs toward the
8t week of gestation (Merritt, 2005). If the bilateral maxillary prominences fail
to merge, or the medial nasal elevations where unsuccessful which is usually
due to inappropriate migration of the NCCs, this will ultimately lead to a cleft

lip (Bernheim et al., 2006).



The palate on the other hand develops between week 5 and week 12
of gestation. The primary palate is the first to develop from the mesenchymal
tissue that results from the merging of the maxillary prominences with the
medial nasal prominences. Lateral palatal shelves follow during the 6" week,
this is when they grow from the lateral walls towards each other and elevate
horizontally above the tongue (Merritt, 2005, p. 1). Cleft palate occurs if the

lateral palatal shelves fail to meet and fuse (Bernheim et al., 2006).

Fig. 2. Embryological development of the orofacial area. A. Development of the nasal
placodes. B. Medial nasal prominences growth. C. Philtrum resulting from the merge of
medial nasal prominences with the area above the mouth (Adapted and modified from
source: (Merritt, 2005).

1.2. Cleft lip and Palate:
1.2.1. Epidemiology:

The worldwide rate of occurrence of CLP is approximately 1/700 births

(Bernheim et al., 2006), but these statistics are variable, and can be affected



by different factors including race, ethnicity, geographic origin, sex, and even
economic status (A Oner & Tastan, 2020; Kadir et al., 2017).

In terms of ethnicity or origin, the highest occurrence rate was found to
be among the Asian population (0.82-4.04/ 1000 births), followed by
Caucasians (0.9-2.69/1000 births) with the lowest occurrence rate being
among the African population (0.18-1.67/1000 births) (Ahmed et al., 2017).

When it comes to CLP, the occurrence was found to be skewed towards
the male sex with a double incidence rate than that in females (A Oner &
Tastan, 2020; Ahmed et al., 2017).

Kadir et al. provided an interesting take on the CLP epidemiology and
concluded that families having low- and middle-income can be at an increased
risk of having children presenting with CLP (Kadir et al., 2017).

The rate of occurrence of different subtypes of CLP was also studied.
For instance, we can differentiate between bilateral and unilateral CLP
whereby 30.2% of the cases were recorded to be bilateral; furthermore, 41.1%
of unilateral cases were recorded to be on the right (Ahmed et al., 2017).
1.2.2. Syndromic vs. Non-Syndromic Cleft Lip and Palate:

Just like the CPO, the CLP subtype of OFC can be further divided into
syndromic cleft lip and palate (SCLP), and non-syndromic cleft lip and palate
(NSCLP).

SCLP are classified as such when the cleft is part of a syndrome and is
accompanied by other signs or congenital abnormalities (Hadadi et al., 2017).
VWS is the most common syndrome to be associated with CLP and OFC in

general. It is characterized by lower lip pits, dental anomalies and a CLP or



CPO, and is caused by a mutation in the /IRF6 gene on chromosome 1 (Rizos
& Spyropoulos, 2004). Kallmann syndrome, EEC syndrome, X-linked clefting
and ankyloglossia, Gorlin syndrome, Stickler syndrome, Hardikar syndrome,
Treacher-Collins syndrome, siderius X-linked mental retardation, Loeys—Dietz
syndrome, and Malpuech facial clefting syndrome are also all monozygotic
syndromes associated with CLP (Nasreddine et al., 2021). Other congenital
symptoms associated with CLP include: congenital heart anomalies,
micrognathia, Congenital hydrocephalus, ectopic kidney among many others
(Hadadi et al., 2017).

NSCLP is more complex, since it can be affected by environmental
factors, in addition to many variants on genes reported to be associated with
CLP (Stuppia et al., 2011). These include the genes:, TGFa, BCL3, MSX1,
IRF6, PVRL1/NECTIN1, TP63, SUMO1, BMP4, DLX4, MTHFR, CRISPLD2
and CLPTM1; and genomic regions such as 6p24-p23, 4921-q31, 13q33.1-
q34, 8924.3, 1p33 (Saleem et al., 2019). The scientific evidence behind the
association of these genes with CLP is one of the following: differentially
expressed during facial development, has been shown to lead to a cleft
phenotype in transgenic of knock out models, has been associated with a
syndromic form of OFC, was previously reported in humans, has a role in
nutritional or xenobiotic pathways, or falls within a chromosomal region
associated cleft phenotypes (Nasreddine et al., 2021).

1.2.3. Signaling:
Orofacial development requires a series of coordinated events that

include cell proliferation, differentiation, adhesion, migration and apoptosis,



and an alteration in any of these events can ultimately lead to OFC (Greene &
Pratt, 1976a; Nasreddine et al., 2021).

First, proliferation of the mesenchyme is important for the development
of the palatal shelves and the secondary palate, and it is regulated by the
expression of bone morphogenic proteins (BMPs), which leads to the
activation of a gene network that involves Msx1 and Shh (Kouskoura et al.,
2013).

Gamma-aminobutyric acid (GABA) is a neurotransmitter known to
regulate many cellular processes like migration, proliferation and
differentiation. A mutation in GABA leads to the inhibition of palatal shelves
elevation due to an alteration in these processes (Giritli-Linde, 2007).

Fusion of the shelves in the midline is initiated by adhesion between the
epithelial surfaces of the opposite palatal shelves and epithelial-mesenchymal
interactions, but cell death of the midline cells, specifically a cell population
known as medial edge epithelium (MEE), has to occur for a complete fusion
(Cui et al., 2003; Greene & Pratt, 1976a). Cui et al. showed that the loss of the
MEE is a process of controlled cell death regulated by the TGF-B3 activation

of Smad2 (Cui et al., 2003).

1.2.4. Health outcome and treatment:

Treatment of clefts is a lifelong process that starts with surgical repair
but is followed up by many forms of therapies; including speech therapy, dental
repair, and not to mention lifelong psychological burden (Paiva et al., 2019;

Wehby & Cassell, 2010).



Surgical repair of clefts has progressed over the years and new
techniques are still being developed. Currently, palatal reconstruction is being
approached in many ways (Fig. 3); the most traditional one being plastic
surgery of the lip (cheiloplasty) and the palate (palatoplasty), or primary bone
graft in the hard palate (Paiva et al., 2019). The latter shows many limitations,
so alternatives like stem cell therapy and supplementation with growth factors
are being studied (Paiva et al., 2019).

The overall quality of life of CLP patients was assessed and found to be
compromised. Specifically, the patients’ social integration, educational
achievements and levels of income, and mental health were shown to be
negatively affected (Marcusson et al., 2001). Thus, the severity of this lifelong
morbidity lies not only in its effect on the patients’ physical health, but also on
their mental health and quality of life; not to mention the socioeconomic

consequence that falls on the entire family (Shkoukani et al., 2013).

Cheiloplasty Palatoplasty

Fig. 3. Cleft repair. Plastic surgery and bone grafts as methods for cleft repair (Adapted and
modified from source: (Paiva et al., 2019).

1.3. Cell adhesion
The adhesion of a cell to a neighboring cell and to a substrate is a

process that has been established by all types of cells: it occurs in both



prokaryotic and eukaryotic cells; in multicellular organisms, it occurs in early
development and after differentiation (Vicente-Manzanares & Horwitz, 2011).
However, the type and dynamics of these adhesions can dictate the
morphology and characteristics of the cell. For instance, cells that have weak
adhesions are usually round, like lymphocytes, and they use this type of
adhesion in their migration; on the other hand, fibroblasts have numerous large
adhesions that are more dynamic which dictate their contractile motility
(Parsons et al., 2010).

Integrins and other less prominent proteins are the molecules involved
in cell-ECM adhesion; cell-cell adhesion on the other hand is insured by
another set of proteins that include selectins, cadherins, and members of the
immunoglobulin superfamily (Harjunpéa et al., 2019).

Cell adhesions act as an interactive front between the extracellular
environment and the inner signaling pathways, which is crucial for many
cellular processes including differentiation, proliferation and migration (Geiger
& Yamada, 2011). The process is moderated by different cell surface proteins,
but integrins are known to play the most abundant role, since adhesions that
are initiated by integrin signaling differ in dynamics, size and location, and
dictate the cellular morphology and function (Geiger & Yamada, 2011; Parsons

et al., 2010).

1.3.1. Types of cell-ECM adhesion structures:

There are several types of cell-ECM adhesions and their classification

is dependent upon their location in the cell, molecular complexity, size, and
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stability (Wu, 2007). The smallest adhesions are called nascent adhesions;
they are mostly found in fibroblasts that are migrating on fibronectin or
collagen, they are located at the lamellipodial protrusions just behind the
leading edge of the cell and, as their name indicates, they are unstable (Geiger
& Yamada, 2011; Parsons et al., 2010). Nascent adhesions can either mature
into focal complexes which are a bit bigger, more stable and farther from the
leading edge than nascent adhesions, or transform into focal adhesions (FA)
if the cells are in contact with rigid surfaces. FA are even bigger in size than
focal complexes (Geiger & Yamada, 2011; Parsons et al., 2010). Fibrillar
adhesions have both long structures and long lifetime. They form when
fibroblasts are in fibronectin rich environments, and unlike FA, they are not
found in rapidly migrating cells (Parsons et al., 2010). Finally, podosomes and
invadopodia are both involved in 3D invasion to the ECM but differ in structure
and localization (Geiger & Yamada, 2011).

1.3.2. The role of adhesion in cell migration:

Cell migration is a cellular process that starts as early as gastrulation
when cells migrate to form the three germ layers, and is preserved in
developed organisms to drive processes such as tissue repair and tissue
regeneration (A. J. Ridley, 2003).

The migrating cells rely on forces that result from the association of the
actin cytoskeleton to the FA generated by adhesions. These adhesions involve
integrins, talin, vinculin, and several phosphorylated proteins including FAK
and paxillin (Parsons et al., 2010; Pasapera et al., 2015; Wu, 2007). Stress

fiber bundles are the most involved actin fibers in the process; they physically

11



associate with mature FA which creates tension on the ECM via actin - non-
muscle myosin Il based contractility (Pasapera et al., 2015; Zimerman et al.,
2004). As this contractility moves the cell forward, FA at the trailing edge start

to disassemble causing rear retraction (Fig. 4) (Parsons et al., 2010).

=
/ Maturing adhesion at the protruding edge
\ N
-
Retraction
at the rear

Fig. 4. Adhesion mediated cell migration. Migration of the cell by maturation of adhesions
at leading edge and retraction at the rear (Adapted and modified from source: Parsons et al.,
2010).

1.4 RhoGTPases

1.4.1. RhoGTPases Overview:

Rho GTPases are a conserved family of 20 protein divided between 8
subfamilies in addition to Rac, the founder of the entire family: Rho, Cdc42,
Rnd, RhoDF, RhoUV, RhoH, RhoBTB and RhoJQ; with Rho, Rac and Cdc42
being the most studied subfamilies (Boureux et al., 2007). Rho GTPases are
involved in signal transduction pathways that moderate many cellular
processes via the regulation of the actin cytoskeleton. These processes
include mitosis, cell motility, cell adhesion and cell proliferation (Spiering &
Hodgson, 2011). RhoGTPases are molecular switches: they are active when

bound to guanosine triphosphate (GTP) and can in turn activate their

12



downstream effectors by undergoing GTP hydrolysis, and inactive when bound
to guanosine diphosphate (GDP) (Anne J Ridley, 2015). The switching of
RhoGTPases is tightly regulated by guanine exchange factors (GEFs) which
is a positive regulator since it catalyzes the replacement of GDP by GTP
making the GTPase active, and GTPase-activating proteins (GAPs) which is a
negative regulator since it catalyzes GTP hydrolysis making the GTPase in its
GDP bound form and hence inactive (Boureux et al., 2007).
1.4.2. Role of RhoGTPases in Migration

RhoGTPases, specifically Rac, Rho and Cdc42 play a key role in the
regulation of adhesion and migration (Fig. 5), namely through the formation of
lamellipodia and filopodia protrusions (A. J. Ridley, 2003). The Targets of Rac
and Cdc42 are WAVE and WASP respectively. Activation of WAVE and WASP
subsequently activates the arp2/3 complex which leads to actin nucleation and
polymerization in lamellipodia. At the same time, activation of Cdc42 leads to
the formation of filopodia independently of WASP (A. J. Ridley, 2003; Anne J
Ridley, 2015). P21 activated kinases (PAKSs) are proteins that activate myosin
Il and lead to the deactivation of cofilin, which is a protein that promotes actin
filaments disassembly; this ultimately enhances the actin polymerization
process. PAKs are activated by both Rac and Cdc42 (Parsons et al., 2010).
Rho and its protein kinases (ROCK) on the other hand are responsible for the
formation of ventral stress fibers that will be associated with FA (Parsons et
al., 2010), in addition to their role in activating myosin phosphatases and formin
mDia1 which in turn plays a role in actin nucleation and polymerization (Hanna

& EI-Sibai, 2013).
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Fig. 5. RhoGTPases signaling network. Initiation of actin polymerization through
RhoGTPases signaling (Includes images from source: Aelst & D’Souza-Schorey, 1997).

1.4.3. Rac1:

Rac1, a member of the Rho family of small GTPases, is activated by
integrin mediated signals (Pasapera et al., 2015, p. 1). Active Rac1 is involved
lamellipodial and small FA formation at leading edges of the cells where the
active protein is usually accumulated. It is involved in microtubules
stabilization, and actomyosin contractility via myosin Il regulation (Pasapera et
al., 2015, p. 1; A. J. Ridley et al., 1992; Anne J Ridley, 2015). Interestingly, the
activation of Rac1 at the leading edge is also required during collective cell
migration; one example would be the migration of the NCCs (Anne J Ridley,
2015).

1.5 Integrins
The integrin family of proteins are cell adhesion receptors located at the

surface of the cell membrane as af heterodimers; there are 18 different
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identified a integrin subunits and 8 3 subunits in mammals that have only been
found to exist in 24 different heterodimeric combinations in humans (Barczyk
et al., 2010; Johnson et al., 2009).

The classification of integrins is done based on 2 things: the
composition of their a/f subunits, and the ligands that they bind (Barczyk et
al., 2010). Only eight out of 24 integrins have the properties to bind the RGD
sequence present in fibronectin, vitronectin and fibrinogen, while only integrins
capable of recognizing the GFOGER sequence in triple helical collagens have
collagen as their ligand; 4 of the collagen binding integrins and 5 other integrins
have a recognizable al domain in their a subunits involved in metal-ion-
dependent adhesion (Barczyk et al., 2010).

1.5.1. Role and signaling:

The first established function of integrins was its role as a mechanical
link between the ECM and the cytoskeleton through intermediate filaments
binding directly to integrins, these include vimentin and talin which can activate
integrins by cross linking their cytoplasmic domain to f-actin or vinculin
(Barczyk et al., 2010; Parsons et al., 2010). One of their important signaling
pathways includes signals from the ECM to RhoGTPases through scaffolding
and signaling proteins; these RhoGTPases, mainly Rho, Rac and Cdc42 play
and important role in actin polymerization and adhesion structures that initiate
motility (Parsons et al., 2010).

An interesting feature of integrins is that they allow signaling
bidirectionally, meaning that they transmit signals from the outside to the inside

of the cell, but also, internal signals are induced by talins, kindlins, filamins,
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migfilin, FAK and G-protein coupled receptors, mainly to activate the integrins
(Barczyk et al., 2010; Luo & Springer, 2006). This type of signaling is achieved
due to the dynamic change in the integrin conformation that maintains the
equilibrium between the signals (Luo & Springer, 2006).

A bidirectional signaling between integrins and TGF-f3 is also observed,
whereby TGF-[ controls the expression of integrins and some of its associated
proteins (disabled 2, ILK, kindlin 1, paxillin and PINCH). In parallel, some
integrins, notably avp3, avB5 and avf6, where shown to mediate TGF-3

activation in vivo (Margadant & Sonnenberg, 2010).

1.5.2. The role of integrins in adhesion and migration:

Although the migration that is independent from integrins does exist in
many cells types under certain conditions, fibroblasts’ migration is highly
dependent on integrins since they usually migrate on integrin substrates such
as fibronectins (Vicente-Manzanares et al., 2009). The major aspects that
ensures proper maturation and degradation of adhesions which mediates the
migration process are 1- the scaffold of proteins that link integrins to the actin
cytoskeleton (including vinculin, talin and a-actinin) and 2- the activation of
integrins (Vicente-Manzanares et al., 2009). Humphries et al. proposed that
maintaining integrins in an active state is insured by its clustering to the cell-
ECM contact point; this is driven by vinculin/ talin interaction (Humphries et al.,
2007).

An active integrin signaling network can induce the activation state of
the small GTPases Rac, Rho and CDC42 by recruiting GEFs and GAPs to the

adhesion complexes. In a migrating cell, this occurs at protrusions where
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integrins reside in an active high affinity state (Parsons et al., 2010; Vicente-
Manzanares et al., 2009). Recruitment of GEFs and GAPs by adaptor proteins
to protrusions results from paxillin phosphorylation at its different domains
which in turn is promoted by integrin binding of the ECM (L6pez-Colomé et al.,
2017).

1.5.3. Integrins and Rac1:

The link between integrins and Rac was first studied by Price et al. by
looking at the p21-activated kinase (PAK); PAK which is a known downstream
effector of Rac, is activated as a response to integrin based adhesions,
suggesting that Rac itself is activated upon integrin signalling (Price et al.,
1998). Rac activation is promoted by integrins in a process to initiate
lamellipodia formation at protrusions of the migrating cells (Suzuki-Inoue et al.,
2001), this activation is possible via recruiting and activating the Rac GEF by
PI3K products (A. J. Ridley, 2003).

1.5.4. Integrin Alpha10 and integrin Beta 8:

The structure of the integrin a10 subunit is conserved among other
alpha subunits: It has an extracellular, transmembrane and cytosolic domain,
and shares the highest degree of homology with the collagen binding a1 and
a2 subunits (Camper et al., 1998). It is abundantly found in chondrocytes and
osteoblast rich areas; it interacts with the betal subunit to form a collagen II-
binding heterodimer involved in cell-ECM adhesion (Engel et al., 2013).

The integrin B8 subunit on the other hand interacts with av exclusively
to form a heterodimer that has an affinity to many ECM substrates including

vitronectin, collagen IV, latent TGFB1 and latent TGFB3 (McCarty, 2020).
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Individual knockdown studies of B8 and av separately resulted in similar
phenotypes; one of these phenotypes is defective adhesion and migration
which shows the involvement of the proteins in these processes (Cambier et

al., 2005; McCarty, 2020).

1.6 Next generation sequencing

For the longest time, techniques like DNA crystallography and X-Ray
diffraction were used to determine the DNA structure, and sequencing was
only applicable for RNA; until Fredrick Sanger and his colleagues developed a
method for automated DNA sequencing that is now known as “Sanger
sequencing” (An Overview of Next-Generation Sequencing, n.d.). Sanger
sequencing helped carve the path for new technologies that made a
breakthrough in the field of genomic research for establishing very fast, high
throughput sequencing; collectively, these technologies are known as next
generation sequencing (NGS). The way this is possible is by parallel or
simultaneous sequencing of millions of small fragments of nucleotides, each
multiple times; and this is followed by alignment of these pieces using
bioinformatics tools that maps them to a reference genome (Behjati & Tarpey,
2013). NGS can be applied to sequence the whole genome and this is known
as whole genome sequencing (WGS), only the coding regions or whole-exome
sequencing (WES), RNA sequencing (RNA-seq), targeted sequencing (TS)
and methylation sequencing (MeS) (Kulski, 2016).
1.6.1. Whole exome sequencing:

Coding regions (exome) account for only about 1% of the base pairs of

the entire genome, also, around 85% of disease causing mutations are
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estimated to be located in these sequences. For these reasons, many studies
rely on WES to uncover causative and predisposing variants in diseases (B et
al., 2014). In addition to identifying novel variants, WES has been widely used
for clinical purposes, some of the applications include: classifying challenging
heterogenic phenotypes that cannot be otherwise classified using traditional
clinical diagnosis; sequencing the fetal DNA using the mother’s serum is
becoming a common application that does not involve any invasive procedure
for prenatal examination; and early prognosis to determine the adequate

treatment (B et al., 2014).

1.7 Aim of this Study

This study contributes to the ongoing investigation of NSCLP. With the
genetic factors being major contributors to the occurrence of this disease, we
first identify two novel variants leading to a CLP phenotype in a Lebanese
family. This is followed up by thorough functional analysis to validate our
genetic findings in an aim to establish a genotype-phenotype relationship using
primary cells in vitro as a model system. Overall, the study describes an
additional mechanism by which missense mutations can lead to a defective
phenotype, which provides better understanding of CLP etiology and ultimately

help improve parental genetic counselling.
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Chapter 2

Materials and Methods

2.1 Patient selection

Over 200 individuals from 18 different families presenting orofacial
dysmorphic features were collected as part of the craniomaxillofacial research
project at the Lebanese American University. Participants provided written
informed consent prior to filling out the questionnaire and the parents of the
minor participants provided a written declaration of consent as their legally
authorized representatives. Research and data collection were carried out in
compliance with the Helsinki Declaration, with the approval of the LAU
Institutional Review Board and the Committee on Human Subjects in Research
(CHSR).

2.2 DNA extraction

Blood samples were obtained by a blood draw. Two collection EDTA
tubes, 4-6 mL/tube, were obtained for adults and for children, the amount was
adapted to their weight. Genomic DNA was extracted from peripheral blood of

the participants using the standard phenol-chloroform extraction procedure.

2.3 Whole exome sequencing

WES was carried out by using 1 yg of genomic DNA per sample. Whole
exome enrichment was performed on genomic DNA using the SureSelect Human

All Exon V6 (Agilent). Sequencing was performed on an lllumina Hi-Seq 3000
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platform using a 150 bp paired-end protocol with an average depth of 60x (Abi
Farraj et al., 2019). Reads were aligned against the human assembly GRCh37
using Burrows-Wheeler Aligner (BWA 0.7.17). PCR duplicates were removed by
Picard 2.18.4, SNVs and small INDELs were called using the Genome Analysis
Toolkit (GATK HaplotypeCaller 3.3) and structural variants were called using
ExomeDepth. Called variants were annotated and analyzed using Highlander
software, an in-house bioinformatic framework

(https://sites.uclouvain.be/highlander/).

2.4 Primary cell culture

A gingival biopsy was extracted from the proband; and gingival tissue
of a healthy individual was isolated in parallel from the crown of a tooth during
a dental extraction procedure. Both tissues were washed with PBS to which
10% Penicillin Streptomycin Amphotericin (PSA) was added. The tissues were
then fragmented into small pieces and cultured in Dulbecco’s modified Eagle’s
medium (Sigma) supplemented with 10% Fetal Bovine Serum (FBS) and 1%
Penicillin Streptomycin (PS) and incubated at 37°C in a 5% CO2 humidified
chamber. After individual cells formed and reached high confluency, they were
collected and passaged into T25 cm?then T75 cm?flasks in DMEM medium
complemented with 10% FBS and 1% PS and incubated at 37°C in a 5% CO2
humidified chamber. The cells were annotated TCF (tissues from craniofacial
cases); in this study, the cells derived from the tissue of the healthy individual
are annotated TCF3 and the cells derived from the tissue of the CLP patient

are annotated TCF1.

21



2.5 RNA extraction and reverse transcription polymerase

chain reaction (RT-PCR)

Total RNA was purified from fibroblasts using TRIzol reagent (Sigma)
according to the manufacturer’s instructions. The concentration and quality of
the extracted RNA were determined by measuring absorbance at A260/230
and A260/A280 nm using a NanoDrop spectrophotometer. One ug of total
RNA was subjected to reverse transcriptase (RT) reaction using iScript First
Strand cDNA Synthesis kit (BIO-RAD) with random hexamer primers

according to the manufacturer’s instructions.

2.6 Polymerase Chain Reaction (PCR) and gel
electrophoresis
PCR was performed using the Thermo PCR Reaction Mix kit (Thermo
Fisher, USA). PCR was run for 35 cycles according to the following protocol:
95°C for 5 min, 95°C for 30 sec, Tm for 30 sec, 72°C for 22 sec, 4°C forever.

The PCR primers sequences were as follows: ITGB8 forward, 5’-

TCGGCCCTGGCTTTTTTTA-3’; ITGB8 reverse, 5’-
AGTGTCTATCCAGCTGCG-3’; ITGA10 forward, 5'-
CTCGAGCTTGGCTTCTTTGC-3’; ITGA10 reverse, 5'-
CTCGAGTTGCTCCAACTTCTCT-3’; GAPDH forward, 5'-
GGATTTGGTCGTATTGGG-3’; GAPDH reverse, 5'-

GGAAGATGGTGATGGGATT-3. The amplified DNA was run on a 1.5%
agarose gel and visualized by SYBR Safe staining using the ChemicDoc

Imaging System (MP). Bands quantification was done using the Image J
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software, and the studied gene expressions were normalized to GAPDH ‘s

expression.
2.7 Viability Assay

Cells were seeded in 3 different 96-well plates and incubated at 37°C
for 24, 48, and 72 hours (Corning Inc. Corning, NY, USA). Cell viability was
determined using water-soluble cell proliferation reagent WST-1 (Roche,
Mannheim, Germany). After the addition of WST-1, the cells were incubated
again for 2 hours in a humidified incubator at 37°C and 5% CO2. The color
change caused by the cleavage of the tetrazolium salt into formazan by
mitochondrial dehydrogenases was measured using a Varioskan Flash plate

reader at 450mm (Thermo Fisher Scientific,Waltham, MA, USA).

2.8 Flow cytometry

Cells were seeded in a 6-well plate and incubated at 37°C for 24 hours.
After incubation, the cells were detached and centrifuged, and the pellet was
suspended in PBS. The suspended cells were fixed and permeabilized by
adding absolute ethanol and incubating them for 24 hours at -80°C. After 24
hours, the fixed cells were centrifuged, 1.5 ml of the supernatant was removed,
and the pellet was suspended in 0.5 ml of a Pl solution (Pl stain diluted in PBS
to which RNase inhibitor was added). The cells were then incubated for 40
minutes in the dark at 37°C to incorporate the stain. The cell cycle graphs were

then generated using the C6 flow cytometer.

2.9 Adhesion assay
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96-well plates were coated with collagen using Collagen Solution, Type
| from rat tail (Sigma) overnight at 37°C. The collagen coats were then washed
with a filtered washing buffer (0.1% BSA in DMEM media) to remove excess.
A filtered blocking buffer (0.5% BSA in DMEM) was then added to the collagen
coats and was left for one hour at 37°C. This was followed by 3 washes and
then the plates were chilled on ice. Meanwhile, the cells were detached using
Trypsin-EDTA and resuspended in DMEM at a concentration of 4x1045 cell/ml.
50 ul of cells suspended in media were added in each well and incubated at
37°C in a CO2 incubator for 30 minutes. The plates were then shaken and
washed 3 times. Cells were then fixed with 4% PFA at room temperature for
10 minutes and washed. Crystal violet (5 mg/mlin 2% ethanol) was then added
for 10 minutes in order to be incorporated by the cells. Extensive washing was
done to get rid of excess crystal violet and the plates were left to dry
completely. Crystal violet was solubilized by incubating the cells with DMSO
for 30 minutes. The absorption of the plates was read at 550 nm using a
Thermo scientific Varioskan Flash Multimode reader (Thermo Fisher Scientific,

Waltham, MA, USA).

2.10 Wound healing Assay

Cells were grown on culture plates till a monolayer was formed. After
24 hours, a wound was made in the monolayer with a sterile pipette tip. Old
media was then removed, the cells were washed with PBS and new media
lacking FBS was added to prevent proliferation. Phase-contrast images of the
wounded area were captured at t0, 16, t12, 124 and t48 hours after the

formation of the wound. The rate of wound closure was calculated by
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measuring the wound width at 13 different points and calculating the average
closure at each time point compared to the original width at t0. The assay was
done using infinity-corrected optics on a Zeiss Observer Z1 microscope
supplemented with a computer-driven Roper cooled CCD camera and
operated by Zen software (Zeiss) and the results were analyzed using the

Imaged software.

2.11 Motility Assay

The motility assay was performed with the cells maintained in their
culture media (DMEM) and on a 37°C stage where CO2 was provided. Images
were collected every 60 seconds for 4 hours using a 20X objective lens on the
Zeiss Observer Z1 microscope. The speed of cell movement was quantified
using the ROI tracker plugin in Imaged which was used to calculate the total
distance traveled by individual cells. The speed is then calculated by dividing
this distance by the time (120 minutes) and reported in um/min. The average

speed of the control and the mutated cells was calculated.

2.12 Pull-down assay

Cells were seeded and left to grow for 72 hours, they were then lysed,
and the pull-down assay was performed using the RhoA/Rac1/Cdc42
Activation Assay Combo Kit (Cell BioLabs) following the manufacturer’s
instructions: Cell lysates were incubated with GST-PAK for 1 hour at 4°C with
gentle shaking. Then, the samples were centrifuged, and the pellet was
washed for several times. After the washing step, the pellets were

resuspended with Laemmli Sample Buffer (LSB) and boiled for 5 minutes.
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GTP-Rac1 was detected by western blotting using anti-Rac1 antibody
(Abcam). Total proteins were collected prior to the incubation with GST beads

and used as a loading control.

2.13 Western blots

Total cell lysates were collected by adding Laemmli Sample Buffer
(LSB) which consists of 4% SDS, 20% glycerol, 10% [ mercaptoethanol,
0.004% bromophenol blue and 0.125M Tris HCL (pH 6.8) and scraping. The
samples were used for a standard SDS-PAGE followed by the blotting of the
proteins onto a PVDF membrane. The membranes were then blocked for 1
hour with non-fat milk (5%) and incubated overnight at 4°C with the primary
antibody (against integrin alpha 10 or Rac1). The incubation with the primary
antibody was followed by a wash using PBS Tween (0.5% Tween20) and the
incubation with the secondary antibody at room temperature for 1 hour. After
the incubation with the secondary antibody, the membranes were washed and
treated with western blotting electrochemiluminescent reagent (ECL) to
visualize the protein bands. The results were analyzed using the ImageJ

software.

2.14 Statistical Analysis

The results reported represent average values from three independent
experiments. The error estimates are given as + SEM. The p-values were
calculated by one-way ANOVA or t-test to check if the changes observed in

the results were significant.
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Chapter 3

Results
3.1 Clinical phenotypes and genetic transmissions

From our cohort of families presenting orofacial dysmorphic features, a
non-consanguineous family represented in the following pedigree (Fig. 6) was
studied. The proband Il-1 was diagnosed with a complete bilateral CLP and
the father of the proband I|-1 was also affected. No additional clinical
phenotypes were reported, and the third family member I-2 who participated

in this study showed no abnormal signs.

ITGA10: ¢.34990T; p.GIn1167Ter
ITGB8: c.214G>A; p.Asp72Asn

" O
N

I-1 [-2

1I-1

Fig.6. Family pedigree. two-generation pedigree of the CLP family showing transmission of
a ¢.3499C>T; p.GIn1167Ter mutation in ITGA10 and a ¢.214G>A; p.Asp72Asn mutation in
ITGB8

3.2 Novel variants in ITGB8 and ITGA10 identified by WES

All variants that had a Phred score for quality of mapping < 30, more
than two different haplotypes at the considered position, were not called

outside the 3’ end of the supporting reads or had strand bias did not pass
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quality criteria and were filtered out. Polymorphisms were also eliminated if
their allele frequency was > 0.001 in genetic disease databases including

OMIM (http://omim.org), HGMD (http://www.hgmd.cf.ac.uk/ac/index.php),

ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/), the database of the 1000

Genomes Project (http://www.1000genomes.org/), ESP6500

(http://evs.gs.washington.edu/EVS/), the Greater Middle East (GME) Variome

project, and ExXAC (http://exac.broadinstitute.org). Only variants that were

considered highly or moderately damaging by at least three out of eight
prediction softwares (SIFT, CADD, FATHMM, LRT, DEOGEN2, Mutation

Assessor, Mutation Taster, and Polyphen2) were retained.

The relevance of the remaining variants (that passed all the mentioned criteria)
to the phenotype was then evaluated using Pubmatrix

(https://pubmatrix.irp.nia.nih.gov/) and GeneCards (www.genecards.org) and

many other forms of assessments based on previous publications.

The analysis led to the identification of two different variants: a transition of a
cytosine into a thymine leading to a stop gain at codon 1167 (c.3499C>T;
p.GIn1167Ter) in ITGA10; and a transition of a guanine to an adenine leading
to a substitution of the aspartate 72 into an asparagine (c.214G>A;
p.Asp72Asn) in ITGB8. The proband and the affected father presented a
heterozygous form of both variants which were absent in the unaffected

mother, suggesting a dominant form of inheritance.

3.3 Differential ITGB8 and ITGA10 expression in CLP

patient
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We studied the expression of ITGB8 and ITGA10 in primary gingival
fibroblasts extracted from the CLP proband (TCF1) and primary gingival
fibroblasts extracted from a control individual (TCF3). Expression levels
normalized to GAPDH revealed a 0.15 fold decrease in ITGA10 expression
(Fig. 7A) and a 0.87 fold increase in ITGB8 expression (Fig. 7B) in the

mutated cells compared to the control cells TCF3 (Fig. 7C, D).
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Fig.7. Differential expression of the mutated integrins in the CLP cells. A. Quantification
of the gel electrophoresis after PCR, showing the expression of the ITGA10 gene in TCF1
compared to TCF3. B. Quantification of the gel electrophoresis after PCR, showing the
expression of the ITGB8 gene in TCF1 compared to TCF3. C. PCR of cDNA from RNA
extracted from TCF1 and TCF3 cells using ITGA10 specific primers (upper grid) or
housekeeping gene GAPDH specific primers as a control (lower grid). D. PCR of cDNA
from RNA extracted from TCF1 and TCF3 cells using ITGB8 specific primers (upper grid)
or housekeeping gene GAPDH specific primers as a control (lower grid).
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3.4 Decreased expression of the integrin a10 protein in the

mutated cells

The level of integrin a10 protein expression was tested in TCF1 and

compared to the control cells TCF3 via a western blot with actin as a loading
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control. Results show a 0.51 fold decrease in integrin a10 expression in the

TCF1 cells baring a mutation in the corresponding gene (Fig. 8).
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Fig.8. Decreased expression of integrin a10 in CLP cells. A. Quantification of western
blot showing the expression of integrin a10 in TCF1 compared to TCF3. Data are the
mean = SEM. B. Proteins extracted from TCF1 and TCF3 cells and immunoblotted for
integrin a10 (upper grid) or loading control Actin (lower grid).

3.5 No significant difference between the mutated and the

control cells’ proliferation and viability

We wanted to characterize the phenotype of mutated cells and assess
where it is being defective. We started by comparing the TCF1 cells viability to
the healthy donor cells TCF3. The first thing was calculating the population
doubling time (PDT) of each of these cells using the equation: PDT = Duration
x log(2) / log(Final Concentration) — log(Initial Concentration). The PDT was
recorded every time the cells were propagated, and the cells were shown to
have similar growth rates (the mean PDT of TCF3 was 3.2 and of TCF1 is 3.5).
A WST-1 assay which is a colorimetric assay that detects metabolically active
cells was also conducted as a measure of the cells’ viability. This assay also
showed no significant difference between TCF1 and TCF3 viability (Fig. 9).

For the same purpose, we tried to record the cell cycle of the two types of cells
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using flow cytometry and a Pl stain (Fig. S1C, D), but no conclusive results
were reached since we did not reach a significant percentage of viable cells

(Fig. S1A, B) to be representative in the cell cycle analysis.
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Fig.9. No significant difference in viability between patient and control cells. Measured
absorption upon addition of water-soluble WST-1 reagent after incubation of the cells for 24,
48 and 73 hours reveals no significant difference in the cells’ viability. Data are the mean +
SEM.
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Fig.S1. TCF1 and TCF3 cell cycles. Flow cytometry was used to visualize the cells’ cell cycle
using PI stain but not enough viable cells were detected making the results insignificant. S1.A.
The population of viable TCF3 cells which were represented in the cell cycle analysis is 32.7%.
S1.B. The population of viable TCF1 cells which were represented in the cell cycle analysis is
39.5%. $1.C. The cell cycle of TCF3 cells. $1.D. The cell cycle of TCF1 cells.
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3.6 Increased adhesion on collagen coated surfaces in

Integrins mutated cells

Next, we wanted to study the adhesion of these cells. When comparing
TCF1 to TCF3, more TCF1 cells seemed to be adhering on collagen surfaces
(Fig. 10A). This was quantified by staining the cells with crystal violet,
solubilizing them then measuring the absorbance. The quantitation in (Fig.
10B) was consistent with the observation validating that there was 3.5 fold

increase in the adhesion of the mutated CLP cells compared to TCF3.

TCF1

Fig.10. Increased adhesion on collagen surfaces in the mutated cells. A. Cells stained
with crystal violet and plated on a collagen surface. B. Quantitation of (A) by measuring the
absorption at 550 nm using the ELISA plate reader.

3.7 Decrease in the migratory ability of the integrin mutated

cells

Cell motility is a commonly altered mechanism that leads to cleft
formation. The motility our cells was examined using a wound healing assay.
A wound (Fig. 11A) was created in a cell monolayer, and its closure was
recorded after 6, 12, 24, 48 and 72 hours from creating it (t = 0). Results show
a significant difference in the percentage closure of the wounds created in the

two cell lines (Fig. 11B): starting 48 hours after the wound was created, there
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was significantly less closure in the TCF1 wound compared to the control cells;
and by 72 hours, the wound in TCF3 reached almost full closure (Mean = 93%
closure) while the TCF1 cells were unsuccessful in closing the wound (Mean
= 58% closure). The total distance migrated by the cells inside the wound was
also recorded (Fig. 11C), and the mutated cells were shown to migrate
significantly less than the control cells. Finally, a time lapse movie capturing
the free motility of the cells was recorded, and the average cell velocity was
calculated (Fig. 12). TCF1 cells had an overall less migration velocity (Average

velocity = 30 um/h) compared to TCF3 (Average velocity = 40 um/h).
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Fig.11. Decreased migration leading to less wound closure ability in CLP cells. A.
Representative images of the wound at 3 different time points. B. Percentage closure of
the wound at the different time points. C. Total migration distance of the cells inside the
wound.
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Fig.12. Decreased migration speed of patient cells compared to control. D. Migration
speed of the cells calculated from the time lapse movie.

3.8 Altered migration in CLP cells due to a decrease in

Rac1 activity

To investigate the reason behind the altered migration in the mutated
cells, a pull-down assay was performed and the levels of active Rac1 were
compared between the mutated TCF1 cells and the control TCF3 (Fig. 13).

Results show a 0.3 fold decrease in active Rac1 in TCF1.
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Fig.13. Rac1 activity is decreased in integrin mutated cells. A. Quantification of
western blot showing the level of active Rac1 in TCF1 compared to TCF3. B. Proteins
were extracted from TCF1 and TCF3 cells, GTP-Rac1 was pulled down using PAK1
beads and immunoblotting was done for either pulled down Rac1 (upper grid Rac1) or
Rac1 in the total lysate (middle grid) or loading control Actin (lower grid).
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Chapter 4

Discussion

NGS studies are abundantly used to discover novel variants involved in
developmental disorders including CLP. This has contributed to a better
understanding of the etiology of this complex disease over the years. At the
same time, many functional studies have helped unravel defective pathways

leading to this phenotype.

We have identified two novel variants: (c.3499C>T; p.GIn1167Ter) and
(c.214G>A; p.Asp72Asn) in ITGA10and ITGBS8 integrin subunits coding genes
respectively by studying a two-generation Lebanese CLP family. The ITGA10
variant was reported in dbSNP as rs142018351 with no clinical significance (it
was not reported in ClinVar). It was reported in 288 exomes and 9 genomes in
gnomAD and was predicted to have an allele frequency of 0.001146 with two
total homozygotes detected in the populations. The ITGB8 variant was
reported in dbSNP as rs367941451 with no clinical significance. It was absent
in ClinVar and reported in 26 exomes and 1 genome in gnomAD where it was
predicted to have an allele frequency of 0.00009864 with no homozygotes
detected in the populations. Bioinformatic analysis were conducted in the lab
using the Phyre2 server to estimate the effect of the mutated amino acids on
the protein. Phyre2 suggests no difference in structures between the normal
and mutated integrin alpha 10 or between the normal and mutated integrin

beta 8 proteins. Although these variants have no previously reported clinical
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significance individually, we predict that they are interacting to contribute to the

observed CLP phenotype; especially given the known complexity of NSCLP.

Gene expression analysis can be a key towards investigating the
pathways involved in diseases. Bueno et al. were able to identify 87 genes
involved in NSCLP simply by comparing gene expression patterns between
NSCLP patients and controls. Interestingly, their results show enrichment of
differentially expressed genes involved in ECM modeling such as collagens,
metalloproteinases, integrins, and adhesion proteins (Bueno et al., 2011). For
this reason, we wanted to start our study by looking at any differential
expression of the mutated integrins in the CLP cells compared to controls; and
we were able to detect an increased expression of ITGB8 and a decreased
expression of ITGA10 in the mutated cells, a decreased expression of the

integrin alpha 10 protein was also detected.

Integrins are conserved cell adhesion receptors present as
heterodimers at the cell membrane to mediate the cell-ECM communication
(Barczyk et al.,, 2010). The Alpha 10 subunit is highly upregulated in
chondrocytes (Engel et al., 2013) and mutations in ITGA10 are reported to
lead to abnormalities like chondrodysplasia which is an abnormal growth of
cartilage (Kyostila et al., 2013) and retardation in the growth of long bones, but
these mutations did not have any effect on the overall life span or fertility of
affected individuals (Engel et al., 2013). Interestingly, this subunit is regulated
by BMP-2 and TGF-B1, both shown to be involved in palatogenesis

(Gouttenoire et al., 2010; Kouskoura et al., 2013; Saleem et al., 2019).
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The Beta 8 subunit is also involved in the process of chondrogenic
differentiation (LaPointe et al., 2013) and was associated with a cleft palate
phenotype in mice when a double mutant was created in ITGB8 and ITGB6 (a

gene coding for a different integrin subunit) (Suzuki et al., 2018).

From a developmental point of view, palatal fusion requires a series of
cellular processes that involve proliferation and growth, differentiation,
adhesion, migration and apoptosis (Greene & Pratt, 1976b). Thus, we wanted
to supplement our genetic findings by some functional assays to help us
characterize the cells’ phenotype. The proliferation, migration and adhesion of
the primary gingival fibroblasts extracted from our proband were compared to
healthy control cells. Results show no aberrant proliferation and viability of the
mutated cells; but there was a clear defect in their migratory ability and an
increase in their ability to adhere to collagen covered surfaces. This
phenotype, which was previously observed in a similar study investigating CLP
primary cells (El-Sibai et al., 2021), is expected in integrin-mutated fibroblasts
since these types of cells in particular rely heavily on integrin-based cell-ECM
adhesions to drive their migration (Parsons et al., 2010). Cell surface integrins
regulate the process of proper actin alignment in fibroblasts; an alteration in
this process was shown to lead to disrupted migration and cells’ ability to bind

collagen surfaces (Reed et al., 2001).

Previous studies recognized the effect of dysregulation in RhoGTPases
activity on cell motility, and directly associated this dysregulation with a cleft

phenotype (El-Sibai et al., 2021; Ghassibe-Sabbagh et al., 2021). In addition,
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Rho kinases play a role in the activation of non-muscle myosin-Il which was
shown to be essential for the cell migration process during palatal fusion (Lan
et al., 2015). Based on that, and knowing the importance of RhoGTPases in
integrin-initiated cell motility, we wanted to study RhoGTPase activity in our
mutated cells and our controls, while focusing on Rac1. In an integrin
dependent manner, active Rac1 is responsible for the phosphorylation of MIIA
leading to MIIA filaments assembly in maturing FAs which promotes the
forward movement of the cell (Pasapera et al., 2015). To our interest, Rac1
activity was decreased in the integrin mutated cells, which can explain the
observed defective migration. Mutations in the Rac1 GEF, ARHGEF18 were
reported to contribute to the pathogenesis of CLP (El-Sibai et al., 2021), and a
dysregulation in Rac1 activity was shown lead to a CLP phenotype as a
consequence to a cell migration defect (Ghassibe-Sabbagh et al., 2021; Tang

et al., 2016).

Even though adhesion is known to promote effective migration, Rac
activation is dependent on small dynamic integrin ligations to the ECM; so if
the adhesions are too close and stable, they do not signal to activate Rac1
which in turn fails to initiate the proper actin polymerization to drive the flow of
fast migration (Geiger & Yamada, 2011; Schwartz & Horwitz, 2006). This can
explain the increased adhesion detected in the cells of the patient. A study by
Reyes et al. further validates these observations: Reyes et al. successfully co-
immunoprecipitated the (8 integrin subunit with Rho-GDP dissociation
inhibitor 1 (RhoGDI1), which promotes the inactive GDP bound form of

RhoGTPases, suggesting the negative control of Rho GTPases by the av38
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integrin complex (Reyes et al., 2013). Mice knockout studies followed this
observation and showed that ITGB8 null mice had increased levels of
phosphorylated PAK1 due to an increase of the active GTP bound Rac1, and
reexpressing the integrin in the null mice decreased the Rac1 activation
(Reyes et al., 2013). Interestingly, an overexpression of ITGB8 was detected
in our defective cells; Reyes et al.’s findings suggest that the observed
decrease in Rac1 activity leading to a decrease in their migratory ability might
be a direct effect of the ITGB8 mutation causing its overexpression in the CLP

cells.
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Chapter 5

Conclusion

In conclusion, with the use of WES, we have identified two novel CLP
variants, and supplemented our findings with functional studies on primary
cells to establish a genotype/phenotypes relationship. Our study shows that
mutations in two different integrin subunits can lead to differential cell motility
and adhesion in primary gingival fibroblasts studied in vitro, a phenotype that
can account for the defective embryonic orofacial development resulting in a
cleft occurrence. We further unraveled the mechanism leading to this
phenotype by studying the role of the small GTPase Rac1 which belongs to
the same signaling pathway as the mutated proteins. As a whole, this study
contributes to a better understanding of the etiology and mechanisms of CLP
and expands the databases of disease related genes which is important to

provide better parental genetic counseling and risk estimation.
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