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ABSTRACT 

 

Corneal endothelial development is an intricate process driven by finely tuned gene 

expression. Its formation is necessary for the continued normal development of the 

anterior segment of the eye. The presence of an inductive lens able to secrete factors such 

as TGFβ2 as well as the expression of Foxc1 and Pitx2 is essential to corneal endothelial 

development, as in the absence of any of these; the corneal endothelium fails to form. 

Corneal endothelial development begins as peri-ocular mesenchyme (POM) cells migrate 

into the space between the lens and surface ectoderm at E11.5. From E12.5, these cells 

begin to transition from a mesenchymal to an epithelial/endothelial (MET) phenotype, 

differentiating into a monolayered endothelium by E15 characterised by inter-cellular 

junctions. To study the initial process of development, immortalised POM cell lines from 

E12.5 and E13.5 embryos were used. Expression of the key genes, the transcription factors, 

Foxc1 and Pitx2 and two genes involved in EMT/MET, Slug and Tsc22, were analysed at 

these stages to establish the developmental norm. The effect of the lens on these 

expression levels was then determined. To establish whether TGFβ2 is the lens secreted 

signal responsible for gene expression changes, cells were subjected to TGFβ2 treatment. 

In all these experiments, the role of Foxc1 in regulating gene expression was determined 

by Foxc1 overexpression and knockdown. The effect of the lens on cellular proliferation 

and on the expression and cellular arrangement of N-cadherin, a junction protein was also 

determined. 

 

The results showed that, at E12.5, the lens downregulates Foxc1 and Pitx2 expression, is a 

potent inducer of Tsc22 expression and is required for maintaining Slug levels. TGFβ2 was 

shown to play a role in Foxc1 and Pitx2 downregulation. Analysis suggests that Tsc22 

expression is responsive to lens signals, but that TGFβ2 is not the signal responsible for its 

downregulation between E12.5 and E13.5. The lens has no effect on Slug expression in the 

presence of Foxc1, but when Foxc1 is silenced, Slug is induced. Thus, Foxc1 plays a crucial 

regulatory role in Slug expression. At E13.5, as differentiation is initiated, Foxc1 expression 

remains responsive to the lens and to TGFβ2. Pitx2 expression is still induced by the lens 

but, at this stage, TGFβ2 does not play a part in Pitx2 regulation suggesting involvement of 

other unknown lens secreted signals. Other lens secreted signal/s were also shown to 

downregulate Tsc22 and Slug at this stage. The lens was implicated in MET as it was shown 

to have an effect on N-cadherin localisation in 3-dimensional culture. E12.5 Spheroids 

exposed to E6 lenses formed a distinct lattice arrangement of N-cadherin compared to the 
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uniform distribution in control cells. Although the 13.5 control cell aggregates also showed 

a lattice framework, it was more pronounced in the lens treated cells.  The transcriptional 

role of Foxc1 was determined by overexpression and knockdown experiments where Foxc1 

overexpression and knockdown upregulated Tsc22 and downregulated Pitx2 and Slug at 

E12.5. At E13.5, Pitx2 was downregulated and Slug was upregulated in response to 

aberrant expression of Foxc1. This was illustrative of the sensitivity these genes have to 

Foxc1 expression during development. 

 

It is known that the presence of a functioning lens and Foxc1 are essential for proper 

development of the corneal endothelium, which in turn is necessary for normal eye 

development. The understanding of the precise molecular mechanisms required for 

corneal endothelial development and the processes requisite for cell proliferation and 

differentiation has important consequences for providing further insight into the 

pathophysiology of anterior segment dysgenesis and glaucoma. Previous studies suggest 

that stem-cell like qualities are conferred in cells undergoing EMT. Such an investigation 

may lead to application in regenerative medicine such as the bioengineering of corneal 

tissue.  
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CHAPTER 1: LITERATURE REVIEW 

1.1. The Eye 

The vertebrate eye is a complex structure of different cells and tissues in constant 

communication to facilitate normal visual function (Gilbert, 2006; Ittner et al., 2005; 

Kidson et al., 1999). It is an asymmetrical sphere comprising two distinct portions, the 

anterior segment and the posterior segment. The opaque posterior segment is made up of 

the choroid, sclera, and retina; the sensory apparatus of the eye. While the shape of the eye 

is restricted by the dense connective tissue of the sclera, the internal pressure of the 

posterior segment is maintained by the viscous vitreous humour (Tortora and Grabowski, 

2003; Cvekl and Tamm, 2004). The smaller, transparent anterior segment is made up of 

the cornea, conjunctiva, iris, pupil, anterior and posterior chamber filled with aqueous 

humour, ciliary body and lens (Gould et al., 2004; Gilbert, 2006). The structure of the eye is 

shown below in Figure 1.1. 

 

 

Figure 1.1: The anatomy of a mature human eye showing the anterior and posterior segments. 

Image adapted from http://www.biographixmedia.com/humaneye-anatomy.html. 

 

The cornea is continuous with the sclera by means of a limbus and together, they form the 

fibrous tunic, the external layer of the eye (Gould et al., 2004; Tortora and Grabowski, 

2003). The vascular tunic is made up of the choroid, extending throughout the inside of 

the posterior segment and terminating in the ciliary body and iris. The role of the vascular 
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tunic is to provide nutrition to the posterior retinal surface (Tortora and Grabowski, 2003; 

Cvekl and Tamm, 2004). The aperture through which light enters the posterior chamber is 

called the iris. It is controlled by musculature capable of contracting and relaxing thereby 

dilating or reducing the pupil (Napier and Kidson, 2007).  Suspended behind the pupil is 

the lens. This structure is connected to the ciliary body by ligaments known as the zonular 

fibres (Tortora and Grabowski, 2003). The neural tunic consists of the retina, a double 

epithelium carrying the photoreceptors of the eye. This tissue extends throughout the 

internal surface of the eye to the ciliary processes and inner surface of the iris (Tortora 

and Grabowski, 2003).  

  

Normal vision is achieved when these structures respond to light efficiently and in 

concert. The curved cornea allows the passage of light, while focussing and refracting the 

incident rays (Cvekl and Tamm, 2004; Davis et al., 2003). By tension and relaxation, the 

iris regulates the amount of light entering the eye. The light path is further refracted as it 

passes through the lens (Cvekl and Tamm, 2004) and is projected onto the retina. The 

extent to which light refracts is determined by the diameter of the lens which, in turn, is 

controlled by the ciliary body to which it is attached. Light is perceived by the 

photoreceptors of the retina, converted to signals that are subsequently transported via 

the optic nerve and interpreted into a visual image by the brain (Cvekl and Tamm, 2004). 

Without the proper development of the structures and tissues of the anterior segment, 

normal vision would be impeded, if not impossible. 

 

1.1.1. Eye development: An overview 

Gastrulation is the process in early development during which the three germ layers 

giving rise to all the tissues in the body are formed (Tortora and Grabowski, 2003). 

Vertebrate eye components develop as follows: the ciliary/iris epithelium, retina and optic 

nerves are derived from the diencephalon neuroectoderm (Reneker et al., 2000) while 

surface ectoderm subsequently gives rise to the lens and corneal epithelium (Davis et al., 

2003). The neural crest/mesoderm gives rise to the sclera, choroid, blood vessels, corneal 

endothelium and stroma, ciliary body and iris, and surrounding mesenchyme (Gilbert, 

2006; Graw 2010; Gage et al., 2005).  

Constant communication between adjacent cell groups and tissues facilitate the complex 

process of eye development. These cell groups permit behavioural changes in response to 

each other. This interaction, called induction, is when the inducing cells produce a signal 
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that acts on another group of cells known as the responder (Gilbert, 2006; Gage and 

Zacharias, 2009). The collaboration of transcription factors and inductive signals in a 

series of sequential and reciprocal inductions are crucial to proper development, 

especially as vertebrate eye tissues originate from all three germ layers (Mann, 1964; 

Gilbert 2006).  

Mouse eye development is initiated when an eye field is specified on the anterior forebrain 

at embryonic day 8.5 (E8.5) (Pei and Rhodin, 1970; Gage and Zacharias, 2009). 

Development begins as protuberances of the lateral aspects of the diencephalon 

(developing forebrain), known as the optic vesicles, bulge outwards through a layer of 

mesenchyme towards the neural ectoderm (Cvekl and Tamm, 2004; Gould et al., 2004; 

www.theodora.com/anatomy/the_organ_of_sight.html). In the mouse, this occurs at 

approximately E9.5 corresponding to E28 in humans (Pei and Rhodin 1970, Cvekl and 

Tamm, 2004) (Figure 1.2). The proximity of the optic vesicle with the surface ectoderm 

induces a few cells in close spatial arrangement to the neural ectoderm to form a local 

thickening of the cells in that area due to increased proliferation (Pei and Rhodin, 1970; 

Lovicu and McAvoy, 2005). This thickening of cells, known as the lens placode (Gilbert, 

2006; Pei & Rhodin, 1970; Cvekl and Tamm, 2004) is fated to become the lens (Reneker et 

al., 2000) by receiving and responding to inductive signals (Gilbert 2006). The thickened 

ectoderm (the lens forming portion) invaginates at E10.5, inducing the underlying optic 

vesicles of neural ectoderm (Gould et al., 2004) to fold inwards forming bi-layered optic 

cups (Mann, 1964; Gilbert 2006; Gould et al., 2004; Gage and Zacharias, 2009). The inner 

layer is the prospective retina characterised by rapid proliferation, and the outer layer is 

the prospective pigmented epithelium (Cvekl and Tamm, 2004). The lens placode 

continues to grow and eventually forms the lens pit and subsequently the lens vesicle 

(Graw, 1999; Cvekl and Tamm, 2004). At this point, the lens vesicle is still attached to the 

surface ectoderm (Pei and Rhodin, 1970). Detachment of the lens vesicle and sinking into 

the optic cup at E11 (E44 of human development) approximately marks the beginning of 

anterior segment development in mice (Reneker et al., 2000; Sowden, 2007). 
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Figure 1.2: An illustration of eye development. A) A developing embryo showing the plane of the 

section in red. B) ~E9.5 in the mouse, the optic vesicles = OV are bulging outward from the 

diencephalon = DE toward the surface ectoderm = SE. C) ~E10, the lens placode = LP is induced by 

the optic vesicle D) ~E10.5, Lens pit invaginates inducing the optic cup = OC E) ~E11, prospective 

pigmented epithelium = PE is distinct from the prospective retina = R, lens vesicle = LV detaches 

from surface ectoderm. Image adapted from http://www.bionalogy.com/eye_and_ear.htm. 

1.1.2. Prenatal  development of the anterior segment of the eye 

Between E11.5 and E12.5, the newly developed space between the lens vesicle and 

restored surface ectoderm becomes filled by a wave of migrating periocular mesenchyme 

(POM) cells of predominantly cranial neural crest origin (Ittner et al., 2005; Cvekl and 

Tamm, 2004; Gilbert, 2006;  Reneker et al., 2000). These POM cells will differentiate into 

the corneal endothelium and stroma, iris, ciliary body and trabecular meshwork (Mann, 

1964; Reneker et al., 2000). E12.5 is marked by high POM cell proliferation till the cells 

begin to condense at E13.5 as the differentiation of the mesenchyme is initiated. This 

change in morphology involves weakening of cell-lens adhesions and changes in adjacent 

cell-cell interaction to form junctions. Between E6 and E9 in the chick (approximately 

E13.5 and E15 in the mouse), the POM cells respond to signals from the lens (Beebe and 

Coats, 2000), encouraging differentiation into the corneal endothelium by mesenchyme to 

epithelial transition.  From E14.5, the presumptive corneal endothelium appears as a 

continuous monolayer (Gage and Zacharias, 2009; Pei and Rhodin, 1970). These cells 

continue to differentiate, changing morphology from stellate to elongate. The corneal 

endothelium must be established as it is essential to the formation of an anterior chamber 
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as well as the development of the other structures of the eye (Gilbert, 2006; Cvekl & Tamm 

2004; Kidson et al. 1999; Reneker et al., 2000). The space created by the detachment is 

fated to become the anterior chamber filled with aqueous humour (Gage and Zacharias, 

2009). By E16.5, the mouse anterior chamber is fully formed. Keratocytes of the corneal 

stroma proliferate and the number of cells peaks at E17 as they begin to assume lamellar 

arrangement (Gould et al., 2004; Sowden, 2007). From E17, the neuroectoderm 

differentiates to become the ciliary body (Cvekl and Tamm, 2004; Gould et al., 2004). In 

tandem, the iris extends into the cavity between the cornea and lens (Reneker et al., 2000). 

The last tissues to develop in the anterior segment are the trabecular meshwork and 

Schlemm’s canal, which are both involved in drainage of the aqueous humour (Cvekl and 

Tamm, 2004).  

Undoubtedly, the most necessary structure relevant to proper development of the anterior 

segment is the lens (Beebe and Coats, 2000; Gould, 2002) and its role in a carefully timed 

‘conversation’ with the corneal precursors across a permissive extracellular matrix. Lens 

ablation and transplantation studies have shown that the cornea degenerates or does not 

form (depending on developmental stage) in the absence of a lens (Kidson et al., 1999).  

1.1.3. The cornea and the lens 

The cornea is the outermost structure of the eye covering the tissues of the anterior 

segment. It is transparent, therefore non-vascularised, and obtains its nutrition from the 

aqueous humour and tear fluids. The cornea is innervated and has a curvature which 

contributes to the total refractive power of the eye, specifically focussing light onto the 

lens.  
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Figure 1.3: The anterior segment of the vertebrate eye with an insert showing the anatomy of the 

cornea. Image adapted from http://www.empowher.com/media/reference/corneal-

abrasion and http:www.aafp.org/afp/2004/0701/p123.html. 

 The corneal tissue in humans is comprised of five layers: The outermost corneal 

epithelium, Bowman’s layer, corneal stroma, Descemet’s membrane and the innermost 

corneal endothelium (Figure 1.3). The corneal epithelium is a multi-cell stratum of 

squamous epithelial cells that are proliferative and regenerative. The anterior most layer 

of cells is responsible for oxygen diffusion from the air via tear moisture and is constantly 

shed as new tissue is regenerated in the base. Bowman’s layer is a tough collagenous layer 

of fibrils that protects the stroma beneath. The corneal stroma is a thick layer of 

approximately 200 layers of collagen fibres arranged in parallel and on top of one another. 

Keratocytes are interspersed amongst the fibrils, helping to maintain the layer by 

functioning as connectors. Descemet’s membrane is below and it is an acellular layer of a 

more flexible collagen. Lastly and most significantly, the corneal endothelium is a 

squamous monolayer that controls the fluid and solute exchange between the aqueous 

humour and stroma. Cells of the corneal endothelium are incapable of regeneration. When 

cells of the endothelium die, the remaining cells compensate by spreading out thereby 

affecting efficiency of fluid regulation (Kivelä and Uusitalo, 1998; Scheef et al., 2007; 

Tortora and Grabowski, 2003). This results in edema which can significantly damage the 

tissue leading to visual impairment. When the cornea is distressed, by mechanical damage 

or viral infection, an irregularly arranged patch of collagen will be deposited (by the 

stroma) causing opacity (Cubitt et al., 1993). This is a leukoma. 
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The lens is a non-vascularised, non-innervated, transparent structure lying behind the 

cornea and iris. It is biconvex and alters its shape in order to manipulate the focus effect of 

the light entering the eye. This is achieved by the tension and relaxation of the zonular 

fibres, ligaments suspending the lens between the muscles of the ciliary body. The lens 

consists of a lens capsule, lens epithelium and a cortex of lens fibres (Figure 1.4) (Tholozan 

and Quinlan, 2007; Tortora and Grabowski 2003; Wormstone et al., 2006). The lens fibres 

contribute the most, by bulk, to the constitution of the lens. They are transparent densely 

packed cells. The capsule is a supple, collagenous membrane that, as implied by its name, 

encapsulates the whole structure. The lens epithelium is a layer of cuboidal epithelia that 

lies between the capsule and lens fibres on the anterior portion of the lens. Osmolarity, 

volume and current are maintained by the lens epithelium. Both the capsule and lens 

fibres are generated by the epithelium (Lovicu and McAvoy, 2005; McAvoy and 

Chamberlain 1989).  

 

Figure 1.4: The anterior segment of the eye showing anatomy of the lens. Image adapted from 

http://www.marineyes.com/anterior-segment.  

In summary, the lens develops from the surface ectoderm while POM cells of neural crest 

origin develop into the corneal endothelium (Tripathi et al. 1991; Pei and Rhodin, 1970). 

The most significant contributors to the function of the cornea and lens are the lens 

epithelium and the corneal endothelium respectively (Genis-Galvez, 1966). Both layers 

serve as the homeostatic preservers of their corresponding tissues (Tholozan and Quinlan, 

2007; Lovicu and McAvoy, 2005). Furthermore, the lens epithelium is essential for the 

formation of the corneal epithelium. Beebe and Coats (2000) showed that corneal 

endothelial cell development could be induced by the lens in the avian eye between E4 and 
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E15 and that orientation of the lens was central to this process. Corneal endothelial cells 

were only stimulated in proximity to the anterior surface of the lens implicating secreted 

signals from the lens epithelium in an interaction with the migrating corneal endothelium 

precursors (POM cells). Correct development therefore is facilitated by the action of 

transcription factors in conjunction with secreted signals. Although the timing of these 

events is well understood, the molecular mechanisms underlying the processes remains 

relatively unknown (Graw, 2010; Gould et al., 2004). Any primary defect in these two 

structures or their development would result in disintegration of the processes dictating 

normal anterior segment development. 

1.2. Pathologies of eye development  

The structures of the anterior segment of the eye are formed in a series of carefully 

synchronised, highly regulated series of interactions between the neural crest and 

ectoderm. Any defect in these complex structures or loss of function of regulators will lead 

to anterior segment dysgenesis (ASD) (Gage et al., 2005; Sowden, 2007; Nishimura et al., 

2001) and visual dysfunction. ASD disorders are complex and genetic causative factors are 

not specific to a particular disorder phenotype. Conversely, the same phenotype can be 

linked to different genetic factors as seen in Table 1.1 (Gould et al., 2004; Sowden, 2007). 

ASD leads to a wide range of developmental ocular disorders the most common and 

notable of which are congenital glaucoma, Peter’s Anomaly and Axenfeld-Rieger 

Syndrome. 
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Table 1.1: Common ASD disorders showing the associated mutant genes. Adapted from 

Sowden (2007). 

  

Axenfeld-

Rieger  

Peter's 

anomaly 

Primary 

congenital  

  syndrome   glaucoma 

ASD clinical features       

    Corneal opacity 

 

  

     Corneal opacity with lens/iris 

adhesions 

 

  

     

        

        Pupil-polycoria corectopia     

 

 

  

  Abnormal angle iris strands to  

   trabecular meshwork/       

cornea-peripheral anterior synechiae 

       ASD genes 

       PITX2 4q25     

     FOXC1 6p25   

      PAX6 11p13     

     FOXE3 1p23 

 

  

     CYP1B1 2p22 

 

    

_____________________________________________________________________________________________________ 

1.2.1. Congenital Glaucoma  

Glaucoma is a leading cause of blindness worldwide characterised by visual field defects as 

a result of damage to the optic nerve and degeneration of retinal ganglion cells. It is 

treatable with early detection and is most commonly associated with or is the direct result 

of increased intraocular pressure (IOP) (Nishimura et al., 2001; Mears et al., 1998; Tamimi 

et al., 2006; Evans and Gage, 2005; Gould et al., 2004; Smith et al., 2000; Baulmann et al., 

2002; Kume et al., 1998). Aqueous humour, produced by the ciliary body, fills the space 

between the cornea and lens which is further divided into two chambers by the iris, 

nourishing the avascular cornea and draining out via the trabecular meshwork into 

Schlemm’s canal (the irido-corneal angle)(Smith et al. 2000; Sowden, 2007; Tortora and 

Grabowski, 2003). IOP is maintained when the aqueous humour production and drainage 

is properly regulated (Sowden, 2007). Congenital glaucoma is thought to involve 

malformation of the irido-corneal angle which contains the drainage system for the 

aqueous humour (Smith et al., 2000; Kidson et al., 1999). This malformation can be caused 
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by any process leading up to the development of the irido-corneal angle such as defective 

migration or differentiation of mesenchymal cells necessary for development of these 

structures (Smith et al., 2000; Kume et al. 1998; Saleem et al., 2001). IOP increases as 

aqueous humour fails to drain into the venous system thereby exerting pressure on the 

optic nerve and fovea leading to symptoms associated with glaucoma (Kidson et al., 1999; 

Baulmann et al., 2002). 

Congenital glaucoma may also be the direct consequence of Peters’ anomaly and 

Axenfeld-Rieger Syndrome. 

1.2.2. Peters’ anomaly 

Peters’ anomaly is predominantly characterised by leukoma, corectopia (displaced or 

distorted pupils) and the adhesions of the iris to the lens, the lens to the cornea and the 

cornea to the iris (Sowden, 2007; Cvekl and Tamm, 2004) (Figure 1.5). Polycoria (ectopic 

pupils) have also been reported (Sowden 2007). Cataract will result when the lens adheres 

to the cornea. Cases of Peters’ anomaly are isolated and increased IOP is implicated in 50-

70% of these (Cvekl and Tamm, 2004). The basis of Peters’ Anomaly is a principal defect in 

Descemet’s membrane, corneal stroma or corneal endothelium during development 

(Reneker et al., 2000; Cvekl and Tamm, 2004). 
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Figure 1.5: A histological comparison of stages in normal eye development of a wild type mouse = 

W, and mutant showing the characteristic phenotype associated with Peters’ Anomaly = W. The 

stages shown are arbitrary. Stage 1 in the wild type shows the normal development of an anterior 

chamber. In the mutant, this chamber does not develop and the lens may remain adhered to the 

developing cornea. Stage 2 shows a developing iris-lens adhesion in the mutant. A developed 

Trabecular meshwork (arrowhead) and Schlemm’s canal (arrow) can be seen during normal 

development in Stage 3 whereas in the mutant these are absent. Stage 4 shows a foliated ciliary 

body = cb, in the wild type. The mutant classically shows no development of the zonular fibres and 

the irido-corneal angle is adhered to the lens. Scale bar is 50μm. Image adapted from 

http://www.hmg.oxfordjournals.org/content/16/7/798/F2. expansion. 

1.2.3. Axenfeld-Rieger Syndrome (ARS) 

ARS is a developmental disorder characterised by dysgenesis of the anterior segment of 

the eye, dental dysgenesis, craniofacial abnormalities and skeletal dysgenesis. The Rieger 

anomalies are related to the dental or facial abnormalities while the Axenfeld anomalies 

are linked to the adhesion abnormalities (Cvekl and Tamm, 2004). Other manifestations 

include redundant periumbilical skin and congenital cardiac conditions (Huang et al., 

2008). Hearing impairment has also been linked to ARS (Sowden, 2007). When inherited 

in an autosomal recessive fashion, ARS is associated with mental retardation, 

hydrocephalus, and meningeal calcification (Tamimi et al., 2006; Sowden, 2007; Reneker 

et al., 2000). Autosomal dominant ARS presents with polycoria, iris hypoplasia, corectopia 

and aniridia. 50% of cases develop early onset glaucoma (Cvekl and Tamm, 2004; Tamimi 

et al., 2006; Huang et al., 2008).  
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The diversity of symptoms/phenotypes associated with ARS point to a malfunctioning 

developmental foundation.  Under the control of various transcription factors and signals, 

the mesenchymal progenitor cells differentiate into the many structures of the eye. 

Correct development is dependent on the proper function of these genes and their 

expression in their relative doses (Sowden, 2007; Gould and John, 2002). Figure 1.6 shows 

a typical ASD progression compared to normal development. Gene mutations have been 

identified and associated with the ASD spectrum, validating the importance of these 

factors in proper eye development.   

 

Figure 1.6: A comparison between the characteristics of normal eye development = W and mutant 

associated with ASD = M, in the mouse. At E9.5 the wild type and mutant phenotypes are 

indistinguishable as the optic vesicle = OV, is still in contact with the surface ectoderm. At E10.5 the 

lens vesicles show a difference in size. Re = the developing retina.  By E11.5 the lens vesicle should 

be closed as in the wild type (arrow) but the mutant it remains part of the surface ectoderm = AL. 

The lens should be separate from the surface ectoderm by 12.5 (arrow) but as observed in the 

mutant, it is still continuous = AV. The corneal endothelium begins to form at E13.5 and become 

separated from the lens epithelium by E14.5, creating the anterior chamber. In the mutant, the 

corneal endothelium does not develop and an optic fissure may develop as shown by the open 

arrows (E13.5 and E14.5). By E14.5, the anterior segment has not formed as the lens is still 

continuous with the tissue of the presumptive cornea. Scale bar from E9.5 – E 11.5 is 50μm and 

100μm from E12.5 – E14.5. Image adapted from Wurm et al. (2008). 

1.3. Key factors involved in eye development 

Studies have shown that five loci are directly linked to eye development disorders. These 

are mutations of PITX2 on 4p25, FOXC1 on 6p25, PAX6 on 11p13, FOXE3 on 1p23, 

andCYP1B1 on 2p22 (Sowden, 2007; Kidson et al., 1999). Of these, PAX6, PITX2 and FOXC1 

play key roles in the developing anterior segment by directing the proper differentiation 



 

of ocular mesenchyme (Baulmann 

expression of PITX2 and FOXC1

different stages of development in Figure 1.

Figure 1.7: The expression of 

mouse ~ 5th week in human gestatio

gestation, formation of the anterior chamb

showing cornea and irido-corneal angle. 

1.3.1. Paired box protein, 

PAX6, mapped to 11p13 of the human genome, codes for a paired domain transcription 

factor which has an important

invertebrates. It also coordinates

mesenchyme cells of the neural crest (Grindley 

Baulmann et al., 2002; Quinn 

in formation of the anterior segment of the eye has been show

(Sey) mice which carry the 

Pax6 result in lack of eyes an

LITERATURE REVIEW                                                                   

of ocular mesenchyme (Baulmann et al., 2002; Ittner et al., 2005; Kidson 

FOXC1 in different tissues of the anterior segment is shown at 

different stages of development in Figure 1.7. 

The expression of PITX2 and FOXC1 in anterior segment development

in human gestation, formation of the optic cup. B) E15.5 ~ 5th

gestation, formation of the anterior chamber and corneal endothelium. C) Mature anterior segment 

corneal angle. Image adapted from Sowden (2007). 

Paired box protein, PAX6 

, mapped to 11p13 of the human genome, codes for a paired domain transcription 

n important regulatory function in the development of vertebrates and 

. It also coordinates the interactions between neural epithelium and 

mesenchyme cells of the neural crest (Grindley et al., 1995; Cvekl and Tamm, 2004; 

, 2002; Quinn et al., 1996). The significance of Pax6, the murine homologue,

in formation of the anterior segment of the eye has been shown in studies of small eye 

) mice which carry the Pax6 mutation (Matsuo, 1993). Homozygous mutations for 

result in lack of eyes and nasal cavities, and, typically, death soon after birth 

LITERATURE REVIEW                                                                   13 

; Kidson et al., 1999). The 

in different tissues of the anterior segment is shown at 

 

in anterior segment development. A) E10.5 in 

th month in human 

ature anterior segment 

, mapped to 11p13 of the human genome, codes for a paired domain transcription 

development of vertebrates and 

the interactions between neural epithelium and 

, 1995; Cvekl and Tamm, 2004; 

, the murine homologue, 

in studies of small eye 

. Homozygous mutations for 

death soon after birth 



LITERATURE REVIEW                                                                   14 

 

(Baulmann et al., 2002; Grindley et al., 1995; Davis et al., 2003).  Pax6 mutations also give 

rise to iris hypoplasia and leukoma as well as malformation of the irido-corneal angle as a 

result of defective differentiation of the trabecular meshwork (Baulmann et al., 2002). In a 

dose-related study, heterozygous mutations of Pax6 were characterised by failed lens 

induction or a breakdown of the separation of the lens vesicle from the surface ectoderm 

(Gould et al., 2004; Cvekl and Tamm, 2004). These experiments highlight the importance 

of gene dosage as the functional single copy of Pax6 does not have a sufficient 

transcriptional activity to overcome this haplo-insufficiency (Cvekl and Tamm, 2004). In 

humans, PAX6 mutations are linked to aniridia, foveal hypoplasia and keratitis (Quinn et 

al., 1996; Davis et al., 2003; Cvekl and Tamm, 2004; Baulmann et al., 2002) indicating a 

link with Peter’s anomaly (Sowden, 2007).   

Grindley et al. (1995) showed that Pax6 expression was necessary for lens placode 

formation hence its expression in the ectoderm, lens placode, lens vesicle and optic vesicle 

(Baulmann et al., 2002; Quinn et al., 1996; Grindley et al., 1995) during early mouse 

development. (Davis et al., 2003). In later development, up to E15, Pax6 expression is most 

stringent in the epithelia of conjunctiva, ciliary body, neural retina and lens (Quinn et al., 

1996; Grindley et al., 1995). Pax6 has been shown to function as a master gene activating 

the genes encoding cytoskeletal proteins, structural proteins and membrane proteins with 

a speculated role in cell adhesion (Graw, 2010; Davis et al., 2003). 

1.3.2. Paired-like homeodomain transcription factor 2, PITX2 

PITX2 is a gene mapped onto 4p25 of the human genome (Sowden, 2007) whose 

transcription factor, has many functions in cell proliferation, neuronal differentiation and 

organogenesis (Martin et al., 2004; Hjalt et al., 2000; Huang et al., 2009). Lethality is 

associated with homozygous mutations of Pitx2 in mice embryos by E15.5. These mice lack 

corneal stroma (Evans and Gage, 2005), corneal endothelium and anterior chambers 

(Zacharias et al., 2011; Sowden, 2007; Martin et al. 2004). Hypomorphic gene mutations 

result in lack of extra ocular muscles, showing that development is dosage sensitive (Gould 

et al. 2004). Interestingly, ARS phenotypes are also demonstrated in PITX2 overexpression 

(Sowden, 2007; Gage and Zacharias, 2009). In humans, heterozygous mutations of PITX2 

are responsible for Axenfeld-Rieger malformation phenotypes (Evans et al., 2005; Tamimi 

et al., 2006; Hjalt et al., 2000; Cvekl and Tamm, 2004) and underlie eye conditions leading 

to increased intraocular pressure and glaucoma (Evans and Gage, 2005). Learning 
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difficulties linked to PITX2 mutations have been described in rare cases (Martin et al., 

2004). 

PITX2 is expressed in the precursors of the POM and is required for specification of 

presumptive cornea (Evans and Gage, 2005). Expression is noted beginning at E8.5-E9.5 

during normal development as a response to local signals. This is a significant time as the 

lens vesicle is forming and the anterior segment is about to develop. Expression is then 

noted in the optic cup and stalk (Gould et al., 2004; Zacharias et al., 2011; Berry et al., 

2006) but by E10.5, PITX2 is localised in the anterior most cells (Sowden, 2007) (Figure 

1.3). PITX2 is strongly expressed in mesenchyme and presumptive corneal stroma, in cells 

that develop into collagen forming keratocytes, from E13.5 to E15 (Gould et al., 2004; 

Ittner et al., 2005; Sowden, 2007). By E18, PITX2 is found predominantly in the tissues that 

will become the irido-corneal angle (Gould et al., 2004).  

As mentioned above, PITX2 is activated by local signals. Ittner et al. (2005) showed that 

Transforming growth factor beta (TGFβ), a lens derived signal, stimulates Pitx2 expression 

in eye tissues and that Pitx2 expression is negligible in Transforming growth factor beta 

receptor 2 (Tgfβr2) mutant cells at E15. Neural crest cells and their derivatives require 

Pitx2 in order to be competent to receive lens signals without which corneal 

differentiation will not take place (Evans and Gage, 2005). Gould et al. (2004) report that 

this pattern of expression is similar to that of FOXC1.  

1.3.3. Forkhead box c 1, FOXC1 

FOXC1 (Formerly FREAC3/FKHL7/MFH1) is a gene with a forkhead binding domain 

located at 6p25 of the human genome (Davies et al., 1999; Smith et al. 2000). Members of 

this superfamily have notable functions in embryogenesis (Saleem et al., 2001; Mattiske et 

al., 2006(b)), angiogenesis (Hayashi and Kume, 2008), organogenesis (Kume et al., 2000) 

and tumorigenesis (Saleem et al., 2001; Mears et al., 1998). It is apparent that the 

transcription factor plays a role in cell fate determination and maintenance of cell states, 

proliferation and differentiation (Mattiske et al., 2006(a); Zhou et al., 2002; Tamimi et al., 

2006). Foxc1 (formerly Mf1), the murine homologue, is located on chromosome 13 and 

shares 98% similarity to human FOXC1, making the mouse model an ideal candidate for 

research (Mears et al., 1998). The extent of Foxc1 influence is clearly observed in Foxc1 

knockout mice. They present with skeletal, cardiac, renal, meningeal and ocular 
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abnormalities with homozygous null mutants dying of haemorrhagic hydrocephalus 

perinatally (Mattiske et al., 2006(b); Lehmann et al., 2003; Smith et al. 2000).  

FOXC1 is integral in anterior segment formation (Zhou et al., 2002; Zarbalis et al., 2007) 

and mutations of the gene are a direct cause of ASD (Berry et al., 2006), conditions leading 

to glaucoma (Davies et al., 1999; Lehmann et al., 2003) and characteristics associated with 

ARS and PA (Ittner et al., 2005; Kidson et al., 1999; Saika et al., 2001). The role of FOXC1 in 

anterior segment development is dose specific as shown in Foxc1+/- mice. Adhesions and 

leukomas are observed in these mice as a result of malformation (Lehmann et al., 2003; 

Gould et al., 2004). Kidson et al. (1999) showed that a functional gene is required for 

anterior segment specification as mutants did not form the anterior chamber nor did they 

develop a corneal endothelium.  

In normal development, at E10.5, the cells of the optic stalk, express Foxc1 (Sowden, 

2007). Foxc1 is also expressed in epithelia (of the lacrimal gland) and mesenchyme 

(Mattiske et al., 2006(b)), but predominantly in the periocular mesenchyme filling the 

space between the lens vesicle and surface ectoderm at E11.5 (Kidson et al., 1999; Gould et 

al. 2004; Kume et al., 1998). Figure 1.7 shows the migration prior to this stage. Foxc1 is 

expressed in the POM cells up to E15 (the same time as complete formation of the cornea). 

In general, there appears to be a downregulation of Foxc1 as corneal endothelium 

differentiation progresses (Kidson et al., 1999). By 16.5, expression is confined to the 

prospective trabecular meshwork (Tamimi et al., 2006; Gould et al., 2004; Ittner et al., 

2005).  

FOXC1 is known to regulate other factors such as bone morphogenic protein, BMP 

(Mattiske et al., 2006(b)) and to activate similar genes to PITX2 (Smith et al., 2000). In fact, 

FOXC1 and PITX2 are implicated in a common pathway (Berry et al., 2006). Foxc1 may also 

regulate its own expression as suggested by Kidson et al. (1999).  In the presumptive 

corneal mesenchyme, Foxc1 is responsive to lens secreted factors and may regulate factors 

involved in cell-cell adhesion (Kidson et al., 1999; Mattiske et al., 2006(b)) although the 

specific mechanisms have not been elucidated. As FOXC1 plays such a significant role in 

development, the interaction it has with other factors during development is of interest. 

Lack of FOXC1 expression has been speculated to initiate, or in the least, play a role in 

apoptotic induction (Kidson et al., 1999) and very high levels of FOXC1 in mammary tissue 

are associated with the high proliferative states typical of cancer (Ray et al., 2010). 
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1.4. Lens-derived signals associated with the development of the corneal 

endothelium  

Factors controlling the formation of the anterior segment of the eye coordinate their 

signals through interaction with secreted signals (Cvekl and Tamm, 2004). Wnt, fibroblast 

growth factors (FGF), bone morphogenic proteins (BMP) and TGFβ are some secreted 

signals that regulate eye development (Adler & Canto-Soler, 2007; Cvekl & Duncan, 2007). 

Wnt signalling relevance in anterior segment development has also been established by 

expression of the Wnts and corresponding receptors in the lens epithelium (Lovicu & 

McAvoy, 2005; Donner et al., 2006). FGFs and BMPs are necessary in the development of 

lens from ectoderm and there is evidence suggesting that a concentration gradient 

(between anterior and posterior lens) of these factors, plays a role in differentiation in 

mammals (Lovicu & McAvoy, 2005). Bone morphogenic proteins belong to a super group 

of ligands under the family name Transforming growth factor Beta (Gould et al., 2004) and 

Donner et al. (2006) has explicitly stated that BMP and FGF signals are required for lens 

specification. Tgfβ2, through its interaction with Foxc1, is speculated to be a significant 

regulator of corneal endothelium development (Saika et al., 2001; Iwao et al., 2009; Ittner 

et al., 2005). 

1.4.1. Transforming growth factor Beta 2, TGFβ2 

TGFβ2 is a lens-derived signal belonging to the highly conserved TGFβ and BMP family, 

that has a role in cell adhesion (including wound repair), growth (and inhibition), 

differentiation and death (Choi et al., 2005; Gould et al., 2004; Zhou et al., 2002). TGFβ 

effects are dependent on the cell state and type (Zhou et al., 2002; Choi et al., 2005). Thiery 

(2003) states that TGFβ induces epithelial-mesenchyme transition, a process that plays a 

major role in differentiation. TGFβ2 is produced by the lens and ciliary epithelia, and is a 

major cytokine component of the aqueous humour amongst other cytokines and growth 

factors (Saika, 2006). Synthesis and degradation of extracellular matrix in the trabecular 

meshwork is attributed to TGFβ2 activity (Tamm, 2009). Although it is a moderator of 

cellular events as outlined above, TGFβ is capable of inducing itself (Saika, 2006).  

Evidence of the role of Tgfβ2, the murine homologue of human TGFβ2, in eye development 

is observed in Tgfβ2 knockout mice which die at birth (Saika, 2006). Cells originating from 

the neural crest are the most affected by the lack of Tgfβ2 (Reneker et al., 2000). These 

mice have no anterior chamber in the eye, no corneal endothelium nor do they develop an 
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anterior chamber angle. This phenotype mirrors that observed in Foxc1 and Pitx2 mutants. 

Leukomas and adhesions of the eye anterior structures are common when Tgfβ2 is 

overexpressed (Gould et al., 2004). Therefore, it is vital that a specific dose is sustained for 

normal development to occur. Ittner et al. (2005) reports abnormal ocular development in 

Tgfβr+/- mice as above including underdeveloped retina however the anomalous 

development can be rescued by overexpression of TGFβ1 (Saika, 2006). 

Tgfβ2 expression peaks at E13.5 in the developing lens and steadily decreases thereafter 

(Ittner et al., 2005). It is noted in ciliary epithelia, iris epithelia and chamber angle tissues, 

showing its influence in corneal morphogenesis (Reneker et al., 2000). The lack of Foxc1 

and Pitx2 at E13.5 and E15 in Tgfβr2 mutant mice suggests that Tgfb2 can regulate Foxc1 

and Pitx2 expression in the POM (Ittner et al., 2005). This study went on to show that Tgfβ 

treatment of embryonic eye cultures dissected at E11 upregulated Foxc1 and Pitx2 

expression. Subsequently, TGFβr2 mutant cells at E15, became apoptotic when they failed 

to express FOXC1 (Ittner et al., 2005). In ovarian and cervical cancer lines, FOXC1 is shown 

to be upregulated by TGFβ1 (Mattiske et al., 2006(a); Zhou et al., 2002; Cvekl and Tamm, 

2004; Gould et al., 2004). Iwao et al. (2009) outlines Pitx2 and Foxc1 as downstream 

molecules of Tgfβ2 in a Smad associated pathway. 

1.5. Transforming growth factor Beta stimulated clone 22, TSC22 

TSC22 formerly known as transforming growth factor-Beta 1 induced transcript 4 

(TGFβ1i4) was first identified as a target gene of TGFβ1 but was subsequently found to be 

upregulated by many factors. Its regulatory activity has now been demonstrated to range 

from activation to repression (Choi et al., 2005; Kester et al., 2000) and is required in the 

coordination of transcription factors with extracellular signals (Shibanuma et al., 1992; 

Hashiguchi et al., 2004; Dohrmann et al., 1999). TSC22 is highly conserved with mouse 

(Tsc22) and human proteins sharing 98.5% similarity (Kester et al., 2000; Hashiguchi et 

al., 2004).  The factor has a role in epithelial-mesenchymal transitions where it is 

upregulated (Hashiguchi et al., 2004; Dohrmann et al., 1999). TSC22 is a reported potential 

tumour suppressor (Gupta et al., 2003; Kester et al., 2000; Huser et al., 2010) but Portt et 

al. (2011) describe its transcriptional activity as both pro and anti apoptotic.  

Tsc22 is localised in many adult tissues but is most extensively expressed in the 

developing embryo from E6.5 in the mouse (Choi et al., 2005; Sommer et al., 2006).  

During eye development, Tsc22 is noted in the optic vesicle in the contact zone of the 
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vesicle and surface ectoderm. In the ectoderm Tsc22 is restricted to the area of contact 

with the optic vesicle compared to the rest of the ectoderm at E9.5 (Dohrmann et al., 

1999). Electron microscope investigation suggests that a mesenchymal to endothelial 

conversion occurs in the cells bordering the lens epithelium, causing a change in cell 

morphology resulting in the anterior chamber (Kidson et al., 1999). This transition may 

take place in response to Tsc22 and may possibly be mediated by lens-derived signals. 

Sommer et al. (2006) suggested that Tsc22 is downregulated by Foxc1 in POM cells. The 

studies showed that there was no significant difference in Tsc22 expression at E12.5 

between wild type and Foxc1 mutants. However at E13.5, Tsc22 was significantly 

downregulated. The specific interaction of Tsc22 and Foxc1 with respect to anterior eye 

segment development is unknown and was of interest in this MSc. investigation. A possible 

explanation of this relationship may be indicated by the communication of TSC22 with 

SMAD proteins to promote differentiation, as shown in erythroid cells (Choi et al., 2005). 

Foxc1 has also been implicated in the Smad pathway of neural crest cells (Iwao et al., 

2009). 

1.6. Epithelial-mesenchymal transitions (EMT) and mesenchymal-epithelial 

transitions (MET)  

Epithelial-mesenchyme transition describes the change in cell state from an ordered 

cohesive structure to a particularised, motile phenotype. It is characterised by the loss of 

cell junctions and repression of the factors that promote cell-cell adhesion. Mesenchyme-

epithelial transition describes the converse. In general, suppression of the genes that 

direct one transition involves the expression of the genes that promote the other albeit in 

different pathways. Genes that are highly expressed for EMT must be downregulated for 

MET to occur, and the reverse is true. Both transitions are reversible. Epithelial and 

mesenchymal cells are functionally different but can participate in the same processes 

(Acloque et al., 2009; Thiery et al., 2009; Thiery, 2003; Baum et al., 2008). For example, 

both EMT and MET are necessary for normal development and tissue repair. Adversely, 

both are involved in oncogenic pathways (Mani et al., 2008; Baum et al., 2008). Some 

genes associated with EMT and MET are SNAIL1, SLUG (also known as SNAI2), FOXC1, 

TWIST, NODAL (a member of TGFβ superfamily) and DORSAL (Acloque et al., 2009; Baum 

et al., 2008). Tsc22 is particularly important as it has been shown to be upregulated at 

sites of EMT (Hashiguchi et al., 2004). Ultimately, it is the effect these genes have on the 

adhesive interactions between cells that determines the course of EMT and MET. 
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1.6.1. The Calcium dependant adhesions, Cadherins 

There are two forms of cell-cell adhesions that are necessary for tissue formation and 

function. These are the adherens junctions which maintain cell-cell contact and tight 

junctions which facilitate transport of ions and solutes between cells (Hartsock and 

Nelson, 2008). Both are associated with different cadherin proteins. As their name 

suggests, the cadherins are calcium ion (Ca2+) dependant proteins responsible for cell-cell 

adhesion, recognition, cell fate determination and tissue morphogenesis. Homophilic 

interactions maintain the bonds between adjacent cells, for which the Ca2+ ion is 

speculated to be a stabiliser in the interaction. There are three main sub families are P-, E- 

and N-cadherins all named for the tissues in which they are localised. P-cadherin is mostly 

expressed in placental tissue, E-cadherin in epithelial tissue and N-cadherin in neural 

tissues (Van Roy and Berx, 2008; Braga 1999; Reneker et al., 2000). Cellular signals of 

migrating populations and developmental cues maintain control of cadherin expression 

and specific expression patterns can be an indicator of processes such as EMT as seen 

when N-cadherin is upregulated (Baum et al., 2008).   

1.6.2. Neural cadherin, N-cadherin 

N-cadherin is first expressed during gastrulation and has varied functions from mediating 

hormone secretion, regulating cell motility and differentiation of mesenchyme cells, to 

roles in the central nervous system (Garcia-Castro, 2000; Suyama et al., 2002; Rubinek et 

al., 2003; Doherty and Walsh, 1996). Its function is tissue specific. N-cadherin has often 

been associated with a mesenchyme phenotype and identified as a marker of EMT as it is 

upregulated during this process, but is also involved in MET (Baum et al., 2008; Mani et al., 

2008; Thiery, 2003). Studies on cancer cell lines have shown abnormal expression of 

N-cadherin to result in more invasive and motile phenotypes (Hazan et al., 2000; Nieman 

et al. 1999). Tran et al. (1999) showed that overexpression of N-cadherin in epithelial cells 

will induce EMT.  

The role of N-cadherin in eye development has been demonstrated in the formation of the 

lens vesicle in which a difference in expression was observed between wild type and 

Pax6+/- mice (Cvekl and Tamm 2004) demonstrating a direct relationship between Pax6 

and N-cadherin expression. Given the critical role of Pax6 in development, and the function 

of N-cadherin as a junction protein, the significance of N-cadherin in development is 

implied.  Although N-cadherin is frequently linked to a mesenchyme phenotype, Reneker 
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et al. (2000) found that N-cadherin is highly expressed in the corneal endothelium cells of 

mice from E11 but was absent in the corneal epithelium and corneal stroma. Between 

E12.5 and E15, N-cadherin expression serves to differentiate POM cells into corneal 

endothelium in response lens signals (Kidson et al., 1999; Kidson et al., 2007). The 

formation of tight junctions through N-cadherin upregulation and its continued expression 

past E15 (development of the whole corneal structure) to adulthood, prepares the corneal 

endothelium for its role in fluid regulation and permeability (Reneker et al., 2000; Vassilev 

et al., 2012). Kidson et al. (1999) hypothesised that Foxc1 may regulate expression of 

N-cadherin in early development.  

1.6.3. Zinc-finger protein, SLUG 

SLUG or SNAI2 is a zinc-finger protein that plays a role in development, the most 

conserved of which is in development of the mesoderm, neural crest cell migration, 

carcinogenesis and apoptosis (Hemavathy et al., 2000; del Barrio and Nieto, 2002). These 

transcription factors are involved in formation of the neural crest and neural 

differentiation. SNAIL members are very closely related in function and often SLUG is 

transcribed along with a related SNAIL protein. In the neural crest, Slug, the murine 

homologue, is expressed in migratory and pre-migratory cells whereas Snail is localised to 

a small group of migratory cells in the mouse head (del Barrio and Nieto, 2002; Acloque et 

al. 2009). Slug has been identified to have similar function in the neural crest of Xenopus, 

zebrafish and chick embryos (Jiang et al., 1998). Normally, Slug/Snail bind target genes to 

effect transcriptional repression (Hemavathy et al., 2000).  Inhibition of the epithelial state 

by Slug is effected through the loss of E-cadherin and upregulation of N-cadherin (Baum et 

al., 2008; Thiery 2003). Bolós et al. (2002) stated that EMT was induced when Slug 

repressed E-cadherin expression in canine kidney epithelial cells. The Snail family of 

transcription factors are potent inducers and regulators of EMT (Thiery 2003; Mani et al., 

2008; del Barrio and Nieto, 2002), particulary as targets of TGFβ signalling (Thiery, 2003). 

These pathways largely involve BMPs and regulation by FGF (Acloque et al., 2009; Thiery 

et al., 2009). Slug is downregulated by retinoic acid (Buxton et al., 1997). 

Loss of function (Slug-/-) experiments in Drosophila embryos have demonstrated a 

withdrawal of the germ band (Hemavathy et al., 2000). Jiang et al. (1998) showed that Slug 

mutants are viable but suggested that their function may have been compensated for by 

other members of the Snail family. Snail1 mutants show prominent mesoderm markers 

but lack the mesenchyme morphology (Nakamura and Tokura, 2011).  
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POM cells themselves are the result of an EMT process wherein cells of the neural crest 

individualise and migrate to various embryonic tissues (Le Douarin et al., 2000; Acloque et 

al., 2009). Delamination from the neural crest is induced by TGFβ-BMP-Smad pathway, 

characterised by the of E-cadherin junction complexes and regulated by Wnt signalling and 

FGF (Nakamura and Tokura 2011). 

1.7. Aims and Objectives 

Eye development is a complex coordination of transcription factors, cell signals and tissue 

interactions. It is achieved by a series of sequential inductions. The specification of the 

corneal endothelium is imperative to the continued and proper development of the 

anterior segment of the eye. FOXC1 is a key gene encoding a transcription factor that is 

equally important in eye development and early development in general. The role of 

FOXC1 in anterior segment development has been well established and normal 

development, as directed by FOXC1 is dose dependant. Homozygous null mutations of the 

gene are linked to hydrocephalus and perinatal death in mice while haplo-insufficiency 

has been directly linked to anterior segment dysgenesis and Axenfeld-Rieger Syndrome. 

FOXC1 is an inducer of EMT and its overexpression is associated with tumour metastasis 

and is currently being considered as a potential prognostic biomarker of basal like breast 

cancer. Lack of FOXC1 expression is speculated to initiate apoptosis through a SMAD 

interaction (the Smad pathway also implicates Pitx2, and Tsc22). Although very significant, 

FOXC1 requires the action of other factors during anterior segment development. While 

ablation studies on mice have shown that the lens plays a pivotal role in this development, 

very little data is available to support the relationship between the lens and tissue 

morphogenesis. TGFβ2 is a lens secreted factor that may be necessary for POM cells to 

interpret FOXC1 transcription during corneal endothelium specification. 

Two stages of POM cell development were chosen for the investigation, one indicating a 

proliferative state and the other a differentiated condition. The major objectives of this 

investigation were firstly, to establish whether lens-derived signals are necessary for 

Foxc1 expression; and secondly, to assess the role of the lens-derived signal in MET.  
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The objectives were: 

i) To assess the impact of Foxc1 overexpression on Pitx2,  an equally important 

gene involved in corneal endothelial development as well as two genes 

involved in mesenchyme to epithelial transition, Slug and the Foxc1 target, 

Tsc22; 

ii) To generate an efficient means to study the effect of Foxc1 silencing on Pitx2, 

Slug and Tsc22; 

iii) To assess the effect of the lens on the expression of Foxc1, Pitx2, Tsc22 and 

Slug; 

iv) To determine the effect of the lens-derived signal, TGFβ2, on Foxc1, Pitx2, 

Tsc22 and Slug expression; 

v) To determine whether the lens plays a role in cell proliferation at E12.5 and 

E13.5; 

vi) To determine whether the lens can induce an epithelial/endothelial phenotype 

from mesenchyme cells. 

  



 

 

CHAPTER 2: MATERIALS AND METHODS 

2.1. Immortalisation of cells using Simian vacuolating virus 40 large 

T-antigen (SV40 T-ag) 

Immortalised cell lines derived of murine periocular mesenchyme (POM) cells at E12.5 

and E13.5 stages of development were generated by another member of the laboratory as 

previously described (Sommer et al., 2006) (Appendix A). Sommer et al. (2006) describe a 

method of immortalising POM cells at E12.5 and E13.5 by infection with temperature 

sensitive SV40 large T-antigen (SV40-T-ag) with Geneticin (G418) resistance. These were 

prepared by another member of the laboratory. Celltiter96® AQueous One Solution was 

used to test for the presence of the SV40 T-ag in E12.5+/+ and E13.5+/+ cell lines (Section 

2.2.1.) by culture at 33°C and 37°C for 96 hours.  Cell counts (Section 2.2.2.) were done 

concurrently. E12.5+/+ and E13.5+/+ cells were also subjected to a 13 day G418 pressure 

study to confirm whether the SV40 T-ag was still encoded within the cell lines. Cells were 

seeded in culture medium containing 400μg/mL G418, trypsinised out and counted under 

a compound light microscope.  

2.1.1. Maintenance 

Cells were cultured in a UV sterilised laminar flow cabinet (Logic Labconco©) using 70% 

ethanol swabbed equipment (Appendix B.1). The cultures were maintained in DMEM 

(PAA, Austria) containing 10% FBS (PAA, Austria) and 0.5μg/mL Penicillin-Streptomycin 

(Invitrogen, USA) (Appendix B.2) at 37°C and 5% CO2 in a humidified, water-jacketed 

incubator (Forma Scientific, USA). Cell stocks were grown in T75 canted neck culture 

flasks (Corning, USA), 10cm and 6cm dishes (Corning, USA) containing 10mL, 10mL and 

3mL culture medium respectively. Passage was carried out at 75-90% confluency using 

1mL of trypsin-EDTA (PAA, Austria) (Appendix B.3) placed directly on the cells for a 

maximum of three minutes and subsequently deactivated by a double volume of culture 

medium. Growth was observed using a Nikon TMS-F inverted light microscope (Nikon, 

Japan). Treatments were performed on cells of lower passage 6≤p≥8 and higher passage 

24≤p≥27. Cell stocks were stored at -80°C in a 5%v/v DMSO in culture medium (Appendix 

B.4) in cryotubes (Corning, USA). 
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2.1.2. Cell Treatments 

For this study, the POM cell lines were treated as follows: 

1. To establish baselines for proliferation, cells were i) counted and ii) subjected to 

MTS assay; 

2. To establish baselines for Foxc1, Pitx2, Tsc22 and Slug expression in wild type 

E12.5 and E13.5 cells and qPCR analysis was performed on untreated cells.  

3. To determine the effect of Foxc1 overexpression on Pitx2, Tsc22 and Slug 

expression, cells were transfected with pFoxc1-eGFP. Gene expression was 

assessed by qPCR; 

4. To determine the effect of Foxc1 knockdown on Pitx2, Tsc22 and Slug expression, 

an shRNA was designed to target and degrade Foxc1 transcripts. Gene expression 

analysis was done  using qPCR; 

5. To determine the effects of the lens on Foxc1, Pitx2, Tsc22 and Slug expression, 

E12.5 and E13.5 POM cells were exposed to E6 and E8 whole chick lenses. qPCR 

analysis was performed to assess gene expression; 

6. To determine the effect of recombinant TGFβ2 on Foxc1, Pitx2, Tsc22 and Slug 

expression at E12.5, cells were treated with 30ng/mL TGFβ2. Gene expression was 

analysed by qPCR. 

7. To assess the localisation of N-cadherin in cells at E12.5 and E13.5, POM cells were 

stained with a Cy3-conjugated N-cadherin antibody. Fluorescence was visualised 

by confocal microscopy. 

2.2. Cell proliferation  

2.2.1. MTS assay 

A calorimetric assay was used to assess the difference in growth rates between cell lines 

and between treatments. The reagent, [3-(4,5-dimethylthiazol-2-yl)-5-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H- tetrazolium] (MTS) (Promega, USA) 

measures cell viability, and inferred proliferation, by the reduction of MTS, a yellow 

tetrazole, to a purple formazan. All proliferation assays were performed in 96 well plates 

(Corning, USA), seeded with 100μL culture medium (Appendix B.2) containing 1x103 cells, 

in triplicate. 20μL of Celltiter96® AQueous One Solution Cell Proliferation Assay 

(Promega, USA) was added to each of the wells and reaction mixture incubated for 3 hours 

at 37°C. The absorbance of each reaction was measured at 490nm and recorded using a 



 

PowerWave XS 96 micro-well plate reader (Bio

was corrected by reading wells at 700nm (to account for cell debris) and subtracting the 

mean absorbance of these from the absorbances at 490nm. The resulting 

line graph with errors bars indicating the standard error of the mean (SEM)

2.2.2. Cell Counts 

Proliferation was also investigated by cell counts using a haemocytometer and Nova 

compound light microscope (Novatech, USA). Duplicate wells were seeded wi

contained in 100μL culture medium. Cells were 
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2.3. Foxc1 knockdown 

2.3.1. Overview 

To investigate the effects of 

silence a gene through RNA interference (RNAi)
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Primers  for the shRNA were designed by Dr Marco Weinberg of the University of the 

Witwatersrand, and Human Embryonic Kidney 293 (HEK) DNA was 

human U6 promoter. Of the 5 primers des
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well plate reader (Bio-Tek, USA) using KC4 V3.2 software

was corrected by reading wells at 700nm (to account for cell debris) and subtracting the 

mean absorbance of these from the absorbances at 490nm. The resulting 

with errors bars indicating the standard error of the mean (SEM)

Proliferation was also investigated by cell counts using a haemocytometer and Nova 

compound light microscope (Novatech, USA). Duplicate wells were seeded wi

μL culture medium. Cells were trypsinised out of the wells and counted 

hours for a total period of 96 hours. Collected data was plotted on a line graph. 

To investigate the effects of Foxc1 knockdown, a looped RNA sequence that can be used to 

through RNA interference (RNAi) targeting murine Foxc1

in or short hairpin RNA (shRNA) was composed of a Human U6 promoter, 

-antisense and termination sequences as shown in 

were designed by Dr Marco Weinberg of the University of the 

and Human Embryonic Kidney 293 (HEK) DNA was as a 

Of the 5 primers designed (Appendix C.1.1, Figure 5.1

chosen for this investigation. 

Schematic diagram of an shRNA molecule. 
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Tek, USA) using KC4 V3.2 software.  Data 

was corrected by reading wells at 700nm (to account for cell debris) and subtracting the 

mean absorbance of these from the absorbances at 490nm. The resulting data plotted as a 

with errors bars indicating the standard error of the mean (SEM).  

Proliferation was also investigated by cell counts using a haemocytometer and Nova 

compound light microscope (Novatech, USA). Duplicate wells were seeded with 1x103 cells 

out of the wells and counted 

hours. Collected data was plotted on a line graph.  

knockdown, a looped RNA sequence that can be used to 

Foxc1 was generated. 

was composed of a Human U6 promoter, 

e and termination sequences as shown in Figure 2.1. 

were designed by Dr Marco Weinberg of the University of the 

 template for the 

.1), shRNA-2 was 
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2.3.2. Foxc1-shRNA sequence 

The reverse oligo primer sequence   

5’AAAAAATGGGAATAGTAGCTGTCAGATTGGGTCAGGATCTGACAGCTACTATTCCCACGGTG

TTTCGTCCTTTCCACAA3’  

and the forward U6 promoter primer  

5’GATCTCGAGAAGGTCGGGCAGGAAGAGGGCC3’  

were ordered from IDT (USA). 

The desired 5’→3’ shRNA sequence and its components are given below: 

GATCTCGAGAAGGTCGGGCAGGAAGAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATAC

GATACAAGGCTGTTAGAGAGATAATTAGAATTAATTTGACTGTAAACACAAAGATATTAGTAC

AAAATACGTGACGTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTA

AAATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTT

GTGGAAAGGACGAAACACCGTGGGAATAGTAGCTGTCAGATCCTGACCCAATCTGACAGCTACT

ATTCCCATTTTTT 

a) 31bp U6 forward primer: GATCTCGAGAAGGTCGGGCAGGAAGAGGGCC 

b) A 221bp U6 promoter sequence:  

TATTTCCCATGATTCCTTCATATTTGCATATACGATACAAGGCTGTTAGAGAGATAATT

AGAATTAATTTGACTGTAAACACAAAGATATTAGTACAAAATACGTGACGTAGAAAGT

AATAATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAAATGGACTATCATAT

GCTTACCGTAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATC 

c) A 21bp sequence corresponding to the 5’ end of the human U6 promoter: 

TTGTGGAAAGGACGAAACACC 

d) A 22bp sense sequence containing the target sequence (Appendix C.1.2):  

GTGGGAATAGTAGCTGTCAGAT 

e) A 9bp loop sequence: CCTGACCCA 

f) A 21bp anti-sense sequence: ATCTGACAGCTACTATTCCCA 

g) A 6bp termination sequence: TTTTTT 
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2.3.3. Generation of Foxc1-pshRNA 

2.3.3.1. PCR amplification of the shRNA 

DNA was extracted from HEK 293 cells using a QIAGEN DNeasy Blood and Tissue Kit 

(QIAGEN, USA). The human U6 promoter was amplified in 20μL PCR reactions as follows: 

11.7μL nuclease free water (GIBCO, USA), 2.5μL 2mM dNTPs (Fermentas, Canada), 2.5μL 

10x KCl2 buffer containing 15mM MgCl2, 1μL DNA, 1μL 10mM forward primer, 1μL 10mM 

reverse primer and 0.3μL Taq polymerase (Fermentas, Canada). PCR was carried out in a 

Bio-Rad MyCycler™ Thermal Cycler (Bio-Rad, USA ) using a protocol with an initial 

denaturing cycle at 94°C for 4 minutes followed by 35 cycles of  94°C at 30 seconds, 55°C 

for 1 minute, 72°C for 1 minute and a final elongation step at 72°C for 7 minutes.  

2.3.3.2. Agarose Gel Electrophoresis 

The amplified PCR products were separated on a 1.5% TopVision agarose (Fermentas, 

Canada) gel (Appendix B.5) prepared with 1X Tris-base EDTA buffer (TBE) (Appendix B.6) 

containing 5μg/mL ethidium bromide, for 45 minutes at 85V in a Bio-Rad Mini-PROTEAN 

system (Bio-Rad, USA). A 50bp GeneRuler molecular weight marker (Fermentas, Canada) 

was used to identify product at 331bp. Bands were detected under UV light in a Bio-Rad 

Chemidoc XRS+ imager (Bio-Rad, USA). The product was quantified using a NanoDrop ND-

1000 and accompanying software ND V3.5.2.  

2.3.3.3. Gel extraction 

The bands containing amplified shRNA were excised using a scalpel and purified using a 

QIAquick gel extraction kit (QIAGEN, USA). Three volumes of buffer QX1 were then added 

and the mixture incubated at 52°C for 10 minutes to dissolve the agarose, vortexing as 

needed. One volume of isopropanol (Merck, USA) was mixed into the solution which was 

then decanted into a spin-column collection tube assembly, and centrufuged at maximum 

speed for 1 minute. The flow through was discarded and the membrane washed with 

750μL buffer PE. The wash was centrifuged out at 13000 x g for one minute followed by a 

membrane drying spin at 13000 x g for 1 minute. DNA was eluted out with 50μL Tris-

EDTA buffer (Appendix B.7) at 13000 x g for 1 minute. 
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2.3.3.4. Plasmid ligation and transformation 

Purified shRNA product was ligated into pGEM®T-Easy cloning vector (Promega, USA) 

(Appendix C.1.3., Figure 5.3) in an overnight reaction at 4°C. 2μL of the ligated product 

was gently mixed into 50μL thawed DH5α competent cells (Zymo Research, USA). The 

cells were transformed as per manufacturer’s specifications and plated on IPTG/XGal 

(Fermentas, Canada) (Appendix B.8) coated Luria agar (Sigma-Aldrich, USA) plates 

containing 50mg/mL ampicillin (Sigma-Aldrich, USA) (Appendix B.9). The plates were 

incubated for 16-24 hours at 37°C then refrigerated overnight to facilitate blue colour 

development. Single positive (white) colonies were inoculated in 5mL Luria-Bertani broth 

(Sigma-Aldrich, USA) containing 100mg/mL ampicillin (Appendix B.10) and grown in a 

37°C shaking incubator at 185rpm for 12-16 hours. 

2.3.3.5. Plasmid Miniprep 

Cells were harvested by centrifugation in an Eppendorf 5810R (Eppendorf, Germany) at 

3000 x g for 10 minutes at 4°C and purified using the QIAprep Miniprep kit (QIAGEN, USA) 

as outlined below. A volume of 250μL buffer P1 was used to resuspend the pellet and 

facilitate transfer to a 1.5mL microcentrifuge tube (not supplied in kit). Another volume of 

250μL buffer P2 was added and mixed by inverting the tube 4-6 times followed by the 

addition of 350μL buffer N3. The tube was inverted a further 4-6 times. The mixture was 

then centrifuged at 13000 x g for 10 minutes in an Eppendorf 5418 (Eppendorf, Germany) 

and supernatant decanted into a QIAprep spin column. The supernatant was centrifuged at 

maximum speed for 1 minute and flow through discarded. The spin column was washed 

by the addition of 500μL buffer PB and centrifuged for 1 minute at maximum speed. Again, 

flow through was discarded. A further wash with 750μL buffer PB was carried out and the 

flow through discarded. The membrane was dried of residual wash buffer by centrifuging 

for an additional minute. The QIAprep spin column was placed into a new 1.5mL 

microcentrifuge tube and 50μL buffer EB pipetted directly onto the membrane and left to 

stand for 1 minute. The purified DNA was eluted at maximum speed for 1 minute. Product 

was quantified using a NanoDrop ND-1000 (ThermoScientific). 

2.3.3.6. Restriction enzyme digest 

The presence of the shRNA insert was confirmed by EcoRI restriction enzyme (Fermentas, 

Canada) digest (Appendix C.1.3, Figure 5.4). The reaction contained 1μg Miniprep DNA, 

1μL EcoRI, 2μL EcoRI buffer and nuclease free water to make 20μL. The mixture was 
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incubated at 37°C for 2 hours. The digest product was separated on a 1.5% agarose gel 

prepared with 1X Tris-base EDTA buffer (TBE) containing 5μg/mL ethidium bromide, for 

45 minutes at 85V. 1kb GeneRuler molecular weight marker (Fermentas, Canada) was 

used to identify two distinct bands at approximately 331bp (insert) and 3015bp 

(plasmid). The product was detected under UV in a Bio-Rad Chemidoc XRS+ imager (Bio-

Rad, USA). 

2.3.3.7. Sequencing  

Clones containing the insert were verified by Sanger sequencing (Inqaba Biotec, South 

Africa) using M13 primers (Appendix C.1.4). Glycerol stocks of confirmed clones were 

prepared by infusing 800μL of cultured growth medium into 200μL autoclaved glycerol 

stock and stored at -80°C.  The returned nucleotide sequence was confirmed in silico using 

the National Centre for Biotechnological Information (NCBI) Basic local alignment tool 

(BLAST) (Appendix C.1.2., Figure 5.2). 

2.3.3.8. Plasmid Midiprep 

5μL of the glycerol stock culture was inoculated into 100mL Luria-Bertani broth (Sigma-

Aldrich, USA) containing 100mg/mL ampicillin and grown in a 37°C shaking incubator 

(New Brunswick Scientific, USA) at 185rpm for 16-20 hours. The cells were harvested by 

centrifugation in an Eppendorf 5810R (Eppendorf, Germany) at 3000g for 10 minutes at 

4°C and purified using the QIAprep Midi/Maxiprep kit (QIAGEN, USA) as per 

manufacturer’s specifications with an amended overnight elution step at 4°C. 

2.4. Transfections 

To assess the effect of Foxc1 overexpression and knockdown on gene expression, POM cell 

lines were transiently transfected with pFoxc1-eGFP-N1 (Appendix C.2) and the generated 

Foxc1-pshRNA. For simplicity pFoxc1-eGFP-N1 and Foxc1-shRNA shall henceforth be 

pFoxc1 and pshFoxc1 respectively. All transfections were carried out in 6cm culture dishes 

(Corning, USA), on 70-90% confluent monolayers using X-tremeGENE HP DNA 

transfection reagent (Roche, USA) in 5mL culture medium for 24 hours. Each transfection 

complex consisted of a 4:1 reagent to μg of DNA ratio in serum free medium up to 100μL, 

per 1mL culture medium. Thus, 4μg of DNA were diluted in the corresponding amount of 

serum free medium and 20μL X-tremeGENE HP DNA transfection reagent was added 

directly into the medium to prevent interaction between the reagent and the plastic 
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microcentrifuge tube. The complex was incubated at room temperature for 30 minutes 

before being added to the culture medium in a drop wise manner. The dishes were swirled 

to mix then returned to the incubator. POM cell lines were also transfected with Control 

shRNA Plasmid-A (Santa Cruz Biotechnology, USA) as a negative control (Appendix C.3). 

The scrambled shRNA has no target and does not degrade any known mRNA. 

2.5. Lens treatments 

In order to evaluate the role of the lens in POM development, whole chick lenses 

corresponding to developmental stages E12.5 and E13.5 were obtained from E6 and E8 

chick embryos respectively. Fertilised chicken eggs supplied by Ukulinga poultry farms 

(Pietermaritzburg, South Africa) were incubated for 6 and 8 days at 37°C in a humidified 

incubator (Scientific Series 2000, USA). The eggs were turned at least once a day to 

simulate natural incubation. 

2.5.1. Animal handling 

Animal handling and animal cell manipulation was approved by the University of 

KwaZulu-Natal Animal Research Ethics Committee (ethics number 01/12/ANIMAL) and 

Humane Endpoint observation forms were completed regularly as requested by the 

National Council of Societies for the Prevention of Cruelty to Animals (NSPCA).  

2.5.2. Lens dissections 

Dissections were carried out under a Stemi DV4 stereo microscope (Zeiss, Germany) using 

sterilised tungsten needles electrochemically sharpened using 1M KOH at 150V (Appendix 

B.11). A firm mould made of Kimwipe™ (Kimberley-Clarke, USA) was prepared as an egg 

rest. Masking tape was wrapped around the wider circumference of the egg in order to 

contain egg shell shards. The egg was then pierced with a syringe and approximately 5mL 

of albumin was removed to prevent injury to the embryo by pulling the embryo sac away 

from the shell wall. The shell was then cut open along the midline of the masking tape and 

the embryo within revealed. With the egg settled in the mould, the embryo head was 

separated from the body by use of sterile scissors and kept in 1X PBS (Appendix B.12). The 

embryo head was cut along the sagittal plane and the retinal tissue removed to reveal the 

posterior surface of the aqueous humour. The humour was gently teased out pulling the 

lens with it. All remaining retinal tissue was dissected off and the lenses stored in minimal 

1X PBS in 1.5mL microcentrifuge tubes at -80°C. 
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2.5.3. Assessing the effect of the lens on proliferation 

48 wells of a 96 well plate (Corning, USA) were seeded with 1x103 cells per well: 3 

replicates per day (for 4 days) as controls and 3 replicates per day containing POM cells 

and a single lens, for both E12.5+/+ and E13.5+/+ lines. 3 negative controls were included 

per day containing culture medium only. An MTS assay was performed on the 9 wells at 24 

hour intervals as described in Section 2.2.1. 

2.5.4. Real time quantitative polymerase chain reaction (qPCR) analysis 

When assessing the role of the lens in gene expression, ten E6 or E8 lenses were added to 

a 6cm culture dish (Corning, USA) containing E12.5+/+ and E13.5+/+ cells respectively, in 

5mL culture medium.  Similarly, E12.5 and E13.5 cells in which Foxc1 had been silenced, 

were also treated with 10 lenses per dish for a period of 24 hours. After the initial 24 hour 

treatment with pshFoxc1 and pFoxc1, the medium was replaced before the addition of 

lenses. RNA was isolated (Section 2.8) and cDNA synthesised (Section 2.9) for qPCR 

analysis (Section 2.10). As a control, similar experiments were carried out with boiled 

lenses (Appendix D). The basis for boiling lenses to inactivate the epithelium is provided 

by the experiments of Coulombre and Coulombre (1964). 

2.6. TGFβ2 treatments 

To investigate the effect of TGFβ2 on gene expression, normal POM cells, POM cells in 

which Foxc1 was silenced and cells in which Foxc1 was overexpressed, were treated with 

recombinant human TGFβ2 (PeproTech, Israel). 30ng/mL was found to have the most 

effect on gene expression in a concentration study carried out by another member of the 

laboratory, in a separate study.  As controls, 30ng/mL TGFβ2 was added to 6cm culture 

dishes (Corning, USA) containing E12.5+/+ and E13.5+/+ cells, for 24 hours. Medium was 

removed from pshFoxc1 and pFoxc1 treated dishes and replaced with fresh medium 

containing 30ng/mL TGFβ2 and incubated for a further 24 hours. Thereafter, RNA was 

isolated and cDNA synthesised for qPCR as described in Section 2.8.   

2.7. RNA isolation 

RNA was isolated from cultured monolayers using the spin protocol of the QIAGEN RNeasy 

Mini Kit (QIAGEN, USA). To collect the cells, the culture medium was removed from each 

dish and the cells were treated with 1mL trypsin-EDTA for 6cm and 10cm for a maximum 

of 3 minutes. The trypsin-EDTA was neutralised with double volume culture medium 
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respectively. Cells were harvested by centrifugation for 5minutes at 3000g at 4°C, in 15mL 

centrifuge tubes (Corning, USA).  

2.7.1. RNeasy Mini kit protocol 

The pelleted cells were disrupted using 600μL of buffer RLT for 6cm and 10cm dishes. The 

resulting lysate was transferred to and homogenised in a QIAshredder spin column 

(QIAGEN, USA) at full speed for 2 minutes. Thereafter, 1 volume of 70% ethanol (Merck, 

USA) was mixed into the lysate by pipetting. Up to 700.0μL at a time of the sample mixture 

was pipetted into the RNeasy spin column which was assembled in a 2mL collection tube 

(supplied in the kit) and centrifuged at 9000g for 15 seconds. The flow through was 

discarded. 700μL buffer RW1 was used to wash the column membrane at 9000g for 15 

seconds and the flow through discarded. A further two washes with 500μL buffer RPE 

were then carried out: the first for 15 seconds and the second for 2 minutes, both at 

9000g. The flow through was discarded each time. An optional membrane drying step, 1 

minute at full speed followed. To elute, the RNeasy spin column was then placed in a new 

1.5mL collection tube (supplied in the kit) and 40μL nuclease free water (GIBCO, USA) 

added directly to the membrane. The column was then centrifuged at 9000g for 1 minute.   

The RNA was immediately quantified using a NanoDrop 1000 run by ND V3.5.2 software 

and stored at -80°C in 1.5μg aliquots. 

2.7.2 RNA gel electrophoresis 

To assess the quality of RNA samples for cDNA synthesis and qPCR analysis, a 1.5% 

agarose 2.2M formaldehyde gel was used to identify the bands corresponding to the 28S 

and 18S ribosomal subunits. All equipment used for casting and running the gel – casting 

trays, combs, conical flasks, measuring cylinder, spatula, weigh boat, and tank – were 

soaked in 30% H202 (Merck, USA) to deactivate RNAses and kept under a fume hood prior 

to use. 4μg of each RNA sample was treated with RNA Sample Loading Buffer (Sigma-

Aldrich, USA) for 10 minutes at 65°C. The gel was prepared as follows: 1.5g TopVision 

agarose (Fermentas, Canada) was dissolved in 72mL DEPC water (Appendix B.13) in a 

microwave and cooled to approximately 55°C. 10mL 10x MOPS buffer (Appendix B.14), 

18mL deionised formaldehyde and 100uL DEPC treated Ethidium Bromide (Appendix 

B.15) were then added, swirled to mix and instantly poured into a casting tray (Recipe, 

Appendix B.16). A 1x MOPS buffer (Appendix B.14) was used to separate products on the 

denaturing gel at 85V for 90 minutes.  
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2.8. cDNA synthesis 

RNA samples were not DNAse treated in this investigation as this was shown to adversely 

affect the mRNA transcript copy numbers, by another member of the laboratory. cDNA 

was synthesised using SuperScript®III First-strand cDNA Synthesis (Invitrogen, USA) and 

SuperScript®VILO™ cDNA MasterMix (Invitrogen, USA). No reverse transcriptase controls 

were included for the samples as shown in Appendix E.4. 

2.8.1. SuperScript®III First-strand cDNA Synthesis  

1.5μg of RNA was combined with Oligo(dT)15 (Promega, USA) 2μL of 2mM dNTPs 

(Fermentas, Canada) and made up to 10μL with nuclease free water (GIBCO, USA). The 

mixture was incubated at 65°C for 5 minutes and placed in ice immediately thereafter for 

2 minutes. The reaction mixture was spun down before proceeding. A master mix of 4μL 

5x RT Buffer, 1μL 0.1M DTT, 1μL RNase OUT and 1μL SuperScript®III Reverse 

Transcriptase was prepared and added to the reaction mixture. The new mixture was then 

incubated at 50°C for 50 minutes, 20°C for 10 minutes and 50°C for 50 minutes. The 

reaction was terminated at 85°C for 5 minutes after which the product was chilled on ice 

and used immediately or stored at -20°C.  

2.8.2. SuperScript®VILO™ cDNA MasterMix 

RNA was diluted into a volume of 16μL nuclease free water (GIBCO, USA), less the volume 

containing 1μg RNA. 4μL of the MasterMix was then added to make a total reaction volume 

of 20μL. The reaction mixture was incubated at 25°C for 10 minutes, then 42°C for 60 

minutes followed by a termination step of 85°C for 5 minutes in a Bio-Rad MyCycler™ 

Thermal Cycler (Bio-Rad, USA). cDNA was diluted with 15μL nuclease free water (GIBCO, 

USA) and used immediately or stored for use within a week, at -20°C.  

2.9. Real time quantitative polymerase chain reaction (qPCR) 

qPCR was used to quantify the difference in expression of genes of interest (Foxc1, N-

cadherin, Slug, Tsc22 and Pitx2) against reference gene Hprt, between cell lines and 

treatments thereof. The same protocol was employed for all genes in a Mini Opticon MJ 

MINI™ Personal Thermal Cycler (Bio-Rad, USA) supported by the CFX manager software 

package on a dedicated  Windows XP OS computer. All reaction preparations were made in 

triplicate and on ice to prevent undesired product synthesis and a 10μM primer 

concentration maintained throughout. A primer list is shown in Table 2.1 below, further 
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details of the targets and oligonucleotides are given in Appendix E.5. Two different master 

mixes were used as outlined below in Section 2.9.1 and 2.9.2 (Appendix E.6).  

The 2-∆∆C
T method (Livak and Schmittgen, 2001) was used to transform data from gene 

expression analyses. This involved normalising the quantification cycle (Cq), formerly 

threshold cycle (CT), of the gene of interest (Foxc1, Pitx2, Tsc22, Slug, N-cadherin) 

(Appendix against the reference gene (Rps12, Hprt) to obtain a fold change in expression 

(Appendix E.7 and E.8). No-template controls (NTCs) (Appendix E.9) and as mentioned, no 

reverse-transcriptase (no-RT) controls were included for all samples (E.4).  

Minimum information for publication of quantitative real time PCR experiments (MIQE)  

guidelines as outlined by Bustin et al. (2009) were adhered to as closely as possible 

(Appendix E). 

 

 



MATERIALS AND METHODS                                                               36 

 

 

Table 2.1: Primer sequences for reference genes Hprt and Rps12; and genes of interest, Foxc1, Pitx2, Tsc22, Slug and N-cadherin. 

Gene of 

Interest 
Forward 5'→3' Reverse 5'→3' 

Product 

size (bp) 

Accession 

number 
Manufacturer 

Hprt GTCCCAGCGTCGTGATTAGCGAT GGGCCACAATGTGATGGCCTCC 206 NM_0135556.2 Inqaba Biotec, South Africa 

Rps12 GGAAGGCATAGCTGCTGGAGGT CGATGACATCCTTGGCCTGAG 364 NM_001016.3 Inqaba Biotec, South Africa 

Foxc1 TCGCTTTCCTGCTCATTCGTC TGCAGAAAACGCTGTAGGGG 559 NM_008592.2 IDT, USA 

PitX2 AGCTGTGCAAGAATGGCTTT CACCATGCTGGACGACATAC 232 NM_001042504.1 Inqaba Biotec, South Africa 

N-cadherin TTAAAAGCTGCTTGGCTTGG AAGATTTGCATCCTGCGTGT 205 NM_007664.4 Inqaba Biotec, South Africa 

Tsc22 GTAGACCAGTGGCGATGGAT TCCAGCTGGGAGTTTTTCTC 256 NM_009366.3 Inqaba Biotec, South Africa 

Slug AAGAAGCCCAACTACAGCGA GCTTTTCCCCAGTGTGAGTT 595 NM_011415.2 Inqaba Biotec, South Africa 
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2.9.1. qPCR using 5X HOT FIREPol® EvaGreen® qPCR Mix Plus 

Each 20μL reaction contained 16μL nuclease free water (GIBCO, USA), 1μL cDNA, 0.5μL 

10mM forward, 0.5μL 10mM reverse primer and 2μL 5X HOT FIREPol® EvaGreen® qPCR 

Mix Plus (Solis Biodyne, Estonia) (Appendix E.6.1). The protocol consisted of: denaturation 

at 94°C for 15 minutes; 40 cycles of 94°C for 15 seconds, 60°C for 30 seconds, 72°C for 1 

minute; a plate read; and a 10 minute elongation step at 72°C (Appendix E.6.1., Figure 

5.17). In quantifying Foxc1 expression, 2μL of cDNA was used and reaction mixture 

adjusted to contain 1μL less water. 

2.9.2. qPCR using SYBR® Green JumpStart Taq ReadyMix™ 

25μL reactions contained 9.5μL nuclease free water (GIBCO, USA), 1.0μL cDNA, 1μL  

forward primer, 1μL reverse primer and 12.5μL SYBR® Green JumpStart Taq ReadyMix™ 

(Sigma-Aldrich, USA) (E.6.2). The reaction mixtures were subjected to an initial step at 

94°C for 2 minutes, followed by 40 cycles of 94°C for 15 seconds, 60°C for 30 seconds, 

72°C for 1 minute; a plate read; and a 10 minute final elongation at 72°C (Appendix E.6.2., 

Figure 5.18). In the case of Foxc1, 2μL of cDNA was used and 1μL less water employed. 

2.10. Confocal Microscopy 

2.10.1. Monolayer Culture 

To evaluate whether the lens could induce an epithelial phenotype from mesenchyme 

cells, POM cell monolayers were exposed to whole chick lenses then fixed for confocal 

microscopy. E12.5+/+ and E13.5+/+ cells were grown on UV treated, ethanol sterilised 

12mm coverslips seated in 24 well plates (Corning, USA). 1x103cells in 300μL culture 

medium were seeded into each well covering the slip and cultured for 48-72hours. For the 

lens treatments, E6 and E8 lenses (one per well) were placed into each well. Growth was 

observed using a Nikon TMS-F inverted light microscope (Nikon, Japan).  

2.10.2 Hanging drop Culture 

To observe whether the lens could induce and epithelial phenotype from mesenchyme 

cells in 3D culture, hanging drops were prepared. Hanging drop culture was achieved by 

placing 30μL drops of culture medium containing 1x103cells on the inverted lid of a 6cm 

culture dish (Corning, USA). In the lens treatments, an E6 or E8 whole chick lens was 

placed on the lid and 30μL of culture medium containing 1x103 E12.5 or E13.5 POM cells 
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respectively was placed over the lens before the dish was inverted. The culture dish base 

was filled with 3mL 1x PBS to prevent desiccation of the drops. The lid was then carefully 

reverted and replaced on top of the dish base. Cultures were allowed to grow for 72 hours. 

Spheroid growth was observed using a Nikon TMS-F inverted light microscope (Nikon, 

Japan).  

Glass coverslips were coated with Poly-L-lysine (Sigma-Aldrich, USA) to facilitate adhesion 

of the spheroids to the coverslip. Under a Stemi DV4 stereo microscope (Zeiss, Germany), 

spheroids were transferred onto coverslips held by forceps, by gently touching the drop to 

the coverslip. Excess medium was carefully removed by pipetting and the 

spheroid-Poly-L-lysine interface allowed to air dry for 5 minutes. The drops were then 

fixed as described in Section 2.11.3.1 below. 

2.10.3. Immunocytochemistry 

2.10.3.1. Sample preparation 

In preparation for staining, culture medium was removed and cells gently washed with 1x 

PBS using a Pasteur pipette rested against the well wall. Monolayers and hanging drops 

were fixed at room temperature for 10minutes with 4% paraformaldehyde (Merck, USA) 

in 1x PBS containing 0.15% Triton X-100 (Appendix B.17). 3 washes with 1x PBS followed. 

0.5% Bovine Serum Albumin (BSA) Appendix (B.18) in 1x PBS was then used to block for 1 

hour at room temperature.  

2.10.3.2. N-cadherin staining 

Polyclonal rabbit anti N-cadherin (Santa Cruz, USA) primary antibody in a 1:300 0.5% BSA 

in 1x PBS dilution was added to the cells and incubated overnight at 4°C. Each well was 

then subjected to 3 10minute washes in cold 1x PBS. The cells were then incubated in the 

dark  for 1hr at room temperature with donkey anti-rabbit Cy3-conjugated secondary 

antibody (Jackson Immunolabs, USA) in a 1:1000 dilution with 0.5% BSA in 1x PBS. The 

slips were washed 3 times for 10 minutes in 1x PBS. Finally, cells were incubated with a 

1:50 dilution of 50μg/mL DAPI in 1x PBS for 10 minutes, washed once in 1x PBS and 

mounted in one drop of Mowiol with DABCO (Appendix B.19). N-cadherin staining on 

hanging drops was carried out as above with extended 15 minute washes after each 

antibody incubation. The final wash, after incubation with DAPI was 20 minutes long.   
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No-primary and no-secondary antibody controls were also prepared in each instance 

(Appendix F).  

2.10.3.3. Visualisation 

N-cadherin localisation was imaged using a Zeiss LSM 710 Laser Scanning Confocal 

Microscope (Zeiss, Germany) and captured by the ZEN 2009 with the assistance of Shirley 

Mackellar and Celia Snyman of the Centre for Electron Microscopy, University of KwaZulu-

Natal at Pietermaritzburg. Fixed cultures were viewed under LCI PlanNeofluar 25x/0.8 

1mm Korr DIC M27 and 63x/1.3 1mm Korr DIC M27 objectives. N-cadherin was observed 

in the 488 channel (Mercury-Argon laser) under FITC filter, DAPI in the 405 and DIC in 

TPMT 488. The frame size was maintained at 1024 x 1024. The 8-bit depth images were 

taken at speed 9 with an averaging of 4. The pin hole was opened to 5.45 airy units, equal 

to an 11.8μm section. 

 

 

 

 

 

 

 

 



CHAPTER 3: RESULTS 

3.1. POM Cell morphology 

Periocular mesenchyme cells are of neural crest origin and migrate to fill the space 

between the presumptive corneal epithelium (surface ectoderm) and the lens. Two cell 

lines were created by microdissection of mouse embryos at E12.5 and E13.5 as described 

in Appendix A. Both cell lines are fibroblastic and adherent. POM cells at E12.5 and E13.5 

(Figure 3.1) had the same shape and maintained similar morphology throughout 

treatments.  

 

Figure 3.1: POM cell morphology. 25x Confocal microscopy merge of differential interference 

contrast (DIC) and DAPI stained image of fixed E12.5+/+ (left) and E13.5+/+ (right) POM cells. Scale 

bar is 20μm and 10μm respectively. The E13.5+/+ image has been zoomed for better viewing.  

3.2. SV40 large T-antigen 

Immortalised POM cell lines at E12.5 and E13.5 were established by infection with 

retrovirus encoding a temperature-sensitive SV40 large T-antigen (SV40-Tag) with 

Geneticin (G418) resistance, by another member of the laboratory as described in 

Appendix (B). In theory, transformation by the retrovirus, the cell physiology can be 

manipulated as a response to temperature.  Culture at 33°C causes the cells to proliferate 

while a higher temperature such as 37°C inhibits proliferation thus promoting 

differentiation. A 13 day G418 pressure study (Figure 3.2) was carried out to confirm 

whether the SV40-Tag was still encoded within the POM cells. Low passage POM cells 

(p=8) were cultured in 400μg G418/mL medium in 24 well plates seeded with 1x103 cells 
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per well. Observations were made every 24 hours. POM cell response to temperature was 

also investigated by cell counts (Figure 3.3) and MTS assay (Figure 3.4). MTS data was 

corrected as described in Section 2.2.1. For the cell counts, 1x103 POM cells contained in 

500 μL of medium per well were seeded in 24 well plates incubated at 33°C and 37°C for 

96 hours and cell counts carried out every 24 hours. Cells were also observed using an 

inverted light microscope every 3 days at medium change. 

 

Figure 3.2: G418 antibiotic pressure study of E12.5+/+ and E13.5+/+ POM cells transformed with the 

temperature sensitive SV40 large T-antigen. 2 wells per control (untreated) and treatment 

(400μg/mL G418) were counted every 24 hours for 13 days. For clarity, standard error of the mean 

is not shown (SEM). 

The E12.5+/+ cells proliferated at a greater rate than the E13.5+/+ cells. Both cell lines 

proliferated in the presence of G418 indicating that the G418 tag was still present in the 

cells. All samples were observed to be 80-85% confluent by day 9 after which the rapid 

decrease in cell count may be attributed to cell death as a result of diminishing resources 

and confluency.   
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Figure 3.3: The effect of temperature on SV40-Tag transformed E12.5+/+ and E13.5+/+ POM cells. 

Cultures were incubated at 33°C and 37°C and counted at 24 hour intervals over 96 hours. (error 

bars = SEM). 

E12.5+/+ POM cultures proliferate more rapidly than their E13.5+/+ counterparts at both 

33°C and 37°C. The cell doubling time for E12.5+/+ at 33°C and 37°C was approximately 48 

hours and 24-48 hours respectively. For E13.5+/+, the cell doubling time was about 52-56 

hours and 24-28 hours respectively. Both cell lines proliferated more rapidly at 37°C than 

33°C. 

 

Figure 3.4: MTS assay of the effect of temperature on cell proliferation of E12.5+/+ and E13.5+/+ POM 

cells transformed with the temperature-sensitive SV40-Tag. Cells were incubated at 33°C and 37°C 

and assayed at 24 hour intervals over 96 hours. (error bars = SEM). 
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Continued growth throughout the 13 day pressure study confirms that the POM cells still 

encoded the SV40-Tag. However the results of the cell counts and MTS assay show that the 

protein is no longer temperature-sensitive. No morphological differences were observed 

in any of the investigations. 

3.3. Real time quantitative PCR analyses  

All treatments were carried out on passage 6≤p≥8 and higher passage (24≤p≥27) POM 

cells. Passage number did not significantly affect gene expression levels. Rigorous checks 

were carried out to ensure the integrity of the data according to MIQE guidelines (Bustin 

et al., 2009) including no-RT (Appendix E.4) and no template controls (Appendix E.9.1). 

Expression was quantified as a fold change relative to the reference gene. Statistical 

analysis of qPCR data was carried out as described in E8. Results are presented as bar 

graphs with SEM bars. 

3.3.1. Compliance with MIQE guidelines 

MIQE guidelines (Bustin et al., 2009) outline the minimum details required about qPCR 

experiments in order to maintain transparency, reliability, scientific integrity and allow 

reproducibility of results.  They serve to evaluate experimental design and preserve 

consistency in interpretation of qPCR analyses. The guidelines were adhered to as closely 

as possible. A list of compliance is provided in Appendix E. 

3.3.2. Validation of RNA purity and integrity  

In accordance with MIQE guidelines, total RNA samples were quantified by Nanodrop 

1000 (Thermo Scientific, USA) using ND V3.5.2 software, immediately after isolation. This 

form of spectrophotometry also gives an indication of RNA purity. RNA has an absorption 

maximum of 260nm and was measured at 260nm and 280nm to generate ratios allowing 

for the assessment of RNA purity. Pure RNA is considered to have an A260/280 ratio between 

1.8 and 2.1. Figure 3.5 shows the Nanodrop results of all RNA samples used to synthesize 

cDNA for real time quantitative PCR RNA. To asses RNA integrity for its use in qPCR, all 

RNA samples were run on a denaturing formaldehyde agarose gel with Ethidium Bromide 

stain for visualisation under UV light (Chemidoc XRS). The quality of the RNA was 

confirmed by two distinct bands of the 28S and 18S ribosomal subunits (Figure 3.6). As 

shown in Figures 3.5 and 3.6, RNA purity and quality was confirmed to be acceptable for 

analysis 
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Figure 3.5: In silico screen of Nanodrop assessment of RNA quality showing A260/280 ratio and 

corresponding plots. 
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Figure 3.6:  Denaturing formaldehyde agarose gel analysis of experimental RNA samples, taken 

from POM cells at E12.5 and E13.5. 1) Cells exposed to boiled whole chick lenses (lens experiment 

negative control) 2) Cells transfected with a scrambled shRNA 3) Untreated (control) POM cells 4) 

Transfected with pFoxc1 5) Transfected with pshFoxc1 6) Cells exposed to whole chick lenses 7) 

Transfected and exposed to lens 8) Treated with TGFβ2 9) Transfected with Foxc1-pshRNA and 

treated with TGFβ2.  

3.3.3. The use of Hprt and Rps12 as reference genes and validation of the 2-∆∆C
T 

method of data analysis 

Many variations can occur during qPCR analysis as a result of differing primer efficiency, 

amplification efficiency and extraction processes thus there is a need for an internal 

control to allow the reliable interpretation of data from the assay. Such an internal control 

is presented in the form of reference genes. mRNA data of the genes of interest are 

normalised against reference genes most suitable to the cell type and experimental design. 

The selected reference genes must be highly expressed in the sample and also across 

different tissue types, as well as stably and constantly transcribed under varying 

conditions. For this investigation, 40S Ribosomal protein 12 (Rps12) and Hypoxanthine 

phosphoribosyltransferase (Hprt) were chosen as two such acceptable mRNAs. Common 

practise is to use two reference genes however this was not possible in all assays due to 

limiting resources and thermo cycler capacity.  Rps12 was used for initial experiments and 

data obtained was correlated with assay data normalised against Hprt and there was no 

significant difference between the data obtained. Figure 3.7 below shows amplification 

data of Hprt normalised against Rps12 (serving as the target gene in this case) in a cDNA 

serial dilution.  
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Figure 3.7: The mean change (∆Cq) between Hprt and Rps12 Cq values plotted against a dilution 

series of E12.5+/+ cDNA. (error bars = SEM). 

As seen above, the slope (m=0.0353) is close to zero showing that the mean difference in 

quantification cycle (Cq), formerly threshold cycle (Ct), remains relatively the same across 

dilutions. This validates the use of the 2-∆∆C
T  method as an appropriate means to analyse 

qPCR data studies. The defining assumption made by, and essential in the analysis of data 

by the 2-∆∆C
T method (Livak and Schmittgen, 2001), requires that the amplification 

efficiency of the reference gene approximates the amplification efficiency of the target. An 

example of such an approximation is shown below for Hprt and Rps12 expression in wild 

type E12.5 POM cells (Figure 3.8). 
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Figure 3.8: Plots of mean Cq of: A) Hprt and B) Rps12 used to calculate amplification efficiency of the 

qPCR reaction. (error bars = SEM). 

The amplification efficiency of Hprt was 110.33% and that of Rps12 (serving as the target 

in this case) 108.42%, thus further validating the use of the 2-∆∆C
T method.  

3.4. Comparison of Foxc1, Pitx2, Tsc22 and Slug expression levels in E12.5+/+ 

and E13.5+/+ POM cells  

Foxc1 and Pitx2 are two key genes directing the normal development of the eye and are 

regulated by other transcription factors and growth factors as well as lens derived signals. 

Tsc22 has been identified as a downstream target of Foxc1 and is downregulated by Foxc1 

in POM cells. Slug is a transcriptional repressor that facilitates epithelial to mesenchymal 

transition, a process requisite for cell differentiation and proliferation during 

development. Figure 3.9 below shows the relative expression of these genes of interest in 

POM cells at a developmental stage characterised by high proliferation, E12.5, and a more 

differentiated stage, E13.5. 



 

Figure 3.9: Real time qPCR analysis of 

E13.5+/+ relative to E12.5+/+POM cells.

 

All genes are significantly 

(p<0.05). Pitx2 is the most significantly 

expression is half that observed at E12.5

3.5. Confirmation of transfection and functional efficiency of plasmids

To assess the effect of Foxc1
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: Real time qPCR analysis of Foxc1, Pitx2, Tsc22 and Slug expression in POM cells at 

POM cells. (*=p<0.05, n=3; error bars = SEM).). 

 downregulated at E13.5 with respect to E12.5 in POM cells

is the most significantly downregulated by (up to 80%

expression is half that observed at E12.5 as seen in Figure 3.9.  

Confirmation of transfection and functional efficiency of plasmids

Foxc1 overexpression and knockdown on the genes of interest

and E13.5+/+ POM cell lines were transfected with p

short hairpin RNA targeting Foxc1, pshFoxc1.  

Pitx2 Tsc22 Slug

*

*

*
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expression in POM cells at 

at E13.5 with respect to E12.5 in POM cells 

to 80%) while Foxc1 

Confirmation of transfection and functional efficiency of plasmids 

genes of interest Pitx2, 

POM cell lines were transfected with pFoxc1 and a 

E12.5+/+

E13.5+/+



 

Figure 3.10: Foxc1 overexpression

E12.5+/+ and E13.5+/+ POM cells

= SEM). 

Figure 3.11: Foxc1 knockdown 

Foxc1 expression in E12.5+/+ and E13.5

Overexpression of Foxc1 resulted in a 197 and 244

E12.5+/+ and E13.5+/+ POM cells respectively (

efficiencies were 95% and 98% (

and both significant overexpression and knockdown of 

0

50

100

150

200

250

300

Control

R
e

la
ti

v
e

 F
o
x
c1

e
x

p
re

ss
io

n

0

0.2

0.4

0.6

0.8

1

1.2

Control

R
e

la
ti

v
e

 F
o
x
c1

e
x

p
re

ss
io

n

 RESULTS                                                                          

overexpression efficiency analysis. Real time qPCR of pFoxc1

s relative to control (untreated) POM cells. (*=p<0.05, n=3

knockdown efficiency analysis. Real time qPCR of the effect of 

and E13.5+/+ POM cell lines. (*=p<0.05, n=3; error bars = SEM

resulted in a 197 and 244-fold increase in Foxc1

POM cells respectively (Figure 3.10). The corresponding knockdown 

efficiencies were 95% and 98% (Figure 3.11). These results indicate efficient transfection 

and both significant overexpression and knockdown of Foxc1. 

Control E12.5+/+ E13.5+/+

*

Control E12.5+/+ E13.5+/+

*
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Foxc1-EGFP transfected 

(*=p<0.05, n=3; error bars 

 

analysis. Real time qPCR of the effect of  pshFoxc1 on 

; error bars = SEM). 

Foxc1 expression in 

3.10). The corresponding knockdown 

These results indicate efficient transfection 

E13.5+/+

E13.5+/+



 

3.6. The effect of overexpression and knockdown

Slug expression in POM cells

As Foxc1 is a transcription factor essential for normal development of the anterior 

segment of the eye, it was of interest to investigate the effect of silencing and 

overexpression on the expression of the 

anterior segment.  

Figure 3.12: Real time qPCR analysis of 

overexpression on at E12.5, relative to untreated 

SEM). 

Figure 3.13: Real time qPCR analysis of

overexpression on at E13.5, relative to untreated 

SEM). 
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expression and knockdown of Foxc1 on Pitx2

POM cells at E12.5 and E13.5 

a transcription factor essential for normal development of the anterior 

t was of interest to investigate the effect of silencing and 

expression of the genes of interest known to be expressed in the 

Real time qPCR analysis of Pitx2, Tsc22 and Slug expression in response to 

overexpression on at E12.5, relative to untreated 12.5+/+ POM cells. (*=p<0.05, n=3

Real time qPCR analysis of Pitx2, Tsc22 and Slug expression in response to 

overexpression on at E13.5, relative to untreated 13.5+/+ POM cells. (*=p<0.05, n=3

Control Pitx2 Tsc22 Slug

12.5Foxc1+/+foxc1-eGFP

Control Pitx2 Tsc22 Slug

13.5Foxc1+/+foxc1-eGFP

*

* 

 
* 

E12.5+ pFoxc1 

E13.5 + pFoxc1 
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Pitx2, Tsc22 and 

a transcription factor essential for normal development of the anterior 

t was of interest to investigate the effect of silencing and 

known to be expressed in the 

 

expression in response to Foxc1 

0.05, n=3; error bars = 

 

expression in response to Foxc1 

(*=p<0.05, n=3; error bars = 

Slug

*

Slug

* 



 

Overexpression of Foxc1 at E12.5 significantly inhibits 

and promotes Tsc22 expression

overexpression (p<0.05) but 

upregulated 2-fold (Figure 3.13

Figure 3.14: Real time qPCR analysis of 

expression at E12.5, relative to untreated E12

comparison. (*=p<0.05, n=3; error bars = SEM

Figure 3.15: Real time qPCR analysis of the effect of 

expression at E13.5, relative to untreated E13

comparison. (*=p<0.05, n=3; error bars = SEM
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at E12.5 significantly inhibits Pitx2 and Slug expression (p<0.05) 

expression (Figure 3.12). At E13.5, Pitx2 is still inhibited by 

overexpression (p<0.05) but Tsc22 is not significantly affected. Slug

3.13). 

Real time qPCR analysis of the effect of Foxc1 knockdown on Pitx2

at E12.5, relative to untreated E12.5+/+ POM cells. Foxc1 knockdown 

; error bars = SEM). 

Real time qPCR analysis of the effect of Foxc1 knockdown on Pitx2

expression at E13.5, relative to untreated E13.5+/+ POM cells. Foxc1 knockdown

; error bars = SEM). 

Foxc1 Pitx2 Tsc22

12.5Foxc1+/+shRNA

Foxc1 Pitx2 Tsc22

13.5Foxc1+/+shRNA
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expression (p<0.05) 

is still inhibited by Foxc1 

Slug seems to be 

 

Pitx2, Tsc22 and Slug 

knockdown is repeated for 

 

Pitx2, Tsc22 and Slug 

knockdown is repeated for 

Slug

*

Slug

* 



 

At E12.5, Foxc1 knockdown significantly inhibits 

appearing to enhance Tsc22

reduced while Tsc22 and Slug

 

3.7. Real time quantitative qPCR of t

and Slug expression at E12.5 

 

To assess the effect of the lens on E12.5 wild type POM cells, cells were exposed to whole 

chick lenses for 24 hours and 

(Figure 3.16), Pitx2 (Figure

below. Gene expression data was 

The role of Foxc1 in interpreting signals from the lens was determined by transfecting the 

cells with a Foxc1 directed shRNA

lenses and comparing the data to lens treated cells.

cells were also exposed to boiled E6 and E8 lenses respectively (adapted from Coulombre 

and Coulombre, 1964). Boiled lenses had no effect on 

control (Appendix D). 

 

Figure 3.16: The expression of 

normal cells relative to the control. 

Foxc1 expression is significantly downregulated

(p<0.05).  
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down significantly inhibits Pitx2 and Slug expression (p<0.05)

Tsc22 expression (Figure 3.14). At E13.5, Pitx2 expre

Slug appear unaffected (Figure 3.15). 

Real time quantitative qPCR of the effect of the lens on Foxc1

at E12.5  

To assess the effect of the lens on E12.5 wild type POM cells, cells were exposed to whole 

chick lenses for 24 hours and qPCR was performed on the RNA isolated. Results for

Figure 3.17), Tsc22 (Figure 3.18) and Slug (Figure 

. Gene expression data was expressed relative to the control (untreated POM cells). 

in interpreting signals from the lens was determined by transfecting the 

directed shRNA, then further treating by exposure to E6 whole chick 

data to lens treated cells. As a negative control, E12.5 and E

cells were also exposed to boiled E6 and E8 lenses respectively (adapted from Coulombre 

Boiled lenses had no effect on gene expression relative to the 

The expression of Foxc1 in E12.5 POM cells in response to treatment with E6 lenses in 

normal cells relative to the control. (*=p<0.05, n=3; error bars = SEM). 

expression is significantly downregulated by 40% as a response to E6 lens exposure 

Control POM+E6lens

Treatment
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expression (p<0.05) while 

expression is still 

Foxc1, Pitx2, Tsc22 

To assess the effect of the lens on E12.5 wild type POM cells, cells were exposed to whole 

Results for Foxc1 

 3.19) are shown 

essed relative to the control (untreated POM cells). 

in interpreting signals from the lens was determined by transfecting the 

sure to E6 whole chick 

a negative control, E12.5 and E13.5 

cells were also exposed to boiled E6 and E8 lenses respectively (adapted from Coulombre 

gene expression relative to the 

 

in E12.5 POM cells in response to treatment with E6 lenses in 

by 40% as a response to E6 lens exposure 



 

Figure 3.17: The expression of 

normal cells and cells in which 

of Foxc1 silencing alone on Pitx2

= SEM). 

Pitx2 expression in all treatments 

Pitx2 is downregulated by approximately 60% in lens treated POM cells

expression in the control. Its expression is 

and the absence of Foxc1. 

 

 

 

 

0

0.2

0.4

0.6

0.8

1

1.2

Control

R
e

la
ti

v
e

 P
it
x
2

e
x

p
re

ss
io

n

 RESULTS                                                                          

The expression of Pitx2 in E12.5 POM cells in response to treatment with E6 lenses in 

normal cells and cells in which Foxc1 expression has been silenced relative to the control. The effect 

Pitx2 expression is repeated for comparison. (*=p<0.05, n=3

ll treatments is significantly downregulated compared to the c

is downregulated by approximately 60% in lens treated POM cells

expression in the control. Its expression is reduced even more in the presence of the lens 

Control POM+E6lens pshFoxc1+E6lens pshFoxc1

Treatment
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in E12.5 POM cells in response to treatment with E6 lenses in 

expression has been silenced relative to the control. The effect 

(*=p<0.05, n=3; error bars 

significantly downregulated compared to the control. 

is downregulated by approximately 60% in lens treated POM cells as compared to 

reduced even more in the presence of the lens 

pshFoxc1



 

Figure 3.18: The expression of 

normal cells and cells in which 

of Foxc1 silencing on Tsc22 expression 

= SEM). 

When Foxc1 is silenced, Tsc22

approximately 30% (relative to the control) 

(p<0.05). However when E12.5

expression is observed to decrease 
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The expression of Tsc22 in E12.5 POM cells in response to treatment with E6 lenses in 

normal cells and cells in which Foxc1 expression has been silenced relative to the control. The effect 

expression alone is repeated for comparison. (*=p<0.05, n=3

Tsc22 expression is doubled. Tsc22 expression is also increased

(relative to the control) when the POM cells are exposed to the lens

E12.5 cells are exposed to the lens and Foxc1 knockdown

observed to decrease by 30% significantly with respect to the control.

POM+E6lens pshFoxc1+E6lens pshFoxc1

Treatment
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in E12.5 POM cells in response to treatment with E6 lenses in 

expression has been silenced relative to the control. The effect 

(*=p<0.05, n=3; error bars 

expression is also increased by 

are exposed to the lens 

knockdown, Tsc22 

with respect to the control.  

pshFoxc1



 

Figure 3.19: The expression of 

normal cells and cells in which 

of Foxc1 silencing alone on Slug

SEM). 

E12.5+/+ POM cells show no significant change in 

Foxc1 silenced cells express 60% less 

cells to lens in the absence of Foxc1 results in a significant upregulation when compared to 

Foxc1 knockdown alone. 

3.8. Real time quantitative analysis of the e

Foxc1, Pitx2, Tsc22 and Slug

 

Lens secreted factors such as 

Pitx2 during normal ocular development (Ittner 

have been associated with epithelial

neural crest derived cells (Thut 

used to investigate the effect of the lens on POM cell lines at E12.5 and E13.5 by measuring 

gene expression and cell proliferation. 

(Slug) show the outcomes of the analyses. 
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The expression of Slug in E12.5 POM cells in response to treatment with E6 lenses in 

normal cells and cells in which Foxc1 expression has been silenced relative to the control. The effect 

Slug expression is repeated for comparison. (*=p<0.05, n=3

POM cells show no significant change in Slug expression when exposed to E6 lens. 

silenced cells express 60% less Slug compared to the control. Expression of E12.5 

cells to lens in the absence of Foxc1 results in a significant upregulation when compared to 

Real time quantitative analysis of the effect of recombinant 

Slug expression of POM cells at E12.5 

Lens secreted factors such as TGFβ2 have been implicated in the regulation of 

during normal ocular development (Ittner et al., 2005) and proteins of this family 

associated with epithelial-mesenchymal transition as well as differentiation of 

neural crest derived cells (Thut et al., 2001). In this investigation, whole chick lenses were 

used to investigate the effect of the lens on POM cell lines at E12.5 and E13.5 by measuring 

roliferation. Figures 3.20 (Foxc1), 3.21 (Pitx2), 3.21 (

) show the outcomes of the analyses.  

Control POM+E6lens pshFoxc1+E6lens pshFoxc1

Treatment
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in E12.5 POM cells in response to treatment with E6 lenses in 

expression has been silenced relative to the control. The effect 

(*=p<0.05, n=3; error bars = 

expression when exposed to E6 lens. 

Expression of E12.5 

cells to lens in the absence of Foxc1 results in a significant upregulation when compared to 

recombinant TGFβ2 on 

β2 have been implicated in the regulation of Foxc1 and 

, 2005) and proteins of this family 

transition as well as differentiation of 

, 2001). In this investigation, whole chick lenses were 

used to investigate the effect of the lens on POM cell lines at E12.5 and E13.5 by measuring 

), 3.21 (Tsc22), 3.23 

pshFoxc1



 

Figure 3.20: The effect of 30ng/

untreated (control) cells at E12.5.

  

Foxc1 expression was observed to be 40% lower in

control (p<0.05). 
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30ng/mL TGFβ2 on Foxc1 expression in normal cells relative to 

untreated (control) cells at E12.5. (*=p<0.05, n=3; error bars = SEM). 

expression was observed to be 40% lower in TGFβ2 treated cells 

Control TGFβ2
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expression in normal cells relative to 

treated cells compared to the 



 

Figure 3.21: The effect of 30ng/

Foxc1 has been silenced (psh

knockdown data is shown for comparison.

 

Pitx2 is downregulated by 40% when treated with 

Pitx2 expression in E13.5 shRNA+

when compared to normal cells. 
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The effect of 30ng/mL TGFβ2 on Pitx2 expression in normal cells and cells in which 

shFoxc1+TGFβ2), relative to untreated (control) cells at E12.5. The 

knockdown data is shown for comparison. (*=p<0.05, n=3; error bars = SEM). 

is downregulated by 40% when treated with TGFβ2 and 85% in Foxc1

shRNA+TGFβ2 treated cells however is downregulated

when compared to normal cells.  
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expression in normal cells and cells in which 

), relative to untreated (control) cells at E12.5. The 

Foxc1 silenced cells. 

downregulated by 70% 

pshFoxc1

 



 

Figure 3.22: The effect of 30ng/

Foxc1 has been silenced (psh

knockdown data is shown for comparison.

 

Tsc22 is 40% downregulated in 

silenced POM cells (p<0.05)

observed compared to untreated cells
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The effect of 30ng/mL TGFβ2 on Tsc22 expression in normal cells and cells in which 

has been silenced (pshFoxc1+ TGFβ2), relative to untreated (control) cells at E12.5. The 

knockdown data is shown for comparison. (*=p<0.05, n=3; error bars = SEM). 

is 40% downregulated in TGFβ2 treated cells and upregulated by 2.5 times in 

(p<0.05). When both treatments are applied, 85% downregulation is 

observed compared to untreated cells (p<0.05). 

Control TGFβ2 pshFoxc1+TGFβ2 pshFoxc1
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expression in normal cells and cells in which 

), relative to untreated (control) cells at E12.5. The 

by 2.5 times in Foxc1 

85% downregulation is 

pshFoxc1



 

Figure 3.23: The effect of 30ng/

Foxc1 has been silenced (shRNA+ 

knockdown data is shown for comparison.

 

Slug expression in TGFβ2 treated cells is 

as compared to the control. 

Slug (p<0.05). The same is observed in the 

but insignificant difference between the control and the TGFβ2. 

 

3.9. The effect of the lens 

expression at E13.5 

As mentioned in Section 3.7

regulate Foxc1 expression in POM cells. To assess the nature of this association

POM cells were exposed to recombinant T

hours. RNA was isolated from the cells and cDNA synthesised for qPCR analysis of 

(Figure 3.24), Pitx2 (Figure 3.25
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30ng/mL TGFβ2 on Slug expression in normal cells and cells in which 

has been silenced (shRNA+ TGFβ2), relative to untreated (control) cells at E12.5. The 

knockdown data is shown for comparison. (*=p<0.05, n=3; error bars = SEM). 

treated cells is slightly but insignificantly upregulated (p>0.05)

as compared to the control. Foxc1 silenced cells express about 30% of the normal

The same is observed in the pshFoxc1+TGFβ2 treatment. 

significant difference between the control and the TGFβ2.  

The effect of the lens and TGFβ2 on Foxc1, Pitx2, Tsc22

3.7, TGFβ2 is a lens derived signal that has been speculated to 

expression in POM cells. To assess the nature of this association

POM cells were exposed to recombinant TGFβ2 (30ng/mL of culture medium)

. RNA was isolated from the cells and cDNA synthesised for qPCR analysis of 

3.25), Tsc22 (Figure 3.26) and Slug (Figure 3.27

Control TGFβ2 pshFoxc1+TGFβ2 pshFoxc1

Treatment
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expression in normal cells and cells in which 

), relative to untreated (control) cells at E12.5. The 

slightly but insignificantly upregulated (p>0.05) 

silenced cells express about 30% of the normal levels of 

 There is a slight 

Foxc1, Pitx2, Tsc22 and Slug 

β2 is a lens derived signal that has been speculated to 

expression in POM cells. To assess the nature of this association at E13.5, 

of culture medium) for 24 

. RNA was isolated from the cells and cDNA synthesised for qPCR analysis of Foxc1 

(Figure 3.27). 

pshFoxc1



 

Figure 3.24: The expression of 

and TGFβ2 relative to the control. The effect of silencing alone is repeated for comparison. 

(*=p<0.05, n=3; error bars = SEM

Foxc1 expression is significantly downregulated 

control (p<0.05). TGFβ2 treatment causes a slight 

expression.  
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: The expression of Foxc1 in E13.5 POM cells in response to treatment with E8 lenses 

relative to the control. The effect of silencing alone is repeated for comparison. 

; error bars = SEM). 

expression is significantly downregulated in lens exposed cells, 

TGFβ2 treatment causes a slight but non-significant decrease in 

Control POM+E8lens TGFβ2

Treatment

* 

                                                                       60 

 

in E13.5 POM cells in response to treatment with E8 lenses 

relative to the control. The effect of silencing alone is repeated for comparison. 

in lens exposed cells, relative to the 

significant decrease in Foxc1 



 

Figure 3.25: The expression of 

normal cells and cells in which 

relative to the control. The effect of 

(*=p<0.05, n=3; error bars = SEM

Pitx2 expression is increased 1.6 times in response to E8 lens exposure in E13.5 POM cells 

(p<0.05). There is a significant difference between lens exposed cells and cells subjected to 

the knockdown and lens. In 

levels seen in the control. E13.5 cells treated with the shRNA and exposed to

show a 40% decrease in Pitx2

change in expression in TGFβ2 treated cells. 
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: The expression of Pitx2 in E13.5 POM cells in response to treatment with E8 lenses in 

cells in which Foxc1 expression has been silenced, and cells treated with TGFβ2

relative to the control. The effect of Foxc1 silencing alone on Pitx2 is repeated for comparison. 

; error bars = SEM). 

expression is increased 1.6 times in response to E8 lens exposure in E13.5 POM cells 

0.05). There is a significant difference between lens exposed cells and cells subjected to 

the knockdown and lens. In Foxc1 silenced cells, Pitx2 is expressed at about 20% of the 

levels seen in the control. E13.5 cells treated with the shRNA and exposed to

Pitx2 compared to the control (p<0.05). There is no significant 

change in expression in TGFβ2 treated cells.  

POM+E8lens shRNA+lens pshFoxc1 TGF
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in E13.5 POM cells in response to treatment with E8 lenses in 

treated with TGFβ2 

is repeated for comparison. 

expression is increased 1.6 times in response to E8 lens exposure in E13.5 POM cells 

0.05). There is a significant difference between lens exposed cells and cells subjected to 

is expressed at about 20% of the 

levels seen in the control. E13.5 cells treated with the shRNA and exposed to E8 lenses also 

There is no significant 

TGFβ2



 

Figure 3.26: The expression of 

normal cells and cells in which 

control. The effect of silencing alone is repeated for comparison. (*=p<0.05, n=3

Tsc22 expression remains relatively unchanged when

exposed to lenses and when treated with TGFβ2

cause Tsc22 expression to double

downregulation in Tsc22 expression between 

between pshFoxc1+lens treated cells
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: The expression of Tsc22 in E13.5 POM cells in response to treatment wi

cells in which Foxc1 expression has been silenced, and TGFβ2

control. The effect of silencing alone is repeated for comparison. (*=p<0.05, n=3; error bars = SEM

expression remains relatively unchanged when Foxc1 is silenced

and when treated with TGFβ2. However pshFoxc1+lens treatments 

to double relative to untreated POM cells. There is a significant 

expression between pshFoxc1+lens and lens exposed cells; and 

+lens treated cells and Foxc1 silenced cells (p<0.05). 

POM+E8lens shRNA+lens pshFoxc1 TGF
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in E13.5 POM cells in response to treatment with E8 lenses in 

and TGFβ2 relative to the 

; error bars = SEM). 

is silenced, when cells are 

+lens treatments 

relative to untreated POM cells. There is a significant 

lens exposed cells; and 

TGFβ2



 

Figure 3.27: The expression of 

normal cells, cells in which Foxc1 

the control. The effect of Foxc1

(*=p<0.05, n=; error bars = SEM 

 

Slug expression is significantly decreased in lens expos

(p<0.05). Expression in psh

silenced cells upregulated Slug

 

3.10. The effect of the lens on POM cell proliferation

To investigate any effect the 

cells were exposed to E6 and E8 whole chick lenses respectively. 1x10

E13.5+/+ POM cells per well were seeded in 96 well plates and 

intervals, by measuring abso

(Figures 3.28 and 3.29). 
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: The expression of Slug in E13.5 POM cells in response to treatment with E8 lenses in 

Foxc1 expression has been silenced, and TGFβ2 treated cells

Foxc1 silencing alone on Tsc22 expression is repeated for comparison. 

; error bars = SEM 3). 

expression is significantly decreased in lens exposed and TGFβ2 treated 

pshFoxc1+lens treated cells remains relatively unchanged. 

Slug expression 2-fold.  

The effect of the lens on POM cell proliferation 

To investigate any effect the lens may have on proliferation, E12.5+/+ and E13.5

cells were exposed to E6 and E8 whole chick lenses respectively. 1x10

POM cells per well were seeded in 96 well plates and assayed made at 24 hour 

intervals, by measuring absorption at 490nm. Proliferation was quantified by MTS assay 

POM+E8lens pshFoxc1+E8lens pshFoxc1

Treatment
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in E13.5 POM cells in response to treatment with E8 lenses in 

, and TGFβ2 treated cells relative to 

expression is repeated for comparison. 

and TGFβ2 treated cells 

+lens treated cells remains relatively unchanged.  Foxc1 

and E13.5+/+ POM 

cells were exposed to E6 and E8 whole chick lenses respectively. 1x103 E12.5+/+ and 

made at 24 hour 

ified by MTS assay 

TGFβ2

*



 

Figure 3.28: Cell proliferation at E12.5 quantified by MTS assay at 490nm. E12.5

exposed to E6 whole chick lenses and proliferation compared to unexposed E12.5

Measurements were made every 24 hours. 

clarity. (*=p<0.05, n=3; error bars = SEM

There is a general, expected increase in proliferation across the time trial in both the 

control and treated cells (Figure 3.

between the treated and untreated cultures (p>0.05).  After 48 hours there is also 

significant difference between treated and untreated cells. Interestingly, there is a 5.5

increase in proliferation between 24 and 48 hours in the lens treated POM cells (p<0.05); 

compared to the less than 1.5

significant difference between the treated and untreated cells 

While a 3-fold increase is observed in the control (p<0.05) between 48 and 72 hours, the 

lens treated cells only showed a 1.5

seems to stimulate proliferation of E12.5 POM cells between 24 and 48 hours but by 72 

hours its presence appears to inhibit proliferation, relative to the control.
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: Cell proliferation at E12.5 quantified by MTS assay at 490nm. E12.5

exposed to E6 whole chick lenses and proliferation compared to unexposed E12.5

Measurements were made every 24 hours. Significant changes are indicated in different colours for 

; error bars = SEM). 

is a general, expected increase in proliferation across the time trial in both the 

(Figure 3.28). At 24 hours, there is no significant difference 

between the treated and untreated cultures (p>0.05).  After 48 hours there is also 

significant difference between treated and untreated cells. Interestingly, there is a 5.5

increase in proliferation between 24 and 48 hours in the lens treated POM cells (p<0.05); 

compared to the less than 1.5-fold increase in untreated cells. By 72 hours, there is a 

significant difference between the treated and untreated cells shown in blue 

fold increase is observed in the control (p<0.05) between 48 and 72 hours, the 

lens treated cells only showed a 1.5-fold increase in proliferation (p<0.05). Thus, the lens 

seems to stimulate proliferation of E12.5 POM cells between 24 and 48 hours but by 72 

hours its presence appears to inhibit proliferation, relative to the control. 

48hrs 72hrs

E12.5+/+ Control

E12.5+/+  lens(E6)
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: Cell proliferation at E12.5 quantified by MTS assay at 490nm. E12.5+/+ POM cells were 

exposed to E6 whole chick lenses and proliferation compared to unexposed E12.5+/+ POM cells. 

Significant changes are indicated in different colours for 

is a general, expected increase in proliferation across the time trial in both the 

. At 24 hours, there is no significant difference 

between the treated and untreated cultures (p>0.05).  After 48 hours there is also no 

significant difference between treated and untreated cells. Interestingly, there is a 5.5-fold 

increase in proliferation between 24 and 48 hours in the lens treated POM cells (p<0.05); 

2 hours, there is a 

shown in blue (p<0.05). 

fold increase is observed in the control (p<0.05) between 48 and 72 hours, the 

eration (p<0.05). Thus, the lens 

seems to stimulate proliferation of E12.5 POM cells between 24 and 48 hours but by 72 

 

E12.5+/+ Control

E12.5+/+  lens(E6)



 

Figure 3.29: Cell proliferation at E13.5 

exposed to E8 whole chick lenses and proliferation compared to untreated E13.5

Absorbances were read every 24 hours. 

clarity. (*=p<0.05, n=3; error bars = SEM

As seen in Figure 3.29, after 24 hours of lens exposure, there was no significant difference 

in proliferation in E8 lens treated E13.5 POM cells compared to the control. After 48 hours, 

there was still no significant dif

cells. There was however a significant increase in proliferation between 24 and 48 hours 

in the control shown in black 

increase in proliferation between 24 and 48 hours 

3.11. Assessing mesenchyme to epithelial transition in POM cells at E12.5 

and E13.5 using N-cadherin

POM cells of neural crest origin differentiate into the ciliary body of the eye, sclera, iris, 

blood vessels and cornea through mesenchymal

protein expressed in cells derived from the neural crest, responsible for ad

forming tight junctions between cells. It plays an important role in embryonic 

development, by initiating changes in undifferentiated cells. 

study to assess the structural/inter

E13.5.  
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: Cell proliferation at E13.5 quantified by MTS assay at 490nm. E13.5

exposed to E8 whole chick lenses and proliferation compared to untreated E13.5

every 24 hours. Significant changes are indicated in different colours for 

; error bars = SEM). 

fter 24 hours of lens exposure, there was no significant difference 

in proliferation in E8 lens treated E13.5 POM cells compared to the control. After 48 hours, 

there was still no significant difference in proliferation between the treated and untreated 

cells. There was however a significant increase in proliferation between 24 and 48 hours 

shown in black (p<0.05). Lens treated cells also showed a significant 

on between 24 and 48 hours indicated in blue (p<0.05).

. Assessing mesenchyme to epithelial transition in POM cells at E12.5 

cadherin as a marker of cell differentiation  

POM cells of neural crest origin differentiate into the ciliary body of the eye, sclera, iris, 

blood vessels and cornea through mesenchymal-epithelial transitions. 

protein expressed in cells derived from the neural crest, responsible for ad

forming tight junctions between cells. It plays an important role in embryonic 

development, by initiating changes in undifferentiated cells. N-cadherin 

study to assess the structural/inter-cellular changes in POM cells between E

48hrs 72hrs
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quantified by MTS assay at 490nm. E13.5+/+ POM cells were 

exposed to E8 whole chick lenses and proliferation compared to untreated E13.5+/+ POM cells. 

Significant changes are indicated in different colours for 

fter 24 hours of lens exposure, there was no significant difference 

in proliferation in E8 lens treated E13.5 POM cells compared to the control. After 48 hours, 

ference in proliferation between the treated and untreated 

cells. There was however a significant increase in proliferation between 24 and 48 hours 

(p<0.05). Lens treated cells also showed a significant 

(p<0.05). 

. Assessing mesenchyme to epithelial transition in POM cells at E12.5 

 

POM cells of neural crest origin differentiate into the ciliary body of the eye, sclera, iris, 

epithelial transitions. N-cadherin is a 

protein expressed in cells derived from the neural crest, responsible for adhesion and 

forming tight junctions between cells. It plays an important role in embryonic 

 was used in this 

cellular changes in POM cells between E12.5 and 

E13.5+/+ Control

E13.5+/+ lens(E8)



 

3.11.1. Real time qPCR analysis of 

N-cadherin expression is noted from E9.5 in various tissues of mouse embryos. Its 

distribution and expression levels associated with cellular rearrangement, and its use as a 

marker of differentiation prompted

E13.5+/+ cells for cDNA synthesis for use in 

relative to expression at E12.5 is show in 

 

Figure 3.30: Real time quantitative analysis of 

E13.5. (*=p<0.05, n=3; error bars = SEM

 

N-cadherin is upregulated at least 5

3.11.2. Confocal Microscopy

Confocal microscopy is a fluorescence microscopy technique that uses point 

as opposed to whole specimen illumination associated with conventional fluorescence 

microscopy. This allows the excitation of specific regions

in that area only, eliminating unfocused light detection. The proximi

(origin of illumination) to the focal plane also prevents detection of a large amount of 

background which is a limitation of traditional fluorescence microscopy.

enhance the resolution of the image produced and can be used

dimensional image of the sample. 

E12.5 and E13.5 POM monolayers (Figure 3.31) and hanging drops (Figures 3.32 and 3.33)

were incubated with a fluorescent molecule conjugated to antibody.

N-cadherin antibody excites
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Real time qPCR analysis of N-cadherin expression at E12.5 and E13.5

expression is noted from E9.5 in various tissues of mouse embryos. Its 

distribution and expression levels associated with cellular rearrangement, and its use as a 

prompted this investigation.  RNA was isolated from E12.5

cDNA synthesis for use in qPCR analysis. N-cadherin expression at E13.5 

relative to expression at E12.5 is show in Figure 3.30 below. 

Real time quantitative analysis of N-cadherin expression in POM cells at E12.5 and 

; error bars = SEM). 

is upregulated at least 5-fold between E12.5 and E13.5 in POM cells.

Confocal Microscopy 

Confocal microscopy is a fluorescence microscopy technique that uses point 

as opposed to whole specimen illumination associated with conventional fluorescence 

ows the excitation of specific regions on the sample and

ating unfocused light detection. The proximity of the pinhole 

(origin of illumination) to the focal plane also prevents detection of a large amount of 

which is a limitation of traditional fluorescence microscopy.

enhance the resolution of the image produced and can be used to generate a 3

dimensional image of the sample.  

monolayers (Figure 3.31) and hanging drops (Figures 3.32 and 3.33)

fluorescent molecule conjugated to antibody. Cy3

antibody excites at 488nm (Mercury-Argon laser) and is detected using a FITC 

E12.5+/+ E13.5+/+

*
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at E12.5 and E13.5 

expression is noted from E9.5 in various tissues of mouse embryos. Its 

distribution and expression levels associated with cellular rearrangement, and its use as a 

.  RNA was isolated from E12.5+/+ and 

expression at E13.5 

 

in POM cells at E12.5 and 

fold between E12.5 and E13.5 in POM cells. 

Confocal microscopy is a fluorescence microscopy technique that uses point illumination 

as opposed to whole specimen illumination associated with conventional fluorescence 

on the sample and fluorescence 

ty of the pinhole 

(origin of illumination) to the focal plane also prevents detection of a large amount of 

which is a limitation of traditional fluorescence microscopy. These qualities 

to generate a 3-

monolayers (Figure 3.31) and hanging drops (Figures 3.32 and 3.33) 

Cy3-conjugated to 

detected using a FITC 
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filter as green fluorescence (chosen by the investigator - Cy3 fluoresces red). Cell nuclei 

were stained with DAPI (blue), excited at 405nm (UV) and viewed using a DAPI filter. 

Differential interference contrast (DIC) images of the samples were also captured. This 

technique is similar to phase contrast microscopy but uses polarised light in a more 

complex light path to eliminate background fluorescence. Images were visualised on a 

Zeiss LSM 710 Laser Scanning Confocal Microscope (Zeiss, Germany) and captured by ZEN 

2009 software. 

3.11.2.1. Monolayer culture 

E12.5 and E13.5 POM cells were cultured for 3 days prior to processing. Cells were grown 

and processed on cover slips. Cultures were fixed with 4% PFA and mounted in Mowiol 

with DABCO to prevent bleaching during visualisation. Images for the no-primary and 

no-secondary antibody controls can be seen in Appendix F.  

 



 

Figure 3.31: 63x confocal image of A) DAPI stained cells B) 

and N-cadherin images. C = N-cadherin

of N-cadherin. Some images are zoomed for better examination

N-cadherin is homogeneously distributed in the

E6 lens compared to the control in which it is

nuclear N-cadherin is seen at E13.5 with no observed change in distribution with lens 

exposure.  
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onfocal image of A) DAPI stained cells B) N-cadherin stained cells C) Merged DAPI 

cadherin distributed in the cytoplasm. PN = peri-nuclear distribution 

Some images are zoomed for better examination; scale bar is 10μm

is homogeneously distributed in the cytoplasm in E12.5 POM cells exposed to 

E6 lens compared to the control in which it is distinctly localised around the nucleus.

is seen at E13.5 with no observed change in distribution with lens 
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stained cells C) Merged DAPI 

nuclear distribution 

; scale bar is 10μm. 

POM cells exposed to 

distinctly localised around the nucleus. Peri-

is seen at E13.5 with no observed change in distribution with lens 
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3.11.2.2. Hanging drop culture 

In order to further study N-cadherin localisation, E12.5 and E13.5 cells were grown in 

hanging drops in order to simulate the 3-dimensional conditions of an in vivo 

environment. 

 

Figure 3.32: 25x confocal image of fixed and mounted E12.5 (left) and E13.5 (right) POM cells 

spheroids. A) DAPI image B) N-cadherin image C) DIC image D) Image merge. Scale bar is 20μm. 

After 3 days of culture the E12.5 spheroid is much larger than the E13.5 culture as seen in 

Figure 3.32. The latter also shows a more regular shaped and regular edged spheroid. This 

was consistently observed across replicates. 
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Figure 3.33: 63x confocal image of E12.5, E12.5 + lens treated and E13.5 and E13.5 + lens treated 

hanging drops. A) DAPI image B) N-cadherin image C) Image merge. L = lattice. Scale bar is 20μm. 

Cells in the E12.5 control hanging drop are indistinguishable from each other. However 

when the cells are exposed to E6 lenses, a lattice framework can be observed. The same 
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lattice is observed in E13.5 hanging drops and the effect is more pronounced in E8 lens 

treated E13.5 POM cells. 



CHAPTER 4: DISCUSSION 

4.1. Overview of events preceeding normal anterior segment development 

Normal eye development is coordinated by factors and signals interacting with cells and 

tissues to achieve a complex structure ensuring visual acuity. Development begins at 

gastrulation with the emergence of three germ layers from which different components of 

the eye are derived. In a series of inductions, cell-cell interactions give rise to the 

immature lens and presumptive corneal epithelium between which, POM of neural crest 

origin differentiate to form the corneal endothelium and corneal stroma (Ittner et al., 

2005; Cvekl and Tamm, 2004; Reneker et al., 2000). In tandem, the various supporting 

structures of the anterior segment (ciliary body, lacrimal gland, irido-corneal angle) are 

also developed.  

Key genes such as Pitx2 and Foxc1 are essential during these processes and are thought to 

be mediated by signals such as Tgfβ2 (Reneker et al., 2000) secreted by the lens 

epithelium. The importance of these genes in eye development has been revealed by the 

various anterior segment disorders (ASDs) associated with their mutations. Mutations in 

the human homologues PITX2 and FOXC1, manifest as the varying phenotypes of Peters’ 

Anomaly and Axenfeld-Rieger Syndrome (Sowden, 2007; Matsuo et al., 1993; Nishimura et 

al., 2001; Ittner et al., 2005). Also, the formation of a functional lens is pivotal for the 

correct development of the anterior segment as described by Beebe and Coats (2000) and 

Flügel-Koch et al. (2002). 

Markers of epithelial-mesenchymal transition, Slug and the Foxc1 downstream target, 

Tsc22, feature in the delicate development of the corneal endothelium although the 

specific nature of the interactions is unknown. The corneal endothelium is the most 

physiologically important tissue of the cornea as it regulates intraocular pressure and the 

transport of nutrients (Kivelä and Uusitalo, 1998; Tortora and Grabowski, 2003). During 

its formation, POM cells are directed to condense and form adherens junctions to assume 

an endothelial phenotype, possibly by Slug and Tsc22 via a speculated interaction with 

Tgfβ2. This study attempted to determine the role of the lens and Foxc1 in the expression 

of genes associated with the formation of the corneal endothelium: Pitx2, Slug, Tsc22 and 

N-cadherin. A schematic diagram of known and hypothesised interactions is shown below 

in Figure 4.1. 
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Figure 4.1: Schematic diagram of the events occurring during normal eye development in 

chronological order. The main objectives of this investigation are also shown.  

4.2. SV40 Large T-antigen persists in POM cells, but is no longer temperature 

sensitive 

In order to investigate murine POM cells at E12.5 and E13.5, immortalised cell lines at 

these stages of development were established by transformation with a 

temperature-sensitive SV40-Tag (developed by another member of the laboratory as 

described by Sommer et al., 2006). Such a method of cell propagation allows consistency 

between handling and storage (cells can be stored in liquid nitrogen and returned to 

culture with ease) while eliminating errors associated with continuously isolating primary 

cultures (Ahuja et al., 2005). 

SV40 is a Polyoma virus associated with tumorigenesis, that contains a large T-antigen 

which directs infected cells to enter the synthesis phase (S-phase, during which DNA is 

replicated). Cells transformed by this virus gain extended survival potential and become 

immortalised by expressing the large T-antigen proteins and overcoming “mechanisms of 

mortality” (Ahuja et al., 2005; Araki-Sasaki et al., 2000). The large T-antigen binds the heat 

shock chaperone protein, hsp70, and the tumour suppressor, p53 (a transcriptional 
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activator), as part of cellular transformation. Upon infection, this protein encodes G418 

resistance and is permissive to proliferation at 33°C and growth inhibiting at 37°C, thus 

permitting differentiation at a higher temperature (Prince et al., 2001). 

The investigation began with verification of the presence of the SV40-Tag in low passage 

(p=8) POM cells in culture. The results (Section 3.2.) show that cell morphology had not 

changed since infection and was not affected by subsequent treatments (Figure 3.1.); the 

SV40-Tag was still encoded as proven by a 13 day antibiotic pressure study (Figure 3.2.); 

and that although still encoded, the protein had lost temperature sensitivity (Figures 3.3. 

and 3.4.). Cell doubling times of SV40-Tag infected E12.5+/+ and E13.5+/+ POM cells were 

comparable to the 24.4 hours of human corneal endothelial cells, which are rarely 

immortalised as reported (Araki-Sasaki et al., 2000). However, in this investigation, both 

cell lines proliferated more rapidly at 37°C than at 33°C. This differed from the studies of 

Prince et al. (2001) in which restricted proliferation at higher temperature was confirmed.  

No characteristics associated with loss of SV40-Tag function as a result of mutation in the 

protein were observed (change in morphology or death in antibiotic medium), and 

extended passage could not be the cause as the cells tested were p=8. A potential cause of 

the SV40-Tag losing temperature-sensitivity is non-homologous recombination during 

integration into the cellular genome, a possibility described by Ahuja et al. (2005). As the 

cell lines were still immortalised and loss of temperature-sensitivity did not pose a 

hindrance to the investigation, the E12.5+/+ and E13.5+/+ POM cells were still an 

appropriate and satisfactory model on which to carry out the proposed study. 

4.3. E12.5+/+ and E13.5+/+ POM cell lines are appropriate models to study 

corneal endothelial differentiation   

E12.5 is characterised by rapid proliferation of POM cells that have filled the cavity 

between the lens and surface ectoderm (Cvekl and Tamm, 2004). By E13.5, the cells begin 

to condense as the process of differentiation into the corneal endothelium is initiated (Pei 

and Rhodin 1970; Kidson et al., 1999). Gene expression analysis (by qPCR) at E13.5 

relative to E12.5 showed that Foxc1, Pitx2, Tsc22 and Slug must be downregulated for 

normal development to proceed (Figure 3.9). Foxc1, Pitx2 and Tsc22 expression was 

downregulated by at least 50% while Slug expression decreased 40% between E12.5 and 

E13.5. Previous studies have indicated the roles Foxc1 and Pitx2 play in cell proliferation 

and differentiation (Baulmann et al., 2002; Kidson et al., 1999). Kidson et al. (1999) 
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describe a general downregulation of Foxc1 from E11.5 to E15 (with detachment of the 

lens vesicle from the surface ectoderm to 0.5 days before the cornea matures). Berry et al. 

(2006) demonstrated that Foxc1 and Pitx2 are co-expressed and follow a generally similar 

expression pattern. This direct interaction would implicate the expression of Pitx2 to 

follow that of Foxc1, and also to be downregulated between these stages. The findings of 

this investigation are in agreement with this previous research.  

Tsc22 is a transcription factor with both activation and suppression capacity depending 

on the tissue type it is expressed in. It is commonly noted at sites of EMT where it is 

upregulated (Hashiguchi et al., 2004). During normal anterior segment development, 

Tsc22 expression decreases between E12.5 and E13.5 (Sommer et al., 2006).  Slug is a 

transcriptional repressor that is capable of inducing EMT in epithelial cell lines and is a 

marker of this process as it is normally upregulated at these sites (Mani et al., 2008; Baum 

et al., 2008). As previously stated, genes that are highly expressed for EMT must be 

downregulated for MET to occur.  In this investigation, both Tsc22 and Slug were 

downregulated by E13.5 suggesting a more differentiated state at this stage of 

development. Additionally, in this investigation, Figure 3.3 illustrates the results of cell 

counts which clearly show that POM cells at E12.5 proliferate almost twice as fast as POM 

cells at E13.5 indicative of a more proliferative state comparative to a differentiated state 

as alluded to by Cvekl and Tamm (2004). 

N-cadherin, a cell adhesion protein, is upregulated from E11 to the formation of the 

corneal endothelium at E15.5, and beyond in maintenance of the structure (Kidson et al., 

1999; Reneker et al., 2000). As a junction protein, it plays a role in differentiation and as 

such would be expected to be present at higher levels during MET. This investigation 

found that N-cadherin expression increased at least 5-fold between E12.5 and E13.5 

(Figure 3.30) further validating previous literature.  

4.4. Successful Foxc1 silencing (pshFoxc1) using RNA interference 

RNA interference (RNAi), formerly known as post transcriptional gene silencing and 

quelling, describes a process in which specific mRNAs are destroyed thus inhibiting the 

expression of a particular gene. Small interfering RNAs (siRNA) are generated when the 

enzyme Dicer cleaves double stranded RNA. Each siRNA contains a passenger strand 

which is degraded, and a guide strand which becomes integrated into a silencing complex. 

This happens when the siRNA interact with messenger RNA (mRNA) and decrease its 
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ability (siRNA are also capable of activation) to produce a protein (Barsted, 2001; Hung et 

al. 2006). As these siRNA bind specific molecules, it is clear that the efficiency of any siRNA 

is dependent on the target sequence. RNAi has become a widely used tool in vitro and in 

vivo, especially in developmental regulation, as well as therapeutics (Hung et al. 2006). 

Relevant to this investigation, RNAi has been employed to study loss of function of genes 

that determine viability (Yang et al., 2012). Short hairpin RNA (shRNA) as its name 

suggests is an RNA sequence that makes a loop or hairpin turn which can be used to 

prevent translation via RNAi. The target sequence is very important to the efficacy of an 

shRNA but also the choice of promoter and plasmid vector play an equally important role. 

The target chosen is a 21bp sequence corresponding to a section of chromosome 13 of the 

C57BL/6L mouse strain, where Foxc1 has been mapped (Mears et al., 1998). Human U6 

promoter was chosen for this investigation as it has been demonstrated to be more 

effective than its murine homologue, in silencing gene expression of mammalian cells 

(Castanotto et al., 2002). The template for the human U6 promoter was provided by DNA 

from Human Embryonic Kidney (HEK 293) cells. The chosen vector pGEM®T-Easy 

contains an M13 (sequencing primer) site and encoded Ampicillin resistance for 

identification of shFoxc1-containing clones. After transfection into POM cells at E12.5 and 

E13.5, the efficiency of pshFoxc1 was analysed by qPCR. In E12.5 POM cells, Foxc1 was 

knocked down by 95% and in E13.5 by 98% (Figure 3.11). Thus pshFoxc1 silencing using 

shRNA was found to be an appropriate tool to study the effects of Foxc1 silencing on genes 

of interest in POM at E12.5 and E13.5.  

4.5. Foxc1 overexpression and knockdown affects Pitx2, Tsc22 and Slug 

Expression 

Aberrant expression of Foxc1 is associated with ASD disorders demonstrating its various 

roles in cell fate determination, cell proliferation and differentiation (Mattiske et al., 

2006(a); Zhou et al., 2002). The function of Foxc1 is tissue-specific. Abnormal Pitx2 

expression is equally established in anterior segment dysgenesis in its somewhat 

overlapping expression pattern with Foxc1-linked disorder phenotypes. Part of normal 

FOXC1/Foxc1 function is to regulate other factors and in this capacity, has been linked to 

BMP (Mattiske et. al, 2006(b)), PITX2 (Smith et al., 2000) and Tsc22 (Sommer et al., 2006). 

Conjecture here would be that anomalous Foxc1 expression might have an effect on the 

associated factors. To investigate the role of Foxc1 in the possible regulation of Pitx2, Slug 

and Tsc22, E12.5 and E13.5 cells were transiently transfected with plasmids 
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overexpressing or silencing Foxc1, and the effects on gene expression were determined by 

qPCR. The effects are summarised in Figure 4.2. 

Foxc1 and Pitx2 have been shown to be co-expressed in the developing eye and patterns 

thereof are dependent on the tissue and stage of development (Berry et al., 2006). In this 

study, when Foxc1 is overexpressed and silenced, Pitx2 is downregulated at both E12.5 

and E13.5, showing that Foxc1 normally plays a role in upregulating Pitx2 at both these 

stages. Downregulation as a result of Foxc1 silencing may be explained by the Foxc1-Pitx2 

negative regulation relationship described by Berry et al. (2006) where lack of Foxc1 

would lead to low levels of Pitx2. By this assumption, it would follow that Foxc1 

overexpression would cause an increase in Pitx2 expression. However, both 

overexpression and silencing of Foxc1 resulted in a decrease in Pitx2 expression. This 

indicates that Foxc1 plays a role in regulating Pitx2 and that this regulation is crucially 

dose-dependent (Lehmann et al., 2003; Gould et al., 2004). Mears et al. (1998) described 

Foxc1 expression patterns in the mesenchyme in the developing eye as being very similar 

to those of Pitx2. Foxc1 is known to be downregulated as development progresses. In this 

investigation, Pitx2 was downregulated regardless of Foxc1 overexpression and silencing 

at E12.5 and E13.5 possibly indicating an independent response.  

Tsc22 is a documented downstream target of Foxc1 (Sommer et al., 2006) and was shown 

to be upregulated as a response to both Foxc1 overexpression and silencing at E12.5 

(Figures 3.12 and 3.14). Using a temperature-sensitive SV40-Tag, Sommer et al. (2006) 

showed that Tsc22 is upregulated 3.5-fold in mutant (Foxc1-/-) POM cells when compared 

to wild-type cells. This is comparable to the 2-fold upregulation observed in this 

investigation as a response to Foxc1 silencing and corroborates this report. At E13.5, Foxc1 

knockdown and overexpression elicited no significant response in Tsc22 expression. This, 

too, was in agreement with the findings of Sommer et al. (2006). At E12.5, Slug was 

downregulated when Foxc1 was both overexpressed and silenced. At E13.5, Slug was 

upregulated. This shows that Foxc1 normally plays a role in upregulation of Slug at E12.5 

and that by E13.5, Foxc1 plays a role in its downregulation. In both cases, the 

transcriptional activity is finely tuned to the dose. The difference in behaviour or response 

of the cells is a consequence of the two developmental stages. As differentiation is initiated 

(MET), Slug will be downregulated.  
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Figure 4.2: The effect of aberrant Foxc1 expression on Pitx2, Tsc22 and Slug expression at E12.5 and 

E13.5. At E12.5, Pitx2 and Slug are downregulated significantly while Tsc22 is upregulated (p<0.05). 

By E13.5 Foxc1 overexpression and knockdown results in  significant upregulation of Slug and 

downregulation of Pitx2 but no significant change in Tsc22 expression.  

It is very interesting to note that Foxc1 overexpression and silencing downregulated Slug 

at E12.5 but upregulated Tsc22. Also that Slug was upregulated at E13.5 but Tsc22 seems 

unaffected. These responses seem linked to the stage of development. Both are factors 

associated with EMT so it would be tempting to assume that they may be switched on and 

off at the same time to effect MET. However, the observed effects reveal a complicated 

interplay of factors required in this complex development. It is likely that specific doses of 

these transcription factors are associated with varying degrees of adherens junction 

formation. Thiery (2003) and Baum et al. (2008) mention a relationship between N-

cadherin expression and zinc-finger domain proteins (such as Slug and Snail). An 

investigation into the relationship between the Snail family, Tsc22 and cadherins would be 

beneficial to fully understanding the interactions of MET. The common theme in all 

responses is that normal function of these Foxc1 linked factors is dependent on a specific 

dose of Foxc1. These data are consistent with reports that precise levels of Foxc1 are 

required for correct differentiation of the peri-ocular mesenchyme and that both 

mutations in FOXC1 or duplication of FOXC1 can result in abnormal anterior segment 

development and ARS (Strungaru et al., 2007). The possibility of erroneous gene 
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expression due to the transfection treatment (plasmid or reagent) was ruled out by the 

use of a control plasmid encoding a scrambled plasmid that does not degrade any known 

mRNA transcript (Appendix C.3, Figure 5.6).  

4.6. The lens has an effect on Foxc1, Pitx2, Tsc22 and Slug expression at E12.5 

The lens is pivotal in normal anterior segment development (Beebe and Coats, 2000). In 

order to assess the role of the lens on Foxc1, Pitx2, Tsc22 and Slug expression at  E12.5 and 

E13.5, wild type POMs were subjected to 24 hour treatments with E6 and E8 whole chick 

lenses respectively (Thut et al., 2003). These are the corresponding stages in development. 

qPCR analysis was used to evaluate the gene expression levels after treatment. At E12.5, 

Foxc1 decreased by approximately half in response to 24 hour exposure to the lens. This 

effect mimics the down-regulation of Foxc1 at E13.5 and suggests that lens-derived signals 

are responsible for this downregulation. Kidson et al. (1999) describe a general 

downregulation in Foxc1 expression by E15, supporting these data. Similarly, at E12.5, 

Pitx2 is downregulated in response to the lens. Pitx2 expression decreases 80% between 

E12.5 and E13.5 (Figure 3.9) while the lens elicits a 65% decrease (Figure 3.17). These 

effects mimic that of Foxc1. This is expected as Berry et al. (2006) reported that Foxc1 and 

Pitx2 have similar expression patterns (Berry et al., 2006). Pitx2 expression as a response 

to lens treatments was compared to expression patterns during pshFoxc1 and 

pshFoxc1+lens treatments to ascertain whether Foxc1 plays a role in interpreting the 

effect of the lens signal. When Foxc1 is silenced, Pitx2 is downregulated by approximately 

90% and almost completely suppressed when POM cells are subjected to pshFoxc1+lens. 

The difference is significant (p<0.05) and shows that the lens and Foxc1 act synergistically 

to downregulate Pitx2 expression. Therefore, Foxc1 is not required to interpret 

lens-derived effects on Pitx2 expression.  

Tsc22 was significantly upregulated in normal E12.5 POM cells exposed to lenses, showing 

that the lens has an upregulatory effect on Tsc22 in the presence of Foxc1. As discussed 

before, Tsc22 expression doubled when Foxc1 was silenced. However, pshFoxc1+lens 

exposure caused Tsc22 expression to be downregulated by 40% relative to the control. An 

over 50% decrease in Tsc22 levels is expected when development progresses from E12.5 

to E13.5 (Figure 3.9). Taken together, the results indicate that Tsc22 is upregulated by the 

lens, and Foxc1 deficiency in isolation, but that pshFoxc1+lens elicits the correct 

developmental response in moving from E12.5 to E13.5. Therefore Tsc22 is responding 

directly to the lens independently of Foxc1 during normal development. This is interesting 
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as Sommer et al. (2006) identified Tsc22 as a downstream target of Foxc1, showing that 

Foxc1 downregulates this factor. This investigation shows that the lens signal supersedes 

the transcriptional effect Foxc1 has on Tsc22.  

Slug expression in normal cells exposed to E6 lenses remained relatively unchanged while 

expression in Foxc1-silenced cells fell to approximately 20% compared to the control. 

pshFoxc1+lens treated cells however showed a 40% increase in Slug expression. This 

shows that lens signals induce Slug expression at E12.5, over-riding the inhibitory effect of 

Foxc1. Therefore, the presence of Foxc1 is necessary to reduce the stimulatory effects of 

the lens on Slug. This is an interesting result as Slug upregulation is associated with EMT 

and invasiveness in cancer (Hemavathy et al., 2000) and may cause malignancy in 

response to lens signals if unchecked. Slug levels decrease as development proceeds from 

E12.5 to E13.5 and results show Foxc1 only stabilises the lens effects but does not cause 

the necessary downregulation. Therefore, other factors must be responsible for this 

downregulation. In chick limbs, FGF and retinoic acid have been shown to regulate Slug 

(Ros et al., 1997; Buxton et al., 1997). 
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Figure 4.3: A summary of the lens and TGFβ2 effects on Foxc1, Tsc22, Pitx2 and Slug expression at 

E12.5. The lens is shown in blue and the magnified POM cell in light green. Only the interactions 

necessary for normal development (as established between E12.5 and E13.5) have been shown. 

Unspecified lens-derived signals are shown in yellow, TGFβ2 is shown in pink. MET is progressing 

with development. Foxc1 is necessary for the correct interpretation of TGFβ2 in Tsc22 and Slug. 

Foxc1 may be necessary for interpreting lens signals in Pitx2 expression. 

4.7. The lens-derived signal TGFβ2 has an effect on Foxc1, Pitx2, Tsc22 and 

Slug expression at E12.5 

TGFβ2 is a well documented lens-derived signal although its specific interactions with the 

various factors involved in anterior segment development are still under investigation. It 

is mostly expressed in the anterior segment between E13.5 and E15, stages which 

represent the initiation of differentiation (E12.5) and prior to specification of the cornea 

(E15). POM cultures were subjected to a 24 hour treatment in culture medium containing 

30ng/mL TGFβ2. To determine whether any observed effects were directly caused by 

TGFβ2 and to establish whether Foxc1 plays a role in mediating the signal, a different 

treatment group of POM cells were silenced for Foxc1 and then subjected to the TGFβ2 

treatment (pshFoxc1+TGFβ2). RNA was isolated from the cultures and used analysed by 

qPCR.  
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At E12.5, TGFβ2 exposure downregulates Foxc1 by 40% (p<0.05). This result mirrors the 

outcome of the E6 lens exposure showing that TGFβ2 is most likely the lens signal that 

Foxc1 is responding to in this culture system, and may be responsible for the normal 

developmental reduction of Foxc1 from E12.5 to E13.5 (Figure 4.3). Pitx2 expression is 

downregulated when exposed to TGFβ2. It is further downregulated when the cells have 

been both silenced for Foxc1 and subjected to TGFβ2 for 24 hours. This parallels the effect 

the lens had on the E12.5 POM cells. As with Foxc1, TGFβ2 has an effect on Pitx2. However, 

these results show that Foxc1 may not be necessary for the correct interpretation of lens 

signals in moving from E12.5 to E13.5. Pitx2 may also be responding directly to the factor 

(Figure 4.3). Iwao et al. (2009) described Foxc1 and Pitx2 as “downstream molecules” of 

TGFβ2 while studies using mice with Tgfβ2 receptor knockouts (Tgfβr2-/-), showed that 

Foxc1 and Pitx2 expressions were synchronously reduced (Ittner et al., 2005). The results 

of this investigation corroborates previous research. 

Tsc22 is downregulated 40% in the presence of TGFβ2 and approximately 80% when POM 

cells are treated with pshFoxc1+TGFβ2. Thus, Tsc22 is responsive to TGFβ2. When Foxc1 is 

silenced in POM cells, Tsc22 expression doubles compared to the control (as discussed in 

section 4.5) but, additional treatment with TGFβ2, overrides the Foxc1 knockdown effect, 

almost suppressing Tsc22 expression. Sommer et al. (2006) showed that Tsc22 is a 

downstream target of Foxc1 and also that a secreted factor may be necessary in its 

regulation of Tsc22. They proposed TGFβ1 as a candidate factor as it had been show to 

upregulate Tsc22 (Dohrmann et al. 1999; Shibanuma et al. 1992). These experiments and 

the results of this investigation together show that Foxc1 does play a role in interpreting 

TGFβ2 signals, allowing correct developmental progression to E13.5. Comparison with the 

lens experiments shows that Tsc22 is responding to multiple lens signals. 

As with lens exposures, exposure to TGFβ2 has no significant effect on Slug expression 

(p>0.05). Knockdown of Foxc1 significantly reduced Slug expression as discussed 

previously and pshFoxc1+TGFβ2 also reduced Slug expression, suggesting here that Foxc1 

effects on Slug expression override any possible TGFβ2 effects. Therefore, other signal/s 

must be responsible for the normal developmental downregulation of Slug at between 

E12.5 and E13.5. As mentioned before, Slug needs to be downregulated in order for MET 

to occur, this data shows that Slug responds to decrease in Foxc1 levels, thus linking Foxc1 

dosage to MET via regulation of Slug expression.  
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4.8. The lens and lens-derived signal TGFβ2 has an effect on Foxc1, Pitx2, 

Tsc22 and Slug at E13.5 

Correspondingly, lens exposures and TGFβ2 treatments were applied to E13.5 POM cells 

in order to assess whether the lens has an effect on this stage of development. E13.5 POM 

cultures were also subjected to 30ng/mL TGFβ2 to determine if this lens-derived signal is 

responsible for any effect the lens may have on Foxc1, Pitx2, Tsc22 and Slug expression. 

Due to time constraints, the pshFoxc1+TGFβ2 treatment was not applied to the E13.5 POM 

cells. Gene expression analyses were done by qPCR.  

Foxc1 expression was downregulated by the lens and slightly downregulated by TGFβ2 

(p>0.05) showing that POM cells are still responsive to lens signals at E13.5 (Figure 4.4). 

Foxc1 expression in POMs decreases till E15.5 (Kidson et al., 1999) which marks the 

formation of the corneal endothelium. The downregulation associated with exposure to E8 

lenses and TGFβ2 are consistent with the lens participating in the progression of 

development, specifically that TGFβ2 is still involved in Foxc1 expression. 

Pitx2 is downregulated by both Foxc1 overexpression and silencing. Exposure to E8 lens 

induces Pitx2 expression by over 60% compared to the control. However, when POM cells 

are subjected to pshFoxc1+lens treatment, Pitx2 is downregulated by approximately 70%. 

This data shows that Pitx2 is still responsive to lens signals at E13.5 and, at this stage, 

Foxc1 expression is required for Pitx2 to respond to these signals. TGFβ2 exposure does 

not affect Pitx2 expression at E13.5, therefore, although, Pitx2 is still responsive to 

secreted signals, TGβF2 is not one of them as shown in Figure 4.4. 

Tsc22 remains relatively unaffected by Foxc1 overexpression and knockdown at E13.5. 

Exposure to E8 lens results in a slight but significant 20% downregulation. pshFoxc1+lens 

treatment upregulates Tsc22 by 80% demonstrating that at E13.5, Tsc22 may still require 

Foxc1 to mediate lens signals. TGFβ2 treatment mirrors the lens results. 

Unlike at E12.5, Slug expression in E13.5 POM cells responds to lens exposure and TGFβ2 

treatment. Both these treatments resulted in a 50% downregulation. pshFoxc1+lens 

treatment yielded a small (20%) but significant decrease in expression (p<0.05). Foxc1 

overexpression and silencing doubled Slug expression at E13.5. Altogether, this means 

that Foxc1 has a regulatory effect on Slug expression but the lens overrides this effect and 

downregulates Slug. TGFβ2 treatment on normal POMS has a similar effect, but due to the 
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lack of pshFoxc1+TGFβ2 data, it cannot be conclusively identified as the molecule 

responsible. 

 

Figure 4.4: A summary of the lens and TGFβ2 effects on Foxc1, Tsc22, Pitx2 and Slug expression at 

E13.5. The lens is shown in blue and the magnified POM cell in light green. All significant 

interactions are shown. Unspecified lens signals are shown in yellow, TGFβ2 is shown in pink. MET 

is progressing with development. Foxc1 seems necessary for the correct interpretation of TGFβ2 in 

Tsc22 and Pitx2 expression. Foxc1 no longer seems to be intercepting lens signals in Slug expression 

but rather Slug responds directly to the lens. 

An analysis of Foxc1, Pitx2, Tsc22 and Slug expression at the next stage of development, 

would have been instrumental in understanding the expression patterns observed at 

E13.5.   

4.9. The lens regulates proliferation of E12.5 POM cells 

Having explored the expression patterns associated with E12.5 and E13.5 POM cells, an 

investigation to determine the effect of the lens on cell proliferation was carried out. POMs 

in culture were exposed to whole chick lenses for 72 hours and proliferation assessed by 

calorimetric assay. In the course of this investigation, E12.5 cells have been shown to be 

more proliferative than E13.5 cells (Figures 3.3. and 3.4). A general increase in 

proliferation was noted in the E12.5 culture from 24 to 72 hours as expected, which was 
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consistent in the control. However, the lens treated cells showed a 5.5-fold increase 

between 24 and 48 hours that confirmed the lens promotes POM cell proliferation. 

Between 48 and 72 hours, the lens treated cells do proliferate but the change pales in 

comparison to the increase in the control (p<0.05) (Figure 3.16). At this point it is clear 

that the lens regulates proliferation. The results fit the proliferation-differentiation model 

thus far developed for E12.5 and E13.5 POM cells. At E12.5, the lens stimulates 

proliferation and at E13.5 proliferation is reduced as cells condense to form the corneal 

endothelium. It is also possible that the lens is inducing the POM cells to different stages of 

development. It must be noted that in this culture system, the POM cells are immortalised 

and the lens epithelium is not. Although the POMs may be manipulated to mimic a 

different stage of development, the lens epithelium is actually developing and senescing. If 

the POMs are indeed being induced to mimic different stages, the first 24 hours would 

represent condensing of the cells to begin forming the corneal endothelium. The 48 hour 

point would signify the rapid proliferation associated with forming cells of the corneal 

stroma and 72 hours, condensing of cells as the cornea becomes fully specified. In future, 

to clarify the outcome of this experiment, lenses will be replaced every 24 hours with 

lenses of the appropriate and corresponding developmental stage.   

Meanwhile, the genetic profile elucidated in the course of this investigation may explain 

the trends observed. Foxc1, Pitx2, Tsc22 and Slug are known to be involved in 

differentiation and proliferation. All four genes are downregulated in moving from E12.5 

to E13.5. Subject to 24 hour lens exposure, Foxc1 and Pitx2 are downregulated while Tsc22 

is upregulated and Slug expression remains relatively unchanged. Dohrmann et al. (1999) 

noted that Tsc22 expression was localised to the contact area between the surface 

ectoderm and optic vesicle of the developing eye prior to separation. It is possible the 

upregulation of Tsc22 after lens exposure in E12.5 cells plays a role in MET. The 

unchanged Slug expression might be linked with inhibition of N-cadherin in the POM cells 

which would also be indicative of a mesenchymal state. When E13.5 POMs are exposed to 

lens for 24 hours, Foxc1 and Slug are downregulated, Tsc22 remains unchanged and Pitx2 

is upregulated. Slug downregulation is linked to the stimulation of N-cadherin expression 

so this would confer differentiation at this stage. The static Tsc22 expression may be 

associated with MET as well. Pitx2 upregulation at E13.5 is significant and Gould et al. 

(2004) associate this with formation of the keratocytes of the corneal stroma. 
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4.10. The lens can induce an epithelial-like phenotype from mesenchyme 

cells in 3D culture 

In order to observe the role of the lens in developing an epithelial layer, POM cell 

monolayers and hanging drops were exposed to whole chick lenses. Cells were grown for 

72 hours then immunostained for the junction protein N-cadherin and processed for 

confocal microscopy.  

At both E12.5 and E13.5, N-cadherin was distributed around the nucleus in monolayer 

culture (Figure 3.31). Once exposed to the lens, N-cadherin seemed to be diffused in the 

cytoplasm of E12.5 POM cells. This result was inconclusive although a visible difference is 

apparent. There was no observed change in N-cadherin localisation in E13.5+lens POMs. 

The size of the hanging drops (Figure 3.32) follows the proliferation data mentioned 

before wherein E12.5 cultures proliferate faster than E13.5. The E12.5 spheroids were 

much larger than those of E13.5. Unlike the monolayers, E12.5 POM cells clearly 

responded to the lens and N-cadherin was observed to form an organised lattice structure 

(Figure 3.33) associated with formation of adherens junctions (Chen et al., 2012) and 

differentiation. The control cells did not show organised structure and cell peripheries 

could not be distinguished from internal structures. E13.5 control cells showed an 

organised structure with observable network of cell membranes but this effect was more 

pronounced in the lens exposed hanging drops.  
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Figure 4.5: An illustration of the lens effects on development at E12.5 and E13.5 as demonstrated in 

the hanging drop investigation. The E15.5 stage was not investigated but has been shown for 

reference and N-cadherin is shown in red. Surface ectoderm has been included for clarity but was 

represented by the inverted droplet meniscus/surface tension in culture. As development 

progresses, lens signals interact with POM cells and MET is initiated. At E12.5, N-cadherin seemed 

to be distributed within the cell and by E13.5 the POM cells take on a more organised structure as 

N-cadherin becomes localised in the membrane and junctions are formed. By E15.5, establishment 

of the corneal endothelium, N-cadherin is highly expressed (Reneker et al., 2000) as indicated by 

the intense red. Cell phenotype has changed and POMs are arranged in a monolayer. 

Gene expression analysis of the lens exposures (discussed in Section 4.8) established that 

the lens in the presence of Foxc1 downregulates Slug. Slug is known to have an interaction 

with N-cadherin (Baum et al., 2008; Thiery, 2003). Therefore the lens is implicated in the 

Slug-N-cadherin interaction. The E13.5 3D culture + lens exposure support this 

association. Hence the lens does play a role in MET and can induce an 

epithelial/endothelial phenotype from peri-ocular mesenchyme cells at E13.5 as 

illustrated in Figure 4.5. 
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4.11. CONCLUSION 

The interaction between lens epithelium and POM cells during the development of the 

corneal endothelium is complex and still under investigation. It is known that lens-derived 

signals mediate the expression of genes that drive this process.  The major result obtained 

in Foxc1 overexpression and knockdown investigations is that correct function of Pitx2, 

Tsc22 and Slug in development from E12.5 to E13.5 is Foxc1 dose dependant. At E12.5 and 

E13.5, Foxc1 seems to plays a role in regulating Pitx2 expression. Previous studies have 

shown that Pitx2 regulates Foxc1 expression. The results of this investigation show that 

the interplay between these two genes is much more complex with both genes being 

dependent on expression of the other. To assess the true nature of the role Pitx2 plays in 

this relationship, a similar series of investigations could be carried out with a Pitx2 

knockdown in future. Overexpression and knockdown of Foxc1 showed that the Foxc1 

target Tsc22 is normally downregulated by Foxc1 at E12.5 and is unaffected at E13.5. Slug 

was shown to be normally upregulated by Foxc1 at E12.5 and downregulated by Foxc1 at 

E13.5. 

At E12.5, the lens downregulates Foxc1 and Pitx2 and stimulates Tsc22 expression. Further 

investigation showed that TGFβ2 was the signal responsible for downregulating Foxc1 and 

Pitx2. However, it may not be the only lens-derived signal/s responsible for these effects. 

The results show that Foxc1 may not be responsible for interpreting lens signals in Pitx2 

expression but that Pitx2 may be directly influenced by these secreted molecules. Tsc22 

also responded directly to TGFβ2 and Foxc1 was necessary for the correct interpretation 

of this signal in development at E12.5. However, Tsc22 was definitively stimulated by 

other lens signal/s that override Foxc1 transcriptional regulation. Slug expression was 

induced by the lens but stabilised by Foxc1. Yet, the lens did not seem to be involved in the 

downregulation associated with this stage of development. The results of this 

investigation show that Slug expression is significantly linked to Foxc1 expression. 

At E13.5, Foxc1 was still responsive to lens signals and TGFβ2 was shown to be one of 

those signals downregulating its expression. Although Pitx2 expression was induced by 

the lens, TGFβ2 did not appear to be the inducing factor. Noteworthy is that Foxc1 dose 

was especially key for Pitx2 expression at this stage. Foxc1 insufficiency quelled the lens 

effect. Tsc22 was slightly but significantly downregulated by the lens and TGFβ2, and 

Foxc1 was still required to mediate these signals. The previously potent effect Foxc1 

expression had on Slug was overcome as Slug was downregulated by the lens at E13.5 and 
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TGFβ2 seemed to be involved. Future pshFoxc1+TGFβ2 treatments could verify the role of 

TGFβ2 in Pitx2, Tsc22, and Slug expression. 

The lens definitively played a role in the proliferation of E12.5 cells. The time trial 

demonstrated that the lens is capable of both promoting and inhibiting proliferation. 

Furthermore, the lens was proven to induce an epithelial/endothelial phenotype when 

E13.5 POM cells were exposed to E8 lenses. Thus a signal from the lens was implicated in 

N-cadherin expression. By compiling all these data, the interactions responsible for normal 

corneal endothelial development are summarised in Figure 4.6 below:  

 

Figure 4.6: The summary of findings. The lens is necessary in normal development of the corneal 

endothelium and Foxc1 plays a crucial role in interpreting the lens-derived signals required for this 

process. Proliferation decreases from E12.5 to E13.5 and N-cadherin expression is upregulated as 

POM cells undergo mesenchymal-endothelial transition. 

4.12. FUTURE DIRECTIONS 

To fully understand corneal endothelial development, an E15.5 POM cell line representing 

the differentiated corneal endothelium is crucial. The expression levels of Foxc1, Pitx2, 

Tsc22 and Slug expression as done for the E12.5 and E13.5 cell lines should be determined 

to understand their role in the mature corneal endothelium. Using this cell line, we could: 

• Assess the role of Pitx2 in Foxc1, Tsc22 and Slug expression using Pitx2 

overexpression and knockdown 
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• characterise the nature of the Snail/Slug-N-cadherin interaction 

A full analysis of the lens-secreted factors by next-generation sequencing would discern all 

possible factors secreted by the lens. Using this information, we could: 

• Discern which lens signals are responsible for downregulation of Tsc22 and Slug 

during corneal endothelial development. 

These expression patterns should be verified using an ‘in vivo’ model using microdissected 

optic cups in culture. Furthermore, investigation of a postnatal stage of the corneal 

endothelium, when it is fully functional, would provide better insight into the complete 

developmental process. Altogether, this information could be used for manipulation of 

induced pluripotent cells to corneal endothelium. This would be of benefit in alleviating 

the global shortage of corneal donor material.  

 

 



APPENDICES 

Appendix A: Immortalisation of E12.5 and E13.5 POM cells (Sommer et al., 

2006) 

To obtain primary cultures, 0.05mm3 wedges of POM cells were dissected from the 

anterior eye of wild type E12.5 and E13.5 mouse embryos and expanded in culture 

medium (Appendix B.2) at 37°C for 48-72 hours. The cultures were then immortalised by 

infection with a retrovirus encoding the temperature-sensitive SV40 large T-antigen and 

G418 resistance using 8μg/mL Polybrene (Sigma, USA). Cells were incubated at 37°C for 2 

hours after which medium was replaced and they were left overnight in DMEM containing 

20% FBS. A 48 hour growth period at 33°C followed.  400μg/mL G418 was used to select 

SV40-Tag transformed cells over 10-14 days. 

Appendix B: Recipes 

B.1. 70% ethanol 

70% Ethanol 1L 

Absolute (99.9%) ethanol 700mL 

Distilled water 300mL 

70% ethanol was required for the QIAGEN Midiprep kit as it was not supplied. Ethanol 

was mixed into the distilled water and the solution stored at room temperature. 

B.2. Medium for maintaining cell cultures 

Culture medium  100mL 

FBS 10mL 

Penicillin-Streptomycin 2mL 

DMEM 88mL 

The culture medium was prepared and used under a laminar flow hood. FBS and Pen-

Strep were added to the DMEM and mixed. The medium was stored at 4°C. 
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B.3. Trypsin-EDTA 

Trypsin-EDTA 100mL 

10x Trypsin 10mL 

Na-EDTA 90mL 

Trypsin was mixed into Na-EDTA solution, aliquoted into 10mL centrifuge tubes and 

stored at 4°C. 1mL or 2mL per 60mm or 10cm culture dish respectively was used to 

trypsinise cells, for 3 minutes and neutralised with double volume of culture medium.  

Na-EDTA 

Na-EDTA 500mL 

EDTA 1g 

NaCl 45g 

Distilled water 500mL 

NaCl and EDTA were dissolved in 500mL distilled water. The solution was stored at room 

temperature. 

B.4. Cryostorage 

5% DMSO 1.5mL 

DMSO 75μL 

Culture medium 1425μL 

POM cells were stored at -80°C in a 5% DMSO mixture. Cells were centrifuged and 

resuspended in 1.5mL medium containing 75μL DMSO on ice.   

B.5. 1.5% Agarose gel 

1.5% Agarose gel 100mL 

 Agarose powder 1.5g 

1X TBE 100mL 

The agarose powder was dissolved in 100mL TBE in a microwave and allowed to cool to 

approximately 55°C before casting. 
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B.6. 10x Tris-borate EDTA 

10X TBE  500mL 

Boric acid 27.51g 

EDTA 1.86g 

Tris-base 53.91g 

Distilled water 500mL 

The salts were dissolved in 450mL distilled water and pH adjusted to pH8.3 and the 

solution made up to 500mL with distilled water. The solution was autoclaved before use, 

covered with foil and stored at 4°C.  

1x TBE 

1X TBE 1L 

10X TBE 100mL 

Distilled water 900mL 

100mL of TBE was mixed into 900mL water and stored at room temperature. 

B.7. Tris-EDTA buffer 

10x Tris-EDTA buffer 1L 

100mM Tris-HCl 12.11g 

10mM EDTA 2.92g 

Distilled water 1L 

The EDTA and Tris salts were dissolved in 1L of distilled water with stirring. The solution 

was adjusted to pH 7.5. The buffer was stored at 4°C in the dark. 

1x Tris-EDTA buffer 1L 

10x Tris-EDTA 100mL 

Distilled water 900mL 

100mL 10x Tris-EDTA buffer was mixed into 900mL distilled water. The buffer was stored 

at room temperature. 

B.8. IPTG/X-Gal master mix for blue/white selection 

IPTG/X-Gal master mix per plate 

100mM IPTG 100μL 

50mg/mL X-Gal 20μL 

The master mix was made up as above, applied to the plate and incubated at 37°C prior to 

use.  
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B.9. Agar plates 

Amp+ Luria agar 100mL ~ 10 plates 

Luria agar 2g 

Distilled water 100mL 

100mg/mL Ampicillin 100μL 

The agar was dissolved in distilled water and autoclaved before use. Ampicillin was added 

after the mixture had cooled to about 55°C, but before pouring into dishes. Agar plates 

were stored at 4°C. 

B.10. LB broth 

Amp+ Luria-Bertani broth 1L 

Luria-Bertani broth 40g 

Distilled water 1L 

100mg/mL Ampicillin 1mL 

The broth powder was dissolved in distilled water and autoclaved. Ampicillin was added 

after the mixture had cooled. The broth was stored at 4°C. 

B.11. 1M KOH 

1M KOH 200mL 

Potassium hydroxide (KOH) 11.22g 

Distilled water 200mL 

Tungsten needles for microdissection were sharpened on a whetsone and further 

sharpened electrochemically using a 1M KOH and 150V power supply. The KOH was 

dissolved in distilled water and stored at room temperature. 
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B.12. 10x Phosphate buffered solution 

10X PBS 500mL 

Monosodium phosphate, (NaH2PO4) 2.28g 

Disodium phosphate (Na2HPO4) 11.5g 

Sodium chloride, NaCl 43.84g 

Distilled water 500mL 

The sodium salts were dissolved in 450mL distilled water and pH adjusted to 7.4, then 

made up to 500mL with distilled water. The solution was autoclaved before use, and 

stored at room temperature. 

1x Phosphate buffered solution 

1X PBS 1L 

10X PBS 100mL 

Distilled water 900mL 

10x PBS was added to the distilled water and stored at room temperature. 

B.13. DEPC treated water 

DEPC water 1L 

Distilled water 999mL 

DEPC  1mL 

The DEPC was added to the distilled water and incubated at 37°C for 2 hours before 

autoclaving to deactivate the DEPC. The solution was stored at 4°C in the dark.   

B.14. 10x MOPS buffer 

10x MOPS buffer 100mL 

MOPS 4.18g 

1M NaOAC (in DEPC water)  20mL 

0.5M EDTA (in DEPC water, pH8) 20mL 

DEPC water make up to 100mL 

MOPS, NaOAc and EDTA (recipes given below) were dissolved in 90mL DEPC water. The 

solution was adjusted to pH8.3 and made up to 100mL with DEPC water. The buffer was 

stored at room temperature. 
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1x MOPS buffer 

1x MOPS buffer 1L 

10x MOPS buffer 100mL 

DEPC water 900mL 

100mL of 10x MOPS buffer was mixed into 900mL DEPC water and stored at room 

temperature.  

0.5M EDTA 

0.5M EDTA 100mL 

EDTA 14.61g 

DEPC water 100mL 

EDTA was dissolved in 100mL DEPC treated water. The solution was stored at room 

temperature. 

1M NaOAc 

1M NaOAc 100mL 

NAaOAc 8.2g 

DEPC water 100mL 

The salt was dissolved in DEPC water and stored at room temperature. 

B.15. DEPC treated Ethidium bromide 

DEPC treated Ethidium Bromide 10mL 

0.5mg/mL Ethidium Bromide 2mL 

Distilled water 8mL 

DEPC  10μL 

2mL of pre-mixed Ethidium Bromide was added to 8mL of water and 10μL of DEPC added. 

The mixture was incubated at 37°C for 2 hours then autoclaved. The solution was stored in 

the dark at room temperature. 
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B.16. Denaturing RNA gel 

1.5% agarose 2.2M Formaldeyde 

gel 100mL 

Agarose 1.5g 

DEPC water 72mL 

10x MOPS buffer 10mL 

Formaldehyde 18mL 

DEPC treated Ethidium Bromide 100μL 

1.5g agarose was dissolved in 72mL DEPC water in a microwave. 10mL of 10x MOPs buffer 

was added thereafter, followed by 18mL Formaldehyde and 100μL Ethidium bromide. The 

mixture was swirled and poured immediately.  

B.17. 4% PFA 

4% PFA 100mL 

PFA 4g 

1x PBS 100mL 

The PFA was dissolved in 100mL 1x PBS by heating at 65°C. Drops of 1M NaOH were used 

to clarify the solution with stirring. The solution was then filtered through a 0.2μm filter 

and stored at -20°C in 5ml single use aliquots. Left over PFA was discarded. 

B.18. 0.5% BSA 

0.5% BSA 50mL 

BSA 0.25g 

1x PBS 50mL 

0.26g of Bovine Serum Albumin was weighed out and dissolved in 1x PBS with vortexing. 

The solution was prepared fresh and used immediately or stored at -20°C. 
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B.19. Mowiol with DABCO 

10% MOWIOL with DABCO 100mL 

Mowiol   8g 

0.2M Tris buffer 12mL 

Glycerol 25mL 

DABCO 1g 

Distilled water 25mL 

The Tris was heated with water at 60°C on a magnetic stirrer in a foil covered container. 

Mowiol was added to the solution and allowed to dissolve overnight. DABCO and glycerol 

were added and allowed to dissolve with further mixing for several hours. The Mowiol 

was aliquoted into 1.8mL Eppendorf tubes. 

Appendix C: Plasmids  

C.1. pFoxc1-shRNA 

C.1.1. Foxc1-shRNA primers 

5 shRNA primers were designed by Dr Marco Weinberg of the University of 

Witwatersrand and ordered from IDT, USA. shRNA-2 was chosen as it had been shown to 

have one of the two highest knockdown efficiency. The primers, given below in Figure 5.1, 

were HPLC purified. 
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Figure 5.1:  shRNA primers targeting Foxc1, designed by Dr Marco Weinberg, University of 

Witwatersrand.  



                                                         

C.1.2. Foxc1-shRNA-2 target sequence

Figure 5.2: In silico screen of Foxc1

National Centre for Biotechnology 

the Mus musculus genome. The result generated shows the sequence is a 100% match to a sequence 

on chromosome 13 of C57BL/6J strain.

C.1.3. Ligation, transformation and restriction digest

Figure 5.3: pGEM®-T Easy Vector map (Promega, USA).
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2 target sequence 

Foxc1 shRNA-2 target sequence. The sequence was run through 

iotechnology Information (NCBI) Basic Local Alignment Tool (

The result generated shows the sequence is a 100% match to a sequence 

on chromosome 13 of C57BL/6J strain.  

Ligation, transformation and restriction digest 

T Easy Vector map (Promega, USA). 
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The sequence was run through the 

(NCBI) Basic Local Alignment Tool (BLAST) against 

The result generated shows the sequence is a 100% match to a sequence 
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PCR amplified shRNA product was ligated into pGEM®-T Easy vector overnight at 4°C, 

according to the reaction below: 

Component  Standard Reaction  Positive Control 

2x Rapid Ligation Buffer, T4 DNA Ligase 5μL 5μL 

pGEM®-T Easy Vector (50ng) 1μL 1μL 

PCR product xμL - 

Control insert - 2μL 

T4 DNA Ligase (units/μL) 1μL 1μL 

Nuclease free water 3-xμL 1μL 

TOTAL 10μL 10μL 

 

Presence of the insert was confirmed by EcoRI restriction enzyme digest and gel 

electrophoresis. The digest reaction was incubated for 3 hours at 37°C and product run on 

a 1.5% agarose gel. The digest   reaction was composed of: 

Component  Volume μL 

Nuclease free water 17-x 

10x Buffer EcoRI 2 

DNA (0.5-1μg/μL) x 

EcoRI 1 

TOTAL 20 

 

 

Figure 5.4: 1.5% agarose gel electrophoresis of EcoRI restriction digest on pGEM®-T Easy plasmid. 

The 315bp Foxc1-shRNA insert is shown. MM = Molecular marker 
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C.1.4. Sequencing 

Clones containing the insert were verified by Sanger sequencing (Inqaba Biotec, South 

Africa) using M13 primers given below: 

 M13 R(-26) CAGGAAACAGCTATGAC 

M13 F(20) GTAAAACGACGGCCAGT 

 

The returned sequences were uploaded onto BLAST, and compared to sequences in the 

Homo sapiens database.  BLAST generated the following result: 

 

Figure 5.5: In silico screen of BLAST search result of a pFoxc1-shRNA 2 clone. The sequence 

showed a match to the Human gene for U6 RNA, accession X07425.1. This shows that the U6 

promoter had been successfully cloned out. 



                                                         

Figure 5.6: qPCR analysis of E

scrambled shRNA sequence that does not target any known mRNA.

that the plasmid did not have any signifi

SEM). 

There was no significant difference between the expression of 

untreated and treated cells. 

C.2. pFoxc1-eGFP-N1 

Figure 5.7: peGFP-N1 vector map
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: qPCR analysis of E12.5+/+ POM cells transfected with a control plasmid encoding a 

scrambled shRNA sequence that does not target any known mRNA. From the results it can be seen 

that the plasmid did not have any significant effect on gene expression. (p<0.05, n=3; error bars = 

There was no significant difference between the expression of Tsc22 

 

N1 vector map. 

Control Tsc22 Slug

E12.5+/+ + scrambled  shRNA
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12.5+/+ POM cells transfected with a control plasmid encoding a 

From the results it can be seen 

(p<0.05, n=3; error bars = 

 and Slug in the 
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Presence of the insert was confirmed by double digest with enzymes EcoRI and BamHI 

(Fermentas, Canada). Restriction digest was carried out in microcentrifuge tubes, 

incubated at 37°C for 3 hours. The 20μL reactions were composed of the following: 

Component  Volume (μL) 

Nuclease free water 15-x 

10x Buffer R 2 

DNA (0.5-1μg/μL) x 

EcoRI 1 

BamHI 2 

TOTAL 20 

 

C.3. Scrambled shRNA control 

Control shRNA Plasmid-A (Santa Cruz Biotechnology, USA; sc-108060) encoding a 

scrambled shRNA sequence was used as a negative control for the Foxc1 overexpression 

and knockdown experiments. The shRNA sequence does not target any cellular mRNA. 

The control plasmid was transfected into E12.5+/+ POM cells as described in Section 2.5. 

RNA was isolated from the cells and cDNA synthesised for qPCR analysis of gene 

expression against the control (untreated POM cells). The analysis is given below. Due to 

reagent limitations, only data for Tsc22 and Slug could be obtained. Figure 5.6 shows the 

results. 

Appendix D: Lens treatment controls 

Lenses were steeped in boiling water for 15 minutes in order to deactivate cellular 

activities in the lens epithelium. The boiled lenses were used as a negative control for the 

lens experiments described in Section 2.6.4. The results from qPCR analyses of the control 

experiments are given below:   



                                                         

Figure 5.8: qpCR analysis of Foxc1

hour exposure to boiled E6 lens

=SEM). 

There was no significant difference in gene expression between the treated and u

E12.5 POM cells.   

Appendix E: MIQE checklist

E.1. Experimental design 

For the investigation, immortalised POM cell lines representing two distinct 

developmental stages were established

E12.5+/+ characterised by high proliferation

of passage 6≤p≥8 and 24≤p≥27

E13.5+/+    POM cells were used as the control.

The effect of Foxc1 overexpression on 

transfecting E12.5 and E13.5 POM cells with p

isolated RNA. An shRNA targeting 

knockdown on the genes of interest

was used as a negative control. 

were elucidated by exposure of 

chick lenses respectively. Prolifer

gene expression evaluated by qPCR.

Tsc22 and Slug expression was studied by exposing POM cells that had been 
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Foxc1, Tsc22, Pitx2 and Slug expression in E12.5 POM cells after 24 

hour exposure to boiled E6 lens, relative to the control (untreated POM cells). (p<0.05; error bars 

There was no significant difference in gene expression between the treated and u

checklist 

 

For the investigation, immortalised POM cell lines representing two distinct 

developmental stages were established from wild type mouse embryos

characterised by high proliferation and E13.5+/+, a more differentiated state.

≤p≥8 and 24≤p≥27 were used for the experiments and untreated E12.5

POM cells were used as the control. 

overexpression on Pitx2, Tsc22 and Slug expression was assessed by 

ecting E12.5 and E13.5 POM cells with pFoxc1-eGFP and performing qPCR on the 

shRNA targeting Foxc1 was developed to assess the effect of 

knockdown on the genes of interest, also by qPCR. A plasmid encoding a scrambled shRNA 

as a negative control. The effects of lenses on proliferation and gen

exposure of E12.5 and E13.5 wild type POM cells to E6 and E8 whole 

Proliferation was measured by cell counts and

gene expression evaluated by qPCR. The effect of lens derived signals o

expression was studied by exposing POM cells that had been 

Foxc1 Tsc22 Pitx2 Slug

E12.5+/+ + boiled lens
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12.5 POM cells after 24 

(p<0.05; error bars 

There was no significant difference in gene expression between the treated and untreated 

For the investigation, immortalised POM cell lines representing two distinct 

from wild type mouse embryos. These were 

differentiated state. Cells 

were used for the experiments and untreated E12.5+/+ and 

expression was assessed by 

and performing qPCR on the 

was developed to assess the effect of Foxc1 

A plasmid encoding a scrambled shRNA 

of lenses on proliferation and gene expression 

POM cells to E6 and E8 whole 

cell counts and MTS assay and 

effect of lens derived signals on Foxc1, Pitx2, 

expression was studied by exposing POM cells that had been Foxc1 silenced 



                                                         APPENDICES                                                                           106 

 

to whole chick lenses. Exposure of POM cells to boiled lenses was used as a negative 

control. The effect of recombinant TGFβ2 on Foxc1, Pitx2, Tsc22 and Slug expression was 

also investigated by qPCR analysis. E12.5 and E13.5 cells were subjected to a 24 hour 

treatment of 30ng/mL TGFβ2 before RNA was isolated. The localisation of N-cadherin was 

observed by immunostaining with an N-cadherin antibody conjugated to a fluorescent 

molecule and visualised by confocal microscopy. E12.5+/+ and E13.5+/+ monolayers and 

hanging drop cultures were studied. 

Experiments were carried out at the University of KwaZulu-Natal, School of Life Sciences 

in the research laboratory of Dr Paula Sommer.  

E.2. Sample 

RNA was isolated, as described in Section 2.8.1, from confluent POM cell cultures grown in 

60mm dishes (Corning, USA).  Cells were trypsinised as in Section 2.1.1 and spun down 

before washing in 1x PBS. Cells were then harvested by centrifugation and RNA extracted. 

Long term storage was achieved by freezing cell stocks in 5% DMSO in culture medium 

(Section B.4). 

E.3. Nucleic acid extraction 

RNA was isolated using a QIAGEN RNeasy kit as per manufacturer’s instructions. RNA 

purity was assessed by NanoDrop as shown in Figure 3.5 of Section 3.3.2. Quality of the 

RNA was established by running samples on a denaturing formaldehyde gel (Figure 3.6, 

Section 3.3.2). RNA was not DNase treated as this was shown to negatively affect qPCR 

data in a previous study by another member of the laboratory. 

E.4. Reverse transcription 

Conditions for reverse transcription using SuperScript®III First Strand Synthesis System 

for RT-PCR and SuperScript®VILO™cDNA MasterMix outlined in Sections 2.9.1 and 2.9.10 

respectively.  

Results for No-Reverse Transcriptase (No-RT) experiments are shown in the figure below: 
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Figure 5.9: In silico screen of results for No-RT experiments showing A) Amplification data – the Cq 

values for each product. Although a Cq value was generated for some of the replicates, futher 

analysis of  B) The corresponding melt curve data the melt curves, showed that the amplification 

was due to primer-dimer C) Peaks corresponding to the melt curve.   

 

 

B 

C 



                                                         

E.5. Target information and qPCR oligonucleotides

Details of qPCR primers are given in Table I, Section 2.10. 

investigation were subjected to 

database. The Figures below are the screen results for each BLAST

number of the transcript and product size

Figure 5.10: In silico screen of of 

Figure 5.11: In silico screen of Foxc1
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and qPCR oligonucleotides 

Details of qPCR primers are given in Table I, Section 2.10. Primers used in the 

subjected to BLAST against the Mus musculus genome in NCBI 

The Figures below are the screen results for each BLAST, including the accession 

number of the transcript and product size. 

of Hprt primer BLAST against Mus musculus genome.

Foxc1 primer BLAST against Mus musculus genome.
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Primers used in the 

genome in NCBI 

, including the accession 

 

genome. 

 

. 



                                                         

Figure 5.12: In silico screen of Pitx2

Figure 5.13: In silico screen  of 
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Pitx2 primer BLAST against Mus musculus genome. 

of Tsc22 primer BLAST against Mus musculus genome
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genome. 



                                                         

Figure 5.14: In silico screen of Slug

Figure 5.15: In silico screen of N
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Slug/Snai2 primer BLAST against Mus musculus genome

N-cadherin primer BLAST against Mus musculus genome
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genome. 

 

genome. 



                                                         

Figure 5.16: In silico screen of Rps12

 E.6. qPCR protocol 

All qPCR was carried out in a Mini Opticon MJ MINI™ Personal Thermal Cycler (Bio

USA) in individual Bio-Rad 0.2mL PCR tubes

reading fluorescence set at 0.2 relative fluorescence units (RFU) as a baseline. 

conditions were as shown below in Figures 5.15 and 5.1

2.10. 

E.6.1. qPCR protocol using 

The composition was as follows:

5x HOT FIREPol®EvaGreen

Solis BioDyne Catalog no.: 08

Composition

HOT FIREPol®DNA Polymerase

5x EvaGreen® qPCR buffer

12.5 mM MgCl

dNTPs

EvaGreen®

ROX dye

 

Fluorescence was measured in the FAM channel

outlined in Section 2.10.1: 
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Rps12 primer BLAST against Mus musculus genome

All qPCR was carried out in a Mini Opticon MJ MINI™ Personal Thermal Cycler (Bio

Rad 0.2mL PCR tubes. The FAM and SYBR channels were used for 

reading fluorescence set at 0.2 relative fluorescence units (RFU) as a baseline. 

conditions were as shown below in Figures 5.15 and 5.16 and are described in Section 

.1. qPCR protocol using 5x HOT FIREPol®EvaGreen®qPCR Mix Plus

The composition was as follows: 

EvaGreen®qPCR Mix Plus 

Solis BioDyne Catalog no.: 08-24-00001  

Composition 

DNA Polymerase 

qPCR buffer 

12.5 mM MgCl2 

dNTPs 

® dye 

ROX dye 

Fluorescence was measured in the FAM channel according to the protocol
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genome. 

All qPCR was carried out in a Mini Opticon MJ MINI™ Personal Thermal Cycler (Bio-Rad, 

The FAM and SYBR channels were used for 

reading fluorescence set at 0.2 relative fluorescence units (RFU) as a baseline. Reaction 

6 and are described in Section 

IREPol®EvaGreen®qPCR Mix Plus 

according to the protocol below, also 
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Figure 5.17: qPCR protocol for use with 5x HOT FIREPol®EvaGreen®qPCR Mix Plus 

E.6.2. qPCR protocol using SYBR®Green JumpStart™ Taq ReadyMix™ 

Composition was as follows: 

SYBR®Green JumpStart™ Taq ReadyMix™ 

SIGMA-ALDRICH Catalog no.: S4438 

Composition 

20nM Tris-HCl, pH8.3 

100nM KCl 

7nM MgCl2 

0.4mM of each (dATP,dCTP,dGTP, dTTP) 

0.05unit/mL Taq DNA Polymerase 

JumpStart Taq antibody 

SYBR Green I 

Stabilisers 

 

Fluorescence was measured in the SYBR channel according to the protocol below also 

described in Section 2.10.2: 
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Figure 5.18: qPCR protocol for use with SYBR®Green JumpStart™ Taq ReadyMix™ 

E.7. qPCR validation 

Below are screen images from qPCR data analysis generated by CFX software manager 

which supports the Mini Opticon MJ MINI™ Personal Thermal Cycler. Figures are 

comprised of combined screen shots of the  A) Melt curve B) Melt peak window C) 

Amplification (quantification) window D) Melt temperature data E) Cq values read at the 

RFU intercept and F) 1.5% agarose gel electrophoresis of the qPCR product run against 

Fermentas 50bp ladder.  
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Figure 5.19: Melt curves, amplification curves and gel electrophoresis of qPCR product for Hprt 

primer set.  Asterisk shows the Cq data generated and double asterisk shows the corresponding 

melt temperatures. A) The melt curve B) Melt peak C) Amplification curves D) Melt temperature 

data E) Amplification data F) Gel electrophoresis of product. 

 

 

 

* 

** 
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Figure 5.20: Melt curves, amplification curves and gel electrophoresis of qPCR product for Foxc1 

primer set. A) The melt curve B) Melt peak C) Amplification curves D) Melt temperature data E) 

Amplification data F) Gel electrophoresis of product.   
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Figure 5.21: Melt curves, amplification curves and gel electrophoresis of qPCR product for Pitx2 

primer set. A) The melt curve B) Melt peak C) Amplification curves D) Melt temperature data E) 

Amplification data F) Gel electrophoresis of product.    
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Figure 5.22: Melt curves, amplification curves and gel electrophoresis of qPCR product for Tsc22 

primer set. A) The melt curve B) Melt peak C) Amplification curves D) Melt temperature data E) 

Amplification data F) Gel electrophoresis of product.   
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Figure 5.23: Melt curves, amplification curves and gel electrophoresis of qPCR product for 

Slug/Snai2 primer set.  A) The melt curve B) Melt peak C) Amplification curves D) Melt temperature 

data E) Amplification data F) Gel electrophoresis of product. 

 

 



                                                         APPENDICES                                                                           119 

 

 

Figure 5.24: Melt curves, amplification curves and gel electrophoresis of qPCR product for Rps12 

primer set.  A) The melt curve B) Melt peak C) Amplification curves D) Melt temperature data E) 

Amplification data F) Gel electrophoresis of product. 
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Figure 5.25: Melt curves and amplification curves for N-cadherin primer set.  A) The melt curve B) 

Melt peak C) Amplification curves D) Melt temperature data E) Amplification data.  

E.7.1. qPCR amplification efficiencies 

Reaction efficiencies were calculated by plotting the Mean Cq value of serial dilutions of 

cDNA and obtaining the slope (m) which was plugged into the equation:  

PCR efficiency = 10-1/slope -1 

At http://www.genomics.agilent.com/CalculatorPopupWindow.aspx?CalID=8 

The figures below show A) screen shot of amplification of cDNA serial dilution and B) plot 

of mean Cq value against dilution for each primer set. Each dilution was run in triplicate 

but only one curve per dilution has been shown for clarity. 
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Figure 5.26: Amplification curves for the serial dilution of E12.5 cDNA and plot used to determine 

qPCR amplification efficiency for the Hprt primer set. A) In silico screen of amplification of 

cDNA serial dilution and B) Plot of mean Cq value against dilution. Red lines show the 

curve corresponding to the different dilutions and the green lines show the Cq values 

generated for each dilution. Reaction efficiency = 110.33%. 

 

Figure 5.27: Amplification curves for the serial dilution of E12.5 cDNA and plot used to determine 

qPCR amplification efficiency for the Foxc1 primer set. A) In silico screen of amplification of 

cDNA serial dilution and B) Plot of mean Cq value against dilution. Reaction efficiency = 

104.36%. 
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Figure 5.28: Amplification curves for the serial dilution of E12.5 cDNA and plot used to determine 

qPCR amplification efficiency for the Pitx2 primer set. A) In silico screen of amplification of 

cDNA serial dilution and B) Plot of mean Cq value against dilution. Reaction efficiency = 

131.20%. 

Figure 5.29: Amplification curves for the serial dilution of E12.5 cDNA and plot used to determine 

qPCR amplification efficiency for the Tsc22 primer set. A) In silico screen of amplification of 

cDNA serial dilution and B) Plot of mean Cq value against dilution. Reaction efficiency = 

78.89%. 
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Figure 5.30: Amplification curves for the serial dilution of E12.5 cDNA and plot used to determine 

qPCR amplification efficiency for the Slug primer set. A) In silico screen of amplification of 

cDNA serial dilution and B) Plot of mean Cq value against dilution. Reaction efficiency = 

138.59%. 

Figure 5.31: Amplification curves for the serial dilution of E12.5 cDNA and plot used to determine 

qPCR amplification efficiency for the Rps12 primer set. A) In silico screen of amplification of 

cDNA serial dilution and B) Plot of mean Cq value against dilution. Reaction efficiency = 

108.42%. 

E.8. Data analysis 

qPCR data was analysed by the CFX Manager software reading fluorescence at 0.2 RFU. 

Outlying Cq values were discarded. Experiments were carried out in triplicate per technical 

run and 3 technical runs were performed for each biological repeat. Analyses presented in 

this report are based on 3 data sets generated from 2 biological repeats. Only one 

reference gene was used due to the 48 well capacity of the thermal cycler. All experiments 
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were normalised against a reference gene (Hprt or Rps12) to generate a fold change in 

treatment relative to the control. Statistical significance of the fold changes were evaluated 

by one sample T-tests, Paired samples T-tests and One-way ANOVA of the fold changes 

using SPSS v21 (IBM). The output was used to plot bar graphs presented with the 

corresponding standard error of the mean (SEM). 
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E.9. No-template controls 

 

Figure 5.32: No-template control quantitation for Hprt, Pitx2, Foxc1, Tsc22 and Slug. Analysis of the 

products by agarose gel electrophoresis showed that the peaks corresponded to primer dimer. A) 

Cq values generated corresponding to B) Melt temperatures. 
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Appendix F: Immunostaining and confocal microscopy 

To assess whether any bleed-through fluorescence was affecting the results, no-primary 

and no-secondary antibody controls were carried out. Figure 5.33 and 5.34 below show 

the results:  

 

Figure 5.33: 63x confocal image of E12.5+/+ no-primary antibody control. Scale bar is 20μm. 

 

Figure 5.34: 63x confocal image of E12.5+/+ monolayer no-secondary antibody control. Scale bar is 

20μm. 

No bleed-through was evident.  

Appendix G: Kits 

Kits used to manufacturer’s specification: 

QIAquick gel extraction kit 

QIAprep Miniprep kit 

QIAgen RNeasy Mini kit 
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DNeasy Blood and Tissue kit 

Amended kit protocols: 

QIAprep Midi/Maxi kit – An overnight elution step at 4°C was included. 
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