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Orofacial Clefts: Rho GTPase Dysregulation in Patient-

Derived Primary Cells as a Cause of Impaired Migration 

 

Nada El Baba 

 

ABSTRACT 

 

During embryogenesis, orofacial development takes place whereby cells migrate 

to their intended destinations to form the face of the fetus. Sometimes, cells of the 

palatal shelves and the lip buds do not properly migrate, leaving splits in the lip and/or 

palate. This can happen due to a multitude of reasons under the categories of genetic and 

environmental factors. We aimed to investigate the genetic and molecular basis 

underlying a case of non-syndromic cleft lip/palate. To do so, we extracted primary cells 

from a cleft patient and primary cells from a healthy individual. We were interested in 

looking at primary fibroblastic cells from the upper right gingiva of those individuals 

respectively. Through whole genome sequencing, we identified three variant genes, 

ARHGEF18, CUL7, and EPDR1, that we could link to the cleft phenotype. Through 

functional assays to test the discrepancy in the behavior of both sets of cells, we assessed 

proliferation, motility, adhesion, and Rho GTPase activity. We found no significant 

differences in the proliferative abilities of the patient-derived cells and the healthy cells. 

The striking difference in behavior was related to cell migration, whereby the patient-

derived cells showed decreased motility, increased adhesion, and a general loss of 

polarity compared to the healthy cells. We found markers of focal adhesions to be 
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heavily localized at the tail regions of patient-derived cells that could explain this 

behavior. We also found an increased RhoA activation in these cells which could be 

causative of the observed increase in focal adhesions as well as a decreased Cdc42 

activation which could further explain the loss in cell polarity.  Our results provide 

evidence that the ARHGEF18, CUL7, and EPDR1 variants could be at the root of the 

non-syndromic cleft lip/palate phenotype and are consistent with a dysregulation of Rho 

GTPase activity. 

 

Keywords: Cleft lip/palate, Orofacial development, Cell migration, Cell adhesion, Rho 

GTPases, RhoA, Cdc42, Focal adhesions, Gene variants 
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Chapter 1 

Introduction 

1.1  Orofacial Development 

 

The development of human faces is a unique process with some similarities to its 

counterpart in other mammals (Ansari & Bordoni, 2021). Orofacial development is a 

series of complex events of tissue growth and differentiation that takes place during 

embryogenesis (Ranly, 1998). The face, along with the oral cavity, arises from the head 

ectoderm, and the first branchial arch derivates from the neural crest mesenchyme. The 

starting point of human orofacial development can be traced back as early as the third 

week of gestation. At this point, the oropharyngeal membrane, which will constitute a 

placeholder for the face, becomes visible between the brain and the heart regions (Som 

& Naidich, Illustrated Review of the Embryology and Development of the Facial 

Region, Part 1: Early Face and Lateral Nasal Cavities, 2013).   

From the first branchial arch form the structures of the oral cavity. Four weeks 

into development, it can be seen that several orofacial structures such as the frontonasal 

process, the two maxillary processes, and the two mandibular processes are being 

formed (Moore, Persaud, & Torchia, 2010). These processes are found surrounding the 

oropharyngeal membrane and serve as the structures from where the face will emerge. 

This begins with the frontonasal process which brings about two medial and two lateral 

nasal processes to the nasal placode. The formers are bound to fuse, forming the inter-
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maxillary process, which develops into the nasal bridge as well as the upper lip philtrum 

by week ten (Ansari & Bordoni, 2021).  

Towards the end of the sixth week of gestation, the fusion of the upper lip is 

complete, and the final midline fusion of the face and palate takes place for the next six 

weeks. Shall any failure take place during midline fusion, the result is apparent clefts in 

the lip and palate (Moore, Persaud, & Torchia, 2010). 

 

 

 

 

 

 

 

1.2  The Palate 

 

Between the nasal and oral cavities lies the tissue known as the palate which is 

made of the primary and secondary palates. The core of the palate is the inter-maxillary 

segment, posterior to which is the oro-nasal membrane, which is the intersection 

between the oral and nasal epithelia (Grindley, Davidson, & Hill, 1995). The membrane 

Adopted and modified from source (Som & Naidich, 2013) 

 

 

Figure 1 Anterior representation of a five-week embryo showing the nasal placode 
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has an opening in the posterior end known as the primitive choana. This connects to both 

the nasal and oral cavities (Ansari & Bordoni, 2021).  

The remainder of the hard palate as well as the entirety of the soft palate is 

formed from the secondary palate during the seventh and eighth weeks. The medial 

outgrowths coming from the maxillary process form two shelves growing downwards 

and running parallel to the tongue. At the end of the duration, they fuse with the primary 

palate (Ansari & Bordoni, 2021).  

 

 

 

 

 

 

 

 

 

1.3  Clefts in the Lip and Palate 

 

It is well known that the most common craniofacial defects at birth are cleft lip 

and cleft palate, manifesting once every 700 births (Rahimov F, 2008). Mammalian 

Adopted and modified from source (Helwany & Rathee, 2021) 

 

Figure 2 The Palate: Soft Palate and Hard Palate 
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palatogenesis, like other developmental processes, is affected by the individual’s genetic 

makeup as well as their environment. Any defect in the neural crest cells that may affect 

their viability, proliferation, and/or migratory abilities can result in a cleft lip/palate 

(Bush & Jiang, 2012). It is important to note that cells involved in orofacial development 

must have correct apicobasal polarity. Any loss of this polarity will result in an abnormal 

phenotype (Groeger & Meyle, 2019). 

Clefts affecting the lip can be unilateral or bilateral. Unilateral clefts affect either 

the left or the ride side of the lip, while bilateral clefts reach both sides (Tse, 2012). 

Most are unilateral (Hagberg, Larson, & Milerad, 1998), and the majority of unilateral 

clefts are found on the left side of the face (Jensen, Kreiborg, Dahl, & Fogh-Andersen, 

1988).  

As is reflected in the numbers, orofacial clefts are quite common. They can be 

detected through ultrasounds (Smarius, 2017) and are treated through post-natal surgery 

to avoid the lifelong health effects on the patients (Bush & Jiang, 2012). CL/P can be 

familial or sporadic, with the latter manifesting in more severe phenotypes (Fogh-

Andersen, 1961).  

 

 

 

 

 
Adopted and modified from source (Clark MB, 2018) 

 

Figure 3 Cleft palate 
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1.4 Complications 

 

Individuals with CL/P struggle with impaired speech, dental problems, infections 

in the middle ear, as well as the apparent facial defect (Rai, 2005). Surgery, although 

helpful, has its own consequences. Patients have been reported to have defects in 

maxillary growth in addition to excessive scarring following palatoplasty (Fudalej P, 

2012) (van Beurden HE, 2005). For those who receive surgery later in life, children are 

at a risk of cross-infection at hospitals, while adults are very likely to have more major 

complications. Some post-operative complications include bleeding, wound breakdown, 

upper respiratory tract infection, and even airway obstruction (Adesina, 2016).   

It is a very complicated procedure for patients to end up with the best possible 

outcome. They must receive successful surgery between the ages of two and six months, 

follow-up surgeries to help improve speech and jaw growth, dental work and care, 

speech therapy, and hearing therapy. Even with all of this, they might still require 

cosmetic procedures leading up to adulthood (Mackay, et al., 1999).  

 

1.5  Syndromic and Non-Syndromic Clefts 

 

Orofacial clefts can be syndromic or non-syndromic. The former is found 

alongside other abnormalities of a developmental and/or structural nature. The latter 

occurs in more isolated states and represents the majority of cleft lip/palate cases 

(Tolarová MM, 1998). Among syndromic CL/P cases, the most common are van der 
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Woude syndrome, Stickler syndrome, and a 22Q11 deletion, each of which carry their 

own abnormalities besides the clefts themselves (Tse, 2012).  

The incidence of non-syndromic cleft lip/palate (NS CL/P) has been found to be 

disproportionate across different ancestral origins. Those of Asian and Amerindian 

descent display NS CL/P at a rate of 1 in 500. On the other hand, the rate for European 

people is 1 in 1000, and it’s 1 in 2500 for Africans. Discrepancy exists within the same 

population as well. For example, Scandinavian populations have the highest incidence 

rates in Europe (K., 1999) (Mossey PA, 2009) (Harville EW, 2005).  Cleft lip, regardless 

of whether there is clefting in the palate as well, is more common in males, while 

females have a higher incidence of isolated cleft palate (JB., 2004).   

 

1.6  Causes: Environmental and Genetic 

 

Environmental factors play a role in determining whether the fetus will have 

normal orofacial development or not. These factors relate to the conditions of the 

pregnancy such as the age of the pregnant person, their drug and alcohol 

consumption, and whether or not they smoke (Little J, 2004). Illness, diabetes, and 

obesity during pregnancy also constitute risk factors for the fetus (Stott‐Miller, 2010) 

(Adolfo Correa, 2008).  

As for the genetic factors, mutant genes that are inherited from either parent can 

either directly cause CL/P or constitute a risk factor. Carriers are commonly seen in 

familial CL/P, whereby the inheritance of the mutation is not enough to lead to the 
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phenotype without environmental risk factors. In fact, CL/P inheritance seems to be 

complex and multifactorial rather than Mendelian for the most part (Mitchell LE, 1992).  

 

1.7  Cell Motility 

 

Cell migration is an essential cellular process related to various aspects of a cell’s 

life including embryogenesis, immune responses, and damage repair (Douglas A 

Lauffenburger, 1996). One of the ways cells migrate to a certain destination is through 

responding to chemical signals that attract them there. This called chemotaxis. After a 

signal is detected by the cell, it dissociates from any neighboring cell(s) it may be 

associated with and moves towards the signal (Wang, 2011). Cells can also migrate in 

other ways including haptotaxis and mechanotaxis, which are modes of cell migration 

triggered by gradients in the ECM and mechanical forces surrounding the cell, 

respectively (Hsu S, 2007).  

Cell migration happens in a series of steps, the first of which is the determination 

of cell polarity. The directionality of a cell is determined by its actin cytoskeleton, which 

dictates which end of the cell will form the head and which will form the tail. After 

polarity is determined, a pseudopod is formed by a cytoplasmic extension at the leading 

edge of the cell. It is used by the cell to crawl against the ECM through a series of 

adhesion and deadhesion processes mediated by actin and microtubule dynamics (J. 

Jouanneau, 2002). The repeating cycle is as follows: The protrusion that forms at the 

leading edge adheres to a region of the ECM found in front of the cell. The cell contracts 

using its cytoskeleton, which propels it forward in the direction of the protrusion. After 
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the cell is shifted forwards, de-adhesion of its tail region takes place, so the cell’s 

position is fully altered. The cycle then repeats until the cell reaches its destination. 

Briefly put, cell-ECM interactions are at the heart of cell motility (Jose Javier Bravo-

Cordero, 2013).  

 

 

 

 

 

 

 

1.8  Focal Adhesions 

 

The adhesion at the leading edge and the de-adhesion at the trailing edge are 

mediated by protein structures called focal adhesions (Wu, Focal Adhesion, 2007). Focal 

adhesions constitute one type of cell-ECM adhesion structure alongside fibrillar 

adhesions, focal complexes, three-dimensional matrix adhesions, and podosomes 

(Larsen M, 2006). These adhesion structures form the connections between integrins and 

the actin cytoskeleton (Geiger B, 2001).    

More than 60 focal adhesion proteins have been identified, and they can be 

classified into two main groups. The first group contains catalytic proteins like kinases, 

Left: linear protrusions. Middle: broad protrusions. Right: blebs filled with 
cytoplasm. Modified and adopted from source (Fritz-Laylin LK, 2017) 

Figure 4 Structures used for cell crawling that are actin-dependent 
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phosphatases, and proteases, and the second group is the adaptor proteins (Wu, Focal 

Adhesion, 2007). It is worth noting, however, that many of these proteins have both 

functions, whereby they have catalytic domains and protein-binding domains. In fact, 

most proteins involved in focal adhesions have multiple domains, which allows the 

formation of what is called the “integrin-actin network” as a vast and extensive one (Wu, 

2005). Proteins in this network work together using post-translational modifications to 

switch back and forth between chemical and mechanical energy to signal for mechanical 

interactions between the cell and its ECM (Wu, Focal Adhesion, 2007). This is made 

possible by the dynamic nature of the interactions between focal adhesion proteins and 

the actin cytoskeleton (Brown CM, 2006).  

Cell-ECM adhesion structures happen in response to the interactions between the 

integrins on the cell surface with adhesive proteins in the ECM such as fibronectin. A 

local gathering of integrins takes place and immature adhesion structures like focal 

complexes are formed. These complexes can then go on to mature into focal adhesions if 

the signals for their maturation are present (Zamir E, 2000).  

In the case of CL/P tackled in this study, we found increased adhesion in the 

fibroblasts taken from the patient, which was consistent with the decrease in migration 

and the presence of a cleft. These fibroblasts constituted a suitable model to study and 

characterise the ARHGEF18, CUL7, and EPDR1 variants in order to link them to the 

phenotype through functional assays related to cell motility and adhesion. 
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1.9 Rho GTPases 

1.9.1 Definition 

 

At the center of regulating the processes that lead to cell migration are Rho 

GTPases (Bassem D. Khalil, The regulation of RhoA at focal adhesions by StarD13 is 

important for astrocytoma cell motility, 2014). They are small GTP-binding proteins 

belonging to the Ras superfamily of over 130 proteins (Takai Y, 2001). The Ras 

superfamily contains the Rho-subfamily with members like RhoA, RhoB, RhoC, Cdc42, 

Rac1, and Rac2 (Samer Hanna, 2013). All previously mentioned steps involved in cell 

motility from polarization to cytoskeleton reorganization are directly controlled by the 

interplay between the different Rho GTPases (Tang Y, 2008).  

Adopted and modified from source (Burridge, 2017) 

 

Figure 5 Fibroblast showing focal adhesions in green 
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RhoA controls the dynamics related to focal adhesions by associating with 

ROCK. RhoA is activated when cell-ECM adhesion happens. Once activated, RhoA 

stimulates the formation of adhesions through the recruitment of actin. At this point, 

these adhesions are temporary and immature. Once they mature completely into focal 

adhesions, full adhesion of the cell to the ECM is achieved, and the cell stops moving 

(Hernández, 2004).  

Cdc42 influences actin polymerization polarity, which essentially controls cell 

migration. It does that through the activation of Arp2/3 by activating WAVE (Eden, 

2002) (Marshall, 2014). 

Rho GTPases associate with GTP and GDP molecules and have the function of 

hydrolizing any bound GTP into its GDP form (Johnson, 1999). When bound to GTP, 

they are active and can thus activate downstream effectors. Conversely, they are inactive 

when bound to GDP, which is the form they return to usually after the effector is 

successfully activated. This easy switching between active and inactive forms makes 

them an attractive point of control of many signaling pathways related to cell migration 

(Sahai E, 2002). The activation and inactivation of Rho GTPases is tightly regulated 

because of their central position to many signal transduction pathways. When an inactive 

Rho GTPase receives an upstream signal, the dissociation of GDP and the association 

with GTP is stimulated. This switch causes a conformational change within the active 

site of the protein to allow interaction with its effector. Nucleotide exchange is 

controlled by other molecules involved such as Guanine nucleotide exchange factors 

(GEFs), Guanine nucleotide dissociation inhibitors (GDIs), and GTPase-activating 

proteins (GAPs) (Florence Grise, 2009).  
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1.9.2 The Dysregulation of Rho GTPases in CL/P 

 

The most common cleft syndrome, van der Woude syndrome, is caused by a 

mutation in the IRF6 (Interferon Regulatory Factor 6) gene. IRF6 mutations have even 

been found in patients with NS CL/P and minor symptoms of van der Woude syndrome 

(Desmyter L, 2010). Other cleft syndromes such as Miller syndrome and Kabuki 

syndrome have been related to mutations in the DHODH and KMT2D genes 

respectively (Leslie, 2013).  

Adopted and modified from source (Narumiya S, 2018) 

Figure 6 Rho GTPases 
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NS CL/P cases proved to be more difficult to associate with traceable mutations. 

Rho GTPases have provided interesting targets for investigating the genetic 

underpinnings of NS CL/P due to their placement downstream of the Wnt signaling 

pathway, which is known to be responsible for orofacial clefts (Shizhen Zhu, 2006). For 

example, WNT3, WNT7A, and WNT6-WNT10A cluster SNPs have been linked to 

CL/P (Kurt Reynolds, 2019). Moreover, faults in Wnt acetylation caused by mutations in 

the acetyltransferase gene PORCN were found in syndromic CL/P (Lombardi, 2011). 

Even van der Woude syndrome cases could be linked to mishaps in Wnt signaling, 

whereby P63, an activator of IRF6, is mutated (Truong, Kretz, Ridky, Kimmel, & 

Khavari, 2006).  

Besides Rho GTPases, palatal development specifically is known to be tightly 

regulated by growth factors and signaling molecules such as the Sonic Hedgehog family 

(SHH) fibroblast growth factors, and TGFB (Greene RM, 2010). It is reported in the 

literature that the SHH pathways are involved in mouse CL/P by promoting the 

functions of Wnt inhibitors such as Vax1 and Sfrp1. This leads to a dysregulation in 

p63/IRF6 signaling, eventually causing CL/P in mouse models (Kurosaka H, 2014). 

Similarly in other murine models, the TGFB pathway has been linked to CL/P whereby 

a mutated variant of Nog lead to increased signaling in BMP in murine epithelial cells of 

the palate. This happened through the inhibitory effect that increased BMP signaling had 

on Vax1 (He F, 2010). 

Fibroblast growth factor (Fgf) is important for palatogenesis in both humans and 

mice, and it is tightly regulated. Murine models with mutations in Shox2 show a 
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dysregulation in Fgf and display cleft palates similar to those seen in humans (Yu W, 

2009). 

 

1.10 Gene Variants 

 

From the blood of the same patient from which fibroblast cells were extracted for 

this study, genetic material was extracted and whole exome sequencing was performed. 

The result was a set of gene variants, three of which we suspected to be linked to the 

CL/P phenotype after extensive database work and research from the literature. 

The first variant is Rho guanine nucleotide exchange factor 18 (ARHGEF18). It 

is found on chromosome 19 p13.2 (ARHGEF18 Rho/Rac guanine nucleotide exchange 

factor 18 [ Homo sapiens (human) ], 2021). It codes for a protein known as p114-Rho-

GEF, which is a GEF specific to Rho GTPases that is vastly present in human tissues. It 

was shown to bind to RhoA in vitro and cause the subsequent guanine exchange but not 

to Cdc42 or Rac1 (Andrea Blomquist, 2000).   

 

Another variant we found interesting is Cullin 7 is found on chromosome 6 

p21.1. It codes for one of the components of the E3 ubiquitin ligase-protein complex. It 

is ubiquitous in several tissues including the adrenal tissue, endometrium, ovaries, 

thyroid, and others. Mutations in CUL7 have been shown to be causative of 3M 

syndrome (CUL7 cullin 7 [ Homo sapiens (human) ], 2021).  The protein product of this 

gene interacts with an array of proteins, perhaps the most relevant of which is actin 

alpha 1 (ACTA1), which is highly conserved due to its important role in cell 
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morphology and migration (CUL7 cullin 7 [ Homo sapiens (human) ], 2021) (ACTA1 

actin alpha 1, skeletal muscle [ Homo sapiens (human) ], 2021).  

 

Finally, we turned our attention to the third variant we deemed relevant, which is 

Ependymin related 1. It is a gene found on chromosome 7 p14.1. It codes for a type II 

transmembrane protein with a broad expression pattern across different tissues including 

the brain, endometrium, prostate, and others. The protein product of EPDR1 interacts 

with many proteins including tensin 2 which is a focal adhesion molecule (EPDR1 

ependymin related 1 [ Homo sapiens (human) ], 2021) (TNS2 tensin 2 [ Homo sapiens 

(human) ], 2021).    
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1.13 Aim of the Study 

 

To investigate the genetic and molecular basis of cleft lip/palate, we used 

primary fibroblastic cells from the upper right gingiva of a patient with a cleft to carry 

out a series of experiments. We extracted primary cells from the same region of a 

healthy individual as a control set. We performed whole exome sequencing to look for 

candidate variants and then followed up with functional tests. We compared the 

phenotypes of both sets of cells, their proliferation profiles, and assessed their motility. 

To link the behavior of these cells to their molecular profiles, we looked at protein 

activation and localization. Our purpose was to find the differences in gene expression 

as well as molecular behavior between the patient-derived cells and the normal cells that 

can be attributed to the cleft lip/palate phenotype.  

  



 

17 
 

Chapter 2 

Materials and Methods 

 

2.1 Study Subject and Screening 

 

Parents of a 14-year-old girl who presented with a cleft lip and palate provided a 

written declaration of consent, prior to filling the questionnaire, as they were legally 

authorized representatives of their minor child. 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). 

De-identified data about the neurological, muscular, epithelial, and connective tissues 

related development were obtained from the medical chart. Physical examination was 

conducted by two ascertained physicians.  

We obtained a blood sample of two collection tubes (4–6 ml/tube). Genomic 

DNA was extracted from peripheral blood of the participant using the standard phenol-

chloroform extraction procedure. The same patient was used for tissue extraction from 

the gingiva. 

 

2.2 Whole Exome Sequencing  

 

WES was carried out by using 1 μg of genomic DNA. Whole exome enrichment 

was performed on genomic DNA using the SureSelect Human All Exon V6 (Agilent). 

WES was performed on an Illumina HiSeq 3000 platform using a 150 bp paired-end 
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protocol with an average depth of 60×. Reads were aligned against the human assembly 

GRCh37 using Burrows-Wheeler Aligner (BWA). Data analysis was performed using 

SAMtools, Picard, the Genome Analysis Toolkit (GATK) and Variant Effect Predictor 

(VEP). Called variants were annotated, filtered, and visualized using Highlander 

(http://sites.uclouvain.be/hi ghlander/), an in-house bioinformatics framework.  

 

2.3 Classification and Selection of Variants Identified by WES 

 

Variants were retained if they passed quality criteria (Phred score for quality of 

mapping >30, no more than two different haplotypes at the considered position, variant 

called outside the 3′ end of the supporting reads, absence of strand bias), had an allele 

frequency of < 0.001 in the Greater Middle East (GME) Variome project, gnomAD and 

in ExAC database, and 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).   

We compared the generated results to a list of 4274 CL/P candidate genes 

supplemented in the human gene database GeneCards (https 

://www.genecards.org/Search/Keyword?queryString=cleft%20lip%20 palate). 

Polymorphisms were removed by reference to their population frequencies by searching 

for such mutations 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/), and 
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ExAC (htt p://exac.broadinstitute.org). When variants passed the selection criteria, they 

were ranked relative to their function in orofacial development. The prioritization of 

genes was conducted using Pubmatrix (https://pubmatrix.irp.nia.nih.gov/) and 

GeneCards (www.genecards. org) followed by further assessment in relation to clinical 

characteristics. 

 

2.4 Primary Cell Culture 

 

Primary cells were extracted from the orofacial region of the proband during 

surgical palatal repair. In parallel, a tissue biopsy was obtained from the upper right 

gingiva of a healthy 14-year-old girl. Tissues obtained from healthy and CL/P 

individuals were washed three times with PBS (Lonza) supplemented with 10% 

Penicillin Streptomycin Amphotericin (PSA) (Lonza). They were then cut into small 

pieces and plated into 6-well plates containing Dulbecco’s modified Eagle’s medium 

(Sigma) supplemented with 10% Fetal Bovine Serum (FBS) (Sigma) and 1% PS 

(Sigma) at 37 ◦C in the CO2 incubator. After reaching confluence, fibroblasts were 

passaged subsequently in to T25 cm2 and T75 cm2 flasks and the medium was replaced 

every 3 days. At passage 3, cells were cryopreserved in liquid nitrogen. For the assays, 

fibroblasts were thawed, cultured, and expanded in T75cm2 flasks containing DMEM 

(Sigma) supplemented with 10% FBS (Sigma) and 1% PS (Sigma) at 37 ◦C in the CO2 

incubator. All experiments were performed using passages 6–8. Normal healthy cells 

were labeled TCF3 and CL/P patient cells labeled TCF5. 
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2.5 Proliferation Assay 

 

 Cells were seeded in a 96-well plate for 24 h, 48 h, and 72 h (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 for 2 h 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 450 mm (Thermo Fisher Scientific, Waltham, MA, 

USA).  

 

2.6 Migration Assays 

2.6.1 Wound Healing 

 

Cells were grown to confluence on culture plates. After 24 h, a wound was made 

in the monolayer with a sterile pipette tip. Cells were then washed twice with PBS to 

remove debris and a new medium was added. Phase-contrast images of the wounded 

area were captured at 0 and 72 h after wounding. Wound widths were measured at 13 

different points for each wound, and the average rate of wound closure was calculated 

(in μm/h) using the image J software. 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).  

 

2.6.2  Free Migration Assay 
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Cells were plated to subconfluence on culture plates. Motility assay was 

performed 2 h after seeding. For motility analysis, cells were imaged in DMEM (10% 

FBS, 1% Penstrep) media, buffered using HEPES, and overlaid with mineral oil on a 37 

◦C stage. Images were collected every 60 s for 2 h using a 20× objective lens on the 

Zeiss Observer Z1 microscope. The speed of cell movement was quantified using the 

ROI tracker plugin in the Image J software, which was used to calculate the total 

distance traveled by individual cells (Bassem D. Khalil, 2014). The speed is then 

calculated by dividing this distance by the time (120 min) and reported in μm/min. The 

speed of at least 10 cells for each condition was calculated. The net distance traveled by 

the cell was calculated by measuring the distance traveled between the first and the last 

frame.  

 

2.7 Adhesion Assay 

 

96-well plates were coated with collagen using Collagen Solution, Type I from 

rat tail (Sigma) overnight at 37 ◦C then washed with a washing buffer (0.1% BSA in 

DMEM media). The plates were then blocked with 0.5% BSA in DMEM media at 37 ◦C 

in a CO2 incubator for 1 h. This was followed by washing the plates and chilling them 

on ice. Meanwhile, the cells were trypsinized and counted to 4 × 105 cells/ml. 50 μl of 

cells were added in each well and incubated at 37 ◦C in a CO2 incubator for 30 min. The 

plates were then shaken and washed 3 times. Cells were then fixed with 4% PFA at 

room temperature for 10 min, washed, and stained with crystal violet (5 mg/ml in 2% 

ethanol) for 10 min. Following the staining, the plates were washed extensively with 
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water and left to dry completely. Crystal violet was solubilized by incubating the cells 

with 2% SDS for 30 min. The absorption of the plates was read at 550 nm using a 

Thermo scientific Varioskan Flash Multimode reader (Thermo Fisher Scientific, 

Waltham, MA, USA). 

 

2.8 Immunocytochemistry and Quantification of Focal Adhesions 

 

Cells were plated on glass coverslips. They were fixed with 4% paraformaldehyde for 10 

min at 37 ◦C and permeabilized with 0.5% Triton-X 10 for 15 min on ice. For blocking, 

cells were incubated with 1% filtered BSA in PBS for 1 h. Samples were then stained 

with primary antibodies anti-vinculin (Abcam) overnight at 4 ◦C and with fluorophore-

conjugated secondary antibodies for 1 h. Fluorescent images were taken using a 63× 

objective lens on a Zeiss Observer Z1 microscope supplemented with a computer-driven 

Roper cooled CCD camera and operated by Zen software (Zeiss) and analyzed using 

Image J software. For focal adhesions quantifications, two main plugins of Image J 

software were used, CLAHE and Log3D. Briefly, CLAHE enhances the local contrast of 

the image and Log3D filters the image based on user predefined parameters which 

allows detection and analysis of focal adhesions (Houssam Al-Koussa, 2020).  

 

2.9 Fluorescence Resonance Energy Transfer (FRET) 

 

Healthy cells and cleft patient cells were transfected with 3 μg of either the RhoA 

or Cdc42 fluorescence resonance energy transfer (FRET)-based biosensor plasmids 
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which shows an increase in FRET ratio with GTP loading of RhoA and Cdc42, using 

FuGENE (Promega) as described by the manufacturer. The RhoA biosensor consists of 

(from the n-terminus) the Rho binding domain (RBD) of the effector Rhotekin, a cyan 

fluorescent protein (CFP), a protease resistant 17-mer unstructured linker, a yellow 

fluorescent protein (YFP) domain, and a full-length RhoA. Activation of RhoA can be 

determined as a ratio of the FRET image over the CFP image. The Cdc42 biosensor 

constituted of mCer, followed by two p21 binding domains (PBD) from PAK1 linked to 

each other, trailed by mVenus linked to a full length Cdc42. FRET image sequences 

were obtained with an automated using a 63× objective lens on a Zeiss Observer Z1 

microscope supplemented with a computer-driven Roper cooled CCD camera and 

operated by Zen software (Zeiss). A CFP/YFP FRET filter cube was used: YFP was 

imaged with exciter S500/ 20 and emitter S535/30 (YFP/acceptor image), CFP was 

imaged with exciter S430/25 and emitter S470/30 (CFP/donor image) or S535/30 (FRET 

image). Images were background corrected and the YFP images were thresholded to 

generate a binary mask with values of 1 within the cell and 0 for the background. This 

was used to remove the background from ratio calculations, by multiplying CFP and 

FRET images by the mask. The increase in FRET signal due to activation of RhoA and 

Cdc42 was detected by dividing the FRET image (CFP excitation- YFP emission) by the 

donor image (CFP excitation- CFP emission). FRET signals were quantified by 

averaging the mean FRET ratio in all the cell area and values were then normalized to 

control cells (untreated) and expressed as fold change (Bassem D. Khalil, 2014). 
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2.10 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 a 

t-test for all experiments except the proliferation assay where two-way ANOVA was 

used. The post hoc Tukey test was used for comparing all possible group pairings. P < 

0.05 indicates statistically significant differences. 

  



 

25 
 

Chapter 3 

Results 

 

3.1 Clinical phenotype of the patient and WES results 

 

The patient was a female of 14 years of age who was born with a unilateral cleft 

lip and palate on the left side of her face. Her parents were healthy, and there was no 

family history of clefts or any consanguineous relationships noted. The couple had another 

child who presented an orofacial phenotype. Using whole exome sequencing, 111 

candidate variants were generated. 3 of those variants remained after comparisons with 

4274 “cleft lip and palate” genes from GeneCards and research using the literature to find 

the functions of these genes in orofacial development. The remaining variants were 

ARHGEF18, EPDR1, and CUL7.  

ARHGEF18: G > A transition led to a p.Arg495Gln change. The variant had a 

CADD score of 28.1 and an allele frequency of 8.05 × 10− 5 as reported in gnomAD.  

EPDR1: A p.Val102Ala was found with a CADD score of 26.7 and an allele 

frequency of 1.84 x 10-4. It is reported as rs374633177 in the dbSNP.  

CUL7: A C > T transversion led to a p.Pro945Ser substitution with an allele 

frequency of 3.32 × 10−4 . 

We found that these substitutions affect conserved amino acids across nine 

species of mammals and others. Moreover, Phyre2 was used to generate a comparison 
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between the secondary structures of wild-type and the mutated proteins. It showed that the 

mutated ARHGEF18 is suspected to have a disruption in a beta sheet of the protein.  

 

3.2 No significant difference in proliferation between healthy cells and 

cells derived from cleft patient 

 

 

 

The respective proliferation rates of healthy cells and patient-derived cells were 

measured (Figure 7A). To compare these rates, a WST-1 assay was performed. The 

results demonstrated a subtle increase in proliferation rates of the patient cell line TCF5 

as compared to the healthy cell line TCF3. The increase was not at all significant, and 

thus could not be correlated to the patient phenotype (Figure 7B).  

(A) Phase contrast micrographs of cells in culture. TCF3 cells are normal healthy 

cells, and TCF5 cells are cleft cells derived from patients. The scale bar presented is 

50 μm. (B) Cells were incubated for 24h, 48h, and 72h respectively. WST-1 

(tetrazolium salt) was added to each plate after its incubation time, and O.D. values 

were measured at 450 mm using the ELISA reader. 

Figure 7 Healthy cells and cleft patient-derived cells have comparable rates 

of proliferation 
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3.3 Decreased migration in patient-derived cells as compared to normal 

cells 

 

 

 

 

 

 

 

 

 

 

 

 

Cells were grown in monolayers which were wounded and imaged at t = 0h and t = 

72h. (A) Representative images of TCF3 and TCF5 wound closure respectively. The 

scale bar corresponds to 100 μm. (B) Quantifications of the images were generated 

using ImageJ (National Institutes of Health, MA, USA). (C) Cells were plated on 

petri dishes and monolayers were imaged every minute for 2h at 20x magnification. 

(D) Representative micrographs of TCF3 and TCF5 cells migrating and are 20 min 

apart. Colored lines represent the traced total path of each cell. The scale bar 

corresponds to 50 μm. (E) Net path migration fold quantifications. Those of TCF5 

cells were normalized to the net paths of TCF3 cells. 120 frames taken from random 

migration in serum time lapse movies with a 2 hour duration were taken. The 

represented data are mean ± SEM of 10 frames that were randomly selected per 

condition. P < 0.05 (*P < 0.05) is an indication of statistical significance. 

Figure 8 Patient-derived cells show less motility than normal cells 
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Since proliferation was incapable of explaining the cleft phenotype, we turned to 

cell motility. This was done through wound-healing assays. Cells were cultured and 

allowed to grow in monolayers in normal serum medium before the wound was created 

and cells were left to close it. As the results show, TCF5 cells migrated less than TCF3 

cells during the same time. In 72 hours, TCF3 cells had much more wound closure than 

TCF5 cells (Figures 8A and 8B).  

In order to confidently associate the cleft phenotype with the decrease in cell 

motility, any effects of cell proliferation had to be eliminated. We carried out a single 

cell 2D random migration in serum assay (Figures 8C, 8D, and 8E). TCF5 cells showed 

decreased net paths (26 μm) as compared to TCF3 cells (51 μm) due to random 

movements. This was strong evidence for a decrease in motility in patient-derived cells 

that could explain the cleft phenotype.  
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3.4 Increased cell-matrix adhesion in patient-derived cells as compared 

to normal cells 

 

 

 

 

 

 

 

 

Cells were left to adhere to a collagen plate to test for their adhesive capabilities. 

TCF5 cells showed increased adhesion as compared to TCF3 cells (Figures 9A and 9B). 

As reported in the introduction section, cells must de-adhere at their tail region to be 

able to migrate. Otherwise, the cell will stretch along it’s head-to-tail axis due to 

opposing direction vectors. The front end will move in the direction of the pseudopod, 

while the back end will resist following due to being adherent to the ECM. An increased 

adhesion in patient-derived cells may be explanatory of the cleft phenotype.  

 

(A) Micrographs representative of TCF3 and TCF5 cells after being plated on 

collagen, fixed, and stained with crystal violet. The scale bar shown corresponds to 

100 μm. (B) Quantifications of the images shown in (A) using the ELISA plate 

reader. Crystal violet absorption was measured at 550 nm. Data are the mean ± SEM. 

P < 0.05 (*P < 0.05) is indicative of statistical significance.  

Figure 9 TCF5 cells show greater adhesion than TCF3 cells 
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3.5 Patient-derived cells have increased focal adhesion markers at the 

tail region 

 

 

 

To confirm that the decreased migratory ability of TCF5 cells in indeed due to 

increased adhesion, we immunostained for vinculin, which is a marker for focal 

adhesions. TCF5 cells appeared to have increased vinculin localization at the tail region 

in comparison to TCF3 cells (Figure 10). Front and back regions were assigned to the 

TCF5 cells through the positioning of the nucleus being closer to the front region during 

(A) Micrographs representative of TCF3 and TCF5 cells after being fixed and stained 

for vinculin using anti-vinculin. The cells were imaged using the 60x objective. The 

scale bar shown corresponds to 10 μm. (B) Phenotype model of a cell during 

migration showing the front and back regions of interest. (C) Quantifications of the 

focal adhesions in three different experiments using the t-test of ImageJ. Data are the 

mean ± SEM. P < 0.05 (*P < 0.05) is indicative of statistical significance.  

Figure 10 Adhesion in TCF3 and TCF5 
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cell motility. This could explain the elongated phenotype of TCF5 cells, which is absent 

in TCF3 cells (Figure 7A).  

 

3.6 Patient-derived cells show increased RhoA activation and a 

decrease in Cdc42 activation as compared to normal cells 

 

 

 

 

 

 

 

 

 

 

 

(A) Micrographs representative of TCF3 and TCF5 cells transfected with a FRET 

RhoA biosensor. Imaging was performed using the FRET channel. Raw FRET 

images were then normalized to the CFP images. (B) Quantifications of FRET signals 

using ImageJ. (C) Micrographs representative of TCF3 and TCF5 cells transfected 

with a Cdc42 biosensor. Imaging was performed using the FRET channel. Raw FRET 

images were then normalized to the CFP images. (D) Quantifications of FRET signals 

using ImageJ. Data are the mean ± SEM. P < 0.05 (*P < 0.05) is indicative of 

statistical significance.  

Figure 11 TCF5 cells show different RhoA and Cdc42 activation profiles from TCF3 

cells. 
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RhoA is a very well-known regulator for focal adhesions, as mentioned in the 

literature review section. Its activation in TCF3 and TCF5 cells was assessed using a 

RhoA biosensor (Olivier Pertz, 2006). The cells were imaged using the FRET channel, 

and the images were normalized to the total expression of the biosensor. TCF5 cells 

showed a significant increase in RhoA activation as compared to TCF3 cells (Figures 

11A and 11B).  

Cdc42 is also involved in cell polarity as previously mentioned, so we wanted to 

compare its activation levels between TCF3 and TCF5 cells. We transfected the cells 

with a Cdc42 biosensor and imaged similarly to the RhoA FRET procedure (Hanna, 

Miskolci, Cox, & Hodgson, 2014). TCF5 cells had a significant decrease in Cdc42 

activation (approximately 2 folds) as compared to TCF3 cells. This can explain the loss 

of polarity observed in cleft patient-derived cells (Figures 11C and 11D).  
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Chapter 4 

Discussion 

 We started by using whole exome sequencing and analysis to look at the isolated 

case of cleft lip and palate at hand. The variants we found interesting to look at after 

extensive database work and research in the literature were in ARHGEF18, EPDR1, and 

CUL7. They are generally found in the population, but their reported incidences are low. 

Knowing that clefts are polygenic, meaning they are caused by more than one mutation, 

we hypothesized that each of these variants was responsible for a certain impairment in 

adhesion and motility. The end result would be a loss of polarity in the cell, which in 

turn compromises cellular migration.  

 After checking for any differences in proliferation potential and finding no 

significant difference between the patient-derived cells and the normal cells, we turned 

our attention to cell migration. We found that our patient-derived cells showed less 

motility than the normal cells due to their increased adhesion at the tail region.  

We hypothesized that the way these mutations affect cell motility is through Rho 

GTPases, due to their previously discussed role in all aspects of cell migration. Whether 

the variants have other effects on other signaling pathways that could contribute to the 

cleft phenotype requires further investigation. RhoA and Cdc42 were the most 

interesting for us to look at for their roles in cell-matrix adhesion and cell polarisation, 

respectively. Also, it has been reported that ARHGEF18 variants in CL/P patients have 

altered apicobasal polarity in the cells taken from the orofacial region (iaxin Niu, 2003) 

(Nagata, 2004). It must be noted that ARGHGEF18 is a GEF for RhoA, as previously 
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mentioned, but not for Cdc42. However, it has been shown that RhoA independently 

affects Cdc42 activity, which extends the activity of ARHGEEF18 to Cdc42 indirectly 

(Guilluy, 2011).  

 The results of our investigation were consistent with our hypothesis. RhoA 

activation was increased in patient-derived cells (TCF5) having mutated ARHGEF18 as 

compared to the normal cells (TCF3). This could explain the increase in adhesion in 

TCF5 cells, causing a decrease in migration. TCF5 cells also showed a decrease in 

Cdc42 activation, which could explain the loss in polarity and the existence of 

multidirectional protrusions along the cells’ perimeters. Together the loss in polarity and 

the abnormal adhesion could impair the cells’ abilities to migrate effectively during 

orofacial development. 

 We also found a variant of EPDR1 in our cells. The extracellular domain of the 

protein product of this gene was suggested to have anti-adhesion properties (Hoffmann 

& Schwarz, 1996). We did not further investigate the functional consequences of this 

variant, but it would be worthy of study to see whether it leads to the increased adhesion 

of TCF5 cells. It is worth noting that Weaver Syndrome, which occasionally includes 

syndromic CL/P, is associated with EPDR1 (Kunz, 2016). 

 CUL7 is associated with 3M syndrome, which is a recessive genetic disorder of 

abnormally short stature, altered facial features, and skeletal aberrations (Huber, 2008). 

The gene has been shown to play a role in actin cytoskeleton control through RhoA 

degradation (Chen, 2009). We believe the CUL7 variant found in our TCF5 cells may 
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have contributed to the increase in RhoA activation we observed by decreasing CUL7 

function. 

 It would be interesting to further investigate the effects of these mutations 

separately as well as together in different combinations. Furthermore, knock-in 

experiments with the wild-type of these genes could give us more insight for molecular 

targets of therapy or even the possibility of gene therapy. If the migratory defects in 

these cells could be reversed, this would prove to be promising for patients with these 

gene variants. 
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Chapter 5 

Conclusion 

Our results have shown three candidate variants in a cleft patient in the following 

genes: ARHGEF18, EPDR1, and CUL7. ARHGEF18 is a Rho guanine exchange factor. 

We have demonstrated that a variant in ARHGEF18 led to an increase in RhoA 

activation, causing the maturation of adhesion structures into focal adhesions. The result 

of this was the markedly increased adhesion properties of our patient-derived cells, 

which disabled the proper cell motility needed during orofacial development. The 

differential RhoA activation profile also had another effect, which was dampening 

Cdc42 activation. This added a further loss in cellular polarity, which worsened 

migration in these cells. The data we have provided offer a further and deeper 

understanding of how the genetic, molecular, and phenotypic profiles of cleft lip/palate 

correlate and interact. We suggest that our variant genes cause dysregulations in Rho 

GTPase activity, which lead to the observed loss in cell polarity and proper migration in 

some cleft patients.  
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