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ABSTRACT 

Cleft palate (CP) affects around 1/1500 live births and, along with cleft lip, is one of 

the most common forms of birth defect. 

The studies presented here focus on unusual defects of the palate, especially to 

understand better the rarely reported but surprisingly common condition called 

submucous cleft palate (SMCP). The frequency and consequences of SMCP from 

a surgical perspective were first investigated based on the caseload of the North 

Thames Cleft Service at Great Ormond Street Hospital and St Andrew's Centre, 

Broomfield Hospital, Mid Essex Hospitals Trust. It was previously reported that up 

to 80% of individuals with unrepaired SMCP experience speech difficulties as a 

consequence of velopharyngeal insufficiency (VPI). Attempted repair of the palatal 

defect can sometimes give poor results, so controversies still exist about the 

correct choice of surgical technique to use. Over 23 years, 222 patients at The 

North Thames Cleft Service underwent operations to manage SMCP. Nearly half of 

them (42.8%) were diagnosed with 22q11.2 deletion syndrome (22q11.2 DS). The 

first operation was palate repair, with an exception of one case, followed by a 

second surgical intervention required in approximately half of the patients. A third 

procedure to manage VPI was carried out in 6% of patients. 

To better understand the histological anatomy of the palatal muscles in cleft 

patients, biopsies were taken from levator veli palatini (LVP) and/or 

palatopharyngeus (PP) muscles during surgical correction of CP. Muscles were 

compared from patients with SMCP to those with overt CP and also to controls. 

The controls consisted of descending PP muscle fibres from healthy children who 

underwent a tonsillectomy operation for obstructive sleep apnoea or recurrent 

chronic tonsillitis. Fifty-seven biopsy samples were available from children between 

10 months to 9 years of age. Individual biopsy samples were also available from 

patients with achondroplasia, Apert, Cornelia de Lange and Kabuki syndromes. 

The study showed a prevalence of fast fibres in both muscles in all CP types. 

However, in both SMCP LVP and SMCP 22q11.2 DS LVP, this trend was reversed 

in favour of slow fibres. Single cases with syndromes did not reveal any obvious 

differences compared to more common cleft types. 
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Mutations in TBX22 are a frequent genetic cause of cleft palate and SMCP. The 

functional role of the encoded TBX22 transcription factor was investigated in a 

mouse model with SMCP. Cell lineage-specific fluorescence activated cell sorting 

of a conditional allele of Tbx22, was used to look at the RNA-Seq transcriptome in 

developing palatal shelves, with a view to identify downstream target genes. 

Eleven up regulated genes reached statistical significance after multiple testing 

correction in cranial mesoderm (CM) derived cells when comparing Tbx22null/Y and 

WT samples (Cspg4, Foxp2, Reln, Bmpr1b, Adgrb3, Sox6, Zim1, Scarna13, Fat1, 

Notch3, Peg3). Eleven genes were down regulated in the same comparison (Nr2f2, 

Lars2, Ahr, Aplnr, Emcn, Npnt, Apln, Ccr2, Tll1, Snord34, Snord99). Comparing 

Tbx22null/Y and WT in cranial neural crest (CNC) derived cells, only Cxcl14 was up 

regulated, while Tbx22 was down regulated. Osteoclast differentiation, calcium 

signalling, focal adhesion, Wnt signalling and cell adhesion molecule pathways 

were the most enriched pathways in functional annotation of significantly 

differentially expressed genes analysis. 

Finally, a family with an unusual velopharyngeal anatomy was investigated in order 

to determine the likely genetic cause. This involved the implementation of genetic 

technologies in an autosomal dominant multigeneration Egyptian family with 

8 affected individuals who presented with absent uvula, short posterior border of 

the soft palate and abnormal pillars of the fauces. Using a combination of 

cytogenetic, linkage analysis and exome sequencing, followed by more detailed 

segregation and functional analysis, a dominantly acting missense mutation in the 

activation domain of FOXF2 was revealed. This variant was found to co-segregate 

with a copy number variant of unknown significance that could not at this stage be 

causally distinguished from the point mutation. 
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IMPACT STATEMENT 

Orofacial clefts are among the most common birth defects worldwide, affecting 1 in 

700 births. Facial clefts, including cleft lip and/or cleft palate, have a very serious 

impact on the quality of life, requiring repeated surgical interventions in childhood 

and specialist medical attention throughout life. Recent research has emphasized 

the importance for a better understanding of cleft pathogenesis and genetic 

background using a combination of epidemiology, genome-wide association 

studies, linkage analysis, candidate gene sequencing and the study of animal 

models. Despite intensive research worldwide, much of the genetic basis of cleft lip 

and palate still remains unknown. It is an important goal to develop these research 

methods with a view to the gradual transition and application in the everyday 

clinical cleft patient management. 

The main focus of this work was the study of rare forms of cleft palate (CP), a 

group of congenital abnormalities that present a significant challenge since 

treatment outcomes are on the whole less successful. In this PhD, extensive palate 

muscle histology was analysed in patients with submucous cleft palate for the first 

time. The findings add to our understanding why surgical cleft repair is not always 

successful and provides evidence which can assist surgeons to manage 

expectations of patients and their families. At the same time, these results can form 

the basis of a larger prospective study into palatal muscle repair. 

A second aim was to examine the molecular basis of Tbx22 loss in a mouse model 

of CP. Mutations in TBX22 cause X-linked CP, which ranks as one of the most 

common genetic causes of CP in humans. Experiments were performed to identify 

consequential gene expression disbalances that occur in embryonic mouse palatal 

shelves, when the TBX22 transcription factor is silenced. This work has revealed 

several likely downstream target genes and highlighted biochemical pathways that 

are likely to be required for normal palatogenesis. This is of interest to a large 

international group of orofacial biologists and provides an important platform for 

future studies. 

Finally, a family with an unusual, and possibly unique, inherited palate phenotype, 

characterised by an absent uvula, short posterior border of the soft palate and 
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abnormal pillars of the fauces was studied in order to identify the molecular cause. 

Using a combination of technologies including cytogenetic analysis, linkage, exome 

sequencing and cell-based functional studies identified FOXF2 as playing an 

important role in palatal, oropharyngeal and uvula development. Recent publication 

of this work benefits the broad society of researchers and clinicians, particularly 

raising awareness of this rare condition. The family has been fully informed for the 

benefit of future genetic counselling, especially since our findings also have 

implications for preventable late-onset glaucoma. 

The work in this PhD was funded by ‘CLEFT-bridging the gap’, which included a 

generous donation by the Childwick Trust and the results will be reported to the 

charity. Dissemination of the PhD project’s results via the Charity’s events, 

publications and website, helps to raise awareness about the importance of cleft lip 

and palate research. 

Much of the research reported in this thesis has been presented at national or 

international conferences. The genetic study of absent uvula and hypernasality has 

been published as a peer review article (Seselgyte et al., 2019), with a follow up 

clinical report currently under revision prior to final acceptance (The Cleft 

Palate-Craniofacial Journal). Other manuscripts are currently being prepared for 

publication. 
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VPD Velopharyngeal dysfunction 

  

VPI Velopharyngeal insufficiency 

  

VWS Van der Woude syndrome 

  

WES Whole exome sequencing 

  

WGS Whole genome sequencing 

  

WT Wildtype 

  

w/v Weight by volume 

  

x g Relative centrifugal force 

  

YFP Yellow fluorescent protein 

  

μg Microgram 

  

μL Microliter 

  

μm Micrometer 

  

μM Micromolar mass 



 

 
31 

 

C
h

a
p

te
r 

I:
 I
n

tr
o

d
u

c
ti
o
n
 

 

 

 

 

 

 

Chapter I: Introduction 

 





 

 
33 

 

C
h

a
p

te
r 

I:
 I
n

tr
o

d
u

c
ti
o
n
 

I. 1. Introduction 

Orofacial clefts may affect the lip (CL), the palate (CP) or both lip and palate (CLP). 

Collectively they are referred to as clefts of the lip and/or palate (CL/P) which as a 

group rank amongst the most frequent birth defects seen in humans, occurring in 

around 1/700 births worldwide (Mossey et al., 2009), Figure I. 1. The prevalence of 

CL and CLP varies according to geographic origin, racial and ethnic grouping, as 

well as socioeconomic status and environmental exposure. The highest prevalence 

rates are reported in Asian and Amerindian populations being 1 in 500, 

intermediate rates are observed in European derived populations at 1 in 1000 and 

African populations have the lowest prevalence rates at about 1 in 2500. The 

prevalence of CP is more stable worldwide, occurring at around 1/1500 births. 

There is a 2 to 1 male to female ratio for clefts involving the lip and a 1 to 2 male to 

female ratio for clefts of the palate only (Dixon et al., 2011, Younkin et al., 2014). 

 

 

Figure I. 1. Cleft lip and/or palate (CL/P) phenotypes. 

A) Left cleft lip (CL); B) left cleft lip and palate (CLP); C) cleft palate (CP). UL - upper lip; 

HP - hard palate; SP - soft palate; U - uvula; A - adenoid tissue; T – tongue. Arrows 

indicate cleft. 

 

Historically, in 1825 Roux described a case of a girl whose speech was nasal and 

unintelligible. She had a cleft of the posterior portion of the soft palate, a notch in 

the posterior border of hard palate which was palpable under an intact mucosa. 

Roux described an operation to repair this soft palate cleft, calling it 

‘staphylorraphy’ and was the first to draw attention to submucous cleft palate 

(SMCP) (Roux, 1825). Roux actually performed his first staphylorraphy in 1819, 
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which was three years after von Graefe's introduced his comprehensive surgical 

method for closing clefts in the velum in 1816 (Rogers, 1967). The triad of SMCP 

was later described by Calnan in 1954 (bony notch, soft palate translucency and 

bifid uvula) and the term occult submucous cleft palate (OSMCP) was first used in 

1975 when Kaplan recognized that muscle malposition can occur in the absence of 

the triad of overt signs (Kaplan, 1975). Kaplan also believed that isolated cleft of 

secondary palate, SMCP and OSMCP are variations of the same embryological 

disorder and that there is, in fact, a continuous spectrum of severity of muscle 

malformation and actual clefting. However, CP associated with craniosynostosis 

(Apert syndrome), branchial arch syndromes (Treacher-Collins), mandibular 

micrognatia (Robin sequence (RS)) and CLP were all considered as 

embryologically distinct conditions (Burdi and Faist, 1967). There has also been a 

proposed scoring system, which takes into account individual components of the 

triad of SMCP. This provides a total score reflecting the spectrum of deformity, 

although preoperative speech parameters do not correlate with SMCP severity 

(Sommerlad et al., 2004). However, SMCP and OSMCP terms are more commonly 

used in clinical practice to represent two extremities rather than describe the 

complexity of the velum pathology (Rourke et al., 2017). 

Orofacial clefts exhibit a wide phenotypic spectrum which may include complete or 

incomplete bilateral or unilateral CL, with or without CP, as well as isolated cleft 

secondary palate. Isolated palate defects are considered aetiologically distinct from 

CL due to the different timing of various fusion events during development and the 

contribution of different cell lineages to the relevant tissues (Stanier and Moore, 

2004, Harville et al., 2005, Mossey et al., 2009). Defects of the secondary palate 

range from complete overt cleft of the hard and soft palate, to cleft of the soft 

palate only. 

The spectrum of abnormality as well as the functional impact differs between a 

classical CP and OSMCP (Sommerlad et al., 2004). The consequences of SMCP 

can be very mild, remaining undiagnosed (Meskin et al., 1964) or identified 

incidentally, e.g. when the patient requires adenoidectomy. In more severe cases, 

similar problems to an overt cleft are experienced (Swanson et al., 2017). These 

can include significant difficulties with feeding including nasal regurgitation, 
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conductive hearing loss due to otitis media and poor speech (de Blacam et al., 

2018). Speech may be characterized by hypernasality with audible nasal emission 

and the cleft characteristics of passive and nonoral articulation errors (Sell et al., 

1999), all of which significantly compromise intelligibility. This is due to the SMCP 

resulting in significant effects on the anatomy of the velopharynx. The 

velopharyngeal mechanism is usually described as a muscular valve that extends 

from the posterior surface of the hard palate to the posterior pharynx and includes 

the soft palate and lateral and posterior pharyngeal walls. When functioning 

correctly, the velopharyngeal mechanism is able to achieve a tight seal between 

the velum and pharyngeal walls, which separates the oral and nasal cavities during 

speech and swallowing (Perry, 2011, Mardini et al., 2016). Failure of the 

velopharyngeal sphincter to close appropriately may either be due to an anatomical 

or a physiological deficit depending on the severity of the palate defect, and may 

lead to velopharyngeal insufficiency (VPI). 

 

I. 2. Embryology, cleft lip and cleft palate development 

The human face is formed by the union, growth and differentiation of five 

embryonic prominences or processes (Merritt, 2005). The forehead, supraorbital 

ridges, nose, philtrum and primary palate are derived from the frontonasal process. 

The zygomatic arches, lateral upper lip, secondary palate are derived from both the 

left and right maxillary processes, while the lower lip and lower jaw are derived 

from the left and right mandibular processes. The maxillary and mandibular 

processes themselves originate from the paired first pharyngeal arches. The 

pharyngeal arches consist of a core of mesenchymal tissue, which is both cranial 

mesoderm (CM) and cranial neural crest (CNC) and is lined on the inside by 

endoderm and covered by ectoderm, the origin of epithelium. The skeletal 

elements of these developing structures, together with the connective tissues and 

tendons, originate from the CNC cells, while the associated muscles derive mainly 

from the CM cells (Grenier et al., 2009). 

By the end of the fourth week the nasal placodes invaginate creating the primitive 

nostrils. During the 6th and 7th weeks, maxillary prominences derived from the first 



 

 
36 

 

C
h

a
p

te
r I: In

tro
d
u

c
tio

n
 

pharyngeal arches grow medially and will eventually form the upper lip. The lateral 

nasal prominences form the alar structures of the nose. Failure of fusion of the 

medial nasal process and maxillary prominence result in CL (Figure I. 2). 

 

 

Figure I. 2. Graphical illustration of the human embryonic face. 

A) 6th gestation week; B) 7th gestation week. 1 - Frontonasal prominence; 2 - medial nasal 

process; 3 - lateral nasal process; 4 - maxillary process. Adapted from Sulik K. K. and 

Bream P. R., Jr. Embryo images: Normal and abnormal mammalian development, https:// 

syllabus.med.unc.edu/courseware/embryo_images. 

 

The area of the palate posterior to the incisive foramen is called the secondary 

palate. It forms through the fusion of two paired outgrowths of the maxillary 

prominences called palatal shelves. These structures appear during the 6th week 

of development as vertical projections on either side of the tongue. These 

processes assume a horizontal orientation and fuse during the 7th week, closing 

the secondary palate. The soft palate is formed by merging of the growth centres in 

the caudal end of the palatal shelves. Failure of fusion of the palatal shelves results 

in CP. An example of human embryo palatal shelf fusion is presented in Figure I. 3. 

The fetal face is formed completely by 9 to 10 weeks gestation (Canick, 1954). 
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Figure I. 3. Graphical illustration of human embryonic palate. 

A) Transverse view of the head at 7th gestation week, showing the maxilla and palatal 

shelves. 1 - Upper lip; 2 - primary palate; 3 - vertical palatal shelves. B) At 9th gestation 

week, the palatal shelves have elevated to the horizontal position. The white arrows 

indicate the location of initial contact and fusion; blue arrows the direction of further fusion. 

C) At 10th gestation week, the palatal shelves have completed fusion. Adapted from Sulik 

K. K. and Bream P. R., Jr. Embryo images: Normal and abnormal mammalian 

development, https://syllabus.med.unc.edu/courseware/embryo_images. 

 

I. 3. The developmental biology underlying craniofacial development and 

palatogenesis 

One of the most important cell types in understanding normal and abnormal 

craniofacial morphogenesis is the CNC cell. These cells arise from the final stages 

of the formation of the embryonic neural tube (Bronner and Simoes-Costa, 2016, 

Birgbauer et al., 1995). Neural crest specificity is the result of an inductive action 

by non-neural ectoderm adjacent to the developing neural tube. Wnt signalling 

appears to be essential for this process (Garcia-Castro et al., 2002). This affects 

the lateral cells of the neural plate as it transforms from a plate of ectoderm into the 

definitive neural tube. Cells of the induced neural crest separate from the 

embryonic epithelial layer and subsequently migrate as mesenchymal cells away 

from the base site (Keynes and Cook, 1995). CNC cells have the capacity to 

differentiate into a wide variety of anatomical structures throughout the body 

(Thesleff et al., 1996), including connective, skeletal, dentin, and muscle tissues of 

the face. CNC cells follow specific migratory pathways into specific regions of the 
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embryonic head, unlike trunk neural crest cells, which show diffuse migratory 

pathways (Minoux and Rijli, 2010). These neural crest cells essentially arise from 

eight segmented regions on either side of the hindbrain (rhombencephalon) called 

rhombomeres (R1-R8) and subsequently migrate into specific pharyngeal arches 

(Carstens, 2002) . Crest cells from R1 and R2 migrate into the first pharyngeal arch 

and play important roles in the formation of Meckel’s cartilage and the malleus and 

incus ear ossicles. 

As CM and CNC cells populate the first pharyngeal arch, there are several 

categories of transcription, growth factors and signalling pathways that play 

essential roles in completion of normal craniofacial morphogenesis and 

palatogenesis. This includes an early role in patterning of the pharyngeal arches by 

Homeobox (HOX) genes which establish CNC identity. Interestingly, the first arch 

is derived from HOX gene negative cells (Couly et al., 1996). CNC-derived 

mesenchyme cells stream into and proliferate within this structure and are 

influenced by a series of Dlx genes that show nested expression patterns as the 

lower and upper jaws differentiate (Cobourne and Sharpe, 2003, Depew et al., 

2005). 

Palatogenesis primarily involves the upper jaw and can be considered as 

developing as bilateral extensions (palatal shelves) of the maxillary processes, 

which contact each other and fuse to form the secondary palate. Fusion of these 

palatal shelves has been linked to a variety of growth factors (e.g. Tgfβ 

superfamily) and protein activities (Darling et al., 2003, Kaartinen et al., 1997). This 

has a number of roles, not least eliciting changes to cell proliferation as well as 

synthesis and remodelling of the extra cellular matrix (D'Angelo et al., 1994, Brown 

et al., 2002). Bone morphogenetic proteins (BMPs) are members of the Tgfβ 

superfamily and have been implicated in various aspects of palatogenesis. These 

include CNC migration, maxillary and nasal process fusion, epithelial-

mesenchymal interactions for bone and cartilage formation and tooth development 

(Greene and Pisano, 2011). 

Sonic hedgehog (SHH) is an important ligand effecting Hedgehog signalling and is 

critical for craniofacial morphogenesis. Shh is expressed in the palate epithelium 
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yet effectively activates Bmp2, Bmp4, and Fgf10 expression in the palatal 

mesenchyme (Lan and Jiang, 2009). In this reciprocal signalling cycle, activation of 

FGF signals back to the epithelium to regulate epithelial expression of Shh (Rice et 

al., 2004, Welsh et al., 2007). This plays an important role in differentiation of the 

medial edge epithelium (MEE). 

Complete or partial failures in MEE regulation along the palatal shelves can lead to 

various forms of palatal clefts. The future midpalatine suture marks the line of 

fusion between shelves. Fusion also occurs between the shelves and the inferior 

edge of nasal septum, except in the posterior region where the soft palate and 

uvula remain free. After the secondary palatal shelves fuse, the mesenchymal cells 

differentiate into osteogenic cells which form the skeletal elements of the 

premaxillary, maxillary and palatine parts of the palate. 

Formation of the soft palate and uvula takes a different path to that of the regions 

of the secondary palate which gives rise to the hard palate (Burdi, 1968). The soft 

palate and uvula develop from two separate tissue bulks located at the most 

posterior parts of the secondary palatine shelves. Unlike the fusion along the 

length of the palatal shelves, soft palate primordia are brought together by a 

selective proliferation of mesenchymal cells located between the two primordia. As 

a consequence of proliferation and merging, the valley between the two distal shelf 

primordia disappears, and the contour smooths to form soft palate and uvula 

(Burdi, 2006). 

 

I. 4. Signalling mechanisms that are known to regulate palatogenesis 

Mammalian palatogenesis is a tightly regulated process where protrusions from the 

medial nasal and maxillary prominences eventually form the embryonic primary 

and secondary palate. The primary palate contains the philtrum and the upper 

incisor region of the upper jaw, anterior to the incisive foramen. The secondary 

palate consists of the rest of the hard and soft palate (Bush and Jiang, 2012). 

These palatal regions differentiate and fuse, dividing the nasal and oral cavities. 

The posterior palate creates a complex functional muscular structure, essential for 
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swallowing, hearing, breathing and speech. Research over many years has found 

a large number of genes that are required for normal palate development. Recent 

studies have focused on understanding the role of multiple signalling pathways, 

most notably those of Shh, Bmp, Fgf, Tgfβ and Wnt signalling (Li et al., 2019a). 

These have extensive interactions occurring between numerous growth factors and 

transcription factors that combine together in the regulation of palatal shelf growth, 

elevation and fusion. 

Palatogenesis is initially characterised by the appearance of two rudimentary 

palatal shelf outgrowths that emanate from the maxillary prominences at E11.0. 

These continue to extend in a downward direction on each side of the tongue up to 

E14.0. The growth of the palatal shelves is controlled by epithelial-mesenchymal 

interactions. Defects in palatal shelf growth are the most common causes of cleft 

palate in transgenic animal models with well documented examples such as Fgf10, 

Fgfr2b (Rice et al., 2004), Lhx8 (Zhao et al., 1999), Msx1 (Satokata and Maas, 

1994), Pdgfc (Ding et al., 2004), Sim2 (Shamblott et al., 2002) and Tgfβr2 (Ito et 

al., 2003) mutant mice. Key components of the signalling network driving palatal 

shelf growth are Shh, Fgf10 and Bmp. Shh protein expressed throughout the early 

oral epithelium, is an early signal that initiates palatal shelf growth, although the 

mechanism instigating the Shh switch is not completely understood (Rice et al., 

2006). Both mesenchymal Fgf10 and Bmp4 have been shown to induce the 

expression of Shh in the palatal oral epithelium where it signals back to the palatal 

mesenchyme to control the expression of its own receptor Ptc1 and another growth 

factor Bmp2 (Lan and Jiang, 2009). Exogenous application of Shh induces a 

mitogenic response in palatal explant cultures (Zhang et al., 2002, Rice et al., 

2004) and is mediated partly by the Ccnd1 and Ccnd2 (Lan and Jiang, 2009). The 

expression of Ccnd1 and Ccnd2 is reduced in the palatal mesenchyme of embryos 

with mesenchyme specific inactivation of Smo. It is suggested that the transcription 

factors Foxf1a, Foxf2 and Osr2 genes might be downstream effectors of Shh 

signalling as their expression is also reduced in the palatal mesenchyme (Lan and 

Jiang, 2009). It has been shown that Smo function is not required in the epithelium 

for palatal shelf growth, although disruption of Smo in the palatal mesenchyme 

affects palatal epithelial cell proliferation (Rice et al., 2004). This indicates that Shh 
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signalling is necessary to activate a mesenchymal signal that regulates palatal 

epithelial cell proliferation (Lan and Jiang, 2009). 

The interaction between Shh and Bmp signalling pathways is also notable, where 

loss of Smo in palatal mesenchyme leads to Bmp4 upregulation and Bmp2 

downregulation (Lan and Jiang, 2009). Effect on Bmp2 was confirmed in studies 

using palatal explant cultures showing that exogenous Shh resulted in induced 

Bmp2 expression while exogenous Bmp2 regulated cell proliferation in the palate 

mesenchyme (Zhang et al., 2002). In the maxillary mesenchyme and the oral 

epithelium, complete Bmp4 inactivation resulted in early embryonic death, while 

partial ablation of Bmp4 function causes a CL with no secondary palate defect (Liu 

et al., 2005). Bmo antagonist Noggin overexpressed in the palatal mesenchyme 

caused retarded palatal growth and CP in mice (Xiong et al., 2009). Bmp signalling 

during palatogenesis occurs through its receptor Bmpr1a. Disruption of Bmpr1a in 

the maxillary mesenchyme and the oral epithelium result in CLP (Liu et al., 2005). 

Inactivation in the epithelium alone does not cause any palate phenotype, 

indicating that Bmpr1a acts through the palatal mesenchyme (Andl et al., 2004). 

Interestingly, disruption of Bmpr1a in the neural crest has a more explicit effect on 

the anterior region of palatal shelves (Li et al., 2011) resulting in severe craniofacial 

anomalies including a hypoplastic mandible and maxilla. Palate defects are shown 

to be either primary or secondary related to altered maxillary prominences. The 

specific disruption of Bmpr1a function within the palate mesenchyme using the 

Osr2-IresCre; Bmpr1af/f mice resulted in a cleft palate with reduced cell 

proliferation in the anterior palatal mesenchyme (Baek et al., 2011). Shh was down 

regulated in both the primary palate and anterior secondary palate together with 

significantly reduced cell proliferation in the developing primary palate suggesting 

that interaction between Bmp and Shh signalling are required to regulate primary 

and secondary palate growth (Baek et al., 2011). There is also evidence that loss 

of Noggin function results in CP due to aberrant apoptosis in the palatal epithelium 

and reduced cell proliferation of the anterior palatal mesenchyme (He et al., 

2010b). This finding also confirms the requirement of Bmp signalling regulation in 

palate development. 
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Fgf10 is another crucial mesenchymal signal that is required for palatal shelf 

growth. Mutant homozygous mice null for either Fgf10 or Fgfr2b present with 

impaired palatal shelf growth causing CP (Rice et al., 2004). Fgf10 mRNA 

expression is predominantly in mesenchyme, while Fgfr2b mRNA is detected in the 

overlying epithelium. Deletion of Fgfr2b in mouse epithelial tissue results in a CP 

indicating its functional importance in the epithelium (Hosokawa et al., 2009). Cell 

proliferation in epithelial and mesenchymal tissue are reduced in the absence of 

either Fgf10 or Fgfr2b. Shh expression was found to be down regulated in the 

epithelium of Fgf10-/- and Fgfr2b-/- embryos, implying that the decreased palatal 

mesenchymal cell proliferation observed in these mutants might be due to the 

reduced epithelial Shh expression (Rice et al., 2004). Embryos lacking 

mesenchymal Smo also showed a reduction of Fgf10 expression in the palatal 

mesenchyme. This suggested that Shh and Fgf10 function in a positive feedback 

loop that drives the palatal shelf growth (Lan and Jiang, 2009). 

It is thought that Fgf10 is required for maintenance of Shh expression in the palatal 

epithelium (Rice et al., 2004) while Fgf7, a related FGF family member inhibits Shh 

expression in palatal epithelium (Han et al., 2009). Fgf7 expression is regulated by 

Dlx5 in the medial side of the palatal mesenchyme and restricts Shh expression to 

the lateral palatal epithelium during palatal shelf outgrowth (Han et al., 2009). It is 

important to mention that recent genetic and explant culture studies revealed a 

novel Shh-Foxf-Fgf18-Shh molecular circuit critical for palatal shelf outgrowth (Xu 

et al., 2016). Foxf2-/- mouse embryos develop CP caused by impairment in growth 

together with ectopic activation of Fgf18 expression in specific subdomains of the 

palatal mesenchyme and loss of Shh expression in corresponding domains of 

palatal epithelium (Xu et al., 2016). Mouse embryos with CNC specific inactivation 

of Foxf1 and Foxf2 demonstrate only rudimentary palatal outgrowths accompanied 

by ectopic Fgf18 expression in palatal mesenchyme (Xu et al., 2016). Palatal shelf 

culture assays show that exogenous Fgf18 protein inhibits Shh expression in the 

palatal epithelium. These studies suggest that Shh signalling coordinates several 

pathways involving FGF ligands and multiple transcription factors in the regulation 

of palatal shelf growth. 
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Osr2 is an intrinsic regulator of palatal mesenchymal cell proliferation and depends 

on the Pax9 transcription factor (Lan et al., 2004, Zhou et al., 2013). Osr2 and 

Pax9 both play important roles in a gene regulatory network involving Shh and 

Fgf10. This is evidenced by the reduced expression in the developing palatal 

mesenchyme of Fgf10 in Osr2-/- and Pax9-/- embryos along with a CP (Zhou et al., 

2013, Lan et al., 2004). Failure of palatal shelf elevation and reduction in 

expression of both Osr2 and Pax9 in Ldb1-/- embryos (a cofactor for LIM domain 

containing transcription factors), suggest that molecular control of palatal shelf 

growth is closely linked to the regulation of palatal shelf elevation (Almaidhan et al., 

2014). 

Another category of molecules that play important roles in the regulation of palatal 

shelf growth are extracellular matrix (ECM) proteins. Examples of this are the 

defects in early growth, elevation and approximation of the palatal shelves leading 

to a CP caused by simultaneous disruption of the two members of the ADAMTS 

family metalloproteases genes encoding Adamts9 and Adamts20 (Enomoto et al., 

2010). These enzymes bind to the cell surface where they are actively involved in 

pericellular ECM proteolysis. A major substrate for these proteases is a 

proteoglycan called versican which has space-filling properties. In Adamts9+/-; 

Adamts20bt/bt complex mutants, breakdown of versican is reduced. Simultaneous 

disruption of versican and Adamts20 function results in reduced palatal cell 

proliferation (Enomoto et al., 2010). Meanwhile, in Foxf2-/- mutant mice (Nik et al., 

2016) it was noted that failure of palatal shelf elevation was accompanied by 

significantly reduced expression of several ECM components such as tenascin-C 

and fibronectin as well as reduced expression of an ECM receptor integrin-β1. 

Morphological and molecular diversity along the anteroposterior (AP) axis in the 

developing palatal shelves is a characteristic feature and several molecular 

pathways have been described that operate specifically in the anterior and 

posterior parts, respectively. For example, Meox2 and Tbx22 are transcription 

factors crucial to the development of the posterior palate (Li and Ding, 2007, 

Pauws et al., 2009a), while Msx1 and Shox2 are more limited to anterior palatal 

mesenchyme, where each plays an important role in anterior palatal mesenchyme 

proliferation (Zhang et al., 2002, Yu et al., 2005). Meox2-/- embryos exhibit a post 
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fusion split of the posterior palate even after successful fusion and removal of the 

midline epithelial seam (MES), suggesting that the Meox2 transcription factor is 

required for the maintenance of palatal integrity (Jin and Ding, 2006b). Meanwhile, 

Tbx22, which is expressed from E12.5 to E14.5, plays a more significant role post 

fusion, where it regulates palatal bone formation at the soft palate and mid palate 

boundary. Tbx22-/- mice develop a SMCP (Pauws et al., 2009). Msx1 is required for 

maintenance of Shh expression in the anterior palatal epithelium through a role in 

maintaining Bmp4 expression in the anterior palatal mesenchyme (Zhang et al., 

2002). Shox2 has a limited expression domain restricted to the anterior part of the 

developing palatal shelves and results in a highly unusual cleft affecting only the 

anterior palate in null mice (Yu et al., 2005). 

A recent study showed that Wnt signalling in developing palatal mesenchyme, 

detected by using the BATGAL transgenic reporter, is restricted to the most 

anterior region and dependent on Gpr177-mediated Wnt secretion by the neural 

crest derived mesenchyme (Liu et al., 2015). Wnt5a is expressed in the anterior 

palatal mesenchyme and together with its receptor Ror2, regulates anterior 

directed palatal mesenchyme migration and palatal shelf elongation (He et al., 

2008). Interesting to note that Wnt5a-/- and Ror2-/- mice fail in palatal shelf elevation 

(He et al., 2008) while Ror2 forms co-receptor complexes with Fzd2 which binds to 

Wnt ligands while activating pathways involved in palatal shelf elevation (Yu et al., 

2010). A transposable element derived enhancer has been shown to confer Msx1 

mediated activation of Wnt5a expression in the anterior palatal mesenchyme 

(Nishihara et al., 2016). Neural crest specific inactivation of Ldb1, causes ectopic 

expression of Wnt5a in the posterior palatal mesenchyme (Almaidhan et al., 2014). 

This suggests that LIM domain containing transcription factors are important for 

palatal shelf growth and AP patterning. Cesario et al. (2015) showed that Lhx6 and 

Lhx8 function partly redundantly to regulate maxillary arch and palatal 

mesenchyme proliferation through repression of expression of the cell cycle 

inhibitor gene Cdkn1c and of several FOX family transcription factor genes 

including Foxc1, Foxd1, Foxd2, Foxp1, and Foxp2. Given the recent discovery of 

the Shh-Foxf-Fgf18-Shh molecular circuit in early palate development (Xu et al., 
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2016), it remains to be determined whether Lhx6/8 also modulates the Shh and 

FGF signalling network during palatal shelf growth. 

Around E14.0 the palatal shelves begin to elevate to the horizontal position above 

the tongue. The anterior region flips first, followed by the posterior region 

(Ferguson, 1988). The elevation of the palatal shelves often occurs 

asynchronously, with one palatal shelf elevating before the other (Walker and 

Fraser, 1956). Shelf elevation is a rapid process and understanding the exact 

molecular mechanisms have remained a significant challenge, not least defining 

the physical forces driving this rapid change in position and shape. Although many 

different mutant mouse models show defects in shelf elevation, Gritli-Linde, 2007 

discuss that there little significant advance in the understanding of the mechanism 

of shelf elevation. Our current understanding still largely histomorphological 

(Walker and Fraser, 1956, Coleman, 1965) and from in vitro studies (Ferguson, 

1978) conducted more than four decades ago. In 1940 Lazzaro described rapid 

rotation of the shelves and growth based regression of the distal portion of the 

shelves and outgrowth in the horizontal direction to explain palatal shelf elevation 

process (Lazzaro, 1940). Coleman, 1965 proposed that the mechanism of palatal 

shelf elevation is heterogeneous along the AP axis and anterior part of the palatal 

shelves elevate by a swinging ‘flip-up’ process, while the posterior and middle parts 

of the palatal shelves reorient through an ‘flow’ remodelling mechanism (Coleman, 

1965). Walker and Fraser, 1956 described the process of palatal shelf elevation as 

too quick to be explained by growth changes and proposed instead that the palatal 

shelves remodel themselves by a bulging of the medial wall and regression of the 

distal end (Walker and Fraser, 1956). 

Meanwhile in vivo observation of defective palatogenesis indicates that elevation is 

impaired either by intrinsic or extrinsic factors such as tongue obstruction or 

inappropriate fusion with oral epithelium. There are several hypotheses to explain 

palatal shelf elevation. It has been proposed that an intrinsic elevating force is 

regulated by extrinsic factors that are associated with development of other 

orofacial structures. Theories include the involvement of accumulation of ECM prior 

to and during shelf elevation (Larsson, 1960). Another prevalent hypothesis is that 

the extracellular hydrophilic glycosaminoglycan hyaluronic acid (HA), accumulates 
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in specific regions of the palatal shelf mesenchyme through its capacity to bind a 

large amount of water, generating osmotic pressure to drive medial directed 

remodelling movement (Brinkley and Morris-Wiman, 1984, Ferguson, 1988). Direct 

detection of HA using biotin labelled HA binding peptides has confirmed differential 

distribution of HA in the developing palatal shelf mesenchyme (Lan et al., 2016). 

Embryos that are deficient in the Golgi-associated protein Golgb1 fail in palatal 

shelf elevation together with a significant reduction in accumulation of HA in palatal 

mesenchyme (Lan et al., 2016). However, none of the hypothesis are completely 

proven (Brinkley and Bookstein, 1986, Ferguson, 1988). It has also been 

suggested that alignment of type I collagen and mesenchymal cells occurs within 

the palatal shelf facilitate elevation (Greene and Pratt, 1976, Brinkley and Morris-

Wiman, 1984). Another hypothesis has suggested that palatal rugae serve as 

structural supports that stiffen the palatal shelves or provide the force that drives 

shelf elevation (Brinkley, 1980, Luke, 1984). However, this was disproved in 

studies when canonical Wnt signalling was ablated in the palatal epithelium 

causing a complete loss of rugae formation with no disruption to outgrowth or 

elevation of the palatal shelves (He et al., 2011). It has been also showed that 

F-actin stress fibres align with nuclear orientation of palatal mesenchyme cells 

between the distal tip and the newly forming medial wall protrusion in the middle 

and posterior regions of the elevating shelf (Chiquet et al., 2016). This finding 

allows a hypothesis that palatal shelf reorientation in the middle and posterior 

regions is driven by actin-based cell contraction where palatal shelf stiffness and 

differences in ECM structure contribute to reshaping of tissue. 

A useful model to investigate the palatal shelf elevation process is the Zfhx1a 

(Zeb1) mutant mouse strain which has a delayed palatal shelf elevation (Jin et al., 

2010). In homozygous mutant embryos palatal shelf elevation is delayed by 24-48 

hours, but they do not exhibit apparent deficits in palatal cell proliferation or 

patterning (Jin et al., 2008). At E14.5, Zfhx1a-/-palatal shelves remain vertical and 

express markers of the MEE along the medial side of the palatal epithelium while 

littermates exhibit complete shelves elevation at this stage. This result support the 

hypothesis of Walker and Fraser, 1956, that remodelling and horizontal outgrowth 

from the medial wall of the vertical palatal shelves give rise to the elevated palatal 
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shelves (Walker and Fraser, 1956). It also indicates that the MEE of post elevation 

palatal shelves corresponds to the medial rather than the distal region of the pre 

elevation palatal epithelium. Yu and Ornitz, 2011 presented a histomorphological 

study which refined timing for palatal shelf remodelling along the AP axis with 

overall support for the findings of Walker and Fraser, 1956 (Yu and Ornitz, 2011). 

They reported horizontal outgrowth from the medial wall of the vertically oriented 

palatal shelves which starts from the mid-posterior region. Palatal shelf 

reorientation then occurs in a dynamic and regionalized manner (Yu and Ornitz, 

2011). In contrast, Walker and Fraser, 1956 described palatal shelf reorientation as 

wave-like from posterior to anterior (Walker and Fraser, 1956). In Osr2-/- 

homozygous embryos, apart from defects in growth, they also fail at palatal shelf 

elevation (Lan et al., 2004). It is possible that the reduced medial palatal 

mesenchyme proliferation affect the horizontal outgrowth or contractile force in the 

medial area disturbing normal palatal shelf elevation (Chiquet et al., 2016). 

Specifically, comparison of gene expression patterns in the middle and posterior 

regions of the palatal shelves before and after elevation suggests that the entire 

lingual part of the vertical shelves moves close to the midline, while the 

mesenchyme at the distal tip of the vertical shelves ends up ventrolaterally 

(Chiquet et al., 2016, Jin et al., 2010). A more sophisticated study by Brock et al. 

(2016) investigated nucleus-golgi orientation in serial sections of palatal shelves at 

growth and elevation stages. They demonstrated that mesenchyme cells in the 

anterior region actively switch direction by about 90° and in the posterior palatal 

shelf switch their direction by almost 180°. (Brock et al., 2016)  

It has been suggested that the Wnt-mediated planar cell polarity (PCP) pathway 

might play an important role in organising palatal cell orientation and migration (Yu 

et al., 2010, Yang et al., 2014). The most direct evidence comes from mice 

deficient in the Wnt-Frizzled receptors Fz1 and Fz2, which resulted in disrupted 

palatal shelf elevation (Yu et al., 2010). Half of Fz2-/- mice and all of Fz1-/-; Fz2-/- 

mutants develop CP giving high importance to these receptors in palate 

development. Similarly, mice deficient in Prickle1, another PCP component also fail 

to elevate their palatal shelves (Yang et al., 2014). PCP signalling is mediated by 

GTPases Rac1, RhoA, and Cdc42 (Sedgwick and D'Souza-Schorey, 2016). 
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Interestingly, Rac1 protein levels were found to be differentially regulated in palatal 

mesenchyme just prior to palatal shelf elevation while overexpression of Rac1 in 

embryonic maxillary explant cultures disrupted palatal shelf elevation (Tang et al., 

2015). These studies therefore implicate a potentially critical role for the Wnt/PCP 

pathway in orienting and directing palatal mesenchyme during palatal shelf 

elevation. 

A putative role for another potentially Wnt-related pathway was identified by 

conditional disruption of Gsk3β in the palatal epithelium. This resulted in a failure of 

palatal shelf elevation together with defects in epithelial cell proliferation and 

increased epithelial cell death (He et al., 2010a). Targeted disruption of Gsk3β 

induced CP could be rescued by chemically dependent re-expression of Gsk3β 

between E13.5 and E15.0 (Liu et al., 2007). Gsk3β which mediates degradation of 

β-catenin also plays roles in other signal transduction pathways. In this case, loss 

of Gsk3β did not affect Wnt/β-catenin reporter activity and the epithelial-specific 

ablation of β-catenin do not result in faulty palatal shelf elevation, strongly 

suggesting that regulation of palatal shelf elevation mediated by Gsk3β was 

potentially via a different pathway (He et al., 2011, He et al., 2010a). 

A targeted point mutation in Fgfr2 (Fgfr2C342Y/C342Y) resulted in CP through delayed 

elevation and increased mesenchyme proliferation in the lateral half of the palatal 

shelf (Snyder-Warwick et al., 2010). These embryos also showed reduced 

glycosaminoglycan accumulation, suggesting a correlation between palatal shelf 

elevation and glycosaminoglycan levels. It is interesting to note, that the 

mediolateral cell proliferation was disturbed in the same way as is observed in 

Osr2-/- embryos. This indicates that the regulation of cell proliferation along the 

mediolateral axis is linked to processes involved in palatal shelf elevation. There is 

also evidence that disruption of Spry2 (a negative regulator of the ERK/MAPK 

signal transduction pathway) results in failure of palatal shelf elevation, as well as 

in an increased cell proliferation rate in the anterior palatal shelves. The 

ERK/MAPK signal transduction pathway is commonly utilized downstream of Fgf 

receptor signalling, and would be expected to be hyperactivated in Fgfr2C342Y/C342Y 

mutant palates. More recently, it was shown that overexpression of Fgfr2 in a 

conditional overexpression model (R26RFgfr2c;Bact) similarly resulted in CP at a high 
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penetrance although the expected craniosynostosis was not present (Lee et al., 

2018). ERK/MAPK signalling was upregulated in both Fgfr2C342Y/C342Y and 

R26RFgfr2c;Bact mice, together with earlier data, implicating this pathway as playing 

an important role in palatal shelf elevation although not crucial for suture 

morphogenesis (Matsumura et al., 2011, Lee et al., 2018). 

Disturbed palatal shelf elevation and subsequently CP is also known on occasion 

to be a secondary effect to other deficiencies within the craniofacial complex. An 

example of this is when CP occurs as a secondary consequence of what is 

described as RS in humans. RS describes micrognathia and glossoptosis which in 

turn result in a physical obstruction to palatal shelf elevation (Robin, 1994). CP as 

a secondary effect of mandibular or tongue developmental abnormalities has been 

reported in several mutant mouse strains, for example, the physical obstruction by 

the tongue as a consequence of mandibular defects in Csp1, Prdm16Gt683Lex 

mouse (Bjork et al., 2010); mandibular hypoplasia leading to a small oral cavity 

preventing proper movements of tongue and palatal shelves in Wnt1Cre; Alk2flox/flox 

mouse (Dudas et al., 2007); failure of palatal elevation due to physical obstruction 

by the tongue in Snai1-/-; Snai2-/- (Murray et al., 2007); and defective attachment of 

the hyoglossus muscle to the hyoid bone and consequently an inability to depress 

the lateral edges of the tongue in Hoxa2-/- mouse (Gendron-Maguire et al., 1993). 

The palatal shelves continue to grow horizontally towards each other following 

elevation, until eventually the MEE cells contact and fuse between E14.5 and 

E15.0. Fusion then occurs toward both anterior and posterior directions starting 

from the point of first contact between the 3rd and the 4th rugae (Biddle, 1980, 

Sakamoto et al., 1989). At this stage the crucial aspect is the programmed 

regulation of MEE differentiation which occurs independently of palatal shelf 

contact (Jin et al., 2008). CP can be caused by inappropriate MEE differentiation or 

adhesion, both in time and space. Disruption of the Notch ligand Jag2 in 

Jag2DSL/ΔDSL mice result in aberrant adhesion of the palatal shelves to the tongue, 

leading to CP (Jiang et al., 1998). The periderm cells are flat epithelial surface cells 

that regulate fusion competence (Fitchett and Hay, 1989). Direct genetic ablation of 

periderm cells cause aberrant oral epithelial adhesions suggesting that the 

periderm acts as a non-stick barrier to prevent pathological epithelial adhesion 
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(Richardson et al., 2014). The periderm cells are maintained by Jag2 which is 

expressed throughout the oral epithelium (Casey et al., 2006). Less severe palatal 

shelf-tongue fusion also occurs in Fgf10-/- embryos which have reduced Jag2 

expression in palatal epithelium (Alappat et al., 2005). This suggests that Fgf10 

signalling acts upstream of Jag2-Notch signalling in order to regulate palatal 

epithelial differentiation. 

Another gene important in the role of the periderm is Irf6, which regulates its 

differentiation in collaboration with Jag2. Compound Irf6R84C/+; Jag2ΔDSL/+ mice 

presented with palatal shelf-tongue fusion defects as well as other oral adhesions 

leading to CP, similar to what was observed in mice that are homozygous for either 

individual allele (Richardson et al., 2009). Irf6 does not directly regulate Jag2 

expression as the expression of each gene is unaffected in the reciprocal individual 

mutant. Also R84C point mutation mice embryos (Ingraham et al., 2006) developed 

undifferentiated epidermis hyperproliferation with inappropriate oral adhesions and 

CP (Richardson et al., 2006). Irf6 expression was reduced in the palatal epithelium 

of p63-/- embryos (Thomason et al., 2010). The p63 protein binds to an enhancer 

upstream of the Irf6 gene and can activate luciferase reporter expression driven by 

the Irf6 enhancer. This indicates that Irf6 is likely to be a direct target of p63 

(Thomason et al., 2010). A CP and a thin, undifferentiated epidermis were also 

observed in mice deficient for p63 (Mills et al., 1999, Yang et al., 1999). Compound 

p63+/-; Irf6R84C/+ mice had CP due to failed palatal shelf fusion which was 

associated with inappropriate maintenance of periderm cells. p63 positively 

regulates Jag2 and Fgfr2 expression in other cell types (Sasaki et al., 2002, Candi 

et al., 2007). These studies have revealed a genetic network involving p63, Irf6, 

Fgf10-Fgfr2b and Jag2-Notch signalling in the control of palatal epithelial 

differentiation. 

After the periderm differentiation is complete, MES must then be removed to 

achieve mesenchymal continuity in the palate. Although lots of studies have 

attempted to clarify the cell biological mechanisms involved, some aspects of this 

complex process remain unclear (Gritli-Linde, 2007). There are three theories 

proposed: apoptosis or non-apoptotic removal mechanisms of MES; epithelial to 
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mesenchymal transformation (EMT) and migration of the MEE cells along the 

midline to the nasal and oral epithelia. 

To trace the fate of MES cells in vivo, epithelially-restricted Cre expressing 

transgenic lines are coupled with the R26R reporter line (Vaziri Sani et al., 2005). 

When either ShhGFPCre or K14-Cre mice are crossed to R26R reporter mice, lacZ 

expression is activated within the epithelium. The subsequent examination of β-

galactosidase staining during and following MES elimination allowed the fate of 

MEE cells to be followed to see whether they contributed to the mesenchyme if 

they were subject to EMT. Under this experimental design lacZ expressing 

mesenchymal cells were not detected (Vaziri Sani et al., 2005) suggesting that 

EMT is not a major contributor to the regression of the MES. This finding was 

independently confirmed by utilizing K14-Cre; R26R lineage tracing (Xu et al., 

2006). Here a contradiction was noticed where some mesenchymal 

β-galactosidase activity was present during and immediately after regression of the 

MES in K14-Cre; R26R embryos. The discrepancy might be explained by 

differences in Cre expression levels and patterns in the palatal epithelium in the 

different K14-Cre transgenic mouse lines used (Jin and Ding, 2006a). 

To determine MES cells migration, palatal shelves derived from WT embryos were 

recombined in culture with palatal shelves expressing lacZ in all cells (Jin and 

Ding, 2006a). LacZ expressing epithelial cells migrated onto the WT palatal 

shelves suggesting that MES migration occurs during palatal fusion stage. 

Several studies indicate that MES cells are TUNEL and activated Caspase-3 

(apoptotic marker) positive during palatal shelf fusion showing the importance of 

apoptosis during MES dissolution (Cecconi et al., 1998, Martinez-Alvarez et al., 

2004, Cuervo and Covarrubias, 2004, Vaziri Sani et al., 2005). Apaf1 is a gene that 

encodes a crucial component of Caspase-3 mediated apoptosis and can be used 

as another method to investigate MES cell dissolution through a genetic approach. 

Apaf1-/- embryos have normal palate fusion and MES disintegration (Jin and Ding, 

2006a). This result contrasts with the earlier one, showing that palatal shelves 

made contact but failed to fuse in Apaf1-/- embryos (Cecconi et al., 1998). 
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It has also been proposed that MES dissolution differs along the AP axis 

(Charoenchaikorn et al., 2009). MES cells at the midline of the fusing secondary 

palatal shelves are positive for TUNEL staining while only a few are detected 

between the fusing primary and secondary palate. In unpaired palatal shelf culture 

used to monitor MES cell behaviour in the opposite shelf, one palatal shelf is 

removed before midline contact. Here, the MEE disappeared without contact or 

adhesion from the middle and posterior regions of the palatal shelf although not 

from the region anterior to the second ruga (Charoenchaikorn et al., 2009). These 

contradictory studies still require further experimentation, especially to understand 

the mechanism for fusion of the anterior secondary and between the primary and 

secondary palate. 

Tgfβ signalling is well known as an important pathway required for palatal shelves 

fusion (Iwata et al., 2014). Embryos lacking Tgfβ3 develop a complete CP even 

though the palatal shelves make appropriate contact in the midline (Proetzel et al., 

1995, Kaartinen et al., 1995). Tgfb3-/- palatal shelves in culture fail to eliminate 

MES suggesting that Tgfb3 is significant in MES abolition (Kaartinen et al., 1995). 

Tgfb1 expression is lower compared to Tgfb3, but both are expressed in the MEE 

prior to palatal shelf elevation, and their expression is maintained in the MES 

during palatal fusion (Yang and Kaartinen, 2007). Tgfb1 and Tgfb3 have partially 

overlapping functions. A knock-in of the Tgfb1 cDNA into the Tgfb3 locus partially 

rescues palate fusion in the Tgfb3-/- mice (Yang and Kaartinen, 2007). Epithelial 

ablation of Tgfβ receptors Tgfbr1 or Tgfbr2 led to CP phenotypes. Adhesion of 

palatal shelves was observed initially but the MES failed to dissolve, causing the 

palatal shelves to fall apart (Dudas et al., 2006, Xu et al., 2006). In these studies 

reduction in apoptosis throughout MES was observed confirming that Tgfβ3 

signalling regulates programmed cell death in the palatal epithelium (Xu et al., 

2006, Dudas et al., 2006). 

Tgfβ1 and Tgfβ3 are expressed in the MEE and Tgfβ2 is expressed in the 

mesenchyme beneath the MEE (Fitzpatrick et al., 1990, Pelton et al., 1990). The 

Tgfβ signalling pathway is initiated by heterotetramerization of type I receptor and 

type II receptor dimers. Activated type I receptors phosphorylate Smad2, which 
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then cooperates with Smad4 to regulate transcription. MES degeneration fails in 

palatal explant cultures with knockdown of Smad2 function. It has also been shown 

that conditional inactivation of Smad4 in oral epithelium results in much milder 

phenotypes than those seen with the corresponding receptor mutants, Bmpr1a and 

Tgfbr2. The transgenic overexpression of Smad2 in the palatal epithelium partially 

rescues palate fusion in Tgfb3-/- mice (Shiomi et al., 2006, Cui et al., 2005). 

Disrupting Smad4 in epithelium of K14-Cre; Smad4f/f mice do not cause CP, 

suggesting that Smad signalling is not the only pathway responsible for MES 

degeneration (Shiomi et al., 2006, Xu et al., 2008). Tgfβ signalling also activates 

other intracellular signal transduction pathways, including p38 MAPK (Mapk14) 

which is elevated in the epithelium of fusing palatal shelves (Xu et al., 2008). 

Treating K14-Cre; Smad4f/f palatal shelves in culture with an inhibitor of p38 

MAPK, blocks Tgfβ-dependent expression of the Cdkn1a gene in the MES. 

Cdkn1a expression is known to correlate with reduced apoptosis and failed MES 

degeneration (Xu et al., 2008). The p38 MAPK is activated by TGFβ and can 

function as a complementary effector to mediate Smad4 independent TGFβ 

signalling during palate development (Xu et al., 2008). 

β-catenin has been reported as a regulator of MES disappearance through Tgfb3 

expression in the MEE. Epithelial disruption of Ctnnb1 results in loss of Tgfb3 

expression in the MEE. A CP occurred potentially due to reduced apoptotic MES 

cells impacting upon shelf fusion (He et al., 2011). However, β-catenin functions in 

the Wnt signalling pathway or as a component of adherent junctions, as previously 

described (He et al., 2011). 

Transcription factors of the Snail family have also been shown to regulate palate 

fusion. Snai1+/-; Snai2+/- compound mutants develop CP due to palatal shelves 

failed fusion associated with a reduction in MES apoptosis (Murray et al., 2007). It 

is thought that these transcription factors regulate palatal fusion downstream or in 

parallel to the Tgfβ3 pathway, although Tgfβ3 expression is not itself affected in 

these mutants. 

In summary, a great deal of progress has been made in understanding the role of 

the many growth factors, transcription factors and associated signalling pathways 
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in palatogenesis. This spans the initial appearance of rudimentary palatal shelves, 

their growth, elevation and fusion, with cell proliferation and patency of the MEE 

being critical events. The analysis of mutant mouse embryos and associated 

technologies has provided important tools to interrogate the underlying events. 

There is still more work required to better connect the basic mechanisms and 

molecular events that occur during normal palate development. This will help in 

revealing the complex aetiology of CP. 

 

I. 5. Genetics of clefting 

Although more than 300 malformation syndromes which can include orofacial clefts 

have been described, non-syndromic (NS) forms account for about 70% cases of 

all CL/P and about 50% of cases with CP only (Leslie and Marazita, 2013, Seto-

Salvia and Stanier, 2014). Research suggests multiple layers of heterogeneity 

underlie the aetiology for NS clefts. It is thought that both genes and environmental 

factors interacting with one another or acting independently are likely to be 

responsible (Stanier and Moore, 2004). As a consequence of the complex genetic 

and environmental contributions, modest recurrence rates, along with orofacial 

clefts arising early in embryological development, it has proven difficult to identify 

specific causal factors. Nevertheless, using a combination of epidemiology, careful 

phenotyping, genome-wide association studies (GWAS) and analysing animal 

models, several distinct risk factors have been confirmed for NS CL/P (Dixon et al., 

2011). These include a variety of signalling molecules which play important roles in 

facial epithelial differentiation and palate shelves remodelling during development 

such as ECM, MEE molecules, growth and transcription factors (Shh, Bmp, Fgf, 

Tgfα, Dlx, Hox, Gli) and members of the Tgfβ superfamily (Nakajima et al., 2018). 

The study of syndromic clefts has been a rich source of identifying genes involved 

in lip and palate development, including NS CL/P (Stanier and Moore, 2004). 

These include identification of the TBX22 gene, a member of the T-box containing 

transcription factor family, in X-linked CP and ankyloglossia (CPX; OMIM 303400) 

(Braybrook et al., 2001). T-box genes are known to play important role in early 
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development (Stanier and Moore, 2004) and, in addition to TBX22, several other 

T-box genes have been implicated in human syndromes that occasionally involve 

CLP (e.g. TBX1, TBX3, TBX5 and TBX10 (Naiche et al., 2005)). Meanwhile, Van 

der Woude syndrome (VWS; OMIM 119300) is one of the best-known models for 

NS CL/P, and is most commonly caused by mutations in IRF6 (Khandelwal et al., 

2016). VWS patients can have CL or CP, but are characterized by the presence of 

lower lip pits as an additional feature. Other well known syndromes are caused by 

mutation in TP63, which is responsible for autosomal dominant ectrodactyly, 

ectodermal dysplasia and CL/P (EEC; OMIM 604292) (Celli et al., 1999), while 

MSX1 mutations are found in patients with clefting and hypodontia (OMIM 106600) 

(Van den Boogaard et al., 2000, Mitsui et al., 2016). A variety of other genes 

causing syndromic CL/P are reviewed by Seto-Salvia and Stanier (2014), Leslie 

and Marazita (2013), Table I. 1. Clear cut causal mutations are more rarely found 

in patients with NS CL/P but large scale GWAS have implicated a number of 

potentially important loci, Table I. 2, (Ludwig et al., 2012, Younkin et al., 2014, 

Leslie et al., 2016, Mangold et al., 2016), which include 8q24 and IRF6. The 

increasing use of whole exome sequencing (WES) in multiplex families has also 

expanded the identification of genes with a role in NS CL/P: VAX1, MSX1, FOXE1, 

MYH9, FGFR2, ARHGAP29 and others (Li et al., 2017b, Liang et al., 2016, Leslie 

et al., 2017, Wang et al., 2018, Jin et al., 2018, Paul et al., 2017). A second gene 

for VWS has been described, where mutations in GRHL3 were found in IRF6 

mutation negative patients (Peyrard-Janvid et al., 2014). Interestingly, further 

studies utilizing a combination of GWAS, WES and Sanger sequencing identified 

further mutations, including a common variant predisposing to clefts (Ludwig et al., 

2012, Leslie et al., 2016). These studies concluded that mutations in GRHL3 are 

more likely to cause CP than CL and are more likely to be found in patients without 

lip pits. This provides an interesting example of cross-over between syndromic and 

NS clefting. 
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Table I. 1. Selected CL/P syndromes with an identified genetic cause. 

Syndrome 
Cleft 
type 

Gene Other anomalies Reference 

Ankyloblepharon-
Ectodermal Defects-
Clefting (AEC) 
syndrome, 
Ectrodactyly, 
ectodermal dysplasia, 
and cleft lip/palate 
syndrome 3 (EEC3) 

CL/P TP63 

AEC: Skin erosions; changes 
in skin colour; brittle, sparse, 
or missing hair; misshapen or 
absent fingernails and 
toenails; malformed or 
missing teeth. 

EEC3: Split-hand/foot 
malformation; ectodermal 
dysplasia 

(Rinne et al., 
2007, Maas et 

al., 1996, Celli et 
al., 1999) 

Apert CP FGFR2 
Craniosynostosis; syndactyly; 
hypertelorism 

(Riley et al., 
2007) 

Bamforth-Lazarus CP FOXE1 

Thyroid dysgenesis (in most 
cases athyreosis); spiky hair; 
+/- choanal atresia; bifid 
epiglottis. 

(Baris et al., 
2006) 

Bartsocas-Papas CL/P RIPK4 

Neonatal or intrauterine death 
in most cases; severe 
popliteal webbing; 
oligosyndactyly; genital 
abnormalities; typical face 
with craniofacial anomalies. 

(Kalay et al., 
2012, Mitchell et 

al., 2012) 

Branchio-oculo-facial CL/P TFAP2A 

Skin abnormalities on the 
neck; deformities of the ears 
and eyes; slow growth; mental 
retardation; premature greying 
of hair. 

(Milunsky et al., 
2008) 

Robin sequence with 
or without campomelic 
dysplasia 

CP SOX9 

RS: micrognathia; 
glossoptosis. 

CD: short legs; dislocated 
hips; underdeveloped 
shoulder blades; 11 pairs of 
ribs; bone abnormalities in the 
neck; clubfeet. 

(Benko et al., 
2009, Foster et 

al., 1994) 

CHARGE CP CHD7 

Coloboma; choanal atresia; 
brain and spinal cord 
problems; malformed ears 
(hearing loss); short stature. 

(Stromland et al., 
2005) 

CLP ectodermal 
dysplasia 1 (CLPED1) 

CL/P PVRL1 

Abnormal nails; abnormal or 
missing teeth; decreased skin 
pigmentation); low nasal 
bridge; thin, sparse hair; 
learning disabilities. 

(Suzuki et al., 
2000) 
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Table I. 1. (continued). 

Cornelia de Lange CP NIPBL 

Slow growth before and after 
birth leading to short stature; 
intellectual disability; 
abnormalities of bones in the 
arms, hands, and fingers; 
distinctive facial features. 

(Krantz et al., 
2004, Tonkin et 

al., 2004) 

Crouzon CP FGFR2 
Craniosynostosis; wide set, 
bulging eyes; vision problems; 
strabismus. 

(Riley et al., 
2007) 

22q11.2DS, 
s. DiGeorge 

CP TBX1 

Developmental and learning 
delay; hearing and vision 
problems; short stature; 
frequent infections; bone, 
spine, muscle problems; 
unusual facial features, 
including an underdeveloped 
chin, low-set ears, and wide 
set eyes. 

(Yagi et al., 
2003) 

Ectrodactyly-
ectodermal dysplasia-
clefting 

CL/P TP63 

Abnormalities of structures 
derived from the embryonic 
ectoderm and affects 
epidermis, mammary, pituitary 
and sweat glands, enamel, 
nail, lens and ears. 

(Rinne et al., 
2007) 

Familial gastric cancer 
and CLP 

CL/P CDH1 
High risk for diffuse gastric 
and lobular breast cancer. 

(Frebourg et al., 
2006) 

Gorlin CL/P PTCH1 

Pits in the skin of the palms of 
the hands and soles of the 
feet; macrocephaly with a 
prominent forehead; skeletal 
abnormalities involving the 
spine, ribs, skull. 

(Ming et al., 
2002) 

Culler-Jones CL/P GLI2 

Pituitary anomalies resulting 
in hypopituitarism; 
polydactyly; unusual facial 
features. 

(Roessler et al., 
2003) 

Holoprosencephaly CL/P 
SHH, 
SIX3, 
TGIF 

Failure of prosencephalon 
(the forebrain of the embryo) 
to develop into two 
hemispheres. 

(Orioli et al., 
2002, Wallis et 
al., 1999, Gripp 

et al., 2000) 
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Table I. 1. (continued). 

SATB2-associated 
syndrome; Pierre 
Robin sequence with 
or without 
ankyloglossia; 
Intellectual disability 

CP SATB2 
Mild to severe intellectual 
disability; developmental 
delay. 

(Rainger et al., 
2014, Leoyklang 

et al., 2007) 

Kabuki CL/P 
MLL2, 

KDM6A 

Distinctive facial appearance, 
which includes long palpebral 
fissures; everted lower 
eyelids; prominent eyelashes; 
arched eyebrows; a broad 
nose with a flattened or 
depressed tip; large, 
misshaped ears. 

(Ng et al., 2010a, 
Lederer et al., 

2012) 

Kallmann CL/P FGFR1 
Delayed or absent puberty; an 
impaired sense of smell. 

(Dode et al., 
2003, Bick et al., 

1992) 

Lethal and Escobar 
multiple pterygium 

CP CHRNG 

Short stature; spine defects; 
joint contractures; webbing of 
the neck, armpit, elbow, knee, 
between the legs, fingers and 
toes. 

(Morgan et al., 
2006) 

Loeys-Dietz CP 
TGFBR1, 
TGFBR2 

Hypertelorism; instability or 
malformation of the spine in 
the neck. 

(Loeys et al., 
2005) 

Miller CP DHODH 

Underdeveloped cheekbones; 
micrognathia; small, 
protruding ears; drooping of 
the lower eyelids. 

(Ng et al., 2010b) 

Oculofaciocardiodental CP BCOR 

Abnormally small deep set 
eyes; cataracts; long narrow 
face; a broad nasal tip that is 
divided by a cleft; heart 
defects; teeth with very large 
roots. 

(Ng et al., 2004) 

Opitz G/BBB CL/P MID1 

Midline defects including 
hypertelorism; hypospadias, 
laryngotracheal clefts; 
imperforate anus. 

(Quaderi et al., 
1997) 

Oro-facial-digital CL/P GLI3 
Problems with development of 
the oral cavity; facial features; 
digits. 

(Johnston et al., 
2010) 
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Table I. 1. (continued). 

Oro-facial-digital type 1 CL/P OFD1 

Affected development of the 
oral cavity (the mouth and 
teeth); facial features; fingers 
and toes; polycystic kidney 
disease. 

(Ferrante et al., 
2001) 

Otopalatodigital types 
1 and 2 

CP FLNA 

Generalized skeletal 
dysplasia; mild mental 
retardation; hearing loss; 
typical facial anomalies. 

(Hidalgo-Bravo et 
al., 2005) 

Popliteal pterygium; 

Van der Woude 
CL/P IRF6 

PP: lip pits; skin and genital 
anomalies. 

VW: lip pits. 

(Kondo et al., 
2002) 

Saethre-Chotzen CP TWIST1 
Craniofacial and limb 
anomalies. 

(Howard et al., 
1997) 

Stickler type 1 CP COL2A1 

Distinctive facial features; eye 
abnormalities; hearing loss; 
joint problems. Myopia; retinal 
detachment. 

(Bonaventure et 
al., 1992, 

Zlotogora et al., 
1992) 

Stickler type 2 CP 
COL11A1, 
COL11A2 

Distinctive facial features; eye 
abnormalities; hearing loss; 
joint problems. Myopia; retinal 
detachment 

(Zlotogora et al., 
1992, Annunen 

et al., 1999) 

Tetra-amelia with CLP CL/P WNT3 
Complete absence of all four 
limbs and other anomalies. 

(Niemann et al., 
2004) 

Tooth agenesis with or 
without cleft, Witkop 
syndrome 

CL/P MSX1 
WS: Nail dysplasia and 
several congenitally missing 
teeth. 

(Van den 
Boogaard et al., 
2000, Jezewski 

et al., 2003, 
Jumlongras et 

al., 2001) 

Treacher Collins CP TCOF1 
Craniofacial development 
disorder; conductive hearing 
loss. 

(Dixon, 1996) 

X-linked cleft palate 
and ankyloglossia 

CP TBX22 

Ankyloglossia; problems with 
feeding; speech; hearing; 
dentition; psychological 
development. 

(Braybrook et al., 
2001) 

Siderius X-linked 
mental retardation 

CL/P PHF8 Mental retardation. 
(Laumonnier et 

al., 2005) 
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Table I. 2. Selected non-syndromic CL and CLP loci implicated by GWAS. 

Locus Gene Population Reference 

1p22.1 ABCA4 European and Asian (Beaty et al., 2010) 

1p22.1-p21.3 ARHGAP29 European and Asian 
(Beaty et al., 2010, 

Ludwig et al., 2012) 

1p36.13 PAX7 European and Asian (Ludwig et al., 2012) 

1q32.3-q41 IRF6 
Norway, Denmark, 

EUROCRA, Philippines 
(Rahimov et al., 2008) 

2p21 THADA European and Asian (Ludwig et al., 2012) 

3p11.1 EPHA3 Chinese (Pan et al., 2013) 

8q21.3 DCAF4L2 European and Asian (Ludwig et al., 2012) 

8q24 MYC European 
(Birnbaum et al., 2009, 

Grant et al., 2009) 

9q22.2 GADD45G European and Asian (Beaty et al., 2013) 

9q22.33 FOXE1 European and Asian (Beaty et al., 2013) 

10q25 VAX1 European (Mangold et al., 2010) 

13q31.1 SPRY2 European and Asian (Beaty et al., 2013) 

15q22.2 TMP1 European and Asian (Beaty et al., 2013) 

17p13.1 NTN1 European and Asian (Ludwig et al., 2012) 

17q22 NOG European (Mangold et al., 2010) 

17q25.3 RBFOX3 European and Asian (Beaty et al., 2013) 

20q12 MAFB European and Asian (Beaty et al., 2010) 

 

Despite intensive research worldwide, much of the genetic basis of NS CL/P 

remains unknown. Further research carried out on large families, especially with 

rare forms of clefts or rare cleft syndromes, may assist in the difficult process of 

identify novel genes and pathways required for normal palatogenesis. 
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I. 6. Cleft palate classification 

At a basic level, orofacial clefts fundamentally include three anatomical defects: 

CL, CLP and CP (Sandy, 2019), Figure I. 1. Although there is some overlap 

through embryological development and similarities in epidemiological evidence, 

there are distinct differences in their aetiology and pathogenesis. Most of our 

understanding of the embryonic processes required for lip and palate development 

has come from the study of animal models. Primarily this has used either chick or 

mouse models. It is interesting to note though that the chick has a natural CP (Lőw 

et al., 2016), and although many mouse mutants have a CP, they more rarely have 

a CL (Juriloff and Harris, 2008). This differs to most human genetic studies which 

tend to focus on defects of the lip, since this is more commonly affected than the 

palate. 

In contrast this thesis deals predominantly with CP and with a special interest in 

rare forms. Orofacial clefts, including CP also differ in severity and clinical 

presentation (Sommerlad et al., 2004). Palate pathology can be considered as a 

spectrum of complete CP to more minor anatomical variations such as bifid or 

absent uvula. The range of severity seen in the palate phenotype can make 

classification difficult and is illustrated by the scheme used by the North Thames 

Cleft Team (Figure I. 4). There has always been a great need to create a universal, 

but simple and practical classification system. The evolution of ideas for suitable 

schemes has been described by Davis and Ritchie (1922), Brophy (1923), Veau 

(1931), Fogh-Andersen (1943), Kernahan and Stark (1958), Harkins et al. (1962), 

Broadbent et al. (1968), Spina (1973), and others (Allori et al., 2015).  
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Figure I. 4. Cleft palate classification, currently used by the North Thames Cleft 

Team at Great Ormond Street Hospital and St Andrew’s Centre. 

In this scheme, the hard and soft palate are divided into 3 parts each and the cleft is then 

graded depending on the severity or involvement of one or both palate regions. A) A 

complete cleft of the hard and soft palate: 3/3 HP 3/3 SP; B) partial cleft of the hard palate 

and complete cleft of the soft palate: 1/3 HP 3/3 SP; C) Soft palate cleft only: 0/3 HP 3/3 

SP. UL - upper lip; HP - hard palate; SP - soft palate; U - uvula; A - adenoid tissue. 

 

I. 7. Surgical palate repair 

The first surgical repair of CP was performed by the French dentist Le Monnier in 

1764, who used three stages. The process involved approximation of the cleft 

edges with sutures, followed by cauterizing and then realigning the edges 

(Tempest, 1981). Since then the surgical management of CP became more 

complex and an elaborate art. There are a variety of techniques used worldwide 

that have been developed and used mainly because of surgeon preference 

(Sadove et al., 2004). The challenge of modern palatoplasty is not only to 

effectively close the cleft but must also achieve an optimal speech outcome, 

without compromising maxillofacial growth (Leow and Lo, 2008). 

One of the most accepted and widely applied techniques for CP repair in the UK 

and internationally was originally described by Mr Brian Sommerlad (Sommerlad, 

2006, Andrades et al., 2008, Doucet et al., 2013, Luyten et al., 2013) and uses the 

operating microscope with radical muscle retropositioning. The technique involves 
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mobilization of mucoperiosteal flaps of the hard palate. Then, using an operating 

microscope, dissection of the soft palate muscles from their abnormal anterior 

insertions so that they can be realigned transversely at the posterior limit of the soft 

palate. Special attention is required for dissection and mobilization of the levator 

veli palatini (LVP) muscle. The nasal mucosa is closed before the muscle 

dissection. Finally, the oral layer is closed, making relaxing incisions laterally where 

necessary. 

Leonard T. Furlow Jr. introduced the double opposing Z-palatoplasty in 1978 and 

most of his work was published in 1986 (Furlow, 1986). The technique involves 

dissection of two mirror image Z-plasty flaps, with one on the oral side and one on 

the nasal side, with their central limbs along the cleft. The anteriorly based flap of 

each Z-plasty is mucosal and the posteriorly based flap is myomucosal (involving 

LVP muscle). Transpositioning of Z-plasty flaps rotate the levator sling across the 

cleft. The arch of vault of the hard palate allows the CP closure without releasing 

incisions. Furlow Z-palatoplasty is not considered anatomical and does not address 

the uvula muscle structure, but nevertheless, overall reported speech and growth 

results are comparable with other widely used techniques (Mardini et al., 2016). 

Possibly one of the oldest surgical techniques that was adopted in clinical practice 

for quite long time is the von Langenbeck palatoplasty. It was originally introduced 

in 1859. This technique closes an incomplete cleft of the hard and soft palate 

without lengthening the palate by medially mobilizing bipedicled mucoperiosteal 

flaps (Strong and Buckmiller, 2001). A modification of the von Langenbeck 

technique, which is designed to increase the palatal length, is called 

Veau-Wardill-Kilner or V-Y pushback palatoplasty. The flap design is similar to the 

von Langenbeck palatoplasty with V to Y incision and closure on the hard palate. 

This approach requires extensive dissection (Leow and Lo, 2008) and appears to 

impair maxillary growth. 

Although the majority of techniques described can still be recommended for use in 

routine cleft patient management, other controversies exist, particularly regarding 

the optimal timing of surgery, and the specific technique in relation to speech 

outcome and maxillofacial growth. Early postoperative surgical complications may 
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involve bleeding, wound dehiscence/healing problems and airway obstruction, 

while late postoperative complications can be palatal fistula and obstructive sleep 

apnoea (Perkins et al., 2005). Even more challenges arise when dealing with rare 

forms of clefts. SMCP and OSMCP occur in 0.02% to 0.08% of children and 

diagnosis is often delayed until VPI becomes apparent (Sullivan et al., 2011, 

Kaplan, 1975). Up to 80% of individuals with unrepaired SMCP experience speech 

difficulties secondary to VPI (Boyce et al., 2018). Attempted repair of the 

associated palatal defects has often given poor results and controversies still exist 

regarding the best choice for the management of these patients (Park et al., 2000). 

An example of SMCP repair with radical muscle retropositioning technique is 

presented in Figure I. 5. Proper comparison between studies are limited due to the 

use of different operative techniques, procedure timing, diverse patient populations 

with varying physiologic and anatomic profiles, along with inconsistent and 

subjective outcome measures. Further research is therefore required regarding 

best practice when aiming to modify or correct specific features of clefts as well as 

for the development and testing of novel therapies to improve cleft patient 

management while reducing complication risks (Crockett and Goudy, 2014). 

 

 

Figure I. 5. Submucous cleft palate repair. 

A) The representation of area in picture B. B) Intraoperative view of SMCP repair. 1. LVP 

exposure under mucosa, 2. LVP retropositioning. A – Anterior; R – right; L – left; SP – soft 

palate; LVP – levator veli palatini; PP - palatopharyngeus; ET – endotracheal tube. 
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I. 8. Multidisciplinary team approach in cleft patient management 

In 1998 the Clinical Standards Advisory Group (Sandy et al., 1998) reported that 

outcomes for children born with a CLP in the United Kingdom would be improved if 

care was provided by a multidisciplinary team (MDT). Within the MDT, coordinated 

care can be provided from a wide range of clinical and nonclinical professionals 

including ear, nose and throat, plastic, maxillofacial surgeons, orthodontists, 

paediatric, restorative dentists, audiologists, cleft nurse specialists, clinical 

geneticists, paediatricians, speech and language therapists, clinical psychologists, 

dieticians, medical photographers and other support staff (Sandy et al., 2001, Chuo 

et al., 2008, Scott et al., 2015). 

CL/P has a very serious impact on quality of life, often requiring repeated surgical 

intervention at intervals throughout childhood until late teens. Frequently dental 

and orthodontic treatment, speech therapy and help for hearing may be required as 

well as psychological support and genetic counselling (Stanier and Moore, 2004). 

Furthermore, over the long-term, it has been reported that individuals born with 

clefts may face an increased risk of mental health problems, cancer and overall 

mortality, along with lifestyle effects including alteration to their child bearing 

patterns (Dixon et al., 2011). 
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I. 9. Aims 

I. Investigation of SMCP soft palate muscle integrity: 

 To identify the surgical management pathway in patients with SMCP, 

operated on at the North Thames Cleft Service at Great Ormond Street 

Hospital (GOSH) and St Andrew's Centre, Broomfield Hospital, Mid Essex 

Hospitals Trust (MEHT), over a 23 year period. 

 To investigate the histological structure of the palatopharyngeus (PP) and 

LVP muscles in patients with SMCP and isolated cleft palate (ICP) in 

comparison to UCLP and controls at the time of surgery. 

II. To investigate the transcriptional role of TBX22 in mouse palate development: 

 The primary defect in Tbx22 null mice is SMCP therefore it was intended to 

perform RNA-Seq to compare flow sorted palatal shelf tissue specific cells 

between wildtype (WT) and Tbx22null/Y in order to identifying potential 

downstream transcriptional targets in both CM and CNC derived tissue that 

underlie SMCP development. 

III. To investigate the genetic cause of absent uvula and hypernasality in an 

Egyptian family: 

 To describe the clinical presentation, surgical management and outcome in 

a patient presenting with a rare palate phenotype causing velopharyngeal 

dysfunction (VPD). 

 Pursue gene discovery in a large multiplex family with an unusual autosomal 

dominant hypernasality and absent uvula phenotype. 

- To perform cytogenetic analysis, single-nucleotide polymorphism (SNP) 

genotyping, linkage analysis and WES to identify the likely candidate 

gene and causal variant. 

-  Screen a cohort of patients with palate defects (NS CP and SMCP) to 

determine the frequency of mutations in the best candidate gene FOXF2, 
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to both review the phenotypic spectrum and to determine if SMCP was a 

plausible alternative phenotype for similar mutations. 

- Perform functional analysis of the likely causal variants in FOXF2. 

- Confirm appropriate developmental expression analysis in human 

embryos for FOXF2. 
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II. 1. Collection of palate muscle biopsies 

Both cleft patients and patients undergoing a tonsillectomy operation were 

recruited to the study with approval of the National Research Ethics Service (NRES 

Committee East of England - Cambridge South) REC reference 11/EE/0032. The 

cleft patient samples were collected during their palate repair, while the control 

group samples were collected during their tonsillectomy operation, all under 

general anaesthesia. Indication for tonsillectomy was either obstructive sleep 

apnoea or recurrent chronic tonsillitis. Otherwise these children were considered 

healthy. In the control group PP muscle descending fibres were sampled since only 

these (but not LVP) were exposed during the tonsillectomy operation. The PP 

sample from this site was considered to be a reasonable proxy for comparison to 

the PP muscle in the palate. Biopsy sites are indicated in Figure II. 1. Each of the 

collected muscle biopsies were transported to the Histopathology Department, 

GOSH, where they were snap frozen, sectioned and stained by Histopathology 

Department staff under the supervision of Prof Thomas Jacques. Slides were then 

returned to perform digital scanning and analysis. 
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Figure II. 1. Sites for muscle biopsy. 

A’, B’, C’ - The normal anatomy of the palate is represented in pictures A, B and C. During 

a CP operation, the site of A) the LVP (left side) biopsy and B) the PP (left side) biopsy is 

indicated. C) During a tonsillectomy operation, the site of the PP muscle biopsy (left side) 

is indicated. HP - hard palate; SP - soft palate; U - uvula; T - tongue; ET - endotracheal 

tube; ATP - anterior tonsillar pillar; LVP - levator veli palatini; PP - palatopharyngeus; 

 - biopsy site. 

II. 2. Histological analysis of human palate muscle biopsies 

Muscle biopsies were snap frozen, wrapped in foil within 1 hour by immersing in a 

bath of hexane cooled by an acetone/cardice mixture, air dried and stored 

at -80°C. At a later date, muscle biopsies were mounted at the optimal cutting 

temperature compound, orientated such that sections were taken transversely 

through the muscle fibres. Sections were cut at 10 µm with a cryostat at -25°C. The 

following histological and immunohistochemical staining techniques were applied 

to consecutive sections of each biopsy. An initial haematoxylin and eosin (H&E) 

stain was performed on all biopsies to confirm transverse sectioning. Each stain 

was then performed according to standard protocols for: Gomori trichrome; 

picrosirius; Oil Red O; cytochrome oxidase (COX); nicotinamide adenine 

dinucleotide-tetrazolium reductase (NADH-TR); succinate dehydrogenase (SDH); 

fast, slow, developmental and fetal myosins. 
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II. 3. Haematoxylin and eosin stain 

Haematoxylin is a natural compound extracted from a species of tree found in the 

West Indies and Mexico. The active staining component of the haematoxylin stain 

is haematein, which is achieved from oxidized extracted compound. Aluminium 

salts are used as a mordant in haematoxylin staining and makes the nuclear 

components of cells a dark blue colour. Eosin stains cytoplasmic organelles 

varying shades of pink and therefore is often used in combination with 

haematoxylin (Figure II. 2). The combination of the two stains provides a broad 

range of morphological information about the muscle section (Wang et al., 2017). 

 

 

Figure II. 2. Normal palatopharyngeus muscle stained with haematoxylin and eosin. 

H&E is useful to examine the overall architecture of the muscle fibres. In this example, 

there is little variation in size and shapes of fibres. The sarcolemma nuclei (dark blue) are 

situated peripherally (arrow heads). The fibres in a fascicle fit closely together with no 

intervening fibrous connective tissue (arrow). 
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II. 4. Special stains 

II. 4. 1. Gomori trichrome stain 

Gomori trichrome staining is named after George Gömöri, a Hungarian-American 

physician who became famous as a histochemist and developed the method in 

1950. Gomori trichrome stain allows visualization of the mitochondrial activity and 

collection by the red staining (ragged red fibres) of tubular aggregates, nemaline 

rods, reducing bodies, cytoplasmic bodies, membranous whorls or rimmed 

vacuoles. Muscle fibres stain a greenish-blue colour and the collagen is a lighter 

but clearly distinguishable blue-green colour (Figure II. 3). 

 

 

Figure II. 3. Normal palatopharyngeus muscle stained with Gomori trichrome. 

This stain is used to demonstrate cytoarchitectural disturbances with an increase in the 

intermyofibrillar constituents, which are stained purplish-red (such as mitochondria or 

inclusions such as nemaline rods). This biopsy shows no nemaline rod accumulation with 

any substantial change in the cytoarchitecture of the fibres. Muscle fibres stain a 

greenish-blue colour (arrow head) and the collagen is a lighter but clearly distinguishable 

blue-green colour (arrow). 
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II. 4. 2. Picrosirius stain 

Picrosirius (Figure II. 4) reveals connective tissue staining collagen bright red in 

contrast to the yellow - green of the fibres (Lattouf et al., 2014). 

 

Figure II. 4. Normal palatopharyngeus muscle stained with picrosirius. 

This stain highlights connective tissue, staining collagen bright red (arrow head) and the 

muscle fibres yellow (arrow). 

 

The connective tissue was quantified using Image J software (http://imagej.nih.gov/ 

ij/index.html). To designate the total region of interest (ROI) the drawing tool was 

used. Within the ROI the connective tissue was selected using the colour threshold 

tool. The settings were adjusted to select red as the ROI for analysis. The data was 

exported to the ROI manager and the area of connective tissue (i.e. red hue) was 

measured. To normalize the data the area of connective tissue was divided by the 

total ROI. Statistical test one-way ANOVA was applied to calculate statistical 

significance and graphs generated in GraphPad PRISM (Version 6.01). Multiple 

comparisons were carried out using the Tukey multiple comparisons method 

(McHugh, 2011). 

 

http://imagej.nih.gov/%20ij/index.html
http://imagej.nih.gov/%20ij/index.html
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II. 4. 3. Oil Red O stain 

Staining with the Oil Red O technique (Figure II. 5) demonstrates neutral lipids 

which in normal muscle take the form of small droplets with a distribution similar to 

that of mitochondria. The concentration and size of the droplets varies with the 

fibre type. 

 

 

Figure II. 5. Normal palatopharyngeus muscle stained for neutral lipid with 

Oil Red O. 

Lipid droplets are stained red (arrow head). Only faint red dots are visible in slow twitch 

type fibres (arrow). 
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To evaluate muscle infiltration with fat, a scale based on 4 grades (Figure II. 6) was 

used. These were: none - no fat staining was noted; detectable - low amount of fat 

observed; apparent - obvious fat deposit in muscle tissue; significant - muscle 

infiltration with fat. 

 

 

Figure II. 6. Grading system for fat evaluation in muscle tissue. 

Four levels of fat infiltration were distinguished in biopsies. Red staining indicates 

accumulated lipid droplets. 
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II. 5. Histochemical reactions 

II. 5. 1. Nicotinamide adenine dinucleotide-tetrazolium reductase stain 

The NADH-TR reaction is based on the ability of the mitochondrial enzyme 

NADH - dehydrogenase to transfer electrons to the colourless, soluble tetrazolium 

salt and convert it into an insoluble formazan compound. This highlights the 

intermyofibrillary matrix - the space between the myofibrils, Figure II. 7. 

 

 

Figure II. 7. Normal palatopharyngeus muscle stained with NADH-TR. 

This stain distinguishes cell organelles (□), particularly mitochondria and displays the 

orderly cytoarchitecture with intermyofibrillary matrix - the space between the myofibrils 

(arrow). 
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II. 5. 2. Succinate dehydrogenase stain 

SDH is a mitochondrial enzyme catalysing the conversion of succinate to fumarate 

in the citric acid cycle. By providing an excess of sodium succinate, the cytochrome 

oxidase (COX) system reduces a tetrazolium salt into the insoluble deep blue or 

purple formazan compound. This reaction provides a specific stain for 

mitochondria. Since the gene for SDH is encoded in the nucleus and not in the 

mitochondrial genome, it is not affected by deletions on the latter and is considered 

among the best screening reactions for mitochondria (Figure II. 8). 

 

 

Figure II. 8. Normal palatopharyngeus muscle stained with SDH. 

The SDH stain distinguishes cell organelles, particularly mitochondria and displays the 

orderly cytoarchitecture. 
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II. 5. 3. Cytochrome oxidase stain 

COX is another mitochondrial enzyme often used in conjunction with SDH stain. 

Since the COX gene is located in the mitochondrial genome, it can be subject to 

mitochondrial genome alterations. In mitochondrial cytopathies, the COX stain 

helps in a differential diagnosis (Figure II. 9). 

 

 

Figure II. 9. Normal palatopharyngeus muscle stained with COX. 

This biopsy shows the level of cytochrome oxidase activity in muscle fibres. 

 

II. 6. Immunohistochemistry 

II. 6. 1. Fast, slow, neonatal and developmental myosin 

Immunohistochemistry is used to visualize and localize specific protein 

components of a tissue. The principle of the technique is based on the specific 

affinity of an antibody for its corresponding protein or protein fragment (antigen). 

Allied techniques are the labelling of glycoproteins with lectins, the labelling of 

receptors with a ligand and labelling of nucleic acids by in situ hybridization. Similar 

methods of detection and amplification have been developed for all these 

techniques but their diagnostic role is less than that of immunohistochemistry 

(Vogel and Zamecnik, 2005, Duraiyan et al., 2012). To identify slow and fast 
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muscle fibres Mouse Monoclonal Antibodies Myosin Heavy Chain (slow 

[NCL-MHCs] and fast [NCL-MHCf]) were used. 

In the neonate, an additional fibre type can be identified. In reality these are 

immature fibres that will go on to mature during the first year of life. Very few are 

found in normal adult muscle. Both neonatal and developmental myosin isoforms 

are transiently expressed during embryonic and fetal development and usually 

disappear shortly after birth, at which point adult fast and slow myosins become 

prevalent (Figure II. 10). However, developmental myosins can persist throughout 

adult ages in specialized muscles, such as the extraocular and jaw closing 

muscles, and in the intrafusal fibres of the muscle spindles. These myosins can 

also be re-expressed during muscle regeneration and can be a useful marker of 

regenerating fibres in the pathologic skeletal muscle (Schiaffino et al., 2015). To 

identify neonatal and developmental muscle fibres Mouse Monoclonal Antibodies 

Myosin Heavy Chain (neonatal [NCL-MHCn] and developmental [NCL-MHCd]) 

were used. 

 

Figure II. 10. Normal palatopharyngeus muscle stained for myosin. 

Different pH conditions is used to visualize and localize different types of myosin fibre 

(brown stain). A), B) Samples of PP muscle from an ICP patient at age 9 months; A) fast 

myosin; B) slow myosin. C), D) Samples of PP muscle from a SMCP patient at age 

3 years (note the lack of muscle fibres in this patient); C) neonatal myosin; D) 

developmental myosin. 
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For fast and slow fibres analysis, either the area of the best quality stain or the 

whole sample was marked using Image J software (http://imagej.nih.gov/ij/index. 

html). The ROI was designated using the drawing tool to select the area containing 

the fibres based on the myosin signal. Within the ROI the number of fibres was 

then counted using the multipoint tool and exported to the ROI manager. The 

fibre’s density per 10,000 µm2 was compared between cleft and muscle types. 

One-way ANOVA was applied to calculate statistical significance and graphs were 

generated in GraphPad PRISM (Version 6.01). Multiple comparisons were carried 

out using the Tukey multiple comparisons method (McHugh, 2011). 

 

II. 6. Polymerase chain reaction 

Polymerase chain reaction (PCR) is a primer mediated enzymatic amplification of 

cloned or genomic DNA sequences (Kolmodin and Birch, 2002). To design locus 

specific primers, genomic sequences for respective genes were obtained from their 

National Centre for Biotechnology Information (NCBI) reference sequence (https:// 

www.ncbi.nlm.nih.gov/gene). Primer3 (version 4.1.0) software (http://primer3.ut. 

ee/) was used to choose optimal primer sequences, which were also screened for 

the presence of SNPs using SNPcheck3 (https://genetools.org/SNPCheck/snp 

check.htm). The chosen primers were 18-24 base pairs (the recommended size for 

binding specificity) and were obtained from Sigma-Aldrich in a lyophilized state 

(Table II. 1). An initial dilution was made using the required amount of 

DEPC-treated water in order make a stock solution with a final concentration of 

1 µg. A working solution was then prepared by mixing 10 µL of stock solution with 

190 µL of DEPC-treated water to give a final concentration of 50 ng. Both stock 

and working solutions were stored at -20°C. Primers were first tested with a control 

DNA sample and if necessary optimized using a temperature gradient (up to 62°C) 

(Dieffenbach et al., 1993). After primers were successfully optimized, they were 

used to amplify DNA using BIOTAQTM DNA polymerase (Bioline, #21040) and 1 µL 

of the sample DNA (Table II. 2). 

 

http://imagej/
https://genetools/
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Table II. 1. Primers used for gene amplification and sequencing. 

Genotyping 
Primer sequence 
5’ to 3’ 

t 
(°C) 

PCR 
Product 
size (bp) 

Notes 

PLB1 
F: tgggcttctcagtttgacca 

60 Standard 354 for DNA 
R: ctgtctctggccaagtgaga 

FOXF2 

Exon 1 

F: agccccagaggagctgag 

R: gcctgcaggaactggtagat 
58 HotStar 569 for DNA 

F: aagccgccctactcgtacat 

R: ctggccatgtaggtggaac 
58 Standard 563 for DNA 

F: gcggcctcgacatgat 

R: gccctcagacctcctagctt 
58 HotStar 555 for DNA 

FOXF2 

Exon 2 

F: gggctttctctaccagctgt 

R: tgtgacttgaatccgtccca 
60 Standard 386 for DNA 

SNX10 
F: gtccagactcctaacccctg 

60 Standard 318 for DNA 
R: aacctcctcaagcaacccat 

PLIN2 
F: ccctcctgtccaacatccaa 

60 Standard 316 for DNA 
R: gcactagtgataggggcagg 

IGDCC3 
F: ggagattgaggtggagtccc 

60 Standard 341 for DNA 
R: agccgatgatctccttggtg 

THSD4 
F: gcaggagttaaagccacagc 

60 Standard 334 for DNA 
R: aacttagtcaccacccctgc 

SEMA7A 
F: tggtcttctgaaccctctgg 

60 Standard 347 for DNA 
R: agacgtggtcctctgtgctt 

SCAPER 
F: cggaaagatgctgaaggatgg 

60 Standard 212 for DNA 
R: tttcggcaagaggatggtca 

SH2D7 
F: caggcaggtctgttctggat 

60 Standard 351 for DNA 
R: ccttttcaagccctccctat 

IL16 
F: aaccattgattcccggggta 

60 Standard 336 for DNA 
R: tgctggtctatggtaaatgctg 
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Table II. 2. Standard Bioline PCR reaction mix. 

Reagent Volume (μL) per reaction 

NH4 reaction buffer (10x) 2.5 

MgCl2 (50 mM) 1 

dNTPs (10 mM) 0.5 

Forward primer (50 ng/µL) 1 

Reverse primer (50 ng/µL) 1 

Taq DNA polymerase 0.25 

Betaine (5 M) 5 

DEPC-treated water 12.75 

DNA (50-100 ng) 1 

 

PCR reactions were carried out in a Veriti 96-well Thermal Cycler (Applied 

Biosystems) using a heated lid, which was set at 100°C in order to prevent 

evaporation. A standard PCR cycle consisted of an initial denaturation at 94°C for 

5 min and 35-40 cycles of: denaturation at 94°C for 30 sec, annealing at 58-62°C 

for 30 sec and extension at 72°C for 30 sec and a final extension at 72°C for 2 min. 

PCR products (5 µL of each) were analysed by electrophoresis (see below 

II. 8. Agarose gel electrophoresis) to confirm product size and quality. 

 

II. 7. HotStar polymerase chain reaction 

Occasionally, it was necessary to change to a different Taq polymerase when 

encountering regions that were difficult to amplify. HotStar Taq is a higher fidelity 

enzyme and uses a modified protocol, involving heating at 96°C for a longer period 

to ensure complete denaturation of the dsDNA. In addition, the protocol contains 

Q-solution that enables more efficient amplification of difficult templates including 

templates that have a high degree of secondary structure or are GC rich 

(Table II. 3). 
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Table II. 3. A standard HotStar PCR reaction mix. 

Reagent Volume (μL) per reaction 

10x PCR buffer 2 

dNTPs (10 mM)  0.5 

Forward primer (50 ng/μL) 1 

Reverse primer (50 ng/μL) 1 

HotStar Taq DNA polymerase 0.5 

Q-solution (5 M) 6 

DEPC-treated water 8 

DNA (50-100 ng) 1 

 

II. 8. Agarose gel electrophoresis 

Agarose gel electrophoresis was used to visualise the size and integrity of PCR 

products. It involved the separation of DNA fragments depending on their 

molecular weight/size. Negatively charged DNA molecules move towards the 

positively charged anode in an electric field. Gels were made using 1 g 

UltraPureTM agarose powder mixed with 100 mL of TAE (Tris base, acetic acid 

and EDTA) buffer (1% agarose gel). The solution was microwaved until the 

agarose powder had completely dissolved and 1.5 µL of ethidium bromide 

(10 mg/mL) was added to the solution once it had cooled down. The solution was 

then poured into a gel tray with a comb to form the wells and left to solidify. Then 5 

µL of commercially available blue/orange loading dye (Promega, #G1881) was 

mixed with 15 µL of PCR product and loaded on the gel adding 5 µL of 100 bp 

DNA ladder (Promega, #G2101) in an adjacent well as a size marker. The gel tank 

was run at 100 V for 30 min, before visualizing the ethidium-stained DNA in a 

Genosmart UV machine. 
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II. 9. Real-time quantitative polymerase chain reaction assays 

Real-time quantitative PCR (RTqPCR) is a technique that allows an amplified PCR 

product to be detected and quantified in ‘real time’. 

 

II. 9. 1. Power SYBR Green assay 

Power SYBR Green (ThermoFisher, #4368577) binds to dsDNA but not to ssDNA. 

This binding causes bright fluorescence. Increased DNA synthesis binds more dye 

and results in increased levels of fluorescence (Ma H, 2006). Fluorescence is 

continuously measured by a sensitive detector in each well of the plate, which 

enables the quantity of a PCR product to be measured at any time during 

amplification. 

Relative quantification e.g. of a cDNA to measure gene expression levels, allows 

relative target quantity comparisons between the samples, with expression of each 

sample normalised to an endogenous control gene. In this study we used ACTB 

expression as an RTqPCR endogenous control. The ‘comparative Ct method’ was 

used in this study, which relies on the assumption that the amplification of the 

target and endogenous control genes are equally efficient. The RTqPCR reactions 

were run in triplicate with the gene of interest and housekeeping gene on the same 

96-well plate (microAmp Fast Optical 96-well reaction plates). Each reaction 

contained 10 µL of template and 15 µL of SYBR Green master mix (Table II. 4). 

Primers used for quantitative analysis are shown in Table II. 5. All primer sets were 

free of primer-dimer products. 
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Table II. 4. Standard SYBR Green reaction mix. 

Reagent Volume (μl) per reaction 

Power SYBR® Green PCR master mix 12.5 

Forward primer (50 ng/μL) 1 

Reverse primer (50 ng/μL) 1 

DEPC-treated water 0.5 

 

Table II. 5. Primers designed for Power SYBR Green assay. 

Gene 
Primer sequence 
5’ to 3’ 

t 
(°C) 

Product 
size (bp) 

Accession 
number 

Notes 

SHOX2 
F: gcttctccgttacccctttg 

R: ccgagtccaagatgcgatag 
60 90 NM_006884 for cDNA 

FOXF2 
F: cccgttaccagcatcactct 

R: gctagctgagggatggaaag 
60 92 NM_001452 for cDNA 

FGF18 
F: tacacgacggtgaccaagag 

R: ttctgggagtgtgagtgtgg 
60 107 NM_003862 for cDNA 

TBX22 
F: atacctgcccaatgtcaacc 

R: tcaggagccggtaaaacaag 
60 90 NM_001109878 for cDNA 

 

The plate was sealed with optical adhesive covers (ThermoFisher, #4311971) and 

spun briefly to remove air bubbles, then placed in the StepOne PlusTM RTqPCR 

Systems to be analysed. The amplification reaction was programmed for an initial 

incubation at 50°C for 2 min, polymerase activation at 95°C for 10 min, and 40 

cycles of denaturation at 95°C for 15 sec, and annealing and extension step at 

60°C for 1 min. Each RTqPCR reaction was subjected to melt curve analysis in 

order to confirm the fidelity of the target sequence amplification. 
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II. 9. 2. TaqMan gene expression assay 

RTqPCR assay was carried out to detect gene expression using TaqMan gene 

expression master mix (ThermoFisher, #4444556). Each reaction contained 10 µL 

of TaqMan gene expression master mix, 4 µL of complementary DNA (cDNA) 

sample, 1 µL of TaqMan assay (ThermoFisher, Mm00467433_m1, Mouse Tbx22, 

#4331182) and 5 µL of water (Table II. 6). Each reaction was run in triplicate and a 

cDNA template negative control reaction was set up for each assay used. 

TaqMan assay were run on a program for 2 min at 50°C which was followed by 

10 min at 95°C before 40 cycles of 15 sec at 95°C and 1 min at 60°C. The program 

was carried out using C100TM Thermal Cycler and CFX96TM Real-Time System 

(BIO-RAD). In this study, Sdha expression was used as a TaqMan RTqPCR 

endogenous control. 

 

Table II. 6. TaqMan PCR reaction mix. 

PCR reaction mix component Single reaction (µL) 

20x TaqMan gene expression assay 1.0 

2x TaqMan gene expression master mix 10.0 

cDNA template 4.0 

RNase-free water 5.0 

 

II. 9. 3. Gene expression analysis 

After amplification, quantitative expression levels were obtained using the StepOne 

software (version 2.1). This determines the cycle number at which the fluorescence 

crosses an arbitrary line, the threshold. The crossing point gives the CT value 

(cycle threshold). The increment of fluorescent signal at each cycle point is 

measured as ΔRn, which is calculated as: ΔRn (cycle) = Rn (cycle) - Rn (baseline), 

where normalised reporter (Rn) is the fluorescence of the reporter dye divided by 

that of passive reference which produces a consistent fluorescent signal. 
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The threshold is set automatically and is usually high enough to distinguish 

amplification rather than noise. In the logarithmic view, the threshold is on the 

linear part of the reaction. In the regular view, the threshold will be close to the 

bottom of the curve. The difference in the CT values (ΔCT) is calculated as the 

control CT value subtracted from the target CT value. 

ΔCT = average target CT (gene of interest) - average control CT (endogenous gene) 

Although the CT value for each sample triplicate should be the same, pipetting 

errors can contribute to variation. Therefore, CT values that were not within one 

cycle of the other two repeats were excluded from the analysis. The relative 

quantity of the target gene was calculated using the formula 2-Ct. 

 

II. 10. Mouse tissue DNA extraction and genotyping 

A small piece of mouse tissue (usually an ear clipping from an adult or limb from an 

E13.5-E17.5 embryo) was first air dried. Then 45 µL of proteinase K lysate buffer 

and 5 µL proteinase K (10 mg/mL) were added to it in a PCR tube. This was placed 

in a thermal cycler (DNA Engine Dyad Peltier Thermal Cycler, Bio-Rad) at 37°C for 

1 hour 40 min. To precipitate the DNA, 50 µL isopropanol was added and mixed, 

followed by centrifugation (Sigma 1-14 centrifuge) at 15700 x g for 10 min. The 

supernatant was discarded and the pellet was washed in 70% ethanol (EtOH). This 

was again centrifuged at 15700 x g for 10 min and the supernatant was discarded. 

The DNA was then allowed to dry and the pellet suspended in 20 µL of 

DEPC-treated water. Primer sequences designed for mice genotyping is presented 

in Table II. 7. 
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Table II. 7. Primers designed for mice genotyping. 

Genotyping 
Primer sequence 
5’ to 3’ 

t 
(°C) 

Product 
size (bp) 

Notes 

WT 
F: cagcttccaaaacagtggag 

R: catgtgtgtaccatcagtcc 
60 190 for cDNA 

Tbx22flox 
F: cagcttccaaaacagtggag 

R: catgtgtgtaccatcagtcc 
60 230 for cDNA 

Tbx22null 
F: cagcttccaaaacagtggag 

R: gattgggaagactttagcagg 
60 N/A for cDNA 

YFP 
F: tgaaccgcatcgagctgaaggg 

R: tccagcaggaccatgtgatcgc 
58 320 for cDNA 

Cre 
F: accctgatcctggcaatttcggc 

R:gatgcaacgagtgatgatgaggttcg 
60 600 for cDNA 

Sex 
F: single band 

M: two bands 

F: tgaagcttttggctttgag 

R: ccgctgccaaattctttgg 
58 

209 

209 & 216 
for cDNA 

 

II. 11. Alcian blue and alizarin red skeletal staining 

E17.5 embryo heads after the removal of the skin were fixed and dehydrated in 

75% EtOH overnight. This was followed by incubation overnight in 0.01% alcian 

blue staining solution (20% acetic acid, 80% EtOH, 0.01% alcian blue). The stained 

specimens were washed in 75% EtOH for 24 hours. The soft tissue was then 

treated by alkaline hydrolysis and glycerol clearing. The specimens were immersed 

in 1% potassium hydroxide (KOH) and kept for 3 hours at room temperature on the 

shaker. When the heads started to become clear, 0.01% alizarin red was added 

and kept overnight at room temperature. A further 1% KOH wash was performed 

overnight at room temperature. The embryo heads were then transferred into 20% 

glycerol 1% KOH solution and incubated overnight. Specimens were stored and 

photographed in 80% glycerol (Nagy et al., 2009). 
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II. 12. Methods to dissociate palate shelf tissue into cells 

To identify the best method to dissociate cells from the dissected palatal shelf 

tissues, 4 different methods were tested for optimization. The cell dissociation was 

induced either with trypsin (ThermoFisher, #25200056), accutase (Sigma-Aldrich, 

#A6964), dispase/collagenase/CaCl2 solution (Table II. 8) or affected by 

mechanical dissociation. The dispase/collagenase/CaCl2 solution was chosen as 

the optimal method and subsequently used for cell preparation prior to flow sorting 

(IV. 3. 3. Optimization of palate shelf tissue dissociation into single cells for flow 

sorting). 

 

Table II. 8. Dispase/collagenase/CaCl2 solution. 

Reagent Details Concentration 

Collagenase D Roche, #11088858001 1.5 U/mL 

Dispase II Specialty Media, #2643607 2.4 U/mL 

CaCl2 Sigma-Aldrich, #10043-52-4 2.5 mM 

 

II. 13. Palate shelf dissection and cells preparation for flow sorting 

Timed pregnant female mice (E13.5) were killed by CO2 asphyxiation and cervical 

dislocation. For each female, the uterus containing the embryos was removed and 

placed in cold PBS on ice. Palatal shelves were dissected in Knockout DMEM 

(Figure II. 11) and a limb from each embryo was taken for genotyping. Samples 

were carefully numbered and labelled. The tissues were collected into Eppendorf 

tubes containing fluorescence activated cell sorting (FACS) medium (Table II. 9). 

The samples were pelleted by centrifugation followed by FACS medium aspiration. 

150 µL of dispase/collagenase/CaCl2 solution was added to each sample and then 

incubated at 37ºC for 7 min. This was followed by adding 500 µL of FACS medium 

and pipetting up and down to dissociate the tissue into a single cell suspension. 

The cell suspension was then moved to a 15 mL Falcon tube and centrifuged at 

76 x g at room temperature for 5 min (Eppendorf Centrifuge 5810R). The 
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supernatant was aspirated and the cells washed again with FACS medium to 

remove residual enzyme. The suspension was centrifuged again followed by 

aspiration of the medium. The pellets were resuspended in 1 mL FACS medium 

and passed through a 100 µm filter, then repeated using a 40 µm filter (Scientific 

Laboratory Supplies, #352360 and #352340) and collected into a 50 mL Falcon 

tube. The suspension was centrifuged at 76 x g for 5 min. The pellet was 

resuspended in 200 µL of FACS medium and transferred to an Eppendorf tube. 

Flow sorted cells collection tubes were prepared by adding 100 µL of PBS into 

fresh Eppendorf tubes. After flow sorting, the cells were then pelleted at 200 x g for 

5 min and frozen, first placing them on dry ice and subsequently transferring them 

to a -80ºC freezer. 

 

 

Figure II. 11. Dissection of palate shelves for FACS. 

Ventral view of the maxilla, palatal shelves and palate of E13.5 mouse embryo. Arrows 

indicate the regions of dissection. A - anterior; P - posterior; RPS - right palatal shelf; 

LPS - left palatal shelf. 
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Table II. 9. The medium used for flow sorting. 

The medium 

Knockout DMEM (Life Technologies, #A12861-01 CTSTM KnockOutTM DMEM 

500 mL) 

10% KSR (Life Technologies, #10828010 KnockOutTM Serum Replacement 100 

mL) 

1X N2 supplement (Life Technologies, #A13707-01 CTSTM (Cell Therapy 

Systems) N-2 Supplement 5 mL) 

2% cell culture grade albumin (Life Technologies, #15260-037 Bovine Albumine 

Fraction V (7.5% solution) 100 mL) 

Penicillin 25 U/mL and streptomycin 25 µg/mL (Life Technologies, #15070-063 

Penicillin-Streptomycin (5.000 U/mL)) 

 

II. 14. Flow cytometry 

Flow cytometry or FACS is used to identify, analyse, and/or sort different 

populations of cells (Shapiro, 2018). It is based on the principles of light scattering 

caused by particles crossing a beam of light. This causes excitation and 

fluorescence emission of fluorochromes that may be attached to either specific 

molecules or expressed by a particular cell type. A population of single cells can be 

analysed by suspending them in a medium and injecting them into a stable stream 

that forces the cells to travel one by one through the flow cytometer. To analyse 

each cell, one or more beam of laser light can be used. The information about the 

cell’s properties is provided by scattered light and fluorescence emission. The flow 

cytometer can analyse cells at up to 100,000 events per second and is capable of 

detecting low signals, count cells and simultaneously analyse several different 

physical and chemical properties with high sensitivity and in a very short period of 

time (Ormerod, 1994). 

Forward scatter (FSC) is a parameter which is obtained when light detector 

converts a confocal lens focused laser beam into an electrical signal that 
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subsequently becomes digitilised (Radbruch, 1992). The FSC signal gives 

information about the size and shape of the cell. The side scatter (SSC) signal is 

gathered by a side confocal lens and detected by a sensor reading side scattered 

light. SSC gives information about the granularity of the cell. The combination of 

FSC and SSC help to identify different type of cells. 

Fluorescence is detected by several optical detectors, the so-called photomultiplier 

tubes (PMT). They read the fluorochromes excited by the light emitted from the cell 

crossing the laser beams. Different fluorochromes emit light at different 

wavelengths and are then split into specific colours by optical filters. The PMTs 

convert received light into an electrical pulse that is digitalised and read by a 

computer, which can generate histograms and dot plots. 

The cell sorter Moflo XDP (Beckman Coulter, California) was used to sort cells in 

this study. It is equipped with 3 air cooled lasers: a 150 mW 488 nm Coherent 

Sapphire blue laser, a 100 mW 643 nm Coherent Cube red laser, and a 100 mW 

JDSU Xcyte 355 nm UV laser. Only the blue laser was used in these experiments. 

A 100 nm nozzle tip was used with 20 PSI sheath pressure. Yellow fluorescent 

protein (YFP) signal was collected in FL1 channel through a 530/40 band pass 

filter and FL3 channel with a 613/20 band pass filter was used to separate true 

YFP+ cells from auto-fluorescence background. A light scatter gate was drawn in 

the FSC versus SSC plot to exclude debris and big clumps and include viable cells. 

Cells in this gate were displayed in an SSC versus SSC-W to further target single 

cells. Single and viable cells were then analysed in a FL3-Log versus FL1-Log plot 

and a final gate was drawn on green/yellow cells for cell sorting (Han and Gu, 

2016). 

Preparation of all samples for flow sorting was performed by me. However, hands 

on use of the FACS machine was provided as a service performed by Dr Ayad 

Eddaoudi at the UCL Great Ormond Street Institute of Child Health Flow Cytometry 

Core Facility, supported by the Great Ormond Street Children's Charity, grant 

reference U09822 (October 2007), and UCL Capital Equipment Funding, School of 

Life and Medical Sciences (September 2012). 
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II. 15. Preparation of RNA from cells for RNA-Seq 

RNA was extracted from flow sorted mouse embryonic palatal shelf cells using the 

RNeasy Micro Kit (Qiagen, #74004). The kit allows purification of up to 45 μg RNA 

from small cell and tissue samples. RNA was extracted from 3 replicate E13.5 

males in each of the mutant (experimental) and WT (control) groups and submitted 

for RNA-Seq to identify global gene expression changes. 

 

II. 16. RNA-Seq technology 

RNA-Seq is a method of analysing a highly complex mix of transcripts using deep 

sequencing technologies. The chosen population of RNA is first converted to a 

library of cDNA fragments which will have short adaptors attached to one or both 

ends. The library is then sequenced to obtain short sequences from one or both 

ends. Sequence reads are either aligned to a reference genome or reference set of 

transcripts or assembled de novo, without the genomic sequence in order to 

produce a transcription map that reveals the transcriptional structure and/or level of 

expression of each gene (Wang et al., 2009). 

RNA quantification and sample integrity check, cDNA library preparation, 

alignment, running on the sequencing platform (Marioni et al., 2008) and basic 

analysis was performed by the UCL Genomics Service (www.ucl.ac.uk/child-

health/research/genetics-and-genomic-medicine-programme/ucl-genomics). 

 

II. 17. Preparation of RNA from tissue for RTqPCR 

RNA from tissue was extracted using the TRIzol method. Tissues (mouse embryo 

heads) were collected into 1.5 mL Eppendorf tubes and kept on ice. Then 1 mL of 

TRIzol (ThermoFisher, #15596026) was added to each sample and pulverized with 

a homogenizer. The tubes were kept for 5 min at room temperature and then 

250 µL of chloroform (ThermoFisher, #10102190) was added and shaken 

vigorously for 15 sec. The samples were incubated at room temperature for 5 min 

and centrifuged at 9300 x g for 5 min. Three layers in each tube were identified and 

http://www.ucl.ac.uk/child-health/research/
http://www.ucl.ac.uk/child-health/research/
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the aqueous phase carefully removed using a pipette to a new 1.5 mL Eppendorf. 

At this stage 550 µL of isopropanol (ThermoFisher, #10284250) was added to the 

aqueous phase and mixed gently then kept at room temperature for 5 min. The 

tubes were centrifuged at 16100 x g for 20 min. The samples with obvious pellets 

at the base of each tube were placed on ice. The isopropanol was poured off and 

2 mL of 75% EtOH in DEPC-treated water was added. EtOH was poured off and 

the pellets were air dried, then resuspended in 20 µL of DEPC-treated water. The 

concentration and absorbance at 260 nm were measured. A 260/280 ratio greater 

than 1.8 was considered as acceptable. The samples were stored at -80°C until 

further use. 

II. 18. Reverse transcription PCR 

In order to synthesise cDNA for real-time expression analysis, reverse transcription 

PCR (RT-PCR) was performed. In the first step, RT-PCR uses reverse 

transcriptase to generate cDNA from an RNA template. A first strand of cDNA was 

synthesised by reverse transcription of the total RNA extracted using the TRIzol 

method from E13.5 mouse embryo heads. Each RNA sample (100 ng) was diluted 

with DEPC-treated water to a total volume of 10.25 μL. The mix was initially heated 

at 72°C for 5 min to melt any secondary structure of the single-stranded RNA 

(ssRNA) and cooled to 37°C in a thermal cycler. The mixture (Table II. 10) was 

added for reverse transcription. 

Table II. 10. Standard reverse transcription reaction mix. 

Reagent Volume (μL) per reaction 

M-MLV RT buffer (5x) 4 

dNTPs (10 mM) 2 

Random primers (500 μg/mL) 1 

M-MLV reverse transcriptase (200 units/μL) 0.5 

RNasin RNase inhibitor (40 units/μL) 0.25 

DEPC-treated water 2 
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RT reaction mix (9.75 μL) was added to each sample followed by incubation at 

37°C for 1 hour before heating at 80°C for 10 min to stop the reaction by 

denaturing the enzyme. A negative control was used in each run, where water was 

used instead of RNA. To confirm the conversion of RNA to cDNA, 1 μL of cDNA 

samples were used performing PCR with ACTB primers. The primers (Table II. 11) 

were designed to amplify both genomic DNA by flanking a relatively short intron 

(134 bp) in order to detect any genomic contamination in the RNA samples, as well 

as to confirm the conversion of RNA to cDNA. 

 

Table II. 11. Control primers designed for PCR to check the integrity of cDNA. 

Gene 
Primer sequence 
5’ to 3’ 

t 
(°C) 

Product 
size (bp) 

Accession 
number 

Notes 

ACTB 
F: tcgtgcgtgacattaaggag 

R: gtcaggcagctcgtagctct 
60 110 NM_001101 for cDNA 

 

PCR products were electrophoresed to check quality and to prove absence of 

genomic contamination. cDNA samples were then stored at -20°C for future use. 

 

II. 19. Reverse transcription, RNA library preparation and sequencing 

First strand cDNA synthesis and RNA-Seq library construction were performed 

using the Ovation SoLo RNA-Seq System (NuGEN). Twelve samples were run on 

the NextSeq500 (Illumina), using single-end 75 bp reads with 8 bp index and 8 bp 

unique molecular identifier (UMI). Barcoding individual transcripts with UMI 

minimises the PCR amplification bias in low input RNA-Seq protocol. Three RNA 

samples from each of the following biological groups were used: CM WT and 

Tbx22-/Y; CNC WT and Tbx22-/Y. 
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II. 20. RNA-Seq read alignment and counting 

Raw sequencing reads were converted to FASTQ files using Illumina’s FastQ 

generation application and run quality was checked. Adaptor trimming was 

performed using Trimmomatic 0.36.5, FastQ files were aligned to the mm10 

(GRCm38) reference mouse genome using STAR FastQC aligner (v 0.71). 

Deduplication was performed with markdupes tool of Je suite 1.2.1 (Girardot et al., 

2016). To measure gene expression FeatureCounts 1.6.0.2 tool was used. 

 

II. 21. RNA-Seq quality check 

RNA-Seq data were analysed using the standard quality control (QC) methods 

STAR alignment scores and Picard gene coverage (MultiQC v1.5). 

 

II. 22. RNA-Seq differential gene expression 

Differential gene expression analysis was performed with DESeq2 package (Love 

et al., 2014) in R (v3.5.1). Genes with mean normalised counts of <10 were 

excluded from the multiple testing correction. Significant threshold of Benjamini 

adjusted p-value of 5% was used. Correlations between the biological replicates 

were visualised by plotting the regularised log transformed gene counts. Principal 

component analysis (PCA) was carried out to detect any outliers. 

 

II. 23. Gene set enrichment analysis 

RNA-Seq data was analysed for differential expression against gene sets. All 

genes were included and ranked by Log2 fold change (Log2FC). For input mouse 

genes were used, as them converting to human orthologues, generated identical 

gene set enrichment result. The conversion was done using online tool at BiodbNet 

(biodbnet-abcc.ncifcrf.gov/db/dbOrtho.php). The ranked lists were imported into 

gene set enrichment analysis software (GSEA 3.0) (Mootha et al., 2003, 

Subramanian et al., 2005) and analysis was run under default parameters using 
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Hallmark, C2, C3, C5 and gene ontology (GO) palate development gene sets 

(Liberzon et al., 2011). 

 

II. 23. 1. Hallmark gene set 

Initial analysis was run using the ‘Hallmark’ curated gene sets from the molecular 

signature database (Liberzon et al., 2011). The Hallmark gene sets include 50 

separate curated sets that represent a range of biological processes, signalling 

pathways and some cellular components. The Hallmark gene sets have been 

experimentally validated previously and commonly used in an initial analysis. The 

gene expression data was also run using additional C2, C3, C5 databases and GO 

Palate Development pathway as briefly described below. A false discovery rate 

(FDR) threshold of <0.25 was used throughout. 

 

II. 23. 2. C2 gene set 

The C2 gene sets include 4762 gene sets that are curated from various sources 

including online pathway databases, the biomedical literature, and contributions 

from domain experts. The C2 collection is divided into two sub-collections: 

chemical and genetic perturbations (CGP) and canonical pathways (CanP). Most 

of the CGP sets are extracted from the biomedical literature and represent 

signatures from several important biological and clinical states. CanP gene sets 

are curated from the various online databases (e.g. BioCarta; KEGG; Pathway 

Interaction Database; Reactome; Signalling Gateway). 

 

II. 23. 3. C3 gene set 

The C3 gene sets represent potential targets of regulation by transcription factors 

or microRNAs. These include 836 sets that consist of genes grouped by the short 

sequence motifs that they share in their non-protein coding regions. These motifs 

are thought to represent known or likely cis-regulatory elements in promoters and 
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3'-UTRs. The C3 collection is divided into two sub-collections: MIR and TFT (Xie et 

al., 2005). 

 

II. 23. 4. C5 gene set 

The C5 gene sets (N=5917) are derived from GO annotation. A GO annotation 

consists of a GO term associated with a specific reference that describes the work 

or analysis upon which the association is based. GO terms describe an ontological 

system designed to provide a biologically meaningful annotation of genes and their 

products. Gene products can be associated with one or more GO terms. Each 

annotation includes an indication as to how the annotation to a particular term is 

supported (geneontology.org/page/guide-go-evidence-codes). 

 

II. 23. 5. GO palate development gene set 

The GO palate development gene set is found within the biological process 

ontology subgroup. It includes a number of genes previously demonstrated to be 

involved in palate development including: ACVR2B; ALX1; ALX4; ANP32B; 

ARID5B; ASPH; BBS7; BCOR; BMPR1A; BNC2; C5orf42; CHD7; CLDN5; 

COL11A2; COL2A1; CSRNP1; DHRS3; DLG1; DLX5; DLX6; EPHB2; EPHB3; 

FOXE1; FOXF2; FRAS1; FZD1; FZD2; GABRB3; GDF11; GLI3; HAND2; IFT172; 

INHBA; INSIG1; INSIG2; JAG2; LEF1; LRP6; MEF2C; MEOX2; MMP25; MSC; 

MSX1; NPRL3; OSR1; OSR2; PAK1IP1; PKDCC; PLEKHA1; PRDM16; PRRX1; 

PYGO2; SATB2; SGPL1; SHH; SKI; SMAD2; SMAD4; SNAI1; SNAI2; SOS1; 

SOX11; SUMO1; TBX1; TBX2; TBX3; TCF21; TFAP2A; TGFB3; TGFBR1; 

TGFBR2; TGFBR3; TIPARP; TSHZ1; TWIST1; VAX1; WDPCP; WFIKKN1; 

WFIKKN2; WNT11; WNT3A; WNT5A; WNT7A; WNT8A; WNT9B. 
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II. 24. Functional annotation of differentially expressed genes, the database 

for annotation, visualization and integrated discovery 

Significantly differentially expressed genes were analysed using functional 

annotation tool based on the database for annotation, visualization and integrated 

discovery (DAVID) (david.ncifcrf.gov/summary.jsp). Input of lists of genes was 

entered and analysed using mouse background. 

 

II. 25. Tbx22tm1Sta targeted allele detail and nomenclature 

MGI: 4361266 

Symbol: Tbx22tm1Sta 

Synonyms: Tbx22flox, Tbx22tm1(flox/exon0-2/NEO)Sta 

Gene: Tbx22 

Location: ChrX:107667964-107688978 bp, + strand 

Genetic Position: ChrX, 47.59 cM 

Disease ortholog: X-linked CP with or without ankyloglossia 

In this thesis floxed allele-carrying mice are denoted Tbx22flox, males as 

Tbx22flox/Y and females as Tbx22flox/flox or Tbx22flox/+ while Tbx22 knockout mice 

are denoted Tbx22null, males as Tbx22-/Y and females as Tbx22-/+. Tissue 

specificity of the knockout is designated either by Mesp1-Cre (CM) or Wnt1-Cre 

(CNC). Wild type animals are indicated as WT. 

 

II. 26. Patient samples 

Genomic DNA from members of the family shown in Figure II. 12, was extracted 

from saliva samples obtained with OrageneTM DNA Self-Collection Kits (Genotek, 

#OG-250) according to the manufacturer’s instructions. DNA samples were 

https://david.ncifcrf.gov/summary.jsp
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extracted from whole blood taken at the time of surgery from a cohort of 312 

individuals with either NS CP or SMCP, selected from more than 750 patients with 

CL/P collected from the North Thames Cleft Lip and Palate Service, GOSH. 

Informed consent was obtained from all participants and research studies were 

approved by the GOSH Research Ethics Committee (REC No 08/H0713/46). DNA 

extraction from saliva or blood was performed in the laboratories of the North East 

Thames Regional Genetics Service Laboratories, GOSH, Barclay House. 

 

 

Figure II. 12. Family pedigree showing autosomal dominant inheritance of absent 

uvula and hypernasality. 

Saliva samples were obtained from 14 individuals (x). 
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II. 27. Clinical evaluation 

A diagnosis of VPI for IV.5 was made based on specialist speech and language 

therapy assessment, which was undertaken by Dr Debbie Sell (Sell et al., 1999) 

and by lateral videofluoroscopy which was carried out in the radiology department, 

GOSH (the method is described in more detail under III. 1. 6. Videofluoroscopy and 

nasendoscopy). II.2, II.3, III.3, III.4, III.5, III.6, III.8 family members’ speech was 

assessed by Mr Brian Sommerlad. 

 

II. 28. Cytogenetic analysis 

Chromosomal microarray analysis of the proband’s DNA was conducted by the 

North East Thames Regional Genetics Service Laboratories, GOSH, Barclay 

House, using the Affymetrix CytoScan 750K array. Initial interpretation following 

comparison to control databases and the GOSH data set was done by Ms Deborah 

Morrogh (principal scientist). This was followed by a qPCR assay for FOXC1 

(routinely conducted as follow up) to confirm the presence of the copy number 

variant (CNV) in 6p25.3 in the proband (IV.5) and to investigate inheritance from 

both parents (III.3, III.4) and the paternal grandmother (II.2). 

 

II. 29. Linkage analysis 

Genome wide SNP genotypes were generated by UCL Genomics from 

11 members of the family (Figure II. 13) using the Infinium Human CoreExome-24 

BeadChip (Illumina). III.5, III.7 and III.8 were not included at this time as samples 

from these individuals were not collected until a later date. Resulting data was 

used for linkage analysis (courtesy of Prof Martin Farrall, Wellcome Trust Centre 

for Human Genetics, Oxford) where a subset of informative SNPs were selected 

and used for parametric linkage analysis using the MERLIN program. 
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Figure II. 13. Family pedigree. Linkage analysis. 

Eleven family members were genotyped for linkage analysis (+). III.5, III.7 and III.8 were 

not included at this time as samples from these individuals were not collected until a later 

date. 

 

II. 30. Sequencing 

Genomic DNAs from two affected (IV.5 and III.6) and one unaffected female (III.2) 

were subjected to exome sequencing, which was performed at the Next 

Generation Sequencing Service at the UCL Institute of Neurology. The SureSelect 

Human Exon Kit v.4 (Agilent Technologies) was used for sequencing according to 

the manufacturer’s instructions. Adapters were ligated, and paired-end sequencing 

was performed on an Illumina HiSeq 2000, which generated 2x 50 bp reads. The 

mean exome coverage was 81 to 91 fold, and 98% and 86% of the target 

sequence was covered at least 10 to 30 times, respectively. Sequencing reads 

were aligned to the reference human genome (GRCh37/hg19) with the BWA 

consensus, variant bases were called with GATK and variants were annotated with 

ANNOVAR. Confirmation of all variants of interest, segregation analysis and 

FOXF2 sequencing in additional patient cohorts, were all performed using Sanger 

sequencing according to standard methods and resulting sequence files were 

analysed on the Sequencher™ v5.4.6 (Gene Codes Corporation) platform 

(Figure II. 14). 
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Figure II. 14. Family pedigree. Exome sequencing analysis. 

Exome sequencing analysis was performed on 3 individuals (‡) and Sanger 

sequencing () was used to assess segregation of candidate gene variants in additional 

individuals. 

 

II. 31. Exome sequencing analysis 

Exome sequencing data was analysed under a dominant inheritance model with 

Ingenuity Variant Analysis software (Qiagen Bioinformatics) using the following 

parameters: 

 Confidence filter: keep variants with a call quality of at least 20 in any case or 

control and with read depths of at least 10. 

 Common variants filter: excluded variants with an allele frequency of at least 

3% in the 1000 Genomes Project, 3% in the public Complete Genomics 

genomes and are present in dbSNP. 

 Genetic analysis filter: keep variants that are associated with gain of function 

or are heterozygous, compound heterozygous, haploinsufficient, homozygous, 

het-ambiguous and occur in the case sample. It excludes variants that occur in 

at least 1 of the control samples. 
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 Predicted deleterious filter: keep variants that are experimentally 

observed/predicted to be associated with a phenotype (pathogenic, likely 

pathogenic, listed in HGMD), or are associated with loss of function of a gene 

(frameshift, in-frame indel, or start/stop codon change, missense, splice site 

loss up to 2 bases into intron or as predicted by MaxEntScan). Variants were 

investigated using the Ensembl Variant Effect Predictor, which includes a 

variety of in silico tools. The likely pathogenicity of missense variants and their 

effects on protein function were predicted using tools such as PolyPhen-2, 

SIFT, and v.1.3 CADD (with a threshold score of >15). Gene tolerance to 

variation was calculated for all variants using the residual variation intolerance 

score and then combined with the PROVEAN scores for missense variants, 

which combines Grantham and conservation scores. Population control 

databases accessed included the 1000 Genomes database, Exome Variant 

Server database, The Exome Aggregation Consortium (ExAC) and gnomAD as 

previously described (Ishida et al., 2018, McGrath et al., 1999, Hellqvist et al., 

1996). 

 

II. 32. Sanger sequencing 

DNA sequencing of PCR products was performed using the Sanger dideoxy chain 

termination method (Sanger et al., 1992). In a Thermo-Fast 96-well PCR plate 

3-4 μL of PCR products were purified and precipitated by adding an equal volume 

of microCLEAN (Microzone, ref: 2MCL5). The plate was covered with MicroAmp 

clear adhesive film (ThermoFisher, #4306311), vortexed and left for 5 min at room 

temperature, followed by centrifugation step at 1216 x g for 40 min at room 

temperature. MicroCLEAN was removed by centrifugation of the plate set upside 

down on a tissue at 27 x g for 1 min. The sequencing mixture was then added to 

the precipitate (Table II. 12). 

 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/missense-mutation
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/protein-function
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/exome
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Table II. 12. Standard Big Dye Terminator sequencing reaction mix. 

Reagent Volume (μL) per reaction 

BigDye® Terminator v1.1 1 

BigDye® Terminator v1.1 buffer (5x) 2 

Betaine (5 M) 2 

Forward or reverse primer (50 ng/μL) 0.5 

DEPC-treated water 4.5 

 

The sequencing program consisted of an initial incubation step at 96°C for 1 min, 

and 34 cycles of: incubation at 96°C for 30 sec, 53°C for 15 sec, 60°C for 4 min 

and at 20°C for 2 min. The sequencing products were then precipitated by adding 

50 μL of the precipitation mix (5 mL of 3 M NaAc (sodium acetate) at pH 5.2, 

125 mL of 100% EtOH and 40 mL of Milli-Q water) in each sample. The plate was 

left at room temperature for 20 min and it was then centrifuged at 684 x g for 

40 min at 10°C. The solution was removed and the pellets were washed with 50 μL 

of 70% EtOH and spun at 684 x g for 10 min at 10°C. The EtOH was removed by 

spinning the plate upside-down at 7 x g for 1 min and the resulting pellets were 

resuspended in 10 μL of 1:10 1x TE (Tris and EDTA) buffer. The plate was then 

run on an ABI 3730xl DNA analyser by arrangement with staff in the North East 

Thames Regional Genetics Service Laboratories, GOSH, Barclay House. 

 

II. 33. Bioinformatics analysis of candidate genes 

The candidate genes were analysed by following tools: 

 SIFT predicts whether an amino acid substitution affects protein function. The 

prediction is based on the degree of amino acid conservation in sequence 

alignments derived from closely related sequences that are collected through 

PSI-BLAST (Vaser et al., 2016): http://sift.jcvi.org. 
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 PolyPhen-2 (Polymorphism Phenotyping v2) is a tool used to predict the 

possible impact of an amino acid substitution on the structure and function of a 

human protein using both physical and comparative considerations (Adzhubei 

et al., 2013): http://genetics.bwh.harvard.edu/pph2. 

 MutationTaster evaluates disease causing potential of sequence alterations 

(Schwarz et al., 2010): http://www.mutationtaster.org. 

 Provean predicts whether a protein sequence variation affects protein function 

(Choi and Chan, 2015): http://provean.jcvi.org/about.php. 

 Condel (CONsensus DELeteriousness score of missense single nucleotide 

variants (SNVs)) - combines various tools (MutationAssessor, FATHMM) to 

assess the outcome of non-synonymous SNVs using a consensus 

deleteriousness score (Yuan et al., 2018): https://omictools.com/consensus 

deleteriousness-score-of-missense-snvs-tool. 

 LoFtool provides a gene intolerance score. This provides an estimate of the 

consequent susceptibility to disease based on the ratio of loss-of-function to 

synonymous mutations for each gene in 60,706 individuals from ExAC. The 

score is adjusted for the gene de novo mutation rate and evolutionary protein 

conservation (Fadista et al., 2017): http://www.ensembl.org/info/docs/tools/ 

vep/index.html. 

 FATHMM is a high-throughput web-server capable of predicting the functional 

consequences of both non-synonymous SNVs and non-coding variants (Rogers 

et al., 2018): http://fathmm.biocompute.org.uk. 

 Mutation assessor is used to predict the functional impact of an amino acid 

substitution in a protein, e.g. mutations discovered in cancer or missense 

polymorphisms. The functional impact is based on evolutionary conservation of 

the affected amino acid in protein homologs: http://mutationassessor.org/r3. 

 Meta LR is a logistic regression based method, which incorporated 10 scores 

(SIFT, PolyPhen-2 HDIV, PolyPhen-2 HVAR, GERP++, MutationTaster, 

Mutation Assessor, FATHMM, LRT, SiPhy, PhyloP) and the maximum 

https://omictools.com/consensus%20deleteriousnes
https://omictools.com/consensus%20deleteriousnes
http://www.ensembl.org/info/docs/tools/
http://fathmm/
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frequency observed in the 1000 genomes populations. The larger value of a 

SNV, the more likely it is to be damaging. Scores range from 0 to 1: http://www. 

ensembl.org/info/docs/tools/vep/index.html. 

 Meta SVM is a support vector, machine-based ensemble prediction score that 

incorporated 10 scores (SIFT, PolyPhen-2 HDIV, PolyPhen-2 HVAR, GERP++, 

MutationTaster, Mutation Assessor, FATHMM, LRT, SiPhy, PhyloP) and the 

maximum frequency observed in the 1000 genomes populations. The larger 

value of a SNV, the more likely it is to be damaging. Scores range from -2 to 3 

in dbNSFP: http://www.ensembl.org/info/docs/tools/vep/index.html. 

 GERP is a site conservation score. The larger the score, the more conserved 

the site is. Scores range from -12.3 to 6.17: http://www.ensembl.org/info/docs/ 

tools/vep/index.html. 

 CADD is a tool for scoring the deleteriousness of SNVs as well as insertion/ 

deletion variants in the human genome: http://www.ensembl.org/info/docs/ 

tools/vep/index.html. 

 

II. 34. Collagen coated substrate 

Tissue culture 60 mm dishes were coated with collagen (Life Technologies, 

#A10483-01) overnight at 37ºC. On the day of cell seeding, collagen was removed 

and the cells were seeded immediately. 

 

II. 35. Cell culture 

HeLa and HepG2 cells were cultured in 10% fetal bovine serum (FBS) 

(ThermoFisher, #10500064) prepared in DMEM (ThermoFisher, #41966052) 

supplemented with penicillin and streptomycin (ThermoFisher, #15140122). Both 

cell lines were passaged with 0.25% trypsin-EDTA (ThermoFisher, #25200056) 

when they approached 80% confluency. 

 

http://www.ensembl.org/
http://www.ensembl.org/info/docs/%20tools/vep/index
http://www.ensembl.org/info/docs/%20tools/vep/index
http://www.ensembl.org/info/docs/%20tools/vep/index
http://www.ensembl.org/info/docs/%20tools/vep/index
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II. 36. Constructs 

A full length (1-447aa) FOXF2 cDNA (pCMV6-XL4-FOXF2) and matching ‘empty’ 

vector were purchased from OriGene (Figure II. 15). The p.Q433P variant was 

introduced using site-directed mutagenesis (GeneArt®, Invitrogen). Sequence 

integrity was confirmed by Sanger sequencing. A Firefly luciferase reporter 

construct containing 4 copies of the FOXF2 binding site CAACGTAAACAATCCGA 

(Hellqvist et al., 1996) was synthesized by GeneScript (Figure II. 16). Cells were 

co-transfected with the reporter Renilla luciferase construct (Promega) for 

normalization. 

 

 

Figure II. 15. Human full length FOXF2 cDNA clone. 

The 2.2 kb FOXF2 cDNA insert is cloned into the ampicillin resistant pCMV6-XL4 vector 

(size 4.7 Kb). The diagram was created with SnapGene. 
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Figure II. 16. Firefly luciferase FOXF2 reporter construct. 

Four copies of the FOXF2 binding site CAACGTAAACAATCCGA were cloned in front of 

the SV40 promoter in the luciferase containing vector pGL3-SV40. The diagram was 

created with SnapGene. 

 

II. 37. FuGENE 6 transfection 

HeLa or HepG2 cells used for transfection were centrifuged for 5 min at 200 x g to 

pellet. The cell pellet was then suspended in culture medium and plated one day 

before transfection at two different densities (1x104 and 2x104 cells in 100 µL per 

well of a 96-well plate, growth area 0.32 cm2). On the day of transfection, the wells 

with 80% confluent cells were chosen. The volumes of medium, DNA and 

FuGENE 6 (Promega, # E2691) transfection reagent added per 10 wells of a 

96-well plate are represented in Table II. 13, with a total volume of 100 µL per well. 

The time required to perform the FuGENE 6 transfection reagent/DNA complex 

was 15 min at room temperature. The transfected cells were then incubated for 24 

or 48 hours before assaying to allow time to express the transfected DNA. 
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Table II. 13. The medium, DNA and FuGENE 6 transfection reagent added per 10 

wells of a 96-well plate. 

 FOXF2 

cDNA 

FOXF2 

Q433P 

FOXF2 

A25G 

FOXF2 

A41S 
Vector Control 

DNA 112 ng 112 ng 112 ng 112 ng 0 0 

Luc-Rep 561 ng 561 ng 561 ng 561 ng 561 ng 0 

Renilla 56 ng 56 ng 56 ng 56 ng 56 ng 0 

Vector 112 ng 112 ng 112 ng 112 ng 224 ng 0 

Optimem 84.21 µL 84.21 µL 84.21 µL 84.21 µL 84.21 µL 0 

FuGENE 6 2.53 µL 2.53 µL 2.53 µL 2.53 µL 2.53 µL 0 

Medium 1 mL 1 mL 1 mL 1 mL 1 mL 1.1 mL 

 

II. 38. Luciferase reporter assay 

Firefly and Renilla luciferase activities were measured at two days post transfection 

using the Dual-Luciferase Reporter Assay System (Promega) in Nunc F96 

MicroWell White plates on a FLUOstar Optima plate reader (BMG Labtech, UK) 

following manufacturer’s instructions. Each sample was normalized by dividing the 

test reporter activity (Firefly) by the control reporter activity (Renilla). All reporter 

assay experiments were performed in triplicate and each construct was analysed in 

at least three independent experiments in two cell lines (HeLa and HepG2). 

Statistical comparisons were performed using Student’s t-test. All graphs are 

represented as the mean ± standard deviation. p<0.05 was considered statistically 

significant. 
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II. 39. Protein extraction and loading buffer preparation 

Following lysis, all extraction steps were carried out on ice. Samples were lysed in 

protein extraction KCl buffer composed of 50 mM Tris HCl pH 8.0, 10% glycerol 

(ThermoFisher, #15514011), 5 mM EDTA, 150 mM KCl, phenylmethanesulfonyl 

fluoride (Sigma-Aldrich, #93482), 1x complete protease inhibitor cocktail (Roche, 

#11836153001) in deionised water cooled to 4°C. Lysates were centrifuged at 

10000 x g for 30 min at 4°C. The supernatant was transferred into a new tube and 

centrifuged at 10000 x g for 20 min at 4°C. The lysate was then stored at -80°C for 

further experiments. 

Then lysates were prepared using 4x Laemmli buffer containing 250 mM Tris HCl 

pH 6.8, 4% SDS, 0.06% (w/v) bromphenol blue, 20% glycerol, 10% 

beta-mercaptoethanol. Finally the Laemmli buffered protein lysates were 

denaturated at 75°C for 10 min. 

 

II. 40. Protein expression assays 

Western blotting was performed as previously described (Bryant et al., 2018). The 

resolving gel was formulated using 4X Protogel Resolving Buffer (National 

Diagnostics, #EC-892) and Protogel (National Diagnostics, #EC-890) to a 

concentration appropriate for each assay (Table II. 14). Ammonium persulfate 

(ThermoFisher, #A/P470/46) and TEMED (Sigma-Aldrich, #T-8133) was added to 

set the gel to induce polymerisation while butanol was spread along the top to keep 

the surface level. After the resolving gel had set, the butanol was washed away 

and the stacking gel, containing Protogel Stacking Buffer (National Diagnostics, 

#EC-893), Protogel, ammonium persulfate and TEMED (Table II. 14) was added, 

along with a comb to structure the loading wells. 

 



 

 
114 

 

C
h

a
p

te
r II: M

a
te

ria
ls

 a
n
d
 m

e
th

o
d

s
 

Table II. 14. Reagents and details for casting two gels for western blot assays. 

Reagent  
Resolving gel* Stacking 

gel 10% 12% 15% 

Protogel® 

(National Diagnostics, #EC-890) 
3.33 mL 4 mL 5 mL 0.65 mL 

4X Protogel® resolving buffer 

(National Diagnostics, #EC-892) 
2.6 mL 2.6 mL 2.6 mL None 

Protogel® stacking buffer 

(National Diagnostics, #EC-893) 
None None None 1.25 mL 

Double distilled water  3.96 mL 3.29 mL 2.39 mL 3.05 mL 

10% Ammonium persulfate** 

(ThermoFisher, #A/P470/46) 
100 μL 100 μL 100 μL 50 μL 

TEMED 

(Sigma-Aldrich, #T-8133) 
10 μL 10 μL 10 μL 10 μL 

*The amount of Protogel in the resolving gel was based on the size of the target protein. 

**10% Ammonium persulfate was made in double distilled water. 

 

The gel was inserted into an electrophoresis tank filled with electrophoresis grade 

25 mM Tris, 192 mM glycine and 0.1% SDS prepared from a 10x running buffer 

solution (Flowgen Bioscience, #EC-870). Protein samples prepared in Laemmli 

buffer (II. 39. Protein extraction and loading buffer preparation) were loaded into 

the wells along with ColorPlus Prestained Protein Marker, Broad Range, 7-175 kDa 

(New England Biolabs, #P7709S) for reference. The gel was run for a time 

appropriate to achieve optimal resolution of the target protein. 

The resolved proteins were transferred to 0.45 μm nitrocellulose membrane 

(BIO-RAD, #162-0115) by semi-dry transfer. The transfer was carried out in a 

buffer composed of 15.4 g/L glycine, 3 g/L Tris and 20% methanol in deionised 

water for 30 min. On completion of the transfer, the membranes were treated with 

3% milk in PBS on a shaker for 60 min. Following 3 washes in PBS, the 
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membranes were incubated overnight at 4°C in 1% milk-PBST solution containing 

the primary antibody (Table II. 15). 

The next day, the membranes were treated with 6 PBST washes before a 1 hour 

secondary antibody incubation period (Table II. 15). After the membranes were 

treated with 6 more PBS washes they were ready to be developed. The 

membranes were developed using an Amersham ECLTM Western Blotting Kit 

(GE Lifesciences, #RPN2109) and Amersham Hyperfilm ECLTM (GE Lifesciences, 

#28906837). Following imaging with the ChemiDoc system (Bio-Rad), relative 

protein expression was analysed in Image J software. 

 

Table II. 15. Antibody incubation details for western blot assay. 

Antibody Milk Dilution Tween* Time 

Human anti-FoxF2 IgG AF 6988 

(R&D Systems, #Q12947) 
1% 1:2000 0.1% 15 hours** 

Mouse anti-GAPDH 

(Merck, MAB374) 
1% 1:4000 0.1% 15 hours** 

Rabbit anti-Sheep IgG HRP 

(Invitrogen, #31480) 
None 1:2000 0.1% 1 hour 

Goat anti-Mouse IgG HRP 

(Invitrogen, #31326) 
None 1:2000 0.1% 1 hour 

* Tween 20 (Sigma-Aldrich, #P7949). ** Timed incubation at 4°C, otherwise incubations 

were done at room temperature. 

 

II. 41. Image analysis 

Images to be quantified were exported as TIF files and analysed using 

Image J software (http://imagej.nih.gov/ij/index.html) using the ‘Gels analysis tool’ 

(Schneider and d'Adda di Fagagna, 2012). Band density peaks were analysed 

using the ‘Wand tool’ to select an area beneath the peak and the data was 

http://imagej.nih.gov/ij/index.html
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exported to ROI manager. The density of the protein band of interest was 

normalized to that of reference protein. Data was analysed using one-way ANOVA. 

 

II. 42. Tissue in situ hybridization 

Preparation and in situ hybridization of wax embedded, coronal sections from 

human embryonic Carnegie stage (CS) 22 and CS23 and fetal material from 

8th post conception week (L8pcw) was performed using samples collected by the 

Medical Research Council, Wellcome Trust Human Developmental Biology 

Resource (HDBR) with full ethical approval from the National Research Ethics 

Service, Grant #099175/Z/12/Z (Gerrelli et al., 2015, McGrath et al., 1999). All the 

relevant sections were selected by me and I assisted by generating the in situ 

probe. In situ experiments were performed by Ms Nadjeda Moreno of the HDBR. 

Resulting images were provided to me for interpretation. 

Paraffin sections were dewaxed in two changes of histoclear and gradually 

hydrated in decreasing EtOH concentrations (100%, 75%, 50%, 25% - each stage 

2 min). Sections were washed twice in PBS and fixed for 20 min in PFA. Then 

sections were washed twice in PBS, incubated with 20 μL/mL proteinase K 

(Sigma-Aldrich, #P2308) for 8 min and post‐fixed in 4% PFA:PBS at room 

temperature for 5 min. After two washes in PBS, sections were treated with 0.1 M 

tetraethylammonium/0.25% acetic anhydride for 10 min, washed again twice in 

PBS. Dehydrated and air‐dried slides were covered with 300 ng DIG‐labelled 

riboprobe, hybridisation mix (50% formamide, 0.3 M NaCl, 20 mM Tris pH 8.5, 

5 mM EDTA pH 8.0, 1x Denharts solution, 10% dextran sulphate), tRNA 

(0.5 mg/mL) and RNAse inhibitor (1 μL/mL), cover slipped and the mixture was 

incubated overnight at 65°C to allow hybridisation of probes to the tissue mRNA. 

Post‐hybridisation washes were performed [2x standard sodium citrate (StSC), 

65°C; 0.2x StSC, 65°C; 2x formamide wash (350 mL formamide, 70 mL 20x StSC, 

280 mL dH2O)], and slides were incubated for 1 hour in 150 mM NaCl and 100 mM 

Tris HCl, pH 7.5, containing 10% fetal calf serum followed by incubation with 

anti-DIG:alkaline phosphatase and expression was visualised using NBT/BCIP 
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(Sigma-Aldrich, #11681451001), sections mounted using Vectamount (Vector 

Laboratories, #H-5000) (Harkin et al., 2016). 

FOXF2 in situ probes were generated from a 650 bp PCR fragment from the 

3’ UTR of the gene (RefSeq: NM_001452), which was cloned into pGEM®-T Easy 

(Promega, #A1360). Sense and antisense probes were synthesized using T7 or 

Sp6 primers respectively (Ghafoory et al., 2012). 
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Chapter III: Histological study of palate muscles: 

comparison between submucous cleft palate, normal and 

other cleft types 
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III. 1. Introduction 

III. 1. 1. Velopharyngeal mechanism 

The velopharyngeal mechanism consists of a muscular valve that extends from the 

posterior surface of the hard palate to the posterior pharyngeal wall and includes 

the velum, lateral pharyngeal walls and the posterior pharyngeal wall (Perry, 2011). 

Adequate velopharyngeal closure is essential during the activities of swallowing 

and speaking. These functions are complex motor skills that are achieved by 

synchronised coordination of several upper aerodigestive tract muscle groups that 

can collectively be described as the velopharyngeal port musculature (Figure III. 1, 

Table III. 1). 

 

 

Figure III. 1. Velum and surrounding structures. 

Adapted from (Carstens, 2017). 
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Table III. 1. Velopharyngeal port musculature. 

Muscle Position Innervation Function 

Levator veli 

palatini 

(Figure III. 2, 1) 

▪ Arises from the 

petrous apex and 

cartilaginous portion of 

the Eustachian tube. 

▪ Inserts in the middle 

third of the soft palate 

and blends with the 

contralateral levator. 

Pharyngeal 

plexus from 

CN IX and X. 

▪ Pulls the velum in a 

posterosuperior 

direction. 

▪ The major elevator for 

the velum. 

Palatoglossus 

(Figure III. 2, 2) 

▪ Arises from the anterior 

surface of the soft palate. 

▪ Inserts into the lateral 

aspect of the tongue 

base. 

Pharyngeal 

plexus. 

▪ Simultaneously 

lowers the velum and 

elevates the tongue 

upwards and 

backwards. 

Palatopharyngeus 

(Figure III. 2, 3) 

▪ Arises from the soft 

palate. 

▪ Part passes downwards 

and inserts into the 

posterior border of the 

thyroid cartilage. 

▪ A transverse 

component passes 

around the pharynx. 

Pharyngeal 

plexus. 

▪ Positions the velum. 

▪ Raises the larynx and 

lowers the pharynx. 

▪ Narrows the 

velopharyngeal orifice 

by adducting the 

posterior pillars and 

constricting the 

pharyngeal isthmus. 
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Table III. 1. (continued). 

Tensor veli palatini 

(Figure III. 2, 4) 

▪ Arises from the 

scaphoid fossa, spine of 

the sphenoid, and the 

cartilaginous portion of 

the Eustachian tube. 

▪ It inserts into a tendon 

which passes around the 

hamular process and 

forms the palatal 

aponeurosis of the 

anterior third of the soft 

palate. 

Mandibular 

branch of 

CN V. 

▪ Tenses the soft 

palate. 

▪ Opens the Eustachian 

tube during swallowing. 

Musculus uvulae 

(Figure III. 2, 5) 

▪ Starts from the palatal 

aponeurosis posterior to 

the hard palate. 

▪ Inserts into the uvula 

mucosa. 

Pharyngeal 

plexus. 

▪ Ads bulk to the dorsal 

aspect of the uvula. 

Superior 

constrictor 

 

▪ Arises from the lower 

portion of the pterygoid 

plate and the hamular 

process. 

▪ Inserts into the median 

raphe. 

Pharyngeal 

plexus. 

▪ Produces medial 

movement of the 

pharyngeal walls. 

▪ Assists in drawing the 

velum posteriorly. 
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Figure III. 2. Soft palate anatomy. 

A) Normal palate; B) cleft palate. 1 - Levator veli palatine; 2 - palatoglossus; 

3 - palatopharyngeus; 4 - tensor veli palatine; 5 - musculus uvulae. 

 

VPD is a condition where the velopharyngeal valve fails to close consistently or 

completely (Abduelmula et al., 2016). VPI describes an anatomical or structural 

defect that prevents adequate velopharyngeal closure. VPI is the most common 

type of VPD, usually resulting from a short or abnormal velum, which often occurs 

in CP or SMCP patients. Velopharyngeal incompetence refers to a neuromotor or 

physiological disorder, which results in poor movement of the velopharyngeal 

structures (Kummer et al., 2015). This is common in individuals suffering dysarthria 

due to cortical damage or velar paresis due to cranial nerve (CN) damage. The 

term velopharyngeal mislearning is also sometimes used and refers to inadequate 

velopharyngeal closure when attempting certain sounds due to learned 

misarticulations. 
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Velopharyngeal closure in phonation is quite distinct from the closure required for 

swallowing, although in patients with VPD, both aspects can be affected together 

or separately. In clinical practice, it has been observed that adequate 

velopharyngeal closure achieved when swallowing, does not necessarily lead to an 

adequate closure that is required for speaking (Swibel Rosenthal et al., 2018). 

A column of air pressure passing from the lungs through the subglottis into the 

upper airway is described as phonation (Kummer, 2011b). Inadequacy of the 

velopharyngeal sphincter allows air to escape through the nose during the 

generation of consonants that normally require a high oral pressure. In such 

circumstances speech production is compromised by inappropriate nasal 

resonance and this will affect speech intelligibility (Kummer, 2011a). 

In the English language, velopharyngeal closure is required for all phonemes 

(these are distinct units of sound in a given language that distinguish one word 

from another) with the exception of three, /m/, /n/, /ng/. These are produced with a 

nasal resonance while the velopharyngeal portal is open. Oral resonance is 

extremely important for the production of intelligible speech, particularly in 

languages which use many phonemes such as English, Danish, Finnish and others 

(Maddieson, 1984). As a consequence, VPI remains a challenging clinical problem 

(Chen et al., 1994). 

 

III. 1. 2. Organization of intravelar structures 

The anterior soft palate consists of mucous-secreting glands, as well as an 

abundance of adipose tissue (Kuehn and Moon, 2005). The tensor veli palatini 

(TVP) tendon is close to the nasal surface and is prominent in the most anterior 

region, just posterior to the hard palate. The middle one third of the soft palate 

consists of muscle tissue. There are LVP fibres coursing transversely across the 

midline to meet the contralateral levator. Musculus uvulae fibres are encapsulated 

in a sheath on the nasal side of the levator and course longitudinally, perpendicular 

to and cradled by the levator sling and PP fibres located laterally and not 

approaching the midline. The musculus uvulae is variable across and within 
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specimens in terms of its paired versus unpaired nature. It is the only longitudinal 

structure in the soft palate and lies on the nasal surface of the other muscles 

(Figure III. 1). 

 

III. 1. 3. Soft palate function 

The soft palate is a muscular structure attached to the posterior edge of the bony 

palate by its aponeurotic structure (Podvinec, 1952). The posterior edge of the soft 

palate forms a free and easily moving arch. In the normal soft palate, the muscles 

enter from the lateral aspect and each pair of muscles form a sling which moves 

the velum either superiorly or inferiorly. The levator pulls the palate upwards and 

backwards. The descending part of palatopharyngeus (and perhaps the 

palatoglossus) pulls the palate downwards and backwards. The transverse 

component of palatopharyngeus creates part of the sphincteric function of the 

velopharyngeal mechanism and is thought to be responsible for a muscular 

structure known as Passavant’s ridge which develops on the posterior pharyngeal 

wall in some individuals. The hamulus is rounded by the tendon of the tensor which 

helps to form the soft palate aponeurosis (Figure III. 2). The uvula has been shown 

to produce and secrete thin saliva (Back et al., 2004). 

 

III. 1. 4. Aetiology of velopharyngeal dysfunction 

VPD is characterised by hypernasality and/or nasal emission/turbulence. 

Hypernasality is a speech disorder that is characterized by excessive sound 

resonating in the nasal cavity during non-nasal sounds (Tardif et al., 2018). Nasal 

emission and turbulence are the audible escape of air, particularly with 

consonants. Hypernasality and VPD may be caused by different reasons. They 

range from structural abnormalities (e.g. cleft palate, craniofacial disorders, 

tumours) to neurological and/or muscular problems such as neuromuscular 

syndromes, 22q11.2 deletion syndrome (22q11.2 DS) and stroke. The aetiological 

factors could be divided into two major groups: anatomical abnormalities of the 

palate and functional abnormalities unassociated with anatomical palatal defects. 
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CP is the most common cause of VPD (Sullivan et al., 2011). A link between VPD 

and CP is obvious as it has been reported to occur in 5% to 66.5% of patients 

following CP repair (de Blacam et al., 2018, Ha et al., 2015, Hosseinabad et al., 

2015, Mapar et al., 2019). Less commonly the nasopharynx can be too large (e.g. 

in 22q11.2 DS patients) or VPD can develop after adenoidectomy and/or 

tonsillectomy or after tonsils and adenoids involute in a child, often around the age 

of 10 years. 

Structural and neuromuscular causes of VPD are distinguished from 

developmental or mislearning errors. In clinical practice the velopharyngeal 

function (VF) is determined by perceptual assessment as well as using 

instrumental investigations such as lateral videofluoroscopy and nasendoscopy 

(Hodgins et al., 2015). Real time magnetic resonance imaging (MRI) of VF has 

also been described thus leading to the possibility of normative three-dimensional 

data sets. Real time information may also help one to better understand 

physiological causes such as muscle hypotonia or poor co-ordination rather than 

just anatomical causes of VPD (Park et al., 2015, Wylezinska et al., 2015). 

 

III. 1. 5. Clinical representation of velopharyngeal dysfunction 

Nasal regurgitation during feeding may be a precursor of VPD. Inadequate closure 

of the velopharyngeal port during speech may lead to hypernasal resonance, nasal 

emission (either nasal friction or turbulence) and reduced pressure for oral 

pressure consonants (de Blacam et al., 2018). Inability to produce oral pressure 

consonants may result in faulty adaptation. Compensatory mechanisms include 

speaking with a soft intensity in order to decrease the airflow through the nasal 

cavity, or the opposite, speaking with a loud intensity or trying to project the voice. 

This can result in hoarseness and even nodules on the vocal cords. Compensatory 

articulation can be developed such as glottal stops and pharyngeal fricatives and 

substituting correct phonemes with those requiring less airflow. VPI also causes 

the speaker to use the posterior part of his tongue and hypopharynx to produce 

sounds known as backing or glottal speech. A facial grimace may also be seen, a 

compensatory mechanism trying to close anterior nares to restrict the nasal airflow. 
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III. 1. 6. Videofluoroscopy and nasendoscopy 

Assessment of the structure, movement, extent of closure, and timing of the 

velopharyngeal mechanism can be very helpful in clinical management of patients 

with VPD. The most common methods to visualize the velopharyngeal mechanism 

in action are videofluoroscopy and nasendoscopy, which significantly add to a 

patient’s assessment (Abduelmula et al., 2016). Videofluoroscopy uses ionizing 

radiation during movements of the structures of the velopharynx from different 

imaging planes (Ysunza et al., 2016) and gives information about velar length, size 

of gap and the position of the levator insertion. The disadvantages of the study are: 

it only provides a two-dimensional view, does not display the closure pattern and 

the patient is exposed to radiation. However, in many cases this examination is 

preferred by specialists as it is less invasive and more child friendly compared to 

nasendoscopy or MRI study. Nasendoscopy provides a dynamic direct 

visualization and in vivo imaging of the vocal tract during articulation (Golding-

Kushner et al., 1990). It is useful for closure pattern assessment, but requires more 

cooperation from the patient. However, it may be contraindicated in certain cases 

such as unusual or narrow nasal airways or bleeding disorders. Nasendoscopy is a 

standard visualization tool, but does not provide objective values, while 

videofluoroscopy provides measurements and ratios as well as objective and 

comparable VPI assessment outcomes. Therefore, combining videofluoroscopy 

and nasendoscopy has become the best approach for assessing VF (Ysunza et al., 

2015). 

 

III. 1. 7. MRI for velopharyngeal function evaluation 

MRI is an imaging method that is noninvasive and does not require radiation 

exposure. It is easily repeatable and allows for static and dynamic views of 

underlying musculature and velopharyngeal structures (Perry et al., 2017, Naran et 

al., 2017). To date, MRI investigations in children have been limited to tasks where 

simple, prolonged singular sound production are recorded (Sagar and Nimkin, 

2015). This is partly due to the difficulties associated with MRI imaging of children 

at the young age for monitoring their early speech. Also, the capture rate of the 
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technology in terms of frames per second has been relatively slow to properly 

analyse the complexity of dynamic speech, although this aspect of the technology 

is improving. Nevertheless, a clinical tool for assessing velopharyngeal structure 

and muscle function would be of benefit (Silver et al., 2011). For example, a fast 

oblique coronal MRI view would allow assessment of the levator muscle function in 

a way that is not possible using traditional imaging methods. Dynamic imaging of 

the vocal tract with MRI is therefore still developing field for research. There is as 

yet no consensus in such areas as preferred sequences, reconstruction methods 

and choice of parameters (Lingala et al., 2016). 

 

III. 1. 8. Palate muscle histology 

There have been only a limited number of studies performed to investigate the 

histological structure of palate muscles and these have limitations, such as small 

sample numbers, age variation, lack of controls for comparison, diverse biopsy 

location and most of them use post-mortem tissue. Moon et al. (1998) report LVP 

muscle fibre analysis in 12 adult non-cleft cadavers and suggested their findings 

act as a baseline against which to relate CP fibre type data. The study showed an 

average of 59.8% type I (slow twitch) muscle fibres across all specimens with 

67.4% in males and 54.4% in females. In a comparison of LVP in ICP infants with 

non-cleft adult cadavers, type I muscle percentage was 37% and 75% respectively 

(Lindman et al., 2001). It has been suggested that different palate muscles have 

specialized functional roles such that the PP and uvula muscles are involved in 

quick movements whereas the LVP and TVP muscles perform slower contractions 

(Stal and Lindman, 2000). It is also known that velar musculature generally has a 

high aerobic sufficiency, special proprioceptive control, whilst each muscle has 

only one skeletal insertion and is required to work at low load and tension (Stal and 

Lindman, 2000). These reasons may ultimately influence the organisation of 

individual velar muscles that determine the palate’s functional capacity. Therefore, 

further detailed study of specific palate muscles is still required, particularly in 

relation to function, and also for SMCP as a novel study group. This could provide 

a better understanding of the differences between ICP and SMCP in terms of 
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clinical outcomes and may influence decision making to plan surgical procedures 

as well as managing expectations. 

 

III. 1. 9. Clinical significance of 22q11.2 deletion syndrome 

22q11.2 DS (OMIM 611867), also known as velocardiofacial (OMIM 192430) or 

DiGeorge syndrome (OMIM 188400) is an autosomal dominant condition that 

affects both males and females equally with an approximate incidence of 1:4000 

(Murphy and Scambler, 2005). The clinical findings associated with 22q11.2 DS 

vary widely between patients and include CP, SMCP, VPI without CP, cardiac 

abnormalities, musculoskeletal disorders, thymic aplasia or hypoplasia, T-cell 

abnormalities and dysmorphic facial appearance (McDonald-McGinn et al., 1997, 

Kirschner and Baylis, 2014). The causes of VPI include recognizable anatomical 

anomalies such as CP, SMCP, hypoplasia and asymmetry of the LVP (Filip et al., 

2017), and a large pharynx, as well as physiological problems related to 

neuromuscular dysfunction. The anatomical and physiological anomalies that lead 

to VPD in patients with 22q11.2 DS make the surgical management challenging 

and results unpredictable. Various protocols exist to address the abnormalities in 

the velum, pharynx or both in a synchronous or staged manner (Mehendale et al., 

2004, Bohm et al., 2019). However, by making surgical decisions based on 

velopharyngeal anatomy and function, velar muscles abnormalities should be 

taken into consideration. 

 

III. 1. 10. Clinical significance of Robin sequence 

RS is defined as micro- and/or retrognathia, glossoptosis, airway compromise and 

CP (Jones et al., 2013). RS is not a syndrome but rather describes a sequence of 

disorders, where one abnormality results in the next. Nevertheless, it is related to 

several craniofacial anomalies and often appears in conjunction with a syndromic 

diagnosis. In fact, approximately 50% of RS cases are reported to be syndromic 

(Caouette-Laberge et al., 1994, Evans et al., 2006, Izumi et al., 2012). The three 

most common syndromes are Stickler (types I-V OMIM 108300, 604841, 609508, 
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614134, 614284), 22q11.2 DS and Treacher-Collins (OMIM 154500) accounting for 

65% of the syndromic cases (Van den Elzen et al., 2001, Gangopadhyay et al., 

2012, Caouette-Laberge et al., 1994). More than 50 syndromes have been 

described in association with RS (Tan et al., 2013). The incidence of RS in UK is 

1:8500 (Bush and Williams, 1983) but varies in publications because of the 

different methods used to collect data from different time periods (Vatlach et al., 

2014, Printzlau and Andersen, 2004) and difficulties in defining the condition. 

The management of infants with RS is complex and many improvements still need 

to be made. MDT care is essential to address the different pathologies 

encountered throughout infancy, childhood and adulthood. It is common for a wide 

U-shaped CP to be associated with RS and is reported in 73-90% of cases 

(Caouette-Laberge et al., 1994, Butow et al., 2009, Maas and Poets, 2014). CP 

repair may be done later than other CP patients and is usually left until breathing 

and feeding difficulties have been dealt with. Also the choice of surgical technique 

to close the usually wide CP is challenging and may include a staged approach 

(Morice et al., 2018). Patients with RS CP have been shown to have worse speech 

outcomes than patients with ICP (Hardwicke et al., 2016, Stransky et al., 2013). 

They also have higher oronasal fistula rates (Witt et al., 1997), a higher risk of 

secondary surgery for VPI (Witt et al., 1997) and the possibility of later pharyngeal 

surgery in order to manage obstructive sleep apnoea (Thieme et al., 2005). 
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III. 2. Aims 

While surgery used to repair palate defects is relatively successful, a subset of 

patients can remain problematic. As such there is still a clinical need to improve 

surgical outcomes in these patients. The objective of this study therefore 

represents an attempt to better characterise the muscle architecture and histology 

in a range of cleft palate disorders. Improving our understanding of the underlying 

muscle pathology will help to provide a more logical rationale according to 

diagnosis for the most appropriate surgical treatment. 

 

The aims are: 

 To identify the surgical management pathway for patients with SMCP operated 

at the North Thames Cleft Service at GOSH and St Andrew’s Centre, 

Broomfield Hospital, MEHT over 23 years. 

 To identify the histological structure of the PP and LVP muscles in patients with 

SMCP and ICP in comparison to UCLP and controls. 
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III. 3. Results 

III. 3. 1. The surgical management pathway of submucous cleft palate 

Patients with SMCP are known to be among the most challenging in terms of 

management and to achieve a favourable outcome (Sommerlad et al., 2004). To 

explore the surgical management pathway of patients with SMCP an audit was 

carried out at the North Thames Cleft Service at GOSH and St Andrew’s Centre, 

Broomfield Hospital, MEHT (Audit number 2693). The audit included NS SMCP 

cases and patients with 22q11.2 DS but excluded patients with other clinical 

findings suggestive of a syndrome. Follow up of audit patients was at least 

6 months ending December 2018. 

 

III. 3. 2. Audit results 

Audit of the case load during the period between 20 June 1995 and 20 June 2018 

(23 years) showed that 4876 patients underwent surgery at the North Thames Cleft 

Service (1790 with CP, 1372 with UCLP, 526 with bilateral CL/P and 1188 with 

non-cleft VPI). 

A total of 222 (4.6%) patients, who matched the inclusion criteria, were operated 

on in order to manage their SMCP. Of these, 95 (42.8%) were diagnosed with 

22q11.2 DS and 127 (57.2%) presented with no additional diagnosis (Figure III. 3). 

Mutation screening in the TBX22 gene was performed in 42 (18.4%) patients and 3 

(1.3%) were found to have a likely causal mutation leading to a positive CPX 

diagnosis. The 1st operation for all of the 222 patients was SMCP repair, except for 

one patient who underwent Hynes pharyngoplasty (Mehendale et al., 2013) as the 

first choice. The age distribution was 0.5-15 years, with a median of 6 years. 
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Figure III. 3. Distribution of 22q11.2 deletion syndrome in the submucous cleft palate 

cohort. 

Ninety-five patients (42.8%) were diagnosed with 22q11.2 DS and 127 (57.2%) presented 

with no additional diagnosis. 

 

A second operation was done on 103 (46.4%) patients. Of those, 53 (51.5%) were 

22q11.2 DS. Most of the secondary operations involved Hynes pharyngoplasty, 

SMCP re-repair and buccinator flaps palate lengthening (Figure III. 4). The age 

distribution at this operation was 2-18 years, with a median of 8 years. 
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Figure III. 4. Second operation type. 

Hynes pharyngoplasty was done in 62.1% cases, SMCP re-repair in 22.3% and buccinator 

flaps palate lengthening in 5.8%. 

 

Subsequently 13 (5.9%) patients required 3rd operation and 7 (53.8%) of them 

were 22q11.2 DS. The age ranged between 6-15 years (median 10). The 

3rd operation types are presented in Figure III. 5. 
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Figure III. 5. Third operation type. 

SMCP re-repair was done in 30.8% cases, Hynes and redo Hynes pharyngoplasty in 

23.1%. 

 

In conclusion, over 23 years at the North Thames Cleft Service, 222 patients 

underwent operations to manage SMCP. Nearly half of them (42.8%) were 

diagnosed with 22q11.2 DS. Apart from one, the first operation was always SMCP 

repair, and this was followed by the 2nd intervention in nearly half of patients. About 

6% of patients underwent a 3rd procedure for VPI management (Figure III. 6). The 

most common choices for 2nd and 3rd operations were: Hynes pharyngoplasty, 

SMCP re-repair and buccinators flaps palate lengthening. 
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Figure III. 6. Number of operations required for VPI management in patients with 

SMCP. 

SMCP - submucous cleft palate. 

 

III. 3. 3. Results of histological structure of palatal muscles 

III. 3. 3. 1. Patients 

Muscle biopsies were taken from 99 patients. Fourteen patients (14.1%) were 

excluded because of the inadequate quality of specimens or insufficient 

documentation data. In total 103 biopsy samples were available for analysis for the 

remaining 85 patients (Table III. 2). All patients who underwent a tonsillectomy 

operation were otherwise healthy, with a normal palate appearance and with no 

signs of VPD. The muscle histology analysis was carried out for the following 

groups: UCLP, ICP, ICP in RS, SMCP, SMCP in 22q11.2 DS patients and healthy 

controls. Although the numbers in each SMCP group were small, especially with 

22q11.2 DS, they were all considered important and nevertheless analysed. 
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Table III. 2. Characterisation of patients. 

 No % 

Sex 
M 48 56.5 

F 37 43.5 

D
ia

g
n

o
s
is

 

ICP 41 48 

SMCP* 17 20 

UCLP 15 18 

BCLP 3 3 

Control PP 9 11 

A
d

d
it

io
n

a
l 

d
ia

g
n

o
s

is
 

Robin sequence 15 18 

22q11.2 DS 5 6 

Achondroplasia 1 1.2 

Apert syndrome 1 1.2 

Cornelia de Lange syndrome 1 1.2 

Kabuki syndrome 1 1.2 

1q21 deletion 1 1.2 

Chr4 deletion 1 1.2 

Ehlers-Danlos syndrome 1 1.2 

Goldenhar syndrome 1 1.2 

Stickler syndrome 1 1.2 

Tessier facial cleft 1 1.2 

*One patient was diagnosed with CPX. 
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III. 3. 3. 2. Samples 

The age of patients in the UCLP, ICP, ICP in RS groups (N=57) varied between 10 

months and 15 months (Figure III. 7). In the control group (N=5), the mean age 

was 3 years and 1 month. The SMCP group (N=16) involved patients between 5 to 

9 years of age. 

 

 

Figure III. 7. Age distribution and number of samples in each cleft or control group. 

Each patient is represented by an individual symbol. Error bars = standard deviation. 

Y - years; PP - palatopharyngeus; LVP - levator veli palatini; UCLP - unilateral cleft lip and 

palate; ICP - isolated cleft palate; RS - Robin sequence. 



 

 
142 

 

C
h

a
p

te
r III: H

is
to

lo
g
ic

a
l s

tu
d
y
 o

f p
a
la

te
 m

u
s
c
le

s
 

III. 3. 3. 3. Fast and slow fibre analysis 

The fast and slow fibre distribution was assessed in 5 controls, 12 UCLP, 15 ICP, 

5 SMCP, 8 ICP in RS and 3 SMCP in 22q11.2 DS patients in the PP group and 10 

UCLP, 7 ICP, 6 SMCP, 7 ICP in RS and 2 SMCP in 22q11.2 DS patients in the 

LVP group (Figure III. 8). Overall, the fast fibres number varied from 

0.09/10,000 µm2 to 11.73/10,000 µm2. For slow fibre numbers, a similar cohort was 

investigated (except N=12 fast vs. N=10 slow UCLP in the PP group) and these 

varied from 0.33/10,000 µm2 to 6.38/10,000 µm2 (Table III. 3 and Table III. 4). 
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Figure III. 8. Fast and slow fibre samples and fibre number distribution. 

A) Fast fibres. B) Slow fibres. The number (N) of patients in each group is given and each 

patient is represented by an individual symbol. Error bars = standard deviation. 

PP - palatopharyngeus; LVP - levator veli palatini; UCLP - unilateral cleft lip and palate; 

ICP - isolated cleft palate; RS - Robin sequence. 
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Table III. 3. Fast and slow fibres/10,000μm2 in palatopharyngeus muscle. 

Diagnosis FAST fibres/10,000μm2 SLOW fibres/10,000μm2 

Control 

8.60 1.73 

10.58 4.43 

5.14 0.46 

6.13 0.86 

6.51 2.72 

Mean±SD 7.39±2.18 2.04±1.59 

UCLP 

1.92 1.20 

0.63 2.10 

7.10 0.71 

4.20 0.67 

1.79 1.19 

4.16 1.18 

3.36 0.84 

1.27 - 

7.36 1.51 

7.90 3.19 

8.08 3.89 

4.37 - 

Mean±SD 4.35±2.70 1.65±1.10 
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Table III. 3. (continued). 

ICP 

3.73 1.90 

4.71 0.84 

3.63 0.75 

4.22 1.01 

4.24 0.91 

3.61 0.69 

2.90 0.91 

2.57 0.63 

2.65 0.85 

2.30 1.47 

1.35 0.93 

2.72 1.22 

4.88 1.14 

3.65 2.36 

11.73 1.23 

Mean±SD 3.93±2.36 1.12±0.47 

ICP RS 

2.58 1.39 

1.13 1.26 

1.29 0.59 

3.02 1.52 

5.70 1.86 

3.62 1.39 

3.42 1.00 

5.04 2.90 

Mean±SD 3.23±1.61 1.49±0.68 
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Table III. 3. (continued). 

SMCP 

2.08 0.38 

1.98 0.40 

0.33 0.40 

1.34 2.34 

4.06 3.56 

Mean±SD 1.96±1.37 1.42±1.47 

SMCP 22q11.2 DS 

1.48 0.64 

2.52 1.18 

1.84 1.04 

Mean±SD 1.95±0.53 0.95±0.28 

 

Table III. 4. Fast and slow fibres/10,000μm2 in levator veli palatini muscle. 

Diagnosis FAST fibres/10,000μm2 SLOW fibres/10,000μm2 

UCLP 

1.61 1.21 

3.03 1.47 

1.32 0.85 

2.26 0.60 

0.88 1.71 

0.84 2.54 

9.10 1.57 

1.96 1.28 

1.88 1.74 

6.15 3.71 

Mean±SD 2.90±2.67 1.67±0.89 
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Table III. 4. (continued). 

ICP 

6.47 4.15 

2.18 1.14 

4.30 2.23 

1.71 0.33 

7.68 3.81 

1.72 3.34 

4.36 1.70 

Mean±SD 4.06±2.37 2.39±1.43 

ICP RS 

3.45 0.52 

0.55 3.74 

7.87 0.91 

8.77 1.03 

4.47 1.55 

1.86 0.90 

7.33 3.56 

Mean±SD 4.90±3.17 1.74±1.34 

SMCP 

0.09 3.35 

0.38 1.94 

0.30 1.46 

0.42 4.78 

1.34 2.38 

1.34 4.44 

Mean±SD 0.65±0.55 3.06±1.36 

SMCP 22q11.2 DS 
0.73 6.38 

0.51 5.13 

Mean±SD 0.62±0.16 5.76±0.88 
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When examining the LVP, there were significantly fewer fast fibres in SMCP 

compared to ICP or ICP in RS patients (Figure III. 9, A). When comparing PP fast 

muscle fibres, there was significantly more fast fibres in control samples compared 

to ICP, ICP in RS patients, SMCP and SMCP in 22q11.2 DS patients. There was 

no difference when comparing controls to UCLP PP samples (Figure III. 9, B). In 

the analysis of LVP slow muscle fibres, there were significantly more of these 

fibres in SMCP in 22q11.2 DS patients than in UCLP, ICP or ICP in RS patients 

(Figure III. 9, C). There were no statistically significant differences for PP slow fibre 

numbers between any groups (Figure III. 9, D). 

Interestingly, in all groups of cleft and muscle type there were significantly more 

fast fibres compared to slow, with the exception of LVP in SMCP and SMCP in 

22q11.2 DS patients. Here, a significant increase in slow fibre numbers was 

observed (Figure III. 9, E). 
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Figure III. 9. Number of fast and slow muscle fibres present in different cleft groups. 

A) Fast fibre numbers in LVP; B) in PP muscle; C) Slow fibre numbers in LVP; D) in PP 

muscle; E) Comparison between fast and slow fibre numbers between different cleft types. 

The number (N) of patients in each group is given. Error bars = standard deviation. 

S - slow fibres; F - fast fibres; PP - palatopharyngeus; LVP - levator veli palatini; 

UCLP - unilateral cleft lip and palate; ICP - isolated cleft palate; RS - Robin sequence. 

*p<0.05; **p<0.01; ***p<0.001; NS - not statistically significant, p≥0.05. 
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For samples where both fast and slow fibre staining was available, a fast/slow fibre 

ratio was calculated. The only significant finding was for LVP muscle when 

comparing SMCP and ICP in RS groups. All fibre distributions are presented in 

Figure III. 10, while the fast and slow fibres % in different cleft type groups is 

presented in Table III. 5. 

 

 

Figure III. 10. Muscle fibre distribution. 

PP - palatopharyngeus; LVP - levator veli palatini; UCLP - unilateral cleft lip and palate; 

ICP - isolated cleft palate; RS - Robin sequence. 
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Table III. 5. Fast, slow, neonatal and developmental fibre frequency (%) in 

palatopharyngeus and levator veli palatini muscles. 

Muscle No of samples Cleft type %FAST %SLOW %NEO %DEV 

PP 

4 Control 77.4 21.8 0.7 0.1 

9 UCLP 69.5 22.6 4.8 3.1 

13 ICP 68.2 24.4 5.2 2.2 

6 ICP RS 59.9 30.9 4.0 5.2 

3 SMCP 70.5 25.7 2.6 1.2 

2 SMCP 22q11.2 DS 68.7 30.8 0 0.5 

LVP 

8 UCLP 58.3 37.8 2.6 1.3 

6 ICP 61.9 36.4 1.1 0.6 

4 ICP RS 66.0 29.7 1.5 2.8 

3 SMCP 11.1 82.7 4.4 1.8 

2 SMCP 22q11.2 DS 16.1 83.9 0 0 

 

III. 3. 3. 4. Neonatal and developmental fibre analysis 

Developing skeletal muscles express unique myosin isoforms such as embryonic 

and neonatal myosin heavy chains. These myosin isoforms are observed during 

embryonic and fetal development and disappear shortly after birth when fast and 

slow myosins become more prevalent. In our study few samples were available for 

neonatal and developmental muscle fibre analysis. However, the number of muscle 

fibres did vary depending on age group (Figure III. 11, A). The numbers of neonatal 

muscle fibres were higher when the biopsies were taken in UCL, ICP and ICP in 

RS children (median 10 months), lower in the control group (median 2 years 6 

months) and none in the 22q11.2 DS group (median 6 years). Although both 

groups (PP and LVP in 22q11.2 DS) had two samples each, none of them had 

neonatal muscle fibres. Interestingly when compared PP vs. LVP there were 

significantly more neonatal muscle fibres in PP group in ICP (p=0.0039) and in 

UCLP (p=0.0178). The developmental myosin stain did not reveal any obvious 

prevalence for these fibres in either PP or LVP muscles at the time of surgery 

(Figure III. 11, B). 



 

 
152 

 

C
h

a
p

te
r III: H

is
to

lo
g
ic

a
l s

tu
d
y
 o

f p
a
la

te
 m

u
s
c
le

s
 

 

Figure III. 11. Neonatal and developmental myosin stain. 

A) Neonatal muscle fibre density, B) Developmental muscle fibre density. No statistically 

significant difference was detected between groups. The number (N) of patients in each 

group is given. Error bars = standard deviation. PP - palatopharyngeus; LVP - levator veli 

palatini; UCLP - unilateral cleft lip and palate; ICP - isolated cleft palate; RS - Robin 

sequence.
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III. 3. 3. 5. Mitochondrial activity analysis 

Oxidative enzyme activity is predominantly located in the mitochondria. Skeletal 

muscle mitochondrial function is reduced with aging, metabolic diseases 

associated with insulin resistance and physical activity (Lanza and Sreekumaran 

Nair, 2010). In our study COX, SDH, NADH-TR and Gomori trichrome stains were 

performed on PP and LVP muscle samples. However, there was no visible 

mitochondrial pathology seen or any clear differences between the various cleft 

groups studied. 

 

III. 3. 3. 6. Fat accumulation analysis 

To score fat accumulation, the samples were grouped according to whether fat was 

either not detectable, detectable, apparent or significant. Combining the variability 

with the low number of samples in each group, limited the overall interpretation and 

no definitive conclusions could be drawn. Nevertheless, there did appear to be 

more fat in the SMCP PP muscle when compared to other cleft and muscle types 

(Figure III. 12). This finding would ideally need to be investigated in a larger sample 

number to confirm. 

 

Figure III. 12. Evaluation of fat accumulation in different cleft and muscle types. 

PP - palatopharyngeus; LVP - levator veli palatini; UCLP - unilateral cleft lip and palate; 

ICP - isolated cleft palate; RS - Robin sequence. 



 

 
154 

 

C
h

a
p

te
r III: H

is
to

lo
g
ic

a
l s

tu
d
y
 o

f p
a
la

te
 m

u
s
c
le

s
 

III. 3. 3. 7. Connective tissue in muscle analysis 

Connective tissue in each muscle was analysed using the picrosirius stain. No 

statistically significant differences were observed either between cleft or muscle 

type (Figure III. 13). 

 

 

Figure III. 13. Connective tissue in different cleft and muscle types. 

No statistical significance was detected. Error bars = standard deviation. 

PP - palatopharyngeus; LVP - levator veli palatini; UCLP - unilateral cleft lip and palate; 

ICP - isolated cleft palate; RS - Robin sequence. 
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III. 3. 3. 8. Muscle biopsy histology in cleft syndromes 

There were complete single sets of stained samples available for analysis in 

patients with achondroplasia, Apert, Cornelia de Lange and Kabuki syndromes. 

Achondroplasia is caused by mutations in the FGFR3 gene (Daugherty, 2017). 

It is a disorder of bone growth that prevents ossification (the cartilage changing to 

bone) particularly in the long bones of the arms and legs. A single biopsy was 

taken from the PP muscle in a boy with achondroplasia and ICP, age 1 year and 

9 months. Fast and slow muscle fibre number was compared to the average PP 

muscle fibre number in ICP and controls. No obvious difference in fast fibres 

number was detected (Figure III. 14). There were more slow fibres compared with 

the average number of slow fibres in ICP but the number did not differ compared to 

controls (Figure III. 15). The fast and slow fibres ratio was consequently lower, due 

to relatively higher number of slow fibres compared to fast (Figure III. 16). There 

were no developmental fibres in the biopsy sample, but there were more neonatal 

muscle fibres compared to ICP and controls. Mitochondrial activity analysis 

revealed no obvious mitochondrial pathology in muscle. There was no fat in the 

sample, corresponding with findings in the PP muscle in ICP and controls. The 

measurement of connective tissue in the sample showed no difference compared 

to ICP and control samples (Figure III. 17). 
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Figure III. 14. Syndromic muscle biopsy analysis for fast fibres. 

Comparison of fast fibre number between PP muscle in control, ICP, achondroplasia ICP, 

Cornelia de Lange ICP and Kabuki ICP PP. To the right of a dotted line comparison 

between ICP LVP and Apert ICP LVP is presented. Each patient is represented by an 

individual symbol. Error bars = standard deviation. PP - palatopharyngeus; LVP - levator 

veli palatini; UCLP - unilateral cleft lip and palate; ICP - isolated cleft palate; RS - Robin 

sequence. 
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Figure III. 15. Syndromic muscle biopsy analysis for slow fibres. 

Comparison of slow fibres between PP muscle in control, ICP, achondroplasia ICP, 

Cornelia de Lange ICP and Kabuki ICP. To the right of a dotted line comparison between 

ICP LVP and Apert ICP LVP is presented. Each patient is represented by an individual 

symbol. Error bars = standard deviation. PP - palatopharyngeus; LVP - levator veli palatini; 

UCLP - unilateral cleft lip and palate; ICP - isolated cleft palate; RS - Robin sequence. 
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Figure III. 16. Ratio of different muscle fibres in syndromic muscle biopsy. 

Fast, slow, neonatal and developmental fibre ratios compared between PP muscle in 

control, ICP, achondroplasia ICP, Cornelia de Lange ICP and Kabuki ICP. To the right of 

the dotted line a comparison between ICP LVP and Apert ICP LVP is presented. 

PP - palatopharyngeus; LVP - levator veli palatini; UCLP - unilateral cleft lip and palate; 

ICP - isolated cleft palate; RS - Robin sequence. 
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Figure III. 17. Connective tissue analysis in syndromic muscle biopsy. 

Connective tissue area comparison between PP muscle in control, ICP, achondroplasia 

ICP, Cornelia de Lange ICP and Kabuki ICP. To the right of the dotted line, a comparison 

between ICP LVP and Apert ICP LVP is presented. Error bars = standard deviation. 

PP - palatopharyngeus; LVP - levator veli palatini; UCLP - unilateral cleft lip and palate; 

ICP - isolated cleft palate; RS - Robin sequence. 

 

Apert syndrome is characterized by craniosynostosis, the premature fusion of 

cranial bones and syndactyly of fingers and toes (Das and Munshi, 2018). The 

early fusion prevents the brain from growing normally and affects the shape of the 

skull, including the face. A single biopsy of LVP muscle was available from a 

4 years and 8 months old female with Apert syndrome who had ICP. 

Slow and fast fibre analysis did not show any difference when compared to ICP 

LVP muscles (Figure III. 14, Figure III. 15). There were no developmental or 

neonatal muscle fibres in the biopsy sample and no mitochondrial pathology was 

noted (Figure III. 16). There was significant fat infiltration observed in the sample. 

The area of connective tissue did not differ compared to ICP LVP samples 
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(Figure III. 17). In conclusion, the LVP muscle in the Apert syndrome patient was 

infiltrated with fat, but otherwise no obvious significant differences were observed 

when compared to ICP LVP muscle. 

Cornelia de Lange syndrome is a developmental disorder that affects many parts 

of the body. It is characterized by slow growth and short stature, intellectual 

disability, distinctive facial features, low-set ears, small nose and small teeth (Xing 

et al., 2019). One female patient with this syndrome undergoing CP repair at age 

2 years and 6 months had a PP muscle biopsy taken and the slides were available 

for analysis. Fast muscle fibre analysis showed no difference compared to the 

average for ICP PP fast muscle fibres and less when compared to controls 

(Figure III. 14). There were slightly more slow muscle fibres compared to ICP PP 

(Figure III. 15) and decreased fast and slow muscle fibre ratio when compared to 

ICP and control PP (Figure III. 16). There was roughly similar number of neonatal 

muscle fibres compared to control PP (similar age group), but less compared to 

ICP PP. No developmental muscle fibres were noted. Mitochondrial activity stain 

did not reveal any obvious abnormality. There was detectable amount of fat in 

biopsy sample. Connective tissue area again did not show any difference when 

compared to ICP and controls (Figure III. 17). 

Kabuki syndrome is a genetic disorder. The name comes from the resemblance of 

its characteristic facial appearance to the stage makeup used in traditional 

Japanese Kabuki theatre. It is characterized by distinctive facial features, mild to 

severe intellectual disability and developmental delay, microcephaly, short stature 

and skeletal abnormalities (Adam et al., 1993). A single female patient with Kabuki 

syndrome and ICP had a biopsy taken from the PP muscle at an age of 2 years 

and 7 months. There were a lower number of fast muscle fibres in the sample 

compared to control PP muscle (Figure III. 14). The slow fibre number did not differ 

(Figure III. 15). Fast and slow fibre ratio was on the lower side (Figure III. 16). 

There were no neonatal fibres detected, although developmental muscle fibres 

were obviously higher in number that developmental muscle fibres in ICP and 

controls. Mitochondrial activity staining did not reveal any obvious abnormality. Fat 

infiltration was graded as apparent. Connective tissue assessment did not reveal 

any obvious difference compared to ICP or controls (Figure III. 17). 
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III. 4. Discussion 

In this study, a basic histology screen was performed on palate muscle biopsies in 

children who underwent CP repair. Muscle histological structure was compared 

between ICP, UCLP and SMCP. Breaking these groups down further was possible 

by identifying those with RS related ICP and SMCP with a molecular diagnosis of 

22q11.2 DS. To our knowledge, this represents the first study involving samples 

from different cleft types and using descending PP muscle fibres as controls from 

healthy children who underwent tonsillectomy operation for obstructive sleep 

apnoea or recurrent chronic tonsillitis. Single muscle biopsy sets were also 

analysed for achondroplasia, Apert, Cornelia de Lange and Kabuki syndromes. 

In the literature, the function of the PP muscle seems to be controversial. Based on 

its anatomy, its primary actions are reported to be velar depression and 

retrodisplacement (Fara and Dvorak, 1970, Huang et al., 1998). There is also 

evidence that palatopharyngeal function occurs during velar elevation and this 

complements levator function (Podvinec, 1952, Bosma, 1953). On the other hand 

there is an assumption that the PP muscle is a natural antagonist of the LVP and it 

should not be contracting simultaneously, therefore it would have no active role in 

speech (Dickson, 1972, Dickson, 1975). Electromyographic studies suggest that 

PP activity does occur in speech, particularly in relation to LVP activity (Moon et 

al., 1994). This functional study is supported by anatomical findings that the PP 

occupies the posterior part of the velum lateral and inferior to the LVP, suggesting 

that it has a significant effect on the velum, independently of the LVP (Huang et al., 

1998). The wide distribution of the PP muscle suggests that it acts not only to 

elevate the pharynx or depress the soft palate, but may also function as a 

nasopharyngeal sphincter when closing the pharyngeal isthmus (Ezzat and El-

Shenawy, 2015). Our study shows that the PP muscle fibre type distribution does 

not differ dramatically when compared to the LVP muscle. This finding may support 

the idea, that PP is also a speech muscle. Based on published data and the 

histological PP structure, it seems that the PP muscle may be more significant 

during palate repair than previously thought and may require more attention during 

surgery. However, this hypothesis will require further investigation. 
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Passavant’s ridge was first described in 1869 by a German surgeon Gustav 

Passavant. He reported the existence of a transverse forward projection on the 

posterior pharyngeal wall during speech in CP patients and concluded that the 

ridge was an essential structure for normal velopharyngeal closure (Passavant, 

1869). The concept has created a lot of controversy for many years. It is, however, 

widely agreed that the ridge is not present in all individuals (with or without CP) and 

is not essential for velopharyngeal closure (Glaser et al., 1979, Mardini et al., 

2016). Passavant’s ridge is made of the fused fibres of the PP muscle and 

pterygopharyngeal portion of the superior constrictor (Zemlin, 1964) leading to a 

sphincter like function (Amelot et al., 2003) which tends to occur below the level of 

velopharyngeal closure (Calnan, 1957) where the fibres of the PP are more 

abundant (Huang et al., 1998). Historically the idea of Passavant’s ridge as being 

import for speech has varied between being crucial to being of no significance at 

all. Nevertheless, a potential role for this structure should not be forgotten. The fact 

that Passavant’s ridge is composed of the PP muscle supports the idea of a 

possible involvement in speech. Speech requires precise timing and co-ordination 

of the velum, lateral and posterior pharyngeal walls to be effective. It is possible 

that at least in some individuals, their Passavant’s ridge may play a significant and 

major role to assist in VP closure. For this reason, studies investigating precise 

timing of the co-ordinated movements of Passavant’s ridge and the velum are still 

required. 

LVP muscle is considered the most important muscle for velum elevation and 

retraction (Huang et al., 1998). It occupies the middle 40% of the soft palate and is 

essential for normal velopharyngeal closure (Boorman and Sommerlad, 1985, 

Maue-Dickson, 1979). 

Extensive interest in understanding velopharyngeal structures from both 

anatomical and physiological perspectives shows their significance in speech, 

swallowing and hearing (Ettema et al., 2002, Hamlet and Momiyama, 1992, Huang 

et al., 1997). Acquired knowledge allows better understanding and ultimately 

management of dysfunction, although further studies are required. As such, recent 

attention has been directed to velopharyngeal anatomy in MRI studies. Dynamic 

MRI is being used to better understand the muscular structure of the velopharynx, 
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and this method has been proposed as a novel tool for clinical examination, that 

may assist in CP patients management (Perry et al., 2017), see also III. 1. 7. MRI 

for velopharyngeal function evaluation. 

There is limited literature describing the precise function of velopharyngeal 

structures and how they coordinate timing to achieve velopharyngeal closure 

(velum, pharyngeal sphincter and Passavant’s ridge). A general assumption could 

be that abnormal muscle action, either through incoordination or miss-timing could 

be a key factor causing VPD. This study therefore focused on the histological 

integrity of the LVP and PP muscles, whilst a more detailed investigation of their 

overall structure would need to be tested by videofluoroscopy or MRI in future 

studies. Furthermore there is evidence in the literature for disturbance to 

swallowing due to shifts in the timing of muscle motions, although functional 

coordination between the soft palate and the pharynx is necessary during 

deglutition process (Kahrilas, 1993, Logemann et al., 2000). 

In a much earlier study, using 12 adult non-cleft cadavers, Moon et al. (1998) 

reported 59.8% type I (slow twitch) LVP muscle fibres (Moon et al., 1998). 

Meanwhile, Lindeman et al. (2001) reported 36.9% type I fibres in ICP LVP 

(8 patients) and 74.9% in LVP muscle in non-cleft 5 adult cadavers (Lindman et al., 

2001). Findings from our study largely agreed, since there were 36.4% slow 

muscle fibres in the LVP muscle in ICP and 37.8% in UCLP. The most dramatic 

finding was increase of slow fibres in SMCP (82.7%). When evaluating type II (fast 

twitch) fibres in LVP, Moon et al. (1998) reported 40.2% in 12 non-cleft cadavers 

while Lindman et al. (2001) reported 63.1% in 8 infant cleft patients, while just 

25.1% in 5 non-cleft adult cadavers. In our study there were 61.9% fast muscle 

fibres in the LVP muscle in ICP and 58.3% in UCLP (Table III. 6). The fast fibre 

numbers were similar to previous reported, but SMCP muscle fibre distribution 

analysis (11.1%) again appeared to contradict the ratio reported previously and 

was clearly different to other cleft types analysed in our study. Whilst the numbers 

are different, the interpretation should be cautious since the SMCP patients were 

generally older than the other cleft patients (since their operation is usually 

performed at an older age). It will be important to determine how muscle fibre type 

distribution alters with age, and potentially the length of time they remain inactive. 
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Stal and Lindman (2000) examined PP, the uvula, the levator and TVP for 

comparison with human limb (the first interosseus and biceps brachii) and facial 

muscles (zygomaticus major) using enzyme-histochemical, immunohistochemical 

and biochemical methods (Stal and Lindman, 2000). Specimens were taken 

post-mortem from two adult males and three females (mean age 54.4 years). They 

found that the fibre type including fetal myosin heavy chain isoform (MyHC) 

composition, indicated that the PP and uvula muscles functioned in quick 

movements while the LVP and TVP muscles represented slower and continuous 

contractions. The authors also state that palate muscles are fatigue resistant, 

based on higher aerobic capacity and the richer capillary net. Moreover palate 

muscles differ from limb muscles but were more similar to facial muscles in respect 

of morphology, capillary density and content of muscle spindles (Stal et al., 1996). 

In our study we did not investigate the uvula muscle (which may not exist in cleft 

palates) but did find that fast fibres were prevalent in the PP muscle in all cleft 

groups as well as in the PP controls. 

Stal and Hicks (1998) examined the histopathologic structure of the musculus 

uvulae and the levator muscle bundle from SMCP or OSMCP patients in 

comparison with normal soft palate tissue at autopsy from 12 children from each 

year of life up to 11 years of age. The study involved 28 patients (12 SMCP and 16 

OSMCP) with a mean age of 33.6 months (Stal and Hicks, 1998). The study 

showed myocyte fascicular disorganization, myocytes atrophy and the presence of 

dense, mature collagen deposition in SMCP samples. In our study we have not 

graded SMCP severity and there were smaller numbers of SMCP samples 

compared to other cleft groups as well as muscle evaluation method differed 

significantly. 

Lindman et al. (2001) examined the LVP muscle in children born with CP (8 males 

and 3 females, age mean 19.5 months) morphologically and biochemically 

(Lindman et al., 2001). No muscle tissue was present in 3 biopsies. For reference, 

samples were obtained from the non-cleft adults post-mortem: the LVP muscle and 

the biceps brachii [the samples were obtained from the corresponding area as the 

cleft LVP samples and were identical with those used by Stal and Lindman (2000)]. 

The main finding was a difference in fibre size, fibre type, MyHC compositions and
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capillary supply when compared the LVP in CP children with normal adults. In our 

study the age also varied depending on cleft diagnosis, but we did not see the 

same variation that Lindman et al. (2001) described, when the samples were 

compared to adults. 

Stal et al. (2000) report 13.8% type I (slow twitch) and 86.2% type II (fast twitch) in 

PP muscle fibres in 5 non-cleft cadavers. In our study there were 24.4% in ICP, 

25.7% in SMCP and 22.6% in UCLP when evaluating slow muscle fibres in PP 

muscle and fast fibres analysis showed 68.2% in ICP, 70.5% in SMCP and 69.5% 

in UCLP. There were more slow fibres in PP muscle and relatively fewer fast fibres 

comparing our study of cleft children to the adult cadavers in Stal et al. (2000), 

Table III. 6. 

 

Table III. 6. The comparison between muscle fibre frequency (%) with previously 

reported results. 

Samples No of samples %FAST %SLOW 

LVP 

ICP
I
 10 61.9 36.4 

SMCP
II
 5 11.1 82.7 

UCLP
III
  8 58.3 37.8 

Infant cleft LVP 8 63.1 36.9 

Adult LVP (non-cleft) 5† 25.1 74.9 

Adult LVP (non-cleft) 12† 40.2 59.8 

PP 

ICP
1
 19 68.2 24.4 

SMCP
2
 5 70.5 25.7 

UCLP
3
 9 69.5 22.6 

Adult PP 5† 86.2 13.8 

(Lindman et al., 2001). (Stal and Lindman, 2000). (Moon et al., 1998). † Cadavers. 

I Neonatal fibres 1.1%; developmental fibres 0.6%. II Neonatal 4.4%; developmental 1.8%. 

III Neonatal 2.6%; developmental 1.3%. 1 Neonatal 5.2%; developmental 2.2%. 2 Neonatal 

2.6%; developmental 1.2%. 3 Neonatal 4.8%; developmental 3.1%. 
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VPI in the presence of SMCP may be related to fatigue of the soft palate caused by 

abnormal insertion of the LVP muscles (Weatherley-White et al., 1972) which are 

also operating at a mechanical disadvantage. A palatoplasty with LVP repositioning 

should help solve the problem, but studies show that attempted repair of the palatal 

defect has often given less good results (Park et al., 2000, Abyholm, 1976, 

Sommerlad et al., 2004) compared to other cleft types (Bicknell et al., 2002, 

Ysunza et al., 2002, Wong et al., 2019). It is possible that the intrinsic muscle 

morphological abnormality remains after repair and adds to the reasons for VPI. 

Our study demonstrated that there was indeed a different fibres distribution, with 

slow fibres prevalence, in SMCP LVP compared to other cleft types and this might 

be significant finding in terms of persistent VPI. 

Ageing is important when considering muscle function. Studies on muscle 

morphology and electrophysiology show that during ageing, a shift in fibre type 

occurs. This is likely due to degeneration of motor neurons in limb (Trappe et al., 

1995) and masticatory muscles (Monemi et al., 1996). In limb muscles, atrophy 

and fibre loss is primarily with the fast type II fibre population, while in masseter (a 

human jaw muscle) degeneration is mainly affecting the type I fibres (Stal and 

Lindman, 2000). It is difficult to tell how much fibre type population is affected by 

age in cleft patients. Routine CP palate repair is usually done in the first year of life, 

however, SMCP patients generally present later and therefore surgery is also 

performed when the child is older (Chen et al., 1996). In our study muscle biopsy 

samples were collected in CP patients from ages between 10 to 15 months, in 

control (tonsillectomy) group from 1 year 7 months to 4 years 2 months, while the 

SMCP group ranged from 5 to 9 years. Muscle structures are known to mature 

through childhood and this could be seen in the shift from developmental and 

neonatal fibres. Another factor to be taken into consideration is the abnormal cleft 

muscle anatomical position is present for longer because of later correction in 

SMCP. This may affect normal muscle functional development, and therefore, not 

all the changes described may simply be due to aging. There are studies 

investigating aging especially in physical performance of athletes (Doherty et al., 

1993) but there is much less known about aging of velar structures and their 

performance. 



 

 
167 

 

C
h

a
p

te
r 

II
I:
 H

is
to

lo
g
ic

a
l 
s
tu

d
y
 o

f 
p

a
la

te
 m

u
s
c
le

s
 

There has long been a discussion in literature about the most efficient palate repair 

method from anatomical, physiological and outcome measures perspectives. 

Although many techniques are described, none of them seem to provide the ideal 

option. One of the most widely used techniques to repair CP as well as SMCP is 

intravelar veloplasty (IVVP) (Sommerlad, 2006). This technique is advocated 

widely since the velar muscles are initially orientated in the wrong direction and 

demonstrate abnormal attachment (Kriens, 1969, Kriens, 1970). Therefore 

detaching the muscles from their abnormal insertion and repositioning in more 

normal anatomical position should restore velar function (Sommerlad et al., 2004). 

IVVP indeed recreates the levator sling mechanism, also restoring PP muscle 

position. Reconstruction of the PP muscle enables the sphincter mechanism to be 

restored which, in theory at least, improves pharyngeal wall function. 

Another widely used technique for palate repair is Furlow palatoplasty (Furlow, 

1986). From an anatomical point of view, the aim is to reorientate the velar 

muscles to the correct transverse position, whilst at the same time, lengthening the 

velum to reduce the distance between palate and posterior pharyngeal wall. 

Although lengthening of the velum in itself is not necessarily advantageous, a 

functional lengthening of the soft palate is a desirable outcome (Huang et al., 

1999). The oral and nasal myomucosal flap repositioning enables the LVP and PP 

muscle to overlap, which is not morphologically normal since it has been shown 

that the LVP fibres do not overlap significantly across the midline (Huang et al., 

1998). The muscle overlap result in thickening of the velum and this asymmetrical 

design is responsible for an occasionally observed asymmetrical velar movement 

(Huang et al., 1999). 

The pharyngeal flap is relatively unphysiological and disrupts the anatomical 

integrity of the pharyngeal wall. It often depends on the low sphincteric action of 

pharyngeal muscles (superior constrictor and the transverse fibres of 

palatopharyngeus) to achieve closure against the midline flap. If these muscles are 

not primarily speech muscles, the timing of their movement may intrinsically be too 

slow to avoid nasal emission of air. 
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The sphincter pharyngoplasty theoretically relies on transposed palatopharyngeus 

muscles to achieve active sphincteric closure. It may do less damage to the normal 

anatomy and tends to correct coronal and circular VPI patterns (Cole et al., 2008). 

It seems that IVVP and the Furlow procedure do correct LVP and PP position and 

are appropriate techniques for primary as well as secondary palatoplasty (Mapar et 

al., 2019, Taib et al., 2015, Bruneel et al., 2018, Chen et al., 1996, Chen et al., 

1994). 

Our study showed that in the limited, single case analysis of achondroplasia, Apert, 

Cornelia de Lange and Kabuki syndrome patients, palate muscles did not differ 

from CP cases. Currently syndromic CP care does not differ for these syndromes 

from a general cleft management point of view but does require certain treatment 

adjustments according to the specific medical needs of the individual. 

From personal observation and discussion with experts in cleft patient 

management (personal communication with several of the North Thames Cleft 

Team surgeons), it has been noticed that during SMCP repair, the LVP appears to 

be less robust and has the appearance of being more fatty. Our study did not find 

an obvious difference in term of fat content for the LVP albeit looking at a very 

small sample number, however, the PP muscle showed a higher tendency for fat 

accumulation in SMCP patients. This finding will need to be further investigated in 

future studies using a larger number of patients. Whilst there has been little 

previous work done on this topic, there has been some evidence to suggest that 

palate muscles has a higher content of connective tissue within the velum muscles 

(Stal and Lindman, 2000) compared to limb. However, in our study a significant 

difference for connective tissue levels in LVP and PP muscles in different cleft 

types was not observed. 
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III. 7. Conclusion 

In the present study to investigate velum LVP and PP muscles histology, we have 

identified the fast and slow fibre distribution in ICP, ICP in RS, UCLP, SMCP, 

SMCP in 22q11.2 DS and normal controls. The results show that in all groups, fast 

fibres were prevalent with the exception of SMCP LVP, where the number of slow 

fibres was greater than fast fibres. Analysis of fat accumulation showed a tendency 

for the SMCP PP muscles to be more fatty. Contrary to the literature, connective 

tissue within LVP and PP muscle did not show significant differences. Analysis of 

single samples from the CP syndromes achondroplasia, Apert, Cornelia de Lange 

and Kabuki did not reveal significant differences. 

Our study suggests that SMCP may be a special group amongst cleft types with an 

essentially different pathology to CP. An intrinsic deficit in the morphology of the 

velum musculature could possibly explain certain difficulties in SMCP patient 

management and the less favourable surgery outcomes that often occur. However, 

the biopsies were from older subjects and we did not have other specimens from 

older CP patients for comparison. Further studies are therefore required. 
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III. 8. Future work 

In a project such as this, much time and effort is required to collect a suitable and 

biologically significant sized sample collection. The numbers collected are 

dependent on many factors, not least the willingness of the patients and their 

families to participate and the compliance of the surgical team, who will perform the 

biopsies. Another restricting factor is the number of cases seen by the given team. 

There is a good case for collaboration with cleft teams at other centres, in order to 

obtain sufficient numbers. However, as the number of participating surgeons 

increase, this would require good management since there are more opportunities 

for variability in the sample collection, from documentation, to muscle type as well 

as non-uniform site of a biopsy. It is therefore important to identify a project such 

as this as early as possible and to try to have patient recruitment into the research 

project and sample collection occur as part of the routine ethos. Only by actively 

pursuing sample collection over an extended period will it be possible to generate 

sufficient sample numbers, particularly for the more rare CP syndromes of interest, 

particularly 22q11.2 DS, RS and other. 

As is often the case when embarking upon a study such as this, significant 

methodological advances can occur over the duration of the project. At the 

inception of this project, it was decided to collect muscle biopsies and process 

them for routine histology. However, more recent technologies have been 

developed which have the potential to both increase ease of analysing data and 

improve the information content obtained. One such method uses 

immunofluorescence analysis, often with dual markers assisting quantification of 

transverse sections using and automated scanning system and an image 

processing script (e.g. Definiens Architect software) (Sardone et al., 2018). 

Unfortunately, it was not possible to adapt the biopsies taken in the present study 

to this technology since they were sectioned and processed by routine stains 

piecemeal over the course of the project. However, for future palate muscle 

histology studies, I would recommend use of this type of approach. 

Stem cell therapy in human and animal studies is now becoming ever more widely 

discussed in the literature, particularly over the last decade (Mazzetti et al., 2018, 
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Tanikawa et al., 2013, Li et al., 2019c, Schreurs et al., 2019). One of the future 

proposals would be to investigate the effect of stem cells on palatal muscle and 

bone development. The stem cells, usually derived from adipose tissue, amniotic 

fluid or muscle satellite cells from the individual to be treated, would be used to first 

test whether they have the capacity to colonise and affect tissues that are involved 

in the palate defect. This could potentially be by injecting straight into the blood 

stream, more directly into the soft palate tissue or applied with a biological scaffold 

during surgery. Some functional evidence for the applicability of this type of project 

has been described for satellite cells, the muscle stem cells (MSCs) (Abou-Khalil et 

al., 2015). However, the development of a reliable embryonic MSCs differentiation 

protocol is required and first introducing MSCs into a palate shelf culture model 

(Shiota et al., 1990) might be a useful approach. This could be followed by stem 

cell based tissue engineering strategies applied to an in vivo model such as 

Tbx22null mice in order to investigate effects on the features of SMCP (Carvajal 

Monroy et al., 2013). Successful stem cell based tissue engineering strategies 

could be then translated into clinical practice and would potentially improve CP 

repair outcomes. A detailed understanding of palate muscle histology would 

therefore be very helpful to inform and guide stem cell based tissue engineering 

studies to achieve the best result. 
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Chapter IV: Investigation of transcriptional changes 

downstream of Tbx22 during mouse palate development 
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IV. 1. Introduction 

IV. 1. 1. TBX22 

The TBX22 transcription factor has been demonstrated to play a major role in 

human palatogenesis (Braybrook et al., 2001, Braybrook et al., 2002, Marcano et 

al., 2004, Andreou et al., 2007). The TBX22 gene encodes a member of a family of 

proteins that were identified and named due to sharing a common DNA-binding 

sequence, the so called T-box domain (Naiche et al., 2005). The original T-box 

protein, simply called T (Tailless), was first identified as the mutated gene present 

at the T locus of the Brachyury mouse (Wilkinson et al., 1990). T was found to 

encode a transcription factor, which was characterized by the T-box DNA-binding 

domain. Subsequent discovery of other proteins containing similar DNA-binding 

motifs gave rise to the T-box protein family. In mammals 17 T-box genes are 

present. They are grouped into five subfamilies: Tbx1, Tbx2, Tbx6, Brachyury/T 

and T-brain (Tbr1) (Naiche et al., 2005). TBX22 belongs to the TBX1 subfamily, 

along with TBX10, TBX15, TBX18 and TBX20 (Naiche et al., 2005) where TBX22, 

TBX15 and TBX18 are most closely related, each sharing a single ancestral 

progenitor sequence in the primitive chordate, Amphioxus (Ruvinsky et al., 2000). 

T-box containing proteins are all transcription factors that are involved in the 

regulation of many different developmental processes (Papaioannou and Silver, 

1998, Papaioannou, 2014). T-box proteins were found to bind directly to DNA via a 

conserved sequence of 180 amino acids (Muller and Herrmann, 1997). 

Oligonucleotide binding site selection assays identified a 20 base pair palindromic 

sequence T(G/C) ACACCTAGGTGTGAAATT or a portion of this sequence called 

the T-half site AGGTGTGAAATT as the common consensus sequence that T 

binds to, either as a dimer or as a monomer (Kispert and Hermann, 1993). Other 

T-box genes that have been tested, also bind to a similar sequence, this includes 

TBX22 that was found to bind to the imperfect palindrome AGGTGTG 

AAATTGTCACCT (Andreou et al., 2007). 

T-box family members differ through divergent sequences in the N- and C-terminal 

domains that flank the T-box domain. Generally, the C-terminus acts as the 

transcriptional activator and/or repressor domain, while N-terminus interacts with 

cofactors. It is known, that T and TBX5 proteins hold two C-terminal activation 
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domains and two repression domains (Zaragoza et al., 2004). Reporter gene 

expression assays in T showed that the two activation domains work additively 

(Kispert and Hermann, 1993). In contrast, TBX2 and TBX3 are considered as 

transcriptional repressors (Carreira et al., 1998). Reporter studies of TBX22 

revealed that it was primarily a transcriptional repressor although there was also 

evidence of a weak activation domain (Andreou et al., 2007). 

Several co-factors that interact with T-box proteins have been identified and these 

include homeodomain proteins (Bruneau et al., 2001), GATA zinc finger proteins 

(Stennard et al., 2003) and LIM domain proteins (Krause et al., 2004). These are 

thought to play significant roles in T-box proteins transcriptional regulation. Some 

target genes are thought to be regulated by T-box proteins without cofactor help 

(Kusch et al., 2002). 

Mutations in TBX22 were found to underlie the inherited X-linked disorder, CP with 

ankyloglossia (CPX; OMIM 303400) (Braybrook et al., 2001). Mutations were 

originally found in several large X-linked families but broader studies of CP 

revealed mutations in about 4% of CP cases, often including sporadic individuals 

or small families where X-linked inheritance could not be determined (Marcano et 

al., 2004, Suphapeetiporn et al., 2007). This makes mutation in TBX22 as one of 

the most common genetic causes of CP. As an X-linked condition, CPX was found 

to affect predominantly male patients but also approximately one-third of female 

carriers are affected with a cleft (Braybrook et al., 2002). Ankyloglossia without CP 

is present in many carrier females and occasionally in males who show partial 

penetrance (Marcano et al., 2004). In general there is high phenotypic variation 

associated with TBX22 mutations (Figure IV. 1), including ankyloglossia alone, CP 

or SMCP each with or without ankyloglossia, hypodontia and even the 

CHARGE-like/Abbruzzo-Erickson syndrome (Pauws et al., 2009b, Suphapeetiporn 

et al., 2007). These genetic findings indicate that it must play a major role in normal 

human palatogenesis. This is supported by various further studies including 

expression analysis. Temporal and spatial expression analysis in human and 

mouse using in situ hybridization showed that TBX22/Tbx22 is expressed primarily 

in the palatal shelves and developing tongue during the period of palatogenesis, 

indicating an important role in palatal and tongue development (Marcano et al., 
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2004, Bush et al., 2002). Knockout of Tbx22 in the mouse also supports this 

although it results primarily in a SMCP with high penetrance, and only occasionally 

overt CP has been observed (Pauws et al., 2009a). 

 

 

Figure IV. 1. Mutational spectrum found in TBX22. 

Promoter, missense, nonsense, in/del and splice site mutations in TBX22 cause syndromic 

and NS CPX with a broad range of phenotypes (SMCP, CLP, ankyloglossia, hypodontia 

and Abbruzzo-Erickson syndrome). Data from Stanier et al. (Stanier et al., 2018). 

Red - non-coding SNP; purple - indel; blue - gain of stop; black - missense; green - splice 

site; P0 – promoter; orange boxes – exons; grey box – T-box domain encoding exons; 

start and stop codons are indicated. 

 

IV. 1. 2. TBX22 regulation and function 

The majority of TBX22 missense mutations have been identified within the DNA 

binding T-box domain (Braybrook et al., 2002, Marcano et al., 2004, 

Suphapeetiporn et al., 2007, Chaabouni et al., 2005). This suggests that resulting 

loss of transcription factor binding is a possible mechanism. Evidence for this was 

provided by electrophoretic mobility shift assay (EMSA) studies, which showed 

complete or partial loss of binding to the T-box binding element consensus 

sequence (Andreou et al., 2007). It is interesting to note that the precise binding 

sequence does not occur as a linear sequence in the human genome, rather, it is 

more likely that TBX22 (along with other T-box genes) more naturally binds to 

single T-half sites, or pairs that are brought into apposition by DNA looping. In 

terms of regulation of TBX22, investigation of the genomic sequence first revealed 
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a putative promoter sequence upstream of a noncoding exon, which was 

approximately 10 kb away from the first coding exon that contained the translation 

start site (Braybrook et al., 2002). Using reporter assays to test these sequences, 

significant promoter activity was identified for a minimal 300 bp sequence, 

upstream of the start of transcription and adjacent to the distant exon. This 

sequence also contained a putative T-half site (Andreou et al., 2007). Investigating 

a series of different cell lines revealed that promoter activity could only be detected 

in those cell lines that did not express TBX22. With the hypothesis that this might 

indicate auto-regulation, it was then demonstrated in vitro that TBX22 functioned 

as a transcriptional repressor and could repress its own transcriptional activity. 

Analysis of patient mutations demonstrated that they had a significant effect on 

abrogating DNA binding and affected TBX22 transcriptional repression (Andreou et 

al., 2007). Another important factor in the regulation of transcriptional activity was 

transient post-translational modification by the small ubiquitin-related modifier 

SUMO-1. TBX22 was shown to require sumoylation at amino acid residue p.K63 

for repression activity, whilst in the absence of this SUMO modification, TBX22 

remained transcriptionally inactive (Andreou et al., 2007). 

TBX22 was investigated for potential transcriptional targets using comparative 

array analysis of RNA extracted from mouse embryonic palatal shelves in WT and 

Tbx22-/Y animals (Hoshino, 2011). Mutant embryonic palates were found to be 

enriched mainly for muscle precursors, which included the myogenic transcription 

factor MyoD. The latter was confirmed when the MyoD promoter was shown to 

physically bind to TBX22 using a CoIP method (Kantaputra et al., 2011).  

The transcription factor Mn1 was shown to play an important role in the regulation 

of posterior palatal growth and development (Liu et al., 2008). In these studies, 

Mn1 was shown not only to have a similar AP expression distribution in the 

developing palate as Tbx22, but was also shown to drive expression of Tbx22 

promoter constructs. In fact, overexpression of Mn1 in NIH3T3 cells increased 

endogenous Tbx22 expression in a dose dependent manner, which provided 

evidence that Mn1 may play an important role in regulating Tbx22 during 

mammalian palate development (Liu et al., 2008). Regulation of Tbx22 in the chick 

has also been investigated. Both Higashihori et al. (2010) and Fuchs et al. (2010) 
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demonstrated that FGF induces and maintains Tbx22 expression, while BMP has 

the effect of restricting Tbx22 expression. Overexpression of Tbx22 led to 

decreased cell proliferation and reduced expression of the craniofacial transcription 

factors Msx2 and Dlx5 (Higashihori et al., 2010, Fuchs et al., 2010). 

 

IV. 1. 3. Cleft palate animal models 

Nine animal species are described in the literature for CLP research, although use 

of the cat, pig, sheep and guinea pig animal models are rare. The chick has been 

widely used by developmental biologists, even for craniofacial development; 

however, birds have a natural CP, clearly limiting their use in this regard. If 

research requires surgical or more complex manipulations, dogs are found to be 

the most suitable for that purpose (Jänicke and Huber, 1996). Because of 

difficulties in keeping and obtaining permission to work with larger species of 

animal model, use of smaller animals has gained increasing importance. The most 

frequently used animal model to study CP is mouse (Gritli-Linde, 2012) and rat 

(Poswillo and Roy, 1965). The mouse is a particularly good model for CP as it 

shares many anatomical and molecular similarities with human palate development 

and is amenable to experimental and genetic manipulation in a cost effective 

manner. Although CP is a lethal condition to new born pups because of breathing 

and feeding incompetence, study of palate development in the mouse embryo has 

provided many clues to various genetic, cellular and molecular events important in 

the aetiology of orofacial clefts. CP results from disruptions affecting cell migration, 

proliferation, apoptosis, ECM deposition and morphogenetic movements (Fan et 

al., 2016, Nakajima et al., 2018, Nik et al., 2016, Fuchs et al., 2010). During early 

embryo development the mouse and human palates are largely similar and 

essentially of very similar size. Mice and humans share over 99% of their genes 

and many causative genes in human CP have the same effect in mice (Li et al., 

2017a). 

There are many genetically altered mice which provide good models for CP. Most 

clefting phenotypes in mice are recessive with the cleft phenotype only being 

expressed in mice that are homozygous for the given ablated gene (Gritli-Linde, 
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2012). One example is haploinsufficiency of TBX1 causing CP in humans which 

most commonly results in the 22q11.2 DS, whilst the full phenotype in mice, which 

also includes CP, is only present in homozygous null animals. Interestingly, as one 

of the only other T-box genes that when mutated reproducibly results in CP, TBX1 

is structurally highly similar to TBX22 and is in the same phylogenetic subfamily 

(Papaioannou and Silver, 1998). 

Other mouse models which replicate cleft syndromes found in humans include 

various fibroblast growth factor receptor (FGFR) mutations. FGF signalling has a 

number of important roles during lip and palate development and both activating 

and loss-of-function mutations can result in CP (Stanier and Pauws, 2012). An 

activating mutation in FGF receptor 2 (Fgfr2) is used as a model of Cruzon’s 

syndrome in humans. Other mutations in either Fgfr1 and Fgfr2 are associated with 

Kallman (OMIM 308700), Pfeiffer (OMIM 101600) an Apert (OMIM 101200) 

syndromes where CP is part of a broad craniofacial phenotype (Lee et al., 2018). 

 

IV. 1. 4. Tbx22 knockout mouse 

Mice lacking Tbx22 were generated (Figure IV. 2) by introducing loxP sites flanking 

the first 2 exons of the Tbx22 gene (Pauws et al., 2009a). The first 2 exons were 

subsequently removed using a actin-Cre loxP deleter strain to create the Tbx22null 

allele. The original allele was introduced into 129/Sv embryonic stem cells but was 

later bred onto either C57Bl/6 or CD1 backgrounds for further experiments. 
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Figure IV. 2. Mouse Tbx22 knockout. 

Schematic diagram of the mouse Tbx22 gene and the targeting construct. After 

recombination, LoxP sites along with a Frt-flanked NeoR cassette are inserted creating a 

floxed mutant allele (Tbx22flox). Then a Tbx22null allele was created crossing with 

actin-Cre loxP delete strain. It was reported that even after removing NeoR cassette from 

Tbx22null allele using Flp-deleter in vivo, the identical phenotype in mutants was observed 

(Pauws et al., 2009b). 

 

In the Tbx22 knockout mouse, overt CP was reported only in a small proportion 

(<5%) of male null animals (Pauws et al., 2009a). The remainder exhibited a notch 

in the posterior edge of the hard palate. Analysis of the craniofacial skeleton 

showed that this corresponded with reduced formation of the intramembranous 

palatine bones, which constitute the posterior region of the hard palate. This finding 

is equivalent to the phenotype of a SMCP, similar to that seen in many CPX 

patients. A number of animals were also found to have either bilateral or unilateral 

choanal atresia. The bilateral form was believed to contribute to postnatal lethality 

since surviving male null animals with a SMCP often had unilateral choanal atresia 

but never bilateral choanal atresia, although this was frequently seen at embryonic 

stages. Isolated SMCP (with or without unilateral choanal atresia) did not appear to 

affect survival or longevity as opposed to an overt cleft which was early postnatal 

lethal. The marked effect on palatal bone formation indicated that Tbx22 plays an 

important role in osteogenic patterning, with mutant animals exhibiting delayed 

maturation to the osteoblasts in the palatine bones (Pauws et al., 2009a). 



 

 
182 

 

C
h

a
p

te
r IV

: In
v
e

s
tig

a
tio

n
 o

f tra
n
s
c
rip

tio
n
a

l c
h

a
n

g
e

s
 d

o
w

n
s
tre

a
m

 

o
f T

b
x
2

2
 d

u
rin

g
 m

o
u
s
e
 p

a
la

te
 d

e
v
e

lo
p
m

e
n
t 

In humans, ankyloglossia is considered a characteristic phenotype of CPX. In 

Tbx22 knockout mouse embryos, a highly penetrant, more anterior caudal 

attachment of the tongue to the mandible was described (Pauws et al., 2009a). 

This was equivalent to the shortened frenulum (ankyloglossia), although in these 

mice, the attachment was never seen reaching the tip of the tongue, and was 

considered only a very mild form of ankyloglossia. 

 

IV. 1. 5. TBX22 and Tbx22 expression 

In the human, TBX22 expression is first detected by in situ hybridisation at CS16 

with a signal in the first pharyngeal arch. By CS17 a strong signal is detected in the 

mesenchyme of the lateral and medial nasal processes, the lateral palatal 

processes and at the base of the tongue (Braybrook et al., 2002, Bush et al., 

2002). There is also expression in the mesenchyme of the developing face and 

base of the brain. At CS19 the expression is observed in the developing nose, 

primary palate, base of the tongue and in the developing facial mesenchyme. At 

the same stage, a strong signal is detected in the oronasal membrane, which 

ruptures to form the anterior connection between the nasal and pharyngeal 

cavities. At CS19 lateral palatal processes have not as yet begun to grow 

downwards as lateral palatal shelves, yet clear expression is still detected. Palatal 

shelves grow vertically at CS20 and CS21 where there is strong expression of 

TBX22, Figure IV. 3. Expression in the palatal shelves appears stronger medially 

than laterally. This observation is supported by the expression pattern in the 

developing mouse palate. Expression analysis of E12.5-E17.5 mouse embryos 

showed that the location of mRNA expression closely correlates between mouse 

and human (Hoshino, 2011). At later stages, Tbx22 expression was also detected 

in mouse lung and whisker follicles (Braybrook et al., 2002, Bush et al., 2002). The 

expression of TBX22 is entirely consistent with the CPX phenotype and as such 

the mouse provides a useful model for craniofacial development research. 
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Figure IV. 3. Tbx22 expression pattern in mouse embryo. 

Tbx22 expression in the developing palatal shelves as detected by whole mount in situ 

hybridisation using a Tbx22 antisense probe at A) E13.5 and B) E14.5. PP - primary 

palate; PS - palatal shelf (Hoshino, 2011). 

 

IV. 1. 6. Cranial neural crest and cranial mesoderm 

Craniofacial development is a complex three-dimensional process. Cartilage and 

bone of face, jaws, palate and skull are formed from cells that differentiate from 

CNC and CM derived progenitors. CNC cells generate most of the peripheral 

nervous system, cartilages, bones and loose connective tissues in the vertebrate 

facial and branchial regions. CM is known as a precursor tissue for the muscles as 

well as endothelial cells including the vasculature and connective tissue (Noden 

and Trainor, 2005). Both phenotype and transcriptome studies in conditional 

knockout mice for differentially enriched genes in the CM and CNC show that 

cross-talk between the two tissues is crucially important (Fan et al., 2016). 

The precise role and contribution of specific cell lineages have traditionally been 

studied using cell lineage tracing, where marking a specific cell type allows it to be 

followed during development. In earlier days, these studies relied on externally 

applied tracers or inter-embryonic transplantation (Yoshida et al., 2008). In mice, 
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extrinsic cell labelling or transplantation approaches have been restricted either by 

the time period during which the embryos are accessible in vitro or by the duration 

of a label injected in vivo. Therefore, little information is gained as to interactions 

between tissue origins and cell fates (Chai et al., 2000). A more recent tool added 

to the developmental biologist’s armoury came with the introduction of transgenic 

animals. This included mice modified at the Rosa26 (R26) locus (Soriano, 1999). 

R26 was identified in 1991, during an experiment to introduce a promoter-free 

retrovirus carrying the -Galactosidase (-Gal) reporter randomly into the mouse 

genome. The R26 line ‘trapped’ a mouse gene that showed ubiquitous expression 

of the reporter, while the mice were free of abnormalities and remained fertile 

(Friedrich and Soriano, 1991). Subsequent tools could be generated to investigate 

tissue specific lineages without some of the earlier limitations. An example of this 

uses the Cre-loxP reporter system (Liu et al., 2018) where the expression of 

Cre-recombinase results in recombination between two loxP sites engineered into 

a genome. Cre itself is usually driven by a single gene promoter in order to target a 

particular cell population during development and by using a single-coloured loxP 

reporter system, Cre-loxP recombination can be used to label Cre-expressing cells 

(Madisen et al., 2010). As an example, it was possible to generate a Wnt1-Cre/R26 

line with a permanent molecular marker for NC cells, allowing the tracing of NC 

migration from early embryos to adults following LacZ expression (Yoshida et al., 

2008, Chai et al., 2000). A further refinement was to swap -Gal for a fluorescent 

marker such as YFP e.g. R26-Fl-stop-Fl-YFP, so that specific cells can be viewed 

under UV or used in fluorescence cell sorting experiments. 

 

IV. 1. 7. Intramembranous and endochondral ossification 

Ossification (osteogenesis) in human embryo begins by the 6th or 7th week of 

embryonic life. Beforehand, in the early stages, the embryo’s skeleton consists of 

fibrous membranes and hyaline cartilage (O'Rahilly and Gardner, 1972). 

Intramembranous ossification and endochondral ossification are two osteogenic 

pathways which both produce bone tissue, despite using a different mechanism 

(Breeland and Menezes, 2019). 
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Endochondral bone can be considered a replacement tissue and it replaces 

cartilage which is the most common template (Ortega et al., 2004). A framework 

determines where bones will form during fetal development. This framework 

consists of HA, chondroitin sulphate, collagen fibres, and water and is produced by 

chondroblasts. Chondrocytes are chondroblasts surrounded and isolated by matrix. 

Cartilage has no blood vessel support unlike most connective tissue and functions 

instead by diffusion through the matrix. During fetal development and childhood 

growth, bone is formed on the cartilaginous matrix. Most cartilage has been 

replaced with bone by the time of birth (Ortega et al., 2004). The skull base and 

long bones are formed by endochondral ossification. It is a much longer process 

than intramembranous bone formation (Rauch and Glorieux, 2004). Hyaline 

cartilage serves as template and is replaced by bone completely. At 6 to 8 weeks 

of gestational age chondrocytes differentiate from mesenchymal cells to form the 

cartilaginous skeletal precursor of the bones. Afterwards perichondrium appears. 

Production of matrix makes the chondrocytes grow in size. Matrix calcifies and this 

process causes chondrocytes to die and the surrounding cartilage to disintegrate. 

The spaces formed are invaded by blood vessels, bringing osteogenic cells which 

will become osteoblasts. These spaces combine to form the medullary cavity. 

Capillary penetration then initiates bone producing periosteum formation from 

perichondrium while osteoblasts form a periosteal collar of compact bone around 

the cartilage of the diaphysis. Ossification begins deep in the periosteal collar from 

the primary ossification centre usually around the 2nd or 3rd month of fetal life. 

While this is in progress, chondrocytes and cartilage continue to grow at the future 

epiphyses. Cartilage remains at the joint surface and as an epiphyseal plate which 

is responsible for the longitudinal growth once the fetal skeleton is fully formed. 

After birth, matrix mineralization continues along with death of chondrocytes and 

invasion of blood vessels from the periosteum. The epiphyseal regions are seeded 

with osteogenic cells that become osteoblasts, which at this stage are called 

secondary ossification centres (Rauch and Glorieux, 2004). 

In contrast, the flat bones of the face, most of the cranial bones, and the clavicles 

are formed by intramembranous ossification. In this case, compact and spongy 

bone develops directly from sheets of undifferentiated mesenchymal connective 

tissue (Jin et al., 2016). The process starts when mesenchymal cells begin to 
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differentiate into capillaries, osteogenic precursor cells and then osteoblasts. Early 

in development, osteoblasts first appear in clusters, described as ossification 

centres, which spread out and fuse to form bone tissue. The bone matrix is then 

produced by osteoblasts which secrete an unmineralized, organic glue-like 

substance called osteoid, composed principally of collagen and 

mucopolysaccharides. Inorganic minerals are then laid down and the osteoid 

calcifies to produce the primitive trabecular bone matrix. During this process some 

osteoblasts remain trapped within the matrix and become terminally differentiated 

osteocytes. These cells connect with one another and remain in the bone where 

they are long lived and function in bone maintenance and adaptation to bone 

stresses, load changes or damage. Whilst osteoid forms the trabecular matrix, 

osteoblasts at the spongy bone surface create periosteum. Periosteum plays a 

protective role of compact bone superficial to the trabecular bone. Red marrow is 

formed by condensation of trabecular bone surrounding nearby blood vessels. 

Intramembranous ossification begins in utero and ends at the end of the 

adolescent growth spurt. At birth, the skull and clavicles are not yet fully ossified 

and the skull sutures still remain open, which facilitates the skull to deform during 

birth and allows for post-natal growth of the brain (Jin et al., 2016). 



 

 
187 

 

C
h

a
p

te
r 

IV
: 
In

v
e

s
ti
g
a

ti
o
n
 o

f 
tr

a
n
s
c
ri
p
ti
o

n
a

l 
c
h

a
n

g
e

s
 d

o
w

n
s
tr

e
a
m

 

o
f 

T
b
x
2

2
 d

u
ri
n

g
 m

o
u
s
e
 p

a
la

te
 d

e
v
e

lo
p
m

e
n
t 

IV. 2. Aims and rationale of the study 

As described above, previous studies of mice with constitutively deleted Tbx22 

revealed a phenotype of SMCP in the majority of animals (Pauws et al., 2009a). 

This was best observed by staining cranial skeletal preparations at E15.5 or older 

with alcian blue and alizarin red. This technique revealed a clear deficiency in the 

pair of developing palatal bones. In the present study, an important aim was to gain 

a better understanding of cell lineage-specific function of Tbx22 in palatal bone 

formation by dissecting the contribution of the CM and CNC in Tbx22-dependent 

palatogenesis. As an initial step, this was first looked at in stained cranial skeletal 

preparations, following tissue specific ablation of Tbx22 using the Cre-loxP system. 

Following this, a more precise investigation would be carried out into 

Tbx22-dependant tissue specific gene expression differences that occur 

immediately prior to palatal shelf fusion. 

Tbx22 was already known to be expressed most highly in the posterior region of 

the elevating palatal shelves at E13.5 (Braybrook et al., 2002, Bush et al., 2002). 

Hoshino (2011) previously investigated Tbx22-dependent palatal gene expression 

analysis using whole, dissected E13.5 palatal shelves examined with a 

microarray-based technology. This analysis would now be considered somewhat 

crude, since it included the entire palatal shelf including all cell types therein, even 

those that do not express Tbx22. The microarray platform itself has various 

limitations since it was based on hybridization technology, relied on fluorescence 

detection for quantitation and by design only looked at a defined set of targets that 

inefficiently represent the transcriptome. These methodologies have more recently 

been superseded both by RNA-Seq technology and the ability to more precisely 

isolate palatal tissue in a cell-type specific way. 

The current study therefore planned to improve the resolution of previous analysis 

at the tissue specific level by adopting the Cre-loxP system to introduce 

fluorescence cell sorting to separate and recover Tbx22-expressing cells and to 

use RNA-Seq to improve the coverage of the cell type-specific transcriptome. It will 

be possible to compare gene expression in flow sorted palatal shelf tissue specific 

cells between WT and Tbx22-/Y. This would facilitate the identification of relevant 
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downstream transcriptional targets in both CM and CNC derived tissue. These 

transcripts would potentially highlight genes and pathways that are important for 

normal palate development and those that are defective in Tbx22 mutants. 
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IV. 3. Results 

IV. 3. 1. Tissue specific ablation of Tbx22 using the Cre-loxP system 

The SMCP phenotype with reduced development of palatal bones is characteristic 

of the Tbx22-/Y mouse (Pauws et al., 2009a). To interrogate the tissue specific 

origin of this, Tbx22 was selectively deleted in either CNC (using Wnt1-Cre) or 

pre-somitic CM (using Mesp1-Cre). Four crosses (females Tbx22flox/+ with males 

Wnt1-Cre or Mesp1-Cre) were set up and 31 embryos at stage E17.5 were 

recovered for analysis (19 in Wnt1-Cre and 12 in Mesp1-Cre cross). The heads of 

each of these animals were separated from their bodies and dissected for visual 

evaluation. After genotyping, a total of 8 males were identified. These were visually 

inspected and the SMCP palate phenotype was clearly observed in all animals in 

which the gene was deleted. This included both the CM (N=3) and CNC (N=1) 

deleted mice, while the phenotype was not seen in WT controls (N=4). The 

phenotypes were confirmed following the alcian blue and alizarin red skeletal 

staining protocol (Figure IV. 4) (Nagy et al., 2009) as described in the 

Section II. 11. Alcian blue and alizarin red skeletal staining.  
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Figure IV. 4. Palate phenotype in E17.5 WT and null (Tbx22-/Y) male and 

heterozygous female embryos. 

A, E) WT male and C, G) WT females have palatal shelf bones that appear normal. B) 

Mesp1-Cre positive male and F) Wnt1-Cre positive males lack equivalent bone structure in 

the palatal shelves (SMCP phenotype). D) Mesp1-Cre positive female and H) Wnt1-Cre 

positive female both exhibit a bone deficit affecting the palatal shelf margins (indicated 

with ). Arrows indicate structural changes. PS - palate shelf; IF - incisive foramina; 

PPF - parapterygoid fossa; AL – alisphenoid; BS – basisphenoid; Mx – maxilla; 

MPF - mesopterygoid fossa (Missagia and Perini, 2018). 

 

Interestingly, Mesp1-Cre (N=2) and Wnt1-Cre (N=1) positive heterozygous females 

also developed a visible bone deficit phenotype affecting palatal shelves margins. 

This phenotype was not as severe as in males and was only noticed after staining 

rather than during preliminary examination of the gross anatomy. More surprisingly, 

not only CM or CNC specific Tbx22-deleted animals exhibited SMCP (or females 
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with the affected palate shelves margin phenotype), but also Tbx22flox/Y males 

(N=6) and Tbx22flox/+ females (N=3), while WT controls (M=4; F=11) were normal. 

To investigate this unexpected finding further, confirmation was performed by 

further palatal phenotype assessments, made after crossing CD1 males with 

Tbx22flox/+ females (2 crosses, N=14). CD1 mice were chosen for this purpose 

since they are known to have large litters and a previous study already showed 

that the phenotype on the CD1 background was similar to both 129/Sv and 

C57Bl/6 (Pauws et al., 2009a). Therefore, to investigate the development of their 

palatal bones, WT and floxed male embryos recovered at E17.5 were subjected to 

the alcian blue and alizarin red skeletal staining protocol (II. 11. Alcian blue and 

alizarin red skeletal staining). This confirmed that Tbx22flox/Y animals do have a 

visible deficit (M=6) in palatal bone formation that was similar to that previously 

described in Tbx22-/Y mice (Pauws et al., 2009a). Also, female Tbx22flox/+ (F=2) 

mice developed a bone deficit phenotype affecting palatal shelves margins, 

Figure IV. 5. 

 



 

 
192 

 

C
h

a
p

te
r IV

: In
v
e

s
tig

a
tio

n
 o

f tra
n
s
c
rip

tio
n
a

l c
h

a
n

g
e

s
 d

o
w

n
s
tre

a
m

 

o
f T

b
x
2

2
 d

u
rin

g
 m

o
u
s
e
 p

a
la

te
 d

e
v
e

lo
p
m

e
n
t 

 

Figure IV. 5. The palate phenotype in Tbx22flox animals compared to WT. 

A) WT male with a normal palate; B) Tbx22flox/Y; shows a lack of bone structure in the 

palatal shelves (SMCP phenotype); C) WT female with a normal palate; D) Tbx22flox/+, 

shows a bone deficit at the palatal shelf margins (indicated with  ). Arrows indicate 

structural changes. PS - palate shelf; IF - incisive foramina; PPF - parapterygoid fossa; AL 

– alisphenoid; BS – basisphenoid; Mx – maxilla; MPF - mesopterygoid fossa (Missagia 

and Perini, 2018). 

 

In earlier studies, it was noted that the majority of constitutive null Tbx22-/Y mice 

that were generated by crossing floxed mice with actin-Cre survived with sufficient 

health to allow these mice to be maintained as a colony for use without always 

crossing to a Cre-deleter strain. As a consequence, all of the published 

experiments (Pauws et al., 2009a) used these constitutively null mice exclusively 

and the floxed allele remained uninvestigated for any phenotype. However, the 

overall health and wellbeing of these null animals was slightly compromised 

compared to WT and animals carrying the floxed allele. The constitutive null males 

tended to be smaller, less active and with poor overall appearance, whilst the 

floxed animals are visually indistinguishable from WT littermates. It was also 

reported that removing the intragenic NeoR cassette that was retained in the 

Tbx22null allele using Flp-deleter in vivo, had no obvious effect on the mutant 

phenotype (Pauws et al., 2009b). However, this new finding of a palatal bone 

phenotype in the floxed allele raised the possibility that it may indeed represent a 

deleterious allele. Should the Tbx22 loxP sites and FLP-flanked NeoR cassette 
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potentially affects Tbx22 expression, this might be considered a hypomorph, where 

expression is reduced, although not to the same extent as the complete null. 

It was therefore decided to investigate Tbx22 transcripts in floxed mice to see if this 

allele did indeed result in reduced or abrogated expression of Tbx22. To do this a 

TaqMan Gene Expression assay was carried out (II. 9. 2. TaqMan gene 

expression assay). RNA was extracted from three biological replicates of E13.5 

WT, Tbx22flox/Y and Tbx22-/Y males heads (II. 17. Preparation of RNA from tissue 

for RTqPCR). Averaged Tbx22 expression (Figure IV. 6) showed, at least at the 

resolution of this assay, that the level was very similar between Tbx22flox/Y and 

Tbx22-/Y but significantly lower when compared to WT. With expression levels 

reduced to that of a null, this provided a plausible explanation for why the SMCP 

phenotype was observed in Tbx22flox/Y animals. However, it does not support the 

idea of being a hypomorphic allele in terms of the general wellbeing of the animals. 

An explanation for the difference may need to be investigated by testing Tbx22 

expression at earlier developmental stages or potentially by dissecting different 

tissues or even cell types. 
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Figure IV. 6. Tbx22 expression in male WT, null and floxed craniofacial tissues. 

Statistical comparisons between Tbx22-/Y and Tbx22flox/Y compared to WT. Error 

bars = standard deviation. **p<0.01. 

 

Next, to provide a more detailed examination of the role of the TBX22 transcription 

factor in palatal shelf development, it was decided to investigate gene expression 

changes in the two most predominant cell types, CM and CNC. By specifically 

isolating palatal cells from each of these cell types, it was expected to gain more 

fundamental insights into the contribution of each embryonic tissue to palate 

development. 

Previous work investigating the functional role of TBX22 using the Tbx22null mouse 

model was performed by Hoshino (2011). In her thesis, she described microarray 

analysis of E13.5 palatal shelves dissected from WT and Tbx22-/Y mice showing a 

global upregulation of muscle genes (myosin and muscle actin). This corresponded 

with a moderate upregulation in MyoD and myogenin, while reduced expression of 

Cyclin D2 was noted in the null palatal shelves. Another key transcription factor of 

myogenesis Myf5 also showed a trend towards increased expression in the null 

palatal shelves but failed to achieve a statistical significance. This work indicated 
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that TBX22 played a role in the regulation of cell proliferation as well as a 

previously identified role in osteoblast differentiation and maturation in palate 

development. The experiments were based on the hypothesis that TBX22 mainly 

acts as a transcriptional repressor and down regulated genes were not followed up 

in this particular project. Although it was earlier reported that TBX22 has both 

repression and activation domains (Andreou et al., 2007). 

 

IV. 3. 2. Use of a conditional mouse line to generate a palatal shelf phenotype 

and cell-type specific transcription profile 

To investigate transcriptional changes that occur downstream of TBX22, a 

conditional mouse line was first generated by crossing several transgenic strains. 

This first step involved introducing a fluorescent marker, R26-Fl-stop-Fl-YFP, on to 

the Tbx22flox strain. Then, when crossed with either Mesp1-Cre (Yoshida et al., 

2008) or Wnt1-Cre (Chai et al., 2000) lines, it was possible to use FACS to isolate 

cells derived from either CM or CNC respectively. Flow sorted labelled cells could 

then be used for RNA isolation and subsequent RNA-Seq. 

A female Tbx22flox/flox mouse with target exons flanked by loxP sites was crossed 

with an R26-YFP male and the resulting female Tbx22flox/+/R26 offspring were then 

used for all subsequent experiments. Female Tbx22flox/+/R26 mice were then 

crossed with males which have the Cre gene linked either to the CM cell-specific 

promoter, Mesp1-Cre, or to a CNC cell-specific promoter, Wnt1-Cre. Embryos 

were recovered at E13.5 and used for palatal shelf dissection. The resulting tissues 

were treated (II. 13. Palate shelf dissection and cells preparation for flow sorting) to 

dissociate the cells and used for flow sorting. Fluorescently labelled cells were 

recovered from either WT Tbx22+/Y males or from Cre positive Tbx22flox/Y males 

(which become Tbx22-/Y). A schematic diagram depicting how the conditional 

mouse line was generated is presented in Figure IV. 7. 
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Figure IV. 7. Conditional mouse line generation. 

The 1st stage involved introduction of the fluorescent marker R26-Fl-stop-Fl-YFP on to the 

Tbx22flox strain. The 2nd stage involved crossing either with Mesp1-Cre or Wnt1-Cre lines 

to produce mutant (Males, Tbx22null, Cre+ and YFP+) and WT (Males, WT, Cre+ and 

YFP+) embryos for flow sorting. 

 

IV. 3. 3. Optimization of palate shelf tissue dissociation into single cells for 

flow sorting 

To identify the best method to dissociate palatal shelf tissue to allow flow sorting of 

single cells, four methods were used, including the use of trypsin, accutase, 

dispase/collagenase/CaCl2 solution or mechanical dissociation (II. 12. Methods to 

dissociate palate shelf tissue into cells) were tested (Figure IV. 8). The mechanical 

dissociation method was found to be quite aggressive and caused the most cell 

death. The impact of trypsin was less damaging, resulting in a good yield of single 

cells but also resulted in a significant number of dead cells as well as a large 

number of undissociated aggregates. Accutase generally had a low impact on cell 

dissociation of the palate tissue. The dispase/collagenase/CaCl2 solution had a 

good yield of single cells whilst giving the lowest number of aggregates and dead 

cells and was chosen as optimal method for cell preparation prior to flow sorting. 
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Figure IV. 8. Optimization of methods to dissociate palatal shelf tissue into its 

constitutive single cells. 

Each of the four methods were assessed by counting viable single cells, dead cells or cell 

aggregates. Error bars = standard deviation. 

 

IV. 3. 4. Isolation and analysis of cranial mesoderm and cranial neural crest 

populations in the palatal shelf 

As previously described, conditional gene targeting using the Cre-loxP system 

depends on the generation of mice that express Cre-recombinase in a cell type 

specific pattern. To better understand embryogenesis in Cre expressing mice, 

reporter constructs can be used where expression of the reporter gene is activated 

only after Cre-mediated excision of a stop codon (Mao et al., 2001, Tsien et al., 

1996). 

In this experiment we were interested in investigating the role of TBX22 in palatal 

development, principally in the most relevant tissues likely to be involved in the 

observed phenotype, mainly bone and muscle. Therefore, excision was mediated 

in CNC using Wnt1-Cre and CM using Mesp1-Cre. The experimental animals were 

all males since they have been reproducibly shown to have the more severe bone 
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phenotype (Pauws et al., 2009a). All experimental embryos were collected in 

triplicate at E13.5 from crosses of female Tbx22flox/+/R26 with either male 

Mesp1-Cre (N=13) or Wnt1-Cre (N=8). Tbx22null cells were recovered from 

Tbx22-/Y males that were positive for Cre and R26. The control (WT) group 

consisted of cells from WT male littermates, also positive for Cre and R26. Palatal 

shelves were dissected (Figure II. 11) and cells were dissociated and prepared for 

cell sorting (II. 13. Palate shelf dissection and cells preparation for flow sorting). 

Each sample yielded 3000-7760 (Mesp1) and 39000-97000 (Wnt1) YFP+ cells, 

which were stored frozen at -80°C. 

The number of embryos collected is given in Table IV. 1 and the total number of 

cells recovered is presented in Table IV. 2. For the Mesp1-Cre cross, in all animals 

subjected to FACS (i.e. both sexes and all genotypes), a total of 2,430,242 cells 

were collected, of which 8% were YFP+. For the Wnt1-Cre cross, 3,201,390 cells 

were recovered, of which 38% were YFP+. Specifically in experimental males, the 

ratio of YFP+ CM to CNC cells corresponded to 1:3.8 in WT and 1:5.6 in null 

embryos (Figure IV. 9). Other cell types present in the palate, such as epithelia and 

endothelial cells, were expected to be collected in the YFP- fraction. 

 

Table IV. 1. Collection and analysis of YFP+ E13.5 embryos. 

Embryos were collected from 21 litters. 

Embryos Mesp1 % Wnt1 % Total % 

F 12 40% 13 54% 25 46% 

M 18 

null 10 

60% 
1

1 

null 4 

46% 29 54% 

WT 8 WT 7 

Total embryos number 121 100% 89 100% 210 100% 

Total YFP+ 30 25% 24 21% 56 26% 

Females were not investigated further for genotype. 
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Table IV. 2. Number of YFP+/- cells sorted. 

Mesp1-Cre Wnt1-Cre 

  
YFP +/- 

Cell 

No 

Embryo 

No 

 
YFP +/- 

Cell 

No 

Embryo 

No 

M 

WT 

YFP+ 87710 

10 

M 

WT 

YFP+ 417290 

7 YFP- 793000 YFP- 683540 

Total 880710 Total 1100830 

null 

YFP+ 35329 

8 null 

YFP+ 211000 

4 YFP- 541000 YFP- 403000 

Total 576329 Total 614000 

F* 

 YFP+ 78503 

12 F* 

 YFP+ 583200 

13 YFP- 894700 YFP- 903360 

Total 973203 Total 1486560 

Total cells number 2430242  Total cells number 3201390  

Total YFP+ number 201542 (8%)  Total YFP+ number 1211490 (38%)  

Females were not investigated further for genotype. 

 



 

 
200 

 

C
h

a
p

te
r IV

: In
v
e

s
tig

a
tio

n
 o

f tra
n
s
c
rip

tio
n
a

l c
h

a
n

g
e

s
 d

o
w

n
s
tre

a
m

 

o
f T

b
x
2

2
 d

u
rin

g
 m

o
u
s
e
 p

a
la

te
 d

e
v
e

lo
p
m

e
n
t 

 

Figure IV. 9. Graphic representation of YFP+ cell ratio of CM and CNC origin in WT 

and null male embryos. 

The ratio of CM:CNC cells in WT and null palatal shelves was 1:3.8 and 1:5.6 respectively. 

 

IV. 3. 5. RNA sequencing 

RNA samples were sent to UCL Genomics for RNA quality check and RNA 

sequencing (https://www.ucl.ac.uk/child-health/research/genetics-and-genomic-me 

dicine-programme/ucl-genomics/technology). Figures IV. 10 to IV. 12 represent 

quality control data provided by UCL Genomics. 

 

https://www.ucl.ac.uk/child-health/research/genetics-and-genomic-me%20dicine-programme/ucl-genomics/technology
https://www.ucl.ac.uk/child-health/research/genetics-and-genomic-me%20dicine-programme/ucl-genomics/technology
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IV. 3. 6. RNA quality check 

High Sensitivity D1000 RNA ScreenTape was used in the Agilent 

2200 TapeStation system to determine RNA quality to ensure that there was 

sufficient RNA of suitable quality to use for sequencing. The readout was analysed 

by the TapeStation Analysis Software (A.02.02). The RNA quality is indicated by 

the RNA integrity number (RIN), which is estimated from the 28S to 18S ribosomal 

RNA (rRNA) ratio. A RIN number of 10 represent the highest quality. All of the RNA 

samples passed the QC (Figure IV. 10, Figure IV. 11 and Table IV. 3) and were 

used for sequencing. 

 

 

Figure IV. 10. Quality control for each RNA sample by TapeStation. 

Automated gel electrophoresis readout of the Agilent 2200 TapeStation system. The 

double bands in each lane represent 28S and 18S rRNA. S - sample; 1-6 - number of 

sample; M - Mesp1-Cre cross; W - Wnt1-Cre cross; WT - control group; 

null - experimental group. 
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Figure IV. 11. Quality control of each RNA sample by electrophoresis. 

Electropherograms of the RNA samples with sample intensity and 28S and 18S rRNA 

indicated by the double peaks relative to the ladder. S - sample; 1-6 - number of sample; 

M - Mesp1-Cre cross; W - Wnt1-Cre cross; WT - control group; null - experimental group. 

 

Table IV. 3. RNA quality control summary. 

Summary table of the RIN values and RNA concentrations of each sample. S - sample; 

1-6 - number of sample; M - Mesp1-Cre cross; W - Wnt1-Cre cross; WT - control group; 

null - experimental group. 

Well Cells No RINe 28S/18S (Area) Conc. [pg/µL] 

Ladder  - - 1580 

S1M WT 3120 6.9 2.6 213 

S2M WT 3560 7.7 2.6 268 

S3M null 7760 9.0 3.3 734 

S4M null 5600 9.2 3.8 641 

S5M null 4600 7.7 2.7 388 

S6M WT 3000 8.7 4.1 336 

Ladder  - - 3000 

S1W WT 82000 8.9 3.2 16200 
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Table IV. 3. (continued). 

S2W null 39000 8.6 2.7 2820 

S3W WT 56000 8.9 2.6 7490 

S4W WT 82000 7.4 2.7 165000 

S5W null 45000 8.8 3.2 6590 

S6W null 97000 9.0 3.1 24100 

 

IV. 3. 7. RNA-Seq quality control 

RNA-Seq data were analysed using the standard quality control methods STAR 

alignment scores and Picard gene coverage (Figure IV. 12). These showed that all 

samples were of good quality and that the majority of reads aligning to coding 

regions or UTRs of known genes. 

 

      STAR: alignment scores      Picard: normalized gene coverage 

 

Figure IV. 12. STAR alignment scores and Picard gene coverage. 

A) RNA-Seq STAR alignment scores (percentage) of the samples; Picard gene coverage 

in CM and C) in CNC derived cells. RNA-Seq quality control analysis showed good quality 

of all samples. 
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IV. 3. 8. Differential expression analysis 

Differential expression analysis (Owen and Moosajee, 2019, Shu et al., 2019, 

Costa-Silva et al., 2017) was used to investigate changes in gene expression in 

FACS sorted CM or CNC derived cells isolated from E13.5 WT or Tbx22-/Y mouse 

palatal shelves. Overall 4 different analyses were performed: a) Tbx22-/Y were 

compared to WT in CM derived cells (Mesp1-Cre); b) Tbx22-/Y samples were 

compared to WT in CNC derived cells (Wnt1-Cre); c) WT were compared between 

Mesp1-Cre and Wnt1-Cre isolated cells; d) Tbx22-/Y samples were compared 

between Mesp1-Cre and Wnt1-Cre isolated cells. For descriptive purposes in each 

comparison, those genes that had differentially higher expression (increased read 

count) were referred to as ‘up regulated’ and those that had lower expression 

(lower read count) as ‘down regulated’. These terms do not refer to the absolute 

expression levels of the genes. 

As RNA-Seq data was generated from 3 separate embryos for each group as 

biological replicates (Schurch et al., 2016), the DESeq2 algorithm was used to 

normalise counts (rlog normalization) (Love et al., 2014). This was followed by a 

PCA to determine the overall similarity of the replicate samples (Anders and Huber, 

2010). The PCA plot (Figure IV. 13, A) shows the distribution of the sample groups. 

Clear separation can be seen between Mesp1-Cre and Wnt1-Cre derived samples. 

While Tbx22-/Y and WT samples were less well defined within the Wnt1-Cre cluster 

compared to that derived from CM. Differential gene expression between groups is 

also presented in volcano plots (Figure IV. 13, B, C). As could be expected, the 

most significant down regulated gene in CNC cells (Figure IV. 13, C) was Tbx22, 

although it was not the most significant down regulated gene in CM 

(Figure IV. 13, B). 
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Figure IV. 13. Principal component analysis and volcano plots depicting differential 

expression. 

A) PCA plot of WT cells samples and Tbx22-/Y cells samples, compared between CNC and 

CM origin; B) volcano plot represents differential expression of genes in mesoderm 

derived cells (Tbx22-/Y vs. WT) and C) CNC derived cells (Tbx22-/Y vs. WT). padj 

significance cut-offs are:  red dot (•) - FDR<0.1; yellow dot (•) - Log2FC>1; green 

dot (•) - FDR<0.1 and Log2FC>1. 
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The DESeq2 algorithm with default settings was used to calculate a fold change 

(FC) and perform statistical test for differential expression between Tbx22-/Y and 

WT samples in CM and CNC derived cells as well as to compare WT Mesp1-Cre 

vs. WT Wnt1-Cre and Tbx22-/Y Mesp1-Cre vs. Tbx22-/Y Wnt1-Cre. A significance 

threshold of adjusted p-value <0.1, p-value <0.05 and a -1>Log2FC<1 (0.5>FC<2) 

was used to determine significantly up and down regulated genes. 

At padj value <0.1, 11 genes were up regulated in CM derived cells when 

comparing Tbx22-/Y and WT samples and 11 genes that were down regulated in 

the same group. Comparing Tbx22-/Y and WT in CNC derived cells, only 1 gene 

was up and 1 gene was down regulated at padj value <0.1, Table IV. 4. These 

findings were surprising since Tbx22 is much more highly expressed in CNC at this 

developmental stage and one might have anticipated that resulting downstream 

genes would be most affected in this tissue. 

 

Table IV. 4. WT vs. Tbx22-/Y differentially expressed genes in CM (Mesp1-Cre) and 

CNC (Wnt1-Cre) derived cells. 

The list of genes with padj value <0.1 between groups (WT compared to Tbx22-/Y) in CM 

(Mesp1-Cre) and CNC (Wnt1-Cre) derived cells ranked by FC. Av exp - average 

normalised read count. 

WT vs. Tbx22-/Y in Mesp1-Cre 

Up regulated 

Gene Log2FC padj Av exp WT Av exp Tbx22
-/Y

 

Cspg4 1.53 0.07 52.02 150.65 

Foxp2 1.51 0.09 213.27 609.60 

Reln 1.41 0.08 88.40 234.50 

Bmpr1b 1.37 0.09 47.41 122.79 

Adgrb3 1.36 0.06 46.92 120.59 

Sox6 1.20 0.07 138.24 318.14 

Zim1 1.05 0.06 153.33 316.87 
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Table IV. 4. (continued). 

Scarna13 0.89 0.00 202.84 374.11 

Fat1 0.81 0.01 1844.66 3233.13 

Notch3 0.80 0.06 319.74 556.22 

Peg3 0.78 0.08 2236.25 3829.47 

Down regulated 

Gene Log2FC padj Av exp WT Av exp Tbx22
-/Y

 

Nr2f2 -0.42 0.09 1228.61 916.45 

Lars2 -0.65 0.00 18194.99 11613.01 

Ahr -0.71 0.06 554.52 338.91 

Aplnr -0.71 0.09 2046.92 1249.31 

Emcn -0.78 0.08 1873.73 1087.52 

Npnt -0.79 0.06 307.96 178.00 

Apln -0.97 0.08 389.79 198.78 

Ccr2 -1.56 0.07 91.62 30.96 

Tll1 -1.63 0.00 449.50 145.60 

Snord34 -1.81 0.08 340.19 96.78 

Snord99 -2.12 0.06 210.62 48.37 

WT vs. Tbx22-/Y in Wnt1-Cre 

Up regulated 

Gene Log2FC padj Av exp WT Av exp Tbx22
-/Y

 

Cxcl14 2.19 0.01 12.89 57.50 

Down regulated 

Gene Log2FC padj Av exp WT Av exp Tbx22
-/Y

 

Tbx22 -4.04 0.00 448.95 27.57 
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To consider direct interaction between CNC and CM derived tissues, it was 

interesting to look at genes that were significantly up or down regulated in CM 

derived tissue in the Wnt1-Cre data. In most cases there was no clear 

concordance observed, reflecting the independant nature of those two embryonic 

cell lineages with respect to Tbx22 genotype. However, two genes that were 

significantly down regulated in CM derived tissue and significantly up regulated in 

CNC derived tissue were Npnt (p=0.000019, average expression (av exp)=455.55 

[Tbx22null], av exp=252.21 [WT]) and Ccr2 (p=0.049, av exp=9.498 [Tbx22null], 

av exp=2.94 [WT]). Overall Ccr2 expression was at a very low level in this 

comparison and not considered biologically significant. Genes differentially 

expressed in CNC derived cells presented in Table IV. 5. 

 

Table IV. 5. Performance in CNC (Wnt1-Cre) of the significantly (padj) differentially 

expressed genes found in CM (Mesp1-Cre) cells. 

Av exp - average normalised read count; NS - not statistically significant, p≥0.05. Light 

green colour rows - up regulated, darker green colour rows - down regulated genes. 

WT vs. Tbx22-/Y in Wnt1-Cre 

Gene Log2FC Up/Down p Av exp WT Av exp Tbx22-/Y 

Npnt 0.85  0.000019 252.21 455.55 

Ccr2 1.79  0.049 2.94 9.498 

Snord99 0.39  NS 97.61 129.43 

Snord34 0.39  NS 111.80 147.02 

Lars2 -0.14  NS 20887.81 18908.94 

Aplnr -0.35  NS 221.44 174.39 

Tll1 0.22  NS 59.18 70.26 

Nr2f2 -0.15  NS 1582.31 1419.34 

Ahr 0.08  NS 625.56 660.31 

Emcn -0.08  NS 167.46 159.61 
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Table IV. 5. (continued). 

Apln -0.04  NS 53.90 52.21 

Scarna13 -0.47  NS 975.66 700.50 

Zim1 0.31  NS 569.57 708.60 

Fat1 0.20  NS 8643.72 9967.19 

Peg3 0.19  NS 8242.25 9379.53 

Sox6 0.15  NS 1156.54 1289.61 

Bmpr1b 0.16  NS 142.91 161.49 

Notch3 -0.05  NS 1174.25 1134.18 

Adgrb3 -0.06  NS 404.86 390.00 

Cspg4 0.09  NS 306.58 329.42 

Reln 0.09  NS 171.63 184.69 

Foxp2 -0.01  NS 1337.77 1329.64 

 

Tbx22 was, as expected, down regulated both in CNC (Table IV. 4) and in CM 

derived tissue (p=0.0014, av exp=11.97 [Tbx22null], av exp=40.15 [WT]). It was the 

only significant (padj value <0.1) down regulated gene in CNC. 

Cxcl14 was the only up regulated gene (padj<0.1) in CNC tissue. It is described as 

an antimicrobial gene which belongs to the cytokine family that encodes secreted 

proteins involved in immunoregulatory and inflammatory processes (Hromas et al., 

1999). CXCL14 is expressed in skin, kidneys and other tissue, such as brain, 

colon, duodenum and oesophagus. There is a reported role of CXCL14 as critical 

mediator in endogenous anti-inflammatory mechanisms in ischemic brain (Lee et 

al., 2017). Also CXCL14 is known for its significance in proliferation and metastasis 

of tumours (Lin et al., 2014). There is currently no clearly identified role for this 

gene in palatogenesis, although in chick embryo studies, there is indication that 

CXCL14 may regulate craniofacial tissue growth during embryonic development 

(Gordon et al., 2011). STRING was used to investigate the known interaction 

network of CXCL14 protein, Figure IV. 14 (Szklarczyk et al., 2015). 
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Figure IV. 14. CXCL14 protein interaction network visualized by STRING. 

Network nodes represent the proteins produced by a single, protein-coding gene locus. 

Edges represent protein-protein interactions. 

 

Looking at the dataset prior to statistical adjustment for multiple testing, 254 genes 

were found to be significantly (p<0.05) up regulated and 301 genes were 

significantly down regulated in CM derived cells when comparing Tbx22-/Y to WT 

samples. For CNC derived cells, 104 genes were significantly up regulated and 72 

down regulated in Tbx22-/Y compared to WT cells. The 30 genes with the largest 

FC and the lowest p value (up and down regulated) are presented in Table IV. 6. 
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Table IV. 6. The list of genes ranked according to the largest fold change and then 

lowest p value between groups (Tbx22-/Y compared to WT) in CM (Mesp1-Cre) and 

CNC (Wnt1-Cre) derived cells. 

The genes were selected by p value and then were ranked by highest FC (1st column) and 

lowest p (2nd). Genes in red indicate those with the highest significance/fold change. 

Tbx22-/Y vs. WT in Mesp1-Cre 

Up regulated Down regulated 

1st column 2nd column 1st column 2nd column 

 Log2 FC  Log2 FC       Log2 FC  Log2FC 
Biggest FC  Lowest p value Biggest FC Lowest p value  

Matn3 6.21 Scarna13 0.88 Hbb-bh1 -5.12 Tll1 -1.63 

Ecel1 5.12 Fat1 0.81 Atp6v0d2 -4.93 Lars2 -0.65 

Masp2 4.66 Notch3 0.80 Acsbg1 -4.81 Npnt -0.79 

Mir140 4.61 Adgrb3 1.36 Gjb6 -4.09 Ahr -0.71 

Entpd3 4.43 Zim1 1.05 H2-DMb1 -3.94 Snord99 -2.12 

Adgrf2 4.09 Sox6 1.20 Ccr9 -2.98 Ccr2 -1.56 

S100b 4.00 Cspg4 1.53 Cd300lf -2.89 Snord34 -1.81 

Rbm44 3.71 Reln 1.41 Apob -2.86 Emcn -0.78 

Stk33 3.24 Peg3 0.78 Ehf -2.78 Ifi203 -2.06 

Mfsd4 3.17 Foxp2 1.51 Kynu -2.78 Apln -0.97 

Mia 3.07 Bmpr1b 1.37 Slfn14 -2.56 Nr2f2 -0.42 

Olfr558 3.06 Scn3a 1.43 H2-Eb1 -2.41 Aplnr -0.71 

Scrg1 2.76 Meox2 0.75 Psmb8 -2.28 Gm1966 -1.44 

Scn5a 2.71 Igf1r 0.38 Mir677 -2.28 Slc39a8 -1.05 

Tc2n 2.65 Smoc2 1.04 Snord99 -2.12 Snord100 -1.54 

Myh6 2.62 Thbs1 0.94 Snord42a -2.07 Snord32a -1.41 

Susd5 2.48 Stk26 0.95 Ifi203 -2.06 Snord12 -1.69 

Lmo3 2.40 Lgr5 1.21 Lrat -2.03 Snord87 -1.52 

Fam101a 2.35 Prickle1 0.65 Dbx1 -1.99 Clec14a -0.90 

Fam71a 2.33 Matn3 6.21 Tlx1 -1.97 Rgs2 -0.57 
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Table IV. 6. (continued). 

Foxl1 2.32 Fosb 0.74 Tfcp2l1 -1.95 Snord82 -1.69 

Slc1a1 2.29 Barx1 0.82 Col28a1 -1.93 Cd74 -1.50 

Myh7b 2.13 Irs2 0.77 Ermap -1.83 St6gal1 -0.66 

Tmem178 2.10 Tmtc1 1.23 Nlrp1b -1.82 Ly6e -0.88 

Kcnj8 2.04 Tc2n 2.65 Snord34 -1.81 Snord61 -1.33 

Slc41a2 2.03 Csmd3 1.83 Snord55 -1.79 Snord47 -1.47 

Col11a1 2.03 Hmga2 0.63 Ackr2 -1.76 Anp32b -0.35 

Actg2 1.99 Plekhg2 0.42 Plbd1 -1.75 Tek -0.85 

Vwc2 1.90 Sim2 1.28 Tbx22 -1.74 Tbx22 -1.74 

Rspo2 1.86 Ptprd 0.59 Scarna17 -1.73 Arhgap30 -1.07 

Tbx22-/Y vs. WT in Wnt1-Cre 

Up regulated Down regulated 

 Log2 FC  Log2 FC       Log2 FC  Log2FC 
Biggest FC  Lowest p value Biggest FC Lowest p value  

Six6 8.22 Cxcl14 2.19 Tbx22 -4.04 Tbx22 -4.04 

Tshb 5.54 Npnt 0.85 Ccl28 -2.74 Myh3 -1.28 

Mtnr1a 5.18 Fosl2 0.79 Mir3113 -2.54 Shisa3 -0.44 

Lhx3 4.76 Sim1 3.19 Lmod3 -2.03 Ccl28 -2.74 

Sox14 4.76 Krt5 2.36 Myot -1.91 Tmem181b-ps -0.75 

Irs4 4.44 Irs4 4.44 Hist1h2ac -1.82 Nr2f1 -0.38 

Plek2 4.29 Scg2 2.85 Gm10037 -1.74 Hist1h3a -0.98 

Six3 4.14 Clu 1.68 Hist1h3b -1.60 Pisd-ps1 -0.68 

Six3os1 3.61 Col12a1 0.51 Hist1h3h -1.58 Hist1h4b -0.43 

Sim1 3.19 Grm7 0.98 Hist1h2ad -1.58 Hist1h2ac -1.82 

Scg2 2.85 Dsp 1.31 Hist1h3d -1.55 Hist1h3c -1.23 

Myo5c 2.69 Dcn 0.71 Tceal7 -1.54 Hist1h2ad -1.58 

Trp73 2.57 Krt14 1.53 Hist1h3f -1.53 Spag17 -1.08 

Ndufa4l2 2.56 Trp73 2.57 Hfe2 -1.50 Ttn -0.90 
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Table IV. 6. (continued). 

Lad1 2.45 Nnt 0.52 Hist1h2an -1.44 Hist1h3g -1.05 

Krt5 2.36 Six6 8.22 Tnnc2 -1.40 Lmod3 -2.03 

Cxcl14 2.19 Ch25h 2.03 Eps8l1 -1.39 Ebf3 -0.39 

Pax1 2.14 Thbd 0.51 Tmem8c -1.33 Hist1h3i -1.31 

Serpinb5 2.07 Pitx2 1.91 Hist1h3i -1.31 Hist1h4a -0.47 

Ap1m2 2.05 Esrp1 1.60 Hist1h2ai -1.31 Tmem8c -1.33 

Ch25h 2.03 Grhl2 1.53 Mlph -1.28 Nlrp5-ps -1.02 

Wnt7b 2.01 Epcam 1.68 Myh3 -1.28 Hist1h3e -1.04 

Gm1966 1.95 Smoc2 0.38 Gpr83 -1.25 Actc1 -0.85 

Cldn6 1.92 Six3 4.14 Hist1h3c -1.23 H2afx -0.49 

Pitx2 1.91 Ogn 0.50 Myl4 -1.22 Tnnc1 -0.98 

Igsf1 1.90 Adgrv1 0.91 Hist1h2ag -1.22 2310015A10Rik -0.59 

Cfh 1.85 Cfh 1.85 Mybph -1.22 Mir3113 -2.54 

Ccr2 1.79 Lad1 2.45 Mylpf -1.20 Mylpf -1.20 

Plch2 1.76 Plch2 1.76 Myh7 -1.20 Myh7 -1.20 

Iigp1 1.75 Fat2 0.91 Klhl31 -1.14 Mybph -1.22 

 

Comparing all of the significant differentially expressed genes, Npnt, Gm1966, 

Ccr2, Cd74, Rnu12, Snord16a, Myo6 and Gas5 were found to be down regulated 

in CM derived cells but up regulated in CNC cells. 

These included the Npnt gene (Nephronectin) which was among the most 

significantly down regulated genes in CM derived cells and significantly up 

regulated in CNC derived cells. NPNT is described as a component of the core 

Fraser protein Complex (Kiyozumi et al., 2012). Fraser syndrome is a rare 

autosomal recessive multiorgan disorder which is characterized by 

cryptophthalmos, syndactyly, renal agenesis, and other morphogenetic defects 

including CL/P (Slavotinek and Tifft, 2002). In humans NPNT has been reported as 

being mutated in Fraser syndrome 1 (Saleem and Siddiqui, 2015). NPNT is also 
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known as being essential for kidney development and may play a role in 

development and function of various other tissues, as well as regulating cell 

adhesion spreading and survival, through the binding of several integrins, notably 

ITGA8 (Kiyozumi et al., 2012). In adults, NPNT expression was widely found in 

lung, kidney, brain, uterus, placenta, thyroid gland and blood vessels. Studies in 

zebrafish show that Npnt is expressed in facial tissues (Talbot et al., 2016). Npnt is 

therefore implicated in embryonic development as well as maintenance of various 

adult tissues (Huang and Lee, 2005, Sun et al., 2018). The NPNT protein 

interaction network, visualized by STRING is presented in Figure IV. 15, 

(Szklarczyk et al., 2015) 

 

 

Figure IV. 15. NPNT protein interaction network visualized by STRING. 

Network nodes represent the proteins produced by a single, protein-coding gene locus. 

Edges represent protein-protein interactions. 
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IV. 3. 9. Differential expression analysis comparing cranial mesoderm and 

cranial neural crest derived cells in WT and Tbx22-/Y mouse palatal shelves 

The DESeq2 algorithm was used to calculate a FCs and perform a statistical test 

for differential expression between WT mice palate shelves that derived from CM 

and CNC cells. These genes could be considered to provide a differential signature 

for the respective cell types (Bronner and Simoes-Costa, 2016, Simoes-Costa et 

al., 2014). There were 1382 up regulated (padj<0.1; log2FC>1) and 1548 down 

regulated (padj<0.1; log2FC<-1) genes. The top 25 genes that were significantly 

differentially regulated with the lowest padj value are presented as heat maps in 

Figure IV. 16. Genes Diras2; Tfap2b and Miat were the most up regulated and 

genes Nckap1l; F13a1; Mrc1; Csf1r; Cx3cr1 and Cfh were the most down 

regulated in Wnt1-Cre compared to Mesp1-Cre. 
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Figure IV. 16. Heat maps representing differential expression between CM and CNC 

derived cells in WT mice palate shelves. 

A) Up regulated genes in Wnt1-Cre compared to Mesp1-Cre, arrows indicate the genes 

with highest FC, log2FC>3. B) Down regulated genes in Wnt1-Cre compared to 

Mesp1-Cre, arrows indicate the genes with highest FC, log2FC<-6. Expression values are 

represented as colours, where the range of colours red, pink, light blue and dark blue 

shows the range of expression values as high, moderate, low and lowest respectively. 
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A similar analysis was performed to identify genes that are differentially expressed 

between CM and CNC derived cells in Tbx22-/Y mice palatal shelves 

(Figure IV. 17). Genes Nfasc; Cadm3; Ptprz1 and Miat were the most up regulated, 

whilst genes Csf1r; Mrc1; Sox18; Rasgrp3; Pcdh12 and Klhl4 were the most down 

regulated when comparing Wnt1-Cre to Mesp1-Cre transcripts. 
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Figure IV. 17. Heat maps representing differential expression between CM and CNC 

derived cells in Tbx22-/Y mouse palatal shelves. 

A) Up regulated genes in Wnt1-Cre compared to Mesp1-Cre. Arrows indicate the genes 

with highest FC, log2FC>2.7 and B) down regulated genes in Wnt1-Cre compared to 

Mesp1-Cre. Arrows indicate the genes with highest FC, log2FC<-4. Expression values are 

represented as colours, where the range of colours red, pink, light blue and dark blue 

shows the range of expression values as high, moderate, low and lowest respectively.
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IV. 3. 10. Gene set enrichment analysis 

IV. 3. 10. 1. Hallmark gene set 

There were 9 gene sets significantly enriched for the Tbx22-/Y phenotype when 

comparing Tbx22-/Y to WT in CNC derived cell population at FDR < 25% 

(Figure IV. 18). Those included bile acid metabolism (genes involved in metabolism 

of bile acids and salts), apoptosis (genes mediating programmed cell death by 

activation of caspases), IL6 via STAT3 signalling (genes up-regulated by IL6 via 

STAT3, e.g., during acute phase response), epithelial mesenchymal transition 

(genes defining epithelial-mesenchymal transition, as in wound healing, fibrosis 

and metastasis), hypoxia (genes up regulated in response to low oxygen levels), 

allograft rejection (genes up regulated during transplant rejection), interferon alpha 

and gamma response (genes up regulated in response to alpha interferon proteins 

and IFNG) and P53 pathway (genes involved in p53 pathways and networks). In 

the apoptosis pathway, 154 genes were involved, in epithelial mesenchymal 

transition 185 genes and in hypoxia pathway 182 genes. 
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Figure IV. 18. Enrichments plots identified in the Hallmark gene set. 

Enrichments plots show the distribution of genes from the A) Apoptosis; B) Epithelial 

mesenchymal transition and C) Hypoxia gene sets (Hallmark). D) Heat Map of top 

50 genes down regulated and D’) up regulated for each phenotype in Wnt1-Cre group. 

Expression values are represented as colours, where the range of colours red, pink, light 

blue and dark blue shows the range of expression values as high, moderate, low and 

lowest respectively. 
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There were 26 gene sets significantly enriched in Tbx22-/Y CM derived cells when 

compared to Tbx22-/Y CNC derived cells at FDR < 25%. The same gene sets and 

an additional 10 (in total 36) were enriched in WT CM derived cells compared to 

WT CNC derived cell population. Those 10 included: xenobiotic metabolism (genes 

encoding proteins involved in processing of drugs and other xenobiotics), protein 

secretion (genes involved in protein secretion pathway), oxidative phosphorylation 

(genes encoding proteins involved in oxidative phosphorylation), UV response 

(genes down regulated in response to UV radiation), myogenesis (genes involved 

in development of skeletal muscle), haem metabolism (genes involved in 

metabolism of haem (a cofactor consisting of iron and porphyrin) and erythroblast 

differentiation), MYC targets V2 (A subgroup of genes regulated by 

MYC - version 2), apical surface (genes encoding proteins over-represented on the 

apical surface of epithelial cells, e.g., important for cell polarity), WNT beta catenin 

signalling (genes up-regulated by activation of WNT signalling through 

accumulation of beta catenin CTNNB1), E2F targets (genes encoding cell cycle 

related targets of E2F transcription factors) were 10 pathways which were 

significantly enriched in WT CM derived tissue group and haven’t reached 

significance in Tbx22-/Y phenotype. One of these, enrichment of the myogenesis 

pathway in WT CM derived tissue expressed genes may be of particular interest to 

help to explain certain gene expression changes in the mutant phenotype that 

might lead to insufficient palate development. 

 

IV. 3. 10. 2. C2 gene set 

In this set, Jiang Hypoxia Via VHL pathway was significantly enriched in the WT 

phenotype at FDR < 25% when comparing Tbx22-/Y vs. WT in CM derived cells. 

The Jiang Hypoxia Via VHL pathway is one of the best characterized hypoxia 

signalling pathways in tumour cells. Although this pathway correlates significantly, 

there were just 29 genes involved, and it is not clear regarding the importance of 

this finding in palate development. 

There were 2 significantly enriched pathways in WT phenotype when comparing 

Tbx22-/Y vs. WT in CNC derived cells. These were the Holleman Prednisolone
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Resistance B All Up pathway, which involved 18 genes and the Dairkee Cancer 

Prone Response BPA pathway involved 45 genes. 

At FDR < 25%, 2010 gene sets were significantly enriched in WT Mesp1-Cre, 

when comparing WT in CM vs. CNC derived cells. This is expected finding 

showing the difference between CM and CNC derived WT tissue. 

At FDR < 25%, 1847 gene sets were significantly enriched in Tbx22-/Y Mesp1-Cre 

when comparing Tbx22-/Y in CM vs. CNC derived cells. This finding shows the 

difference in gene expression in CM and CNC derived cells when Tbx22 is 

disrupted. 

 

IV. 3. 10. 3. C3 gene set 

There were 64 gene sets significantly enriched in WT CM derived cells when 

comparing WT in CM vs. CNC derived cells and 72 gene sets in Tbx22-/Y CM 

derived cells when comparing Tbx22-/Y in CM vs. CNC derived cells at FDR < 25%. 

 

IV. 3. 10. 4. C5 gene set 

There were 357 gene sets significantly enriched in WT CM derived cells when 

compared WT in CM vs. CNC derived cells and 340 gene sets in Tbx22-/Y CM 

derived cells when comparing Tbx22-/Y in CM vs. CNC derived cells at FDR < 25%. 

 

IV. 3. 10. 5. GO palate development gene set 

This gene set was enriched in Tbx22-/Y phenotype when comparing Tbx22-/Y vs. 

WT at FDR < 25% in CM derived cells. It was enriched in WT CNC derived cells 

when comparing WT CM vs. CNC at FDR < 25%. It was also enriched in Tbx22-/Y 

CNC derived cells when comparing Tbx22-/Y in CM vs. CNC at FDR < 25%. 

(Figure IV. 19). 
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Figure IV. 19. Palate development gene set enrichment plots and heat maps 

comparing different groups. 

A), A’) Comparison of WT and Tbx22-/Y transcripts in CM derived cells using GSEA show 

that the Tbx22-/Y phenotype was significantly enriched in the GO Palate Development 

pathway. A) Enrichment plot; A’) enriched genes heat map. B), B’) Comparison of WT 

transcripts between CM and CNC derived cells showing significant enrichment in CNC 

derived tissue in the GO Palate Development pathway. B) Enrichment plot; B’) enriched 

genes heat map. C), C’) Comparison of Tbx22-/Y between CM and in CNC derived cells 

show that the Tbx22-/Y phenotype in CNC derived tissue was significantly enriched in the 

GO Palate Development pathway. C) Enrichment plot; C’) enriched genes heat map. 

Expression values are represented as colours, where the range of colours red, pink, light 

blue and dark blue shows the range of expression values as high, moderate, low and 

lowest respectively. 
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IV. 3. 11. Differentially expressed genes analysis using the DAVID functional 

annotation tool 

DAVID provides a comprehensive set of functional annotation tools to better 

understand the biological context within a large and complex list of genes 

(Abduelmula et al., 2016). 

Gene Ontology (GO) analysis was used to explore the significantly differentially 

expressed genes (p<0.05). Biological Process and Cellular Component terms 

significantly (adjusted p<0.05) over represented in the group of differentially 

expressed genes are summarized in Table IV. 7. The number of GO terms 

significantly enriched in groups of genes was variable. The Biological Process 

terms included ones relevant to palatal development and the palatal shelf closure 

process with such terms as cell and focal adhesion as well as known 

developmental pathways including Wnt and calcium signalling. Some terms appear 

in comparison groups and are highlighted in red together with the most important 

pathways in palate development (Table IV. 7). 

 

Table IV. 7. Functional annotation of significantly differentially expressed genes. 

The table represents the GO Biological Process and Cellular Component terms enriched in 

the groups of significantly differentially expressed genes. Red colour indicates the most 

relative terms occur in palate development. ◄ indicates the same term or pathway in 

different comparison groups. ◄ and underlined indicate unique terms to specific 

comparison group. 

GO Biological Process terms 

 
Terms 

Benjamini – Hochberg 
corrected p value 

Tbx22
-/Y

 vs. WT 

Mesp1-Cre 

Axon guidance ◄ 2.9E-03 

Focal adhesion ◄ 3.5E-02 

B cell receptor signalling pathway ◄ 4.4E-02 

Tbx22
-/Y

 vs. WT 

Wnt1-Cre 

ECM-receptor interaction ◄ 1.5E-02 
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Table IV. 7. (continued). 

W
T

 M
e

s
p

1
-C

re
 v

s
. 

W
T

 W
n

t1
-C

re
 

Rap1 signalling pathway ◄ 1.0E-14 

Axon guidance ◄ 3.1E-14 

Leukocyte transendothelial migration ◄ 2.2E-12 

Focal adhesion ◄ 8.5E-11 

Regulation of actin cytoskeleton ◄ 1.1E-10 

Fc gamma R-mediated phagocytosis ◄ 3.5E-09 

Platelet activation ◄ 6.7E-09 

Chemokine signalling pathway ◄ 1.4E-08 

MAPK signalling pathway ◄ 4.0E-08 

Ras signalling pathway ◄ 9.9E-08 

Osteoclast differentiation ◄ 1.0E-07 

Oxytocin signalling pathway ◄ 2.3E-07 

Circadian entrainment ◄ 2.9E-06 

PI3K-Akt signalling pathway ◄ 2.9E-06 

Cell adhesion molecules (CAMs) ◄ 7.0E-06 

cAMP signalling pathway ◄ 1.2E-05 

B cell receptor signalling pathway ◄ 2.6E-05 

Cholinergic synapse ◄ 3.7E-05 

Toll-like receptor signalling pathway ◄ 4.2E-05 

Adherens junction ◄ 1.2E-04 

Fc epsilon RI signalling pathway ◄ 1.2E-04 

Glutamatergic synapse ◄ 1.2E-04 

Arrhythmogenic right ventricular cardiomyopathy ◄ 2.6E-04 

NF-kappa B signalling pathway ◄ 2.7E-04 

Endocytosis ◄ 3.1E-04 

NOD-like receptor signalling pathway ◄ 4.6E-04 

Calcium signalling pathway ◄ 5.0E-04 
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Table IV. 7. (continued). 

W
T

 M
e

s
p

1
-C

re
 v

s
. 

W
T

 W
n

t1
-C

re
 (

c
o

n
ti

n
u

e
d

) 

Natural killer cell mediated cytotoxicity ◄ 5.3E-04 

TNF signalling pathway ◄ 1.1E-03 

cGMP-PKG signalling pathway ◄ 1.3E-03 

Phagosome ◄ 2.0E-03 

Adrenergic signalling in cardiomyocytes ◄ 2.1E-03 

Sphingolipid signalling pathway ◄ 2.6E-03 

GABAergic synapse ◄ 2.8E-03 

T cell receptor signalling pathway ◄ 2.8E-03 

HIF-1 signalling pathway ◄ 3.3E-03 

Neurotrophin signalling pathway ◄ 3.6E-03 

Other types of O-glycan biosynthesis ◄ 4.2E-03 

Cytokine-cytokine receptor interaction ◄ 5.1E-03 

GnRH signalling pathway ◄ 6.6E-03 

Estrogen signalling pathway ◄ 7.1E-03 

Regulation of lipolysis in adipocytes ◄ 7.9E-03 

Gap junction ◄ 1.0E-02 

Lysosome ◄ 1.3E-02 

VEGF signalling pathway ◄ 1.4E-02 

Dopaminergic synapse ◄ 1.5E-02 

ErbB signalling pathway ◄ 2.2E-02 

ECM-receptor interaction ◄ 2.5E-02 

Apoptosis ◄ 2.7E-02 

Dorso-ventral axis formation ◄ 3.2E-02 

Vascular smooth muscle contraction ◄ 3.4E-02 

Antigen processing and presentation ◄ 3.8E-02 

Jak-STAT signalling pathway ◄ 4.1E-02 

Notch signalling pathway ◄ 4.4E-02 

Rap1 signalling pathway ◄ 1.0E-14 
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Table IV. 7. (continued). 
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-C
re

 v
s

. 
T

b
x
2
2

-/
Y
 W

n
t1

-C
re

 

Axon guidance ◄ 2.2E-16 

Rap1 signalling pathway ◄ 1.7E-11 

Focal adhesion ◄ 4.7E-11 

Chemokine signalling pathway ◄ 1.4E-10 

Leukocyte transendothelial migration ◄ 7.2E-10 

Platelet activation ◄ 1.1E-09 

Fc gamma R-mediated phagocytosis ◄ 1.2E-08 

Regulation of actin cytoskeleton ◄ 1.4E-08 

PI3K-Akt signalling pathway ◄ 1.7E-08 

Osteoclast differentiation ◄ 5.2E-08 

MAPK signalling pathway ◄ 1.3E-07 

Ras signalling pathway ◄ 6.1E-07 

Arrhythmogenic right ventricular cardiomyopathy ◄ 2.1E-06 

Toll-like receptor signalling pathway ◄ 6.4E-06 

Circadian entrainment ◄ 8.1E-06 

Cell adhesion molecules (CAMs) ◄ 2.7E-05 

ECM-receptor interaction ◄ 3.8E-05 

Cholinergic synapse ◄ 4.2E-05 

cAMP signalling pathway ◄ 4.7E-05 

B cell receptor signalling pathway ◄ 5.5E-05 

Oxytocin signalling pathway ◄ 6.8E-05 

Dopaminergic synapse ◄ 8.7E-05 

Adherens junction ◄ 9.0E-05 

NOD-like receptor signalling pathway ◄ 9.6E-05 

NF-kappa B signalling pathway ◄ 1.1E-04 

Glutamatergic synapse ◄ 1.3E-04 

Fc epsilon RI signalling pathway ◄ 6.9E-04 

Adrenergic signalling in cardiomyocytes ◄ 7.0E-04 
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Table IV. 7. (continued). 
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Y
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 (
c
o

n
ti

n
u

e
d

) 
HIF-1 signalling pathway ◄ 7.1E-04 

cGMP-PKG signalling pathway ◄ 1.0E-03 

Sphingolipid signalling pathway ◄ 1.5E-03 

Wnt signalling pathway ◄ 2.4E-03 

GABAergic synapse ◄ 2.5E-03 

Phagosome ◄ 2.8E-03 

T cell receptor signalling pathway ◄ 2.8E-03 

TNF signalling pathway ◄ 5.0E-03 

Natural killer cell mediated cytotoxicity ◄ 5.4E-03 

Calcium signalling pathway ◄ 1.4E-02 

Endocytosis ◄ 1.4E-02 

Cytokine-cytokine receptor interaction ◄ 1.5E-02 

Neurotrophin signalling pathway ◄ 1.5E-02 

Vascular smooth muscle contraction ◄ 2.6E-02 

Notch signalling pathway ◄ 3.5E-02 

VEGF signalling pathway ◄ 4.7E-02 

 

IV. 3. 12. Genes with consensus T-box binding sites 

The most significant differentially expressed genes (Table IV. 4) were investigated 

for the possible presence of a consensus T-box binding half site. Text searching 

was carried out for AGGTGTGA or its complimentary sequence (TCACACCT) and 

included incomplete putative half sites. This search was carried out in a 1000 bp 

upstream sequence that was identified from the start of transcription of each gene 

based on the RefSeq annotation in the UCSC browser. The search was based on 

several assumptions: that this region approximately represented the gene’s 

promoter and that the T-box binding site, if present, would be in the chosen portion 

of the promoter. Out of 23 genes investigated in this way, 8 were identified as 

containing putative binding sequences and therefore potential direct binding 
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targets. However, further analysis would need to be done to confirm these 

theoretical findings. For example, promoter studies and EMSA as previously 

described in Andreou et al. (2007) would provide functional evidence. 

Nevertheless, this crude search could be used as an indication and provide 

guidance for which genes could be prioritized for further studies. 

Cxcl14 up regulated in Wnt1-Cre (padj=0.0095, av exp=57.50 [Tbx22null], 

av exp=12.89 [WT]). Not significant in Mesp1-Cre. Sequence with T-box binding 

sites (in capital letters and underlined): 

[tcaaagcaacagagtggtccagggacaggagtcccagttctgcagccgtatatactgaggaccctcctggcctagtcacctgcttcctagc

tctgtgaccttggacaagttatttcttctctcagagcatgtttcCACACCTgtcaaataaagaaattaaaagtaccaacttggaagaaaagt

accaattggtaagaatcaaagtaatagataaattagacataaaacgatggtgccaataagtaacatttcctgggtactgacaacatgtatga

tttctatagttctcacagccaccctatcagaaacactgtgatgatctgcactttacagatgatgaaacaaaagctgagagcggtaaagtcactt

gtgctggaaagtagtgaggagggaatttctgccactatggctgggcTCACACCactatacctcgcattctggcacaatgtctagaacat

gggaaggccttcatccagatggttaccactgtcatcgctctccactagggctctctacctggctttggagagtagtgtgagagtgaggactc] 

Fosl2 up regulated in Wnt1-Cre (p=0.000036, av exp=306.47 [Tbx22null], 

av exp=178.11 [WT]). Not significant in Mesp1-Cre. Sequence with T-box binding 

sites: 

[ctcccgcccgtgccaccgcctggcttcctcgcgcggggtgcgcggttggcgtcagcgcggccgggagccggggctgggaggggagag

ctgcgcccgcctcctcccctcccgcgcctcttcctcctccgcggcctcctccccccgcctcctcgtgcgctcctccctgcaAGGTGGAgtct

ggggttgacgtgagtgaatccacatggtacagggctggagaataaagAGTGTGAGttgaactcgtgccattgtagtgactcatctcgg

gcagagcgctagggctccgagcgaaccagcgag] 

Myh3 down regulated in Wnt1-Cre (p=0.000066, av exp=220.13 [Tbx22null], 

av exp=531.63 [WT]). Not significant in Mesp1-Cre. Sequence with T-box binding 

sites: 

[taagagaaagaaggagaggagtagaaggaggagaagggagaagagggcaaggggggaggggaattattgctattaattattattatt

attaattattcctggcacaggttttgcaaTCACAACCcaaggttgtgataaaatcttgctcaaaattcaaaaaggatttcaacttttcactctc

agtcttattcacttttccatatgatgagatttctaagtaagccacccgacttcagtccttggtgcccaatagctaggggctcacgccgcgttcag

GGTGTGAtgagcgcctgagaacggaggtggctgcccccgcaactcctcctggagtgaggccatcccatcccatcaggggagggag

caccggccccaagttcagagaaaggcatcccaagctcct] 

Shisa3 down regulated in Wnt1-Cre (p=0.00031, av exp=443.91 [Tbx22null], 

av exp=598.94 [WT]). Not significant in Mesp1-Cre. Sequence with T-box binding 

sites: 
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[tgcgagctggccttggctggcagaggtgaccggcaatccttcagccggcggaaaaagtgcgagtgtgtgtgtgtgtgtgcttgtgaaaatgt

gccgttcctcccagaaaaagtggaaacgtAGGTGGAaagctcagcacatgttggcgacacctaaaaaccatgttctcggtcctgaac

ctttagaagcggtatcccaggaacgagtctgagtctgtgcaacagggcacagatgattcgacaaacttcaatgactgcaccgcattcatgc

attatatccattgaaaagtaaatccagcgt] 

Krt5 up regulated in Wnt1-Cre (p=0.00038, av exp=65.84 [Tbx22null], av exp=12.69 

[WT]). Not significant in Mesp1-Cre. Sequence with T-box binding sites: 

[acaggccgtcagactctcaacatgttcctgatgagattagaagctcctgcaggtatgtgtttgtggcggccttcagcctgtatcaacacatac

gatgactcatttcttccctagtggaatagagcttgctggaaCACACCTggggggctggggaaccggcagagtagctacccccaaaga

gagacgctatagcccatgagtctcagggtttttttttaagggattgcatgggatccccgggtttcctaaa] 

Tll1 down regulated in Mesp1-Cre (padj=0.000012, av exp=145.60 [Tbx22null], 

av exp=449.50 [WT]). Not significant in Wnt1-Cre. Sequence with T-box binding 

sites: 

[gtgattgggttagatggtgcgaatatttttttttttcaagttaggaagagggtaaaaagacaggctggcggggggaaggcaaacagtgcatc

cccaaatccTCACACTtttgctctcttgcagtcagttgctttgctggcttctgcaggc] 

Lars2 down regulated in Mesp1-Cre (padj=0.00034, av exp=11613.01 [Tbx22null], 

av exp=18194.99 [WT]). Not significant in Wnt1-Cre. Sequence with T-box binding 

sites: 

[gttgatttattacaagcatgaaacacttgccgggtgtgtggcagtgggggcatgggatatacaaactcctcgaggaaagggaaggcatca

tgctttcctgactcccagcacacttgccAGGTGAGAaaagtaccttaccccaaacctattcttggccaggtaattccaccccccgcccca

gggctagaggattacgcaatatggtggaagaaggtgcctcactcatcatgcagtcaattaggaatcaaga] 

Scarna13 up regulated in Mesp1-Cre (padj=0.00035, av exp=374.11 [Tbx22null], 

av exp=202.84 [WT]). Not significant in Wnt1-Cre. Sequence with T-box binding 

sites: 

[ctgtatcctcagtgcctaggacgatgcttggaacgtggtaagtgctcctattggcgggaagaataaatccggaagagcaggaccagtgga

cttgctacataatctgtagtcttggagccgcacagggttggtggtaccctcgagCACACC] 
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IV. 4. Discussion 

Construction of a mouse knockout model for Tbx22 has allowed a more detailed 

understanding of the developmental processes that lead to a SMCP phenotype 

(Pauws et al., 2009a). Whilst previous studies reported on the constitutive 

Tbx22null, in this Chapter IV, it was intended to harness the Cre-loxP system to look 

more closely at the cell-type specific contribution of Tbx22 in the developing palate. 

Given the previous implication of disturbed muscle gene expression profiles 

(Hoshino, 2011) and palatal bone loss (Pauws et al., 2009a) leading to a SMCP 

phenotype, studies were focused on Mesp1-expressing CM and Wnt1-expressing 

CNC derived cells. 

Correct development of both bone and muscle are inter-reliant on each other and 

are closely related to the clinical presentation of palatal defects in the human 

population. It is therefore essential to distinguish the roles of CNC and paraxial 

mesoderm as different cells lineages in order to better understand the importance 

of interaction between them (Grenier et al., 2009, Trainor and Tam, 1995). The 

respective contributions of CNC and CM to craniofacial development can be 

investigated in cell lineage tracing experiments (Yoshida et al., 2008). However, it 

is not known whether myogenic CM and skeletogenic CNC cells interact while at 

the development stage or later when the musculoskeletal morphogenesis is 

completed, especially in palate development. 

For this experiment we have used a conditional mouse line using homozygous 

floxed females crossed with R26-YFP to introduce a Cre activated fluorescent 

marker. Therefore, subsequent crossing of YFP+ offspring with tissue specific Cre 

will mark the CM derived cell lineage (Mesp1-Cre) or the CNC derived cell lineage 

(Wnt1-Cre). Our experiment differed from similar cell lineage tracing studies due to 

the earlier finding that Tbx22 expression in floxed animals was already 

compromised and similar to that observed in null animals. Normally, a tissue 

specific knockout would only ablate the gene in the desired cells whilst it would 

continue to be expressed normally in all other cells. In this case, the CM or CNC 

derived Tbx22null cells were knocked out in an environment where all of the rest of 

the cells also had Tbx22 expression close to null levels. This does have the 
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advantage of excluding Tbx22 expression-related factors from surrounding cells 

e.g. CM-CNC cross talk, which might affect gene expression in the desired null 

cells. 

The CNC is an embryonic stem cell population that gives rise to the facial skeleton 

and also includes the palate shelves (Bush and Jiang, 2012). Defects in CNC 

development significantly contribute to congenital birth defects (Wu et al., 2017, 

Rogers et al., 2012). For this reason the CNC transcriptome has been widely 

analysed in gene regulatory networks (Rogers et al., 2012, Wu et al., 2017). To 

validate our data set quality, we looked for expression of well-known NC-specific 

transcription factors such as Tfap2A (av exp=140.44), Pax7 (av exp=25.18), Sox8 

(av exp=30.73), Sox10 (av exp=287.25), Ets1 (av exp=295.20) and Foxd3 

(av exp=47.15) (Simoes-Costa et al., 2014). All were present in our experimentally 

generated data set. 

Apart from CNC derived tissue, another robust cell population in embryonic head 

formation is paraxial mesoderm. An understanding of CM development is important 

given its contribution to the craniofacial skeleton, muscles, its influence on CNC 

migration and the likely role as a supportive tissue for cranial neural tube 

morphogenesis (Sambasivan et al., 2011). There are few studies that focus on 

gene function in CM and its role in craniofacial development (Sambasivan et al., 

2009). The main myogenic network consists of the basic helix-loop-helix (bHLH) 

myogenic regulatory factors (MRFs), which identify muscle and/or promotes 

muscle differentiation: Myf5, Mrf4; Myf6; MyoD (MyoD1 and myogenin), as well as 

mesoderm markers: Pax3, Pax7, Pitx2, Tbx1, Msc (also known as MyoR), Tcf21, 

Six1, Six4, Meox1; Meox2; Eya1 and Eya2 (Weintraub et al., 1991). All were 

present in our experimentally generated data when analysing gene expression in 

CM derived tissue (Pax3 av exp=11.22, Pax7 av exp=95.74, Pitx2 av exp=37.45, 

Tbx1 av exp=238.05, Msc av exp=39.70, Tcf21 av exp=3.46, Six1 av exp=450.38, 

Six4 av exp=280.73, Meox1 av exp=40.52; Meox2 av exp=202.15; Eya1 av 

exp=285.32 and Eya2 av exp=90.19). 

In our study, finding significant down regulation of Tbx22 in CNC derived cells 

(padj<0.1) validated the data set and confirmed the effective knock out in these 
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cells. There was also significant down regulation of Tbx22 in CM derived tissue but 

the initial expression level in WT cells was already much lower. This result 

therefore questioned whether Tbx22 expression in CM derived cells has functional 

significance, at least when compared to the higher levels in CNC derived tissue. It 

was also notable that Mesp1 was not expressed in CNC nor Wnt1 expression in 

CM derived tissues (both counts were = 0). This indicated that they were specific 

for the cell types stated and that there would not be significant overlap. 

In the PCA, as expected, there was clearly much more difference in gene 

expression between CM and CNC derived populations than between WT and null 

cells for each cell population. This mirrored the differences between cell lineages, 

whilst Tbx22 as a transcriptional factor was only likely to affect a relatively small 

number of downstream targets. 

In terms of cell numbers, we found that when analysing the CM derived tissues, 

overall 8% of cells were YFP+ compared to 38% YFP+ cells when analysing CNC 

derived tissue. When looking specifically at the experimental male WT and null 

embryos, the ratio of YFP+ cells per WT embryo between CM and CNC derived 

tissue was 1:3.8 in favour of CNC and even more skewed, 1:5.6 in null palatal 

shelves. This increase suggests that TBX22 may play an important role in the 

distribution and numbers of these cell types in the developing palate. Cell 

proliferation in palatal shelves was previously investigated using phospho-histone 

H3 (Ser10) in an immunological assay to assess mitotic index (Hoshino, 2011). For 

the purpose of that analysis, the palatal shelves were designated into the anterior, 

middle and posterior regions. The results suggest that loss of Tbx22 lead to 

reduced cell proliferation rates especially in the middle to posterior palatal 

mesenchyme (Tbx22 expression zones) at E13.5. There was no statistically 

significant difference in the proliferation rate in the palatal epithelium along the 

anterior to posterior regions. This was expected as Tbx22 is known to be 

expressed almost exclusively in the palatal mesenchyme but not in the epithelium 

(Braybrook et al., 2002, Bush et al., 2002). Therefore, TBX22 may play a 

significant role in cell proliferation in the palatal mesenchyme at E13.5, in addition 

to previously suggested roles in osteoblast differentiation and maturation at later 

stages. 
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It was noticed in our study that the overall number of cells collected in CM derived 

tissue was smaller compared to CNC derived tissue in both WT and null embryos 

(75,000). One explanation might be related to the sequence of experiments 

leading to an improvement in dissection technique (Mesp1-Cre cross was followed 

by Wnt1-Cre cross) or more efficient tissue dissociation occurred when changing to 

fresh reagents. However, this numbers were consistent across each sample set 

and variability in technique or reagents are thought unlikely to be the main reason. 

More likely, other explanations such as the overall size of the embryo being smaller 

or that there are Tbx22-distinct effects on CM and CNC derived tissue. Both of 

these are feasible, but require further studies to draw firm conclusions. Other 

palatal cells present are likely to include epithelial, blood vessels and connective 

tissue such as fibroblasts, adipocytes or immune cells, all of which would be 

expected to be YFP-. In terms of absolute total numbers of cells, it is likely that 

Cre-excision efficiency was not 100%, which might result in a lower number of 

YFP+ cells captured than theoretically possible, whilst there will be also, almost 

certainly, some level of contamination of fluorescent and non-fluorescent cells that 

occurs due to miss-sorting. However, since the methodology of the experimental 

set up is to differentiate both cell lineages including mouse breeding, dissection, 

tissue processing and flow sorting was essentially the same, we can conclude that 

the dissected E13.5 palatal shelf tissues consist of nearly 5x more CNC derived 

cells compared to CM cells. 

Several studies that are similar to the Tbx22 study reported in this thesis have 

looked at Tbx1 expression and its relation to palate development. It was well 

described that loss of Tbx1 function in mouse causes a clinical picture similar to 

that seen in 22q11.2 DS patients (Morrow et al., 2018). Microdeletion of 

chromosome 22q11.2 (OMIM 188400) is associated with significant developmental 

anomalies, including cardiac anomalies, thymus aplasia/hypoplasia, craniofacial 

dysmorphism and CP (Van et al., 2019). Also TBX1 mutations were identified in 

both sporadic and familial cases of patients who had the 22q11.2 DS phenotype 

but no detectable deletion (Yagi et al., 2003, Paylor et al., 2006, Zweier et al., 

2007). Interestingly, Van et al. (Van et al., 2019) in their study reasoned that TBX1 

was responsible for a number of the phenotypic features of 22q11.2 DS but not the 
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intellectual disability, which is a common feature of the deletion syndrome. 

Subsequently Zoupa et al. (2018) carried out a microarray analysis to investigate 

potential transcriptional target genes of TBX1, using cDNA transcribed from total 

RNA derived from the dissected secondary palatal shelves of E13.5 Tbx1+/+; 

Tbx1+/− and Tbx1−/− embryos (N=3 for each group). In this study WEB-based Gene 

Set Analysis Toolkit (WebGestalt, http://www.webgestalt.org/option.php, version 

05/20/2014) was used. Comparison between mutant embryos and WT, 

heterozygous and WT and mutant versus heterozygous were performed. The 

authors validated the results performing RTqPCR using gene-specific primers. In 

the Zoupa et al. (2018) study when comparing mutant embryos and WT, 89 genes 

were identified as differentially expressed in mutant compared to WT (3 genes 

were upregulated and 86 were downregulated). There were no statistically 

significant changes when comparing heterozygous and WT embryos. However, 

when comparing homozygous (mutant) vs. heterozygous animals, 88 genes were 

identified, of which 11 genes were upregulated and 77 were downregulated. When 

analysing differential expressed gene pathways with KEGG, the most significant 

were those associated with cardiac muscle physiology in both groups (mutant vs. 

WT and mutant vs. heterozygous). Other pathways included phagosome and focal 

adhesion, tight junction and calcium signalling pathways and Alzheimer's disease 

in mutant vs. WT group and tight junction, calcium signalling, focal adhesion, 

neuroactive ligand-receptor interaction, phagosome and Alzheimer’s disease 

pathways in mutant vs. heterozygous group (Zoupa et al., 2018). 

Another study also analysing Tbx1 expression was performed by Funato et al. 

(2018). As in the Zoupa et al. (2018) study, the authors carried out microarray 

analysis to investigate potential transcriptional target genes of Tbx1 using cDNA 

transcribed from total RNA derived from the dissected secondary palatal shelves of 

E13.5 from eight wild type or Tbx1 knockout embryos. The authors used the 

PANTHER (protein annotation through evolutionary relationship; http://www. 

pantherdb.org/) classification system for pathway analysis of the expression results 

(Mi et al., 2013) and the Reactome pathway database (http://www.reactome.org). 

Using a 2 FC cut-off, the study found that more than 150 genes what were 

dysregulated, including Tbx1. These genes were involved in pathways associated 

http://www.webgestalt.org/option.php
http://www.reactome.org/
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with striated muscle contraction and transmission across chemical synapses. The 

authors concluded that dysregulated genes in Tbx1 knockout palatal shelves were 

specific to the development and differentiation of neurons, muscles, and bones, 

and included mouse homologs of several disease genes of oral cleft in humans 

(Funato and Yanagisawa, 2018). 

In our study, RNA sequencing was carried out on flow sorted palate shelves tissue 

specific cells (CM and CNC derived) of E13.5 Tbx22null and WT embryos (N=3 for 

each group). Unlike the TBX1 studies described above, our results were specific to 

the particular cell lineages they were derived from. There were 22 differentially 

expressed genes (11 genes were upregulated and 11 were downregulated) when 

compared mutants vs. WT in Mesp1-Cre group and just two genes (one 

upregulated and one downregulated) when comparing mutants vs. WT in the 

Wnt1-Cre group (padj<0.1). Differentially expressed genes were investigated for 

common pathways using the GSEA and DAVID functional annotation tools. Focal 

adhesion (mutant vs. WT in Mesp1-Cre group; WT in Mesp1-Cre vs. WT in 

Wnt1-Cre; mutant in Mesp1-Cre vs. mutant in Wnt1-Cre) and calcium signalling 

(WT in Mesp1-Cre vs. WT in Wnt1-Cre; mutant in Mesp1-Cre vs. mutant in 

Wnt1-Cre) pathways were enriched in our analysis, similar to Tbx1 study by 

Zoupa et al. (2018). 

In Hoshino’s earlier study (Hoshino, 2011), an attempt was made to identify 

downstream targets under the transcriptional control of TBX22 at E13.5. This was 

performed more similarly to the methods employed by Zoupa et al. (2018) and 

Funato et al. (2018). Hoshino (2011) dissected whole E13.5 palatal shelves from 

WT and Tbx22null animals. It was thought that the use of whole palatal shelves 

could have contributed to the relatively low FCs identified since the samples would 

have contained a complex mix of cell types, of which only a fraction would express 

Tbx22. In our study, specific knockdown of Tbx22 in CM and CNC derived cell 

lineages is a substantial change in target and has clarified specific transcriptional 

effects that Tbx22 has on each cell type. Hoshino (2011) identified and described a 

number of interesting up or downregulated genes, some of which were 

experimentally validated using RTqPCR and in the case of MyoD, shown to involve 

direct promoter binding using a CHiP-PCR assay (Kantaputra et al., 2011). 
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Therefore, it was of great interest to compare the new results from cell lineage 

specific palatal cells to RNA extracted from whole palate, albeit using different 

analytical platforms. It was immediately striking that none of the top differentially 

expressed genes (by p value or FC) were common to the two studies. Hoshino 

(2011) highlighted the importance of GABAergic inhibitory neurotransmission in the 

normal palate and developing CP phenotype in mice lacking Gabrb3 or Gad1. In 

her study, the FCs for Gabrb3 (FC=1.04, p=0.54) and Gad1 (FC=1.03, p=0.48) in 

the Tbx22null palatal shelves were close to 1.0 and downregulation of Gabrb2 by 

1.24 fold (p=0.000024) was noted. Also were Gabra1 (FC=1.22, p=0.15) and Gria4 

(FC=1.21, p=0.13) genes identified. These latter genes did not reach statistical 

significance but were discussed as interesting to follow up further. In our study, 

Gabrb3 was not significantly expressed in either cell lineage studied with low 

expression in CM derived cells (FC=1.59, p=0.33, av exp=18.95 [Tbx22null], av 

exp=11.79 [WT]) and higher expression in CNC derived cells (FC=0.75 

[log2FC=-0.42], p=0.70, av exp=301.43 [Tbx22null], av exp=404.40 [WT]). Gad1 was 

not expressed at all in either Mesp1-Cre or Wnt1-Cre cells. Not significant and low 

expression was noted of Gabrb2 in Mesp1-Cre (FC=1.52, p=0.25, av exp=24.97 

[Tbx22null], av exp=16.39 [WT]) and in Wnt1-Cre not significant but slightly higher 

expression (FC=1.16, p=0.37, av exp=319.20 [Tbx22null], av exp=274.06 [WT]). 

Gabra1 was not highly expressed in CM (FC=1.09, p=0.84, av exp=24.93 

[Tbx22null], av exp=22.63 [WT]) with higher although not significant expression in 

CNC derived cells (FC=1.28, p=0.19, av exp=307.78 [Tbx22null], av exp=239.69 

[WT]) as well as Gria4 in CM (FC=1.87, p=0.10, av exp=42.77 [Tbx22null], av 

exp=22.56 [WT]) and in CNC (FC=1.06, p=0.75, av exp=272.35 [Tbx22null], av 

exp=257.59 [WT]). Therefore, our study as well as previous work did not identify 

any obvious significance for Tbx22 regulation in GABAergic inhibitory 

neurotransmission. 

Another gene found to be downregulated in null palatal shelves in Hoshino (2011) 

was Pax3 (FC=1.21, p=0.40). In our study, Pax3 was not expressed in CM derived 

cells and more surprisingly showed low expression in CNC derived cells (FC=0.90 

[log2FC=-0.15], p=0.80, av exp=55.33 [Tbx22null], av exp=60.78 [WT]), note that 

significance was not reached in either case. 
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Retinoic acid (RA) is synthesised from retinol (vitamin A) via retinal as the 

intermediate and its association with the development of CP is discussed in 

Hoshino (2011). In vivo gene disruption of Adh1 in mice leads to a reduction in 

retinoid metabolism and the microarray data revealed a reduced expression of 

Adh1 (FC=1.27, p=0.27) in the Tbx22null palatal shelves. In our study there was no 

Adh1 expression in CM or CNC derived tissue and it was not considered important 

to palate development at stage E13.5. 

Some of genes which were upregulated in Hoshino (2011) were followed up by 

RTqPCR based on the fact that TBX22 was demonstrated to act as a 

transcriptional repressor in vitro (Andreou et al., 2007). Due to the less efficient 

methodology using microarray often generating false positive results, an alternative 

methodology of RTqPCR was necessary to provide verification of the results. Ctsk 

(FC=1.62, p=0.074) was the only known gene related to osteogenesis. However, 

the microarray data for Ctsk was a false positive after RTqPCR verification. In our 

study Ctsk was very low expressed in CM (FC=1.45, p=0.50, av exp=36.12 

[Tbx22null], av exp=24.72 [WT]) and slightly higher in CNC derived tissue (FC=1.29, 

p=0.07, av exp=141.37 [Tbx22null], av exp=108.79 [WT]) with no statistical 

significance. Other genes related to osteogenesis or ossification such as Runx2, 

Osterix, Osteopontin (Opn), Alkaline phosphatase (Alpl), type I collagen and others 

were checked for differential expression. None of them were considered important 

and no change in bone markers suggests that at least at this stage E13.5, bone 

development is not significantly altered to cause palate development pathology. 

Interestingly in Hoshino (2011), there was a general upregulation of muscle related 

genes (20 out of all 43 upregulated genes) in the Tbx22null palatal shelves. They 

belonged to myosin, actin, actinin, titin, troponin and calsequestrin gene families. 

Their functions were muscle metabolism, contraction and filament assembly. Myh3, 

Acta1, Casq2 were chosen for RTqPCR validation. The microarray data showed 

increased expression of Myh3 (FC=1.57, p=0.061), Acta1 (FC=1.35, p=0.12) and 

Casq2 (FC=1.30, p=0.21). The RTqPCR results also indicated upregulation for 

Myh3 (FC=2.44, p=0.030), Acta1 (FC=2.16, p=0.030) and Casq2 (FC=2.32, 

p=0.035) validating the microarrays results. In our study Myh3 was upregulated in 

Mesp1-Cre (FC=1.18, p=0.82, av exp=1359.67 [Tbx22null], av exp=1152.70 [WT]) 
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and significantly downregulated in Wnt1-Cre (FC=0.41 [log2FC=-1.28], 

p=0.000066, av exp=220.13 [Tbx22null], av exp=531.63 [WT]) with lower expression 

compared to CM derived cells. The same tendency was observed in Acta1 

expression, with lower expression levels: Mesp1-Cre (FC=1.35, p=0.51, av 

exp=120.10 [Tbx22null], av exp=88.96 [WT]) and Wnt1-Cre (FC=0.55, 

[log2FC=-0.85], p=0.097, av exp=27.09 [Tbx22null], av exp=48.34 [WT]). Low 

expression was observed of Casq2, in Mesp1-Cre (FC=1.32, p=0.59, av 

exp=52.17 [Tbx22null], av exp=39.65 [WT]) and in Wnt1-Cre (FC=0.49, 

[log2FC=-1.04], p=0.035, av exp=11.99 [Tbx22null], av exp=24.37 [WT]). 

The initial process of muscle differentiation or myogenesis involves the 

determination of mesodermal cells to myoblasts that are embryonic progenitor cells 

of myocytes. Then the mononucleated myoblasts align, fuse with each other and 

form multinucleated myotubes or skeletal muscles. This process is largely 

controlled by myogenic regulatory factors MyoD, Myf5, myogenin and Mrf4 (Arnold 

and Braun, 1996). Hoshino (2011) in her study investigated MyoD, Myf5 and 

myogenin while Mrf4 was not followed up as it was suggested not to be involved in 

the development of head muscles. There was a trend towards upregulation for 

MyoD (FC=1.17, p=0.27), myogenin (FC=1.09, p=0.70) and Myf5 (FC=1.19, 

p=0.13) in the Tbx22null palatal shelves. RTqPCR showed increase in statistical 

significance and validated the microarray result for MyoD (FC=1.73, p=0.017) and 

myogenin (FC=1.69, p=0.038). P21, the known target of MyoD, was also increased 

as measured by RTqPCR (FC=1.62, p=0.031). Myf5 expression detected by 

RTqPCR was also increased on average although it was not statistically significant 

(FC=1.75, p=0.10). In our study MyoD was not significantly upregulated in CM 

(FC=1.55, p=0.25, av exp=237.59 [Tbx22null], av exp=153.03 [WT]) but significantly 

downregulated in CNC derived cells (FC=0.56, [log2FC=-0.83], p=0.028, av 

exp=41.33 [Tbx22null], av exp=73.97 [WT]). There was no significance in Myf5 

expression, but the upregulation tendency was observed in CM cells (FC=1.32, 

p=0.57, av exp=68.34 [Tbx22null], av exp=51.81 [WT]) and downregulation in CNC 

(FC=0.62, [log2FC=-0.69], p=0.29, av exp=13.38 [Tbx22null], av exp=20.83 [WT]). 

On both occasions low expression was noted. Myogenin and Mrf4 did not appear 

on differential expression genes list in our study. 
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Zoupa et al. (2018), Funato et al. (2018) and Hoshino (2011) all carried out 

microarray analysis on whole palatal shelves. Dissection of palatal shelves 

provides mixed cell population and requires accurate dissection. For flow sorting 

palatal shelves tissue requires less accuracy in dissection, but uses a complex 

protocol for dissociation. Although microarrays still remain popular for transcript 

profiling they have a number of limitations. These include limited accuracy of 

quantitative expression measurements due to background hybridization, probes 

differ considerably in their hybridization properties, and arrays are limited to 

interrogating only those genes for which probes are designed (Zhao et al., 2014). 

RNA-Seq describes the direct sequencing of transcripts and the method has been 

seen as a gold standard, which is replacing microarray analysis for whole genome 

transcriptome profiling (Mortazavi et al., 2008). RNA-Seq allows the detection of 

novel transcripts, can show allele-specific expression and the effects of different 

splice junctions. RNA-Seq avoids the related biases introduced during hybridization 

of microarrays and does not depend on genome annotation for prior probe 

selection (Zhao et al., 2014). Whether using microarray or RNA-Seq, it is 

recommended to use at least biological triplicates. Microarray analysis is thought to 

be even more reliable at identifying true differences when analysing six replicate 

samples for each condition (Pan et al., 2002). Schurch et al. (2016a) claim that 

three biological replicates are sufficient in RNA-Seq studies, although a higher 

replicate number may also allow for more significant results to be achieved 

(Schurch et al., 2016). Another confounder may be the genetic background of the 

samples. For example, in the Hoshino (2011) study the comparison was done 

between mice (WT and mutant) who were essentially all on the same CD1 genetic 

background (bred from the same colony), while the current RNA-Seq study may be 

more heterogeneous due to the 2 stage cross, firstly to introduce fluorescent 

marker (R26-YFP) and secondly performing Cre recombination (Mesp1-Cre and 

Wnt1-Cre). All of the strains used were C57Bl/6, but each has been maintained 

separately, originally by different groups so some differences may exist. 

Cxcl14 was the only upregulated gene identified in CNC derived palate cells. 

CXCL14 is expressed in skin, kidneys, skeletal muscle and other tissue, such as 

brain, colon, duodenum and oesophagus. It was previously shown that B-cells, 
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monocytes, THP-1, monocyte derived immature dendritic cells (iDC), fibroblasts, 

keratinocytes and endothelial cells express or release CXCL14 constitutively 

following inflammatory cues (Lu et al., 2016). The target cells of 

CXCL14-chemotactic activity are natural killer, monocytes, THP-1, neutrophils, 

monocyte derived iDC, endothelial cells and microbes (Lu et al., 2016). The 

molecular mechanisms governing expression of CXCL14 and CXCL14-mediated 

functions are not yet clear. However, the work in this thesis suggests a possibility 

that the processes described are involved in embryonic palate development. There 

is already evidence that CXCL14 is expressed in skeletal muscle in both mice and 

human (Sleeman et al., 2000, Cao et al., 2000). Further evidence is suggested by 

studies in the chick that showed that Cxcl14 displays a complex pattern of 

expression in the branchial arches, trigeminal placode and ganglion, inner ear, 

dorsal midline of the brain, somites, trunk neural tube and limb bud (Gordon et al., 

2011). At Hamburger Hamilton stage 30, Cxcl14 continued to be expressed in 

limited domains of the upper and lower jaws, including the maxillary mesenchyme. 

Gordon et al. (2011) suggest that this expression pattern raises the possibility that 

CXCL14 may be involved in some of the same developmental events during which 

CXCL12-CXCR4 signalling is known to play a role. They go on to speculate that 

CXCL14 may serve to regulate tissue growth during embryonic development. In 

our study, Cxcl14 was upregulated in CNC derived cells but not in CM derived cells 

when analysing differential expression. It remains to be determined if this gene 

contributes to palate development directly or to the regulation of biological 

processes that might lead to developmental palate pathology. 

In our study Bmpr1b was significantly upregulated in CM derived tissue (FC=2.59, 

p=0.00025, padj= 0.099, av exp=122.79 [Tbx22null], av exp=47.41 [WT]) with no 

significance observed in CNC derived cells. There has previously been a BMPR1B 

mutation identified as a cause of RS (MIM: 261800) (Yang et al., 2017). RS is a 

congenital sequence of disorders involving micrognathia, glossoptosis and CP, 

therefore Bmpr1b upregulation here might suggest a significant involvement in 

Tbx22-mediated palate development. 

Our RNA-Seq results showed that Tgfbr2 was significantly upregulated in CNC 

derived cells (FC=1.14, p=0.04, av exp=851.66 [Tbx22null], av exp=743.30 [WT]). 
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Mice with a conditional Tgfbr2 deletion in the CNC were shown to exhibit complete 

cleft secondary palate, calvaria agenesis, and other skull defects with complete 

phenotype penetrance (Ito et al., 2003). 

Foxp2 was significantly upregulated in CM derived cells (FC=2.85, p=0.00022, 

padj=0.097, av exp=609.60 [Tbx22null], av exp=213.27 [WT]) with not statistically 

significant differential expression in CNC derived tissue, although high expression 

overall in Tbx22null (av exp=1329.64) as well as in WT controls (av exp=1337.77). 

FOXP2 has been proposed as a NS CLP candidate in a GWAS study (Mohamad 

Shah et al., 2016). It is also better known for its proposed involvement in sequential 

learning processes and language production (Onnis et al., 2018). Interestingly a 

mouse knockout for the Foxp2 gene vocalized less, produced shorter syllables and 

displayed an arrhythmic vocalizations’ structure compared with their typical 

developing littermates but was not reported to have a CP (Castellucci et al., 2016). 

Npnt gene (Nephronectin) was noted for its significant differential expression. In 

CM derived cells it was downregulated (FC=0.58, [log2FC=-0.79], p=0.000031, av 

exp=178.00 [Tbx22null], av exp=307.96 [WT]), while in CNC derived cells it was 

upregulated (FC=1.80, p=0.000019, av exp=455.55 [Tbx22null], av exp=252.21 

[WT]). NPNT has been reported as being involved in the clinical presentation of 

Fraser syndrome 1 (Kiyozumi et al., 2012). NPNT is thought to be important in cell 

adhesion, differentiation, spreading, and survival (Ikehata et al., 2017). The NPNT 

protein belongs to the epidermal growth factor (EGF)-like superfamily and exhibits 

several common structural determinants. NPNT has been shown to be involved in 

kidney development, renal injury repair, atrioventricular canal differentiation, 

pulmonary function, and muscle cell niche maintenance (Sun et al., 2018, Soler 

Artigas et al., 2015). Also NPNT regulates osteoblast differentiation and 

mineralization, as well as osteogenic angiogenesis (Sun et al., 2018). These latter 

findings are interesting and corresponds to deficient osteogenesis of the secondary 

hard palate in Tbx22null mice, where loss of Tbx22 function causes reduction in 

ossification after condensation of the palatal mesenchyme and delay in the 

maturation of osteoblasts (Pauws et al., 2009a). This Tbx22 knock out effect could 

be related to interaction with Npnt leading to Tbx22null mice palatal phenotype. 

From our study results it is obvious that knocking out Tbx22 in palate tissue affect 
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Npnt expression but it is not clear why it goes down in CM and up in CNC. 

Interestingly, knockout of Npnt in the mouse were largely normal although hair 

follicles were mildly affected (Fujiwara et al., 2011). However, no studies have 

reported the effect of overexpression. This may result in a TBX22-CNC-mediated, 

palatal tissue-specific effect resulting in isolated SMCP while constitutive 

miss-expression of Npnt might impact Fraser syndrome 1, with its greater range of 

clinical symptoms. It would therefore be of interest to look more closely at Npnt 

function in future studies. 

None of the genes in our study reaching adjusted significance were reported 

previously as candidate genes in syndromic or NS CLP (Seto-Salvia and Stanier, 

2014, Thieme and Ludwig, 2017). However, analysis of some of the top genes 

listed in the unadjusted list (Table IV. 6) are considered as cleft candidates or 

significantly contribute to regulation of genes directly involved in palate 

development, Table IV. 8. 
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Table IV. 8. Analysis of top genes listed in the unadjusted list. 

 Evidence for a role in CLP 

Matn3 
Matn3 expression is involved in the EGF pathway in 

Irf6null mice salivary gland and pancreas. IRF6 controls 

cell differentiation in ectodermal and craniofacial 

tissues by regulating expression of target genes. 

Haploinsufficiency of IRF6 causes syndromic forms of 

CLP, VWS and popliteal pterygium syndrome (Metwalli 

et al., 2018). 

 CM 

FC 73.87 

p 0.0018 

Av exp 

[Tbx22
null

] 
15.86 

Av exp [WT] 0.00 

Notch3 A heterozygous pathogenic variant in NOTCH3 was 

found in a proband with consistent clinical findings of 

lateral meningocele syndrome (LMS). LMS is 

characterized by multiple lateral spinal meningoceles, 

distinctive facial features, joint hyperextensibility, 

hypotonia and skeletal, cardiac, urogenital anomalies. 

Additional findings of LMS include hearing loss and CP 

(Ejaz et al., 1993). 

 CM 

FC 1.74 

p 0.000051 

Av exp 

[Tbx22
null

] 
556.22 

Av exp [WT] 319.74 

Sox6 
Osteogenic pathway gene Sox6 together with Bmp3, 

Bmp5, Bmp7, Mef2c and Sp7 was noted to exhibit 

significantly increased and expanded expression in 

Osr2-/- embryos palatal mesenchyme (Fu et al., 2017). 

Previous studies showed that Osr2 transcription factor 

is an intrinsic regulator of palatal shelf growth and 

morphogenesis (Lan et al., 2004). 

 CM 

FC 2.30 

p 0.000092 

Av exp 

[Tbx22
null

] 
318.14 

Av exp [WT] 138.24 
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Table IV. 8. (continued). 

Reln A case was described where ultrasound examination 

of 29 years old, primigravid woman revealed facial 

cleft, ambiguous external genitalia and hypogenitalism 

in the fetus. Amniocentesis was carried out and whole 

genome aCGH analysis on uncultured amniocytes 

detected a 13.45 Mb deletion at chromosome 

7q22.1-7q31.1, or arr cgh 7q22.1q31.1 

(98,423,469-111,872,943) x 1 (NCBI build 37). The 

deleted region encompasses 220 genes and 96 OMIM 

genes including ZKSCAN5, ARPC1A, CYP3A43, 

RELN, LAMB1, IMMP2L and DOCK4 (Chen et al., 

2013). The RELN gene is important for brain 

development and is described in neuronal migration 

disorders (Spalice et al., 2009). 

 CM 

FC 2.66 

p 0.00015 

Av exp 

[Tbx22
null

] 
234.50 

Av exp [WT] 88.40 

Gjb6 RA receptor knockout studies illustrated the 

importance of RA signalling in palate development 

causing orofacial clefts and malformation of other 

craniofacial structures (Mark et al., 2009). When 

comparing cleft and non-cleft keratinocytes in culture, 

P63 was downregulated by RA only in cleft 

keratinocytes. The further analysis of P63 target genes 

IRF6, CDH3, GJB6, and DLX5 was carried out. It 

showed that the expression of both GJB6 and DLX5 

was significantly reduced by RA in cleft as well as non-

cleft keratinocytes (Mammadova et al., 2014). 

However, in our study, the overall expression was very 

low and any functional interpretation should be 

considered with caution. 

 CM 

FC 0.06 

p 0.018 

Av exp 

[Tbx22
null

] 
1.154 

Av exp [WT] 19.46 
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Table IV. 8. (continued). 

Ahr 
Copy number changes of potential significance 

corresponding to the genes AHR as well as ADH7 

(formerly referred to as ADH3) and CRYZ were 

identified for NS CLP using WES technology. ADH7 

and AHR, share involvement in biological pathways 

linked to environmental factors known to influence 

NS CLP (Cai et al., 2017). 

 CM 

FC 0.61 

p 0.000038 

Av exp 

[Tbx22
null

] 
338.91 

Av exp [WT] 554.52 

Six6 

There are reported cases when haploinsufficiency of 

BMP4, OTX2 and possibly SIX6 are thought to 

contribute to the malformations of the eye, limbs, CP, 

brain with developmental and growth delay associated 

with deletions in chromosome 14q22-23 (Lumaka et 

al., 2012, Thienpont et al., 2007). 

 CNC 

FC 297.77 

p 0.0042 

Av exp 

[Tbx22
null

] 
66.05 

Av exp [WT] 0 

Six3 

There were 8 genes identified Chrng, Foxc2, H19, 

Kcnj13, Lhx8, Meox2, Shh and Six3 within TGFβ-/- 

mice, which may function as the primary contributors to 

the development of CP (Ozturk et al., 2013). 

 CNC 

FC 17.66 

p 0.0084 

Av exp 

[Tbx22
null

] 
29.79 

Av exp [WT] 1.55 
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Table IV. 8. (continued). 

Myh3 

Myh3 is a gene associated with human CP and has 

been shown to be downregulated in Tbx1-/- palatal 

shelves (Funato and Yanagisawa, 2018, Grefte et al., 

2012). 

 CNC 

FC 0.41 

p 0.000066 

Av exp 

[Tbx22
null

] 
220.13 

Av exp [WT] 531.63 

Foxl1 Foxl1 is the direct transcriptional target one of several 

Fox transcription factors which are upregulated by 

Hh-Smo signalling. There was shown that ectopic 

Hh-Smo signalling results in fully penetrant CP and 

defective palatine bone formation using a 

gain-of-function mouse model to activate Smoothened 

(Smo) signalling in the palatal mesenchyme 

(Osr2-IresCre; Smo+/M2) (Hammond et al., 2018). 

 CM 

FC 4.98 

p 0.023 

Av exp 

[Tbx22
null

] 
22.08 

Av exp [WT] 4.35 

Ptprd PTPRD is one of the three members (PTPRF, PTPRD 

and PTPRS) of leukocyte antigen related (LAR) family 

of receptor-like protein tyrosine phosphatases in 

humans. They are known for implication of diverse 

processes of inhibition of cell growth, embryonic 

development and axonal guidance. Mutations in the 

LAR family are associated with developmental defects 

such as CP as well as various cancers including 

breast, neck, lung, colon and brain (Mitchell et al., 

2016). 

 CM 

FC 1.51 

p 0.0033 

Av exp 

[Tbx22
null

] 
1479.90 

Av exp [WT] 981.90 
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Table IV. 8. (continued). 

Sim2 
Sim2 is a basic bHLH PAS transcription factor and is 

evolutionarily related to the Drosophila single-minded 

gene, a key regulator of central nervous system 

midline development. Sim2-/- homozygous mice exhibit 

a cleft of the secondary palate and malformations of 

the tongue and pterygoid processes of the sphenoid 

bone (Shamblott et al., 2002). 

 CM 

FC 2.43 

p 0.0032 

Av exp 

[Tbx22
null

] 
344.65 

Av exp [WT] 142.10 

Barx1 

Barx1 mesenchymal expression in the posterior region 

of palate control posterior mesenchymal cell 

proliferation. Barx1 expression shifts anteriorly in Pax9 

mutant palatal shelves at E13.5, possibly PAX9 

modulating Barx1 expression during posterior 

mesenchymal proliferation (Li et al., 2019b). 

 CM 

FC 1.76 

p 0.0019 

Av exp 

[Tbx22
null

] 
277.46 

 

Av exp [WT] 
157.35 

Prickle1 Prickle1 is a core component of the Wnt/PCP pathway 

in skull bone formation. The Prickle1-/- mutants are 

microcephalic and develop enlarged fontanelles 

between insufficient frontal bones, also develop a 

midline CL, incompletely penetrant CP, and decreased 

proximal-distal growth of the head (Wan et al., 2018). It 

is also known that PRICKLE1 directs palate 

morphogenesis in mice and humans (Yang et al., 

2014). 

 CM 

FC 1.57 

p 0.0017 

Av exp 

[Tbx22
null

] 
356.08 

Av exp [WT] 227.10 
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Table IV. 8. (continued). 

Lgr5 LGR5 gene can cause ankyloglossia (OMIM 106280) 

associated with tooth number anomalies. Lgr5 

knockout mice with ankyloglossia died within 24 hours 

due to suckling defects. Histological analyses revealed 

fusion of the tongue to the floor of the oral cavity. 

Immunostaining of Lgr5 expression in the epithelium of 

the tongue and in the mandible of the WT embryos, 

suggested a role of the Lgr5 signalling pathway in 

tongue development (Acevedo et al., 2010). 

 CM 

FC 2.32 

p 0.0014 

Av exp 

[Tbx22
null

] 
164.20 

Av exp [WT] 70.81 

Thbs1 THBS1 is reported to be associated with orofacial 

clefts or orofacial development together with DGCR6, 

FGF2, FRZB, LETM1, MAPK3, SPRY1, TSHZ1, 

TTC28, TULP4, WHSC1, WHSC2 as well as SATB2 

and MEIS2 are described as causative. The study 

analysed 249 genomic deletions and 226 duplications 

from a cohort of 312 orofacial cleft in Decipher and 

ECARUCA. Genomic regions deleted or duplicated in 

multiple patients were identified, and genes in these 

overlapping CNVs were prioritized based on the 

number of genes encompassed by the region and 

gene expression in embryonic mouse palate (Conte et 

al., 2016). 

 CM 

FC 1.92 

p 0.0011 

Av exp 

[Tbx22
null

] 
701.64 

Av exp [WT] 365.01 
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Table IV. 8. (continued). 

Igf1r A frameshift mutation in IGF2 was identified in a single 

child with Silver-Russell syndrome-like phenotype. The 

child had also CP. Functional analyses showed that 

the IGF2 variant lost its ability to interact with the 

IGF1R due to changes in protein structure. This 

change led to only marginal activation of IGF1R. 3D 

protein structure prediction and overexpression studies 

demonstrated that the IGF2 gene variation resulted in 

impaired ligand/receptor binding and thus prevented 

IGF1R activation (Rockstroh et al., 2019). 

 CM 

FC 1.31 

p 0.00068 

Av exp 

[Tbx22
null

] 
1876.49 

Av exp [WT] 1437.99 

Meox2 

To examine association of MEOX2 polymorphism with 

NS CP in a Vietnamese population a total of 570 DNA 

samples, including 277 cases and 293 controls were 

analysed. The study findings suggest that NS CP 

might be influenced by variation of MEOX2, especially 

SNP rs2237493 in Vietnamese females. 

 CM 

FC 1.68 

p 0.00065 

Av exp 

[Tbx22
null

] 
272.93 

Av exp [WT] 161.92 

Rspo2 Rspo2 is a mesenchyme-derived factor which plays a 

critical role in regulating the first branchial arch 

patterning and morphogenesis. It affects 

ectodermal-mesenchymal interaction and is a novel 

genetic factor for CP. CP in Rspo2-/- mice is not 

associated with defects intrinsic to the palatal shelves 

but possibly caused by delayed palatal shelf elevation, 

small mandible and failure of lowering the tongue (Jin 

et al., 2011). 

 CM 

FC 3.63 

p 0.0071 

Av exp 

[Tbx22
null

] 
46.18 

Av exp [WT] 12.55 
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Table IV. 8. (continued). 

Col11a1 

Microarray hybridization analysis was performed in 

15 individuals with NS CLP. Eleven exonic CNVs 

affecting at least one exon of 13 selected candidate 

genes were identified. One of these was a CNV 

overlapping COL11A1 (Jin et al., 2011). 

 CM 

FC 4.08 

p 0.049 

Av exp 

[Tbx22
null

] 
1391.76 

Av exp [WT] 340.73 

Scarna17 

SCARNA17 SNPs rs8097060 and rs17713847 were 

found significantly associated with NS CLP risk 

together with other genes such as LOXHD1 

(rs1450425), SKA1 (rs6507992), SMAD7 

(rs78950893), CTIF (rs6507872), CTIF (rs8091995) 

and MYO5B (rs17715416) (Mitra et al., 2016). 

 CM 

FC 0.30 

p 0.046 

Av exp 

[Tbx22
null

] 
5.13 

Av exp [WT] 17.30 

Pitx2 

Evidence suggests that a TGFβ-FGF9-PITX2 

signalling cascade regulates CNC cell proliferation 

during palate formation Fgf9 and Pitx2 expression was 

significantly downregulated in the palate of Tgfbr2fl/fl 

Wnt1-Cre mice while Fgf9 and Pitx2 loss of function 

mutations resulted in CP (Iwata et al., 2012). 

  CNC 

FC 3.76 

p 0.0067 

Av exp 

[Tbx22
null

] 
151.86 

Av exp [WT] 40.03 
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Table IV. 8. (continued). 

Esrp1 

Mice with ablation of Esrp1 developed CLP. Loss of 

both Esrp1 and its paralog Esrp2 results in widespread 

developmental defects with broad implications to 

human disease (Bebee et al., 2015). 

  CNC 

FC 3.04 

p 0.0072 

Av exp 

[Tbx22
null

] 
101.56 

Av exp [WT] 33.057 

Mlph A study of 64 candidate genes genotyped with an 

average of 4.3 SNPs per gene on a sample of 58 

case‐parent non‐syndromic oral clefts trios identified 

SNPs around MLPH gene in linkage disequilibrium. 

The gene was expressed in relevant embryonic tissues 

according to the Craniofacial and Oral Gene 

Expression Network (COGENE) consortium (Park et 

al., 2006). 

  CNC 

FC 0.41 

p 0.046 

Av exp 

[Tbx22
null

] 
6.44 

Av exp [WT] 15.46 

 

There were also certain pathways identified in our study which are thought to play 

important roles in palate development: 

Focal adhesion pathway is important in many biological processes including cell 

motility, cell proliferation, cell differentiation, regulation of gene expression and cell 

survival (Burridge, 2017). At cell-ECM contact points, specialized structures are 

formed and termed focal adhesions. These consist of bundles of actin filaments 

which are anchored to transmembrane receptors of the integrin family through a 

multi-molecular complex of junctional plaque proteins. These biological processes 

are likely to play important roles in early palatal shelf development, including 

subsequent elevation and fusion. 

ECM-receptor interaction pathway. The ECM consists of a complex mixture of 

structural and functional macromolecules and is important in tissue and organ 
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morphogenesis as well as in the maintenance of cell and tissue structure and 

function (Kerrisk et al., 2014). Specific interactions between cells and the ECM are 

mediated by transmembrane molecules, mainly integrins and proteoglycans. These 

interactions lead to the control of cellular activities such as adhesion, migration, 

differentiation, proliferation, and apoptosis. In addition, integrins function as 

mechanoreceptors and provide a force-transmitting physical link between the ECM 

and the cytoskeleton. The ECM-receptor interaction pathway was the only pathway 

significant in our analysis when comparing Tbx22null to WT in CNC derived cells 

and is significant in palate development. 

Osteoclast differentiation pathway. Osteoclasts are multinucleated cells from the 

hematopoietic monocyte-macrophage lineage and are responsible for bone 

resorption. Osteoclastogenesis is mainly regulated by signalling pathways 

activated by RANK and immune receptors, whose ligands are expressed on the 

surface of osteoblasts. Signalling from RANK changes gene the expression pattern 

through transcription factors such as NFATc1, which characterizes the active 

osteoclast (Chen et al., 2018). Osteogenesis is particularly important in the 

development of the hard palate. The osteoclast differentiation pathway was 

enriched in both comparisons between CM and CNC derived tissue, in Tbx22null 

and WT. This indicates an importance for bone remodelling during development 

and possibly with a significant role even at an early stage at E13.5 just before 

bilateral palatal shelves fusion. 

Cell adhesion molecules (CAMs) are glycoproteins expressed on the cell surface 

and play a critical role in a wide array of biologic processes that include 

haemostasis, the immune response, inflammation, embryogenesis, and 

development of neuronal tissue. There are four main groups: the integrin family, 

the immunoglobulin superfamily, selectins, and cadherins (McKeown et al., 2013). 

The CAMs pathway enrichment was noted in both comparisons, similar to the 

osteoclast differentiation pathway. It is interesting that CAMs’ role in immune 

system and inflammation processes overlap with known Cxcl14 gene function, 

which was significantly upregulated in CNC derived cells. Our data suggests that 

biological processes in which CAMs and Cxcl14 are involved, most likely play a 
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more significant role in palate development than is currently known. This requires 

further investigation. 

Calcium signalling pathway is important for Ca2+ entering the cell from the outside 

and being a principal source of Ca2+ signal. Ca2+ enters the cell as a result of a 

large electrochemical gradient across the plasma membrane. Ca2+ signal is 

essential for cell viability and although it is difficult to visualize a direct link with 

congenital palate abnormalities, interruption in cells homeostasis may have a 

distant or partial role in craniofacial developmental disorders. 

Wnt signalling pathway. Wnt proteins are secreted morphogens that are required 

for many basic developmental processes including cell-fate specification, 

progenitor-cell proliferation and the control of asymmetric cell division. The main 

Wnt-signalling pathways include the canonical, the PCP and the Wnt/Ca2+ 

pathways (Tran and Zheng, 2017). The Wnt signalling pathway is known to play 

significant role in craniofacial development (Shimomura et al., 2019, Yuan et al., 

2017) and was again supported in our study. 
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IV. 5. Conclusion 

In this Chapter IV, a conditional mouse line was used to generate a palatal shelf 

cell-type specific phenotype to investigate transcriptional changes downstream of 

TBX22. 

Previous reported studies investigating Tbx22, exclusively used constitutively 

Tbx22null mice that were generated by crossing floxed mice with mice carrying 

actin-Cre (Pauws et al., 2009a). Therefore the floxed allele had not been 

investigated for phenotypic consequences. While carrying out this study that was 

designed to investigate transcriptional changes downstream of TBX22, a palate 

phenotype in the floxed animals was noticed (SMCP in Tbx22flox/Y and diminished 

palatal shelf margins in Tbx22flox/+). This raised the possibility that the floxed allele 

may be a hypomorph. This was investigated using a TaqMan gene expression 

assay, which showed that the Tbx22 expression level was very similar between 

Tbx22flox/Y and Tbx22-/Y but significantly lower when compared to WT. At this stage, 

the floxed allele is more akin to a null allele. However, it might be necessary to 

perform further investigations at earlier developmental stages or potentially by 

dissecting different tissues or cell types to more accurately differentiate the two 

alleles. 

RNA sequencing was carried out on flow sorted YFP+ CM and CNC derived 

palatal cells at stage E13.5. Flow sorting allowed assessment of the relative cell 

counts for each cell type in both WT and null animals. We found that the dissected 

E13.5 palatal shelves consist of nearly 5x more CNC derived cells compared to 

CM cells. The ratio of YFP+ cells in CM and CNC was 1:3.8 in WT and 1:5.6 in null 

male embryos. Whilst the total number of cells was reduced in null palates, the 

alteration in the ratio between these important cell types may suggest a possible 

role for Tbx22 that affects cell type-specific proliferation. Also it is interesting to 

note that the overall number of cells recovered were lower in the Mesp1-Cre cross 

compared to Wnt1-Cre. It may be related to improved skill acquisition, 

laboratory-based variables, an effect based on the relative size of the resulting 

embryos or even that there are Tbx22-distinct proliferative effects on CM and CNC 

derived tissues. 
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Eleven up regulated genes reached statistical significance after multiple testing 

correction in CM derived cells when comparing Tbx22-/Y and WT samples (Cspg4, 

Foxp2, Reln, Bmpr1b, Adgrb3, Sox6, Zim1, Scarna13, Fat1, Notch3, Peg3) and 11 

genes were down regulated in the same group (Nr2f2, Lars2, Ahr, Aplnr, Emcn, 

Npnt, Apln, Ccr2, Tll1, Snord34, Snord99). Comparing Tbx22-/Y and WT in CNC 

derived cells, Cxcl14 was up and Tbx22 was down regulated. This result was 

surprising since Tbx22 appeared to be more highly expressed in CNC, therefore it 

might have been expected that this was where more significant expression 

changes would have been found. However, it is important to note that the 

functional significance of all of the differentially expressed genes needs to be 

further investigated to determine if they are biologically relevant effects. 

This study did not show any statistically significant changes in key bone or muscle 

markers with the exception of Npnt. Genes encoding muscle proteins and muscle 

transcriptional regulators such as Myod were most affected in the Hoshino (2011) 

study. This was particularly striking since poor development of intramembranous 

bones of the palate is the most obvious anatomical consequence of loss of TBX22 

function (Pauws et al., 2009a). This may suggest that, at least at the stage E13.5, 

bone and/or muscle development are not the primary cause of the SMCP 

phenotype. 

The study identified upregulation of the Npnt gene in CNC and downregulation in 

CM cells in Tbx22null compared to WT mice. NPNT is involved in the clinical 

presentation of Fraser syndrome 1 as well as being described as a regulator of 

osteoblast differentiation/mineralization and osteogenic angiogenesis (Saleem and 

Siddiqui, 2015). This may correspond to deficient osteogenesis of the secondary 

hard palate in Tbx22null mice, where loss of Tbx22 function causes reduction in 

ossification after condensation of the palatal mesenchyme and delay in the 

maturation of osteoblasts (Pauws et al., 2009a). This could therefore correspond to 

the Tbx22null palatal phenotype, but further work would be required to understand 

the cell type specific relevance of the opposite effects on differential expression. 

None of the genes that reached the adjusted significance threshold were reported 

previously as candidate genes in syndromic and NS CLP, although several could 
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now be investigated further to confirm their significance. At the unadjusted 

significance level, a number of genes associated with clefting that were 

upregulated in CM were Notch3, Sox6, Reln, Ptprd, Sim2, Barx1, Prickle1, Thbs1, 

Igf1R, Col11A1, and downregulated in CM was Ahr and in CNC was Myh3. These 

genes (and others) might have reached a more statistically significant level if the 

experimental design had included an increased number of replicates. In the longer 

term, it may well be beneficial to introduce a second round of validation using 

additional animals and/or a different method of measuring RNA levels such as 

RTqPCR. 

In terms of pathway analysis, osteoclast differentiation, calcium signalling, focal 

adhesion, Wnt signalling and CAMs pathways were the most enriched in the 

functional annotation of significantly differentially expressed genes. Each of these 

has potential relevance to palate development and as such these individual 

pathways could benefit from further study. This might take the form of interrogating 

individual components in more detail. 

In conclusion, Tbx22 as transcriptional factor has a significant and complex effect 

in palate development at E13.5. The studies presented here add to the current 

knowledge of the role of TBX22 in palate development, particularly at the 

transcriptional level. This provides an important background to better understand 

the development of SMCP, with a view to the future prospect of translating 

research outcomes into clinical practice. 
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IV. 6. Future work 

In this study, mouse palatal shelves were dissected at E13.5. This developmental 

time point was largely based on previous data, which demonstrated that Tbx22 is 

maximally expressed at E13.5 (Hoshino, 2011). This is also a good time to look at 

the developing palate since changes are very dynamic around the time of shelf 

elevation, immediately prior to fusion. Moreover, this time point has also been 

widely used in other studies, so provides the clearest opportunity for comparison. 

However, analysing the RNA-Seq data, it became obvious, that data from only one 

developmental stage is also limiting. Previous studies (Bush et al., 2002, 

Braybrook et al., 2002, Hoshino, 2011), have shown that Tbx22 expression is 

transient in the palate, starting from around E9.5 through to E14.5, at which point it 

shuts down. It is therefore likely that a more complete understanding of 

downstream transcriptional affects could be made by studying a similar range. 

RNA-Seq experiments are not cheap and it can also be challenging to collect 

sufficient animal tissues of appropriate genotypes. Nevertheless, when planning 

future work, it would certainly be of interest to carry out a similar experiment but at 

stages E12.5 and E14.5. Earlier stages would be harder to do in the same way 

since the palate shelves are only just starting to emerge and accurate dissection is 

not feasible. This might be circumvented by disaggregating whole embryos and 

sorting labelled ‘palatal’ progenitor cells. For later stages post E14.5, the palatal 

shelves will be fused together and no longer show significant Tbx22 expression, 

although the legacy of persistent TBX22 protein might still be obvious (Bush et al., 

2002, Braybrook et al., 2002, Hoshino, 2011). 

In our study we collected flow sorted, YFP+ cells with which to perform RNA-Seq 

analysis, whilst the remainder cells were collected into a separate fraction. It would 

be interesting to also carry out RNA-Seq on the YFP- cell fraction, to look at their 

gene expression patterns. In our study CM and CNC derived cells were a little less 

than 50% of the palatal shelf total cell content E13.5. These were chosen for their 

known biological relevance for palate development, yet it is possible that 

differential gene expression analysis and comparison between other YFP+ and 

YFP- contributing cells could give further answers in understanding the intricacies 

of palate development. 
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The study was carried out collecting and comparing different genotypes using 

3 biological replicate samples in each group. There is no doubt that a larger 

number of samples would give more robust data, enhancing conclusions and 

planning further analysis. Although samples collection was time demanding and 

technique sensitive, I would consider at least 6 samples for further studies. 

The Cxcl14 gene was found to be significantly upregulated in CNC derived cells. 

Although this gene is not known as cleft gene, its potential importance must be 

recognised. Although there is already a knockout model (Meuter et al., 2007), in 

this case it would be necessary to produce an overexpression model in order to 

investigate a possible effect on palate development and phenotype. 

Putative TBX22 binding sites were identified by a simple word search, notably in 

Cxcl14, Fosl2, Myh3, Shisa3, Krt5, Tll1, Lars2 and Scarna13. To test their validity, 

it would be necessary to carry out a functional binding-site assessment, potentially 

using an EMSA (Tada and Smith, 2001) or a ChiP experiment as was performed 

for MyoD (Kantaputra et al., 2011). Indirect targets are less easily confirmed but 

could be independently verified by replication in further mouse studies or 

alternatively by knocking down Tbx22 in suitable cell lines and using RTqPCR. 

Earlier studies used constitutive Tbx22null mice and as such, the floxed allele had 

not been investigated for any phenotype. In this study, we have now recognized 

the SMCP phenotype in floxed animals and even a mild phenotype in 

heterozygous floxed female mice. Because it is an X-linked condition, and based 

on previous studies (Andreou et al., 2007), the Tbx22 knockout is likely to result a 

complete loss of function in affected males. We therefore looked at Tbx22 gene 

expression analysis in male mice to confirm our findings. Whilst it was possible to 

make inferences about transcriptional changes downstream of Tbx22, it might have 

been better to first generate a floxed line that did not affect Tbx22 expression. This 

might be achievable by removing the NEOR cassette from the intronic location 

between exon 2 and 3 by crossing with an FRT mouse. Although, this experiment 

was performed early on (prior to this thesis), the lack of an obvious phenotype 

resulted in only a superficial investigation before the line was discarded. This 

experiment would likely produce a useful model, contributing towards an allelic 

series that delivers different levels of Tbx22 expression. This would allow greater 

fine tuning to study of the effect of reduced TBX22 on palate development. 
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Chapter V: Disruption of FOXF2 as a likely cause of 

absent uvula and hypernasality in an Egyptian family 
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V. 1. Introduction 

CL/P is a spectrum of aetiologically distinct defects which include complete or 

incomplete bilateral or unilateral CL, with or without CP, as well as isolated cleft of 

the secondary palate. This is due to different tissue lineages contribution and 

distinct timing of various fusion events during development (Harville et al., 2005, 

Stanier and Moore, 2004). 

Defects of the secondary palate range from complete overt cleft of the hard and 

soft palate, to cleft of the soft palate only. They also include SMCP, where the 

palatal shelves have fused and the oral mucosa is intact (Calnan, 1954). There are 

also other phenotypes of the palate described such as high arch or absent uvula, 

but they may be part of syndrome and not necessarily the cause of palate 

dysfunction (Chipeta et al., 2009). However, a high arched palate for example, may 

cause secondary dental anomalies and can complicate intubation. The latter being 

a major problem for craniofacial patients who frequently require multiple surgeries 

during childhood (Tabler et al., 2013). 

Palate appearance alone does not determine palate function. It is known, that up to 

20% people with SMCP triad do not develop VPI (Boyce et al., 2018). Functional 

insufficiency can result in feeding difficulties, hearing loss due to otitis media and 

unintelligible speech characterized by hypernasality, audible nasal emission and 

passive and non oral articulation errors (de Blacam et al., 2018, Sell et al., 1999). 

In the literature the term ‘absent uvula’ is mentioned relatively few times meaning 

different conditions (Chipeta et al., 2009, Chilkoti et al., 2017). The causes of 

absent uvula can be generally classified into congenital and acquired. Acquired 

causes may be secondary to surgery such as uvulopalatopharyngoplasty for 

obstructive sleep apnoea (Madani, 2007) or the cultural practice of removing the 

uvula for chronic cough in Sub-Saharan Africa (Adoga and Nimkur, 2011). The 

congenital absence of the uvula is very rare in the general population. On oral 

examination there was one case reported in a study of 2258 neonates (Jorgenson 

et al., 1982), although it is not clear if this finding was confirmed by follow up 

examination. 
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In this study we have investigated what we believe to be a previously undescribed 

palate defect, which is also associated with the clinical presentation of VPI. 

Affected individuals in an autosomal dominant family presented with no uvula, a 

short posterior border of the soft palate and an apparent absence of the anterior 

tonsillar pillars with rudimentary posterior pillars (Figure V. 1). Whilst there are rare 

descriptions of absent uvula in the literature, there are no descriptions of familial 

absent uvula and hypernasality or the anatomical features of the individuals in this 

report. To investigate the genetic basis of this condition, we report here genetic 

studies which identify a missense variant in FOXF2 as the likely cause of this 

condition. 

 

 

Figure V. 1. Absent uvula, a tight posterior border of the velum, no anterior pillar 

and rudimentary posterior pillar of the fauces. 

Note the short posterior border of the soft palate where the uvula should be and the 

unusual structure of the pillar of fauces. ATP - anterior tonsillar pillar; SP - soft palate; 

T - tonsil. 
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V. 2. Gene identification strategies 

The identification of genes responsible for familial diseases brings a number of 

important benefits for patients and their families, clinicians and researchers. 

A molecular diagnosis can give valuable information regarding the clinical 

presentation and progression as well as allowing genetic counselling for future risk 

and prenatal testing (Gilissen et al., 2012). For novel genes, it will often allow a 

better understanding of the disease pathway involved along with the biochemistry 

of the underlying protein, which may ultimately lead to the development of 

therapeutic interventions. 

Since the mid-1980s, when a structured approach to disease gene identification 

first started, there has been many leaps in technological innovation that have 

streamlined the process, not least of which was publication of the human genome 

sequence (Leung, 2004). Prior to this point, there was only a rudimentary 

understanding of the position and order of genes in the genome. One early 

example was the identification of the gene mutated in CPX. In the 1950’s and 60’s, 

family data was starting to be assembled for a large Icelandic pedigree where male 

patients had CP, usually accompanied by ankyloglossia (Bjornsson et al., 1989). 

DNA samples were collected and with the advent of the then new linkage or 

positional cloning technology (Botstein et al., 1980), work eventually commenced 

around 1985 towards mapping the causal locus on the ChrX. This resulted in a 

statistically significant linkage, mapping the gene to Xq21.3 (Moore et al., 1987), 

which represented one of only a small handful of successfully linked disease genes 

at that time (along with chronic granulomatous disease, cystic fibrosis, Duchenne 

muscular dystrophy, and retinoblastoma). However, neither the sequence nor the 

gene content of that interval was known at that time and it took many years to fine 

map and eventually determine the causal gene. This eventually came about as a 

consequence of the high resolution genetic map produced from incremental 

studies with the Icelandic family along with several more recently acquired 

Brazilian and North American families, coupled to the early draft of the human 

genomic sequence. Together, these efforts revealed several candidate genes in 

the interval, all of which were sequenced using Sanger sequencing technology 

(Sanger, 1988). Only one gene, TBX22 had a plausible mutation in the Icelandic 
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family, and importantly, further mutations were identified in each of the other 

putative CPX families screened, confirming it as the causal gene (Braybrook et al., 

2001). Thus, a combination of technologies that were implemented over a period 

spanning several decades eventually contributed to the identification of TBX22 as 

the gene mutated in CPX. 

Sequencing technologies have since continued to advance and the process of 

disease gene identification has also evolved to keep pace. Next generation 

sequencing allows millions of genomic variants to be identified simultaneously for 

each individual. This is extremely efficient and cost effective, particularly as the 

time taken to generate this data also improved, allowing a complete set of variants 

to be generated in as short as 24-48 hours. A choice of technology exists regarding 

what fraction of the genome is to be investigated. This includes WES that 

selectively sequences a chosen fraction of the genome, normally all of the known 

exons in order to capture information of the coding fraction of the genome 

(Majewski et al., 2011). The current method of choice now is more often 

sequencing the entire genome, which is referred to as whole genome sequencing 

(WGS). This has the benefit of choosing to look specifically at the exome fraction 

(where most easily recognizable mutations are found) but also the rest of the 

genome where deep intronic or intragenic variants might reveal mutations in non-

coding, regulatory or splicing regions (Gilissen et al., 2014). On the downside, the 

size and complexity of the data sets generated creates a number of challenges and 

it can be extremely difficult to recognize a causal variant from the vast numbers of 

benign variants (Holzinger et al., 2017). As a consequence, it has become 

necessary to carefully design an appropriate strategy and couple this to specialist 

bioinformatics tools to assist in the prioritization of potentially pathogenic variants. 

Alongside this, there is still an important role for the inclusion of traditional disease 

gene identification approaches, often starting with karyotyping and including 

linkage analysis, homozygosity mapping, copy number variation analysis, and 

SNP-based association analysis (Kurotaki et al., 2002, Kerem et al., 1989, Lander 

and Botstein, 1987, Vissers et al., 2005, Duerr et al., 2006). 

Linkage studies rely on the use of large, phenotypically well-characterized families 

(Dixon, 2010). Ideally, 10 or more informative meiosis (i.e. transmission of an allele 
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from a heterozygous parent through which the disease passes) are required to 

trace the genomic location of an autosomal dominant disease, but far smaller 

families, with as few as three affected individuals can be used for recessive 

diseases. Family members are typed for polymorphic markers throughout the 

genome in order to detect which regions the affected individuals share, and are 

therefore most likely to contain the disease gene. Although there have been 

different iterations of this process, the method of choice currently is to genotype all 

available family members using a SNP array, containing 100’s of thousands of 

common SNPs distributed evenly across the genome. These variants can be 

tracked for co-inheritance with the disease trait throughout the family pedigree 

using specially designed programmes such as MERLIN (Dudbridge, 2003). If a 

disease gene is close to a particular SNP, i.e. linked, it will almost always be 

inherited with it. If affected individuals all show the same genotype at a particular 

SNP, the disease gene may be close by. Statistical analysis is used to formalize 

the results and give likelihood ratios, the logarithm of the odds (LOD) score, or the 

location of a disease locus (Rice et al., 2001). 

In our study we first used cytogenetic analysis which implicated a possible CNV. 

However, the associated pathology, which included a well reported duplication of 

the FOXC1 gene, did not fit with this family. Then further investigations were 

performed starting with linkage analysis using the extended family pedigree. This 

identified a number of possible genomic loci where the disease gene could be 

located. We then chose to use the unbiased screening strategy of WES rather than 

looking for possible candidate genes. WES analysis results were overlaid with the 

linkage analysis results to generate a list of the candidate variants. To confirm their 

sequence validity, they were subject to Sanger sequencing. Bioinformatics 

screening was then used to assess the potential effects of the sequence change 

on protein function, although variability between programmes did not ultimately add 

a great deal of support for one candidate versus another. Obtaining further 

samples from the family provided additional segregation analysis, which was highly 

informative and helped to identify a single, potentially phenotype-causing gene 

variant. Interestingly, this was in the same vicinity as the original CNV. Therefore, 

in this work, a combination of disease-causing identification strategies proved to be 
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successful, allowing the identification of a plausible missense variant, but also in 

the genetic landscape of a nearby CNV as the likely cause of this rare autosomal 

dominant palate and velopharynx phenotype. 
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V. 3. Aims 

 To describe the clinical representation, surgical management and outcome in a 

patient presenting with a rare palate phenotype causing VPD. 

 Pursue gene discovery in a large multiplex family with an unusual autosomal 

dominant hypernasality and absent uvula palate phenotype. 

- To perform cytogenetic analysis, SNP genotyping, linkage analysis and 

WES to identify the likely candidate gene and causal variant. 

- Screen a cohort of patients with palate defects (NS CP and SMCP) to 

determine the frequency of mutations in the best candidate gene and to 

review the phenotypic spectrum involved. 

- Perform functional analysis of the likely causal variants. 

- Confirm appropriate developmental expression analysis of the likely 

causal gene. 
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V. 4. Results 

V. 4. 1. Clinical representation 

An Egyptian boy (IV.5) presented with a clinical history of occasional nasal 

regurgitation while breastfeeding in infancy (Figure II. 12). This was followed by 

speech and language delay and hypernasality. On examination at 3 years, the 

patient’s uvula was noted as absent, and the posterior border of the soft palate 

appeared short. The anterior tonsillar pillars were also absent, while the posterior 

pillars were described as rudimentary (Figure V. 1). There was poor velar 

movement. There were no obvious syndromic features. The family history revealed 

7 other individuals with no uvula and a tight posterior border of the velum and pillar 

structure (Figure II. 12). All affected family members had mild hypernasal speech. 

The proband (IV.5) was first seen at the age 3 years by the speech and language 

therapist at GOSH. His attention and listening skills were noted to be immature. He 

was using single words, with some two and occasional three word utterances and 

used other nonverbal means to communicate including pointing, taking the adult to 

what he wanted and gestures. In summary, he had receptive and expressive 

language delay with a greater deficit in his expressive language. 

Overall he was assessed as mildly hypernasal. His sound system, however, was 

characterized by numerous cleft speech characteristics, including backing to velar 

for plosives and fricatives, and glottal stops. Glottal reinforcement was also noted. 

There was a weakness of pressure, leading to a weak nasalized plosive for /b/, but 

at times, he had no oral pressure which resulted in the nasal replacements of 

voiced plosives e.g. /b>m/, /d>ng/. Nasal turbulence was detected as an active part 

of his nasal fricatives. There was also some accompany nasal emission on his 

correct consonants e.g. targets /p/, /b/. He also had some unusual realisations, for 

example velar nasals for oral plosives, and syllabic nasals, where the vowel in the 

syllable with a nasal was omitted. There were also some developmental 

immaturities including syllable elision, consonant harmony, and stopping e.g. target 

/f/ in word initial position. There was some variability in his productions. On a task 

of sound stimulability, it was possible to elicit /p/, /b/, /f/ with help /d/, /k/, /g/ 
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suggesting potential for change with therapy even with the current structure. 

Another noticeable aspect of his speech was the weak and breathy quality. 

On clinical examination the palate was thin and short with only small adenoids 

above and at the plane of attempted closure. There was some slight movement of 

the posterior pharyngeal wall. On lateral X-ray video, the velum appeared thin and 

lift was poor (better with /a/ than with /i/) (Figure V. 2). With many sounds, 

movement was actually produced by the tongue but there was some active velar 

movement when the levator knee appeared to be somewhat anterior, notably on 

repetition of /ba/. The palate never lifted to the plane of the hard palate and there 

was a consistent velopharyngeal gap with active movement. 

 

 

Figure V. 2. Still image from lateral X-ray video saying /i/. Preoperative view. 

SP - soft palate; PPW - posterior pharyngeal wall; M - mandible. 
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V. 4. 2. Genetic investigations 

It was first decided to investigate the proband (IV.5) for a cytogenetic abnormality. 

This would include examination of the 22q11.2 locus, of which, CNVs are often 

associated with abnormalities of the palate. Genome wide cytogenomic microarray 

was therefore performed on DNA from the proband. This excluded a deletion at 

22q11.2 but instead highlighted the likely presence of two close together 

duplications on 6p25.3 (Figure V. 3). These consisted of a small gain of 

227,481 bp, not interfering with any known coding gene and a nearby gain of 

approximately 480,000 bp, encompassing the whole of FOXC1 and the 5' exons of 

GMDS. To validate this finding, a qPCR assay for FOXC1 (Figure V. 4) confirmed 

the presence of the CNV and demonstrated inheritance from the father (III.3) and 

his paternal grandmother (II.2), who both had palates of similar appearance to the 

proband and each had mild hypernasality. The variant was not present in the 

proband’s mother (III.4). Looking at these specific regions in the Decipher 

database (https://decipher.sanger.ac.uk/) revealed many (>60) individuals with 

either loss or gain of genetic material from this interval (Figure V. 5). These 

individuals suffered from a variety of clinical symptoms although disruption of 

FOXC1 most frequently was associated with defects of the eye including aniridia, 

Rieger anomaly, glaucoma, and Peter anomaly (Ittner et al., 2005). Mainly caused 

by deletion but also in some cases duplication of FOXC1, as well as point 

mutations in this gene can result in a well characterized syndrome called 

Axenfeld-Rieger syndrome. This is primarily a defect involving the anterior segment 

of the eye, often causes glaucoma resulting in vision loss, but also can affect other 

parts of the body with distinctive facial features, seizures, micro- or oligodontia and 

heart defects among other less common features (Zamora and Salini, 2019). 

Despite the confirmed occurrence of duplication in the three tested affected 

individuals in the Egyptian family, none experienced any of these common 

symptoms, including glaucoma in the older generation. 

 

https://decipher.sanger.ac.uk/
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Figure V. 3. Cytogenetic analysis of the proband IV.5. 

From top to bottom: The approximate chromosomal position in 6p25.3 is shown. The LogR 

track shows the tandem chromosomal gains in the proband IV.5. The location of genes in 

the interval is provided in the bottom track. 

 

 

Figure V. 4. Validation of copy number variation. 

A qPCR assay of FOXC1 was performed in the proband (IV.5), father (III.3), mother (III.4), 

grandmother (II.2) and two unrelated controls to validate the copy number gain identified 

by cytogenetic array. RQ – relative quantification. Error bars = standard deviation. 
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Interestingly, two individuals, one with a small deletion of FOXF2 and one with a 

slightly larger duplication covering FOXQ1, FOXF2 and FOXC1, were reported to 

have a hypoplastic and bifid uvula respectively. The patient with the FOXF2 

deletion also co-inherited a de novo Chr5 duplication, which was thought more 

likely pathogenic, whilst the Chr6p deletion, was present in the unaffected father. 

However, it was not confirmed whether the father actually had his uvula examined. 

 

 

Figure V. 5. Patients with copy number gains (blue) or losses (red) of 6p25.3 in the 

Decipher database shown as a track on the UCSC genome browser. 

Patient 256322 has aplasia/hypoplasia of the uvula and 290372 has a bifid uvula. 
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V. 4. 3. Linkage analysis 

Since the cytogenetic analysis did not appear to reveal any conclusive results, it 

was decided to investigate further, this time utilizing the power of genetic resolution 

from the wider family that might help to pinpoint the approximate location of a 

causal allele. This was done by array-based SNP genotyping of all available 

individuals and using the resulting data for linkage analysis. 

SNP based genotyping was therefore performed on 11 members of the family 

(Figure V. 6). Individuals III.5, III.7 and III.8 were not included at this time as DNA 

samples were unavailable. Genotyping was performed by UCL Genomics using the 

Infinium Human CoreExome-24 BeadChip. Genotypes were then sent to 

Prof Martin Farrall (Wellcome Trust Centre for Human Genetics, Oxford) to run 

linkage analysis using the MERLIN package. Samples were tested for quality 

control which indicated no inconsistencies between the ‘inferred from ChrX 

genotype data’ or from the recorded sex. The overall genotype missingness rate 

was very low (>0.003157, where a high rate of missing genotype calls can imply 

poor quality genotyping). The genome average identity by descent was consistent 

with that expected, indicating that the family structure worked appropriately. 

Following QC, a set of 5,497 autosomal SNPs that were informative in the family 

and located at approximately 0.5 cM spacing were selected for parametric linkage 

analysis. This set of SNPs captured 89% (SE 4.2%) of the theoretical maximal 

linkage information in the family. This data was then returned to us for further 

analysis. Linked regions were assessed based on segregation according to their 

LOD scores. Overall, ten regions fully segregated with affected and unaffected 

status to reach the maximum LOD score of ~1.5 and one small region on Chr8 

which narrowly failed to reach this score (Table V. 1; Figure V. 7). Collectively, 

these intervals contained approximately 760 RefSeq genes and spanned a little 

over 100 million bases. The likely causal gene was expected to segregate with one 

of these intervals. Interestingly, the region of 6p25.3 which contains the tandem 

duplication described above, was present in one of the linked regions (Chr6: 

212798-1529802) indicating that the duplications continued to segregate 

appropriately in other family members. 
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Figure V. 6. Family pedigree. 

Eleven family members were genotyped for linkage analysis (+). Exome sequencing 

analysis was performed on 3 individuals (‡) and Sanger sequencing () was used to 

assess segregation of candidate gene variants in additional individuals (↑). 

Table V. 1. Chromosomal regions identified with maximal or near maximal LOD 

scores. 

Chromosome Interval Peak LOD No of genes 

2 18353520-29144214 1.5049 104 

5 125184468-126823999 1.4968 7 

6 212798-1529802 1.459 7 

7 20053768-29473812 1.5049 64 

8 24799492-26766081 1.3183 12 

8 74112646-86229868 1.5049 41 

9 14919291-23388822 1.5049 35 

9 134749315-137892716 1.5049 98 

12 20641007-23305532 1.505 21 

12 66283785-83815294 1.505 68 

15 54512632-86111814 1.505 100s 
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Figure V. 7. Manhattan plot depicting results of the linkage analysis. 

Ten regions with the sequence intervals shown achieved the maximal LOD score of or 

near ~1.5. 

 

V. 4. 4. Exome sequencing 

In order to interrogate individuals for variants present in the coding fraction of the 

genome, it was decided to subject selected individuals to WES. This was 

performed on 3 individuals: two affected (IV.5 and III.6) and one unaffected female 

(III.2) who had 3 unaffected children (Figure V. 6), by sending DNA samples to the 

Next Generation Sequencing Service at the UCL Institute of Neurology. 

Sequencing data was analysed by uploading the aligned .bam files into the 

Ingenuity Variant Analysis package (Qiagen Bioinformatics). Variants were 

selected when present in the two affected but not the unaffected individual after 

filtering with the settings described in Section II. 31. Exome sequencing analysis. 

This resulted in a total of twenty-one candidate variants that met the appropriate 

criteria. The next step was to align these against the intervals identified by the 
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linkage analysis. Here a fully penetrant model was used, which was based on the 

pedigree structure which showed a high frequency of affected individuals and no 

evidence of loss of penetrance typically by skipping of a generation. This was 

particularly evident for individual III.2 who was phenotypically normal and had three 

unaffected children. The linkage results effectively took into account segregation 

across all available individuals without the need to sequence them all. Eleven 

variants were effectively excluded while 10 remaining variants which aligned within 

the linked regions were therefore considered as candidates. Each variant was 

visually checked using the Integrated Genome Viewer and then correctly validated 

by Sanger sequencing. Details of each candidate variant (PLB1; FOXF2; SNX10; 

PLIN2; IGDCC3; THSD4; SEMA7A; SCAPER; SH2D7 and IL16) are presented in 

Table V. 2. To gain a better idea of the potential pathogenicity of each variant, 

bioinformatics analysis using a number of commonly used predictive algorithms 

was used (Table V. 3). At this stage none of the variants were considered stronger 

candidates than another, although PLIN2 and SCAPER in particular scored 

uniformly low with most tools. Since the bioinformatics tools tended to give 

contradictory information, this data was not relied upon for prioritization and the 

next section describes how segregation analysis was more definitive to 

include/exclude variants of significance. 

 

Table V. 2. Candidate genes identified by combined linkage and exome sequencing 

analysis (locations based on GRCh37/hg19 assembly). 

Gene Position in ExAC Position in gene Linkage interval 

PLB1 2:28,851,473 c.3671C>T 2:18,353,520-29,144,214 

FOXF2 6:1,395,057 c.1298A>C 6:212,798-1,529,802 

SNX10 7:26,386,079 c.17A>C 7:20,053,768-29,473,812 

PLIN2 9:19,116,484 c.1076T>C 9:14,919,291-23,388,822 

IGDCC3 15:65,623,929 c.1217G>A 15:54,512,632-86,111,814 

THSD4 15:72,069,606 c.2950G>A 15:54,512,632-86, 111,814 
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Table V. 2. (continued). 

SEMA7A 15:74,710,611 c.370G>A 15:54,512,632-86,111,814 

SCAPER 15:77,067,396 c.835T>C 15:54,512,632-86,111,814 

SH2D7 15:78,390,321 c.317G>A 15:54,512,632-86,111,814 

IL16 15:81,582,851 c.1390G>C 15:54,512,632-86,111,814 

 

Table V. 3. Bioinformatics analysis of candidate genes. 

 PLB1 FOXF2 SNX10 PLIN2 IGDCC3 

Variant 
c.3671C>T 

p.A1224V 

c.1298A>C 

p.Q433P 

c.17A>C 

p.Q6P 

c.1076T>C 

p.N359S 

c.1217G>A 

p.A406V 

ExAC N/A 2/121406 1/121404 130/121408 143/115572 

SIFT Tolerated Deleterious Tolerated Tolerated Deleterious 

Polyphen2 

Probably 

damaging 

(0.964) 

Benign 

(0.055) 

Benign 

(0.063) 

Benign 

(0.002) 

Probably 

damaging 

(0.991) 

Mutation 

taster 

Disease 

causing 

Disease 

Causing 

Disease 

causing 
Polymorphism 

Disease 

causing 

Provean Neutral Neutral Neutral Neutral Neutral 

Condel Deleterious Deleterious Neutral Neutral Deleterious 

LoFtool Benign Unknown 
Possibly 

damaging 
Benign Benign 

FATHMM Tolerated Damaging Tolerated Tolerated Tolerated 

Mutation 

assessor 
Medium Medium Neutral Neutral Low 

Meta LR 

or SVM 
Tolerated Damaging Tolerated Tolerated Tolerated 

GERP 4.73/2.81 
5.76 

(Conserved) 
4.93 5.75/0.549 4.92 

CADD 29.4 23.9 19.02 <10 27.9 
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Table V. 3. (continued). 

 THSD4 SEMA7A SCAPER SH2D7 IL16 

Variant 

c.2950G>A 

p.V984M 

c.1870G>A 

p.V624M* 

c.370G>A 

p.R124W 

c.835T>C 

p.T279A 

c.97A>G 

p.T33A 

c.317G>A 

p.R106H 

 

c.1390G>C 

p.G464R 

ExAC  1/120762 14/120552 214/120538 1/120338 N/A 

SIFT 
Deleterious 

*tolerated 
Deleterious Tolerated Tolerated Tolerated 

Polyphen2 

Probably 

damaging 

(1.00) 

Probably 

damaging 

(0.989) 

Benign 

(0.005) 

Probably 

damaging 

(0.944) 

Probably 

damaging 

(0.967) 

Mutation 

taster 

Disease 

causing 
Polymorphism 

Disease 

causing 
Polymorphism Polymorphism 

Provean Neutral Neutral Neutral Deleterious Neutral 

Condel Deleterious Deleterious Neutral Deleterious Neutral 

LoFtool 
Possibly 

damaging 

Possibly 

damaging 
Benign 

Possibly 

damaging 
Benign 

FATHMM Tolerated Tolerated Tolerated Damaging Tolerated 

Mutation 

assessor 
Low Low Low Low Neutral 

Meta LR 

or SVM 
Tolerated Tolerated Tolerated 

Damaging/ 

Tolerated 
Tolerated 

GERP 4.85 4.42/1.53 5.76/2.17 4.51 4.89 

CADD 26.2 28.3 <10 24.2 22. 7 
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We had earlier made requests to the family to try to recruit several further 

members, who could theoretically increase the available discriminatory power. The 

individuals in question lived in a different part of Egypt, in the Sinai Peninsula and 

consequently it had been more difficult to reach them. At around this time the 

palate operation was planned for the proband (IV.5) by Mr Brian Sommerlad who 

had been the contact with the family. He had been able to visit and meet III.5, III.7 

and III.8 (Figure V. 6). Following obtaining ethical consent and performing clinical 

assessment, saliva samples for DNA were obtained from these individuals. It was 

decided that, along with III.3 as a replication control, each of the 10 variants would 

be investigated for segregation using Sanger sequencing in these individuals 

(Figure V. 8 and Figure V. 9). This data was extremely useful since apart from 

FOXF2, all of the other 9 variants failed to completely segregate in the family. Eight 

of these were in the newly added affected individual III.8, while for SNX10, the 

putative ‘mutant’ allele was present in her unaffected sister III.7. In this case, it is 

possible that III.7 could be considered as a non-expressing carrier. However, first 

treating the family as fully penetrant, and secondly considering what is known 

about the gene, it did not appear to be a high quality functional candidate. SNX10 

has previously been reported as the causal gene in autosomal recessive 

osteoporosis, where patients present early in life with extreme sclerosis along with 

other serious clinical manifestations, while no phenotype was reported in their 

‘healthy’ heterozygous relatives (Aker et al., 2012, Megarbane et al., 2013). Snx10 

in mice was found to be expressed in osteoclasts and in gastric epithelia (Ye et al., 

2015) and knockout resulted in death at 3-4 weeks, with severe growth restriction 

and impaired skeletal development (Ye et al., 2015). Although the variant we 

detected was rare (1/121404 in gnomAD), the bioinformatics was also not 

compelling (Table V. 3) so we decided not to pursue this gene further. 

Therefore, the only variant that fully segregated with the phenotype was 

c.1298A>C (p.Q433P) in the FOXF2 transcription factor, which consequently was 

considered as the most likely pathogenic variant Figure V. 8. The effect of these 

new genotypes incorporated as additional SNPs into the linkage analysis is shown 

in Table V. 4 (courtesy of Prof Martin Farrall). As could be predicted, the LOD 

score at 6p25.3, which increased to 1.87, was the only one to increase. 
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Figure V. 8. Sanger sequencing chromatograms of the 10 candidate variants 

showing investigation of segregation in newly acquired family members. 

The only variant that fully segregated with the phenotype was c.1298A>C (p.Q433P) in the 

FOXF2 transcription factor. Note that III.5 and III.7 are unaffected, while III.6 and III.8 are 

affected individuals. 
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Figure V. 9. Segregation analysis of candidate variants in newly acquired family 

members. 

Genotypes are shown for individuals III.5, III.6, III.7 and III.8. * represents recombination 

that serves to exclude the variant from perfect segregation in the family. 
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Table V. 4. Updated LOD scores including the additional 3 family members. 

Included/excluded was determined by recombination in one or more affected individual 

apart from SNX10, which was a recombination in an unaffected individual (III.7). 

Gene New LOD Old LOD Included/Excluded 

PLB1 1.2256 1.501 Excluded 

FOXF2 1.8730 1.390 Included 

SNX10 1.4377 1.504 Excluded 

PLIN2 1.4010 1.504 Excluded 

IGDCC3 0.2132 1.505 Excluded 

THSD4 -0.3626 1.505 Excluded 

SEMA7A -0.4584 1.505 Excluded 

SCAPER -0.4619 1.505 Excluded 

SH2D7 -0.4374 1.505 Excluded 

IL16 -0.0171 1.505 Excluded 

 

The FOXF2 c1298A>C (p.Q433P) variant has been reported twice in 

2 heterozygous European individuals of unknown phenotype in the ExAC and 

gnomAD databases. Two further missense substitutions are also reported to affect 

the same amino acid codon, c1299G>C (p.Q433H) Latino and c1297C>G 

(p.Q433G) East Asian, once each in a total of 246,272 alleles. In terms of amino 

acid conservation, the glutamine residue is well conserved across species, 

excluding chicken and lamprey (Figure V. 10). Interestingly, the FOXF2 variant is 

very close to, and in linkage disequilibrium with the 6p25.3 tandem duplication 

identified by the cytogenetic analysis. 
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Figure V. 10. Schematic diagram showing the functional domains of FOXF2. 

A) The location of nonsynonymous missense variants p.A25G, p.A41S and p.Q433P are 

given. B) The evolutionary conservation of each variant is indicated in the respective 

boxed areas. 



 

 
288 

 

C
h

a
p

te
r V

: D
is

ru
p
tio

n
 o

f F
O

X
F

2
 a

s
 a

 lik
e

ly
 c

a
u
s
e
 o

f a
b
s
e

n
t 

u
v
u
la

 a
n

d
 h

y
p

e
rn

a
s
a

lity
 in

 a
n

 E
g

y
p
tia

n
 fa

m
ily

 

V. 4. 5. Analysis of FOXF2 in individuals with non-syndromic cleft palate and 

submucous cleft palate 

Ideally, we would have chosen to investigate further individuals with absent uvula 

and hypernasality, however, this condition is extremely rare and no other cases 

were known to us, even following extensive searching. Therefore, in order to 

investigate whether FOXF2 pathogenic variants might underlie other, more 

common forms of CP, a cohort of 240 patients with NS CP and 72 patients with 

SMCP was selected for sequencing from our collection of >750 CL/P patient DNA 

samples. This cohort included all available cases with bifid uvula and clefts 

affecting the soft palate. It did not include individuals with CL, since it was designed 

to include the most similar affected tissues as with absent uvula. FOXF2 consists 

of only two exons but given the size of exon one, sequencing was performed with 

four primer pairs (Table II. 1) amplifying overlapping fragments to fully cover the 

coding regions, intronic splice sites and the majority of the UTRs. 

Variants identified are listed in Table V. 5 and depicted in Figure V. 10 and 

Figure V. 11. Two rare/unique missense variants were identified (Figure V. 11, 

A, B), however, neither were predicted to be damaging by bioinformatics analysis 

(Table V. 5). Two other, more common missense variants were also identified 

(Figure V. 11, C, D). c.394G>A (p.A132T) at 6:1,390,576 was present in the 

gnomAD database as 170/19,842 alleles in Asian heterozygotes, while c.700C>A 

(p.P234T) at 6:1,390,882, was present as 182 heterozygotes and 3 homozygotes 

in 16,934 alleles in the African population and 28/30,890 heterozygotes in the 

Latino population. Since these variants were described as benign (Table V. 5), they 

were not studied further. The coding sequence of FOXF2 was also investigated in 

available exome sequencing data generated from ~30 multiplex, NS CL with or 

without CP (NS CLP) families from previous genetic studies in our laboratory, but 

did not reveal any variants of interest. 
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Table V. 5. Bioinformatics analysis of FOXF2 missense variants identified in 

individuals with cleft palate or submucous cleft palate. 

Location 6:1,390,068 6:1,390,021 6:1,390,341 6:1,390,647 

Phenotype CP SMCP CP CP 

Variant 

AA change 

c.120G>T 

p.A41S 

c.74C>G 

p.A25G 

c.394G>A 

p.A132T 

c.700C>A 

p.P234T 

ExAC  3/10192 N/A 59/119460 70/54414 

SIFT Tolerated Tolerated Tolerated Tolerated 

Polyphen2 Unknown Unknown Benign (0.105) Benign (0.01) 

Mutation taster Neutral Neutral Disease causing Disease causing 

Provean Neutral Neutral Neutral Neutral 

Condel Neutral Neutral Unknown Unknown 

LoFtool Unknown Unknown Unknown Unknown 

FATHMM Damaging Damaging Damaging Damaging 

Mutation 

assessor 
Neutral Neutral Neutral Neutral 

Meta LR or SVM Tolerated Tolerated Tolerated Tolerated 

GERP 2.3 2.3 4.14/3.27 4.1 

CADD 1.388 9.198 2.693 2.429 
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Figure V. 11. Representative FOXF2 Sanger sequencing chromatograms from 

individuals in the CP cohort. 

Sequences of the FOXF2 gene in 4 individuals with NS CP or SMCP. A) c.120G>T 

(p.A41S) in an individual with CP; B) c.74C>G (p.A25G) in an individual with SMCP; 

C) c.394G>A (p.132T) in an individual with CP; D) c.700C>A (p.P234T) in and individual 

with CP. 

 

V. 4. 6. Effect of the FOXF2 p.Q433P variant on transcriptional activation 

The likelihood that FOXF2 may play a causal role in development of the palate and 

uvula was enhanced following a review of the literature, initially with a report of a 

mouse Foxf2 knockout being described having a CP (Wang et al., 2003); see also 

V. 5. Discussion. This mouse model has been further studied more recently, where 

both Nik et al. (2016) and Xu et al. (2016) report detailed analysis of the palate 

defect along with the identification of down stream genes and pathways that are 

affected by Foxf2. CP is not the same as absent uvula, although there may be 

some common aspects, including during development. However, the mouse differs 
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from humans anatomically since it lacks an uvula (Finkelstein et al., 1992). 

Therefore, to further assess the possibility of a pathogenic effect caused by the 

p.Q433P variant, we decided to perform in vitro functional testing. The p.Q433P 

variant is located in the previously described activation domain AD1 at the 

C-terminal region of FOXF2 (Hellqvist et al., 1998) (Figure V. 10). This is an 

important domain required for FOXF2 to act as a transcriptional activator. It was 

therefore decided to test the effect of the variant on its ability to affect activation 

using a transient luciferase reporter assays. To do this, a full length FOXF2 cDNA 

coupled to a CMV promoter was first obtained from OriGene (II. 36. Constructs). 

Then a p.Q433P variant was made using site directed in vitro mutagenesis. Both 

constructs were completely sequenced to verify their integrity and to ensure that 

only the sequence difference was the one introduced by design. Hellqvist et al. 

(1998) previously performed investigations of the FOXF2 as a transcription factor 

and had earlier described a preferred binding site: CAACGTAAACAATCCGA 

(Hellqvist et al., 1996) that functioned as a transcriptional target. We therefore 

synthesized (GeneScript) a similar reporter construct containing 4 tandem copies 

of this sequence coupled to firefly luciferase. WT and p.Q433P constructs were 

co-transfected with the FOXF2 reporter and a Renilla luciferase reporter into HeLa 

cells to assess the effect of the variant. Both WT and p.Q433P constructs 

produced significant activation compared to ‘empty’ vector. However, the 

pathogenic variant, contrary to expectation, caused a significant 1.5 fold increase 

in activation compared to the WT sequence (Figure V. 12). A similar result was 

found on multiple occasions when repeating the experiment. 
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Figure V. 12. Effect of WT and p.Q433P variant FOXF2 on transcriptional activation. 

Transcriptional activation of FOXF2 WT and p.Q433P constructs in HeLa cells. Data 

represent the average  standard deviation (error bars) of triplicate samples at 24 hours 

post transfection. All data presented were representative of at least 3 replicate 

experiments. *p<0.05; **p<0.01. 
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Western blotting was routinely performed in order to check loading. Interestingly, 

this revealed a dramatic and reproducible 11-fold increase in the quantity of the 

FOXF2-Q433P protein compared to WT (Figure V. 13). 

 

 

Figure V. 13. Visualization of WT and p.Q433Pvariant FOXF2 proteins following 

transient transfection. 

Western blot showing FOXF2 protein expression in HeLa cells transfected with FOXF2 

WT, p.Q433P mutation and pCMV6-XL ‘empty’ vector constructs. Data presented 

correspond to the experiment shown in Figure V. 12 and were representative of at least 

3 replicate experiments. 

 

To investigate this further, RTqPCR was used to see if this might be due to 

increased expression, perhaps reflecting some undetected difference between the 

WT and mutant constructs. However, this in fact showed the opposite, that there 

was a modest 0.3 fold reduction in quantitative expression between the WT and 

p.Q433P constructs (Figure V. 14). 
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Figure V. 14. Quantitation of mRNA levels of WT and p.Q433P variant FOXF2 

following transient transfection. 

Quantitative expression difference between the WT and p.Q433P mutation constructs 

measured by RTqPCR in HeLa cells. Expression was normalized to ACTB. Data 

presented were representative of at least 3 replicate experiments. Error bars = standard 

deviation. *p<0.05; **p<0.01. 
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A similar result was also reproducibly obtained following transfection into HepG2 

cells, while testing several independent clones of the constructs gave similar 

results (Figure V. 15). 

 

 

Figure V. 15. Effect of WT and p.Q433P variant FOXF2 on transcriptional activation. 

Transcriptional activation of FOXF2 WT and p.Q433P constructs in A) HepG2 cells. Data 

represent the average  standard deviation (error bars) of triplicate samples at 24 hours 

post transfection; B) in HeLa cells. Data represent the average  standard deviation (error 

bars) of triplicate samples at 48 hours post transfection; C, D) in HeLa cells. Data 

represent the average  standard deviation (error bars) of triplicate samples at 24 hours 

post transfection with 2 independent clones. *p<0.05; **p<0.01. 

 



 

 
296 

 

C
h

a
p

te
r V

: D
is

ru
p
tio

n
 o

f F
O

X
F

2
 a

s
 a

 lik
e

ly
 c

a
u
s
e
 o

f a
b
s
e

n
t 

u
v
u
la

 a
n

d
 h

y
p

e
rn

a
s
a

lity
 in

 a
n

 E
g

y
p
tia

n
 fa

m
ily

 

Since the increased protein level did not seem to result from any of the possibilities 

tested, the results of the WT vs. mutant luciferase activity normalized to protein 

levels are also presented (Figure V. 16). We rationalized this since it is not known 

how the mutation might affect the translation of endogenous FOXF2 protein levels 

in vivo during embryonic development. This analysis shows effectively an 88% loss 

of activation relative to the amount of FOXF2 protein present. 

 

 

Figure V. 16. Effect of WT and p.Q433P variant FOXF2 on transcriptional activation 

by protein level. 

Transcriptional activity was normalized according to protein level detected by Western 

blotting. Error bars = standard deviation. *p<0.05; **p<0.01. 
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Based on the findings of Xu et al. (2016) who reported upregulation of Fgf18 and 

downregulation of Shox2 expression in Foxf2 knockout mice, the effect of 

overexpressing FOXF2 was investigated on both of these genes in HeLa cells (Xu 

et al., 2016). Although no effect was detected for SHOX2, FGF18 was found to be 

significantly upregulated when overexpressing the FOXF2-Q433P variant in 

comparison to the WT sequence (Figure V. 17). 

 

 

Figure V. 17. Effect of WT and p.Q433P variant FOXF2 constructs on the expression 

of putative downstream target genes. 

A) FGF18 and B) SHOX2 transcript levels assessed by RTqPCR in HeLa cells at 24 hours 

following transfection of WT, p.Q433P constructs and ‘empty’ vector. Expression was 

normalised to ACTB. Data presented were representative of at least 3 replicate 

experiments. Error bars = standard deviation. *p<0.05; **p<0.01. 

 

V. 4. 7. FOXF2 p.A25G and p.A41S effect on transcriptional activation 

The effect of the variants p.A25G and p.A41S found in the CP and SMCP cohort 

was also investigated. Although these variants were predicted to be benign, a 

significant effect on transcriptional activity might influence our thinking on their 

impact. WT, p.A25G and p.A41S constructs were co-transfected into both HeLa 

and HepG2 cells along with the FOXF2 luciferase reporter plasmid (and Renilla 

plasmid). 
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WT, p.A25G and p.A41S constructs all produced significant activation compared to 

‘empty’ vector, however, unlike the p.Q433P construct above, these variants 

showed no change in activation compared to the WT sequence (Figure V. 18). 

There was also no statistically significant difference observed in the quantity of 

protein of the FOXF2-A25G, FOXF2-A41S when compared to WT by Western 

blotting (Figure V. 19). 

 

 

Figure V. 18. Comparative analysis of the effect of FOXF2 p.A25G and p.A41S 

variants on transcriptional activation. 

Transcriptional activation of FOXF2 WT, p.A25G and p.A41S constructs in A) HepG2 

cells; B) in HeLa cells. Data represent the average  standard deviation (error bars) of 

triplicate samples at 24 hours post transfection with 2 independent clones (designated with 

or without ’). *p<0.05 **p<0.01; NS - not statistically significant, p≥0.05. 
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Figure V. 19. Detection and quantitation of FOXF2 proteins following transient 

transfection of WT and mutant constructs. 

A) Western blot showing FOXF2 protein expression in HeLa cells transfected with FOXF2 

WT, A25G, A41S mutations and pCMV6-XL ‘empty’ vector constructs using 2 independent 

clones (designated with or without ʼ). Each experiment was carried out three times 

(I, II, III). Vertical line represents cut in the gel. B), B)’ Quantitation and comparison of WT, 

FOXF2-A25G and FOXF2-A41S protein levels. Error bars = standard deviation. **p<0.01; 

NS - not statistically significant, p≥0.05. 
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V. 4. 8. Expression of FOXF2 in craniofacial tissues 

As stated above, Foxf2 has been previously established as required for normal 

palate closure in the mouse (Wang et al., 2003). Its expression in the developing 

orofacial region has been shown to be largely restricted to the posterior palate and 

tongue (Nik et al., 2016, Xu et al., 2016). However, nothing is known about Foxf2 

expression in the uvula since mice lack the equivalent of this structure. Therefore, 

in situ hybridisation was used to investigate FOXF2 expression in coronal sections 

of human embryos from around the time of palatogenesis (Figure V. 20). This was 

conducted as a commissioned collaboration with the Medical Research Council, 

Wellcome Trust funded HDBR who both collect and perform projects using staged 

human fetal tissues (II. 42. Tissue in situ hybridization). I assisted by generating 

the in situ probe and selected suitable sections from staged human embryos but 

the in situs were performed by Ms Nadjeda Moreno of the HDBR. Similar to the 

mouse, FOXF2 was found to be expressed in the human embryonic mesenchyme 

of the oral cavity and tongue (Nik et al., 2016, Xu et al., 2016). This was particularly 

notable in the posterior palatal shelves before fusion at stages CS22 and CS23, 

decreasing significantly in the fused palate at the later stage L8pcw. Expression 

was still seen in the most posterior region of the L8pcw embryo where the palatal 

shelves had not yet fused and extended to the oral epithelia in addition to the 

mesenchyme. This region is equivalent to the presumptive uvula. 
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Figure V. 20. Expression of FOXF2 in the oral cavity of human embryos. 

Coronal sections of anterior to posterior (left to right) of human embryo heads at CS22, 

CS23 and L8pcw (top, middle and bottom panels respectively), showing maxilla, tongue 

and palatal shelves. The second column is approximately mid palate, the third column is 

towards the back of the palatal shelves and the fourth column is from among the last 

sections in each embryo that show the rudimentary palatal shelves (arrow heads) which on 

fusion will become the uvula. Expression of FOXF2 is seen in the tongue and also in the 

palatal shelves. In the developing palate, expression is mostly on the oral half of anterior 

regions, but becomes more widely expressed throughout the posterior palatal shelf 

mesenchyme and bordering oral tissues. At later stages, expression includes the more 

posterior oral epithelial surfaces. PS - palatal shelf; NS - nasal septum; T - tongue; 

ES - epithelial seam. 

 

V. 4. 9. Surgical management 

As described above, the proband was found to have speech that was significantly 

affected by the VPI and a decision was made to proceed with surgical palate 

exploration and IVVP. Surgery was carried out by Mr Brian Sommerlad under 

general anaesthesia when the patient was nearly 3 years and 2 months of age. 

The findings on examination of the palate confirmed that there was no uvula and 

no anterior pillar of the fauces, with a rudimentary posterior pillar and a tight 

posterior border of the velum. The posterior nasal spine was broad but there was 
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no significant notch. There was significant adenoid tissue. On exploration of the 

velar musculature, the PP and levator muscles were directed anteriorly. They were 

retro-displaced and at the same time the palate lengthened by suturing the 

posterior pillars of fauces together and then releasing them postero-laterally at the 

junction with the tonsils. The levator muscles were of reasonable bulk and were 

sutured together in the midline as posteriorly as possible. 

 

V. 4. 10. Outcome 

The patient was seen for reassessment by the speech and language therapist 

seven months after surgery. In the interim period, he had received language 

therapy in Egypt twice a week by one therapist and therapy for the speech disorder 

thrice weekly by another. It was noted how he had made considerable progress in 

his language skills, now using 4 and sometimes 5 word sentences. 

In his spontaneous speech, he was judged to have moderate hypernasality, but in 

words and syllables with the correct bilabial plosives, in the context of both high 

and low vowels, he had oral tone e.g. on words such as /baby/, /bay/, /poppy/, 

/piper/, /paper/. There was no longer accompanying nasal emission on targets 

such as /p/, /b/. The pattern of favoured placement of backed consonants to velar, 

with velar nasal fricatives and frequent syllabic nasals was still present. However, 

he was now inconsistently using targets /t/, /d/. There was still the developmental 

immaturity of consonant harmony, which needed to be taken into account in the 

vocabulary used in therapy. In terms of stimulability, a range of consonants not 

used in his sound system /f/, /n/, /s/, /sh/, /ge/ were elicited. 

Follow-up videofluoroscopy showed improved palate mobility and lift to above the 

plane of the hard palate. The tongue was no longer involved in lifting the velum. 

The levator insertion, the point of maximum velar mobility, was posterior. Firm 

closure to the posterior pharyngeal wall appeared to be achieved on this view 

(Figure V. 21). 
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Figure V. 21. Still image from lateral X-ray video saying /i/. Postoperative view. 

SP - soft palate; PPW - posterior pharyngeal wall; M - mandible. 

 

In summary, the patient was judged to now have the structure to make 

considerable progress in establishing his sound system and resolving his 

unintelligibility problems. Parents were counselled that there may be some residual 

mild hypernasality, but this would only be known once the sound system difficulties 

had resolved. At further review at age 5 and 7 years, his speech was within normal 

limits. 
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V. 5. Discussion 

In this study, a putative dominantly acting missense mutation in the activation 

domain of FOXF2 was identified, which fully segregated in a multigeneration family 

that includes 8 affected individuals, presenting with absent uvula, short posterior 

border of the soft palate, and abnormal pillars of the fauces. From screening 

available literature and based on the extensive experience of Mr Brian Sommerlad 

and the North Thames Cleft team, this is a very rare disorder of palate 

development. In the mouse, Foxf2 is expressed in the posterior region of the 

secondary palate, and homozygous loss of function results in a complete cleft of 

the secondary palate (Wang et al., 2003). Although mice naturally lack an uvula, 

we show here that FOXF2 is also expressed in the posterior human palate during 

development, including the rudimentary uvula. 

The FOXF2 variant was identified using a combination of linkage analysis and 

exome sequencing, followed by more detailed segregation analysis. Cytogenetic 

analyses, which were also performed during the preliminary investigation, revealed 

two small duplicated regions in 6p25.3. These flank but do not overlap with the 

FOXF2 locus and also fully segregate with the phenotype. The larger of these 

gains overlaps with two genes FOXC1 and GMDS, known for their associated 

pathology. In fact, gains or losses of this interval, as well as dominant mutations in 

FOXC1, are reported to cause glaucoma and/or Axenfeld-Rieger syndrome, which 

is characterized by Dandy Walker malformation and cerebellar hypoplasia, 

sometimes including micro- or hypodontia (Gould et al., 1997, Aldinger et al., 

2009). In another report, duplication of this interval was also reported, in a large 

pedigree that was characterized by glaucoma and iris hypoplasia (Lehmann et al., 

2000). GMDS encodes a key enzyme required for fucose metabolism (Ohyama et 

al., 1998) and is associated with glaucoma due to its proximity to FOXC1 and 

involvement in the same disease causing CNVs (Aldinger et al., 2009). However, in 

the Egyptian family, none of the individuals with the duplication display any obvious 

eye or brain malformations. The family was advised about the possibility of 

developing glaucoma and several members have been for ophthalmology 

checkups which were not remarkable. This collectively suggests that despite the 

overwhelming literature reporting pathology associated with this duplication, the 
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CNV at least in this family, is seemingly benign. We currently have no explanation 

for this, although one possibility is that the CNV could have occurred on a genetic 

background that was protective. There are several known examples of protective 

alleles such as in type 2 diabetes (Steinthorsdottir et al., 2014), lowering LDL 

cholesterol (Cohen et al., 2005) and cardiovascular disease (Wenquan et al., 

2011). 

Notably, the FOXF2 variant lies only ~200 kb distant to the proximal duplication. 

Decipher lists >60 individuals who have chromosomal gains or losses 

encompassing this region (Firth et al., 2009). While the majority of these have eye 

anomalies, 1 individual with a 1.7 Mb duplication including FOXF2 was reported to 

have a bifid uvula as well as hyperparathyroidism (Figure V. 5). This CNV was 

inherited from an unaffected father. Another individual with a small heterozygous 

deletion including only the FOXQ1 and FOXF2 loci (Figure V. 5) was reported to 

have a hypoplastic uvula and dysarthria, among other pathologies. This individual 

also had a de novo Chr5 duplication and a Chr2 duplication, while the 6p loss was 

implied benign, being inherited from his apparently unaffected father. Nevertheless, 

this rare description in Decipher and the precise location are striking. 

A possible explanation for how a copy number gain could influence nearby gene 

expression during palate development is via disruption of a local topologically 

associated domain (TAD) (Lupianez et al., 2016, Thieme and Ludwig, 2017). TADs 

which define boundary regions where DNA sequences such as promoter-enhancer 

contacts occur are often marked by CTCF binding sites. Although cells relevant to 

fetal uvula development have not yet been investigated, numerous CTCF binding 

sites conserved across multiple cell lines have been identified (http://genome. 

ucsc.edu/). These include at least one within the CNV immediately distal to 

FOXF2, which, by impacting a relevant TAD, could compound with the effect of the 

missense mutation. In the context of the family reported here, given the proximity 

and shared segregation, it is therefore difficult to rule out a role for both the CNV 

and the missense variant in the causality of the uvula phenotype. 

Forkhead genes encode transcription factors characterized by a ‘winged helix’ 

DNA binding domain. Mammals have two FoxF genes, FoxF1 and FoxF2, 

http://genome/
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previously called FREAC-1 and FREAC-2 or FKHL5 and FKHL6 in man and Lun in 

mouse (Carlsson and Mahlapuu, 2002, Clevidence et al., 1994, Pierrou et al., 

1994, Miura et al., 1998). FOXF2 consist of two exons separated by an intron. The 

first exon encodes the forkhead DNA-binding domain and one of the transcriptional 

activation domains AD2. The second exon contains the coding sequence 

corresponding to the C-terminal activation domain AD1 (Figure V. 10) (Blixt et al., 

1998). Foxf2 is located on Chr6p25.3 and plays a crucial role in mouse and rat 

models (Bu et al., 2015). It is expressed in the mesenchyme of the oral cavity and 

the tongue, the fetal and adult lung, placenta, at low levels in the prostate, small 

intestine, colon and fetal brain. In the palate, it is particularly strongly expressed in 

the posterior secondary palate, especially immediately prior and during palatal 

shelf fusion (Nik et al., 2016, Xu et al., 2016). There is no difference between its 

expression in mouse and rat tissues, which suggest that the developmental role of 

the Foxf2 gene may be universal in mammals (Aitola et al., 2000). Foxf1 is more 

widely expressed in early embryogenesis, and knockout mice die by midgestation 

caused by the vascular system abnormalities (Ormestad et al., 2004). 

Foxf2 is a downstream target of an epithelia-mesenchymal interference in the 

developing palate (Nik et al., 2016). It starts with Fgf10 from the mesenchyme 

activating Shh expression in the epithelium (Rice et al., 2004). Shh activates Foxf2 

expression in the mesenchyme. This pathway is linked to the expression of several 

genes responsible for Tgfβ signalling with consequences for collagen accumulation 

and mesenchymal proliferation. Suspension of Tgfβ signalling in palatal shelf 

mesenchyme by targeting Tgfβr2 in neural crest leads to upregulation of Foxf2 

expression. Genetic inactivation of many components of this sequence, upstream 

and downstream of Foxf2 causes CP with mesenchymal hypoplasia. Significant 

reduction in proliferation in posterior palate at E13.5 is observed where Foxf2 

expression is highest and is least overlapped with expression of Foxf1. 

Between E13.5 and E14.5 cellular proliferation and ECM accumulation are 

responsible for rapid expansion of the palatal shelves. Both factors are reduced in 

the Foxf2 mutant which can explain the developmental palate defect. Elimination of 

mesenchymal Tgfβ signalling by targeting the only Tgfβ ligand expressed in the 

mesenchyme, Tgfβ2 or the Tgfβ receptor specifically in the mesenchyme results in 
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CP phenotype with hypoplastic shelves, very similar to the Foxf2 mutant (Varga et 

al., 1987). As a transcription factor with potentially targeting many genes, FOXF2 

may influence palatal development in general, as well as Tgfβ signalling in 

particular, in several ways. 

The majority of E18.5 Foxf2-/- pups have a wide CP with no intermediate forms 

observed. It is apparent that FOXF2 activity is limited to a short period at the 

initiation of palatal shelf expansion (Nik et al., 2016). Tgfβ is itself a potent activator 

of integrin and fibronectin expression (Hocevar et al., 1999). The positive feedback 

loop this creates (Margadant and Sonnenberg, 2010) is a likely mechanism basis 

for the ‘all or nothing’ palatal phenotype of Foxf2 mutants (Nik et al., 2016, Xu et 

al., 2016). 

Kaufmann and Knochel (1996) described the importance of the forkhead protein 

family in embryonic development (Kaufmann and Knochel, 1996). As examples, 

targeted disruption of the mouse Foxa2 gene resulted in defects of node and 

notochord formation (Ang and Rossant, 1994), while Foxc1 knockout mice die at 

birth with hydrocephalus and skeletal defects (Pierrou et al., 1994) and Foxj1 

mutant mice display an absence of cilia and random left-right asymmetry (Levin et 

al., 1995). Although the forkhead family has been studied extensively, the functions 

of most of its members are still unknown. Wang et al. (2003) investigated the 

significance of Foxf2 in a number of ways including gene targeting, histology, 

immunohistochemistry, cell proliferation assays, in situ hybridization and skeletal 

analysis. The most notable defect was that new born Foxf2-/- mice were unable to 

suckle, as revealed by the absence of visible milk in their stomachs shortly after 

birth and died within 12-18 hours (Wang et al., 2003). Further investigation showed 

that this was caused by a CP and inability to achieve negative pressure in the oral 

cavity. 

Xu et al. (2016) showed strikingly correspondent patterns of ectopic Fgf18 

expression in the palatal mesenchyme and concomitant loss of Shh expression in 

the palatal epithelium in Foxf2 mutant embryos by in situ hybridization analysis. 

The palatal shelf expression zones correlated with areas where Foxf2 but not 

Foxf1 was expressed during normal palatogenesis. Also, inactivation of Foxf2 and 
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Foxf1 resulted in ectopic activation of Fgf18 expression throughout the palatal 

mesenchyme and dramatic loss of Shh expression throughout the palatal 

epithelium. Thus, Xu et al. (2016) described a novel Shh-Foxf-Fgf18-Shh circuit in 

the palate development molecular network, in which Foxf1 and Foxf2 regulate 

palatal shelf growth downstream of Shh signalling by repressing Fgf18 expression 

in the palatal mesenchyme to ensure maintenance of Shh expression in the palatal 

epithelium (Xu et al., 2016). The expression pattern of Shox2 marks the anterior 

half of the developing palatal mesenchyme (Xu et al., 2016). The level of Shox2 

mRNA expression in the anterior region of the palatal shelves was reduced in 

Foxf2-/- mutant embryos in comparison with the WT littermates. RTqPCR analysis 

validated the significantly increased expression of Fgf18 and reduced expression 

of Shox2 in the Foxf2-/- mutant palatal mesenchyme, consistent with results from 

whole mount in situ hybridization. 

In a parallel study published around the same time, Nik et al. (2016) proposed that 

gene expression changes in palatal shelf mesenchyme that lead to reduced Tgfβ 

signalling contribute to the CP in Foxf2-/- mice. Expression of several genes 

encoding extracellular proteins important for Tgfβ signalling were reduced such as 

a fibronectin splice-isoform essential for formation of extracellular Tgfβ latency 

complexes. For example, Tgfβr3 which acts as a co-receptor and an extracellular 

reservoir of Tgfβ and integrins αV and β1, which are both Tgfβ targets and required 

for activation of latent Tgfβ (Nik et al., 2016). Mice lacking Tgfβ3 exhibit a failure of 

the palate shelves to fuse, causing CP with incomplete penetrance (Proetzel et al., 

1995). TGFβ3 has also been reported to contribute to the aetiology of SMCP 

based on an association study of 12 candidate genes (Reiter et al., 2012). In this 

study, 24 SNPs were genotyped in a sample of 103 nonsyndromic SMCP patients 

of German origin and compared the allele frequencies with 279 healthy controls. 

FOXF2 has been well characterized as a transcription factor and was found to 

consist of a DNA binding domain and 2 transcriptional activation domains, AD1 and 

AD2 (Blixt et al., 1998). The p.Q433P variant in FOXF2 is located within AD1 

(Hellqvist et al., 1998) and was predicted to be damaging by bioinformatics 

analysis. We therefore investigated transcriptional activity of WT and p.Q433P 

FOXF2 proteins with a luciferase reporter assay in HeLa and HepG2 cells as 
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previously described (Hellqvist et al., 1998). Surprisingly, we found that the variant 

resulted in significant upregulation of FOXF2 protein. Since transcript levels were 

constant, this might be explained by more efficient protein translation or by 

increased protein stability. Alternatively, high levels of overexpressed WT protein 

might be problematic for the cells; therefore, translation is actively restricted or the 

protein rapidly degraded. None of these possibilities were investigated further here 

but would be interesting to pursue in future work. In the context of increased 

protein levels, the reporter analysis showed a net increase in luciferase activity as 

compared with WT. However, expression levels are driven by the constitutive CMV 

promoter in the construct and are not designed to replicate regulation of this locus 

in vivo. By expressing the activity as a factor of the protein level, the variant 

resulted in a considerable loss of activity, which might more truly reflect the result 

of mutation in the activation domain. It was therefore interesting to note a 

comparative increase in FGF18 expression (although not Shox2) (Xu et al., 2016) 

in HeLa cells overexpressing mutant versus WT FOXF2, which was the same 

general trend observed for mice lacking Foxf2 (Nik et al., 2016). Despite these 

cells not being a biologically relevant cell type for native FOXF2 expression, overall 

a similar effect was replicated. 

Further evidence for a role of FOXF2 in orofacial clefts was reported by Bu et al. 

(2015) who identified an association between two intronic SNPs within the gene 

and the occurrence of NS CL/P in an Asian population (Bu et al., 2015). Therefore, 

in an attempt to identify further mutations in FOXF2, we chose to investigate a 

cohort of CP and SMCP patients. In the absence of other cases with an absent 

uvula and hypernasality phenotype, these patients were considered the most likely 

to be on the same phenotypic spectrum, especially since SMCP is often associated 

with bifid uvula, however, we did not find any likely causal mutations. Instead, only 

two rare missense variants from the N-terminal portion of the protein were 

identified, both of which were predicted ‘benign’ by bioinformatics analysis. It is 

possible that patients with NS CLP might have been a better cohort, as suggested 

by the association data (Bu et al., 2015), but this remains to be tested. 

Furthermore, non-coding regulatory elements should not be ignored (Seto-Salvia 

and Stanier, 2014, Thieme and Ludwig, 2017). Nevertheless, our data potentially 
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reflects the rarity of the absent uvula and hypernasality phenotype and lack of 

phenotype-genotype overlap with other palate anomalies. 

While FOXF2 is strongly implicated for absent uvula, nearby chromosomal 

duplications are confounding factors that may also contribute, potentially in 

combination with the FOXF2 variant, by affecting transcriptional regulation of this 

or nearby genes. Further detailed analysis will be required to investigate the 

precise mechanisms involved and for example whether this combination may have 

an effect on penetrance of this condition. In the future it would be very helpful to 

identify further families with a similar phenotype who also have mutations in this 

gene or nearby CNVs to further dissect their individual roles. 

From a clinical perspective, we have described the clinical findings and 

management of a four-generational family with absent uvula and abnormal features 

of the oropharynx, associated with hypernasality. The presenting patient had a 

significant speech disorder and language delay associated with velopharyngeal 

incompetence, which led to a referral to a Cleft Lip and Palate Team for 

management. The other affected family members had less severe hypernasality, 

and did not present with significant problems in their sound systems (according to 

family reporting and assessment of II.2, II.3, III.3, III.4, III.5, III.6 family members by 

Mr Brian Sommerlad). As such, they were not considered candidates for surgery. 

This may be in part due to the more severe speech disorder in the patient, but may 

also reflect the general lack of available services in Egypt for the earlier 

generations, and comment on the society’s acceptance of speech differences at 

that time. 

Velar surgery was performed on the patient when he was 3 years and 2 months 

old. The operation involved lengthening the palate by suturing together the 

posterior pillars of the fauces and then releasing them inferiorly together with 

dissection and retropositioning of the palate musculature - especially the levator 

(Sommerlad, 2003). Follow-up seven months after surgery demonstrated 

significant improvement in speech, evidenced from the perceptual assessment, 

and velar function as demonstrated on lateral videofluoroscopy, and he went on to 
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completely resolve his speech difficulties supported by speech therapy 

intervention. 

There are two interesting observations to be made. First, the degree of 

hypernasality was described as mild preoperatively and moderate postoperatively, 

suggesting perhaps a lack of improvement with surgery. However, there was 

important evidence for improvement in oral tone in the context of correct consonant 

production across both high and low vowels. This latter observation was very 

important in advising on the need for continuing therapy and likely success of the 

surgery. The apparent conflicting evidence of worsening hypernasality was a direct 

result of longer utterances postoperatively reflecting the resolving language delay 

observed at the initial appointment. Second, postoperative management 

recommended continuing therapy for the persistent articulation difficulties, rather 

than structurally related speech phenomena of hypernasality or nasal emission. 

Correcting the nasal fricatives and syllabic nasals resulted in habituating oral tone 

throughout speech, evidence for which was found at the postoperative 

assessment. He has continued to be seen annually by the surgeon. At the age of 5 

and 7 years, his speech was recorded and assessed as having complete resolution 

of the articulatory difficulties. 
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V. 6. Conclusion 

Disease causing gene identification enables a molecular diagnosis which is 

extremely valuable to the patient and their family. It provides insight and 

understanding as to why the condition has arisen in addition to future risk 

assessment, carrier testing and the possibility of prenatal diagnosis. From a 

research point of view, gene identification is the first step in understanding the 

disease and the physiological role of the underlying protein. In many cases, it is a 

key step in the development of therapeutic strategies and their translation into 

clinical practice. An important focus of this thesis was to study rare forms of palate 

phenotype, including the identification of novel genes that when disrupted cause 

such a palate abnormality. In this chapter, we have studied a multiplex Egyptian 

family who presented with a rare condition described as autosomal dominant 

hypernasality and absent uvula palate. 

The extended pedigree was subjected to cytogenetic and linkage analysis. We 

then chose to use the unbiased screening strategy of WES rather than selecting 

and analysing candidate genes individually. WES analysis was performed on two 

distant affected cousins and one unaffected aunt who herself has 3 unaffected 

children, making it unlikely that she was a carrier of a non-penetrant mutant allele. 

Twenty-one candidate variants were identified following Ingenuity analysis and 11 

of these were excluded when compared to the linkage analysis. The ten remaining 

variants were then examined as possible candidates, starting with Sanger 

sequencing which confirmed the validity of each. Bioinformatics screening was also 

used to assess the potential effects of the sequence change on protein function but 

the findings were not considered discriminatory. The recruitment of three additional 

family members, one affected and two unaffected individuals was extremely helpful 

allowing further segregation analysis. This proved highly informative and excluded 

9 of the 10 genes, leaving FOXF2 as the most likely candidate. Through WES, 

linkage analysis and functional studies, we have identified a missense variant in 

FOXF2 as the likely cause of autosomal dominant hypernasality and absent uvula 

palate. 
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The original cytogenetic analyses revealed two small duplicated regions in 6p25.3 

which flank but do not overlap with the FOXF2 locus. These CNVs also fully 

segregated with the phenotype. The larger of these gains overlapped with two 

genes FOXC1 and GMDS, known for their associated pathology. However, in the 

Egyptian family, none of the individuals with the duplication display any obvious 

eye or brain malformations. The family was advised about the possibility of 

developing glaucoma and several members have been for ophthalmology 

checkups which were not remarkable. This collectively suggests that despite the 

overwhelming literature reporting pathology associated with this duplication, the 

CNV at least in this family, is seemingly benign. 

It is known that that Foxf2 is expressed in mice palate tissue and knockout of the 

gene leads to CP in the majority of E18.5 null pups (Nik et al., 2016). Investigation 

of FOXF2/Foxf2 gene has its own limitations. While mouse studies are extremely 

valuable, they also provide limited information in this case since mice are lacking 

the anatomical structure of an uvula. Furthermore, homozygous knockout mice 

develop a lethal overt CP. Studies of human embryos showed that FOXF2 

expression occurs at the back of the palatal shelves, but visualization of the fully 

formed uvula is not really possible at early stages of human embryos development. 

Nevertheless, the results of our study add to knowledge from previous studies and 

suggest FOXF2 as a novel gene for posterior palate and velopharynx 

development. 

Our findings are important for future counselling particularly in this extended 

Egyptian family. The clinical representation of this rare form of palate defect, 

assessment tools and treatment options could be a useful guide for any similar 

cases. Potential risk and prognosis based on current outcomes can be assessed 

based on the clinical history of this Egyptian family. 

Close collaboration should be encouraged between clinicians, geneticist and 

researchers. Understanding this condition may allow health care professionals to 

better recognize rare forms of palate pathology, which can result in earlier referral 

of patients to specialized centres for diagnosis and treatment in a timely manner. 
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V. 7. Future work 

Publication of this work will bring the case to the attention of the relevant scientific 

and clinical community. This is important as it may allow the identification of more 

families with autosomal dominant unusual velopharyngeal anatomy leading to 

hypernasality. This would help to confirm the role of FOXF2 and may better explain 

the importance of the surrounding genomic environment. 

Finding novel genes that interact with or are downstream of the FOXF2 

transcriptional pathway will allow a better understanding of normal palate 

development and its pathogenesis. Further transcriptional targets could be 

identified by performing RNA-Seq on flow sorted palatal shelf tissue specific cells 

between WT and Foxf2-/- in both CM and CNC derived tissue (as described in 

Chapter IV: Investigation of transcriptional changes downstream of Tbx22 during 

mouse palate development). This would complement similar studies performed by 

Xu et al. (2016), who used Osr2-Cre at E13.5 (Foxf2 expression peak). It may be 

helpful to include earlier and later embryo stages to monitor the Foxf2-dependant 

differentially expressed genes during development (Xu et al., 2016).  

Another line of inquiry would be to investigate the duplicated regions in 6p25.3 

overlapping with two known genes FOXC1 and GMDS. Our study suggests that 

despite the overwhelming literature reporting pathology associated with this 

duplication, the CNV at least in this family, is seemingly benign. There are several 

known examples of protective alleles and there is a possibility the CNV could have 

occurred on a genetic background that was protective (Steinthorsdottir et al., 2014, 

Cohen et al., 2005). It might be possible to answer this question by generating 

transgenic mice mimicking aspects of the Egyptian families Chr6p region, to look 

for effects on Foxc1-dependent phenotypes. 
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