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Abstract 
 

Ocular coloboma is a congenital eye defect consists of a ventrally located notch or gap in 

structures of the eye, including the iris, choroid, retina, and optic nerve and can cause 

complete blindness. It results from the failure of optic fissure closure during early eye 

morphogenesis. It is related to Microphthalmia (small eyes) and Anophthalmia (absence of 

eyes) forming the MAC spectrum of phenotypes. The genetic pathways underlying optic 

fissure closure are not completely understood and genetic diagnoses are rare.  

This thesis aims to elucidate the genetic pathways regulating fissure closure and identify 

candidate disease genes and potentially improve the rate of genetic diagnosis. To achieve 

these aims a combination of human molecular genetics, transcriptomics and ultrastructural 

analysis of the closing fissure was used. 98 individuals with MAC were screened on the 

Oculome, a targeted panel of 429 congenital eye disease genes. Disease-causing variants 

were identified in 8 individuals. Laser capture microdissection and transcriptome analysis 

identified novel sets of genes dynamically regulated in the closing human and mouse fissure 

margins. Bioinformatics analysis of these genes identified signalling pathways related to 

epithelial-to-mesenchymal transition, consistent with changes in cell morphology observed 

using electron microscopy. These 202 novel genes were assembled into a virtual optic fissure 

transcriptome panel. Exome sequencing of 16 individuals not solved using the Oculome panel, 

and 74 additional unsolved individuals with coloboma, and analysis with the help of this panel 

identified a small number of novel high impact variants of uncertain pathogenic significance 

in genes expressed at the fissure.  

This thesis showed that a small proportion of individuals with coloboma could be explained 

by mutations in known disease genes. It identified a new panel of candidate disease genes 

expressed at the human optic fissure. Based on the synthesis of ultrastructural and 

transcriptomic analyses it proposed a cellular mechanism of closure involving a transient 

epithelial to mesenchymal-like change in cell state and identified conserved, regulatory 

pathways involved in the process. 
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Impact Statement  
 

Coloboma is a congenital eye defect that accounts for 3.2 to 11.2% of cases of blindness in 

children (Onwochei et al., 2000). Together with Microphthalmia (small eyes) and 

Anophthalmia (absence of eyes) it forms the MAC spectrum of eye malformations. It is 

genetically and phenotypically heterogeneous, most patients do not receive genetic 

diagnoses and there are no known cures. MAC phenotypes are often associated with systemic 

defects.  

Chapter 3 of this thesis describes the screening of 98 individuals with MAC phenotypes for 

mutations in 86 known MAC disease genes. This was part of a wider effort, in collaboration 

with the North East Thames Regional Molecular Genetics laboratory to develop and validate 

the diagnostic yield of the Oculome, a targeted next generation sequencing panel, screening 

429 genes known to cause developmental eye disorders. Disease causing variants were 

identified in 8.2 % of the MAC cohort. The pathogenic mutations identified in each individual 

were in different recessive and dominant genes and the majority were novel mutations. 

Although the solve rate for MAC phenotypes was low, these data highlight the advantage for 

simultaneous screening of multiple genes, avoiding protracted and costly multidisciplinary 

assessments and sequential screening of disease genes. Genetic diagnoses enable predicting 

the risk of the parents having another child with the same disease. MAC eye phenotypes may 

also be the first indicators of multisystem disorders and a genetic diagnosis helps determine 

disease prognosis and improve clinical management. In addition to MAC phenotypes, the 

Oculome achieved a significant diagnostic yield in a range of congenital eye diseases including 

anterior segment defects, retinal dystrophies and congenital cataracts. It was approved by 

the UK Genetics Testing Network (https://ukgtn.nhs.uk/) and is available as a genetic 

diagnostic test through the National Health Service at the North East Thames Regional 

Molecular Genetics laboratory. A manuscript describing the development of the Oculome and 

novel disease mutations identified has been submitted for publication. 

The screening of MAC patients on the Oculome also highlighted the likelihood of identifying 

novel genetic causes underlying coloboma. Coloboma results from a failure in optic fissure 

closure, an essential process during early morphogenesis of the eye. Optic fissure closure is a 

process of epithelial fusion. Epithelial fusion processes are core processes of embryogenesis, 
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the formation of a multicellular organism of a single fertilized egg. Unlike other, better studied 

closure processes such as neural tube closure and palate closure, the cellular mechanisms of 

optic fissure closure and the genes involved are not well understood. Chapters 4 and 5 of this 

thesis describe histological, ultrastructural and transcriptomic analyses of the human and 

mouse optic fissures and propose a novel model of closure where epithelial cells from the 

fissure margins undergo a transient change in morphology to a mesenchymal-like state. It also 

links these cellular changes to changes in gene expression, and signalling pathways for the 

first time. The genes involved are novel disease candidate genes for coloboma. The genetic 

pathways are likely to be shared by other developing organs and this contributes to the 

deeper understanding of human embryogenesis. 
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1. Introduction 
 

Embryogenesis, the formation of a multicellular organism from a single fertilized egg is a 

complex and fascinating process. The single cell proliferates and its progeny specialize to 

acquire a wide range of properties and functions and form complex three dimensional organs. 

These developmental processes are driven and regulated by genetic networks, which have 

been deciphered over the years by manipulations in animal models and by studying human 

birth defects that arise when the developmental processes are disrupted. 

 

1.1 Early morphogenesis of the eye and optic fissure closure 
 

The eye is one of the major sensory organs and is an ideal model to study developmental 

processes. The vertebrate eye has an intricate structure (Fig 1.1) in the form of a spherical 

globe divided into anterior and posterior segments. The anterior segment consists of the 

cornea, a transparent layer at the front of the eye, the iris, a muscular structure that controls 

the amount of light entering the eye and a transparent lens suspended in place by the ciliary 

body which can also adjust its thickness. The posterior segment of the globe consists of the 

retina, a layer of photoreceptors (light sensitive cells) and other neurons at the innermost 

position, followed by the retinal pigmented epithelium, the choroid consisting of blood 

vessels and finally the outermost fibrous layer called the sclera. The structures of the anterior 

segment function to collect light from the surroundings and focus it as an image on the retina. 

Photons are detected by the photoreceptor cells which generate impulses that are collected 

by a network of neurons. Axons of retinal ganglion cells, the inner most layer of cells in the 

retina, together form the optic nerve which carries the signals to the brain which then 

interprets them as an image of the external environment. 
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Figure 1.1: Structure of the vertebrate eye. This schematic shows a section of the vertebrate 

eye and highlights its major components.  

1.1.1 Early morphogenesis of the vertebrate eye 
 

Morphogenesis of the vertebrate eye can be divided into two major stages. The first stage in 

development achieves the three dimensional shape of the eye, i.e. the formation of a 

spherical optic cup surrounding the lens and lying below the surface ectoderm. The second 

stage involves the differentiation of multiple cell types that constitute the eye, especially the 

multi-layered retina. 

The eyes form as part of the same structure of the developing brain. More specifically, they 

arise from the neuroepithelium of the diencephalon. The region of neuroepithelium destined 

to form the eyes is known as the eye field. The expression of a number of transcription factors 

including Pax6, Rax, Lhx2 and Six3 first specifies the eye field. (Mathers et al., 1997, Roy et al., 

2013, Walther and Gruss, 1991, Lagutin et al., 2003). These eye field transcription factors have 

been studied in great detail in the Xenopus embryo where the ectopic expression of some or 

all of these factors has been shown to induce the formation of ectopic eyes even outside the 

nervous system (Zuber et al., 2003). A number of secreted signalling molecules then act on 

the cells of the eye field to promote and regulate further development. It is now being 

understood that these transcription factors induce the expression of a number of cell surface 

proteins that determine the adhesive properties of the cells. Studies in zebrafish have shown 
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that the transcription factor gene Rx3 expressed in the eye field induces the reciprocal 

expression of ephrin cell surface proteins and ephrin receptors in the eye field and the 

surrounding neuro epithelium, enabling the cells of the eye field to segregate from the 

surrounding cells (Cavodeassi et al., 2013).  

Initially there is a single eye field. Under the influence of signalling factors originating from 

the ventral midline of the embryo it divides along the midline to form two identical eye fields, 

each of which will give rise to one eye (Zagozewski et al., 2014). The first stage of eye 

morphogenesis then begins, with the evagination of single layered optic vesicles, from the 

neuroepithelium. The lumen of the optic vesicles is continuous with the lumen of the 

developing forebrain. In humans, the evagination of the optic vesicles occurs during the 4th 

week of gestation, corresponding to Carnegie Stage 10 (O'Rahilly, 1983)and in mice it occurs 

at about the E9 (Embryonic Day 9) stage (Kaufman, 1992). As each optic vesicle approaches 

the surface ectoderm, it displaces the intervening mesenchyme. Its distal end then 

invaginates to form a double layered optic cup, the inner layer of which eventually forms the 

Neural Retina (NR) and the outer layer forms the Retinal Pigmented Epithelium (RPE) (Fig 1.2 

A). The lumen of the vesicle corresponds to the sub-retinal space. Simultaneously, the 

overlying surface ectoderm thickens and then invaginates, into the optic cup, to form the lens 

vesicle. The lens vesicle eventually pinches off from the surface ectoderm and will 

differentiate to form the lens.  

The invagination of the optic cup is asymmetrical. It invaginates from its ventral aspect such 

that the dorsal and proximal regions of the vesicle contribute to the outer surface of the optic 

cup and the ventral and distal regions contribute to the inner surface, and a fissure, the optic 

fissure (also called the choroid fissure), is formed running down the ventral aspect of the cup 

(Fig 1.2 A, B double arrows).  

The most proximal region of the vesicle, the optic stalk, narrows and acts as a path for axons 

of the optic nerve to reach the brain. The formation of the optic fissure allows the hyaloid 

artery, which supplies the developing lens, to enter the optic cup without having to cross the 

neuroepithelium (Kaufman, 1992, O'Rahilly, 1983, Schmitt and Dowling, 1994). The optic cup 

is surrounded by the periocular mesenchyme, composed of neural crest and mesodermal 

cells. It also occupies the space between the fissure margins. As the eye develops, the margins 

of the optic fissure grow towards each other, displace the intervening mesenchyme and then 
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fuse (Fig 1.2 C) forming a complete optic cup with two continuous layers. Cells from the 

periocular mesenchyme migrate through the transiently open optic fissure into the space 

between the lens and optic cup to form the hyaloid vasculature. Fissure closure leaves a small 

opening for the hyaloid artery to exit the optic cup, known as the optic disc. In the human 

eye, fissure closure begins in the 5th week of fetal development and is completed by about 

the 7th week, corresponding to Carnegie stages 14 to 17 (O'Rahilly and Mu\ller, 1987). In mice 

it begins on embryonic day 11 (E11) and is completed by E13 (Hero, 1990, Hero et al., 1991).  

A very recent study has described the presence of another transient groove, termed the 

superior ocular sulcus, diametrically opposite the optic fissure in zebrafish, chick and mouse 

embryos. It occurs at the anterior rim of the optic cup and does not appear to extend as far 

as the optic fissure does. Also, it does not appear to go through a closure process but 

eventually widens and flattens out (Hocking et al., 2018). The same structure was previously 

described in a scanning electron microscopy study of the zebrafish eye (Schmitt and Dowling, 

1994). In the zebrafish, the dorsal radial vessel of the superior vasculature that passes around 

the rim of the optic cup and encircles the lens is positioned in the superior ocular sulcus 

(Hocking et al., 2018). 
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Figure 1.2: Early eye development and the coloboma phenotype A: Processes involved in 

formation of the optic cup and successful closure of the optic cup. B: Histological section of 

developing mouse eye at E11.5 while the fissure is open. C: Histological section of developing 

mouse eye at E12.5 where the fissure is closed. D: Coloboma of anterior segment, E: 

Coloboma of the posterior segment (retina). F: Superior Coloboma, F: Microphthalmia and 

anophthalmia. A: adapted from (Mui et al., 2005). D and E reproduced with permission from 

(Hoyt and Taylor, 2013). F adapted from Hocking et al 2018, G adapted from Gerth-Kahlert et 

al 2018.  
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1.1.2 Ocular coloboma and its phenotypic heterogeneity 
 

A coloboma is a ventrally located notch or gap in the iris, ciliary body, choroid, retina, optic 

disc and/or optic nerve (Fig 1.2 D,E) of the mature eye. The term is derived from the Greek 

work koloboma, meaning ‘mutilated’ and hereditary coloboma had been described as early 

as in the 17th century (Onwochei et al., 2000). It results from a complete or partial failure of 

embryonic optic fissure closure. “Typical” colobomas that result from a defect in optic fissure 

closure are located in the infero-nasal region in the anterior or posterior segments of the eye 

or both (Onwochei et al., 2000). The extent of visual impairment caused by a coloboma ranges 

from asymptomatic to complete loss of vision, depending on the size and location of the 

defect. 

Coloboma may be present as an isolated phenotype (non-syndromic) or may occur as part of 

a syndrome along with other developmental defects. A colobomatous defect may occur in 

only one (unilateral) or both eyes (bilateral) of an affected individual. A novel form of 

coloboma, superior coloboma located in the dorsal (or superior) region of the eye has also 

been recently described and occurs due to a defect in the superior ocular sulcus (Fig 1.2 F) 

(Hocking et al., 2018), it is not included in the definition of a typical coloboma. Coloboma is 

related to and often associated with microphthalmia (small eyes). It is also related to 

anophthalmia (the absence of an eye). Individulas with anophthalmia of one eye may present 

with microphthalmia and/or coloboma in the contralateral eye. MAC phenotypes result due 

to failures in the early stages of eye morphogenesis when the three-dimensional shape of the 

eye globe is being formed (Morrison et al., 2002). Eyelid coloboma, a prominent feature of 

Treacher Collins syndrome, is not a consequence of failed optic fissure closure (van Gijn et al., 

2013). It occurs when the eyelid folds fail to fuse and hence it is not reviewed here. Similarly 

lens coloboma has been described (Chang et al., 2006), but the lens does not originate from 

the optic cup. These two forms of coloboma are not reviewed here.  

 

1.1.3 Epidemiology of ocular coloboma 
 

Microphthalmia, anophthalmia and coloboma (MAC) are collectively rare birth defects with 

one study estimating a cumulative incidence of MAC, by the age of 16, in the UK at 11.9 per 
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100,000 and within Scotland at 22.2 per 100,000 (Shah et al., 2011). Although a less severe 

malformation than microphthalmia and anophthalmia, coloboma is estimated to be the most 

common with 69.7% to 73.3% of children with MAC reported to have a colobomatous defect 

(Shah et al., 2011, Morrison et al., 2002). Coloboma is estimated to account for 3.2 to 11.2% 

of cases of blindness in children (Onwochei et al., 2000). There is no known cure or prevention 

at present.  

 

1.1.4 Visual impairment caused by coloboma 

Coloboma is a developmental defect and therefore present from birth. The extent of visual 

impairment varies with extent of the fissure closure defect and any other associated eye 

malformations. In a study of 96 individuals with coloboma (with or without associated eye 

malformations) it was found that 85.4 % of individuals screened had a visual acuity of <6/18 

in the better eye and 39.5 % had a visual acuity of <3/60 (Hornby et al., 2000). Visual acuity 

was worst in individuals with microphthalmos with cyst and progressively better in individuals 

with coloboma with microphthalmia, coloboma with microcornea and simple 

microphthalmia. Only 6.7% of individuals with simple coloboma had visual acuity of <3/60 

(severe visual impairment), while 93.3% were able to read (N10). If the posterior coloboma 

defect involved the macula the visual acuity was reported to be worse than if it did not 

(Hornby et al., 2000). The presence of a coloboma can cause secondary defects such as retinal 

detachment (Chang et al., 2006, Gopal et al., 1996). In addition, MAC phenotypes are reported 

to have a significant impact on health related quality of life scores (Dahlmann-Noor et al., 

2018). Identification of causative mutations can enable better genetic counselling regarding 

the risk of the parents having a second child with the same condition as well as determining 

carrier status of other relatives. Additional advantages to identifying disease genes with 

regard to intervention and prevention are described in 1.5.2 
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1.2 Genetic regulation of eye morphogenesis 
 

As described briefly in section 1.1, morphogenesis of the eye begins with the growth of a 

single layered optic vesicle from the neuroepithlium of the developing brain, which then 

invaginates asymmetrically to form a double layered optic cup with a fissure running down its 

ventral aspect, which eventually closes. There are two main requirements for successful 

closure of the optic fissure and these apply more broadly to any closure process. First, the 

two margins must be properly aligned and closely apposed with each other. Second, when 

they are apposed with each other, the cells lining the margin must be capable of reorganizing 

and forming the right type of cell junctions so that two new epithelial sheets (the NR and the 

RPE) are formed. Therefore, a disruption of the process that causes the optic cup to grow more 

slowly so that the margins do not come together could cause coloboma, and so could a 

disruption that interferes with cell-cell adhesion once the margins have come in contact. 

The early patterning of the optic vesicle and cup has been studied in detail via gene expression 

domains and gradients and extensively reviewed (Fuhrmann, 2010, Reis and Semina, 2015). 

The optic vesicle and later, the optic cup are patterned by differing gene expression along 

three axes; distal-proximal (also referred to as anterior-posterior), dorsal-ventral and nasal-

temporal axes. The molecules and pathways that determine pattering will be discussed first 

in section 1.2.1. Following that, the changes in cell shape and mechanics of optic cup 

invagination that occur as a result of the patterning are discussed in section 1.2.2.
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1.2.1 Axial patterning of the optic vesicle and cup involves diverse signalling pathways 
 

Distal-proximal and dorsal-ventral patterning has been extensively studied and is quite well 

understood (Fuhrmann, 2010) Nasal-temporal patterning of the optic cup has been relatively 

recently studied but is now known to be important for shaping the optic cup. Gradients of 

signalling molecules such as Shh (Sonic hedgehog), Bone Morphogenetic Proteins, Fibroblast 

Growth Factors (FGFs), Wnts and retinoic acid collectively regulate the differential expression 

of several transcription factor genes including Pax2, Pax6, Vax1, Vax2, Tbx2, Tbx3, Tbx5, Vsx2, 

Mitf, Six3 and Six6 in the optic vesicle and optic cup and Foxc1 and Pitx2 in the periocular 

mesenchyme (POM) surrounding the optic cup (Nornes et al., 1990, Walther and Gruss, 1991, 

Hallonet et al., 1998, Barbieri et al., 1999, Mui et al., 2005, Nguyen and Arnheiter, 2000).  The 

expression domains of these transcription factors define a number of boundaries within the 

early eye. Cells in the different regions separated by these boundaries behave differently and 

go on to form different components of the mature eye. Some of the key boundaries in the 

developing optic cup include that between the outer and inner layer of the optic cup (along 

the fissure and anterior rim) and that between the optic stalk and optic cup. Major secreted 

signalling molecules and transcription factors patterning the optic cup are summarized in 

Figure 1.2. 

Hedgehog signalling pathway (Shh) 

Shh (Sonic hedgehog) is a secreted signalling protein. It is first expressed in the developing 

central nervous system of the mouse embryo at embryonic day 8.5. In the developing 

forebrain its synthesis is restricted to the ventral midline of the developing brain and neural 

tube. (Echelard et al., 1993). Shh originating from the ventral midline of the developing 

forebrain inhibits Pax6 and divides the eye field, allowing the formation of separate but 

identical optic vesicles. In the mouse and zebrafish loss of the Shh gene, results in cyclopia 

due to the eye field not splitting (Chiang et al., 1996, Macdonald et al., 1995). In humans too, 

the majority of SHH mutations (Roessler et al., 1997, Roessler et al., 1996) cause 

holoprosencephaly, a failure of the brain, often including the eye field, to divide into two 

hemispheres. Cyclopia is one of the more severe forms of the holoprosencephaly spectrum.   

Pax2 is first expressed in the distal part of the optic vesicle which is in contact with the surface 

ectoderm (Nornes et al., 1990). As the optic cup invaginates, Shh signalling from the ventral 
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midline and optic stalks promotes patterning along the proximal-distal and dorsal-ventral 

axes by upregulating Pax2 expression in the ventral optic stalk and optic fissure margins and 

inhibiting the expression of Pax6 and restricting it to the inner layer of the optic cup 

(Macdonald et al., 1995, Chiang et al., 1996, Lee et al., 2008). Pax2 and Pax6 mutually inhibit 

each other resulting in the establishment a boundary between the RPE and optic nerve. A 

disruption of this boundary by mutation of either gene causes defects in optic fissure closure 

(Schwarz et al., 2000). Heterozygous mutations in human PAX2 (Sanyanusin et al., 1995) and 

PAX6 (Azuma et al., 2003), and some mutations in SHH (1 family) (Schimmenti et al., 2003, 

Bakrania et al., 2010) are known to cause coloboma.  Ptch (Patched) is a downstream negative 

regulator of the hedgehog signalling. In the zebrafish blowout mutant, loss of the gene 

Patched1 (ptch1) leads to an upregulation of Hedgehog pathway activity in the eye, expansion 

of Pax2a expression, reduction of pax6 expression and a coloboma phenotype (Lee et al., 

2008). Another factor mediating Shh signalling in the eye is Cdon. It is upregulated in the 

dorsal optic cup, in a domain complementary to ptch where it negatively regulates Hedgehog 

signalling (Zhang et al., 2009b, Cardozo et al., 2014). Mutations in the human orthologue 

CDON have been implicated in holoprosencephaly, but not in coloboma so far (Bae et al., 

2011).  

Shh signalling also upregulates Vax1 which is expressed in the mouse optic disk, optic stalk 

and the optic nerve. Mice homozygous for deletions in Vax1 develop colobomas and 

malformations of the optic nerve. They also show ectopic expression of Pax6 in the optic 

nerve, consistent with Vax1 downregulating it, and normal expression of Pax2 (Hallonet et al., 

1999, Bertuzzi et al., 1999). 

Bmp signalling pathway (Bmp4 and Bmp7) 

Signalling by the Bone Morphogenetic Proteins (BMPs), members of the TGF-β superfamily of 

secreted signalling molecules is essential, both for axial pattering of the optic cup and optic 

fissure closure (Adler and Belecky-Adams, 2002). The T-box transcription factor genes Tbx5, 

Tbx2 and Tbx3 are expressed in overlapping domains in the dorsal optic cup just before and 

during optic fissure closure (Sowden et al., 2001). Bmp4 is expressed in the dorsal optic cup. 

It forms a high-dorsal to low-ventral gradient and induces the dorsal expression of Tbx2, Tbx3 

and Tbx5. Bmp4, directly or indirectly restricts the expression of the ventral marker Vax2 to 

the optic fissure margins (Behesti et al., 2006). Vax2 expression is essential for fissure closure 
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(Barbieri et al., 2002). Bmp4 also induces the expression of the transcription factor Msx2 in 

the optic cup (Furuta and Hogan, 1998). The expression of Bmp4 itself is restricted to the 

dorsal optic cup by Shh originating from the optic stalk and ventral midline. Shh is also 

necessary for maintaining Vax1 and Vax2 expression (Zhao et al., 2010).  In summary, Bmp4 

and Shh act antagonistically on the optic cup to induce patterning along the dorsal-ventral 

and proximal-distal axes.  

Bmp7 is required for the patterning of the ventral optic cup and the formation of the fissure. 

Mouse embryos lacking Bmp7 show symmetrical invagination of the optic vesicle without the 

formation of the optic fissure, reduced expression of the ventral marker Pax2, and failure to 

form an optic disc. The optic fissure allows the formation of the hyaloid artery and the exit of 

retinal axons to form the optic nerve. Neither of these are formed in the absence of Bmp7. 

Bmp7 is expressed in the ventral optic cup itself as well as the ventrally located periocular 

mesenchyme (Morcillo et al., 2006). Bmp signalling is also required to maintain the expression 

of the key transcription factor Vsx2 in the neural retina (Murali et al., 2005). BMP4 and BMP7 

mutations cause MAC phenotypes in humans and mice (Tables 1.1 and 1.3) Loss of the Tbx2 

gene causes microphthalmia, coloboma, heart defects and embryonic lethality in the mouse 

(Behesti et al., 2009).  

FGF signalling 

Fibroblast growth factors (FGFs) are another family of secreted signalling molecules and play 

diverse roles in development through theirs receptors (FGFRs). At the time of invagination 

both layers of the optic cup are initially bipotential, i.e. the cells in both layers are capable of 

adopting the neural retina or RPE fates.  FGF signalling, likely originating from the surface 

ectoderm, helps establish a boundary between the neural retina and the RPE, along the 

anterior rim of the optic cup and the optic fissure margins. Fgf1 and 2 are expressed in the 

optic vesicle and the surface ectoderm near it in the developing mouse embryo at embryonic 

day 9.5, with the expression the surface ectoderm being especially high (Nguyen and 

Arnheiter, 2000). FGF signalling from this source seems to induce distal end of the optic to 

develop into neural retina while the, remaining, proximal region of the vesicle begins to 

produce pigment and develops into the RPE. One study showed that removal of the surface 

ectoderm in explant cultures of developing mouse eyes prevented the distal end of the vesicle 

from differentiating into neural retina and it eventually acquired pigmentation similar to the 
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RPE. This was rescued by the implantation of an FGF1/2-coated bead near the distal end of 

the vesicle (Nguyen and Arnheiter, 2000). However, this study could not rule out the 

possibility that in-vivo, other factors from the surface ectoderm also contributed to the 

induction of neural retina at the distal end of the vesicle. There are also multiple members in 

the FGF family of ligands and there may be considerable redundancy between them. Mice 

lacking FGF1 or FGF2 or both do not have any overt eye defects (Miller et al., 2000, Ortega et 

al., 1998). However, when two FGF receptor genes, Fgfr1 and Fgfr2 were conditionally 

knocked out from the optic vesicle/cup, impairing response to a potentially wide range FGF 

molecules, it resulted in ocular coloboma as well as a thin and underdeveloped optic disc and 

optic nerve (Chen et al., 2012b, Cai et al., 2013). This is consistent with signalling through 

these receptors being essential for successful shaping of the optic cup and for optic fissure 

closure. The mutants also showed ectopic expression of the RPE marker Mitf in the neural 

retina(Cai et al., 2013).  

The surface ectoderm is not the only source of FGF secretion. Fgf9 is expressed in the 

prospective neural retina and helps to define the boundary of the neural retina with the RPE. 

Loss of Fgf9 causes an extension of the RPE into the neural retina and ectopic expression of 

FGF9 in the prospective RPE induces it to differentiate into neural retina (Zhao et al., 2001). 

Wnt signalling pathway 

Another signalling pathway that helps maintain the boundary between the neural retina and 

RPE is the Wnt signalling pathway. The binding of canonical Wnt ligands to cell surface 

receptors prevents the degradation of the downstream effector β-catenin, allowing it to 

accumulate which then translocates to the nucleus and promotes the expression of target 

genes. Wnt ligands can also activate signalling cascades independent of β-catenin (Logan and 

Nusse, 2004, Veeman et al., 2003).  Wnt signalling in the optic vesicle is necessary for initial 

specification of the RPE (Hagglund et al., 2013) Mitf and Otx2 are two key transcription factors 

necessary for maintaining the RPE fate in the outer layer of the optic cup (Martinez-Morales 

et al., 2001, Hodgkinson et al., 1993). Expression of Mitf and Otx2 in the outer layer requires 

the activation of the canonical Wnt-β-catenin pathway (Westenskow et al., 2009).  Canonical 

Wnt signalling in the optic cup also contributes directly, or indirectly, in maintaining pattering 

along the dorsal-ventral and nasal-temporal axes (Zhou et al., 2008, Fotaki et al., 2013) and in 

maintaining neural progenitors in the neural retina (Liu et al., 2012a). A mutation in the WNT 
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receptor gene FZD5 has been shown to cause coloboma in human patients (Liu et al., 2016). 

Mutations in the gene PORCN whose activity is essential for secretion of Wnt molecules 

causes focal dermal hypoplasia, a systemic disorder which includes microphthalmia, 

anophthalmia or coloboma (Barrott et al., 2011, Wang et al., 2007). However, proper 

morphogenesis of the optic cup also needs the levels of Wnt signalling to be properly 

controlled and over activation of the pathway the optic cup also leads to a failure in fissure 

closure. Haploinsufficiency of the canonical Wnt antagonist Dkk1 results in coloboma, with a 

decreased expression of Pax2 in the ventral retina and optic stalk. Similarly, loss of the 

negative feedback regulator of Wnt signalling Axin2 results in coloboma, as does the loss of 

Foxg1, a repressor of Wnt8a transcription (Alldredge and Fuhrmann, 2016, Lieven and Ruther, 

2011, Smith et al., 2017).  

There are many potential tissue sources for Wnt ligands acting on cells of the optic cup. One 

source known to be essential for optic cup morphogenesis is the surface ectoderm, which is 

known to express at least Wnt2b (Steinfeld et al., 2013, Carpenter et al., 2015). Wnt2 and 

Wnt8 are expressed in the dorsal optic cup (Veien et al., 2008). It is not yet known if this is 

the only one or if other sources are also involved. Also, there is a wide range of canonical and 

non-canonical Wnt ligands and it is not known yet which ones are essential for fissure closure 

and how much redundancy there is among them. 

Retinoic acid signalling pathway 

Morphogenesis of the optic cup, especially the ventral optic cup and fissure margins requires 

interaction with the surrounding POM. This is mediated in a large part by paracrine retinoic 

acid signalling (Sasagawa et al., 2002, Matt et al., 2005).  

The POM arises from neural crest and cranial mesodermal cells and completely surrounds the 

optic cup. It also transiently occupies the space between the fissure margins just prior to 

closure (Fig 3 A, B, C, D). The cells from the POM enter the optic cup through the fissure and 

give rise to the hyaloid vasculature. The location of the POM makes it a likely source of 

secreted factors affecting fissure closure. Pitx2 and Lmx1b are two of the key transcription 

factors expressed in the POM, and are essential for its maintenance and function. Pitx2 null 

mice were shown to have coloboma (Gage et al., 1999). In zebrafish, knockdown of lmx1b, 
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also caused a failure of fissure closure and a disorganized ventral retina (McMahon et al., 

2009).  

The survival and function of the POM is regulated by retinoic acid secreted by the developing 

optic cup. Retinoic acid synthesizing enzymes are differentially expressed along the dorsal-

ventral axis of the optic cup. Aldh1a1 is strongly expressed in the dorsal optic cup while 

Aldh1a3 is expressed in the ventral optic cup and Aldh1a2 is expressed in the POM (Matt et 

al., 2005). However, the target of the retinoic acid synthesized does not appear to be the optic 

cup itself.  Retinoic acid promotes selective cell death in the periocular mesenchyme, prevents 

it from over growing and excessively invading the optic fissure (Molotkov et al., 2006). Mouse 

embryos lacking Aldh1a3, develop defects in the ventral retina (Dupe et al., 2003). Mice with 

a Cre-mediated deletion of retinoic acid receptors Rarb and Rarg specifically in the POM also 

show similar ventral retinal defects with an abnormal thickening of the POM, decreased 

apoptosis in the POM  and decreased expression of the POM specific transcription factors 

Pitx2 and Foxc1 (Matt et al., 2005, Dupe et al., 2003). Modulating retinoic acid signalling in 

the developing zebrafish also caused similar changes in gene expression in the POM and 

resulted in coloboma (Lupo et al., 2011). Retinoic acid is synthesized from retinol (Vitamin A) 

circulating in the bloodstream. Mutations in the human serum retinol binding protein gene 

RBP4, likely leading to a decreased availability of retinol, cause coloboma (Cukras et al., 2012, 

Khan et al., 2016, Seeliger et al., 1999). A Vitamin A deficient diet has a similar effect in 

developing mouse embryos (See and Clagett-Dame, 2009). 

Notch signalling pathway 

The Notch signalling pathways is one of the canonical pathways less understood in relation to 

optic fissure closure, however, there is some evidence that it is involved. Mice carrying a 

mutation in the Notch receptor gene Jag1 develop coloboma and corneal opacity (Xue et al., 

1999). 

Hippo signalling pathway 

There is recently accumulating evidence that the Hippo signalling pathway is involved in 

correct shaping of the optic cup and successful fissure closure. Mutations in YAP1, which 

codes for a transcriptional co-activator that is an effector of the Hippo signalling pathway 

cause coloboma in humans (Williamson et al., 2014). In the zebrafish, engineered and natural 
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mutations of yap resulted in defects of RPE formation and a colobomatous phenotype. This 

phenotype was enhanced by mutation of taz which codes for the co-activator that interacts 

with yap. It was suggested that the lack of RPE could interfere with the correct formation of 

the optic fissure (Miesfeld et al., 2015). 
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Figure 1.3: Patterning of the optic cup. A: Gradients of signalling molecules that induce 

pattering in the early optic vesicle and the resultant expression of transcription factors. B: 

Gradients of signalling molecules influencing the optic cup. C: Resultant differential 

expression of key transcription factors defining pattering along three axes and two layers in 

the optic cup. Selected, key transcription factors are shown. 
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1.2.2 Physical invagination and morphogenesis of the optic cup 

 

Patterning of the optic vesicle enables and is accompanied by physical invagination to form 

the double layered optic cup. During embryogenesis, epithelial sheets must be capable of self-

bending to form three dimensional structures. They use a variety of mechanisms to achieve 

bending and folding (Pearl et al., 2017). These include apical constriction driven by 

contraction of the actomyosin network, basal relaxation and buckling driven by a 

supracellular actomyosin cable and vertical telescoping of cells in an epithelium. The single 

layered optic vesicle forms by evagination (folding outwards) of the neuroepithelium of the 

developing brain.  

The forces driving evagination are not completely understood. In medaka fish eyes, the 

evagination appears to be driven by the migration of individual cells (Rembold et al., 2006). It 

has not yet been demonstrated if this mechanism is conserved across species. Based on 

studies in the mouse eye, the cells in the single layered optic vesicle have an apically 

constricted shape during the evagination (Fig 1.4 A) stage (Svoboda and O'Shea, 1987). Once 

evagination has occurred, the vesicle invaginates (bends inwards) to form the double layered 

optic cup. To achieve this, the cells destined to form the inner layer i.e. cells in the distal and 

ventral regions of the vesicle change to a basally constricted shape (Fig 1.4 B, C). The cells at 

the hinge point between the two layers. i.e. at the anterior rim of the optic cup and along the 

fissure, retain an apically constricted shape (Eiraku et al., 2011) 

Based on studies on mouse optic cup organoids in-vitro and zebrafish eyes in-vivo, one of the 

mechanisms contributing to this change in cell shape is regulated contraction of the actin-

myosin cytoskeleton (Eiraku et al., 2011, Nicolas-Perez et al., 2016). In fact, mutations in the 

human cytoplasmic actin genes ACTG1 and ACTB have been implicated in Baraitser-Winter 

syndrome which includes ocular coloboma along with other systemic defects (Kemerley et al., 

2016, Riviere et al., 2012). Studies in medaka fish have shown that the basal constriction of 

cells in the inner layer of the optic cup is driven by the enrichment of focal adhesions at the 

basal ends of cells, which results in a basolateral transmission of stress along the epithelial 

sheet. This basal enrichment is promoted by a transmembrane protein, encoded by the gene 

opo (ofcc1). Opo localizes to the cell membrane of basal end feet of retinal progenitor cells in 

the neural retina. Here it recruits integrin-β1 to the membrane and regulated the turnover of 
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focal adhesions (Martinez-Morales et al., 2009, Bogdanovic et al., 2012). Transcription of opo 

is regulated by vsx2 (Gago-Rodrigues et al., 2015). Vsx2 is one of the transcription factors that 

specify the neural retina. This demonstrates a direct link between the patterning of the optic 

vesicle and physical morphogenesis of the bi-layered optic cup.  

Another driver of invagination, which acts in addition to basal constriction, is cell migration. 

One of the first reports of cell migration in the optic cup was regarding migration in response 

to fgf signalling leading to nasal-temporal patterning of the zebrafish neural (Picker et al., 

2009). Live imaging studies in zebrafish have now confirmed that there is a flow of epithelial 

cells from the outer to the inner layer of the optic cup around the anterior rim and the fissure 

margins into the inner layer. This is dependent on local inhibition of Bmp signalling (Heermann 

et al., 2015, Sidhaye and Norden, 2017). There is also evidence from early experiments on the  

developing Xenopus embryo suggesting that the margins of the optic fissure are lined by a 

population of cells that move distally from the optic stalk into the region of the fissure (Holt, 

1980).  

As the optic cup invaginates, the lens vesicle, originating from the surface ectoderm, 

invaginates within it. The basal surface of the lens vesicle faces the basal surface of the neural 

retina (inner layer of the optic cup). Light microscopy and then electron microscopy identified 

the presence of cell processes connecting the lens vesicle to the optic cup in human and rat 

eyes. These originate from both the lens vesicle and the optic cup and include thick 

cytoplasmic processes (devoid of cytoplasmic organelles) as well as thin processes containing 

fine filaments arranged in parallel (McAvoy, 1980). A later study in mouse eyes showed that 

the processes were actin containing filopodia, were contractile and contribute to pulling the 

lens vesicle into its correct position in the cavity of the optic cup (Chauhan et al., 2009). 

However, the optic cup does not need the presence of the lens vesicle to invaginate, as 

described further below. 

The final proposed driver of optic cup invagination is different rates of proliferation in the two 

layers of the optic cup. The inner layer contains more proliferating cells than the outer layer 

(Pei and Rhodin, 1970). Studies in mouse embryos, indicate that correct invagination of the 

optic cup requires regulation of proliferation along the dorso-ventral axis (Behesti et al., 2009, 

Dhomen et al., 2006, Kim et al., 2007). However, experiments using zebrafish showed that 

while proliferation contributes to invagination of the optic cup, it is not essential and its 



40 
 

absence may be compensated for by other mechanisms (Kwan et al., 2012, Sidhaye and 

Norden, 2017).   
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Figure 1.4: Orientation of cells and changes in morphology during invagination of the optic 

cup. A: At the optic vesicle stage, cells of the neuroepithelium are apically constricted. The 

basement membrane lines the outside of the vesicle, with the apical aspect of the 

epithelium facing the lumen. B: As the optic cup is formed, the cells in the inner layer 

(Neural Retina) adopt a basally constricted shape. The basement membrane of the neural 

retina faces the invaginating lens vesicle. C: The optic fissure margins come into contact with 

each other through their basal aspects, lined by basement membrane. 
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1.2.3 The optic vesicle has an intrinsic ability to pattern and invaginate 

 

Optic vesicles grown in-vitro from mouse and human stem cells do evaginate and show 

pattering along the anterior-posterior axis. As they mature, they also invaginate and form a 

Vsx2-positive inner layer (Neural retina) and Mitf-positive outer layer (RPE) (Eiraku et al., 

2011, Nakano et al., 2012). This occurs in the absence of any extra-ocular surrounding tissue 

analogous to POM, surface ectoderm or other head structures. In the majority of cases this 

invagination is symmetric without pattering along the other axes, or the formation of an optic 

fissure.  Interestingly, a type of symmetric invagination without the formation of a fissure, 

also occurs in the Bmp7 null mouse model (Morcillo et al., 2006).  

However, a recent study has showed that a small proportion (21%) of the optic cups grown 

in-vitro did spontaneously pattern and acquire a Tbx2-posititve dorsal domain and a Vax2-

positive ventral domain separated by a domain that did not express either factor. A 

proportion of optic cups also developed a fissure like structure and this occurred more often 

in the Vax2-positive domain, although the number of optic cups analysed was small 

(Hasegawa et al., 2016). These observations indicate that the neuro epithelium of the optic 

vesicle / cup have an intrinsic ability to develop axial patterning, invaginate and even form an 

optic fissure without external directional cues; although secreted factors may be present in 

the culture medium. However, surrounding tissue and head structures are probably still 

necessary to ensure the robustness, reproducibility and correct orientation of fissure 

formation. Fissure closure has not yet been observed in vitro. 
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1.3 Epithelial remodelling at the fissure margins  
 

Once the optic fissure margins have been correctly formed and brought in contact by 

invagination of the optic cup, the cells lining them must reorganize so that they form two 

continuous layers; the inner neural retina and the outer retinal pigmented epithelium. This 

ability to reorganize depends on the correct spatial and temporal patterns of gene expression 

in the cells lining the optic fissure.  If either of these processes does not occur or even if they 

are not properly coordinated i.e. if the margins come in contact too early or too late, the optic 

fissure may fail to close completely leading to the formation of a coloboma.  

The epithelial remodelling step of optic fissure closure is currently the step that has not been 

explored in great detail and is least understood, although several mechanisms have been 

suggested.  It is known that optic fissure closure is initiated close to the midpoint of the fissure 

and then progresses along its length in both directions; anteriorly to the rim of the optic cup 

and posteriorly towards the optic stalk. This point of initiation and directions of closure 

appear to be conserved across species including the zebrafish, chick, mouse and humans 

(Bernstein et al., 2018, James et al., 2016, Pagon, 1981); although it was initially suggested 

that the point of initiation could vary (Hero, 1990) However, it is not entirely clear if fissure 

closure in both directions proceeds at the same speed and completes at the same time. Also, 

recent finding in the chick eye have suggested that closure of the fissure at the anterior of the 

eye and at the posterior may occur by different mechanisms (Bernstein et al., 2018). This idea 

is supported by the observation that human patients with coloboma can have iris coloboma 

(anterior) only or retinal coloboma (posterior) only or both (Chang et al., 2006, Patel and 

Sowden, 2017). 

Optic fissure closure is one of many closure processes occurring during embryogenesis. These 

include neural tube closure, palate closure and fusion of the semi-circular canal.  These 

closure processes use mechanisms such as the extension of cell processes, intercalation of 

cells, epithelial to mesenchymal transition and apoptosis to remove excess cells (Rolo et al., 

2016, Dudas et al., 2007). Optic fissure closure may share one or more of these mechanisms. 

However, one aspect in which optic fissure closure appears to be unique is that the two 

margins approach each other through their basal surfaces such that the basement 

membranes lining them must be removed or broken through before the cells from either 
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margin can make contact with each other.  In the other closure processes, the fusing epithelia 

approach each other through their apical aspects. These differences are shown as a schematic 

in Figure 1.5. The mechanisms of epithelial fusion proposed for optic fissure closure will be 

discussed in greater detail in Chapter 4. 
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Figure 1.5: Orientation of epithelia during closure processes. A: During neural tube closure, 

the apical aspects of the neural folds face each other. B: During palate closure the apical 

aspects of the epithelia lining the palatal shelves face each other. C: During semi-circular 

canal fusion, the apical aspects of the canal walls approach each other. D: During optic 

fissure closure, the basal aspects of the fissure margins approach each other. Red lines 

indicate basement membrane. NT: Neural Tube, SE: Surface Ectoderm. Based on published 

histological micrographs (Bush and Jiang, 2012, Martin and Swanson, 1993, Colas and 

Schoenwolf, 2001).  
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1.4 Causes of Coloboma and related phenotypes 
 

Coloboma is a congenital defect. Congenital defects and diseases are known to result from 

genetic changes or environmental risk factors or a combination of both (Fig 1.6 A). The 

currently known genetic and environmental causes of coloboma will be discussed in this 

section.  

 

1.4.1 Monogenic and polygenic models of inheritance  
 

Diseases or phenotypes with a genetic origin are usually classified into two broad categories, 

monogenic or Mendelian and polygenic or Non-Mendelian or complex. Monogenic diseases 

or traits are defined as those caused by a mutation in a single gene and where there is 

generally a one to one relation between genotype and phenotype. Complex diseases or traits 

are defined as those influenced by a large number of genetic variations, each increasing the 

risk for the disease only to a small extent. They may also be influenced by environmental 

factors.  However, in reality the classification is not as simple and genetic diseases exist which 

show characteristics of both monogenic and polygenic types (Botstein and Risch, 2003).  

 

1.4.2. Coloboma disease genes in human patients and animal models 
 

Coloboma has a sibling recurrence risk of 8.1-13.3% (Morrison et al., 2002). The genetic 

causes identified for coloboma and its related phenotypes microphthalmia and anophthalmia 

so far have all been monogenic causes but they are remarkably genetically heterogeneous. 

As many as 41 genes have been linked with ocular coloboma in humans. These genes and 

their associated phenotypes are summarized in Table 1.1. All have reported mutations which 

cause coloboma and some also cause microphthalmia or anophthalmia. Multiple disease 

alleles causing coloboma have been reported for some genes such as PAX2, PAX6, OTX2 VSX2, 

CHD7, TFAP2A (all transcription factors), RBP4, GDF3, PIGL, ACTB, ACTG1 MAB21L2 and ZEB2; 

while for the rest only 1-3 disease alleles have been reported. For mutations in some genes 

such as SOX2 and PAX6 the major phenotype caused is different, in these cases anophthalmia 
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and aniridia, but a small number of alleles causing coloboma have been reported (Azuma et 

al., 2003, Wang et al., 2008). A number of disease genes are supported by animal models with 

mutations in orthologous genes and exhibiting similar defects. Also, variants of uncertain 

significance in the genes FADD, SCLT1, TBC1D32, DHX38 and TMX3 have been reported in 

single cases with syndromic coloboma phenotypes (Gregory-Evans et al., 2007, Adly et al., 

2014, Chao et al., 2010, Ajmal et al., 2014), bringing the total number of genes implicated so 

far to 45. Mutations in a larger number of genes have been implicated in syndromic forms of 

coloboma than in isolated coloboma. Mutations in some genes also cause non-MAC 

phenotypes. For example, a mutation in CRYAA has been implicated in cataract and iris 

coloboma (Beby et al., 2007).  

Additional genes important for fissure closure have been identified in animal models 

(primarily mouse and zebrafish) with naturally occurring or engineered mutation resulting in 

optic fissure closure defects. These are summarized in Table 1.2.  All have yet to be implicated 

directly in human eye malformation. Some of these genes, such as Ctnna1, Nr2f1, Nr2f2 and 

Foxg1 are essential for survival and their role in eye development has been elucidated 

through the analysis of eye-specific conditional knockout models or studying embryonic 

stages (Chen et al., 2012a, Tang et al., 2010, Huh et al., 1999). Complete loss of function 

mutations in such genes, which are essential for survival, may never be observed in individuals 

with coloboma in the human population. However, there is a possibility that lower 

penetrance or partial loss of function mutations would still be observed. Still more genes have 

been implicated based on zebrafish Morpholino knock down studies. These include nlz1, nlz2, 

lmx1b.1, lmx1b.2 and bcl6, although these have not yet been validated by any germline loss 

of function mutations (Brown et al., 2009, McMahon et al., 2009, Lee et al., 2013).  Mutations 

in some genes cause coloboma in animal models but different phenotypes in humans. An 

example of this is Pitx2. In the mouse, deletion of Pitx2 (Gage et al., 1999) causes fissure 

closure and anterior segment defects while mutations in the human orthologue PITX2 have 

been reported to cause primarily, anterior segment defects (Reis et al., 2012).  

Monogenic mutations in a further 26 genes cause the related defects microphthalmia and 

anophthalmia, without coloboma, and some of these are supported by animal models. These 

genes and associated phenotypes are summarized in Table 1.3. A few of these genes, such as 

MFRP, PRSS56, BMP4, CLDN19, FAM111A, FRAS1, PORCN, RAB3GAP1, RAB3GAP2, RARB, 
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SALL4, TBC1D20 and GJA1 have multiple disease alleles identified In addition, a variant of 

uncertain significance has been reported in FNBP4 (Kondo et al., 2013). Here too, the majority 

of genes (21) are associated with syndromic forms of microphthalmia and anophthalmia and 

only 6 with isolated forms.  

The range of genes and phenotypes covered in tables 1.1 and 1.3 is very broad. For example, 

genes for Fraser syndrome (FREM1 and FREM2) have been included as cryptophthalmos is a 

feature of this syndrome and can be accompanied by small and rudimentary eyes. In other 

cases, only one disease allele of many reported may show a coloboma or microphthalmia 

phenotype and such genes have been listed at the bottom each table. Although these genes 

are not known to contribute significantly to the population with coloboma they have been 

included here for a comprehensive review of the field.  

 

1.4.3 Modes of inheritance and penetrance of coloboma and related phenotypes. 
 

Single gene mutations causing Coloboma and other MAC phenotypes identified so far 

represent nearly all possible modes of inheritance. Variants in PAX6, MAF, ABCB6, FZD5, 

CRYAA, OTX2, PAX2, CHD7, TFAP2A, SOX2, SHH, SEMA3E, SIX3, ACTB, ACTG1, ZEB2, YAP1, 

PTCH1, SALL1, SALL4, MSX2, TMEM98, CRYBA4, CRIM1, BMP4 and FAM11A1 show an 

autosomal dominant mode of inheritance (references in Table 1.1). Those in VSX2, ALDH1A3, 

TENM3, SALL2, PIGL, HMX1, C12ORF57, SMOC1, SRD5A3, PDE6D, LRP2, TMEM67, MFRP2, 

PRSS56, SIX6, CLDN19, FRAS1, FREM1, GRIP1, FREM2, RAB3GAP1, RAB3GAP2, ERCC1, ERCC5, 

RPGRIP1L and VAX1 show an autosomal recessive mode of inheritance (all references in Table 

1.2). Variants in GDF3, GDF6 and BMP7 have an autosomal dominant mode of inheritance but 

with proved reduced penetrance and variable expressivity (Ye et al., 2010, Bardakjian et al., 

2017, Asai-Coakwell et al., 2009, Wyatt et al., 2010). Variants in BCOR, PORCN and HCCS have 

an X-linked dominant mode of inheritance and male lethality (Wang et al., 2007, Wimplinger 

et al., 2006, Ng et al., 2004). Variants in PQBP1, IGBP1, HMGB3, TBX22 and NAA10 show an 

X-linked recessive mode of inheritance (references in Tables 1.1 and 1.3). In case of RAX, MITF, 

MAB21L2, RARB and GJA1 both dominantly and recessively acting variants have been 

reported. Variants in RBP4 show autosomal dominant inheritance but with reduced 

penetrance and increased severity in an individual if the mother of that individual also carries 
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the variant (Chou et al., 2015). However, recessive mutations in this gene have also been 

reported (Khan et al., 2016). So far, all the pathogenic variants identified have shown to have 

Mendelian or mono-genic modes of inheritance, although in a few cases with reduced 

penetrance. Further epidemiological evidence towards coloboma having a genetic cause and 

the types of genetic causes will be discussed in the introduction to Chapter 3. 

 

1.4.4 Environmental causes of coloboma. 
 

In addition to genetic causes, some environmental causes have been associated with an 

increased risk of coloboma. Coloboma and microphthalmia have been described as features 

of fetal alcohol syndrome (exposure of the fetus to alcohol due maternal alcohol abuse during 

pregnancy) (Stromland and Pinazo-Duran, 2002). Coloboma is also one of the congenital 

defects caused in offspring by ethanol treatment of female mice during pregnancy (Kronick, 

1976). In addition, some instances of exposure to drugs, including thalidomide, resulting in 

colobomatous eye malformations have been described (Chang et al., 2006). In addition to 

exposure to harmful substances, nutritional deficiencies can also cause birth defects. In an 

epidemiological study in India, 16% of mothers of a group of children with coloboma reported 

having night blindness, a symptom of Vitamin A (retinol) deficiency during pregnancy (Hornby 

et al., 2002). Mice maintained on a diet deficient in Vitamin A (retinol) were found to 

consistently develop coloboma with a failure of the basement membrane lining the fissure 

margins to dissolve (See and Clagett-Dame, 2009). Two recent studies in humans and dogs 

have shown that individuals with mutations in the gene for serum retinol binding protein 

RBP4 develop coloboma, but only when their mothers have the same genotype. This protein 

binds to and transports retinol in the blood. When both the mother and the fetus carried the 

mutation, there was found to be a decreased level of retinol in the maternal blood, and 

therefore less retinol transferred across the placenta to the fetus (Chou et al., 2015, Kaukonen 

et al., 2018). A similar effect was seen in Rbp-/- mouse embryos bred from Rbp-/- females, but 

only when the females were maintained on a retinol deficient diet (Quadro et al., 2005). This 

is one of the first descriptions of interaction between environmental and genetic factors in in 

the development of coloboma 
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Table 1.1 Human Coloboma disease genes: I: Iris, R: Retina, Ch: Choroid, ON: Optic Nerve, MO: Morpholino, MO+R: Morpholino followed by 

rescue experiment with WT allele. Morpholino knockdown models without replication by genetic lesions are considered unproven. Green: 

Isolated eye phenotype. Orange: Eye phenotype with systemic defects,*http://omim.org/.   

 

Gene OMIM Phenotype* 
Coloboma 

type 

Coloboma 
disease 
alleles 

reported 

Supporting animal 
models 

References 

PAX6 

Aniridia; Coloboma of Optic 
Nerve; Coloboma, ocular, 

autosomal dominant; Peter's 
Anomaly and others 

I, R, Ch, 
ON 

Multiple Mouse 
(Azuma et al., 2003, Deml et al., 

2016, Hill et al., 1991) 

VSX2 
Microphthalmia, with coloboma 

3; Microphthalmia, isolated 2  
I Multiple Mouse, Zebrafish MO 

(Ferda Percin et al., 2000, Bar-Yosef 
et al., 2004, Burkitt Wright et al., 

2010, Iseri et al., 2010, Chassaing et 
al., 2014, Burmeister et al., 1996, 

Zou and Levine, 2012, Gago-
Rodrigues et al., 2015) 

MAF Cataract 21, multiple types  I Multiple  Mouse (cataract only) 

(Jamieson et al., 2003, Jamieson et 
al., 2002, Hansen et al., 2007, 

Narumi et al., 2014, Kawauchi et al., 
1999) 

ALDH1A3 Microphthalmia, isolated 8 R  3 Mouse  
(Yahyavi et al., 2013, Fares-Taie et 

al., 2013, Roos et al., 2014, Dupe et 
al., 2003) 

TENM3 
Microphthalmia, isolated, with 

coloboma 9 
I 2 No 

(Aldahmesh et al., 2012, Chassaing 
et al., 2016) 

ABCB6 
Microphthalmia, isolated, with 

coloboma 7 
I, R, Ch  2 No (Wang et al., 2012) 
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FZD5 Microphthalmia, coloboma   I, R, Ch  
1 (2 related 

families) 
Mouse, Zebrafish 

MO+R 
(Liu and Nathans, 2008, Liu et al., 

2016) 

SALL2 
Coloboma, ocular, autosomal 

recessive 
I, R, Ch  1 Mouse (Kelberman et al., 2014) 

RAX Microphthalmia, isolated 3 ON 1 Mouse 
(Voronina et al., 2004, London et al., 

2009, Mathers et al., 1997) 

CRYAA Cataract 9, multiple types  I 1 Mouse (Beby et al., 2007) 

IPO13 
Coloboma microphthalmia and 

cataract 
I 1 Zebrafish MO (Huang et al., 2018) 

RBP4 

Microphthalmia, isolated, with 
coloboma 10; Retinal dystrophy, 
iris coloboma, and comedogenic 

acne syndrome (OMIM) 

I Multiple   No 
(Seeliger et al., 1999, Chou et al., 
2015, Cukras et al., 2012, Khan et 

al., 2016) 

STRA6 
   Microphthalmia, isolated, with 
coloboma 8 ; Microphthalmia, 

syndromic 9 
 Multiple   

OTX2 Microphthalmia, Syndromic 5 I, R Multiple No 
(Ragge et al., 2005a, Wyatt et al., 

2008) 

GDF3 
Klippel-Feil Syndrome3; 

Microphthalmia with coloboma 
6; Microphthalmia, isolated 7 

I, R Multiple Zebrafish MO 
(Ye et al., 2010, Prokudin et al., 

2013) 

PAX2 Papillorenal Syndrome ON Multiple Mouse 
(Sanyanusin et al., 1995, Amiel et 

al., 2000, Chung et al., 2001, Torres 
et al., 1996, Schwarz et al., 2000) 

CHD7 CHARGE syndrome I, R, ON Multiple Mouse 
(Vissers et al., 2004, Lalani et al., 

2006, Hurd et al., 2007) 

TFAP2A Branchiooculofacial syndrome  I, C Multiple Mouse, Zebrafish MO 
(Aliferis et al., 2011, Dumitrescu et 

al., 2012, Gestri et al., 2009, Al-
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Dosari et al., 2010, Milunsky et al., 
2011, Bassett et al., 2010) 

PIGL CHIME syndrome R Multiple No (Ng et al., 2012) 

ACTB Baraitser-Winter syndrome 1  I, R Multiple No (Riviere et al., 2012) 

ACTG1 
Baraitser-Winter syndrome 2 (or 

isolated coloboma) 
I, R Multiple No 

(Riviere et al., 2012, Rainger et al., 
2017) 

MAB21L2 Microphthalmia, syndromic 14 I,R Multiple Mouse, Zebrafish 
(Rainger et al., 2014, Deml et al., 

2015, Yamada et al., 2004) 

ZEB2 Mowat-Wilson syndrome I, R Multiple No 
 (Bourchany et al., 2015, Wenger et 

al., 2014, Gregory-Evans et al., 
2004a) 

YAP1 

Coloboma, ocular, with or 
without hearing impairment, 

cleft lip/palate, and/or mental 
retardation 

I, R, Ch 3 Zebrafish 
(Williamson et al., 2014, Oatts et al., 

2016, Miesfeld et al., 2015) 

SOX2 Microphthalmia, syndromic 3 I, R, Ch 3 Mouse  

(Wang et al., 2008, Ragge et al., 
2005b, Stark et al., 2011, Bakrania 

et al., 2007, Langer et al., 2012)(not 
exhaustive list) 

HMX1 Oculoauricular syndrome I, R, Ch  2 Mouse, Zebrafish MO 
(Schorderet et al., 2008, Gillespie et 

al., 2015, Munroe et al., 2009) 

BCOR Microphthalmia, syndromic 2 I 2 Zebrafish MO 
(Horn et al., 2005, Hilton et al., 

2009, Ng et al., 2004) 

MITF COMMAD syndrome I 2 Mouse 
(George et al., 2016, Hodgkinson et 

al., 1993) 

C12ORF57 Temtamy syndrome  I, R, Ch  
1 (in 3 

families) 
No 

(Zahrani et al., 2013, Salih et al., 
2013, Platzer et al., 2014) 
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SMOC1 
Microphthalmia with limb 

anomalies 
R? 1 Mouse 

(Rainger et al., 2011, Okada et al., 
2011) 

STRA6 
   Microphthalmia, isolated, with 
coloboma 8 ; Microphthalmia, 

syndromic 9 
Ch Multiple Mouse 

(Casey et al., 2011, Pasutto et al., 
2007, Segel et al., 2009, Amengual 

et al., 2014) 

SHH 
Microphthalmia with coloboma 

5; Holoprosencephaly 3 
I, R 1 Mouse, Zebrafish 

(Schimmenti et al., 2003, Bakrania 
et al., 2010, Chiang et al., 1996, 
Macdonald and Wilson, 1996) 

GDF6 

Klippel-Feil Syndrome 1; 
Microphthalmia with coloboma 

6, digenic (with GDF3); 
Microphthalmia, isolated 4  

I, R, Ch, 
ON 

1 
Mouse, Zebrafish, 

Zebrafish MO 

(Asai-Coakwell et al., 2007, Asai-
Coakwell et al., 2009, French et al., 

2013) 

SEMA3E CHARGE syndrome I, R, ON 1 No (Lalani et al., 2004) 

SIX3 Holoprosencephaly 2  I, R, Ch  1 No 
(Wallis et al., 1999, Lacbawan et al., 

2009) 

PTCH1 Holoprosencephaly 7  I 1 Zebrafish (Ribeiro et al., 2006, Lee et al., 2008) 

SRD5A3 Kahrizi Syndrome  I 1 No (Kahrizi et al., 2011) 

PQBP1 Renpenning syndrome  R, Ch, OD 1 No (Martinez-Garay et al., 2007) 

IGBP1 
Corpus callosum, agenesis of, 

with mental retardation, ocular 
coloboma and micrognathia 

I, ON 1 No (Graham et al., 2003) 

BMP7 

Microphthalmia, anophthalmia, 
systemic abnormalities, 

intellectual disability (not on 
OMIM) 

R, Ch, ON 1 Mouse 
(Wyatt et al., 2010, Dudley et al., 

1995) 

HMGB3 ?Microphthalmia, syndromic 13 I, R, Ch 1 Xenopus MO+R (Scott et al., 2014) 
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PDE6D ?Joubert syndrome 22  ON 1 Zebrafish MO+R (Thomas et al., 2014) 

SALL1 Townes-Brocks syndrome 1 Ch, R 1 Mouse 
(Botzenhart et al., 2005, Kiefer et 

al., 2008) 

MSX2 
Coloboma, craniosynostosis and 

syndactyly 
I, R, Ch 1 Mouse 

(Plaisancie et al., 2015, Wu et al., 
2003) 
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Table 1.2: Genes from animal models of coloboma. 

Gene Species Genotype Phenotype Reference 

Vax1 Mouse Vax1-/- 
Coloboma, optic nerve 

dysgenesis, cleft palate, brain 
defects 

(Hallonet 
et al., 
1999) 

Vax2 Mouse Vax2-/- Coloboma 
(Barbieri 

et al., 
2002) 

Nr2f1,Nr2f2 Mouse 
Rax-Cre/+; Nr2f1 

fl/fl; Nr2f2 fl/fl 
Microphthalmia, coloboma 

(Tang et 
al., 2010) 

Cdon Mouse Cdon -/- 
Coloboma, microphthalmia, 

lens defects 
(Zhang et 

al., 2009b) 

Dkk Mouse Dkk +/- 
Coloboma, Anterior Segment 

anomalies 

(Lieven 
and 

Ruther, 
2011)  

Smo Mouse  Fgf15Cre; Smofl/- Absent ventral optic cup 
(Zhao et 
al., 2010) 

Lrp6 Mouse Lrp6-/- Coloboma 
(Zhou et 
al., 2008) 

Axin-2 Mouse Axin2 -/- 
Microphthalmia, Coloboma, 

Lens defects, expanded 
Ciliary Margin 

(Alldredge 
and 

Fuhrmann, 
2016) 
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Fzd5 Mouse Fzd5-/- 

Coloboma, Microphthalmia, 
persistent hyaloid 

vasculature, retinal 
degeneration 

(Liu and 
Nathans, 

2008) 

Foxg1 Mouse Foxg1-/- Coloboma 

(Huh et 
al., 1999, 
Smith et 
al., 2017)  

Tbx2 Mouse Tbx2 -/-  
Microphthalmia, coloboma, 

heart defects, embryonic 
lethal 

(Behesti et 
al., 2009) 

Smad7 Mouse Smad7-/- Coloboma, microphthalmia 
(Zhang et 
al., 2013) 

Pitx2 Mouse Pitx2-/- Microphthalmia, Coloboma 
(Gage et 
al., 1999) 

Jag1 Mouse Jag1+/dDSL Coloboma, corneal opacity 
(Xue et al., 

1999) 

lmo2 Zebrafish Lmo2-/- Coloboma 
(Weiss et 
al., 2012) 

opo(ofcc1) Medaka fish ofcc-/- 
Misshapen optic cup, 

coloboma 

(Martinez-
Morales et 
al., 2009) 

Ctnna1 Mouse 
Six3-Cre; 

Ctnna1fx/fx 
Colobma, disrupted retinal 

organization 
(Chen et 

al., 2012a) 

cdh2(ncad) Zebrafish cdh2 -/- 
Colobma, disrupted retinal 

lamination 
(Masai et 
al., 2003) 
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Fbn2 Mouse Fbn2-/- Iris coloboma 
(Shi et al., 

2013) 

Lamc1 & Lamb1 Zebrafish Lamc1-/- 
Coloboma, disrupted retinal 

lamination 

(Lee and 
Gross, 
2007) 

Efna5 Mouse Efna5-/- Coloboma 
(Noh et 

al., 2016) 

Ephb2 Mouse 
Dominant 
negative 

transgene 
Coloboma, microphthalmia 

(Noh et 
al., 2016) 

hdac1 Zebrafish hdac-/- Coloboma 
(Lee et al., 

2013) 
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Table 1.3: Human microphthalmia and anophthalmia disease genes. Green: Isolated eye phenotype. Orange: Eye phenotype with systemic 

defects. MO: Morpholino, MO+R: Morpholino followed by rescue experiment with WT allele. Morpholino knockdown models without 

replication by genetic lesions are considered unproven. Green: Isolated eye phenotype. Orange: Eye phenotype with systemic 

defects,*http://omim.org/.   

Gene OMIM phenotype 

Number 

of disease 

alleles 

Animal models References 

MFRP Microphthalmia, isolated 5; Nanophthalmos 2 Multiple 

Mouse*, 

Zebrafish         

only retinal 

degeneration 

(Collery et al., 

2016, Kameya 

et al., 2002, 

Sundin et al., 

2005, Zenteno 

et al., 2009, 

Aldahmesh et 

al., 2011) 

PRSS56 Microphthalmia, isolated 6 Multiple No 

(Gal et al., 

2011, Nair et 

al., 2011, Orr 

et al., 2011) 

TMEM98 Nanophthalmos 4 3 No 

(Awadalla et 

al., 2014, 

Khorram et al., 

2015) 
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CRYBA4 Cataract 23 (and microphthalmia in 1 case) 3 No 

(Billingsley et 

al., 2006, Zhou 

et al., 2010) 

SIX6 

Optic disc anomalies with retinal and/or macular dystrophy (can include 

microphthalmia, Aldahmesh et al 2013 or iris and chorioretinal coloboma, 

Yariz et al 2015) 

1 
Mouse Optic 

tract/nerve only 

(Aldahmesh et 

al., 2013) 

CRIM1 Macrophthalmia, Colobomatous, with microcornea 1 Mouse 

(Beleggia et al., 

2015, Pennisi 

et al., 2007)  

BMP4 Microphthalmia, Syndromic 6 Multiple Mouse 

(Bakrania et 

al., 2008, Reis 

et al., 2011, 

Dunn et al., 

1997) 

CLDN19 Hypomagnesemia 5, renal, with ocular involvement Multiple No 

(Konrad et al., 

2006, Godron 

et al., 2012) 

FRAS1 Fraser syndrome (cryptophthalmos) Multiple Yes 

(McGregor et 

al., 2003, 

Vrontou et al., 

2003) 

PORCN 
Focal Dermal hypoplasia (can include coloboma of iris and choroid, 

strabismus, microphthalmia) 
Multiple Mouse 

(Barrott et al., 

2011, Froyen 

et al., 2009, 

Grzeschik et 
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al., 2007, Liu et 

al., 2012c, 

Wang et al., 

2007) 

RAB3GAP1 

Warburg micro syndrome 1 includes, microcephaly, microphthalmia, 

microcornea, congenital cataracts, optic atrophy, cortical dysplasia, in 

particular corpus callosum hypoplasia, severe mental retardation, spastic 

diplegia, and hypogonadism (OMIM) 

Multiple No 
(Aligianis et al., 

2005) 

RAB3GAP2 Warburg Micro syndrome 2 (includes microphthalmia and cataracts) 1 No 
(Borck et al., 

2011) 

RARB Microphthalmia, syndromic 12 (OMIM) Multiple Mouse 

(Srour et al., 

2013, 

Ghyselinck et 

al., 1997) 

TBC1D20 
Warburg micro-syndrome 4 (congenital cataract, micropthalmia,optic 

atrophy, glaucoma, severe developmental delay) 
Multiple Mouse 

(Liegel et al., 

2013) 

GJA1 
Oculodentaldigital dysplasia (includes microphthalmia and microcornea); 

Oculodentodigital dysplasia, autosomal recessive (includes microphthalmia) 
Multiple Mouse 

(Richardson et 

al., 2006, 

Paznekas et al., 

2003, Vitiello 

et al., 2005) 

(Tsui et al., 

2011) 
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FREM1 Manitoba Oculotrichoanal Syndrome (can include anophthalmia/coloboma) 3 Mouse 
(Slavotinek et 

al., 2011) 

HCCS 
Linear skin defects with multiple congenital anomalies 1 (Microphthalmia, 

syndromic 7) 
3 No 

(Wimplinger et 

al., 2006) 

ERCC1 Cerebrooculofacioskeletal syndrome 4 (includes microphthalmia) 2 No 

(Jaspers et al., 

2007, 

Kashiyama et 

al., 2013) 

ERCC5 
Xeroderma Pigmentosum, group G (includes microphthalmia and/or 

cataract); Cerebrooculofacioskeletal syndrome 3 
  

(Ito and 

Walter, 2014) 

FREM2 Fraser syndrome (cryptophthalmos and rarely nanophthalmos) 2 Mouse 

(Shafeghati et 

al., 2008, 

Jadeja et al., 

2005) 

TBX22 Abruzzo-Erickson syndrome 1 No 
(Pauws et al., 

2013) 

VAX1 Microphthalmia, syndromic 11 1 
Mouse 

(coloboma) 

(Slavotinek et 

al., 2012, 

Bertuzzi et al., 

1999) 

NAA10 Microphthalmia, syndromic 1 1 No 
(Esmailpour et 

al., 2014) 
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1.5 Identifying disease genes 
 

1.5.1 Techniques used for identifying disease genes. 
 

Historically a wide range of approaches have been used to understand the genetic factors 

contributing to congenital malformations and diseases. This also applies to coloboma and 

related eye malformations. The approaches can be grouped into three main types: genetic 

studies of human patients with the phenotype of interest, studying animal or cell models and 

analysing gene expression during the normal developmental process. Animal models of 

disease may be naturally occurring mutants or carry engineered mutations. Cell models now 

include induced pluripotent stem cells that can be induced to form eye organoids in vitro. 

The approaches used to identify disease genes have changed as more advanced technology 

has become available. Initially it was based on genetic mapping in multi-generation families 

using polymorphic genetic markers (Botstein and Risch, 2003) or screening of individual 

candidate genes by Sanger sequencing. The candidate genes were selected based on 

previously known expression patterns or homology to genes identified in animal models. The 

invention of next generation sequencing technologies enabled rapid sequencing of whole 

exomes or genomes for many individuals at a time. Genetic mapping over several generations 

was not needed and families with just a single affected individual could also be studied. 

One of the earliest genes implicated in syndromic coloboma was PAX2. First in-situ 

hybridization studies found that the mouse Pax2, predicted to encode a transcription factor, 

was expressed in the developing kidneys and in the distal region of the optic vesicle, the base 

of the optic cup and the optic stalk  in the developing eye (Nornes et al., 1990). Following this, 

in a screen of mouse mutants generated by random insertion of a transgene, a transgenic line 

Krd/1 was identified that developed kidney and retinal defects. Fluorescence in-situ 

hydridization and chromosomal mapping identified the site of insertion to a locus on the 

mouse chromosome 19 containing Pax2 and it was found that Pax2 and a number of other 

genes were deleted (Keller et al., 1994). Based on the expression pattern of Pax2 and the 

similarity in phenotype with the Krd mouse, a family segregating dominant optic nerve 

coloboma and renal hypoplasia were screened for mutations in PAX2 and a frameshift 

mutation that generated a truncated protein was identified (Sanyanusin et al., 1995).   
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An early gene implicated in isolated microphthalmia and coloboma in humans was the gene 

VSX2 (previously known as CHX10). First, the mouse orthologue of this gene was identified as 

being essential for eye development in the mouse through the discovery of a naturally 

occurring mutation known as orJ that resulted in microphthalmic eyes (Burmeister et al., 

1996).  This mutation was mapped to a locus in the mouse genome containing the gene Chx10. 

Expression of the protein encoded by Chx10 had already been detected in the developing 

mouse eye using immunofluorescence labelling (Liu et al., 1994). Linkage mapping in a multi-

generation human family segregating microphthalmia and iris coloboma was used map the 

disease to a locus on Chromosome 14. This locus was already known to contain the gene 

CHX10. Sequencing of the gene identified a missense mutation that was then found to reduce 

the DNA binding capacity of the CHX10 protein (Ferda Percin et al., 2000).  Subsequently many 

other mutations in CHX10 were identified in human patients using different methods (Bar-

Yosef et al., 2004, Iseri et al., 2009).  

More recent disease gene discoveries have used whole genome or whole exome sequencing. 

A mutation in the gene FZD5 was identified in multiple affected individuals in a family 

screened with whole exome. At the same time, the same mutation was identified in another 

apparently unrelated family where the gene was screened as a candidate disease based on 

an earlier observation that knocking out the mouse orthologue Fz5 caused a colobomatous 

phenotype (Liu et al., 2016, Liu and Nathans, 2008).  

Homozygosity mapping is often used where a recessive cause is suspected, such as multiple 

affected siblings and consanguineous families. Recent work in our group identified a mutation 

in the gene SALL2 as a cause of recessively inherited coloboma. SNP genotyping on a 

microarray was used to identify genomic regions of continuous homozygosity shared by three 

affected siblings from a consanguineous family. Whole exome sequencing of one of the 

siblings was used to detect rare homozygous variants and one of these, a homozygous 

nonsense mutation in SALL2 was found to be located within the shared regions of 

homozygosity. In-situ hybridization detected expression of SALL2 in the developing human 

eyes and targeted knocking out of the mouse orthologue Sall2 was found to result in a similar 

phenotype in the mouse (Kelberman et al., 2014). 

In another instance of using next generation sequencing, a recurrent missense variant in the 

actin gene ACTG1 was found in two unrelated individuals screened by whole exome 
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sequencing. Later functional work showed that this missense variant prevented the protein 

from being incorporated into F-actin in the cytoskeleton (Rainger et al., 2017). 

 

1.5.2 Benefits of identifying disease genes 
 

Genetic diagnosis for eye malformations, as well as other congenital eye diseases, is very 

useful in the clinical setting for a number of reasons. First, identifying the mode of inheritance 

and causative mutation enable the determination of recurrence risk, identification of 

potential carriers in the family and pre-natal testing. Second, an eye phenotype may be the 

first indicator of a multisystem disorder. For example, mutations in SOX2 cause MAC 

phenotypes, present at birth, and hypogonadotrophic hypogonadism which becomes parent 

at puberty and can be alleviated by timely treatment (Kelberman et al., 2006). Finally, 

identification of a causative mutation enables the development of novel therapeutics such as 

gene therapy. Congenital eye malformations do not at first seem as amenable to gene therapy 

as degenerative diseases do (e.g. retinitis pigmentosa) because the defects occur before birth, 

however, recent studies in animal models have shown that it may be possible to correct 

structural malformations of the eye even after birth by gene therapy or small molecule 

treatment. Heterozygous loss of function mutations the transcription factor gene PAX6 cause 

an eye malformation known as aniridia where the iris is malformed or absent. Mice with the 

naturally occurring Pax6Sey mutation develop the same phenotype. The Sey mutation is a 

single base pair substitution introducing a premature stop codon. A study has shown that 

treating these mice either pre-natally or post-natally with an aminoglycoside drug that induce 

read through of the stop codon and production of the full length Pax6 protein was able to 

rescue the phenotype (Gregory-Evans et al., 2014).  Biallelic mutations in the gene MFRP 

cause nanophthalmos, decreased axial length of the posterior segment also known as 

posterior microphthalmos. In mice carrying homozygous mutations in the orthologous gene 

Mfrp, sub retinal injection of a viral vector carrying a functional copy of the gene achieved a 

small but significant increase in axial length (Velez et al., 2017).  
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Figure 1.6: The causes of coloboma and approaches to understand them.  A:  A congenital 

disease such as coloboma can have a number of potential causes. B:  Various approaches 

have been used to understand genetic causes underlying congenital disease
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1.6 Aims of the project 
 

As described above, coloboma and its related phenotypes microphthalmia and anophthalmia 

are genetically heterogeneous. In spite of recent progress in genomic resources, such as 

whole exome and genome sequencing, a genetic cause is not identified for the majority of 

patients with coloboma, and microphthalmia. Better knowledge of the genetic pathways and 

the patterns of gene expression underlying the normal developmental process of fissure 

closure, can make the interpretation of genome/exome variant data both faster and more 

productive.  

This thesis aims to better understand the genetic pathways underlying the process of fissure 

closure in order to identify novel disease genes and so improve the rate of genetically 

diagnosing human eye malformations, as well as add to the pool of existing knowledge 

regarding eye morphogenesis. It aims to answer the following questions:  

1. What proportion of patients with coloboma and related eye malformations could be 

explained by coding mutations in known disease genes? What proportion of patients 

had variants of uncertain significance in these genes? 

2. Could any novel genes involved in the process of fissure closure be identified? Do 

these genes constitute regulatory pathways and how do they influence the behaviour 

of cells at the fissure margins? 

3. Can potentially pathogenic mutations in these novel fissure closure genes be 

identified in the patients not explained by mutations in known disease genes 

 

Chapter 3 of the thesis focuses on determining how many cases of coloboma and its related 

phenotypes microphthalmia and anophthalmia (the MAC spectrum of phenotypes) can be 

explained by coding mutations in currently known disease genes. This was achieved by 

screening a cohort of 98 patients with MAC using the Oculome gene panel test. This is a Next 

Generation Sequencing panel test for a wide range of congenital eye diseases which I helped 

develop and validate in collaboration other members of the Sowden laboratory and the North 

East Thames Regional Molecular Genetics Laboratory at GOSH. Pathogenic variants, and 

variants of uncertain significance were confirmed by Sanger sequencing and followed up in 
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affected and unaffected relatives. The diagnostic yield achieved for the MAC cohort of 

patients was compared to that achieved for cohorts of patients with other congenital eye 

diseases. 

In Chapter 4, a detailed histological and transcriptomic analysis of the closing mouse optic 

fissure was carried out. Electron microscopy was used to document cell morphology at the 

fissure margins. Laser captured microdissection (LCM) was used to isolate tissue from around 

the closing optic fissure in developing mouse and human eyes. RNA was extracted and RNA 

sequencing was used to identify novel fissure genes. This was based on the hypothesis that 

genes involved in the closure process are likely to be strongly upregulated and down 

regulated at the fissure margins, and dynamically regulated over time.  In Chapter 5, a similar 

transcriptomic analysis as well as immunohistochemical analyses were used to analyse a 

mouse model carrying a mutation of the recently identified coloboma disease gene Sall2, to 

better understand the mechanism by which this gene enables fissure closure. 

In Chapter 6, the novel genes expressed at the optic fissure were assembled into an extended 

gene panel was used to inform the analysis of whole exome/genome variant data of patients 

with coloboma who were not explained by mutations in known genes. The patients included 

16 individuals from the MAC cohort with negative results on the Oculome as well as an 

additional 74 individuals from the UK10K Coloboma cohort.  
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2. Materials and Methods 
 

2.1 Genetic Screening of MAC patients 

 

2.1.1 Design of Oculome Panel 

 

The Oculome is a targeted resequencing panel of 429 genes, designed to include all genes 

implicated in congenital eye defects with a Mendelian inheritance pattern. The genes were 

chosen using RetNet, OMIM and with the advice of ophthalmic experts. It was divided into 

five overlapping subpanels; for Retinal Dystrophies (RET) (235), anterior segment dysgenesis 

and glaucoma (ASDA) (59), microphthalmia-anophthalmia-coloboma (MAC) (86), congenital 

cataracts and lens-associated (CAT) (70) and albinism (15) as well as additional genes 

implicated in optic atrophy and complex strabismus. I put together the panel of MAC genes. 

in October 2014 by searching Pubmed and the OMIM database to include all genes reported 

in human cases with syndromic or isolated microphthalmia, anophthalmia and/or coloboma. 

The target capture was designed by Dr Jane Hayward, a member of our group. A custom 

SureSelect target capture kit (Agilent Technologies, Santa Clara, CA) was created including 

coding exons plus a flanking region of 25 bases into introns upstream and downstream for 

436 known ocular disease genes, based on the human reference genome GRCh37/Hg19. The 

Agilent Technologies eArray tool was used to design the 1.77 Mb genomic capture (which can 

be accessed at https://earray.chem.agilent.com/suredesign). A second iteration of the design 

included additional probes in regions found to have low or no coverage from the first 

sequencing run. Boosting was achieved using the Agilent eArray tool advanced design 

features. 

 

2.1.2 Recruitment of patients to MAC study cohort 
 

Patients were recruited at Great Ormond Street Hospital and Moorfields Eye Hospital, under 

the larger study titled “Investigating genetic causes of congenital eye defects to support 

clinical diagnosis and management” (REC Reference: 11/LO/1243).  The study was approved 
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by the National Research Ethics committee London-Dulwich (11/LO/1243) and registered on 

the National Institute of Health Research Portfolio, ID 11800, Childhood Blindness: Genetic 

Diagnosis for Clinical management. It adhered to the tenets of the declaration of Helsinki. 

Informed consent was obtained from all patients and their parents and affected or unaffected 

relatives recruited to the study. The study recruited children presenting at either Moorfields 

Eye Hospital or Great Ormond Street Hospital and other sites with undiagnosed ocular birth 

anomalies and/or early onset visual impairment.  These included 98 individuals with MAC. 

DNA samples of 5 families from a collaborating centre in Chile and 2 families from a 

collaborating centre in Italy were also analysed.  

The phenotypes of all the patients recruited to the study were recorded in a standardized 

format using a clinical proforma by the person examining or recruiting the patient to the 

study. The proforma is designed to record details of all patients recruited as part of a larger 

ongoing study of genetic causes of blindness. In some cases, the clinical proformas were 

completed retrospectively based on clinical notes and letters.    

The phenotypic information included in the clinical proformas is as follows: 

1. Ethnicity 

2. Parental consanguinity 

3. Family history of eye phenotype (if any) 

4. Systemic Phenotypes (if any) 

a. Structural findings 

b. Functional findings 

5. Whether the phenotype is part of a recognized syndrome 

6. Whether the eye phenotype is a recognized eye condition (Congenital Glaucoma / 

MAC / Anterior Segment Dysgenesis) 

7. Any known or suspected genetic cause 

8. Overall phenotype of each eye 

9. Type of colobomatous defect (if any) in each eye 

10. Intraocular pressure 

11. Ocular dimensions 

12. Visual Acuity in logMAR (if measurable) 

13. Any previous diagnostic interventions 
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2.1.3 Collection of blood and extraction of DNA 

 

Wherever possible, whole peripheral blood samples were collected from the patients, their 

parents and all relatives recruited to the study. Genomic DNA was extracted at the North East 

Thames Regional Molecular Genetics Laboratory using the Chemagic STAR DNA Blood4k Kit 

with a sample volume of 2-4ml, following manufacturer’s instructions. The aliquots were 

labelled with a serial DNA number, anonymized and stored in our archive at -20°C. 

 

2.1.4 Extraction of DNA from saliva samples 

Family members who were not able to give a blood sample were asked to provide a saliva 

sample using Oragene™ DNA self-collection kits (DNA Genotek, OraSure Technologies, Inc.). 

The samples were returned to our genetics counsellor by post and were stored at 4°C until 

DNA extraction. To extract DNA the Saliva kits were warmed in an oven at 50°C for at least 1 

hour followed by mixing by inversion. 20µl of Oragene Purifier (PrepIT LP2) was added to 

500µl of each saliva sample, followed by incubation on ice for 10 minutes and centrifugation 

at 13000 rpm 3 minutes to remove debris. DNA was precipitated from the clear supernatant 

by addition of an equal volume of 100% ethanol followed by centrifugation at 13000 rpm for 

5 minutes. The DNA pellet was air dried and dissolved in 25µl of low TE buffer (10mM Tris 

HCl, 0.1mM EDTA, pH 8). The tubes were labelled with a serial DNA number, anonymized and 

stored in our archive at -20°C. 
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2.1.5 Targeted Next Generation Sequencing 

 

Sequencing libraries were prepared and sequencing carried out by Dr Jane Hayward. 

Sequencing libraries were prepared using a custom designed Agilent SureSelect QXT capture 

kit. RNA probes were designed to target the coding exons of the genes of interest 

(Supplementary Table 1) plus a flanking region of 25 bases into the introns, using the Agilent 

Technologies eArray tool. Selection of genes for the panel is described in Chapter 3 (3.2.2).  

An input of 50ng of total gDNA was simultaneously fragmented and adapter tagged. 8 cycles 

of pre-amplification PCR were performed following library preparation and these were run on 

an Agilent Bioanalyzer DNA1000 chip to check library size (~300-350 bp) and to calculate DNA 

concentration for hybridisation to capture baits. Between 500ng and 750ng of pre-capture 

library was then added for hybridisation to the capture 120mer cRNA probes specific for our 

regions of interest. A final amplification of 12 cycles of PCR was performed to add sample 

specific indices followed by quality assessment of each library on the Agilent Tapestation. 

Finally libraries were diluted and pooled at 10nM concentrations for sequencing.  

Sequencing of all samples from the Oculome study was done in batches on Illumina 

sequencing platforms. An initial pilot run of 8 samples was run on the Illumina MiSeq followed 

by one run of 88 samples and three runs of 64 samples each on the Illumina HiSeq and one 

run of 48 samples on the Illumina NextSeq. Pooled libraries sequenced on the MiSeq were 

diluted to 12pM, on the HiSeq to 8pM and on the NextSeq run to 1.3pM.  

 

2.1.6 Analysis of Variant Data 

 

Analysis of sequence data was conducted using pipelines of open-source tools developed at 

the North East Thames Regional Molecular Genetics. For both sets of data read alignment was 

done using BWA (Burrows Wheeler Aligner v0.6.1-r104:  http://bio-bwa.sourceforge.net/), 

and pileup using SamTools (Samtools v0.1.18: http://samtools.sourceforge.net/). For the 

initial MiSeq data, variant calling was done using VarScan2 (VarScan2 v2.3.6: 

http://varscan.sourceforge.net/) and variant annotation using VEP (Variant effect predictor 

v73: http://www.ensembl.org/info/docs/tools/vep/index.html). For the subsequent HiSeq 

http://samtools.sourceforge.net/
http://www.ensembl.org/info/docs/tools/vep/index.html
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and NextSeq data, an updated pipeline was used with Freebayes for variant calling and VEP 

(Variant effect predictor v73: http://www.ensembl.org/info/docs/tools/vep/index.html and 

Alamut batch: http://www.interactive-biosoftware.com/alamut-batch/) for variant 

annotation. 

In all runs, pipeline output was limited to variants within 20bp+/- of coding exons. Variants 

had to be present in 20% of at least 30 reads to be called. As this panel test was designed to 

be clinically applicable, the variants were classified using a five-class system consistent with 

the ACMG standards and guidelines for the interpretation of sequence variants (Richards et 

al., 2015). Variants were filtered to exclude those present at 2% or greater in the Exome 

Variant Server (EVS) or 1000 genomes datasets. Further filtering retained variants only in the 

subpanel(s) most relevant to the phenotype which were then manually classified into a 

further four classes with Class 2 being likely benign variants and Class 5 being previously 

reported pathogenic variants relevant to the phenotype of the patient. The classification 

system is described in detail in Fig 2.1 

 

 Class 2: Unlikely Pathogenic Variants. This included variants in genes that had been 

reported before in genes with different phenotypes. 

 Class 3: Variants of Unknown Significance. This class included cases where different 

variant in the same gene has been reported in a patient with a similar phenotype but 

it was unclear if the present variant is damaging and cases with only one heterozygous 

variant in a recessive gene. 

 Class 4: Likely Pathogenic Variants. This class included cases where a different variant 

in the same gene had been reported in a patient with a similar phenotype and the 

present variant appeared damaging frameshift, premature stop, stop lost, splice site 

or missense in a conserved region with all in-silico programs giving a damaging 

prediction. Genes previously reported as recessive had to have a homozygous variant 

or two heterozygous variants. 

 Class 5: Proven Pathogenic Variants. This class only included cases where the same 

variant has been reported before in a patient with a similar phenotype with additional 

evidence that it affected protein function.  

http://www.ensembl.org/info/docs/tools/vep/index.html
http://www.interactive-biosoftware.com/alamut-batch/
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Class 5 and 4 variants were followed up by Sanger Sequencing of relevant regions of the 

proband to confirm the presence of the variant and in all available relatives to confirm 

segregation of the variant with the phenotype. 

 

Figure 2.1: Variant classification pipeline for the Oculome panel. After initial variant calling 

and quality control, variants were filtered through a series of filters to remove common 

variants and variants outside protein coding regions of the genome. They were then filtered 

to retain variants within genes in the subpanel specific to the patient’s phenotype (MAC). 

These variants were then manually reviewed and classified into four classes with Class 5 being 

previously reported pathogenic variants and class 4 being likely pathogenic variants. 
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2.1.7 Analysis for copy number variants 

 

Analysis for Copy Number Variation (CNV) was performed using an in-house pipeline based 

on the algorithm ExomeDepth (Plagnol et al., 2012) for all samples. Briefly, numbers of reads 

aligning to each exon in the target region in each individual were compared to an aggregate 

of reference set composed of other samples within the same run to identify exons with 

significantly higher or significantly lower read counts indicating a duplication or deletion. CNV 

variant calls were then filtered against the Conrad database of common CNVs (Conrad et al., 

2010). 

 

2.1.8 Sanger sequencing 

 

The position of interest was identified from the next generation sequencing data. A region of 

300-600bp surrounding this was identified from the reference human genome using the UCSC 

genome browser (https://genome.ucsc.edu). Primers spanning the region of interest were 

were designed using Primer3 (http://primer3.ut.ee). Primer pairs fulfilling the following 

criteria were selected: 

 18-30 nucleotides in length 

 GC content between 40% and 60% 

 Not containing self complementary regions or regions complementary to the 

other primer 

The primer pairs selected were tested using SNPCheck (https://secure.ngrl.org.uk/SNPCheck) 

to ensure that there were no SNPs within the primers. They were finally checked for binding 

to any non-specific regions in the human genome using the UCSC in-silico PCR 

(https://genome.ucsc.edu/cgi-bin/hgPcr). Primers were purchased from Sigma-Aldrich. 

Stock genomic DNA was diluted 1:10 with autoclaved MilliQ water. PCR products of the 

regions were prepared using the reaction mixture in Table 2.3 and Touchdown PCR conditions 

https://genome.ucsc.edu/
http://primer3.ut.ee/
https://secure.ngrl.org.uk/SNPCheck
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in Table 2.4. 19 μl of the reaction mixture was added to 1μl of the DNA sample. DNA 

polymerase used was BioTaq Bioline reagents (BIOTAQ 8482). 

5μl of PCR product was mixed with loading buffer and run on a 1% Agarose gel to ensure the 

production of a single product of the correct length. The remaining PCR product was treated 

with Exonuclease I and Shrimp Alkaline Phosphatase (ExoSAP-IT®) to remove excess primer 

and unincorporated dNTPs.  2.5 μl of the Exo-SAP reaction mixture (Composition in Table 2.6) 

was added to 5 ul of PCR product and incubated at 37°C for 30 minutes followed by 80°C for 

5 minutes. The treated PCR product was sequenced by Sanger sequencing. 

The fragments were then sequenced using the BigDye® Terminator v1.1 Cycle Sequencing Kit 

(Life Technologies) on an ABI 3737XL DNA analyser. Primers used were the same as those 

used for amplifying the product.  At the end of the sequencing reaction PCR products were 

purified using ethanol precipitation and 15μl of 0.1X TE Buffer. 

The sequences were analysed using the software Sequencher V 4.10.1 (Gene Codes). Poor 

quality sequences at the ends of fragments where the peaks of the chromatogram overlapped 

too much or were indistinguishable from background were deleted manually. Following this, 

the bases for secondary peaks were called in order to identify potential heterozygous base 

changes and these were verified manually. The fragments were then aligned to the reference 

sequence.  All bases differing from the reference sequence were recorded. 
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Table 2.1: PCR reaction mixture for amplifying region of interest for Sanger sequencing 

  1x (ul) Final concentration 

10X Buffer 2 1X 

2mM dNTPs 2 200uM 

DMSO 2 10% 

50mMMgCl2 0.6 1.5mM 

10uM F Primer 1.0 10pmols 

10uM R Primer 1.0 10pmols 

MiliQ water 10.3   

Taq Polymerase 0.1   

Total Volume 19   

 

Table 2.2: PCR conditions for amplifying region of interest for Sanger sequencing 

Initialization 95°C 2 min  

5 cycles      

Denaturation 95°C 20 sec  

Annealing °C 20 sec Reducing by 1°each cycle 

Elongation 70°C 30 sec  

30 cycles      

Denaturation 95°C 20 sec  

Annealing 55°C 20 sec  

Elongation 70°C 30 sec  
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Table 2.3 PCR primer pairs for cases with Class 3, 4 and 5 mutations 

Primer Sequence (5’ to 3’) 

Product size 

(bp) 

Class 4 and 5 variants 

SMOC1 c378 Forward GCCATTTTGTCCCTCGGC 
400 

SMOC1 c378 Reverse CCATGCGTCTTTTCAGGACC 

SMOC1 c379-2 Forward AGTCCCACAGCAACCATGTA 
366 

SMOC1 c379-2 Reverse AGATGCAGGAGACCAACCAA 

ALDH1A3 c553 Forward GTCTGGCATGGGAGGAGATG 
484 

ALDH1A3 c553 Reverse AGCTGGCATTTTGATGTCCA 

ALDH1A3 c1072 Forward GCCTGGCCCTCTCTTCTTTT 
497 

ALDH1A3 c1072 Reverse GTCCCCACCAACCCTAGAG 

FOXC1 c718 Forward CAAGGAGGAGAAGGACAGGC 
400 

FOXC1 c718 Reverse CGTCATGATGTTGTCCACGC 

GDF3 c796 Forward AGACAGCTTGGTGGGGATAC 
575 

GDF3 c796 Reverse AACTGGCTCTGTTCCTGGTT 

GDF6 c746 Forward TAGCCTGGACTTCTTGCCG 
498 

GDF6 c746 Reverse CAGCTCTTCCCTTGCCTTTC 

STRA6 c1964 Forward CTGGACCAAGGCCCTAACC 
514 

STRA6 c1964 Reverse CACACGCCTGGGATTTTCAG 

STRA6 c1594 Forward GAACACCCCACATCCACTG 
514 

STRA6 c1594 Reverse GCATGGTGGGTTGAAAGAGA 

PORCN c178 Forward ACTAGCCCACCAACCTTCTC 
369 

PORCN c178 Reverse CATGCACTTCAGCCAACAGT 

Class 3 variants 

ABCB6 c1006 Forward TCTGGAAAATGCCTATAGAACCT 
568 

ABCB6 c1006 Reverse AGGAGGGAGAAGCAGTGAAA 

ABCB6 c826 Forward TGCATCATAGCCAGTTTAGGT 
497 

ABCB6 c826 Reverse CTCCCCTTAGAGTTTACATCCC 

ABCB6 c1562 Forward GAGCACATAGTCCCCAACCT 363 



80 
 

ABCB6 c1562 Reverse TTGGACTCACTGATGGCCAT 

PAX6 c421 Forward CAATGTGGTCGATGTGTCCC 
476 

PAX6 c421 Reverse TTCCACGGTGTATCTGCAAA 

SEMA3E c1028 Forward TGAATGTTTCTGTTTTCACCAGT 
582 

SEMA3E c1028 Reverse TGCTTAAAGAAATTGCAACCACT 

BMP7 c875 Forward TGTGTAGGGGTGGATTTGGG 
476 

BMP7 c875 Reverse ACTGGATGGAGGAATAAGGAGT 

TMX3 c259 Forward ACCAGGAGACACAACAATCCT 
398 

TMX3 c259 Reverse ACCTTCTTCTGCTACCCATTCT 

RAX c434 Forward CATTGGCTGCAATTTGGGC 
360 

RAX c434 Reverse TTTTGGGGAGTGCATCTGAC 

TMX3 c380 Forward TTCACAGAGTTGCTACACGT 
567 

TMX3 c380 Reverse GTGTTACTGGTCCTCTGGCA 
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Table 2.4: Exo-SAP reaction mixture 

  1x (μl) 

ExoI 0.3 

Shrimp Alkaline Phosphatase 1 

SAP reaction buffer 0.9 

MilliQ water 0.3 

Total volume 2.5 

 

Table 2.5: BigDye Terminator Sequencing Reaction 

  1x (μl) 

BigDye Terminator 1 

Buffer 1.5 

5M Betain 2 

5μM F or R Primer 1 

Total  5.5 

PCR product 5 

 

Table 2.6: BigDye Terminator sequencing PCR conditions 

Initialization 96°C 2 min 

35 cycles     

Denaturation 96°C 15 sec 

Annealing 55°C 10 sec 

Elongation 60°C 4 min 
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2.2 Study of fissure closure in human and mouse embryos 

 

All mice studied were housed at the animal facilities of University College London (UCL) and 

all experiments were conducted in agreement with the Animals (Scientific Procedures) Act 

1989 and in compliance with the current Home Office legislation. 

 

2.2.1 Source of mouse embryos 

 

Wild type C57 Black 6 mice, also carrying a GFP reporter gene under the Crx promoter, were 

used for histological analysis studies of normal mouse optic fissure, described in section 4.2.1. 

These mice do not show any developmental eye defect but do express GFP at later stages of 

retinal differentiation, which are not relevant to fissure closure.  

For subsequent transcriptomic analysis. C57bl6 male and female mice carrying a 

heterozygous targeted deletion of the gene Sall2 (Sall2-/+) were crossed to obtain litters 

containing matched wild-type and homozygous Sall2 knockout embryos (Sall2 -/-). Sall2 +/- 

mice develop and breed normally as previously described (Kelberman et al., 2014, Bohm et 

al., 2008). Timed matings were set up by housing male and female mice together overnight. 

Females were checked for vaginal plugs the following morning. Midday on the day a vaginal 

plug was found was considered as E 0.5 (Embryonic Day 0.5). Embryos were collected on E11.5 

or E12.5 at midday.  

Genotypes in two independent tissue samples from each embryo were determined by PCR as 

described below. Wild type embryos were used for microdissection and transcriptomic 

analysis as described in Chapter 4. Sall2 -/- litter mates were used for the comparative 

transcriptomic analysis as described in Chapter 5. Wild type and Sall2-/- embryos were also 

used for comparative immunostaining for Cleaved Caspase 3 and Pax2 described in Chapter 

5 
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2.2.2 Genotyping of Sall2 knockout mice and embryos 

 

Genomic DNA was extracted from mouse ear biopsies, or tail or hind limb tissue in case of 

embryos. The tissue was incubated for 3 hours at 55°C in 30 to 50μl of Lysis Buffer 

(DIRECTPCR-TAIL PEQGOLD: 732-3256, VWR) with Proteinase K (Life Technologies, AM2546) 

at a concentration of 100 µg/ml, followed by incubation at 85°C for 45 minutes to inactivate 

ProteinaseK. The reaction mixture was centrifuged at 10,000 rpm for 15 minutes to pellet 

debris and the supernatant was diluted 1:10 in autoclaved MiliQ water and stored at room 

temperature prior to genotyping by PCR. 

 Genotyping was done by PCR using the common forward primer (SAF1: 

5’GGCTCGCAACCATCCGTAACA3’) and either the wild-type specific (WTSalR2: 

GCCCCAAGCGGATTTCAATT) or mutant specific (pTKNeo: 

GCGCGAATTCGATGATCCTGAACGGC) reverse primers to give PCR products of 448bp (Wild 

type) or 300 bp (Mutant), respectively. Wild type and mutant specific reactions were carried 

out in separate tubes for each DNA sample. 

Genotyping PCR reactions used either BioTaq (BIOTAQ 8482, Bioline) or MiFi DNA polymerase 

(BIO-21118, Bioline). Reaction mixtures were prepared according to the manufacturer’s 

instructions.  The PCR products produced were identified by electrophoresis on a 1.5% 

Agarose gel. PCR conditions are given in tables 2.7 and 2.8 
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Table 2.7: PCR conditions for genotyping Sall2 knockout mice (BioTaq) 

Initialization 95°C 5 min  

5 cycles      

Denaturation 95°C 20 sec  

Annealing 55°C 20 sec Reducing by 1°each cycle 

Elongation 72°C 40 sec  

30 cycles      

Denaturation 95°C 20 sec  

Annealing 55°C 20 sec  

Elongation 72°C 40 sec  

 

Table 2.8: PCR conditions for genotyping Sall2 knockout mice (MiFy) 

Initialization 95°C 1 min 

35 cycles     

Denaturation 95°C 15 sec 

Annealing 62°C 30 sec 

Elongation 72°C 45 sec 

Final elongation 72°C 5 min 

 

  



85 
 

2.2.3 Harvesting and dissection of embryos 

 

Pregnant female mice were sacrificed by CO2 inhalation followed by cervical dislocation. The 

uterus was dissected and transferred to ice cold PBS (Phosphate Buffered Saline, Oxoid 

BR0014G) and kept on ice. The embryos were dissected in PBS and photographed externally 

using a stereo microscope (Leica MZFLIIII) to record the stage of development. The embryos 

were then decapitated and the heads processed for embedding in paraffin or OCT (for 

cryosections) or embedding without fixation in OCT (microdissection and transcriptome 

analysis). 

 

2.2.4 Paraffin embedding and sectioning of mouse tissue 

 

The dissected heads were fixed in 4% PFA (Paraformaldehyde, prepared in PBS) overnight, 

washed in PBS (3 washes of 10 minutes) and dehydrated in graded series of ethanol (Hayman) 

at 4°C (70% ethanol: 1 hour, 95% ethanol: 1 hour, 100% ethanol: 1 hour 30 minutes, 100% 

ethanol: 1 hour). They were then incubated overnight in 100% ethanol at 4°C. The following 

day the heads were treated with chloroform at room temperature (1 hour, 2 x 1 hour 30 

minutes). This was followed by incubation in paraffin at 60°C (2 hours, 2 x 1 hour). The 

dissected heads were then embedded in paraffin blocks. As the eyes of a mouse embryo are 

located on the sides of the head, the heads were placed on their sides with one eye facing the 

top of the block and the other eye facing the bottom in order to cut parasaggital sections of 

the head with the eye being cut perpendicular to the developing optic fissure. 

 

2.2.5 Preparation of paraffin sections of mouse tissue 

 

The embedded heads were then sectioned at a thickness of 8μm using a MICROM HM330 

microtome. Sectioning was carried from the top of the block to cut the eye perpendicular to 

the optic fissure Consecutive sections, running in an anterior to posterior direction from the 

cornea to the beginning of the optic nerve were obtained. The sections were mounted on 

Superfrost- Plus (Thermo Scientific) glass slides and allowed to dry overnight.  
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2.2.6 Processing of mouse tissue for cryosectioning (for immunohistochemistry) 

 

The dissected heads were fixed in 4% PFA for 30 min to 1 hour. They were then washed in 

PBS (3 x 10 min) and equilibrated in 30% sucrose (several hours or overnight). This was 

followed by embedding in OCT medium (VWR) and snap freezing in dry-ice. In order to cut 

parasaggital sections the head were placed in the OCT on their sides with one eye facing the 

top of the block and the other facing the bottom. The blocks were stored at -80°C prior to 

sectioning.  

 

2.2.7 Cryosectioning of mouse tissue for immunohistochemistry 

 

The frozen blocks were sectioned at a thickness of 10-12 µm using a LeicaCM 1900 UV cryostat 

at -20°C and the sections were collected on Superfrost Plus glass slides. Sectioning was carried 

from the top of the block to cut the eye perpendicular to the optic fissure. The slides with the 

sections were stored at -80°C prior to immunostaining. 

 

2.2.8 Sourcing of human tissue and processing  

 

Human embryonic tissue was obtained by making an application to the Wellcome Trust MRC 

Human Developmental Biology Resource (www.hdbr.org).  The samples at Carnegie Stage 15 

and 16 were obtained embedded in paraffin blocks. These were sectioned in the parasaggital 

plane at thickness of 8µm. Samples at the CS17 stage were obtained unfixed in tissue culture 

medium. They consisted of eyes with surrounded by varying amounts of head tissue. The 

samples were fixed in 4% PFA for 30 minutes or overnight at 4°C. They were then washed in 

PBS (3 x 10 min) and equilibrated in 30% sucrose. This was followed by embedding in OCT 

medium (VWR) and snap freezing dry-ice. 

 

 

http://www.hdbr.org/
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2.2.9 Hematoxylin and Eosin staining (Human and mouse histological sections) 

 

The sections were cleared with Histo-Clear II reagent (National Diagnostics) and rehydrated 

with graded ethanol series (100%-95%-70%). They were then stained with Harris 

Haematoxylin solution (Sigma-Aldrich) for 1 minute and 1% Eosin (Sigma-Aldrich, prepared in 

distilled water) solution for 2 minutes. Each round of staining was followed by repeated 

washes in distilled water to remove excess stain. The sections were then dehydrated in 

graded ethanol series (95%-100%) and cleared in Histo-Clear reagent II (National Diagnostics) 

followed by mounting with DPX mountant (Sigma-Aldrich). 

 

2.2.10 Immunostaining (Human and mouse histological sections) 

 

The sections were thawed and the embedding matrix was cleared with PBS at 37°C for 10 min. 

They were then treated with blocking solution for 1 hour at room temperature. The blocking 

solution consisted of 10% FBS (Fetal Bovine Serum), 1% BSA (Bovine Serum Albumin, Sigma-

Aldrich) and 0.1% Triton-X100 in PBS or 10% Goat Serum and 0.1% Triton-X100 in PBS. Incase 

of the basement membrane proteins Laminin and Nid1, Triton-X100 was not used. The 

appropriate primary antibody was diluted in the blocking solution and applied on the slides, 

and incubated overnight at 4°C (or for 1 hour at Room Temperature, in case of Anti-Pax2 

only). The primary and secondary antibodies used are listed in Table 2.11. Slides selected as 

negative controls were treated with blocking solution only. The primary antibody was drained 

off and the slides were washes in PBS (3 washes of 5 minutes each). The secondary antibody 

(Alexa Fluor® 594 Goat Anti-Rabbit IgG or Alexa Fluor® 488 Donkey Anti-Sheep IgG) was 

diluted 1:800 in the blocking solution and applied on the slides. The slides were incubated for 

1 hour at room temperature. The secondary antibody was drained off and a 1:3000 dilution 

of DAPI (4',6-diamidino-2-phenylindole, Sigma-Aldrich) in PBS was applied to the slides to 

stain the nuclei. The slides were incubated for 10 minutes, followed by washing in PBS (3 

washes of 10 minutes each). The slides were mounted using Hydromount (National 

Diagnostics HS-106) reagent and stored at -20°C. 
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In case of immunostaining for Sall2 and Ntn1, the blocking solution contained a higher 

concentration (0.2%) of Triton-X100 and the sections were treated with an antigen retrieval 

step prior to immunostaining. After the embedding matrix was cleared with PBS the slides 

were placed in sodium citrate buffer (10mM Sodium Citrate, pH 6). They were heated in the 

citrate buffer in a microwave till just boiling and cooled at room temperature for 5 minutes 

for a total of 3 times. The slides were then washed with PBS (2 washes of 5 minutes each). 

Then the primary antibody was applied as described above followed by the remaining staining 

procedure. 
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Table 2.9: Primary and secondary antibodies used along with working dilutions. Catalogue 

numbers of all commercial antibodies are provided. * The anti Nid1 antibody was a non-

commercial antibody provided by Prof J Famulski, University of Kentucky. 

Primary Antibodies Dilution 

Anti Laminin, Rabbit IgG polyclonal (Sigma-Aldrich L9393) 1:200 

Anti ZO-1, Rabbit IgG polyclonal (Life Technologies, 402200) 1:300 

Anti Ntn1, Rabbit IgG monoclonal (Abcam, ab 126729) 1:300 

Anti Shisa2, Rabbit IgG polyclonal (Thermo Fisher, PA5-25853) 1:200 

Anti Nid1, raised in rabbit* 1:200 

Anti Vim, Mouse IgG monoclonal (Dako, MO725, clone v9) 1:800 

Anti SALL2, Rabbit IgG monoclonal (Sigma-Aldhrich HPA004162) 1:200 

Anti Cleaved Caspase-3 (Asp175), Rabbit IgG polyclonal(Cell 

Signaling Technology #9661)  1:200 

Anti Pax2, Rabbit Polyclonal (Biolegend 901001) 1:300 

Secondary Antibodies Dilution 

Goat anti-rabbit IgG Alexa Fluor 594 (Theromo Fisher A11037) 1:800 

Goat anti-rabbit IgG Alexa Fluor 647 (Thermo Fisher A21245) 1:800 

Goat anti-rabbit IgG Alexa Fluor 488 (Thermo Fisher A1108) 1:800 

Goat anti-mouse IgG Alexa Fluor 568 (Thermo Fisher A11031) 1:800 

 

2.2.11 Imaging of histological sections  

 

Hematoxylin and Eosin stained paraffin sections were photographed under visible light using 

an Axiophot 2 microscope with 10x, 20x and 40x objectives. The software used was 

AxioVision. The dorso-ventral and naso-temporal orientations of the eye sections were 

determined based on the position of the brain and surrounding structures. The sections were 

photographed using Leica upright fluorescence microscope (Leica DMLB) or Zeiss LSM 

Confocal Microscope with 10x and 20x objectives or the Zeiss Axio Observer inverted 4 colour 

fluorescence microscope with Hamamatsu Flash 4 camera at 20X or 63 X. Imaging processing 

used Fiji and Huygens decovolution software. 
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2.2.12 Analysis of optic fissure closure in mouse embryos.  

 

Serial sections of wild-type developing mouse eye at the E11.5 and E12.5 stages were 

prepared and stained with Eosin and Hematoxylin. The sections were then examined for the 

closure of the optic fissure. An open optic fissure was identified as a break in the RPE and 

neural retina in the ventral region of the optic cup flanked on either side by the rounded tips 

of the optic fissure margins. The extent of optic fissure closure in the anterior and posterior 

directions was then recorded. 

 

2.2.13 Analysis of optic fissure closure in human eyes by electron microscopy 

 

Preparation of samples for transmission electron microscopy and sectioning was performed 

by Monika Balys and imaging was done with the help of Dr. Glenn Anderson. Two human eyes 

at CS17 were analyzed by transmission electron microscopy. Dissected eye samples with 

surrounding periocular mesenchyme were fixed in 2.5% glutaraldehyde buffered with 0.1 M 

sodium cacodylate (pH 7.2). The sample was fixed in 2.5% glutaraldehyde buffered in 0.1M 

sodium cacodylate (pH7.2), post-fixed in 1% osmium tetroxide and then dehydrated in 

ascending grades of ethanol. Tissue blocks were passed through a transitional fluid, propylene 

oxide, and then infiltrated overnight in Epon resin. The blocks were then transferred to BEEM 

capsules with fresh resin and polymerised at 60°C for 48hrs. Ultrathin sections were cut with 

a Diatome diamond knife at 90nm on a Leica Ultracut UCT ultramicrotome, placed on copper 

grids and stained with uranyl acetate and lead citrate. Examination was carried out using a 

JEOL 1400 transmission electron microscope and images recorded using an AMT XR80 digital 

camera. 
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2.3 Transcriptome analysis of closing optic fissure in human and 

embryos 

Transcriptome analysis of the closing optic fissure was carried out in wild type mouse embryos 

at E11.5 and E12.5 as well as embryos with a homozygous deletion of Sall2, a gene recently 

implicated in ocular coloboma. The two genotypes were generated from the colony using 

Sall2+/- x Sall2+/- crosses. PCR based genotyping (repeated twice) as described in section 2.2.2 

was used to confirm the presence or absence of the Sall2 mutant allele.  

 

2.3.1 Collection and processing of mouse embryos for microdissection 

 

Mouse embryos from times matings were collected at the E11.5 and E12.5 developmental 

stages. Pregnant female mice were sacrificed by CO2 inhalation followed by cervical 

dislocation. The uterus was dissected and transferred to ice cold autoclaved PBS (Phosphate 

Buffered Saline, Oxoid BR0014G) and kept on ice. The embryos were dissected in autoclaved 

PBS. Duplicate tissue samples (tail and hind limb) were collected and stored at -20° until 

extraction of DNA and genotyping.  

The heads were washed in fresh autoclaved PBS followed immediately by embedding in OCT 

medium (VWR) and snap freezing on dry-ice. Processing and dissection was kept as rapid as 

possible to prevent degradation of RNA. The heads were oriented on their eye with one eye 

facing the top of the block to enable sectioning in the parasaggital plane. The blocks were 

stored at -80°C prior to sectioning.  

 

2.3.2 Processing of human embryonic eyes for microdissection 

 

As explained above, human embryonic eyes were obtained from the Wellcome Trust MRC 

Human Developmental Biology Resource (www.hdbr.org). Eyes at Carnegie stages 17 and 18 

were used for analysis at microdissection. They were staged by HDBR staff based on 

morphological features prior to dissection in tissue culture medium. Each eye was dissected 

out of the head based along with surrounding periocular mesenchyme. It was embedded in 

http://www.hdbr.org/
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OCT medium (VWR) and snap frozen on dry ice. The eye was oriented with the anterior of the 

optic cup facing the top of the block to enable sectioning in the pane perpendicular to the 

optic fissure. The blocks were stored at -80°C. 

 

2.3.3 Preparation of sections on PEN membrane slides for microdissection 

 

The embedded heads (in case of mouse embryos) or eyes (in case of human embryos) were 

sectioned in the parasaggital plane, i.e. perpendicular to the optic fissure at a thickness of 20 

µm using a Leica CM 1900 UV cryostat at -20°C. Blades, glass plates, sample holder and other 

equipment were cleaned with RNAse ZAP (RNase Decontamination Solution, Thermo Fisher 

AM9780) prior to sectioning to minimize RNAse contamination. Continuous series of sections 

were collected on PEN membrane coated slides (Thermo Fisher   LCM0522). Slides with 

sections were immediately stored in airtight 50 ml tubes (Falcon) or slide boxes containing 

silica gel to absorb moisture and minimize RNAase activity and stored at -80°C. 

 

2.3.4 Laser Capture microdissection on Zeiss P.A.L.M microscope 

 

Individual slides were rapidly thawed, air dried and viewed under bright field illumination on 

a laser capture microdissection microscope (Zeiss PALM Axiovert). The eye was orientated 

and optic fissure identified based on surrounding head structures in case of mouse embryos) 

or by a consistent gap in pigmentation of the RPE (in case of the human embryos). The region 

of interest containing the fissure margins and excluding the periocular mesenchyme and lens 

was identified and outlined using the graphic tool of the PALM Robo software. The region was 

cut out using a UV laser and catapulted with the laser into the cap of a collection tube (Zeiss 

415190-9211-000). Fissure margins regions were collected along the length of the fissure 

beginning with the first section in which both margins could be clearly visualized and ending 

with the last section before the optic nerve head became visible. In case a section was 

damaged and the fissure could not be clearly identified, no tissue was collected from it.  

Fissure margin regions were collected from 5-7 sections of mouse eyes at E11.5, 6-10 sections 

of mouse eyes at E12.5 and 10-12 sections of human embryonic eyes. The fissure margins of 
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the two eyes of each embryo were pooled in the same collection tube. Similarly, a control 

region was cut out of the dorsal optic cup using a fresh collection tube. 100 µl of Lysis buffer 

(Buffer RLT + β-mercaptoethanol 1:100, Qiagen RNeasy Micro kit, 74004) was added to the 

collection tube, the caps were closed and the tube was inverted vigorously several times to 

rapidly lyse the tissue and prevent RNA degradation. The tube was frozen on dry ice and 

stored at -80°C. 

 

2.3.5 RNA extraction and quality control  

 

Total RNA was extracted using the standard protocol of the Qiagen RNeasy Micro kit (74004), 

which is a column based method. Briefly, micro dissected tissue samples in lysis buffer were 

thawed on ice additional lysis buffer was added to bring up the total volume to 350 µl, 

vortexed to disrupt and lyse the tissue and transferred to RNAse free microfuge tubes 

(Eppendorf). 70% Ethanol was added and the lysate was transferred to RNeasy MinElute spin 

columns.  While bound to RNA spin columns it was treated with DNAseI (RNase free DNase 

Set, ID: 79254, Quiagen) to degrade contaminating genomic DNA. Following washing steps 

RNA was eluted in 14 µl of nuclease free water. 1-2 µl was used to determine RNA quality and 

concentraton on the Tapestation (Agilent Technologies). The remaining RNA was processed 

for sequencing. 

 

2.3.6 Preparation and sequencing of cDNA libraries 

 

cDNA library preparation and sequencing was done at UCL Genomics 

(www.ucl.ac.uk/ich/research/genetics-genomic-medicine/ucl-genomics). RNA samples were 

amplified and cDNA libraries prepared using the SMART-Seq v4 Ultra Low Input RNA (Clontech 

Laboratories) and Nextera XT DNA Library Preparation (Illumina) kits and cDNA quality was 

assessed using Qubit dsDNA HS Assay kit and Qubit 2.0 Fluorometer (ThermoFisher). cDNA 

libraries were sequenced in 4 lanes on the Illumina NextSeq500 platform using 43bp paired 

end reads. Fissure margin and dorsal control samples of replicate embryos within each 

development time point were all run on the same sequencing run.  

http://www.ucl.ac.uk/ich/research/genetics-genomic-medicine/ucl-genomics
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2.3.7 Alignment, quantification and global analysis. 

 

Following quality control, sequencing reads (FastQ) were aligned, using the Illumina RNA Seq 

STAR alignment tool (version 1.1.0) to the relevant reference genome (human: GRCh37/hg19 

or mouse: GRCm38/m10), followed by post-alignment QC using tools on Illumina BaseSpace.  

Further analysis was done in the R programming environment (version 3.3.2). Read 

quantification was done on a gene level rather than a transcript level. Aligned reads were 

assigned to genes based on the exons they overlapped and quantified using the 

featureCounts program with the Rsubread package (v1.24.2) (Liao et al., 2014). Reads that 

mapped ambiguously to two genes and read pairs which mapped to two different 

chromosomes were discarded. Genes were pre-filtered based on raw counts retaining genes 

that had a total of at least 5 reads across all samples in one analysis. Normalized counts were 

calculated and a Principal Component analysis was carried out using the DESeq2 (v. 1.14.1) 

(Love et al., 2015). Heat maps of expression of positive control genes were plotted using the 

pheatmap package (version 1.0.8).  

 

2.3.8 Differential expression analysis at the gene level 

 

Differential Expression analysis was carried out using the DESeq2 package (v. 1.14.1). This 

package calculates a Wald statistic and p-value followed by Benjamini-Hochberg correction 

for multiple testing. In case of the human samples a modification of the DESeq2 algorithm for 

paired analysis was used to account for the greater variability of the samples. An adjusted p-

value threshold of <0.05 and a Log2 Fold Change threshold of >1 or <-1 was applied to identify 

significantly differentially expressed genes. Differential expression analysis was carried out 

for Fissure margin samples vs dorsal control samples within each time point. Volcano plots 

were plotted using Log2 Fold Changes and adjusted p-values. Example R-code written for read 

quantification, differential gene expression analysis and preparation of volcano plots and 

heatmaps is provided in Appendix 3.  
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2.3.9 Functional annotation of differentially expressed genes 

 

Lists of significantly differentially expressed genes were functionally annotated using the web 

based DAVID Functional Annotation tool (https://david.ncifcrf.gov/summary.jsp, version 6.8). 

Lists of genes were entered as input and analysed using the relevant species background. 

 

2.3.10 Gene set enrichment analysis 

 

The samples were also analyzed for differential expression at the level of gene sets. Genes 

were ranked by Log2 Fold change as calculated using DESeq2. All genes whose expression 

could be detected were included in this analysis. Genes with total raw read counts below 5 

across all six samples in a dataset were filtered out prior to normalization and further analysis. 

The analysis was not restricted to genes that passed significance in the differential expression 

analysis. Mouse genes were converted into their human orthologues using the web based 

dbOrtho tool at BiodbNet (https://biodbnet-abcc.ncifcrf.gov/db/dbOrtho.php). The ranked 

list was imported into the Gene Set Enrichment Analysis (GSEA 3.0) software (Subramanian 

et al., 2005) and a pre-ranked analysis was run using the 50 Hallmark gene sets (Liberzon et 

al., 2015) and default parameters. 

  

https://david.ncifcrf.gov/summary.jsp
https://biodbnet-abcc.ncifcrf.gov/db/dbOrtho.php
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2.4 Whole exome and genome sequencing of human patients 
 

2.4.1 Exome and genome sequencing of trios from the Oculome Cohort 
 

Whole exome or genome sequencing was used to screen patients. Sequencing was performed 

in collaboration with GOSgene (https://www.ucl.ac.uk/child-health/research/genetics-and-

genomic-medicine-programme/gosgene). 16 probands previously screened on the Oculome 

gene panel and both parents of each proband were selected for further screening. The first 6 

trios were screened by exome sequencing and the remaining 10 by whole genome 

sequencing. In all cases variant analysis was eventually restricted to the exome. Whole exome 

capture was performed with Agilent SureSelect version 4 (Santa Clara, CA), according to the 

manufacturer’s protocol on genomic DNA of all individuals. Enriched libraries were sequenced 

on the Illumina (San Diego, CA) HiSeq2000. Sequencing reads passing quality filters were 

aligned to the reference genome build GRGh37/hg19 using Burrows-Wheeler Aligner (BWA) 

algorithm followed by variant calling using GATK base quality score recalibration, indel 

realignment, duplicate removal, and SNP and INDEL discovery and genotyping using standard 

hard filtering parameters or variant quality score. The variant annotation and interpretation 

analyses were generated through the use of Ingenuity® Variant Analysis™ software version 

3.1.20140902 (www.ingenuity.com/variants) from Ingenuity Systems.  

Variant analysis was carried out separately for each trio (proband and parents) under all 

modes of inheritance that were applicable according to the family history. Variants were first 

filtered on variant quality: call quality >= 20 in at least one individual and read depth >= 10 in 

at least one sample and outside the top 5% most exonically variable 100base windows in 

healthy public genomes (1000 genomes). Following this variant were filtered based on Minor 

Allele Frequency (MAF) in public databases discarding common variants i.e. variants that had 

a MAF of >0.5% (recessive models of inheritance) or >0.1% (dominant models of inheritance) 

in either the 1000 genomes project (phase3v5b) (Genomes Project et al., 2015) or NHLBI 

Exome Sequencing Project exomes (http://evs.gs.washington.edu/EVS/, ESP6500SI-V2) or the 

ExAC (Exome Aggregate Consortium) database (http://exac.broadinstitute.org/). The rare 

variants were then filtered based on coding effect to retain variants that caused frameshifts, 

inframe insertions or deletions, stop codon changes, missenses or disrupted the canonical 

https://www.ucl.ac.uk/child-health/research/genetics-and-genomic-medicine-programme/gosgene
https://www.ucl.ac.uk/child-health/research/genetics-and-genomic-medicine-programme/gosgene
http://evs.gs.washington.edu/EVS/
http://exac.broadinstitute.org/
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splice site (+/- 2 bases in the intron) or were predicted to disrupt splicing by MaxEntScan or 

were listed in the Human Gene Mutation Database (HGMD 2016.1) as Pathogenic or Possibly 

Pathogenic. They were then filtered according to the model of inheritance being investigated.  

 For the recessive model of inheritance variants that were either homozygous in the 

proband and heterozygous in both parents, or compound heterozygous in the 

proband and heterozygous in the parents were retained.  

 For the de-novo model of inheritance, variants that were heterozygous in the proband 

and reference in the parents were retained. The variants were also filtered against 

another 6-8 unaffected individuals (parents of other probands) from the same 

sequencing run to further remove sequencing artefacts. 

 In case of one of the parents being affected, the dominant model of inheritance 

applied and variants that were heterozygous in the proband and affected parent were 

retained.  

The shortlisted variants were annotated with the following information: 

 Gene name  

 Transcript identifiers  

 Protein coding effect  

 SIFT and Polyphen predictions of deleterious effect 

 Predicted effect on regulatory sites  

 dbSNP identifier 

 Frequency in the 1000 genomes database 

They were then manually interpreted and classified according to the variant classification 

system described in section 2.1.6. The shortlisted variants were also compared with the optic 

fissure transcriptome virtual gene panel described in section 6.2.1.  
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2.4.2 Verification of variants by Sanger sequencing 
 

Selected variants of interest were confirmed by Sanger sequencing in the proband and 

relatives. Amplification of the region of interest and sequencing method were as described in 

section 2.1.8. Primer sequences are listed in table 2.10. 

 

Table 2.10 Sanger sequencing primers for verification of variants identified by Exome 

sequencing 

Primer Sequence (5’ to 3’) 

Product size 

(bp) 

SDK2 c6265 Forward CAGTGAGAGGAGGGGTGAAG 
628 

SDK2 c6265 Reverse GTTCCGGATCTGCTGTGAAG 

CDON c 1826 Forward AGAGAGGGAAGGAATTTGTGTT 
587 

CDON c 1826 Reverse GCAGAGACAGTCACACTTCC 

HDAC1 c1363 Forward CGAGTTCCTCCCTCTTCTGG 
502 

HDAC1 c1363 Reverse GAAAAGGGCTGGGGTGGTAT 

TBX2 c1753 Forward CTCATGCTTACCTGTGCTGC 
536 

TBX2 c1753 Reverse CAGTTCATTGGCCGCCTC 

MYCBP2 c115 Forward GCAGGTACACACACGCAA 
493 

MYCBP2 c115 Reverse GTCGTTGGAAAAGGGCTGTG 

NTN1 Forward CCATCACCAAGCAGAACGAG 
746 

NTN1 Reverse TGCGTTTGGATCCAGGGTTA 
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2.4.3 Screening of individuals from the UK10K cohort 
 

Access to data of individuals from the UK10K Coloboma cohort was obtained by making an 

application to the UK10K consortium (https://www.uk10k.org/). Once access was granted 

exome sequencing data was downloaded from the EGA (European Genome Archive) in the 

form of VCF (variant call format) files for each individual as well as a combined VCF file of rare 

variants for all individuals.  

The combined file was filtered and annotated using the software pipeline developed at the 

North East Thames Regional Molecular Genetics Laboratory, as described in section 2.1.6. The 

variants were filtered to retain those occurring in coding exons of the genes within the 

Oculome MAC gene panel (86 genes) as well as the optic fissure transcriptome panel (202 

genes), as well as +/- 20 bases into the flanking introns. Gene names are listed in section 5.2.1. 

The variants were then annotated with information including the gene name, transcript 

identifiers, protein coding effect, genotype qualities, minor allele frequencies in public 

databases, predicted damaging effect, conservation, etc. 

Variants for 74 affected individuals without a genetic diagnosis were grouped and filtered to 

identify novel variants that occurred in no more than two individuals in the run. They were 

then split into groups according to coding effect; high impact (nonsense, frameshift, stop loss, 

start loss), canonical splice site (+/- 2 base pairs into flanking introns) and missense. 

Synonymous and intronic variants were excluded from the analysis.  
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3. Single gene coding mutations in currently known disease genes 

explain a small proportion of individuals with coloboma and related 

phenotypes 
 

3.1 Introduction 
 

3.1.1 Microphthalmia, Anophthalmia and Coloboma (MAC) are closely related 

phenotypes with a likely genetic origin 
 

The MAC phenotypes are closely related and are thought to represent a phenotypic spectrum. 

They are congenital anomalies and result from disruptions in the earliest stages of eye 

development. The MAC spectrum is phenotypically heterogenous. 45-65% of individuals with 

MAC are reported to have only one eye affected and the other phenotypically normal (Shah 

et al., 2012, Morrison et al., 2002, Nakamura, 2011). The three phenotypes can also occur in 

different combinations in the two eyes. For example, Coloboma often occurs along with 

microphthalmia in the same or contralateral eye or anophthalmia in the contralateral eye. 

The majority of cases are sporadic (Morrison et al., 2002). However, in spite of the 

heterogeneity, several families with multiple affected individuals and inheritance patterns 

consistent with an underlying Mendelian genetic cause have been identified (Morrison et al., 

2002). Additionally, in surveys of MAC patients, 35% - 45% of cases were known or suspected 

to have a genetic cause based on family history or syndromic features (Shah et al., 2012, 

Bermejo and Martinez-Frias, 1998).   

As described in Chapter 1, single gene pathogenic mutations in over 80 genes have been 

implicated in human cases with MAC spectrum phenotypes. From a review of the literature 

39 of these genes have been associated specifically with coloboma / optic fissure closure 

defects (Patel and Sowden, 2017, Reis and Semina, 2015, Williamson and FitzPatrick, 2014, 

Gregory-Evans et al., 2004b). 

Sibling recurrence rate estimates of the MAC spectrum of phenotypes range from 2.5% to 

10%, (Morrison et al., 2002, Shah et al., 2011). This is similar to the sibling recurrence risk 

estimated for oral clefts (4.6%) (Sivertsen et al., 2008). While it is not as high as a sibling 

recurrence risk for a purely monogenic phenotype, it is higher than that for neural tube 
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defects (2.1%), a complex non-Mendelian phenotype (McDonnell et al., 1999). For specifically 

optic fissure closure defects (excluding microphthalmia and anophthalmia) the sibling 

recurrence risk can be as high as 13% (Morrison et al., 2002). A possible explanation for this 

could be a mix of monogenic and complex polygenic cases within the affected population, 

however, there is currently no evidence distinguishing these two types. All disease mutations 

identified so far for MAC phenotypes have shown Mendelian patterns of inheritance. 

However, there are examples of milder eye malformations shown to have complex, Non-

Mendelian, genetic causes. Myopia (short-sightedness) is a refractive error that results from 

slightly increased axial length of the eye globe (Wojciechowski, 2011). Two genome wide 

association studies (GWAS) have identified SNPs in the gene PRSS56 as being significantly 

associated with myopia in two independent cohorts each (Kiefer et al., 2013, Verhoeven et 

al., 2013). On the other hand, homozygous mutations in PRSS56 cause nanophthalmos, 

decreased axial length of the posterior globe resulting in severe hyperopia (far-sightedness) 

(Gal et al., 2011, Nair et al., 2011, Orr et al., 2011). There is some, limited, evidence that 

homozygous missense variants cause slightly less severe nanophthalmos than homozygous 

truncating variants (Nowilaty et al., 2013). SNPs in a number of other genes have been 

associated with myopia in GWASs (Kiefer et al., 2013, Verhoeven et al., 2013). These include 

the genes CHD7, SIX6 and BMP4, mutations in which have also been implicated in the 

monogenic eye malformations coloboma and microphthalmia (Vissers et al., 2004, 

Aldahmesh et al., 2013, Yariz et al., 2015). It is conceivable that a similar situation exists for 

other genes implicated in monogenic MAC and that a proportion of cases with 

microphthalmia and coloboma have a complex genetic origin.   

 

3.1.2 There have been few comprehensive genetic screens large groups of MAC 

patients  
 

In spite of the many genes implicated in human cases of MAC in published studies of small 

numbers of individuals, there are few published studies that have comprehensively screened 

large cohorts of patients with MAC phenotypes for mutations in a large number of genes. 

Most have involved small numbers of patients and/or genes (Jimenez et al., 2011). Typically, 

where large numbers of patients have been screened, the focus has been on a small numbers 
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of genes and where whole exome or genome sequencing has been used, the number of 

patients has been small (Gonzalez-Rodriguez et al., 2010, Slavotinek et al., 2014). In contrast, 

many studies have screened large cohorts of individuals with diseases such as retinal 

degeneration (Carrigan et al., 2016, Dockery et al., 2017). 
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3.1.3 Next Generation sequencing allows rapid screening of large numbers of genes. 
 

The first widely used DNA sequencing technology was Sanger sequencing. Although accurate, 

this method is laborious and time consuming. With the development of automated Sanger 

sequencing, based on capillary electrophoresis, by Applied Biosystems in 1987, efficiency was 

increased. However, the maximum length of DNA that can be sequenced at one time by this 

method is still limited (Liu et al., 2012b, Collins et al., 2003). After the sequencing of the 

human genome (and other species), a new type of DNA sequencing known as Next Generation 

Sequencing or massively parallel sequencing became available (Liu et al., 2012b). In brief, 

genomic DNA is fragmented into short overlapping fragments. These are all sequenced 

simultaneously in an automated manner. The sequence data, in the form of many overlapping 

short reads, is aligned against a reference genome using specialized software and all points 

where the DNA being sequenced differs from the reference genome, variants, are identified. 

There are three main classes of DNA sequencing technologies available; the Roche 454 

system, the AB SOLiD System and the Illumina systems. They differ in the chemistry of the 

sequencing reaction used, the read length (maximum length that can be sequenced as one 

fragment) and output (Liu et al., 2012b). Next generation sequencing can be in the form of 

whole genome sequencing or targeted sequencing of the whole exome (all protein coding 

regions) or selected groups of genes (gene panels) or regions. Targeted sequencing requires 

a selection step where the region of interest is selected from the total genomic DNA. There 

are two main types of target selection methods; those based on PCR and those based on 

hybrid capture. In PCR based methods the regions of interest are amplified from the genomic 

DNA using multiple pairs of primers or molecular inversion probes. In hybrid capture methods 

DNA or RNA qligonucleotide probes complementary to the regions of interest are used. The 

probes are immobilized on arrays or bound to microscopic beads. Fragmented genomic DNA 

is added, the regions of interest are bound to the probes while the remaining DNA is washed 

away (Mamanova et al., 2010). This may be followed by a PCR amplification step. While whole 

genome and whole exome sequencing provide greater flexibility, gene panels are reported to 

achieve better coverage and simpler downstream analysis compared to whole exome 

sequencing and are more useful when the number of genes of interest is limited (Consugar et 

al., 2015).  
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3.1.4 Screening MAC patients on the Oculome gene panel 
 

In this thesis a group of 98 individuals with a range of MAC (Microphthalmia, Anophthalmia 

and Coloboma) eye phenotypes were screened on the Oculome, a newly developed targeted 

next generation sequencing panel we developed. This panel covers 429 genes implicated in a 

range of congenital eye diseases, including 86 implicated in MAC. To the best of our 

knowledge, these were all the genes implicated in human cases of MAC at the time of 

designing the panel. The panel used the Agilent Sure Select target capture technology and 

sequencing on Illumina platforms (Materials and Methods Section 2.1.5). 

With this comprehensive screen, we attempted to answer the following questions: 

1. What proportion of patients with coloboma and related eye malformations could be 

explained by coding mutations in known disease genes?  

2. What proportion of patients had variants of uncertain significance in these genes? 

In the process the Oculome panel was also validated as a clinical diagnostic test and the 

diagnostic yields for different types of congenital eye diseases were compared. 
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3.2 Results 

 

3.2.1 Recruitment and Phenotypic Characterization: The MAC cohort screened 

reflected the phenotypic diversity observed in the population 
 

The patient cohort consisted mainly of individuals presenting at Great Ormond Street Hospital 

and Moorfields Eye Hospital with Microphthalmia, Anophthalmia or Coloboma with or 

without other systemic defects. The affected probands recruited were children, below the 

age of 16 at the time of recruitment. In the majority of cases with MAC the defects were 

identified at birth or during the first year of life. None of the individuals recruited had a known 

genetic cause, however, a proportion were known to have had been tested for single genes 

such as SOX2 and PAX2 without positive findings.  

A total of 98 cases with MAC were screened on the Oculome Panel. They included a diverse 

range of phenotypes as summarized in Figure 3.1. 37.5% (36 cases) had a fissure closure 

defect i.e a coloboma. The remaining had either only microphthalmia or anophthalmia. In 

some cases the coloboma and microphthalmia phenotypes were accompanied with another 

eye defect such as anterior segment dysgenesis, cataract, PHPV (Persistent Hyperplastic 

Primary Vitreous) or a retinal anomaly. 20.8% (20 cases) had syndromic features in addition 

to the eye phenotype while the remaining 79.2% had only an eye phenotype (i.e. isolated 

MAC). The syndromic features included congenital cardiac defects, skeletal defects, cleft lip, 

syndactyly and developmental delay.  39.6% (38 cases) had a bilateral MAC phenotype, 56.2% 

(54 cases) had a unilateral phenotype. For 4 cases information on laterality was incomplete. 

8 cases had additional evidence indicating a genetic cause such as a relative with the same 

phenotype or consanguineous parents.  Of the 36 cases with coloboma, 3 had a defect of only 

the anterior segment (iris), 21 had a defect of only the posterior segment (retina, choroid, 

optic disc or optic nerve) 10 had defects affecting both segments and in 2 cases the location 

of the defect was unknown.  
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Figure 3.1: Phenotypic summary of MAC patient cohort. A: Percentage of all MAC cases with 

an optic fissure closure defect (coloboma). B: Percentage of cases with syndromic 

(extraocular) features. C: Distribution of MAC cases with unilateral and bilateral defects. D: 

Distribution of optic fissure closure defects in the anterior and posterior segments of the eye. 
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3.2.2 Selection of gene set and design of the Oculome panel  
 

The Oculome panel was designed at the outset of this study to include all genes implicated in 

diverse range of congenital eye diseases. The list of genes was assembled using databases 

such as OMIM (https://www.omim.org/) and RetNet (https://sph.uth.edu/retnet/) as well as 

searching literature on PubMed (https://www.ncbi.nlm.nih.gov/pubmed/). I assembled the 

MAC phenotype sub panel and contributed partially to the design of the other subpanels. To 

the best of my knowledge, the MAC subpanel includes all genes in which single gene 

pathogenic mutations had been reported in families with isolated or syndromic 

microphthalmia, anophthalmia and coloboma, at the time of designing the panel (November 

2015). It also covered other whole globe defects such as Nanophthalmia (small posterior 

segment only), Macrophthalmia (increased eye size) and PHPV (Persistent Hyperplastic 

Primary Vitreous) as well as Treacher-Collins Syndrome, which includes eyelid coloboma.  

 The majority of genes included were listed on OMIM. The OMIM IDs and phenotypes 

associated with them are given in Supplementary table 1. For genes that were not listed on 

OMIM, the Pubmed IDs of relevant publications are listed in the same table. Only genes with 

known association to eye disease in human patients were included and human orthologues 

of genes identified only in animal models were not included. 

The gene list was cross referenced with genes on the Genomics England Panel app 

(https://panelapp.genomicsengland.co.uk/). This is a publicly available, crowd-sourced, 

database of gene panels related to human disorders and is regularly updated. Based on 

reviews and evidence provided by experts in the field, genes on these panels are rated as 

green (high level of gene disease association), amber (moderate evidence for gene disease 

association) and red (not enough evidence for gene disease association). Of the 86 genes on 

the MAC subpanel, 24 were rated green on the anophthalmia/microphthalmia (Version 1.0) 

panel. 11 genes that were implicated in MAC phenotypes with other eye defects were rated 

green on the relevant eye defect panels, Posterior segment anomalies (Version 1.2) and 

Cataract (Version 1.0) and 23 genes implicated in syndromes featuring MAC were rated green 

on the relevant syndromic gene panels. 15 genes were rated red and 13 were not listed on 

Panel App. We included these genes as there was additional published evidence for their 

https://www.ncbi.nlm.nih.gov/pubmed/
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disease association, such as recent publications of human cases and supporting animal 

models. The details are provided in a table in Appendix 2. 

 

3.2.3 The Oculome used Agilent SureSelect target enrichment and Illumina 

sequencing 
 

The Oculome used a custom designed Agilent Sure Select QXT target capture kit to enrich for 

the region of interest. In this approach genomic DNA is fragmented and adaptors are attached 

using a transposase enzyme in a single step. The library is amplified and then enriched for the 

regions of interest using biotinylated RNA probes. The Agilent Technologies eArray tool 

(https://earray.chem.agilent.com/suredesign) was used to design the capture probes, which 

were designed to target the known coding exons of the genes on the panel including a flanking 

region of 25 bp into the adjacent introns. The enriched libraries were indexed in a subsequent 

PCR step and pooled for sequencing. Design of the capture probes and library preparation 

was carried out by Dr Jane Hayward, a member of the Sowden research group.  

The Oculome panel was designed in two iterations that both covered the same core 387 

genes. The second iteration contained 42 additional genes and additional probes for genes 

(such as FOXC1) with poor coverage in the first iteration. All MAC genes were included in the 

core group of 387 genes.  The samples were sequenced in multiplexed runs of Illumina 

sequencing platforms. Table 3.1 shows details of each run including the total number of 

samples (Run size) and the number of MAC patient samples within in each run. 

 

3.2.4 Coverage achieved on the Oculome panel 
 

The MAC patients were screened on the Oculome as part of a larger cohort of over 300 

individuals which included a range of congenital eye diseases. The 8 patient samples of the 

pilot run, using Oculome v1, were sequenced on the Illumina MiSeq. 96% of the target region 

was covered over the minimum threshold of 30X. The following run of 88 patient samples, 

using Oculome v1, on the Illumina HiSeq achieved a coverage of 92% over 30X. The 

subsequent runs of 64 samples, using Oculome v2, sequenced on the Illumina HiSeq had a 

https://earray.chem.agilent.com/suredesign
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better coverage of 99.5% over 30X. The average read depth also increased from 145 X in the 

first run to over 300X. This was achieved by improving the capture probe design as described 

above and by increasing the read length and decreasing the number of samples per run. A 

final run of 48 patient samples was sequenced using Oculome v2 and the Illumina NextSeq. 

This had a lower coverage of 96.4% >30X and mean depth of 194 X. Quality metrics for all the 

runs are summarized in Table 3.1. The pilot run of 8 patient samples included three samples 

from individuals with ASDA phenotypes and with prior genetic diagnoses, which included a 

whole gene deletion of FOXC1, digenic mutations in FOXC1 and PITX2 and a mutation in 

FOXE3. All four mutations were successfully identified on the Oculome test. 
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Table 3.1: Run Information and coverage achieved in the next generation sequencing runs 

for the Oculome panel. Coverage was improved from the first version to runs 1 to 3 on the 

second version of the Oculome capture panel. 

Run 

Name 

Illumina 

Sequencing 

platform 

Run size 

(No. with 

MAC) 

Run 

Length 

Cluster 

density 

K/mm2   

% 

passing 

filter 

(PF) 

Total 

yield 

(Gb) 

Coverage 
Mean 

depth 
Lane 

1 

Lane 

2 

Version 

1 Pilot 

Run 

MiSeq 
8  

(2) 

2 x 150 

bp 
1014 87 4.8 

96% > 

30X 
188X 

Version 

1 Run 1 
HiSeq2500 

88 

(36) 

2 x 100 

bp 
938 947 88.8 62.08 

92% 

>30X 
145 X 

Version 

2 Run 1 
HiSeq2500 

64 

(19) 

2 x 125 

bp 
848 852 94.9 74.75 

99.5% 

>30X 
234 X 

Version 

2 Run 2 
HiSeq2500 

64 

(23) 

2 x 125 

bp 
936 936 93.9 82.14 

99.5% 

>30X 
363 X 

Version 

2 Run 3 
HiSeq2500 

64 

(9) 

2 x 125 

bp 
938 947 93.0 82.00 

99.0% 

>30X 
324X 

Version 

2 Run 4 
NextSeq 

48 

(7) 

2 x 150 

bp 
142 95.0 37.00 

96.4% 

>30X 
194X 

 

 

3.2.5 Stringent criteria were used to assign pathogenicity to variants 
 

During the course of my study, the American College of Human Genetics published their 

updated guidelines for the interpretation of sequence variants (Richards et al., 2015). The 

purpose of these guidelines is to ensure stringency in assigning pathogenicity to variants 

identified using NGS techniques such as whole genome / exome sequencing or panel tests. I 

used a variant classification system that was consistent with these diagnostic guidelines. 

Briefly, variants identified were filtered to retain rare variants located in coding exons or at 

canonical splice sites (+/- 2bp from coding exons). Variants were then classified in to five 
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classes: Benign, Likely-benign, Uncertain significance, Likely-Pathogenic and Pathogenic. 

Detailed classification criteria are described in Section 2.1.6, Materials and Methods. 

 

3.2.6 Summary of variants identified in the MAC cohort screened on the Oculome (96 

cases) 
 

Class 4/5 variants were identified in 8 different families, giving a solve rate of 8.3%.  4 of the 

families had a recessive inheritance and 4 had a dominant inheritance pattern. The likely 

pathogenic variants were confirmed in the patients by Sanger sequencing, followed by 

segregation analysis in family members where DNA samples were available for study. 

Individual cases are explained in detail below (in section 3.2.4), beginning with recessive cases 

followed by dominant cases 

A further 25 cases (28%) had Class 3 variants i.e. Variants of Uncertain Significance (VUS) in 

MAC genes. The majority were missense changes in coding exons of MAC disease genes. 

Where DNA samples for the parents were available, segregation analysis was done for these 

variants. In most cases this was done by Sanger sequencing the region around individual 

variants. In other where there were more than one variant of interest, the parents or other 

relatives were screened on the Oculome or the entire trio was screened by exome sequencing 

(described further in Chapter 6) 

The remaining 63 cases had only Class 2/1 variants i.e. variants that were classified as likely 

benign based on our analysis criteria. In addition, no pathogenic variants were identified in 

genes outside the MAC subpanel. 
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Figure 3.2: Summary of variants identified in the MAC patient cohort. A: Numbers of 

individuals with Class 5/4 variants (pathogenic variants), Class 3 variants (variants of uncertain 

significance) and only Class 2/1 variants (benign variants). B: Summary of modes of 

inheritance, penetrance and genes in individuals with Class 5 or 4 variants. 
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Table 3.2: Detailed Phenotypes of cases with Class5/4 mutations. NR: Not reported, Unk: Unknown, W: White, A(B): Asian / Asian British - 

Bangladeshi, A(O): Asian / Asian British Other, B(A): Black / Black British –African, Ar: Arab. 

Sample 

Number 
GENE 

Age when 

problem 

identified 

Gender 
Ethni

city 

Family 

History 

Consang

uinity 
Extraocular features Right eye Left eye 

10 FOXC1 at birth M Ar NR Yes NR Microphthalmos, ASDA ASDA 

12 SMOC1 Unk M W NR NR Yes (Syndactyly) Microphthalmos Microphthalmos, Coloboma 

25 ALDH1A3 at birth M A(B) 
Yes, sibling 

affected 
NR NR Anophthalmos Anophthalmos 

112 STRA6 at birth F W NR NR NR 
Anophthalmos, 

abnormality of orbit 

Anophthalmos, abnormality 

of orbit 

190 GDF3 at birth M W NR NR 

Yes (Pre-auricular 

tags, Hemivertebrae 

upper thoracic spine, 

Mondini 

malformation, 

deafness, mild 

developmental delay) 

Microphthalmos Normal 

208 GDF6 at birth M 
W-

A(O) 

Yes (half 

sister 

affected 

NR NR Microphthalmos Normal 
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with 

squint) 

260 PRSS56 7 years F B(A) 
Yes, sibling 

affected 
Yes 

Yes (Torticollis, C1- 

C2 rotatory 

subluxation) 

Microphthalmos, Optic 

nerve anomaly, isolated 

patches of sheathing, 

vascular tortuosity, 

prominent macular fold 

Microphthalmos, Optic 

nerve anomaly, isolated 

patches of sheathing, 

vascular tortuosity, 

prominent macular fold 

294 PORCN Unk Unk Unk NR NR 
Yes (Gorlin Goltz 

syndrome) 
Severe microphthalmos Severe microphthalmos 
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Table 3.3: Class 4/5 variants. 8 clinical diagnoses were made out of 98 MAC cases screened. Minor allele frequencies (MAF) were extracted from 

ExAc (http://exac.broadinstitute.org/). HOM: Homozygous, HET: Heterozygous, COM HET: Compound Heterozygous, P COM HET: Possible 

Compound Heterozygous.  

Sample 

Number 
GENE GENOTYPE 

Segregation 

analysis 

Mutation 

type * 

indicates 

previously 

reported 

as 

pathogeni

c 

cDNA PROTEIN MAF ExAc 
PROTEIN 

DOMAIN 
GENETIC DIAGNOSIS 

10 FOXC1  HET Yes: De novo 
Frameshift 

deletion 

c.718_719delC

T 

p.Leu240Valfs

*65 
0   

MIM: 602482; 

AXENFELD-RIEGER 

SYNDROME, TYPE 3; AD 

12 SMOC1   COM HET 

Yes. (Mother: 

p.Gln126His, 

Father: c.379- 

2A>T) 

heterozygous 

Missense  

splice site 

c.378G>C              

c.379-2A>T 

p.Gln126His             

p? 

0 
Thyroglobulin 

type-1 

MIM: 206920; 

MICROPHTHALMIA WITH 

LIMB ANOMALIES; AR 

http://exac.broadinstitute.org/
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25 ALDH1A3 COM HET 

Yes. (Mother: 

p.Asp292Tyr, 

Father: 

p.Ile465Phe) 

Missense 
c.553G>T       

c.1072A>T 

p.Asp292Tyr 

p.Ile465Phe 
0 

Aldehyde 

dehydrogenase 

domain 

MIM: 615113; 

MICROPHTHALMIA, 

ISOLATED 8; AR 

112 STRA6  
P COM 

HET 

Yes. (Mother: 

p.Arg655His) 

Missense * 

nonsense 

c.1964G>A            

c.1594 C>T 

p.Arg655His 

p.Arg532* 

T=0.00002                            

0 

Inhibin, beta C 

subunit 

MIM: 601186; 

MICROPHTHALMIA, 

SYNDROMIC 9; AR 

190 GDF3  HET 
Yes.(Father: 

p.Arg266Cys) 
Missense* c.796C>T  p.Arg266Cys A=0.0020 

Transforming 

growth factor-

beta, C-terminal 

MIM: 613702; KLIPPEL-

FEIL SYNDROME 3, 

AUTOSOMAL 

DOMINANT; AD 

208 GDF6  HET No Missense* c.746C>A  p.Ala249Glu T=0.0010 

Transforming 

growth factor-

beta, N-terminal 

MIM: 118100; KLIPPEL-

FEIL SYNDROME 1, 

AUTOSOMAL 

DOMINANT; AD 

260 PRSS56 HOM No Missense c.320G>A p.Gly107Glu A=0.0013 Peptidase S1 

MIM: 613517 

MICROPHTHALMIA, 

ISOLATED 6; AR 

294 PORCN HET Yes: De novo MIssense c.178G>A p.Gly60Arg 0  
MIM: 305600; Focal 

dermal hypoplasia; XLD 
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3.2.7 Cases with pathogenic findings on the Oculome 
 

Case 12 (SMOC1) 

The proband was a boy diagnosed with bilateral microphthalmia, unilateral optic disc 

coloboma and congenital corneal opacity along with 4/5 hand and 3/4 foot syndactyly with a 

missing digit. Both parents (non-consanguinous) and a younger brother were unaffected, 

suggesting a recessive mode of inheritance or a de-novo dominant mutation. Screening on 

the Oculome identified two heterozygous Class 4 variants in the gene SMOC1 (OMIM: 

608488). Recessive mutations in SMOC1 have previously been implicated in several cases of 

Ophthalmoacromelic syndrome (OMIM: #206920), also known as Waardenburg 

Anophthalmia Syndrome. It is characterized by bilateral or unilateral microphthalmia or 

anophthalmia and limb defects including syndactyly (Rainger et al., 2011, Okada et al., 2011).  

The two variants detected were a missense c. 378 G>C p.Gln126His and a splice site variant c. 

379-2 A>T. Both were novel, c378 G>C p.Q126H was predicted to be damaging by 4 out of 6 

in-silico analysis software and the amino acid (Gln126) is conserved in all vertebrates. As 

summarized in figure 3.3 B, c. 378 is the last base in exon 3 and c379-2 is at the canonical 

splice site between intron 3 and exon 4. Exons 3 and 4 code for one of the two thyroglobulin 

domains of SMOC1 (Vannahme et al., 2002). Segregation analysis showed that c378 G>C was 

inherited by the proband from his mother and c379-2 A>T was inherited from the father, 

proving compound heterozygosity, consistent with the previously reported recessive mode 

of inheritance for SMOC1 (Fig 3.3 A).  
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Case 25 (ALDH1A3) 

The proband was a boy diagnosed with bilateral anophthalmia without extraocular 

phenotypes. A younger brother was also diagnosed with bilateral anophthalmia and learning 

difficulties.  Both parents, an older sister and a third brother were unaffected, suggesting a 

recessive mode of inheritance. The parents were of Bengali ancestry and non-

consanguineous.  

Screening on the Oculome two heterozygous Class 4 variants (c.553G>T, p.Asp185Tyr and 

c.1072 A>T, p.Ile358Phe) in the gene ALDH1A3 (OMIM: 600463). Biallelic mutations in 

ALDH1A3 have previously been associated with isolated severe microphthalmia (OMIM: 

#615113) or anophthalmia (Fares-Taie et al., 2013). Cases with coloboma, dysplastic globe, 

retinal detachment and hypoplastic optic nerves or optic chiasm  and extraocular behavioural 

defects have also been reported (Williamson and FitzPatrick, 2014). Both variants were novel 

and not reported in the dbSNP database (www.ncbi.nlm.nih.gov/SNP/). c.553G>T 

p.Asp185Tyr was predicted to be damaging by 4 of 5 in-silico analysis softwares and c. 

1072A>T p.Ile358Phe was predicted to be damaging by 3. Both loci are conserved and are 

located in the Aldehyde Dehydrogenase domain of ALDH1A3. Segregation analysis showed 

that the proband and his affected sibling inherited c.553G>T p.Asp185Tyr from their mother 

and c.1072A>T p.Ile358Phe was inherited from their father, proving compound 

heterozygosity (Fig 3.3 B). DNA for the two unaffected siblings was not available.  

 

Case 112 (STRA6) 

The proband was a girl diagnosed with bilateral anophthalmia and no extra-ocular phenotype. 

The parents were non-consanguineous and they and one sibling were unaffected. The family 

history indicated either a recessive or a de-novo dominant mode of inheritance. 

Screening on the Oculome identified two heterozygous Class 4 variants (c1964G>A 

p.Arg655His and c.1594 C>T p.Arg532*) in STRA6 (OMIM: 610745). Biallelic mutations in 

STRA6 have previously been implicated in Microphthalmia, syndromic 9 (OMIM: 601186) and 

in isolated microphthalmia, anophthalmia and coloboma (Casey et al., 2011). The missense 

variant has been previously reported as pathogenic (Segel et al., 2009) while the nonsense 

http://www.ncbi.nlm.nih.gov/SNP/
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variant is novel.  Segregation analysis showed that p.Arg655His was inherited by the proband 

from the mother. The father’s DNA was unavailable for sequencing. Therefore the variant 

c.1594 C>T could be inherited from the father or have arisen de-novo (Fig 3.3 C). No 

pathogenic variants were identified in any other genes. 

Case 260 (PRSS56) 

The proband was a girl diagnosed with congested optic nerves, macular folds and high 

hypermetropia. Nanophthalmos, a reduced size of only the posterior segment of the eye was 

suspected. A younger brother was similarly affected, making an autosomal recessive mode of 

inheritance most likely. The parents were not affected and were consanguineous. Screening 

on the Oculome identified a homozygous Class 4 variant in PRSS56 (c.320G>A p.Gly107Glu). 

Biallelic mutations in PRSS56 have previously been associated with Microphthalmia, isolated 

6 (OMIM: 613517), also known as posterior nonsyndromic microphthalmia or nanophthalmos 

(Gal et al., 2011). It is characterised by shorter axial length of the posterior segment with a 

normal anterior segment and crowded optic discs. The variant had a very low minor allele 

frequency in the ExAC cohort (MAF= 0.0001513) and had previously not been observed in 

homozygous form. The proband also had a Class 3, heterozygous missense variant in the gene 

MFRP (c.404G>T p.Gly135Val). Biallelic variants in this gene have been associated with a form 

of nanophthalmos, (OMIM: 611040). The variant had a low minor allele frequency in the ExAC 

cohort (MAF= 0.00000824) However, the previously reported mode of inheritance for this 

gene is recessive and no second variant was identified in our patient. Segregation analysis 

was not possible as the DNA of the affected sibling was not available for study (Fig 3.3 D). 
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Figure 3.3 Segregation analysis of cases with recessively acting pathogenic variants. A 

(Case 12): DNA for all four individuals in the pedigree was available. The parents and 

unaffected sibling carried one variant in SMOC1 each. B (Case 25): DNA was available for the 

both affected siblings and the parents. The parents carried one variant in ALDH1A3 each 

while the two affected siblings carried both. DNA of the unaffected siblings was not 

available. C (Case 112): DNA for the proband and the mother was available. The proband 

carried two variants in STRA6, while the mother carried only one. DNA of the unaffected 

sibling and father was unavailable. D (Case 260): Segregation analysis was not done as the 

proband was homozygous for the variant in PRSS56, while the DNA of the siblings was not 

available for study. 
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Case 10 (FOXC1) 

The proband was a boy diagnosed with bilateral severe anterior segment developmental 

anomalies (corneal scarring, lens embedded in cornea) and unilateral microphthalmia. no 

light perception in either eye. No extraocular phenotypes were reported.  Both parents, and 

an older brother were unaffected.  The parents were of Egyptian ancestry and distant cousins. 

The structure of the pedigree suggests a recessive or de-novo dominant mode of inheritance. 

Screening on the Oculome identified two Class 4 variants; a heterozygous frameshift deletion, 

c.718_719delCT, p.Leu240ValfsTer65, and heterozygous missense variant c889C>T, 

p.Pro297Ser (previously reported for iridogoniodysgenesis) in the gene FOXC1 (FORKHEAD 

BOX C1, OMIM: 601090). Dominant mutations in FOXC1 account for a large number of cases 

with anterior segment developmental anomalies, especially Axenfeld Rieger syndrome 

(Nishimura et al., 2001). The missense variant was not classified as a Class V variant as it had 

been reported only once before (Fetterman et al., 2009) was predicted to be benign by 3 of 5 

in-silico analysis softwares, and its pathogenicity was doubtful. The frameshift deletion 

(c718_719delCT) was considered more likely to be pathogenic as it caused loss of protein 

function (FOXC1 protein consists of 553 amino acids, www.uniprot.org/uniprot/Q12948). This 

variant was followed-up by Sanger sequencing and segregation analysis which showed that it 

arose de-novo in the proband and was absent in both the parents (Fig 3.4 A). This is consistent 

with the previously reported dominant mode of inheritance for FOXC1 (Nishimura et al., 

2001).  

Case 190 (GDF3) 

The proband was a boy diagnosed with unilateral microphthalmos, bilateral pre-auricular 

tags, hemifacial microsomia, deafness, upper thoracic spine hemivertebrae, mild 

developmental delay. The parents were reported as unaffected and were non-consanguinous.  

Screening on the Oculome identified a heterozygous missense variant in the gene GDF3 

(c.796C>T p.Arg266Cys). GDF3 codes for a secreted growth factor that is part of the bone 

morphogenetic protein family and plays an important role in embryonic development. This 

variant had previously been reported as pathogenic in two families with Klippel-Feil syndrome 

3 (OMIM: 613702), and one with Microphthalmia with coloboma 6 (OMIM: 613703). The 

mode of inheritance previously reported was autosomal dominant with variable penetrance 

http://www.uniprot.org/uniprot/Q12948
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(Ye et al., 2010). Klippel-Feil syndrome involves ocular and/or skeletal anomalies. Segregation 

analysis by Sanger sequencing showed that the variant was inherited by the proband from his 

apparently unaffected father (Fig 3.4 C). As the variant was previously reported as having 

reduced penetrance, it was classified as Class 4 rather than 5. This is discussed further in 

section 3.3. 

Case 208 (GDF6) 

The proband was a boy diagnosed with unilateral microphthalmos and no systemic 

phenotype. He was of mixed White European and South-East Asian ancestry and his parents 

were reported as unaffected and not consanguineous.  

Screening on the Oculome identified a previously reported pathogenic variant in the gene 

GDF6. GDF6 codes for a secreted growth factor that is part of the bone morphogenetic protein 

family and plays an important role in embryonic development. This variant has previously 

been implicated in an individual with isolated microphthalmia (OMIM: 613094) and another 

individual with coloboma and skeletal defects (Klippel-Feil syndrome 1; OMIM: 118100) (Asai-

Coakwell et al., 2009, Asai-Coakwell et al., 2007). Segregation analysis was not possible as the 

parents were not available for study. However, DNA of one grandparent was available and 

this person was found to not carry the variant. 

Case 294 (PORCN) 

The proband was a girl diagnosed with possible Gorlin-Goltz syndrome, also known as Gorlin-

Goltz syndrome. Both parents were reported as not affected and were non-consanguinous.  

Screening on the Oculome identified a heterozygous, previously reported pathogenic variant 

in the gene PORCN. PORCN codes for a membrane protein, required for the secretion of Wnt 

signaling proteins. The Wnt pathway is an important signaling pathway in eye development. 

The variant was a heterozygous missense change (c.178G>A p.Gly60Arg) and had previously 

been implicated in two individuals with Focal Dermal Hypoplasia (OMIM: 305600), a 

multisystem disorder that can include microphthalmia, anophthalmia or coloboma along with 

characteristic linear skin hyperpigmentation and cutaneous deposition of fat as well as other 

systemic defects (Wang et al., 2007). Segregation analysis in the parents showed that the 

variant arose de-novo  
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Figure 3.4 Segregation analysis of cases with dominantly acting variants. A (Case 10): 

Sanger sequencing in the proband and parents showed that the deletion in FOXC1 arose de 

novo. B (Case 208): Segregation analysis was done as DNA of the parents was not available 

for study. C (Case 190): The variant in GDF3 was inherited by the proband from his 

apparently unaffected father. D (Case 294): The variant in PORCN arose de novo in the 

proband.  
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3.2.8 Variants of uncertain significance identified in the MAC cohort 

 

Class III variants, i.e. variants of uncertain significance were identified in 25 cases. These 

variants were novel or rare (ExAC MAF <=1%), in genes that had previously been associated 

with an eye phenotype similar to that of the patient. The majority of variants were missense 

variants and four in silico programs, SIFT (http://sift.bii.a-star.edu.sg), Polyphen 

(http://genetics.bwh.harvard.edu/pph2), Mutation Taster (http://www.mutationtaster.org) 

and FATHMM (http://fathmm.biocompute.org.uk), were used to predict their effect on 

protein function. In the majority of Class 3 variants at least one in silico prediction program 

predicted a benign effect. In addition, the constraint metric of the gene was obtained from 

the ExAC database. Constraint metrics are derived by comparing the number of variants 

observed in the ExAC database in a given gene with the number expected under a selection 

neutral model (Lek et al., 2016). All class 3 variants, with predictions of damaging effect and 

the constraint metric of the gene are summarized in table 3.4. The variants fell into one of the 

following four groups 

1. A novel or novel variant heterozygous missense variant in a dominant gene for a 

phenotype that matched the patient, but one or more of the four in-silico programs 

used predicted that it was benign or tolerated. There were 14 such variants (5 x 

ABCB6, 4 x RAX, 1 x PAX6, 1 x BCOR, 1 x FZD5, 1 x SHH, 1 x NHS). 

2. A single heterozygous variant that appears damaging in a recessive gene that 

matches the patient’s phenotype and no additional variant in the same gene. There 

were 5 such variants (1x MFRP, 1 x DHX3, 1 x FNBP, 1 x FRAS1, 1 x RAB3GAP2). In 

addition there was one individual with a variant in GDF6 (p.Ala199Thr) that had been 

reported as pathogenic digenically with a variant in GDF3 (Ye et al., 2010), but no 

variant in GDF3 was detected.  

3. One or more variants in a gene previously associated with a syndrome in a patient 

who shows only some of the features of the syndrome. There were 5 such variants (4 

x CHD7, 1 x SEMA3E), all detected in individuals with microphthalmia or coloboma 

but no other symptoms of CHARGE syndrome.  
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4. There was only one previous report of the gene in a phenotype that matched the 

patient and the gene was not rated as a disease gene on the Genomics PanelApp. 

There were three such variants in the gene TMX3.  

5. One individual, case 107, had six rare variants in four MAC disease genes. These were 

classified as class three pending further segregation analysis. 

 

Class 3 variants in the gene ABCB6 appeared most frequently in this cohort (5 families: Case 

4, 19, 35, 50, 51). ABCB6 is an ATP-binding cassette (ABC) transporter and dominant missense 

variants in this gene have previously been implicated in non-syndromic 

coloboma/microphthalmia (Wang et al., 2012). Case 19 and Case 51 had the same variant 

(p.Arg276Trp). These variants were followed up using Sanger sequencing wherever DNA 

samples were available. Of the three variants followed up, two failed to segregate and one 

was inconclusive as the father of the proband was not available for study.  

Four Class 3 variants were observed in the gene RAX. The majority of pathogenic variants in 

RAX have been biallelic and caused isolated microphthalmia or anophthalmia (OMIM: 

601881). However, one heterozygous dominant missense variant Arg66Thr has been reported 

as pathogenic in an individual with isolated coloboma (London et al., 2009). This variant was 

identified in case 210, who had microphthalmia with a cyst and syndromic features, but 

segregation analysis showed that the variant was present in the unaffected father as well. 

Another variant in RAX, Thr145Lys was identified in a proband with non-syndromic coloboma 

and microphthalmia. It was novel, predicted damaging by all four programs and present in his 

similarly affected mother but it was also present in his unaffected sister. This variant may be 

disease causing with incomplete penetrance but that cannot be proven with the evidence 

currently available.  

Case 107 had multiple class 3 variants: 2 missense variants in STRA6, two missense variants 

in CHD7, one missense variant in BCOR and one missense variant in SEMA3E.  Both parents 

were reported as unaffected. The father’s DNA was available for analysis and was sequenced 

on the Oculome to help resolve these and rule out some of the variants. Both variants in 

STRA6 and the variant in BCOR were present in the father and therefore are unlikely to be 

disease causing. Variants in STRA6 are reported to have an autosomal recessive mode of 
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inheritance (OMIM: 610745) and variants in BCOR are reported to have an X-linked dominant 

mode of inheritance (OMIM: 300166). The remaining variants were absent in the father, but 

as the mother’s DNA was not available, they could not be proved to be de-novo.  
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Table 3.4 Class 3 variants identified in the MAC cohort. Segregation analysis was done either by Sanger sequencing of individual variants or 

exome/genome sequencing or by screening relatives on the Oculome panel.  The first column indicates the case number and phenotype in brief). 

Orange boxes indicate variants that did not segregate with the phenotype. Bright yellow boxes indicate cases identified with single heterozygous 

variants in relevant recessive genes, but lacking second variants. The final column lists the ExAC constraint metric for the gene 

(http://exac.broadinstitute.org/); z-scores indicate tolerance to missenses, with higher values meaning decreased tolerance and pLI indicates 

tolerance to loss of function mutation (pLI >= 0.9 genes are very tolerant to loss of function). *Case 11: Variant previously reported pathogenic 

along with a variant in GDF3. In case 11 there was no variant in GDF3 and variant in GDF6 did not segregate. C: coloboma, M: microphthalmia, 

ASDA: anterior segment developmental anomalies, GLAU: childhood glaucoma, CD: Corneal Dystrophy N-S: reported as non-syndromic, ND: not 

done, NA: not available, T: Tolerated, D: Deleterious, ProD: Probably Damaging, PosD: Possibly Damaging, Ben: Benign, DC: Disease Causing, Pol: 

Polymorphism, Dam: Damaging, Tol: Tolerated, Unk: Unknown.  

Sample 

No. 
GENE GENOTYPE 

MUTATION 

TYPE 
cDNA PROTEIN 

MAF 

ExAc  

PROTEIN 

DOMAIN 

In-silico 

prediction of 

damaging 

effect 

Mode of 

inheritance 

Segregation 

analysis* 

ExAC 

constra

int 

metric 

for 

gene 

27  

M, N-S 
CHD7 HET Missense c.3398C>T p.Thr1133Met 0.0000 

SNF2-

related 

S: D, P: ProbD, 

MT: DC, F:D 
AD ND Z=1.92 

35  

M, C, N-S 
ABCB6 HET Missense c.575G>A p.Arg192Gln 0.0034 None 

S: D, P: Ben, 

MT: DC, F:D 
AD ND z = 0.51 

4  

C, N-S 
ABCB6 HET Missense c.1006C>T p.Arg336Trp 0 

ABC 

transporte

r, 

S: T, P: PosD, 

MT: DC, F:D 
AD Variant 

present in 
z = 0.51 
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transmem

brane 

type-1 

unaffected 

mother 

19  

C, N-S 
ABCB6 HET Missense c.826C>T p.Arg276Trp 0.0079 

ABC 

transporte

r, 

transmem

brane 

domain 

S: D, P: ProbD, 

MT: DC, F:D 
AD See case 51 z = 0.51 

50  

C, M, N-S 
ABCB6 HET Missense c.1562C>G p.Thr521Ser 0.0039 

ABC 

transporte

r, 

transmem

brane 

domain 

S: T, P: Ben, 

MT: Pol, F:D 
AD 

Variant 

absent in 

unaffected 

mother and 

sister but 

father 

unavailable 

z = 0.51 

51  

M, C, N-S, 

mother 

affected 

 

ABCB6 HET Missense c.826C>T p.Arg276Trp 0.0079 

ABC 

transporte

r, 

transmem

brane 

domain 

S: D, P: ProbD, 

MT: DC, F:D 
AD 

Variant 

absent in 

affected 

mother 

z = 0.51 

11* 

M, ASDA, 

taileps 

GDF6 HET Missense c.595G>A p.Ala199Thr 0.0000 

Transformi

ng growth 

factor-

beta, N-

terminal 

S: T, P: Ben, 

MT: DC, F:T 

Digenic 

Dominant 

with GDF3 

Variant 

present in 

unaffected 

mother 

Z=3.46 
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98 

C,M, N-S 
PAX6 HET Missense c.421G>A p.Gly141Ser 0.0000 None 

S: T, P: Ben, 

MT: DC, F:T 
AD 

Variant 

present in 

unaffected 

father 

Z=3.64 

198 

C, M, facial 

asymmetry 

RAX HET Missense c.56G>A p.Gly16Asp 0.0000 None 
S: D, P: PosD , 

MT: DC, F: D 
AD/AR ND 2.67 

210 

M with 

cyst, 

multiple 

syndromic 

features 

RAX HET Missense c.197G>C p.Arg66Thr 0.0007 None 
S: D, P: Ben, 

MT: DC, F:D 
AD/AR 

Variant 

present in 

unaffected 

mother 

2.67 

20 

M, C, 

syndromic 

TMX3 HET Missense c.259T>G p.Tyr87Asp 0.0000 
Thioredoxi

n domain 

S: D, P: PosD, 

MT: DC, F:D 
AD 

Variant 

present in 

unaffected 

father 

0.57 

73 

C, 

developme

ntal delay 

BCOR HET Missense c.2320A>G p.Lys774Glu 0.0000 None 
S: D, P: PosD, 

MT: DC, F:T 
XLD ND z = 1.06 

161 

M, N-S 
RBP4 HET Missense c.193G>T p.Val65Leu 0.0000 

Lipocalin/c

ytosolic 

fatty-acid 

binding 

protein 

domain 

S: T, P: Ben, 

MT: DC, F:T 
AD/AR ND Z=1.75 
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174 

M, 

Cataract, 

PHPV 

MFRP HET Missense c.1345G>A p.Gly449Ser 0.0004 

Low-

density 

lipoprotein 

(LDL) 

receptor 

class A 

repeat 

S: T, P: Ben, 

MT: Pol, F:D 
AR 

ND (Single 

hit in 

recessive 

gene) 

z = -

3.42 

192 FZD5 HET Missense c.1621C>T p.Pro541Ser 0.0000 None 
S: T, P: Ben, 

MT: Pol, F:T 
AD ND Z=5.01 

195 

M, N-S 
DHX38 HET Missense c.55G>A p.Asp19Asn 0.0009 None 

S: D, P: Ben, 

MT: Pol, F:T 
AR 

ND (Single 

hit in 

recessive 

gene) 

Z=2.80 

200 

M, 

Choroidal 

osteoma, 

syndromic 

features 

FNBP4 HET Missense c.2348C>G p.Ser783Cys 0.0083 None 
S: T, P: PosD, 

MT: Pol, F:T 
AR 

ND (Single 

hit in 

recessive 

gene) 

Z=1.10 

86 

A, N-S 

FRAS1 HET Nonsense c.10948C>T p.Gln3650* 0.0000 None NA AR 

ND (Single 

hit in 

recessive 

gene) 

pLI = 

0.00 

RAX HET Missense c.197G>C p.Arg66Thr 0.0007 None 
S: D, P: PosD, 

MT: DC, F:T 
AD/AR ND 2.67 

97 

C, M 
SEMA3E HET Missense c.1028T>C p.Val343Ala 0.0000 

Semaphori

n/CD100 

antigen 

S: D, P: PosD, 

MT: DC, F:T 
AD 

Present in 

unaffected 

father 

Z=0.03 
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107 

M N-S 

STRA6 

HET Missense c.367G>C p.Ala123Pro 0.0023 None 
S: T, P: Ben, 

MT: Pol, F:T 
AR 

Present in 

unaffected 

father 

Z=-0.68 

HET Missense c.173C>T p.Ser58Leu 0.0022 None 
S: T, P: Ben, 

MT: Pol, F:T 
Z=-0.68 

CHD7 

HET Missense c.3697G>A p.Gly1233Ser 0.0007 
SNF2-

related 

S: D, P: PosD, 

MT: DC, F:T 

AD 

Absent in 

unaffected 

father, 

mother 

unavailable 

Z=1.92 

HET Missense c.5389G>A p.Gly1797Arg 0.0000 None 

S: D, P: ProbD, 

MT: DC, 

F:Dam 

Z=1.92 

BCOR HET Missense c.223A>T p.Thr75Ser 0.0001 None 
S: D, P: Ben, 

MT: Pol, F:T 
XLD 

Hemizygous 

in 

unaffected 

father 

z = 1.06 

SEMA3E HET Missense c.1933C>T p.His645Tyr 0.0000 
Immunogl

obulin 

S: T, P: Unk, 

MT: Unk, F: 

Unk 

AD 

Absent in 

unaffected 

father, 

mother 

unavailable 

Z=0.03 

113 

M, 

Cataract, 

PHPV 

RAB3GAP2 HET Missense c.3039T>G p.His1013Gln 0.0000 None 
S: T, P: ProD, 

MT: Pol, F:T 
AR 

ND (Single 

hit in 

recessive 

gene) 

Z=-0.27 

SHH HET Missense c.183G>T p.Arg61Ser 0.0003 

Hedgehog, 

N-terminal 

signaling 

domain 

S: T, P: PosD, 

MT: DC, F:D 
AD ND Z=4.42 
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NHS HET Missense c.1982C>T p.Ser661Leu 0.0000 None 

S: D, P: Unk, 

MT: Unk, F: 

Unk 

XLD ND Z=1.67 

189 

C, N-S 

CHD7 HET Missense c.1565G>T p.Gly522Val 0.0023 None 
S: D, P: Ben, 

MT: DC, F:D 
AD 

Absent in 

affected 

mother 

Z=1.92 

TMX3 HET Missense c.19T>C p.Trp7Arg 0.0047 None 
S: T, P: Ben, 

MT: Pol, F:T 
AD 

Absent in 

affected 

mother 

Z=0.57 

252 

C, M, N-S 

RAX HET Missense c.434C>A p.Thr145Lys 0.0000 None 
S: D, P: ProD, 

MT: DC, F:D 
AR/AD 

Present in 

affected 

mother and 

unaffected 

sister 

Z=2.67 

TMX3 HET Missense c.380A>G p.His127Arg 0.0000 None 
S: T, P: Ben, 

MT: DC, F:D 
AD 

Present in 

affected 

mother and 

unaffected 

sister 

Z=0.57 
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3.2.9 Screening of Cohorts with Retinal Dystrophy, Congenital Cataract and Anterior 

Segment Dysgenesis on the Oculome Panel 
 

In addition to MAC cases, patients with a range of other congenital eye diseases were 

screened on the Oculome. These were divided into 4 phenotypic subgroups:  Anterior 

Segment Developmental Anomalies (including congenital glaucoma, ASDA) Retinal 

Dystrophies (RET), Congenital Cataract (CAT) and Syndromic (complex eye phenotypes that 

could not be classified into one of the other groups, SYN). The criteria used to assign 

pathogenicity were consistent across the all phenotypic groups. Similar to the MAC cohort, 

cases with class 4/5 variants were considered to have a definitive genetic diagnosis. In all 

three groups, diagnostic yields were higher than in the MAC cohort, Anterior Segment 

Dysgeneses: 24.8% (28 of 113 cases solved), Retinal Dystrophies: 42.8% (21 of 49 cases 

solved), Cataract: 88.9% (8 of 9 cases solved), and Syndromic: 37.5% (2 of 8 cases solved). The 

diagnostic yield for retinal dystrophies and congenital cataracts were comparable to those 

reported in published studies using phenotype specific gene panels (Carrigan et al., 2016, 

Ellingford et al., 2016, Gillespie et al., 2014, Gillespie et al., 2016) 

The two syndromic cases solved were homozygous for the same nonsense variant (Trp19*) in 

the gene SRD5A3, known to cause a congenital disorder of glycosylation. Biallelic loss of 

function mutations in SRD5A3 have been reported in multiple cases of congenital disorders 

of glycosylation (including a range of eye phenotypes) and Kahrizi syndrome (which includes 

coloboma) (Morava et al., 2010, Kahrizi et al., 2011). However, neither of the probands with 

the SRD5A3 mutation in this cohort had coloboma.  

The results of screening all of these patients (277 in total) on the Oculome gene panel are 

described in detail in the manuscript, Patel, A et al. “The Oculome panel test: next-generation 

sequencing to diagnose a diverse range of genetic developmental eye disorders”, under 

review for publication with Ophthalmology. 
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Figure 3.5: Comparison of diagnostic yields and causative genes in different types of 

congenital eye diseases.   
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3.2.10 Detection of Copy Number Variants on the Oculome Panel 
 

The analysis described so far has focused on identifying single nucleotide variants or small 

indels (insertions and deletions). Aligned next generation sequencing reads can also be used 

to detect signatures of copy number variants.  All unsolved cases, including those with class 

III variants, were analyzed for copy number variants. The analysis pipeline used was based on 

the algorithm Exome Depth (Plagnol et al., 2012).  The majority of the CNV calls overlapped 

with known common CNVs from the Conrad database (Conrad et al., 2010) . These were 

filtered out of the analysis. Also, the majority of patients had a CNV call within the Long and 

Medium wave Opsin genes on the X-chromosome. 

While we did not detect any variants fulfilling all the criteria for pathogenicity recommended 

by the ACMG, we did detect CNVs with an uncertain clinical significance in 2 cases with MAC 

phenotypes (Fig 3 E,F,G). Case 253, a male, with retinal coloboma, cleft lip and palate, hearing 

loss and growth hormone deficiency had a hemizygous duplication on chromosome X 

involving the gene NDP. Case 110, with unilateral microphthalmos and strabismus had a large 

heterozygous deletion on Chromosome 10 involving the genes ERCC6 and RBP3 which are 

part of our capture panel. As our method does not map exact break point of the indels, this 

indel is likely to involve other genes, not part of our capture panel, located between these 

two genes. In addition,  two whole gene deletions and one whole gene duplication of the gene 

FOXC1 were identified in individuals with ASDA and a deletion of one exon in OCA2 was 

identified in an individual with albinism in the wider Oculome cohort. 
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Figure 3.6: Copy number variants of uncertain significance in individuals with MAC 
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3.3 Discussion 
 

3.3.1 Characterization of the MAC cohort 
 

37.5% of the patients in our MAC cohort were reported to have coloboma. Previous studies 

have reported a much higher percentage. Two studies, based in the UK reported that about 

70% of individuals diagnosed with MAC had an optic fissure closure defect (Morrison et al., 

2002, Shah et al., 2011). However, unlike these studies, we did not actively survey for patients 

with MAC. Our cohort comprised children presenting at GOSH/MEH who consented for DNA 

analysis. Smaller isolated colobomatous defects may be asymptomatic and these patients 

may not have been referred to GOSH/MEH and therefore, not recruited. This is consistent 

with the fact that in a previous study (Shah et al., 2011), 62% of patients with coloboma had 

no other eye defect compared with only 22% in our cohort. This study also reports that 

isolated coloboma is diagnosed significantly later in life than more complex phenotypes.  

The eye phenotype most commonly associated with coloboma in our cohort was 

microphthalmia. This is consistent with the idea that precise growth and patterning of the 

optic cup is essential for alignment of the optic fissure margins and successful closure. There 

is a high prevalence of unilateral coloboma cases in our cohort, consistent with previous 

reports (Morrison et al., 2002). Four of these unilateral coloboma cases had a clear positive 

family history. The mutations responsible for these unilateral defects may not be completely 

“penetrant”, in the sense that they do not have the same effect on both eyes even within the 

same individual or that a genetic mutation is not the sole cause. There were relatively few 

cases with iris coloboma only in the cohort. More individuals had defects affecting posterior 

segment (retina, choroid or optic nerve) or both the anterior and posterior segments. The 

existence of both anterior-only and posterior-only defects may indicate different 

mechanisms/timing of closure in the regions of the eye as well as different rates of growth of 

the optic cup in the two segments.  

 

3.3.2 Screening of 98 MAC Cases: Overview  
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The screening of 96 MAC cases was able to identify convincing pathogenic variants in only 8 

cases, giving an overall solve rate of 7.8%.  Only one of the 7 cases solved was a coloboma 

case. As the cohort included 33 coloboma cases, this gives a solve rate of 3% for coloboma. A 

previous study in Spain surveyed infants with eye malformations and reported that a genetic 

cause was known in 39% of individuals with anophthalmia/microphthalmia and 45% of 

individuals with coloboma (Bermejo and Martinez-Frias, 1998). This is much higher than the 

solve rate from this study. However, the vast majority of individuals in their study were 

syndromic cases while the majority of cases in this thesis were cases of isolated coloboma or 

microphthalmia. The individual cases with pathogenic variants identified, and the genes 

involved, are described in detail in section 3.3.4. Cases with bilateral anophthalmia are 

reported to have a very high solve rate (75%, including copy number variations), with SOX2 

being the major causative gene followed by OTX2 and STRA6 (Gerth-Kahlert et al., 2013). 

Consistent with this, of the four individuals in the MAC cohort with bilateral anophthalmia, 

two were solved (pathogenic variants in ALDH1A3 and STRA6). 

These results indicate that MAC cases are not only genetically heterogenous but that the 

greatest scope for identifying novel causes is in the isolated coloboma and microphthalmia 

group. Evidence of heritability from previous studies and the presence of individuals with a 

positive family history within my own unsolved cohort indicates that these are likely to be 

genetic causes. This point is discussed in detail in section 3.3.6. 

 

3.3.3 A stringent variant classification system may not detect pathogenic variants with 

reduced penetrance 
 

In this thesis a large range of genes were screened, including genes associated with MAC in 

only one human family. However, stringent criteria were used for assigning pathogenicity to 

variants, based on the ACMG guidelines (Richards et al., 2015) for clinical interpretation of 

variants in rare disease. This is the method currently used for genetic diagnosis at the North-

East Thames Regional Molecular Genetics Laboratory at Great Ormond Street Hospital. Only 

Class 4 or 5 variants are currently reported to the patients and families. In all cases phenotypic 

data was essential for interpreting the genetic variants identified. For a variant to be classified 

as pathogenic, there had to be evidence of it having an effect on protein function and of 
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variants in the gene being previously associated with a phenotype similar to that of the 

patient. 

This stringent method of variant classification for Mendelian disorders is now being 

increasingly used in the era of whole exome/genome sequencing. While this approach 

reduces false positive findings, it may also fail to detect variants with reduced penetrance. 

The identification of such variants would need different approaches. Regularly revisiting and 

re-classifying variants based on increasing evidence accumulated in the literature has been 

proved useful in resolving variants of uncertain significance (Abouelhoda et al., 2016).  

 

3.3.4 Cases solved by screening on the Oculome 
 

SMOC1 - Optic fissure closure 

 A compound heterozygous variant was identified in a patient with microphthalmia and 

coloboma. Recessive mutations in SMOC1 have previously been implicated in several cases of 

Ophthalmoacromelic syndrome (OMIM: #206920), also known as Waardenburg 

Anophthalmia Syndrome, which consists of anophthalmia (occasionally severe 

microphthalmia) and limb anomalies (Abouzeid et al., 2011, Okada et al., 2011, Rainger et al., 

2011). However, only one of these reported cases had coloboma (with anophthalmia in the 

contralateral eye). Ours appears to be only the second case with coloboma reported to have 

SMOC1 mutations. In two different studies, mice with null mutations in Smoc1 were reported 

to have microphthalmia but only one reported coloboma (Okada et al., 2011, Rainger et al., 

2011). The mice also had limb anomalies. Zebrafish treated with a morpholino against smoc1 

developed microphthalmia with delayed, but eventually completed, optic fissure closure 

(Abouzeid et al., 2011).  Studies in mice and zebrafish have shown that Smoc1/smoc1 is 

expressed at the margins of the closing optic fissure (Abouzeid et al., 2011, Okada et al., 2011). 

However, the severity of the reported human ocular phenotypes indicates that it may have 

an earlier or wider role in the growth of the eye. It may be involved specifically in fissure 

closure, or in the growth of the eye as a whole. It is also possible that in the absence of SMOC1, 

fissure closure is delayed and this prevents the later growth of the eye. It is a secreted 

basement membrane protein (Vannahme et al., 2002), and has been reported to be a BMP 

antagonist (Thomas et al., 2009). However, one study using cultured cells has reported that it 



141 
 

is involved in the adhesion of epithelial cells (Klemencic et al., 2013), which would be relevant 

to optic fissure closure. 

ALDH1A3 and STRA6 – Retinoic Acid pathway 

Compound heterozygous missense mutations in ALDH1A3 were identified in a male with 

bilateral anophthalmia, and subsequently in his brother also affected with microphthalmia 

and learning difficulties. Homozygous missense, splice site and nonsense mutations have 

been reported in multiple cases of severe microphthalmia or anophthalmia (Fares-Taie et al., 

2013, Yahyavi et al., 2013). Retinoic acid gradients are important for early axial patterning of 

the optic vesicle and optic cup (Fuhrmann, 2010).  Studies in mouse models show that retinoic 

acid produced by ALDH1A3 in the ventral optic cup is essential for regulating the survival and 

function of the periocular mesenchyme which in turn, is required for correct morphogenesis 

of the ventral optic cup.  (Molotkov et al., 2006, Matt et al., 2005). Maternal levels of retinoic 

acid may also play a role in the severity of the phenotype. 

Two variants in another retinoic acid related gene STRA6 (p.Arg655His and p Arg532*) were 

identified in a female proband with bilateral anophthalmia. Although we could not prove 

compound heterozygosity as the father was unavailable for study, the mother carried only 

the p.Arg655His variant. This variant in homozygous form or compound heterozygous with 

another missense variant has been implicated in at least two cases with a syndromic form of 

anophthalmia (Segel et al., 2009, Pasutto et al., 2007). STRA6 codes for a transmembrane 

receptor for the retinol binding protein (RBP) complex and is necessary for the uptake of 

retinol, a precursor of retinoic acid, by tissues from the blood stream (Kawaguchi et al., 2007). 

The severity of the phenotype caused by mutations that disrupt the synthesis of retinoic acid 

emphasizes the importance of retinoic acid signaling in eye development. 

PORCN – Wnt signaling pathway 

A missense variant in the gene PORCN was identified in a proband with suspected Gorlin-Goltz 

syndrome also known as Focal Dermal Hypoplasia. This gene is located on the X chromosome 

and dominant mutations have been reported to cause focal dermal Hypoplasia (Wang et al., 

2007, Grzeschik et al., 2007), which can include microphthalmia, anophthalmia or coloboma 

among other features. PORCN is essential for the secretion of Wnt proteins and mutations in 

PORCN cause eye defects as a results of loss of Wnt signalling (Bankhead et al., 2015).  
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The variant p.G60R has previously been reported in at least six females with focal dermal 

hypoplasia .(Wang et al., 2007, Fernandes et al., 2010, Bostwick et al., 2016) In one of them, 

it was inherited from the mother who had low level mosaicism for the variant (Wang et al., 

2007). In the current case, segregation analysis by Sanger sequencing showed that the variant 

had arisen de-novo in the proband, indicating that this position may be a mutation hot-spot.  

 

GDF3 and GDF6 – incomplete penetrance 

A missense variant in the gene GDF3 (p. Arg266Cys), was identified in a proband with 

unilateral microphthalmia and skeletal defects (hemifacial microsomia and upper thoracic 

hemivertebrae). In addition, he had bilateral pro-auricular skin tags, developmental delay and 

deafness. GDF3 is a secreted protein of the bone morphogenetic factor family. The p. 

Arg266Cys had previously been reported as pathogenic, in heterozygous form, in individuals 

with very similar ocular and skeletal phenotypes (Klippel-Feil syndrome) in three families. In 

addition, some of the affected individuals in one of these families had only the skeletal defects 

without any eye defects, indicating the incomplete penetrance of the trait (Ye et al., 2010). 

This is consistent with the fact that our proband has only unilateral microphthalmia and one 

completely normal eye. The same study included functional analysis that showed that this 

variant resulted in a decrease in the amount of mature GDF3 secreted.  

Our proband had inherited the variant from his unaffected father. This is not surprising, given 

that it has already been shown to be partially penetrant. However, the possibility remains 

open that the father has a mild, sub clinical eye or skeletal defect. Another recent study has 

reported the same variant in a girl with unilateral microphthalmia and skeletal defects and in 

her apparently unaffected mother (Bardakjian et al., 2017). 

A missense variant in the related gene GDF6 (c. 746C>A p. Ala249Glu) was identified in an 

individual with unilateral microphthalmos and no reported systemic defect. This variant had 

previously been reported as pathogenic in three individuals with either eye defects 

(microphthalmia / coloboma) or skeletal defects or both (Asai-Coakwell et al., 2009). At least 

one of these individuals had inherited it from an unaffected parent. It was also found in one 

individual with bilateral anophthalmia (Slavotinek et al., 2014). In the case of our proband, 

the parents were unavailable for study. The increasing identification of such partially 
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penetrant variants raises the question of whether there are any modifying factors such as 

polymorphisms or mutations in regulatory regions that influence the penetrance of the 

phenotype. These could be in the same genes or in other genes that can play a compensatory 

role.  

PRSS53 a gene affecting the posterior segment  

A homozygous, missense likely pathogenic variant in PRSS56 was identified in a proband with 

suspected nanophthalmos. The same individual also had a missense variant in the gene MFRP. 

Biallelic variants in both these genes have been implicated in nanophthalmos (Gal et al., 2011, 

Sundin et al., 2005), that closely match the phenotype of the patient. However, only the 

variant in PRSS56 was homozygous. The variant in MFRP was heterozygous and there was no 

second variant. It is not clear what role, if any the variant in MFRP plays in causing the 

phenotype of our patient. Interestingly, there is evidence of interaction between MFRP and 

PRSS56 in mouse models (Soundararajan et al., 2014) 

FOXC1- a gene affecting the anterior segment 

A de-novo frameshift deletion c.718_719delCT, p.Leu240ValfsTer65, causing loss of about 

50% of the protein was identified in a patient with severe anterior segment developmental 

anomalies and microphthalmia. FOXC1 is expressed in the periocular mesenchyme and 

mutations in it account for a large proportion of cases with anterior segment defects 

(Nishimura et al., 2001, Reis et al., 2012, Silla et al., 2014). The proband also had a missense 

variant p.Pro297Ser reported in two cases with anterior segment anomalies. It was reported 

to slightly decrease the transactivation ability of the protein but not its synthesis, localization 

to the nucleus or DNA binding ability (Fetterman et al., 2009). This variant was not followed 

up during segregation analysis. However, if it is located on the same allele as the frameshift 

it is not likely to have an effect as it is downstream of the frameshift. However, if it is located 

on the other allele it may contribute to the severity of the phenotype. 

 

3.3.5 Analyses for copy number variation 
 

The approach so far has used NGS data ‘qualitatively’ to detect single nucleotide variants and 

small indels but the same data can be used ‘quantitatively’ to detect copy number variants. 
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Copy number variants have been identified as contributors to inherited retinal dystrophies 

(Eisenberger et al., 2013). Using NGS, they identified four pathogenic alleles in a cohort of 38 

individuals with Retinitis Pigmentosa or Leber Congenital Amaurosis. The read depth and 

coverage of these is higher than that obtained in the first design of the Oculome capture 

(Oculome v1, run of 88 samples), but is comparable to that obtained in the second version of 

the Oculome capture (Oculome v2, run of 64 samples). A subsequent study using SNP 

genotyping and Array CGH identified pathogenic CNVs in 4 of 28 individuals with retinal 

dystrophies in whom no causative mutations could be identified using whole exome 

sequencing (Bujakowska et al., 2017). 

We used an analysis pipeline developed by the genetic diagnostic laboratory at Great Ormond 

Street Hospital. This pipeline is based on the algorithm ExomeDepth (Plagnol et al., 2012). 

This algorithm uses a read depth based approach that compares the number of reads 

mapping to an exon in each individual to an expected number under a statistical model based 

on an aggregate of other individuals from the same sequencing run. It detects exons which 

have unexpectedly high or low numbers of reads indicating a duplication or deletion 

respectively. As this approach does not depend on sequencing actual breakpoints of 

structural variants, it is particularly suitable to targeted gene panels like ours. However, this 

approach does not detect the orientation of a duplication and it cannot detect inversions. 

 

3.3.6 The cohort does not include any variants in major disease genes  
 

None of the patients had variants in known major disease genes such as PAX2, SOX2 and CHD7. One 

explanation for this may be the cohort studied is not completely representative of all cases with MAC 

eye malformations in the population. It consisted of children presenting at GOSH with congenital eye 

defects and no genetics cause identified at the time. Current clinical practice is to screen for mutations 

in single genes based on a clinical diagnosis. It is likely that children with clear phenotypes would 

already have been tested for major genes; CHD7 for CHARGE syndrome, PAX2 for dominantly inherited 

renal-coloboma syndrome, SOX2 for anophthalmia, etc. Those with positive results would not have 

been recruited to our cohort, while those with negative results would have been recruited. Therefore, 

the real number of individuals who can be explained by coding mutations in known genes may be 

slightly higher than that reported in our cohort. However, a large number of individuals with MAC still 

remain unexplained. 
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3.3.7 Several variants of uncertain significance failed to segregate with the phenotype 
 

Variants of uncertain significance were identified in 25.5% of the MAC cohort (25 of 98 

cases). Where possible these were followed up by segregation analysis in affected or 

unaffected relatives. A total of 17 variants were followed up. 13 failed to segregate with the 

phenotype i.e. they were present in an unaffected relative or absent in an affected relative. 

Some of those present in an unaffected relative may be explained by reduced penetrance. 

However, in the cases where a variant was absent from an affected relative, it could not be 

explained by reduced penetrance. i.e. while these variants may modify the phenotype, the 

main cause of the phenotype remained unidentified.  

Five individuals had variants of uncertain significance in two or more genes. This raises the 

possibility of digenic and oligogenic modes of inheritance. Cases of MAC with digenic 

inheritance have been reported before (Asai-Coakwell et al., 2007, Asai-Coakwell et al., 

2009, Ye et al., 2010). However, in the current study extensive segregation analysis was not 

possible and therefore digenic inheritance could not be proved. A recent study has 

investigated a digenic mode of inheritance for ciliopathies, which, like MAC, are genetically 

heterogeneous. They found that the incidence of rare and predicted damaging single hits in 

two or more recessive disease genes in individuals with ciliopathies was no higher than that 

in unaffected individuals, i.e. they found no evidence pointing towards digenic inheritance 

using this method (Phelps et al., 2018).  

 

3.3.8 Further investigation of unsolved cases 
 

The MAC phenotypic subgroup had a low solve rate. This was especially true for the unilateral 

cases. Of the 7 cases with pathogenic variants identified, 5 had a bilateral ocular phenotype 

and 2 had a unilateral phenotype. Considering the total number of cases analysed, this would 

give a solve rate of 13% for bilateral cases and 3.8% for unilateral cases. Similarly the solve 

rate for coloboma alone was 3%. 
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Restricting our analysis to coding variants leaves out the possibility of detecting non-coding 

or regulatory variants that could cause a phenotype. Variants in the 5’UTR could affect gene 

expression levels and variants in introns could introduce new splice sites. However, there is 

no established or reliable method for conclusively predicting the functional effect of novel 

intronic or 5’UTR variants in silico, which would be essential in a study on this scale or in a 

clinical setting. Also, the vast majority of cases in our cohort had a single affected individual 

and we did not have any families with DNA samples for three or more generations making 

extended segregation analysis to prove pathogenicity difficult. 

 The low solve rates indicate that there is considerable scope for identifying novel causes and 

mechanisms underlying the remaining cases.  

Possible causes include: 

 Mutations in genes not yet associated with MAC phenotypes and therefore not 

covered by the Oculome panel. 

 Non-coding, regulatory variants in genes within the gene panel. 

 Variants within the gene panel that have a reduced penetrance and/or are involved in 

oligogenic or polygenic effects on eye phenotype. 

 Non-genetic/environmental causes. 

Variants that cause unilateral phenotypes, by definition have a reduced penetrance. At least 

some of these could be coding variants that exist in collections of unaffected individuals, such 

as the ExAC database, with minor allele frequencies higher than the cut off of 2% that we have 

used. Statistical approaches such as association studies using large groups of affected and 

unaffected individuals would be necessary to identify such variants. Variants in enhancers or 

promoters in may reduce the levels of a protein partially without completely abolishing its 

function. Such variants could also contribute to the set of variants with reduced disease 

penetrance. The Oculome capture probes were designed to include only the protein coding 

exons. It is evident that there is a high level of phenotypical variability within families with 

MAC phenotypes, both in our cohort and reported in literature (Morrison et al., 2002). 

Considering this, it would be worthwhile to investigate mechanisms of disease such as 

variations in regulatory regions that could affect the level of gene expression. A study 
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published in 2003 noted that mutations in regulatory regions formed less than 1% of all 

disease mutations for human diseases identified at the time (Botstein and Risch, 2003) 

The solve rate is especially low for cases with coloboma / optic fissure closure defects: 3% (1 

of 33 cases) However, fissure closure defect have been reported to have a higher sibling 

recurrence risk than non-fissure closure MAC defects (Morrison et al., 2002). This strongly 

suggests that they are caused by single gene, Mendelian, variants in novel genes. Among the 

32 unsolved coloboma cases, at least 5 had a positive family history. Chapter 4 of this thesis 

focuses on the identification of novel genes underlying the process of optic fissure closure.  

To attempt to find genetic causes for the unsolved cases a whole exome/genome approach 

will be used.  A group of 16 unsolved cases were analyzed by whole exome sequencing in 

collaboration with GOSgene (https://www.ucl.ac.uk/child-health/research/genetics-and-

genomic-medicine-programme/gosgene), with the aim of identifying novel genes involved in 

early eye development, specifically optic fissure closure. To increase the chances of 

identifying novel mutations, trio analysis was performed of proband and parental DNAs. All 

the patients selected have severe and/or bilateral phenotypes, especially coloboma or 

additional evidence indicating a genetic cause, such as a positive family history.  This is 

analysis forms the focus of Chapter 6. 
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3.4 Conclusion 
 

In this chapter, 98 individuals with MAC phenotypes (including 36 individuals with 

coloboma) were screened on the Oculome, a targeted next generation sequencing panel 

covering 429 known congenital eye disease genes, including all genes implicated in 

microphthalmia, anophthalmia and coloboma at the time of designing the panel. Variant 

data was filtered and variants were classified according to a clinical pipeline to identify 

disease causing variants. The key findings from this screen are as follows. 

1. Screening of patient samples on the Oculome achieved a high level of coverage and 

completeness, comparable to other published studies. 

2. Coding mutations in known disease genes (I.e. pathogenic or likely pathogenic 

variants) explained only 8.2% of cases with MAC (8 of 98 cases). For cases with 

coloboma the solve rate was even lower (1 of 36 cases solved). 

3. Variants of uncertain significance were identified in a further 25.5% (25 cases). 17 

variants were followed up by segregation analysis, 13 of the did not segregate with 

the phenotype, while the results of 4 were ambiguous. 

4. Copy number variants of uncertain significance were identified in two individuals. 

These findings highlight the need for identifying novel genes, genetic mechanisms (oligo 

genic or polygenic) and possible non-genetic causes for microphthalmia, anophthalmia and 

especially coloboma.  
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4. Histological and transcriptomic analysis identified novel genes and 

pathways involved in optic fissure closure 
 

4.1 Introduction 
 

In the context of optic fissure closure as a developmental process, there has been much 

research regarding the signalling molecules and transcription factors that determine the axial 

patterning, growth and morphogenesis of the optic cup. The pathways involved were 

described in detail in Chapter 1. In fact, a large proportion of disease genes implicated in 

human cases of coloboma so far are involved in the synthesis or function of secreted signalling 

molecules (ALDH1A3, RBP4, STRA6, GDF3, GDF6) or code for transcription factors that pattern 

the optic cup (PAX2, PAX6, VSX2, OTX2, SOX2) (Patel and Sowden, 2017). However, much less 

is known about the behaviour of the cells lining the fissure margins, once the margins are in 

contact. A better understanding of cell behaviour and the changes in gene expression 

involved, will help in identifying new disease candidate genes.  

 

4.1.1 Closure processes in development 
 

Optic fissure closure is considered to be an epithelial fusion process involving the fusion of 

the edges of two bi-layered neuro-epithelial sheets. . Epithelial fusion processes involving the 

adhesion of two epithelial sheets and knitting together of their constituent cells into a single 

continuous sheet are fundamental processes during embryogenesis and enable the formation 

of complex three-dimensional organs. Epithelial fusion also occurs during wound healing 

(Biggs et al., 2015). When cells from two epithelia knit together, there is the formation of new 

cell-cell junctions and in some cases, a change in the apical-basal polarity of cells. Examples 

of epithelial fusion processes include dorsal closure in Drosophila and ventral closure in C. 

elegans among invertebrates and neural tube closure, palate closure and semicircular canal 

fusion among vertebrates (Martin and Wood, 2002). 

Dorsal closure in Drosophila is a particularly well studied epithelial fusion. Here, epithelium 

sweeps over the sides of the embryo and fuses at the midline to cover a dorsal epithelial hole 
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(Martin and Wood, 2002). The initial physical closure of the gap is driven by a number of 

forces including a contractile multi-cellular actin cable and active migration of leading edge 

cells (Jacinto et al., 2002). The cells from opposing margins then recognize and align with each 

other by extending actin based filopodia and lamellipodia, interdigitate and zipper together, 

forming a continuous epithelium (Jacinto et al., 2000). A similar mechanism is observed in C. 

elegans ventral closure (Raich et al., 1999).  

In neural tube closure in vertebrates, the neural folds approach each other through their 

apical aspects and closure is initiated at multiple nucleation points, which vary between 

vertebrate species. Cellular protrusions have been implicated here too. They are formed at 

the apical ends of the cells lining the neural folds and mediate at least the later stages of 

closure in the mouse embryo (Rolo et al., 2016). Additionally, some of the cell adhesion 

molecules involved, including ephrins and their receptors have now been identified (Abdul-

Aziz et al., 2009, Abdullah et al., 2017). Apoptotic cells have also been observed in the closing 

neural tube but based on current evidence apoptosis does not appear to be essential for 

successful closure (Massa et al., 2009).  

During palatogenesis, apposing palatal shelves are lined with an epithelial layer, enclosing a 

region of mesenchyme. These epithelial layers are remodelled or removed following contact 

with each other, allowing the mesenchyme from either side to flow across. A number of 

mechanisms including epithelial mesenchymal transition, cell migration and apoptosis have 

been implicated in this process (Dudas et al., 2007). A recent study has shown that the cells 

of both epithelial layers extend protrusions and intercalate to form a single epithelium which 

subsequently regresses along with some cells being extruded during the process (Kim et al., 

2015). A similar fusion of two epithelia allowing a subsequent flow of mesenchyme is seen in 

the fusion of the semi-circular canal. Here the major mechanism for removing epithelial cells 

from the fusion plate appears to be apoptosis (Fekete et al., 1997, Kobayashi et al., 2008). 

Optic fissure closure may share similar mechanisms of closure with the processes described 

above. However, a major difference between other fusion processes and optic fissure closure 

is the orientation of the epithelial cells. During optic fissure closure, the cells approach each 

other from their basal aspects and therefore must also either degrade the basement 

membrane or break through it to come in direct contact with each other (refer to Figure 1.5).  
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4.1.2 Likely mechanisms of optic fissure closure 
 

The optic fissure forms a transitory zone between the Neural Retina and the Retinal 

Pigmented Epithelium. Such a transitory zone also occurs at the anterior rim of the optic cup. 

It is not clear if these cells at the folding point resemble the NR more closely or the RPE, share 

characteristics of both, or are a distinct population. Early electron microscopic studies in 

mouse models show that fissure closure begins at the midpoint of the fissure and progresses 

in both directions along its length (Hero, 1989). In a study in hamster eyes, prior to closure, 

the cells at the folding point between the two layers were described as being oriented with 

their apical-basal axes perpendicular to the fissure, the basal ends facing the opposite margin 

(Geeraets, 1976). After closure they are reoriented in two continuous sheets with their apical 

surfaces facing each other. A number of mechanisms for epithelial fusion at the optic fissure 

have been proposed and are described below.  

Changes in cell morphology or state at the folding point 

These is preliminary evidence from the mouse embryo that cells lining the optic fissure 

margins extend processes and that the first cell junctions form between the processes from 

opposite margins, at least in the mouse eye  (Hero, 1990). Another study of mouse eyes 

describes cells of the fissure margins adopting a cuboidal shape at the point of closure while 

those further anterior and posterior to the fissure were more elongated (Chen et al., 2012b). 

This study does not describe the presence of cell processes or protrusions. Recently, 

directional actin rich lamellipodia have been demonstrated in cells at the anterior rim of the 

optic cup in zebrafish and it was suggested that they play a role in the migration of cells of the 

outer layer of the optic cup to the inner layer causing invagination of the optic cup (Sidhaye 

and Norden, 2017). The fissure margins and anterior rim of the optic cup probably share 

characteristics as they are both transitory zones between the neural retina and RPE. Another 

recent study, published during the preparation of this thesis, used live imaging in zebrafish 

embryos and showed individual cells at the fissure margins transiently losing their epithelial 

morphology and adopting a “protrusive shape, without an obvious directionality” (Gestri et 

al., 2018). However, the role and composition of the protrusions was not investigated and the 

genes inducing or regulating their formation are not known.  
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Basement membrane remodelling or dissolution 

As mentioned before, optic fissure closure is different from neural tube closure and palate 

closure with regard to cell orientation and the basement membrane needs to be removed to 

bring the cell membranes from opposite margins in direct contact (see Figure 1.5). In fact, 

several animal models of ocular coloboma are characterised by a persistence of the basement 

membrane around the fissure margins in spite of them being in contact with each other (Tsuji 

et al., 2012, Torres et al., 1996, See and Clagett-Dame, 2009). In some cases the margins 

appeared to eventually grow over each other, as if they had lost the ability to degrade the 

basement membrane upon contact (Tsuji et al., 2012, Barbieri et al., 2002) but were pushed 

against each other by the growth of the optic cup. 

It has been suggested that cells originating from the POM may play a role in basement 

membrane remodelling (Hero, 1990). Using electron microscopy cells with a phagocytic 

appearance were detected in between the aligned margins and it was suggested that they 

originate from the POM and contribute to basement membrane breakdown by releasing 

extracellular enzymes (Hero, 1990, Hero et al., 1991), although this was not proven. A recent 

study in zebrafish showed that disruption of the gene talin1, prevented basement membrane 

breakdown at the fissure margins. talin1 is a cytoskeleton regulator and is expressed in the 

POM as well as the cells of the fissure margins (James et al., 2016). However, in this study the 

talin1 mutation was a germline mutation and therefore did not conclusively determine 

whether talin1 acts in the POM or the cells of the margin. As the basement membrane lining 

the fissure margins dissolves, the cells from opposite margin begin to form junctions between 

themselves, eventually forming two continuous epithelial layers. The junctions formed 

include at least adherens junctions mediated by α-catenin (Masai et al., 2003, Chen et al., 

2012a). However, additional cell adhesion molecules are likely involved and remain to be 

identified. 

Apoptosis at the optic fissure and in the ventral optic cup 

Increased apoptosis has been observed in association with several closure processes (Fekete 

et al., 1997, Dudas et al., 2007). However, in neural tube closure, at least, it has been shown 

that apoptosis is not essential for fusion or remodelling of the epithelium (Massa et al., 2009). 

In the case of optic fissure closure, evidence for the role of apoptosis is contradictory. Early 
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studies detected the presence of apoptotic cells surrounding the fissure margins and more 

broadly in the ventral optic cup of the developing mouse and human eyes (Ozeki et al., 2000, 

Bozanic et al., 2003, Hero, 1990).  Studies in the mouse suggest that apoptosis could be more 

than just a by-product of the closure process and that both too much and too little apoptosis 

in the region of the optic fissure could cause closure defects. 

Heterozygous mutations in the human gene CHD7 and its mouse orthologue Chd7 cause 

CHARGE syndrome in humans and mice, which includes retinal coloboma as one of its 

characteristic features (Vissers et al., 2004, Gage et al., 2015). According to a recent study, 

one of the effects of CHD7 is to prevent inappropriate expression of the pro-apoptotic gene 

p53 in the developing eye and other organs affected in CHARGE syndrome (Van Nostrand et 

al., 2014). A study in zebrafish showed that the anti-apoptotic factors bcl6 and bcor similarly 

suppress p53 and reduce apoptosis, allowing successful fissure closure (Lee et al., 2008). 

Apoptosis in the ventral optic cup may also be promoted by the interaction of ephrin-A5 with 

the receptor ephB2 (Noh et al., 2016). However, another study in zebrafish has claimed that 

apoptosis is not essential for fissure closure (Gestri et al., 2018). It may be that while apoptosis 

is not involved in the actual process of epithelial fusion, it is required for shaping the ventral 

optic cup and bringing the margins together at the right time or is involved in removing excess 

cells after fusion. 

To summarize, there are still several open questions regarding the behaviour of cells at the 

optic fissure margins, although several mechanisms have been suggested based on animal 

models. Studying the pattern of gene expression at the optic fissure margins can help resolve 

some of these questions. 
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4.1.3 Laser capture microdissection and RNA sequencing allow analysis of small 

populations of cells.  
 

The actual process of epithelial remodelling during optic fissure closure is likely to be confined 

to a relatively small group of cells near the folding point between the two layers of the optic 

cup. Unlike the neural folds, which are present on the surface of the embryo, the developing 

optic cup is below the surface ectoderm and is closely surrounded by the periocular 

mesenchyme. Therefore, to study the characteristics of cells at the margins one needs a 

method that is able to isolate small regions of tissue precisely and without contamination 

from surrounding tissue. Laser capture microdissection (LCM) is one such method and has 

been used extensively for dissecting tumour tissue from surrounding healthy tissue (Emmert-

Buck et al., 1996). The tissue being studied is sectioned. An ultraviolet or infrared laser is used 

to cut around and isolate cells or regions of interest from within the tissue section. These cells 

can then be lysed to extract DNA, RNA or protein (Espina et al., 2007). Extracted RNA can be 

analysed using q-PCR, microarrays or RNA sequencing. RNA sequencing allows the assessment 

of gene expression from very small quantities of total RNA, even from single cells. It is a global 

method that enables the simultaneous analysis of expression of all genes in the genome as 

well as the identification of novel transcripts (Conesa et al., 2016). 

Laser capture microdissection combined with microarray analysis has been used once 

previously to isolate tissue from the developing mouse optic fissure and study gene 

expression (Brown et al., 2009). This study  analysed fissure margin tissue from three time 

points before, during and after fissure closure, and identified a number of genes that showed 

significant changes in expression (increase or decrease) over this period and validated a novel 

fissure closure gene Zfp503 (Brown and Smith, 2009). However, as Brown et al did not 

compare the fissure margins to any other region of the optic cup they missed several genes 

known to be essential for fissure closure, including Pax2, Vax1, Vax2 and Aldh1a3 and 

therefore may have missed other genes involved in fissure closure. This method has also been 

used to study differences in expression between optic fissure margins in WT mice and mice 

lacking Fgf receptors in the optic cup (Chen et al., 2013a). Similar studies have not been 

described in human eyes. 
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4.1.4 Aims and Strategy 

 

This chapter focuses on characterising the cells of the fissure margins. Histological and 

transcriptomics analyses were used to understand how the epithelia at the fissure margins 

remodel, if the process is similar in humans and animal models (mouse) and to identify the 

genes that are expressed during the process.   

This chapter aims to answer the following questions: 

1. Could any novel genes involved in the process of fissure closure be identified?  

2. Do these genes constitute regulatory pathways?  

3. How do they influence the behaviour of cells at the fissure margins? 

 

The chapter begins with a histological study of the closing optic fissure in the mouse and 

human eyes to identify appropriate time points to study the process in both species. This was 

followed by a transmission electron microscopic ultrastructural study of the developing 

human eye to identify the morphological changes in cells at the fissure margins, and 

determine if these are similar to those reported in other species. 

Then, laser capture microdissection and RNA sequencing were used to isolate tissue and 

profile gene expression at the fissure margins of developing mouse and human eyes. In 

addition to identifying genes whose role is conserved between the two species, a direct 

analysis of the human developmental process was performed because some mouse models 

of human disease genes do not recapitulate human phenotypes. Taking advantage of the 

increasing knowledge and literature regarding genetic pathways and gene interactions in 

development, I then used a bioinformatics based approach to investigate if the collective gene 

expression profile at the fissure margins indicated novel mechanisms or pathways involved in 

fissure closure. At the same time novel genes expressed at the fissure were examined using a 

immunohistochemistry on retinal sections. 

Finally, as the overall aim of studying the normal process of optic fissure closure was to better 

inform the genetic analysis of patients with coloboma, a list of genes was compiled to be 

screened as candidate disease genes (i.e. an extended gene panel) in a large cohort of 74 

individuals with coloboma without a known genetic cause. These included individuals from 
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the UK10K coloboma cohort as well as 16 individuals with no pathogenic mutation found in 

our Oculome study (see Chapter 3). 
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4.2 Results 
 

4.2.1 Histological analysis of mouse optic fissure closure 
 

Complete series of sections from C57Bl6 mouse E11.5 eyes (n = 4) were analysed to determine 

the extent of fissure closure. The eyes were sectioned in the parasaggital plane, perpendicular 

to the optic fissure. Each section was photographed under the microscope and scored as open 

or closed. An open optic fissure could be identified in a section as a gap in the RPE and neural 

retina at the ventral position with clearly rounded tips of the retina on either side. 

As shown in figure 4.1 (A–C), at E11.5 closure had been initiated at the midpoint (along the 

length) of the fissure. In all except one eye, closure involved only a few cells at the folding 

point with nearly the entire thickness of the neural retina remaining unfused at this stage (Fig 

4.1 E arrow). Anterior and posterior to the point of initiation the fissure remained open (Fig 

4.1 D, F double arrows) although the periocular mesenchyme had been excluded from the 

fissure at this stage. Figure 4.1 G shows a schematic representation of the optic cup, the point 

of initiation of closure and direction of closure. As shown by antibody labelling for Laminin (a 

marker of basement membrane) and ZO-1 (a tight junction protein that marks the apical 

region), the fissure margins approached each other from their basal aspects (Fig 4.1 H).  

E12.5 eyes (n = 3) were similarly analysed and in all of them closure was nearly complete (Fig 

4.1 I –K). In one eye the fissure was open at the extreme anterior of the eye.  At the extreme 

posterior of the eye there was a ventral indentation in the neural retina indicating where the 

fissure had just closed (Fig 4.2 K arrow). These results were consistent with literature reports 

(Hero, 1990, Hero et al., 1991) and importantly, showed that E11.5 and E12.5 eyes spanned 

the period of closure and were suitable time points for microdissection and transcriptome 

analysis of optic fissure closure. 
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Figure 4.1 Normal optic fissure closure in the mouse embryo. Analysis of serial sections of 

developing mouse eyes at E11.5 (n=4) (A-F) showed that fissure closure was initiated at the 

midpoint of the fissure (B, E). Anterior and posterior to this, the margins were in contact but 

closure had not been initiated (A, D and C, F). A schematic (G) shows the fissure in relation to 

anatomical axes and the plane of sectioning. The red arrows indicate the point of initiation 

and progree of fissure closure in two directions. The fissure margins approach each other 

from their basal aspects as shown by immunostaining for Laminin (red, a marker of basement 

membrane) (H). As the fissure begins to close the laminin fragments (H, between white 

arrowheads) At E12.5 closure was complete along nearly the whole length of the fissure (I, J, 

K) leaving a ventral indentation in the neural retina towards the posterior of the eye (K, 

arrow). Scale bars: 100um (A-F, I-K), 20µm (H)., P(P): Posterior (Proximal), A(D): Anterior 

(Distal), D:Dorsal, V:Ventral, N:Nasal, T:Temporal.  
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4.2.2 Histological analysis of human optic fissure closure 
 

Optic fissure closure in the human has been described to occur broadly between Carnegie 

stages (CS) 14 and 17 (O'Rahilly, 1983), corresponding to the 5th to 7th weeks of fetal 

development.  As this is a relatively long time range, a histological analysis of developing 

human eyes, similar to that of the mouse, was carried out to identify more precisely the 

development stage most suitable for further ultrastructural and transcriptomic analyses of 

the process of closure. Serial sections of human eyes at Carnegie Stage 15 (CS15) (n = 2 eyes, 

1 embryo) showed that the margins of the optic fissure were aligned with each other at this 

stage (F4.2 A, B, C, double arrows). However, there was a clear gap between them, filled with 

mesenchymal cells.  At the posterior of the eye this gap was very large and this stage was thus  

unsuitable for further analysis. Serial sections at CS16 (n = 3 eyes, 2 embryos) showed that 

fissure closure was initiated at the midpoint along the length of the fissure (Fig 4.2 E, arrow). 

However, it had not progressed far in either direction; anterior and posterior to the point of 

initiation mesenchymal cells were still present between the margins (Fig 4.2 D, F, double 

arrows). At the point of initiation, closure has not extended across the thickness of the two 

layer of the optic cup (Fig 4.2 G, H, I, arrows). 

Staining with an antibody specific for Laminin (a marker of basement membrane) and DAPI 

(4',6-diamidino-2-phenylindole) on serial sections at CS17 (n = 2 eyes) (Fig 4.2 J-R) showed 

that fissure closure was initiated at the midpoint and had progressed to some extent both 

anteriorly and posteriorly. In the region surrounding the midpoint, both layers of the optic 

cup were continuous, and the basement membrane lining the margins has dissolved (Fig 4.2 

L). Continuous basement membrane was present on the inner surface of the neural retina 

and outer surface of the RPE. The neural retina contained a fold where closure had just 

occurred (4.2 L arrow). In sections immediately anterior and posterior to this region, some 

discontinuous laminin staining was observed across the thickness of the retina (Fig 4.2 K, M). 

The pattern of staining suggested a single, but discontinuous basement membrane. It was not 

clear if the two basement membranes had fused into one or if one of the two was degraded 

first.  Further anterior and posterior the fissure was still open with two intact basement 

membranes lining the margins (Fig 4.2 J, N, and O). The fissure margins came in contact at 

multiple points across the thickness of the margins. This can be observed at higher 
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magnification in Fig 4.2 R. At the very anterior and posterior cells from the periocular 

mesenchyme were still present between the two margins (Fig 4.2 J, O).  
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Figure 4.2 Optic fissure closure is initiated at CS16 and progresses during CS17 in the 

developing human eye. At Carnegie Stage 15 (CS15) (n = 1) the margins of the optic fissure 

approach each other but do not come in contact. Mesenchymal cells are present between the 

margins along the length of the fissure (A, B, C, double arrows). At CS16 (n = 3) the 

mesenchymal cells are displaced and closure is initiated at the mid-point of the fissure (E, 

arrow). Anterior and posterior to this point, mesenchymal cells are still present between the 

two margins (D, F, double arrows). The cells at the folding point appear to fuse first (G, H, I 

arrow). At CS17 (6 weeks) (n = 2) optic fissure closure has begun at the mid-point of the fissure 

and progressed in both directions (J-O). Where closure has completed, the basement 

membrane (stained for Laminin) has dissolved (L, arrow). Anterior and posterior to this are 

the two points of closure where fusion is ongoing and here the basement membrane appears 

fragmented (K, M, Q arrows). Further anterior and posterior the two basement membranes 

remain intact (J, N, O, P, R double arrows). LV: Lens Vesicle. Scale bars: 100um. 
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4.2.3 Differences in human and mouse fissure closure.  
 

Histological analysis showed that the E11.5 developmental stage in the mouse and the CS17 

developmental stage in the human were equivalent in terms of fissure closure. Also, the mid-

retinal point of initiation of closure, and direction of closure in the human were similar to that 

in the mouse. This indicated that it would be valid to compare gene expression from the two 

species at these time points to investigate molecular mechanisms of closure.  

However, on comparing histological sections from the two species, several differences were 

also apparent. In the mouse eye at E11.5 stage, the RPE appears more differentiated than 

that in the human CS17 eye. It is a thin mono layer and contains more pigment granules (Fig 

4.3 A). In the human eye, the RPE at this stage is thicker and more similar in appearance to 

the pseudo stratified inner layer of the optic cup (NR) (Fig 4.3 B,C). Also, in the mouse eye, 

the fissure margins invert into the fissure such that the cells that fused first appeared to 

belong to the RPE. This inversion of the fissure margins was much less pronounced in the 

human eye (Fig 4.3 C).  
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Figure 4.3 Morphological differences between human and mouse optic fissure closure. In 

the developing mouse eye at initiation of fissure closure (E11.5), the margins invert into the 

fissure (A). This is not observed in the human eye at CS17 when fissure closure is initiated (B, 

C). The RPE in the mouse eye at this stage is a monolayer of cells and is relatively more 

differentiated and pigmented (P) than the RPE in human eyes which is thicker and closer in 

appearance to the neural retina. LV: Lens Vesicle. Scale bars: 100um. 
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4.2.4 Ultrastructural study of the human optic fissure. 
 

Developing human eyes at CS17 (n = 2 individuals) were studied using transmission electron 

microscopy to better understand the morphological changes that cells undergo during fissure 

closure. 1 um sections were collected at 4 – 5 different levels along the closing fissure and 

stained with Toluidine blue. At each level, 100 nm ultra-thin sections were collected and 

imaged with electron microscopy. Sections at the anterior of the eye showed a fissure that 

was still open and contained intervening cells originating from the POM (Fig 4.4 A). The nuclei 

of cells lining the margins (outlined) were elongated in shape and the cells formed a single 

layer. Further along the fissure, closer to the midpoint, the mesenchymal cells were displaced 

and closure had been initiated. The cells of the fissure margins at the point of closure were 

no longer elongated. They were smaller with nuclei that appeared rounded and were not 

arranged in a single layer (Fig 4.4 B, C). Rather, they formed a more disorganized group. Fig 

4.4 B shows a section where closure is just beginning and a small group of cells at the point 

of contact between the margins have a rounded morphology. Selected nuclei are outlined to 

illustrate this. Fig 4.4 C shows a section from an eye slightly more advanced in development 

where closure has progressed to the anterior of the fissure and involves the entire thickness 

of the neural retina and RPE. A zone of cells with a rounded morphology can be seen in 

between cells with an elongated morphology at either side in the epithelium. Electron 

microscopy at these levels showed that some cells began to change their morphology at their 

basal ends before others.  As shown in Figure 4.4 D, some cells retained cell-cell junctions at 

their apical ends (labelled L), while others had become rounded (labelled R) and appeared to 

have delaminated from the epithelium. Fig 4.4 E shows cell junctions which appear to be 

immature tight junctions at the apical ends of the cells at the folding point. Cells that become 

rounded also extend cytoplasmic protrusions which interact with cells from the opposite 

margin (Fig 4.4 F, G). Also, the basement membrane lining the margins does not dissolve 

completely upon contact but break into fragments which can be seen among the rearranging 

cells at the point of closure (Fig 4.4 F, G arrows). 

In both eyes analysed, some cytoplasmic material was extruded from the epithelial layer. Due 

to the limited number of sections imaged, it was not clear if this extruded material included 
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nuclei, i.e. whether whole cells or only parts of cells were being discarded. However, the 

presence of basement membrane around the extruded material indicated that it originated 

from the neuroepithelium of the optic cup rather than trapped POM cells (Fig 4.5 A,B). This 

basement membrane appeared to be continuous with the basement membrane lining the 

fissure margins, indicated by arrowheads in Fig 4.5 A and B. Fig 4.5 C shows fragments of 

basement membrane trapped between rearranging cells at the fissure margins.  

Fig 4.5 D shows cells with numerous protrusions (arrowheads) at their basal ends which 

interact with neighbouring cells from the same or opposite margins. These cells still maintain 

junctions at their apical ends (arrows). This histological analysis suggests that the cells likely 

undergo a change in state from their original neuro epithelial state once the periocular 

mesenchymal cells are excluded and the margins come in contact with each other. 

Just beyond the point of closure, the cells appeared to be separating into two layers again, 

this time as continuous neural retina and continuous RPE, as shown in Fig 4.5E. Fig 4.5 F 

showed a region of the fissure where closure is complete. Here the cells at the fissure margin 

had regained their elongated shape and epithelial organization. 
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Figure 4.4 Ultrastructural study of the human optic fissure. A, B, C: Histological sections of a 

CS17 eye showing an open optic fissure with mesenchymal cells intervening (A, anterior) and 

the point of closure in two specimens (B, C). Closure involves cells at the folding point 

between the Neural Retina and Retinal Pigmented Epithelium. Before closure these cells have 

an elongated morphology (A, nuclei outlined). During closure, they lose their elongated 

shapes and no longer form a single layer (B, C, nuclei outlined). D: Transmission electron 

microscopy of the specimen in B shows cells beginning to lose their columnar epithelial 

morphology. Some cells still have an elongated shape with junctions at their apical ends (L, 

blue) and other have a rounded morphology (R, yellow). E: Higher magnification of tight 

junction-like cell junctions between cells in the fissure margin. F, G: Cells extend protrusions 

that interact with neighbouring cells (Arrowheads). Individual cells are coloured yellow for 

contrast. Basement membrane at the margins begins to fragment and remnants can be seen 

among the rearranging cells at the closure point (arrows). N: Nucleus. Scale bars: 50µm (A-C), 

2µm (D-G). 
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Figure 4.5 Ultrastructural study of the human optic fissure. A, B: Cellular material from the 

fissure margins is extruded at the point of closure. The extruded material is lined with 

basement membrane continuous with the basement membrane lining the fissure margins 

(arrowheads). Two cells being extruded are coloured in red in A. C: Fragmented basement 

membrane is seen among the rearranging cells. D: A high magnification image shows cells 

extending protrusions which interact with cells from the opposing margin (arrowheads). 

Individual cells from opposite margins are coloured blue and yellow for contrast. Some of 

these rearranging still cells retain cell junctions at their apical ends (arrows). E: A Histological 

section of the point of closure in a CS17 human eye showing cells sorting into epithelial two 

layers. F: A histological section of a CS17 human eye beyond the point of closure, where cells 

of both layers have regained their elongated epithelial morphology.  Scale bars: 2µm (A-D), 

50µm (E). 
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4.2.5 Microdissection was used to isolate tissue from the fissure margins  
 

Based on the histological analysis of the closing optic fissure, I selected mouse developmental 

stages E11.5 and E12.5 and human developmental stage CS17 for further analysis of gene 

expression patterns at the fissure margins. A total of 3 biological replicates each (3 individual 

mouse embryos from 3 litters) were collected at E11.5 and at E12.5, respectively. Similarly, 

human fetal eyes from individuals at CS17 were collected. Samples of 14 individuals (at CS17) 

were dissected and processed. RNA was extracted from 6. There was great variability of 

quality in the samples collected and only samples of 2 individuals collected had RNA quality 

good enough to sequence. As a third sample at CS17 was not available, I included one 

individual at CS18 in the analysis. This later stage is likely to correspond more closely to the  

E12.5 stage in the mouse. 

The eyes were snap frozen in embedding medium and sectioned in the plane perpendicular 

to the optic fissure. Sections were collected on PEN (polyethylene naphthalate) membrane 

coated slides. The orientation of the eye and the location of the optic fissure was determined 

based on surrounding structures of the head and a gap in pigmentation in the RPE in a midline 

section (Fig 4.6 A, B, C). The fissure margins were cut out of the tissue section and collected 

in the cap of a collection tube. A corresponding control region was isolated from the dorsal 

optic cup (Fig 4.6 D, E, F). The collected tissue was lysed, total was RNA extracted and 

quantified and analysed for quality on the Agilent Tapestastion (Fig 4.6 G). The total RNA yield 

ranged between 1.2 and 10 ng per sample. As the region of interest was collected along the 

entire length of the fissure margin, it is likely to include open, closing and closed regions. At 

the earlier time points (E11.5 in the mouse and CS17 in the human) the open regions of the 

fissure margins would dominate and at later time points (E12.5 in the mouse and CS18 in the 

human), closed regions would dominate. In addition to these time points, a mouse model 

lacking the gene Sall2 and apparently delayed fissure closure (Kelberman et al., 2014) was 

also studied. This will be described further in chapter 6.  

The tissue used was snap frozen and stored at -80°C immediately after dissection and washing 

in PBS. Various chemical fixation methods (Goldsworthy et al., 1999) that help preserve RNA 

quality have been developed, however I did not use these as the RNA quality (measured by 

RINe number) was high and consistent for all mouse samples. It was variable for the human 
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samples but this was likely due to the time needed to transport the tissue from the hospital 

to the laboratory. Also, as the RPE was pigmented by this stage and the optic cup could be 

easily visualized in the cryosections under bright field illumination and distinguished from the 

POM and developing lens and no histological staining was necessary. This also helped avoid 

repeated thawing of the sections. See section 2.3 for details on microdissection procedure. 

 

4.2.6 Extraction and quantification of RNA from fissure margin tissue. 
 

After quality control, RNA samples were processed and cDNA libraries were prepared and 

amplified. They were sequenced using 43bp paired end reads, achieving an average library 

size of 19 million reads (range: 13-24 million) in the 12 mouse samples and 27 million (range: 

23-33 million)  reads in the 6 human samples. Reads were aligned to the respective reference 

genomes with the majority of reads aligning to coding or UTRs (untranslated regions) as 

expected (Fig 4.6 H,I). Only a single sample, CS17 (2) showed some evidence of degradation 

and 3’ bias, with a smaller fraction of the reads aligning to the coding regions of the genome 

(29.7%, Fig 4.6 I*). Read counts were determined at the gene level using the featureCounts 

algorithm (Liao et al., 2014). This algorithm assigns aligned reads to features (exons) and then 

quantifies and groups these into meta-features (genes), generating raw read counts for all 

annotated genes in the genome. It is not able to distinguish between the expression of 

alternative transcripts of the same gene. 

Differential expression analysis was then used to compare gene expression between different 

regions and time points. This analysis is described in the following sections. In the analysis of 

the different regions within the same time point, genes that are referred to as ‘upregulated’ 

are those that have higher expression (read count) at the optic fissure margins as compared 

to the dorsal control region. Genes that are referred to as ‘downregulated’ are those that 

have a lower expression (read count) at the optic fissure margins as compared to the dorsal 

control region. The terms upregulated and downregulated in this context do not refer to the 

absolute expression levels of the genes.  

In the analysis between time points, genes that are referred to as ‘upregulated’ are those with 

a positive Log2FoldChange over time, i.e. higher expression (read count) at E12.5 than at 
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E11.5. Conversely, genes that are referred to as ‘downregulated’ are those with lower 

expression at E12.5 than at E11.5. 
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Figure 4.6 Isolation of fissure margins and RNA extraction. Parasaggital cryosections of E11.5 

and E12.5 mouse eyes and CS17/18 human eyes were oriented and the optic fissure was 

identified (A, B, C double arrows). Laser capture microdissection was used to dissect the 

fissure margins and a dorsal control region out of the eye (D, E, F). The dissected tissue was 

lysed and total RNA extracted (G). Following RNA sequencing, quality control analysis showed 

that all mouse samples (H) and all human samples except one (I) were of good quality with 

the majority of reads aligning to coding regions or UTRs of known genes. In a single RNA 

sample (*) the proportion of reads aligning to the coding regions was low. J:  A schematic 

showing the three comparative analyses in the mouse samples. G: RNA extraction adapted 

from Simone et al 1998. 
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4.2.7 Differential expression analysis of mouse fissure margin samples 
 

As described above, RNA sequence data was collected for fissure margins and the control 

(dorsal) region from 3 embryos at each time point (E11.5 and E12.5) and quantified. 

Normalized counts (rlog normalization) obtained using the DESeq2 algorithm (Anders and 

Huber, 2010) were used for a Principal Component Analysis to determine the overall similarity 

of samples. The four groups of samples formed separate clusters on the PCA plot (Fig 4.7 A). 

Fissure margin and dorsal control samples within the same time point separated along the 1st 

principal component. Based on the PCA plot, there was greater variability in the E12.5 

samples as compared to the E11.5 samples.  

Optic cup sections used in this analysis had been oriented based on morphology alone 

without using a histological stain or immunohistochemical marker of the optic fissure. To 

verify the identity of the RNA samples and to rule out errors in orientation of tissue sections 

and sample cross contamination, the normalized counts for 14 well studied positive control 

genes were plotted as a heatmap. Six of these genes were known to be expressed strongly at 

the fissure margins or in the ventral optic cup (Smoc1, Pax2, Aldh1a3, Vax1, Vax2 and Bmp7) 

and five were known to be strongly expressed in the dorsal optic cup (Tbx2, Tbx3, Tbx5, 

Aldh1a1 and Bmp4). Another three genes (Vsx2, Atoh7 and Pou4f2) were selected as they 

have been shown to be upregulated over time at the fissure margins in a previous study 

(Brown et al., 2009). All of these genes showed the expected pattern of expression in the 

fissure margin and dorsal samples (Fig 4.7 B). Vsx2, Atoh7, and Pou4f2 had a low level of 

expression in the three fissure margin samples at E11.5 but higher in the three samples at 

E12.5 consistent with previous reports. 

The DESeq2 algorithm, with default settings was used to calculate a fold change and perform 

a statistical test for differential expression between the fissure margins and the dorsal control 

region at each time point (Fig 4.6 J). A significance threshold of adjusted p-value <0.05 and a 

Log2 fold change >1 or <-1 was used to determine significantly up regulated and down 

regulated genes. The group of genes identified as up regulated in the fissure margins with this 

type of analysis are likely to include both genes expressed exclusively at the fissure margins 

as well as those with an overall ventral to dorsal expression gradient. Similarly, the group of 

genes identified as downregulated is likely to include genes whose expression is switched off 
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only at the fissure margins as well as those that have a general dorsal to ventral gradient of 

expression. 

At E11.5 117 genes were significantly upregulated in the mouse optic fissure margins and 171 

were significantly downregulated (Fig 4.7 C). The 30 most upregulated and down regulated 

genes are listed in Table 1. The complete list of genes is provided in Appendix 5. Of the 30 

most upregulated genes, only 8 were previously known to be involved in fissure closure. The 

rest were novel. They included genes encoding transcription factors (Tfec, Npas1), cell 

adhesion molecules (Tenm3, Bcam) as well as genes encoding proteins with other or unknown 

functions (Galnt12, Adamts16, Shisa2, etc). Of the 30 most down regulated genes 6 were 

previously known to be necessary for fissure closure. 

At E12.5 the overall number of differentially expressed genes was smaller.  72 genes were 

significantly upregulated at the fissure margins and 82 were significantly downregulated (Fig 

4.7 D). Of the 30 most upregulated genes, only 7 were previously known to be involved in 

fissure closure (Table 1). The rest were novel. The complete list of genes is provided in 

Appendix 4. Again, the novel genes spanned a wide range of functions such as transcription 

factors (Otx1) and cell adhesion molecules (Cgn, Cldn1). Similarly, only 5 of the 30 most down 

regulated genes were previously known to be involved in fissure closure.  

Some genes remained up or down regulated through both time points (i.e. in both analyses), 

others were seen only at the early (E11.5) or late (E12.5) (Fig 4.7 E, F) time point. One of the 

genes upregulated in the optic fissure margins and passing significance only at the late time 

point was Smoc1, with a large fold change of nearly 30. It is known to be involved in fissure 

closure in humans and mice (Rainger et al., 2011) and indicated that genes expressed at only 

the late time point are of interest with regard to fissure closure even though morphological 

studies show that closure is nearly complete at this stage. 
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Table 4.1: Significantly differentially expressed genes in the mouse optic fissure margins. 

This table lists the top 30 genes in each group of the differential expression analysis along 

with their fold changes. Genes highlighted in red were previously reported to be involved in 

fissure closure. 

Significantly differentially expressed genes 
 

Upregulated Downregulated 

E11.5 

Tfec 17.39 Fabp3 3.76 

Cplx3 6.77 Zfp503 3.73 

Galnt12 6.36 Uap1l1 3.63 

Tenm3 5.54 Npas1 3.61 

Hpgds 5.24 Ror2 3.61 

Shisa2 4.50 Npr3 3.58 

Bmp7 4.47 St3gal6 3.56 

A930001A20Rik 4.38 Pitx2 3.53 

Vax2 4.23 Col9a1 3.43 

Edaradd 4.00 Vax1 3.43 

Tmem132c 4.00 Apoe 3.29 

Bcam 3.89 Rbms1 3.23 

Pax2 3.81 Fzd1 3.23 

Crym 3.81 Adamts16 3.01 

Clec18a 3.78 Col3a1 2.95 
 

Neurod1 0.02 3110035E14Rik 0.15 

Cyp26a1 0.02 Tbx2 0.16 

Neurog2 0.02 Hes5 0.17 

Aldh1a1 0.04 Gm16551 0.18 

Tbx3 0.07 Vstm2b 0.21 

Atoh7 0.07 Prss23 0.21 

Dll1 0.07 Pcdh19 0.21 

Gdf6 0.08 Fgf15 0.22 

Lrrc66 0.09 Stk33 0.22 

Insm1 0.09 Dab1 0.22 

Crabp1 0.10 Olfm1 0.22 

Bambi 0.11 Aldh1a7 0.24 

Unc5b 0.11 Ptprk 0.24 

Dapl1 0.14 Pcdh17 0.25 

Efnb2 0.14 Epha5 0.25 
 

E12.5 

Smoc1 30.91 Vax1 3.78 

Aldh1a3 16.91 Fzd1 3.78 

Shisa2 7.73 C1qc 3.56 

Tenm3 7.67 Otx1 3.29 

Col9a1 6.87 Flrt2 3.27 

Galnt12 6.45 Ccnd2 3.23 

Bmpr1b 6.19 Edn1 3.20 

Cgn 5.78 4833424O15Rik 3.16 

Edaradd 5.39 Nr2f1 3.12 

Hpgds 5.13 Clec18a 3.07 

Hsd17b11 4.86 Mt1 3.05 

Flrt1 4.56 Cldn1 2.95 

C1qb 4.23 Atp1a2 2.95 

Maob 3.84 Ctss 2.93 

Myc 3.84 Tyrobp 2.89 
 

Tbx5 0.09 Pcdh17 0.34 

Gdf6 0.10 Lphn2 0.34 

Bambi 0.10 Fstl4 0.34 

Sowaha 0.15 Mar-11 0.34 

Efnb2 0.18 Pde2a 0.36 

Tbx2 0.18 Id4 0.36 

Aldh1a1 0.19 Prss23 0.36 

Unc5b 0.21 Lrrc4c 0.37 

Efnb1 0.27 Ppap2b 0.37 

Exoc6 0.27 Cpne5 0.37 

Fgf8 0.28 Met 0.38 

Nr2f2 0.32 Crym 0.38 

Lum 0.32 Dapl1 0.40 

Id2 0.33 Vstm2b 0.40 

E130309F12Rik 0.34 Fst 0.40 
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Figure 4.7 Transcriptome profiling of the mouse optic fissure.  A: Principal component 

analysis showing the fissure margin and dorsal control samples at each time point forming 

separate groups. B: A heat map with hierarchical clustering showing the expression of 

selected positive control genes in the four groups of samples. The fissure margin and dorsal 

samples formed separate clusters. C, D: Volcano plots showing differential gene expression in 

the fissure margin samples compared to the dorsal control samples at E 11.5 and E12.5. Red: 

Significantly upregulated genes (adjusted p < 0.05, Log2 FC > = 1), Blue: Significantly down 

regulated genes (adjusted p < 0.05, Log2 FC <= -1). G, H: Venn diagrams showing the overlap 

of genes significant upregulated (E) and downregulated (F) at the two time points. FM: Fissure 

Margin, D: Dorsal 

 

 

 

  



183 
 

4.2.8 Differential expression analysis between time points in the mouse fissure 

margins 
 

In addition to analysing the RNA sequence data for differential expression between the fissure 

margins and the dorsal control region, the DESeq2 algorithm was also used to calculate a fold 

changes and perform a statistical test for differential expression between the two time points 

at the fissure margins. Such an analysis is likely to pick up genes that are expressed at the 

fissure margins as well as genes that are expressed throughout the optic cup, provided that 

their levels of expression vary over time. To filter out genes that were expressed throughout 

the optic cup, a similar differential expression analysis was carried between the dorsal control 

region at the two time points, and the lists of genes were compared. Genes that were 

significantly differentially regulated between the two time points at the fissure margins but 

not in the dorsal control region are represented as heat maps in Figure 4.8. The genes showing 

the largest downregulation between E11.5 (beginning of fissure closure) and E12.5 (end of 

fissure closure) are Cplx3, Ntn1, Lum, Tmem132c and Rgs13. Those showing the largest 

upregulation are Cryba4, Gadd45g, Cdh4, Stk33 and Olfm1.  

 



184 
 

 

Figure 4.8 Transcriptome profiling of the mouse optic fissure; comparison between time 

points. A: Genes that showed an increase in expression as closure progressed from E11.5 to 

E12.5 at the fissure margins. B: Genes that showed a decrease in expression as closure 

progressed from E11.5 to E12.5. Arrows indicate the genes with the largest fold changes. 
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4.2.9 Differential expression analysis of human fissure margin samples  
 

Transcriptome data was collected for fissure margins and the control (dorsal) regions from a 

total of n = 3 human samples; 2 at CS17 and 1 at CS18. It was not possible to collect 3 samples 

at each time point due to the limited availability and variable quality of the tissue. Normalized 

counts obtained using DESeq2 were used for Principal Component Analysis. The fissure 

margin and dorsal samples separated from each other along the first principal component 

(Fig 4.9 A), but the clustering of samples was not as marked as in the mouse samples. One 

CS17 dorsal sample (CS17 D) was a clear outlier. This was also observed in an unbiased 

hierarchical clustering of the samples (Fig4.9 B). When this sample was removed from the 

hierarchical clustering, the fissure margins and dorsal samples formed two well-separated 

branches. Previous quality control of sequencing reads had showed that this sample was likely 

to have some 3’-bias due to degradation (Fig 4.6 I). However, due to the limited number of 

human samples available this sample was not excluded from the analysis. Normalized counts 

of the human orthologues of the mouse positive control genes (Section 4.2.7), SMOC1, PAX2, 

ALDH1A3, VAX1, VAX2, BMP7, TBX2, TBX3, TBX5, ALDH1A1, BMP4, VSX2, ATOH7 and POU4F2 

were plotted as a heat map to verify the identity of the samples. Again, these showed the 

expected patterns of expression but there was more variability than in the mouse (Fig 4.9 C).  

As in the mouse samples, VSX2, ATOH7 and POU4F2 showed a higher expression in the CS18 

fissure margin sample as compared to the CS17 samples. 

Differential expression analysis was performed using the DESeq2 algorithm. To achieve three 

replicates for the statistical test, the two time points were pooled which could lead to a loss 

of sensitivity due to greater variability in gene expression. Alternatively, to retain uniformity 

in developmental stage, the CS18 sample could be excluded but this would lead to decreased 

sensitivity and increased chance of false positive findings due to a smaller n number. I 

performed the differential expression analysis with both designs, and in both cases used a 

paired analysis test to overcome the variability in age between individuals as far as possible. 

However, both designs of analysis are still likely to be more representative of the earlier, CS17 

developmental stage rather than CS18. 

When analysis was carried out using only the CS17 samples, 93 genes were significantly 

upregulated and 113 were significantly downregulated (Fig 4.9 D). When the analysis was 
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carried out with all three samples (CS17 and 18) a smaller number of genes passed the 

significance threshold. 83 genes were significantly upregulated and 110 were significantly 

downregulated (Fig 4.9 E).  The 30 most upregulated and down regulated genes from each 

analysis are listed in Table 4.2. The complete list of genes is provided in Appendix 4. The fold 

changes (both upregulated and down regulated) observed in the human analyses were larger 

than those observed in the mouse sample analyses. In both analyses, the set of significantly 

upregulated and significantly downregulated genes included genes already known to be 

involved in fissure closure i.e. coloboma disease genes or human orthologues of genes from 

mouse coloboma models. These are highlighted in red. As in the mouse optic fissure analysis, 

these were few in number and the majority of genes passing significance were novel. Of the 

novel genes, several had functions related to the extracellular matrix or cell surface (NTN1, 

LUM, CEACAM7, CLEC4F, ADAMTS16) or cell adhesion (CNTNAP2) Again, some genes 

including SMOC1, passed the significance threshold only when the samples at the later time 

point (CS18) was included, highlighting the importance of taking into consideration the results 

of both analyses. 
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Table 4.2: Significantly differentially expressed genes in the human optic fissure margins. 

This table lists the top 30 genes in each group of the differential expression analysis along 

with their fold changes. Genes highlighted in red were previously reported to be involved in 

fissure closure. 

Significantly differentially expressed genes 
 

Upregulated Downregulated 

CS17 

CEACAM7 364.56 LUM 15.78 

UGT8 148.06 CD93 14.03 

NTN1 71.01 HBE1 13.93 

CLEC4F 68.12 PMEL 13.83 

GYPA 45.57 DCT 13.55 

IGFBP3 44.32 ATP6V1B1 12.47 

ALDH1A3 43.71 COL3A1 11.96 

TENM3 30.70 VAX2 11.24 

LMO3 27.47 CDH5 10.93 

CNTNAP2 23.43 HBA2 10.56 

C8orf4 22.78 PAMR1 10.41 

MGC45800 17.15 ADAMTS16 10.34 

VAX1 16.80 CD207 10.13 

CDC20B 16.45 THY1 9.99 

ME3 16.11 HBZ 9.71 
 

TBX5 0.00 COL25A1 0.08 

TBX3 0.01 EPHA5 0.08 

MSX2 0.01 FIBCD1 0.08 

TFAP2C 0.02 GPR37 0.08 

BRINP1 0.04 C1orf168 0.08 

ALDH1A1 0.04 SLC10A4 0.09 

TF 0.04 MINOS1P1 0.10 

TBX2 0.05 SHISA6 0.10 

GABRA2 0.05 COL13A1 0.10 

TENM1 0.06 BAI3 0.11 

BAMBI 0.06 MYOCD 0.11 

VSTM2B 0.06 C20orf85 0.11 

DKK1 0.07 PLP1 0.11 

LGR6 0.07 LRRC4C 0.11 

EFNB2 0.07 FSIP2 0.12 
 

CS17-

18 

TENM3 30.48 SLIT3 5.62 

ALDH1A3 24.08 PMEL 5.50 

MGC45800 22.63 SLC7A5 5.31 

CD207 15.78 ATP1A2 5.28 

ATP6V1B1 14.93 DDX60 5.28 

VAX2 13.27 TM4SF18 5.24 

VAX1 12.91 PAMR1 5.24 

BMPR1B 9.51 DCT 4.79 

CD93 7.73 CDC20B 4.72 

CLEC4F 6.96 SCN3A 4.59 

FOXG1 6.63 FLT1 4.41 

CDH5 6.23 ME3 4.41 

NTN1 6.06 SMOC1 4.38 

HCRT 6.06 F13A1 4.38 

THY1 5.94 ANKDD1B 4.38 
 

TBX5 0.01 HEY1 0.15 

GDF6 0.01 PLP1 0.15 

MSX2 0.02 GPR37 0.16 

TBX3 0.02 ASCL1 0.16 

ALDH1A1 0.04 LGR6 0.16 

TF 0.04 SLC16A6 0.16 

BAMBI 0.05 ID4 0.16 

FIBCD1 0.08 CTNNA2 0.17 

DKK1 0.08 DCC 0.17 

TBX2 0.09 EDIL3 0.17 

EFNB2 0.10 MIAT 0.18 

SYT4 0.13 CNTN5 0.18 

INSM1 0.14 CRYBA4 0.18 

IGFBPL1 0.14 KIAA1456 0.19 

COL23A1 0.15 COL9A3 0.19 
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Figure 4.9 Transcriptome profiling of the human optic fissure. A: Principal component 

analysis showing the fissure margin and dorsal control samples at each time point. The two 

fissure margin samples at CS17 cluster closely together and are separate from the sample at 

CS18. B: Hierarchical clustering of the six samples with and without CS17 (2) D showing that 

this sample is an outlier. C: A heat map with hierarchical clustering showing the expression of 

selected positive control genes in the six samples. The fissure margin and dorsal samples 

formed separate clusters. D, E: Volcano plots showing differential gene expression in the 

fissure margin samples compared to the dorsal control samples, excluding and including the 

CS18 samples. Red: Significantly upregulated genes (adjusted p < 0.05, Log2 FC > = 1), Blue: 

Significantly down regulated genes (adjusted p < 0.05, Log2 FC <= -1). 
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4.2.10 Comparison between human and mouse gene expression. 
 

Humans and mice are both mammalian species and based on earlier histological analysis, the 

process of optic fissure closure appeared morphologically similar. Considering this, a 

comparative analysis of the transcriptome data between the two species was performed to 

identify genes with a conserved pattern of expression at the optic fissure. The mouse genes 

were converted to their human orthologues using web-based tools (https://biodbnet-

abcc.ncifcrf.gov/db/dbOrtho.php and https://www.ncbi.nlm.nih.gov/gene). Homologues 

were identified for the vast majority of genes (except 30).  

These were then compared to the list of significantly differentially expressed genes from the 

human analyses (CS17 and CS17-18). When this was done the lists of genes showed little 

overlap. Only 14 genes, most of them known fissure closure genes, (ALDH1A3, VAX1, BMP7, 

TENM3, TFEC, APOE, VAX2, ZNF503, ABCA4, COL3A1, TMEM132C, ADAMTS16, ATP1A2, 

SMOC1) were significantly differentially expressed in both species. Of these, 6 (TFEC, APOE, 

COL3A1, TMEM132C, ADAMTS16, ATP1A2) were novel while the rest have previously been 

associated with optic fissure closure. The majority of genes passing the significance threshold 

in either species did not pass the significance threshold in the other species (Fig 4.10 A).  

Gene Ontology (GO) analysis was used to further explore the significantly differentially 

expressed genes. The web-based tool DAVID (website) was used to identify terms that were 

over-represented in the groups of significantly differentially expressed genes. Biological 

Process and Cellular Component terms significantly (adjusted p-value < 0.05) over 

represented in the group of differentially expressed genes are summarized in Tables 4.3 and 

4.4. The number of gene ontology terms significantly enriched in all the groups of genes was 

variable. The Biological Process terms included ones relevant to a closure process such as the 

term ‘cell adhesion’ as well as some known developmental pathways such as Wnt signalling 

and Notch signalling. Some terms did appear repeatedly in the four analyses (two analyses in 

the mouse and two in the human). These are highlighted in red in Tables 4.3 and 4.4. 

However, the genes contributing to the same term were different in the two species. The 

genes annotated with the term ‘cell adhesion’ in the two species, along with their fold 

changes are plotted in Fig 4.10 B and C.  The genes in these plots include cadherins, cell 

adhesion molecules (CAMs) and contactins in both species but the individual genes differ 



191 
 

between the two species. Similarly, the term ‘axon guidance’ was also enriched at both time 

points in both species, which may indicate the beginning of retinal differentiation and 

retinotectal mapping. Also, the Cellular Component term ‘extracellular region’ was 

overrepresented in both species at both time points (Fig 4.10 D and E). A number of these 

genes encoded for components of the extracellular matrix such as collagens. However, again 

most of the genes annotated with this term in the two species were different. In addition, the 

majority of Biological Process Gene Ontology terms over represented in the optic fissure 

datasets were general biological terms such as ‘multicellular organism development’ or 

‘negative regulation of transcription’ and therefore did not identify specific developmental 

pathways.  

To conclude, except for a few genes with large fold changes, different genes passed the 

significance thresholds in the mouse and human analyses although the same morphogenetic 

process was being studied in both species and tissue was collected from equivalent time 

points and equivalent regions. However, analysis of Gene Ontology annotation of these genes 

suggested that they were involved in similar pathways in the two species. 
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Table 4.3 Functional annotation of significantly differentially expressed mouse genes. This 

table shows the Gene Ontology Biological Process and Cellular Component terms enriched in 

the groups of significantly differentially expressed genes. * Showing only the top 15 terms. 

Red indicates where the same term or two very similar terms occur in both species.  

GO Biological Process terms 

  
Terms 

Benjamini - Hochberg 
corrected p-value 

E11.5  

multicellular organism development 3.12E-19 

axon guidance 9.46E-11 

camera-type eye development 2.72E-07 

negative regulation of transcription from RNA polymerase II 
promoter 

2.80E-07 

cell fate commitment 9.61E-07 

nervous system development 1.94E-06 

cell differentiation 3.23E-06 

positive regulation of cell proliferation 3.43E-06 

inner ear morphogenesis 7.45E-06 

odontogenesis 8.79E-06 

negative regulation of cell proliferation 3.44E-05 

positive regulation of canonical Wnt signaling pathway 3.70E-05 

embryonic heart tube development 6.21E-05 

cell adhesion 6.90E-05 

outflow tract morphogenesis 6.52E-05 

E12.5 

multicellular organism development 1.41E-11 

axon guidance 9.88E-05 

cell differentiation 1.10E-04 

skeletal system development 4.00E-04 

negative regulation of transcription from RNA polymerase II 
promoter 

1.72E-03 

metanephros development 1.79E-03 

positive regulation of cell proliferation 2.04E-03 

positive regulation of transcription, DNA-templated 3.64E-03 

heart development 3.40E-03 

brain development 4.13E-03 

BMP signaling pathway 5.19E-03 

optic cup morphogenesis involved in camera-type eye 
development 

1.73E-02 

inner ear morphogenesis 1.87E-02 

neuron migration 2.85E-02 

positive regulation of transcription from RNA polymerase II 
promoter 

3.11E-02 

GO Cellular Component terms 

  
Terms 

Benjamini - Hochberg 
corrected p-value 
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E11.5  
extracellular region 0.0018 

axon 0.0009 

E12.5 

collagen trimer 0.0003 

extracellular region 0.0204 

cell surface 0.0307 

neuron projection 0.0351 
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Table 4.4 Functional annotation of significantly differentially expressed human genes. This 

table shows the Gene Ontology Biological Process and Cellular Component terms enriched 

in the groups of significantly differentially expressed genes. Red indicates where the same 

term or two very similar terms occur in both species. 

GO Biological Process terms 

  
Terms 

Benjamini - Hochberg 
corrected p-value 

CS17 

central nervous system development 0.0078 

single organismal cell-cell adhesion 0.0088 

oxygen transport 0.0075 

axonal fasciculation 0.0122 

axon guidance 0.0147 

visual perception 0.0141 

negative regulation of cell migration 0.0141 

negative regulation of transcription from RNA polymerase II 
promoter 

0.0147 

neuron migration 0.0207 

inner ear morphogenesis 0.0320 

cellular response to BMP stimulus 0.0356 

negative regulation of transcription, DNA-templated 0.0344 

cytoskeleton organization 0.0360 

cell adhesion 0.0406 

CS17-
18 

positive regulation of transcription, DNA-templated 0.0193 

BMP signaling pathway 0.0198 

sympathetic ganglion development 0.0167 

axon guidance 0.0128 

epithelial to mesenchymal transition involved in endocardial 
cushion formation 

0.0330 

negative regulation of transcription, DNA-templated 0.0370 

neuron migration 0.0342 

Notch signaling pathway 0.0487 

GO Biological Process terms 

  
Terms 

Benjamini - Hochberg 
corrected p-value 

CS17 

extracellular region 5.66E-06 

hemoglobin complex 5.64E-04 

melanosome 7.81E-04 

extracellular matrix 3.78E-03 

extracellular space 7.39E-03 

proteinaceous extracellular matrix 1.91E-02 

CS17-
18 

None 
  

  



195 
 

 

  



196 
 

Figure 4.10 Gene Ontology analysis of significantly differentially expressed genes. A: Venn 

diagrams showing the numbers of genes significantly upregulated in the fissure margins (FM) 

or significantly down regulated (D) in the human and mouse data sets. B,C: Plots showing fold 

changes in expression of genes involved in cell adhesion (annotated with GO term ‘cell 

adhesion’) significantly differentially expressed in the early mouse and human datasets. D,E: 

Plots showing fold changes in expression of genes annotated with the cellular component 

term ‘extracellular region’ significantly differentially expressed in the early mouse and human 

datasets. Red indicates increased expression in the fissure margins, blue indicates decreased 

expression in fissure margins.  Genes occurring in both species are marked with *. FM: Fissure 

Margin, D: Dorsal. E11.5, 12.5: Embryonic Day 11.5, 12.5. CS17, 18: Carnegie Stage 17, 18 
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4.2.11 Analysis of candidate fissure closure genes 
 

Selected genes, NTN1/Ntn1, SHISA2/Shisa2 and Nid1, expressed at the fissure margins, were 

examined using immunohistochemistry to assess protein distribution. The genes selected 

showed high fold changes in the differential expression analyses in either human or mouse, 

were novel, i.e. had not been implicated in fissure closure before, and had functions relevant 

to a closure process. The immunohistochemistry analyses were used to determine whether 

the proteins showed a gradual high-fissure margin to low-dorsal gradient or were expressed 

only in the fissure margins and how the protein distribution varied along the length of the 

fissure and to identify the sub-cellular localization of the protein.  

NTN1/Ntn1 

This gene was selected as it showed a very large fold change of 71 fold in the human optic 

fissure margins as compared to the dorsal region, in the CS17 samples. When the CS18 sample 

was included in the analysis, the fold change decreased to 6.1 fold, but was still positive and 

significant. Although it was not detected as significantly upregulated at the fissure margins in 

the two dorsal-fissure margin analyses, at E11.5 and E12.5, it showed strong down regulation 

at the fissure margins from E11.5 to E12.5 in the third, temporal, analysis. Both of these 

observations indicate that the expression of NTN1 at the fissure margins is likely to be 

transient (See Fig 4.12 E and 4.14 E). In addition, Ntn1 is known to be essential for fusion of 

the semi-circular canal in the developing ear, a process similar to fissure closure and there is 

some evidence that it may regulate epithelial to mesenchymal transition (Yan et al., 2014). 

Fig 4.11 shows the expression of Ntn1, detected by a monoclonal antibody (Catalog No 

ab126729) in serial sections of E11.5 mouse eyes (n = 3). Ntn1 was expressed in the fissure 

margins at the folding point and to a short distance into the neural retina and RPE. It was not 

expressed in the rest of the optic cup. Expression was lower at the anterior of the fissure and 

increased towards the posterior (Fig 4.11 A-F). It was particularly strong around the 

developing optic disc and in the optic stalk (Fig 4.11 G-I). Higher magnification imaging 

showed the Ntn1 protein localized to the cytoplasm of the cells lining the fissure margins and 

appeared to be secreted into the basement membrane (Fig 4.11 J) Granules with stronger 

expression were visible within the cytoplasm. It was not expressed by cells of the POM, 

labelled with an antibody against Vimentin), that transiently occupied the space between the 
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fissure margins.  At E12.5 (n = 2) when fissure closure was nearly complete, Ntn1 expression 

had disappeared from the ventral retina (Fig 4.12 A and B), where the fissure margins had 

existed. It was still present at the very posterior of the eye (Fig 4.12 C) and in the developing 

optic disc (Fig 4.12 D). Ntn1 is known to have a number of receptors of which Unc5b, Dcc and 

Neo1 are some of the best studied (Larrieu-Lahargue et al., 2012). Based on the transcriptome 

analysis, Unc5b and Neo1 were expressed in the dorsal optic cup at E11.5 but not in the fissure 

margins. Dcc showed a low level of expression overall (Fig 4.12 E). The expression patters of 

the human orthologues were similar (Fig 4.14 E). This leaves the possibility that in the optic 

fissure, signalling by netrin is mediated by other receptors. 

Similarly, in CS17 human embryonic eyes (n = 2), NTN1 expression was detected along the 

length of the fissure margins and to a short distance into the neural retina and RPE on either 

side. Expression was lower at the anterior end of the optic fissure and increased towards the 

posterior (Fig 4.13 A-F, G-I).  High magnification imaging followed by image deconvolution (Fig 

4.13 J) showed NTN1 protein localizing to the cytoplasm of cells of cells at the fissure margins 

and secreted into the basement membrane. Granules of high expression were observed 

within the cytoplasm. In a third CS17 eye, a group of cells at the fusing margins, appeared to 

have lost their elongated morphology and epithelial organization. NTN1 expression appeared 

to be stronger in the cytoplasm of these re-arranging cells compared to the adjacent epithelial 

cells (Fig 4.14). As in the mouse, the netrin receptors UNC5B, DCC and Neo1 showed a very 

low level of expression in the fissure margins at CS17 (Fig 4.14 E).  
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Figure 4.11: Distribution of Ntn1 in E11.5 mouse eyes. A-F: Anterior, midline and posterior 

sections from an E11.5 (during fissure closure) mouse eye stained with an antibody specific 

for netrin 1 (Ntn1). Ntn1 was expressed in optic fissure margin cells and up to a short distance 

into the neural retina and RPE. Expression was lower in the anterior of the of the eye and 

increased towards the posterior. G-I: Expression of Ntn1 in the posterior optic cup and optic 

stalk of an E11.5 mouse eye. J: High magnification image of the section in F, stained with 

antibodies specific for Ntn1 and Vimentin. Ntn1 was expressed in the optic fissure margins. 

Vimentin was strongly expressed in the surrounding POM and at a lower level in the optic 

cup. Ntn1 protein localized to the cytoplasm and the basement membrane. K,L: Sections from 

the eye represented in A-F stained with secondary antibodies. Scale bars 100 µm (A-I, K,L), 50 

µm (J). 
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Figure 4.12: Distribution of Ntn1 in E12.5 mouse eyes. A-D: Sections from the anterior, 

midline and posterior optic cup and optic disc of an E12.5 mouse eye stained with an 

antibody specific for Netrin 1 (Ntn1). Ntn1 expression had disappeared in the region of the 

fissure that was closed (A, B arrowhead) It was still present at the very posterior of the optic 

cup (C arrowhead) and in the optic disc (D arrowhead). E: Heatmap showing RNA expression 

levels of Ntn1 and three of its known receptors in the fissure margins (FM) and dorsal 

control regions (D) at the two time points. Red indicates high expression while blue 

indicates low expression. Scale bars 100 µm. 
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Figure 4.13 Distribution of NTN1 in the developing human eye.: A-F: Anterior, midline and 

posterior sections from a CS17 (during fissure closure) human eye stained with an antibody 

specific for Netrin 1 (NTN1). NTN1 was detected in  optic fissure margin cells and up to a 

short distance into the neural retina and RPE. Expression was lower in the anterior of the of 

the eye and increased towards the posterior. G-I: Expression of Ntn1 and Vimentin in the 

midline and posterior optic cup of a CS17 human eye. J: High magnification image of the 

section in F, processed with image deconvolution. Ntn1 was expressed in the optic fissure 

margins. Vimentin was strongly expressed in the surrounding POM and at a lower level in 

the optic cup. Ntn1 protein localized to the cytoplasm and the basement membrane. K,L: 

Sections from the eye represented in A-F stained with secondary antibodies only . Scale bars 

100 µm (A-I, K,L), 50 µm (J). 
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Figure 4.14 Distribution of NTN1 in the rearranging cells of the anterior optic fissure.  A-D 

An anteriorly located section from a developmentally older CS17 human eye, stained with 

antibodies specific for NTN1 and Vimentin. NTN1 was strongly expressed in a group of 

rearranging cells at the fissure margins. E: Heatmap showing RNA expression levels of Ntn1 

and three of its known receptors in the fissure margins (FM) and dorsal control regions (D) at 

the two time points. Red indicates high expression while blue indicates low expression. Scale 

bars: 50 µm. 
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SHISA2/Shisa2 

This gene was selected for validation as it showed a significant and large upregulation in the 

mouse fissure margins at both time points. It was not detected as upregulated in the human 

fissure margins by RNA seq. Shisa2 has not previously been associated with eye development 

but is known to be involved in other morphogenetic processes, including somitogenesis 

(Nagano et al., 2006). 

Immunohistochemistry showed that Shisa2 was strongly expressed in the mouse neural retina 

(inner layer of the optic cup) at E11.5 (n = 3 eyes) (Fig 4.15 A – D) and at E12.5 (n = 2 eyes) 

(Fig 4.15 G – J). It was expressed at a much lower level in the RPE and surrounding periocular 

mesenchyme. Although it was not expressed specifically in the fissure margins, it showed a 

gradient of expression which was higher in the ventral optic cup and fissure margins and lower 

in the dorsal optic cup. Shisa2 protein localized to the cytoplasm.  In the human CS17 eye too, 

SHISA2 was strongly expressed in the fissure margins and at a lower level in the rest of the 

optic cup (Fig 4.15 K-L).  
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Figure 4.15: Distribution of Shisa2/SHISA2 in developing mouse and human eyes. A-D 

Midline sections from E11.5 mouse eyes stained with an antibody specific for Shisa2. Shisa2 

expression was detected throughout the optic cup, at a higher level in the neural retina and 

lower level in the RPE. Expression was also higher in the ventral optic cup and fissure than in 

the dorsal optic cup. E, F: Control sections from the same eye in A, D stained with secondary 

antibody only. G-J Midline and posterior sections from an E12.5 mouse eye stained with an 

antibody specific for Shisa2. Shisa2 expression was still present in the neural retina, with 

higher expression in the ventral optic cup at the midline. K, L: A posterior section of a 

developing human eye showing expression of Shisa2 in the optic fissure margins. 
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NID1/Nid1 

This gene was selected for validation as it was a component of the extracellular matrix and 

showed a significant upregulation at the optic fissure margins at E11.5 (2 fold) in the mouse. 

Immunohistochemistry on sections from E11.5 mouse eyes showed that Nid1 had an 

expression pattern very similar to laminin and colocalized to the basement membrane lining 

the neural retina and the RPE and the unfused optic fissure margins (Fig 4.16 A-C). At the 

midpoint of the fissure where closure had been initiated, staining for Nid1 was discontinuous 

(Fig 4.16 B’, inset). This is consistent with it being a constituent of the basement membrane. 

At E12.5 fissure closure was complete and no Nidogen could be detected across the thickness 

of the neural retina or RPE. It was still present in the basement membranes lining the outer 

and inner layers of the optic cup (Fig 4.16 D-F). There was no noticeable difference in intensity 

of Nid1 expression within the basement membrane in different regions of the optic cup or at 

the two time points. 

To conclude, genes that show a positive fold change may show a range of expression patterns 

as identified by protein expression. Like NTN1, they may be localized at the fissure margins 

only, like Shisa2, they may show a more gradual high-ventral to low-dorsal gradient, or like 

Nid1, they may be components of the basement membrane, whose expression is lost as the 

basement membrane is degraded. Also, both NTN1 and Shisa2 were detected as differentially 

expressed in only one species each by RNA sequencing but were later detected in the other 

species by immunohistochemistry. 
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Figure 4.16 Distribution of Nidogen1 in E11.5 and E12.5 mouse eyes. A-C: E 11.5 mouse eyes, 

during optic fissure closure, stained with an antibody against Nid1. Nid1 expression localized 

to the continuous basement membrane lining the RPE, the neural retina and the fissure 

margins (arrow) as well as the basement membrane lining the lens vesicle. At the midpoint of 

the fissure where closure had begun, Nid1 expression was discontinuous (B arrow, B’, arrow, 

inset). D-F: E12.5 mouse eyes, at the end of fissure closure. Nid1 expression localized to the 

basement membrane lining the inner and outer surfaces of the optic cup and the lens but no 

Nid1 was seen across the thickness of the neural retina or RPE except at the very anterior (D, 

D’). 
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4.2.12 Gene Set Enrichment Analysis showed conservation in pathways between the 

species 
 

The process of optic fissure closure is morphologically similar in mouse and human eyes. 

However, the genes identified in the differential expression analysis were different. While, 

some of this difference may be real, a proportion may also be because the fold changes in 

expression are often small and therefore only a fraction of the genes involved in the process 

may actually pass the significance threshold. When the two genes with high fold changes 

which passed the significance thresholds only in the human (NTN1) or only in the mouse 

(Shisa2), were validated my immunohistochemistry, they showed a similar pattern of 

expression in both species. Additionally, the number of samples studied here is limited, 

reducing sensitivity. Considering this, Gene Set Enrichment Analysis (GSEA), which analyses 

changes in expression at the level of gene sets rather than individual genes (Subramanian et 

al., 2005) was carried out to take into account small changes in gene expression. Initial 

analysis used the 50 ‘Hallmark’ curated gene sets from the Molecular Signature Database 

(Liberzon et al., 2015) and a False Discovery Rate threshold of FDR<0.25 as recommended 

(Subramanian et al., 2005). The Hallmark gene sets are curated gene sets representing a range 

of biological processes, signalling pathways and some cellular components and have been 

experimentally validated previously. Analysis at the level of gene sets showed a better overlap 

between the two species than analysis at the level of single genes.  

The mouse early time point (E11.5) data set and human data sets (CS17 and CS17-18) shared 

the largest number of significantly positively (20) as well as negatively (4) correlated gene sets 

(Fig 4.17 A and B). Fewer significantly correlated gene sets were shared between the mouse 

late time point dataset (E12.5) and the human datasets. In addition, a large number (20) of 

gene sets were significantly positively correlated with the fissure margin region in only the 

two human datasets and not in the mouse.  

Figure 4.17 B shows a heat map of the Normalized Enrichment Score (NES) for the Hallmark 

gene sets in the two species. In this heat map, a red cell indicates that a gene set is positively 

correlated with the fissure margins while a blue cell indicates that it is negatively correlated 

with the optic fissure margins. Only gene sets that passed significance in at least one analysis 

(i.e time point) in one of the species were included. The gene sets upregulated at the fissure 
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margins during closure (E11.5 and CS17) in both species included the signalling pathways 

mTORC1 signalling (two gene sets), TNFA signalling via NFkB and IL2 STAT5 signalling and the 

developmental processes adipogenesis, myogenesis and epithelial-mesenchymal transition. 

The NOTCH signalling pathway was down regulated at the fissure margins in both species 

during closure (E11.5 and CS17). In addition, the TGF-β signalling and hedgehog signalling 

pathway gene sets were downregulated at early and late time points in both species. 
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4.2.13 The Epithelial-to Mesenchymal Transition Hallmark gene set was positively 

correlated with the closing optic fissure 
 

Among the gene sets significantly correlated with the optic fissure, one of interest with regard 

to the closure processes is the Hallmark Epithelial Mesenchymal gene set. This gene set is 

particularly relevant as the ultrastructural studies show the cells at the closure point losing 

their epithelial character. This gene set was positively correlated with the fissure margin 

region in the E11.5 mouse (Normalized enrichment score, NES = 1.46, FDR q-value = 0.078) 

and the two human analyses (NES = 1.66 and 1.54, FDR q-value = 0.011 and 0.019 respectively) 

but very strongly negatively correlated in the E12.5 mouse (NES = -1.78, FDR q-value = 0.004) 

analysis. 

Enrichment plots for this gene set are shown in Fig 4.17 C. Here the enrichment score (ES), on 

the Y-axis, is plotted against the list of the genes ranked by Log2 Fold Change, on the X-axis. 

The list of genes begins with genes upregulated in the fissure margins and ends with gene 

downregulated in the margins. The E11.5 mouse, and the two human data sets show an 

accumulation of EMT genes at the top of this list while the E12.5 mouse data set shows an 

accumulation of EMT genes at the bottom of the list. This is consistent with this gene set 

representing a transient process as the E11.5 and human data sets correspond to an earlier 

stage in fissure closure than the E12.5 data set. The ranked list of genes featuring in the EMT 

gene set is provided in Table 4.5. A closer examination of the EMT gene set in the two mouse 

data sets showed that a number of genes featuring in the leading edge of the analysis in the 

E11.5 (early) data set (Col3a1, Col1a1, Tgfbr3, Cthrc1, Lum, Prrx1, Cap2), i.e. genes that were 

strongly upregulated at the fissure margins, were later strongly down regulated in the E12.5 

data set. Similarly, genes (Cdh6, Dkk) that were strongly downregulated in the E11.5 dataset 

showed a reversal of expression in the E12.5 data set. The fold changes of 17 genes showing 

the most dramatic reversal in expression over the two time points are plotted in Figure 4.17 

D. A similar comparison of fold changes at early and late time points in the human was not 

possible as there was only one sample available at CS18. However, plotting a heat map of 

normalized counts of the relevant genes in the individual human samples showed that some 

at least some of the genes maintained this reversal of expression (Fig 4.17 E). This group 

included genes involved in extracellular matrix and cytoskeletal organization (LUM, COL1A1, 

COL3A1, FBLN2, FOXC2). 
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Figure 4.17 Gene Set Enrichment analysis showing conservation of pathways between 

human and mouse fissure closure. A: Venn diagrams showing Hallmark Gene Sets 

significantly positively and negatively correlated with the fissure margins in human and 

mouse data sets. 21 genes sets (highlighted) were positively correlated with the fissure 

margins in both species. B: A heat map showing the normalized enrichment score for Hallmark 

Gene Sets across both species and time points. Only genes sets that passed the FDR threshold 

of 0.25 are shown. Red indicates positively correlated gene sets and blue negatively 

correlated gene sets. Gene sets that did not pass significance are shown as white. Only genes 

sets that were significant in at least one dataset were included. Gene sets of interest with 

regard to epithelial fusion are marked with arrowheads. C: Enrichment plots showing the 

distribution of genes from the Epithelial Mesenchymal Transition (EMT) gene set within the 

four expression datasets with relation to the fissure margin region. D: Fold changes of 

selected genes from the EMT gene set at the mouse early (E11.5) and late (E12.5) fissure 

margins. These include genes that were upregulated at the E11.5 fissure margins are then 

down regulated at the E12.5 fissure margins and vice versa. E: A heat map showing the 

expression of the human orthologues of the genes in (G) at the early and late time points 

analysed.FM: Fissure Margin, D: Dorsal. E11.5, 12.5: Embryonic Day 11.5, 12.5. CS17, 18: 

Carnegie Stage 17, 18. 
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4.2.14 Canonical developmental pathways detected by Gene Set Enrichment Analysis 
 

In addition to the EMT gene set, gene sets representing a number of signalling pathways 

known to be important for embryo (Wnt β-catenin signalling, TGF-β signalling, Notch 

signalling and Hedgehog signalling) were significantly correlated with the optic fissure 

margins in the human and mouse data sets. Figure 4.18 shows enrichment plots of these gene 

sets in all the four comparisons of gene expression. As described before, the Normalized 

enrichment score (NES) was plotted against the ranked gene list. For a positively correlated 

gene set, the NES showed a strong positive peak near the top of the ranked gene list and for 

negatively correlated gene sets it showed a strong negative peak near the end of the gene 

list.  

The Wnt β-catenin signalling Hallmark gene set showed the most striking difference in 

correlation between human and mouse. It was negatively correlated with the fissure in the 

two human datasets and positively correlated with the mouse E12.5 dataset. It was also 

positively correlated with the E11.5 data set although this did not pass the significance 

threshold. Conversely, the Notch signalling Hallmark gene set was significantly negatively 

correlated with the fissure margin region in the E 11.5 mouse and two human data sets but 

not in the E12.5 data set. The TGF-β and Hedgehog signalling data sets were negatively 

correlated with the fissure margin region in all datasets.  

In Wnt β-catenin gene set, the Wnt ligand WNT5B/Wnt5b was upregulated at the fissure 

margins in both the mouse and human datasets, while Wnt6 was upregulated in only the 

mouse fissure margins. The Wnt antagonist Dkk1/DKK1 was downregulated in the fissure 

margins at the early time points but upregulated in the mouse at E12.5. Of known Wnt 

targets, Axin2/AXIN2 was upregulated at the fissure margins in all analyses, Axin1 and Lef1 

were upregulated in the mouse but not human fissure margins and TCF7 was downregulated 

in the human fissure margins only. 

Within the Notch signalling gene set, Notch1/NOTCH1, Notch2/NOTCH2 and Notch3/NOTCH3 

were down regulated at the fissure margins across all analyses. The notch ligand Dll1/DLL1 

was also down regulated at the fissure margins in all samples. This downregulation was 

strongest in the mouse at E11.5. In the TGF-β signalling gene set, the target genes, Id1/ID1, 
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Id2/ID2 and Id3/ID3 show strong downregulation across all analyses. Table 4.6 shows the 

genes from these gene sets along with fold changes 

Overall, in terms of gene sets the two human datasets and the E11.5 mouse data set were 

most similar while the E12.5 dataset differed from these. This is consistent with the 

observation that both human data sets are more representative of an early stage in fissure 

closure and the E12.5 data set is more representative of a later time point where the fissure 

is nearly closed. Focusing on these and the early mouse data set is most likely to yield novel 

genes involved in the actual process of closure. 
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Figure 4.18 Enrichment plots of canonical pathway gene sets correlated with the optic 

fissure margins Enrichment plots showing the distribution of genes from four canonical 

signalling pathways within the four expression datasets with relation to the fissure margin 

region 
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4.2.15 Immunohistochemistry for additional markers of EMT 
 

Collagen proteins are important constituents of the extracellular matrix. Changes in the 

collagen composition in the extracellular matrix are observed during epithelial to 

mesenchymal transition (Gonzalez and Medici, 2014). Figure 4.19 A shows heat maps of 

expression of collagen genes, based on RNA sequencing, in the human and mouse optic 

fissure margins and dorsal regions. There was considerable variation in the expression of 

collagen genes, even within the same species. However, Col3a1/COL3A1 was uniformly 

expressed at a higher level at the fissure margins at the early time point in the mouse and 

human samples. In the mouse samples Col11a1 was upregulated at the fissure margins at the 

early time point and in the human Col1a1 was upregulated at the fissure margins at the early 

time point. These genes are marked with * in the heat maps.  

Immunohistochemistry using antibodies against Vimentin and the tight junction protein ZO-1 

was used to further investigate if cells at the closing optic fissure transiently lose their 

epithelial characteristics. Vimentin expression is known to be upregulated during epithelial to 

mesenchymal transition. ZO-1 is a component of tight junctions, which are lost during EMT 

(Gonzalez and Medici, 2014). It was hypothesized that cells at the fissure margins would strart 

expressing vimentin and loose ZO-1 expression. Figure 4.19 B-I shows expression of Vimentin 

and ZO-1 in three human eyes at late CS 16 (beginning of fissure closure), early CS17 and late 

CS17 stages (during fissure closure) stages. In all these stages Vim staining is observed in the 

periocular mesenchyme. But is present at a much lower level in the cells of the optic cup. 

However, where the fissure margins approach each other some of the cells express Vimentin 

(Fig 4.19 D,E arrow). However, Vimentin was unexpectedly observed in the cells of the inner 

layer of the optic cup as well (Fig 4.19 E *). Therefore, it cannot be considered as a definite 

marker of EMT in this region.  A single line of ZO-1 staining was visible along the apical surfaces 

of the neuroepithelium of the optic cup. Before closure, this line folded over at each margin. 

At the point of closure two separate lines of ZO-1 could not be observed (Fig 4.19 F). Here, 

the outer layer of the optic cup appeared to have completed closure and ZO-1 staining was 

continuous across this layer. However, a single line of discontinuous ZO1 staining was visible 

where the inner layer had fused only partially (Fig 4.19 F arrow). 
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In a slightly older CS17 eye (Fig 4.19 H), fissure closure has progressed further to the anterior 

of the eye. At this point the fissure margins did not appear to be as closely apposed with each 

other as they were at the midline. The gap between the fissure margins was occupied by a 

group of cells that appeared to protrude from the epithelium (Fig 4.19 H arrow). Posterior to 

this point fissure closure had completed and two complete lines of ZO-1 staining could be 

observed. High magnification imaging of the region shown in figure 4.19 H, followed by image 

de-convolution showed that the cells protruding from the epithelium did not express ZO-1 

(Fig 4.20 A). They did express a very low level of Vimentin (Fig 4.20 B).  
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Figure 4.19 Markers of epithelial-mesenchymal transition. A: Heats maps showing 

expression of collagens genes (by RNA sequencing) in the mouse and human samples studied. 

B-I: Expression of Vimentin (a marker of mesenchymal cells) and ZO-1 a marker of epithelium 

in the closing human optic fissure. B-C: Fissure closure has been initiated but not completed 

and ZO-1 expression does not extend across the fissure. D, E, E’: Cells of the fissure margin 

express a low level of Vimentin as they approach each other. E’ shows Vimentin expression in 

the cells at the point of closure, between white arrowheads. F: Cells of the RPE have 

completed closure and a continuous line of ZO-1 staining extends across them. ZO-1 staining 

of the neural retina is discontinuous (arrow). G: Fissure closure of the neural retina has 

progressed and ZO-1 staining is continuous. H: Fissure closure in the anterior of the eye. A 

group of cells appear to protrude from the epithelia at the margins. I: Fissure closure 

completed with the formation of two continuous epithelia. Scale bars = 20µm.   
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Figure 4.20: Delaminating cells at the optic fissure margins. High magnification imaging and 

image deconvolution of the region shown in Fig 4.19 H. The cells that appear to delaminate 

from the fissure margins do not express ZO-1 (A) and express Vimentin at a low level (B). Scale 

bars = 20µm.  
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Table 4.5: Expression of genes within the Hallmark Epithelial Mesenchymal Transition 

gene set in the mouse and human expression datasets.  

E11.5 E12.5 CS17 human 

Gene Fold Change Gene Fold Change Gene Fold Change 

Col3a1 2.954548613 Fzd8 2.540063366 IGFBP3 44.43272743 

Gas1 2.623260134 Cxcl5 2.301786305 LUM 15.74936468 

Gja1 2.552618092 Gja1 1.868364446 COL3A1 11.9386067 

Lgals1 2.535631331 Gas1 1.859752 THY1 10.00315646 

Cxcl5 2.531792724 Cdh6 1.703170783 DCN 8.123098368 

Gem 2.133475718 Matn3 1.607675814 FBLN1 5.772458003 

Tgfbr3 2.088686666 Mylk 1.493910598 TPM1 5.754193982 

Matn3 1.853632021 Eno2 1.422683768 SLIT3 4.784168219 

Thbs1 1.788158882 Sdc4 1.357680197 LOXL1 4.450629302 

Cthrc1 1.720235052 Dkk1 1.330905258 COL1A2 3.925699176 

Sat1 1.692363064 Sat1 1.322353867 BDNF 3.118778723 

Lum 1.677658406 Thbs1 1.313926712 FSTL1 3.079819177 

Slit3 1.667306414 Dab2 1.298320054 FBLN2 3.008529532 

Col1a1 1.665327232 Gpx7 1.274769508 TFPI2 2.984321468 

Col6a2 1.649464988 Sdc1 1.258022126 HTRA1 2.961578965 

Nid2 1.643289891 Sgcd 1.256231385 CD59 2.905941214 

Dab2 1.615054243 Wnt5a 1.250808808 NID2 2.833197929 

Cxcl12 1.612687819 Plod1 1.229355117 LAMC1 2.64148298 

Lama1 1.585850659 Itgb3 1.214882882 SERPINE2 2.539741004 

Prrx1 1.558657978 Lrp1 1.203727701 NTM 2.412913823 

Tgfbi 1.54584092 Postn 1.187622748 COL5A2 2.388921715 

Tagln 1.54362814 Slit3 1.182562744 COL6A2 2.375081498 

Cap2 1.521814824 Serpinh1 1.106196829 FMOD 2.356902931 

Notch2 1.477771506 Itgb5 1.103019437 FUCA1 2.183373248 

Eno2 1.463308276 Ecm1 1.101107728 VEGFA 2.100302561 

Cyr61 1.460637279 Tnfrsf12a 1.096392526 MATN3 2.087770083 

Itgav 1.433585715 Col6a2 1.085717276 GREM1 2.005476737 

Dpysl3 1.431762407 Nid2 1.067969761 SERPINH1 1.965841179 

Timp3 1.414496499 Fbln1 1.066211295 CXCL12 1.931803444 

Dcn 1.401460474 Lgals1 1.057459405 MGP 1.920317811 

Fzd8 1.388407631 Gpc1 1.054151271 PTX3 1.892827052 

Tgfb1 1.387252502 Tnfrsf11b 1.051041825 SNAI2 1.877149465 

Itgb5 1.380591772 Loxl1 1.042675978 COL1A1 1.873638082 

Col11a1 1.3554042 Mcm7 1.042503061 SDC1 1.857874864 

Plaur 1.354781475 Col5a2 1.037906322 PPIB 1.735917882 

Sfrp1 1.320645402 Ppib 1.034342634 TNFAIP3 1.699034626 

Fbln1 1.303885467 Fmod 1.03403429 IGFBP2 1.662142173 

Wipf1 1.291361542 Fas 1.029075823 SPARC 1.65865508 
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Slc6a8 1.289743953 Flna 1.024184594 BGN 1.646807818 

Ntm 1.283039606 Slit2 1.02068703 ECM1 1.644127079 

Sdc4 1.26802782 Lamc2 1.019611244 PDGFRB 1.630577017 

Fbln5 1.262982804 Sparc 1.017079535 ELN 1.625356907 

Itga5 1.235816113 Anpep 1.016744731 SNTB1 1.58842391 

Tnfrsf12a 1.228415318 Lama1 1.016490936 PLOD1 1.564228859 

Pdgfrb 1.22706069 Mfap5 1.011126968 LGALS1 1.563554052 

Myl9 1.219405479 Cd59b 1.00940538 TAGLN 1.499865388 

Lamc1 1.202901915 Ntm 1.00925084 SAT1 1.490470863 

Lrp1 1.202598724 Il15 1.009176513 VEGFC 1.487892772 

Foxc2 1.201462564 Vegfc 1.006179655 GJA1 1.470745581 

Pcolce 1.173507767 Vim 1.004240037 LOXL2 1.458456981 

Ecm1 1.168739363 Msx1 1.00301715 ITGB1 1.450237231 

Spp1 1.158594818 Col5a3 1.000686056 FN1 1.44910795 

Emp3 1.155338743 Inhba 0.992869989 LEPRE1 1.446850053 

Matn2 1.15469891 Col7a1 0.991138435 ITGA5 1.434133386 

Gadd45b 1.154514266 Itga2 0.990581737 NT5E 1.422408008 

Igfbp2 1.153886176 Ctgf 0.985489357 PFN2 1.4053305 

Mylk 1.153495839 Lamc1 0.983185088 MATN2 1.399283784 

Tnfaip3 1.144591432 Ptx3 0.982218477 COL8A2 1.390141411 

Pdlim4 1.137309816 Slc6a8 0.98192987 MEST 1.362246816 

Col5a2 1.128984949 Scg2 0.974715272 OXTR 1.36017461 

Vegfc 1.127251808 Sgcb 0.974102967 PLOD3 1.359587804 

Ppib 1.116179302 Itgav 0.972284332 TGM2 1.34283618 

Fbn1 1.11144153 Notch2 0.97169718 CALU 1.341520474 

Grem1 1.110369312 Col16a1 0.969840394 CYR61 1.339585999 

Flna 1.101024139 Thbs2 0.965792208 TNFRSF11B 1.330295162 

Sgcb 1.100461532 Grem1 0.964695032 CALD1 1.32799616 

Fbln2 1.095689886 Myl9 0.963926881 DPYSL3 1.317589777 

Anpep 1.094484028 Nnmt 0.962091944 IL32 1.303320119 

Crlf1 1.090372793 Ecm2 0.959546323 PVR 1.302054939 

Igfbp3 1.087711577 Basp1 0.958696607 ITGB3 1.300670584 

Serpinh1 1.081409407 Fbln5 0.957638263 SDC4 1.300139261 

Nnmt 1.079091839 Comp 0.953229265 COL12A1 1.299510116 

Inhba 1.078574778 Sgcg 0.952005114 PTHLH 1.294699703 

Col16a1 1.078275146 Plaur 0.951184641 IL15 1.294162558 

Mgp 1.07804383 Tfpi2 0.947631167 GPC1 1.291079472 

Fap 1.072711228 Fstl3 0.94740219 PCOLCE2 1.280304582 

Timp1 1.072419683 Crlf1 0.947023183 COL6A3 1.259598889 

Fgf2 1.069817854 Tagln 0.944420354 PRRX1 1.24239496 

Wnt5a 1.064831982 Magee1 0.928657045 EFEMP2 1.236933143 

Cd59b 1.064583619 Qsox1 0.926791394 TIMP1 1.229541279 

Efemp2 1.063629488 Mest 0.922084433 MCM7 1.225535772 

Col8a2 1.062408359 Rgs4 0.921101839 IGFBP4 1.225288735 

Col7a1 1.059655325 Timp3 0.919587986 LAMA3 1.223493558 

Fn1 1.058690674 Col4a2 0.913930697 TPM4 1.213246601 
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Plod1 1.048684531 Plod2 0.912258426 MMP2 1.206649003 

Col6a3 1.040480631 Sfrp4 0.910164716 FBLN5 1.201098548 

Sgcd 1.038385138 Cdh11 0.908863718 SLC6A8 1.19849435 

Itgb3 1.038293397 Pdlim4 0.906449361 TNFRSF12A 1.194821899 

Bgn 1.027507181 Calu 0.903266051 FAP 1.186787944 

Tnfrsf11b 1.025347745 Acta2 0.901452025 TGFB1 1.17047086 

Glipr1 1.024431912 Tnc 0.897145464 CXCL6 1.164703583 

Fuca1 1.021071083 Edil3 0.894176521 COL4A2 1.163211524 

Gpx7 1.014216945 Fstl1 0.891813726 FOXC2 1.137905307 

Mcm7 1.012492984 Tgfbr3 0.891317708 MXRA5 1.137891015 

Cd44 1.010769693 Sntb1 0.889412307 FBN2 1.132591738 

Postn 1.008222442 Snai2 0.878973445 SERPINE1 1.129387475 

Sfrp4 1.001265952 Tnfaip3 0.877307504 GADD45B 1.127394631 

Thbs2 0.995550824 Itga5 0.875602015 COL4A1 1.123143045 

Cdh6 0.995379498 Matn2 0.8693622 CAPG 1.120507503 

Lox 0.995059799 Copa 0.868048433 CRLF1 1.115059888 

Serpine1 0.98670822 Fbn2 0.86615215 VCAM1 1.115018289 

Tfpi2 0.983650488 Oxtr 0.860168592 ANPEP 1.11373762 

Tgm2 0.983393828 Cyr61 0.857845137 TGFBI 1.099847467 

Fstl1 0.979658897 Tgfb1 0.849256121 PLAUR 1.087770662 

Itga2 0.979496511 Efemp2 0.841603067 LOX 1.084200739 

Gpc1 0.976363635 Fap 0.840350613 THBS1 1.068825057 

Loxl1 0.975080585 Gem 0.838884759 ECM2 1.066978679 

Htra1 0.970697804 Spock1 0.837190898 SFRP4 1.066022826 

Vcam1 0.948809483 Cthrc1 0.836634124 LRRC15 1.060523909 

Plod3 0.946491516 Gadd45b 0.83144888 FBN1 1.04830575 

Pcolce2 0.943017427 Cap2 0.830706146 ITGB5 1.042662198 

Thy1 0.935847869 Dcn 0.824974009 POSTN 1.041283905 

Pthlh 0.935847869 Fn1 0.819104858 COPA 1.021705229 

Acta2 0.929282839 Jun 0.81656289 TPM2 1.016071703 

Mmp2 0.922648007 Col5a1 0.815513562 MYL9 1.009974137 

Jun 0.921938123 Cd44 0.815469021 FSTL3 0.996821961 

Sparc 0.920833647 Wipf1 0.813630326 ENO2 0.99559364 

Tnc 0.917957296 Bgn 0.807029552 LAMA2 0.995078744 

Lama2 0.91034081 Pcolce 0.805892366 ABI3BP 0.986045118 

Plod2 0.90895617 Itgb1 0.80531327 ADAM12 0.984459039 

Sdc1 0.908114464 Emp3 0.801085354 SGCB 0.98075976 

Fermt2 0.906944011 Mgp 0.791710031 MMP14 0.973860643 

Msx1 0.903964984 Rhob 0.790694322 SPOCK1 0.967863566 

Mfap5 0.902561496 Serpine2 0.785014771 COL5A1 0.966359171 

Ptx3 0.891937654 Cxcl12 0.778092609 INHBA 0.954554638 

Vim 0.891772848 Cadm1 0.76260207 FLNA 0.951440987 

Capg 0.88158088 Pfn2 0.761409826 QSOX1 0.943690897 

Loxl2 0.880177444 Lox 0.758255013 COL16A1 0.939313308 

Qsox1 0.876515484 Col6a3 0.754647326 APLP1 0.908404894 

Il15 0.853080382 Fermt2 0.738278349 THBS2 0.902958107 
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Vegfa 0.851199477 Igfbp4 0.73604309 GAS1 0.894001051 

Pfn2 0.843111969 Tgm2 0.73243677 PCOLCE 0.885657824 

Copa 0.826938966 Cdh2 0.721578327 PMP22 0.866462755 

Adam12 0.817395349 Dpysl3 0.718540249 TNC 0.855312498 

Pmp22 0.810708712 Sfrp1 0.715787364 MYLK 0.847194959 

Col5a1 0.81059633 Gadd45a 0.714830369 FGF2 0.846716193 

Dkk1 0.807284927 Htra1 0.714497137 CAP2 0.845081398 

Magee1 0.798454328 Pmepa1 0.712410709 GPX7 0.832753185 

Calu 0.791704732 Bdnf 0.710724543 CADM1 0.832696109 

Sntb1 0.788204961 Nt5e 0.704050641 MAGEE1 0.821781132 

Ecm2 0.776832546 Aplp1 0.700925463 CD44 0.814805934 

Col4a2 0.769206927 Vegfa 0.70082012 PDLIM4 0.805623734 

Basp1 0.75887973 Foxc2 0.699645158 ITGA2 0.78898059 

Itgb1 0.755023693 Mmp2 0.694283711 BASP1 0.788026967 

Slit2 0.735653313 Pdgfrb 0.693583739 CXCL1 0.77556286 

Mest 0.732540873 Prrx1 0.688597309 SGCD 0.772228861 

Rhob 0.729788165 Pmp22 0.676028814 DAB2 0.767690057 

Bmp1 0.72549719 Igfbp2 0.671209604 EMP3 0.765807937 

Cdh11 0.723120919 Col4a1 0.658722561 BMP1 0.760556722 

Vcan 0.701774666 Fbln2 0.650701814 VCAN 0.744154974 

Col4a1 0.694541457 Loxl2 0.649958504 FERMT2 0.734334058 

Col1a2 0.678593001 Mmp14 0.63941732 GLIPR1 0.71527826 

Cdh2 0.675398225 Tgfbi 0.625984294 RGS4 0.714680268 

Fbn2 0.652688744 Adam12 0.591951115 CTHRC1 0.696926497 

Cadm1 0.614691641 Bmp1 0.577658608 TGFBR3 0.681701349 

Mmp14 0.589962079 Lama2 0.565897305 TIMP3 0.678449108 

Aplp1 0.541761086 Col8a2 0.555427684 CDH11 0.669774819 

Spock1 0.527524377 Col3a1 0.534379267 COL7A1 0.653866022 

Nt5e 0.522409071 Igfbp3 0.51940009 NOTCH2 0.614382828 

Serpine2 0.519276523 Vcam1 0.509787888 MSX1 0.588559384 

Ctgf 0.514375295 Col1a1 0.492940286 GEM 0.58071481 

Bdnf 0.512592559 Col1a2 0.419930393 NNMT 0.545993593 

Pmepa1 0.470433908 Id2 0.334858937 ID2 0.541533837 

Snai2 0.452765134 Lum 0.322050126 VIM 0.529862301 

Igfbp4 0.427053391     FAS 0.522305482 

Gadd45a 0.38833075     ITGAV 0.498454658 

Id2 0.354252148     DST 0.495611129 

Edil3 0.330352169    ACTA2 0.477913007 

      JUN 0.477548418 

      CDH2 0.46768959 

      LAMA1 0.461407752 

      CTGF 0.413567197 

      WNT5A 0.401644547 

      LRP1 0.392849229 

      PLOD2 0.390704921 

      RHOB 0.387089536 
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      SPP1 0.36670363 

      FZD8 0.366669544 

      WIPF1 0.365094755 

      GADD45A 0.364209897 

      SFRP1 0.360195309 

      PMEPA1 0.333525202 

      SLIT2 0.278054441 

      COL11A1 0.268594169 

      CDH6 0.209914195 

      EDIL3 0.165882806 

        DKK1 0.066263609 
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Table 4.6 Expression of genes within the Hallmark Wnt signalling gene set in the mouse 

and human expression datasets. 

Wnt signalling pathway 

Gene Fold Change Gene Fold Change Gene Fold Change 

Fzd1 3.22 Myc 3.83 WNT5B 2.76 

Ccnd2 2.77 Fzd1 3.79 PSEN2 2.37 

Myc 1.95 Ccnd2 3.22 JAG1 2.25 

Gnai1 1.77 Fzd8 2.54 ADAM17 1.87 

Axin2 1.72 Lef1 1.36 GNAI1 1.81 

Wnt5b 1.42 Dkk1 1.33 NCSTN 1.48 

Fzd8 1.39 Gnai1 1.31 PTCH1 1.38 

Hdac11 1.30 Wnt5b 1.26 MYC 1.33 

Kat2a 1.28 Kat2a 1.23 SKP2 1.31 

Tp53 1.26 Psen2 1.21 HEY2 1.28 

Ppard 1.25 Adam17 1.20 FZD1 1.25 

Dvl2 1.19 Tp53 1.08 CUL1 1.23 

Hey2 1.16 Wnt6 1.07 AXIN2 1.21 

Wnt6 1.07 Hey2 1.04 CTNNB1 1.19 

Ptch1 1.06 Axin2 1.04 PPARD 1.17 

Ncstn 1.04 Axin1 1.03 DVL2 1.17 

Ctnnb1 1.03 Numb 1.02 HDAC2 1.10 

Lef1 1.02 Cul1 0.98 JAG2 1.06 

Axin1 1.02 Skp2 0.98 FRAT1 1.04 

Csnk1e 1.01 Maml1 0.98 DKK4 1.01 

Jag2 0.98 Ctnnb1 0.98 HDAC11 0.92 

Adam17 0.98 Ncstn 0.98 NCOR2 0.91 

Psen2 0.97 Frat1 0.98 TP53 0.90 

Numb 0.93 Ptch1 0.96 RBPJ 0.89 

Ncor2 0.89 Hdac11 0.93 HDAC5 0.85 

Skp2 0.84 Hdac5 0.91 CCND2 0.77 

Notch4 0.83 Dvl2 0.89 NOTCH4 0.76 

Hey1 0.82 Notch1 0.88 KAT2A 0.76 

Hdac5 0.82 Hdac2 0.88 NUMB 0.75 

Cul1 0.81 Ppard 0.88 CSNK1E 0.74 

Dkk1 0.81 Rbpj 0.87 NKD1 0.73 

Rbpj 0.77 Dll1 0.81 AXIN1 0.71 

Jag1 0.76 Notch4 0.80 LEF1 0.62 

Maml1 0.75 Csnk1e 0.75 TCF7 0.59 

Hdac2 0.73 Jag1 0.73 MAML1 0.48 

Frat1 0.66 Nkd1 0.71 NOTCH1 0.40 

Notch1 0.63 Hey1 0.53 DLL1 0.38 

Nkd1 0.60     FZD8 0.37 
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Dll1 0.07     HEY1 0.16 

        DKK1 0.07 
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Table 4.7 Expression of genes within the Hallmark TGF-β signalling gene set in the mouse 

and human expression datasets. 

TGF-β Signalling  

E11.5 E12.5 CS17 

Gene Fold Change Gene Fold Change Gene Fold Change 

Eng 2.15 Bcar3 1.59 PPP1R15A 2.63 

Bcar3 1.81 Ppp1r15a 1.42 TGIF1 2.21 

Thbs1 1.79 Ifngr2 1.38 ENG 1.96 

Smurf1 1.76 Thbs1 1.31 BMP2 1.90 

Tgfb1 1.39 Xiap 1.31 PPP1CA 1.74 

Xiap 1.31 Klf10 1.31 RHOA 1.59 

Ppp1r15a 1.28 Wwtr1 1.27 JUNB 1.54 

Cdk9 1.27 Tgfbr1 1.16 BCAR3 1.54 

Hipk2 1.26 Tjp1 1.09 UBE2D3 1.37 

Acvr1 1.20 Cdk9 1.09 IFNGR2 1.37 

Ppp1ca 1.18 Smurf1 1.09 KLF10 1.32 

Junb 1.16 Hipk2 1.08 FNTA 1.31 

Cdh1 1.13 Trim33 1.07 SPTBN1 1.28 

Ube2d3 1.13 Furin 1.07 CTNNB1 1.19 

Fkbp1a 1.11 Tgif1 1.06 NOG 1.19 

Smad3 1.09 Smad1 1.04 SLC20A1 1.18 

Bmp2 1.05 Cdh1 1.03 TGFB1 1.17 

Rab31 1.05 Ski 1.02 SMURF1 1.14 

Ctnnb1 1.03 Apc 1.02 SERPINE1 1.13 

Tgfbr1 1.01 Rab31 1.01 WWTR1 1.12 

Furin 1.01 Smurf2 1.01 HDAC1 1.11 

Ifngr2 1.00 Rhoa 1.01 FKBP1A 1.09 

Serpine1 0.99 Fnta 1.00 CDK9 1.08 

Wwtr1 0.96 Fkbp1a 0.99 THBS1 1.07 

Hdac1 0.96 Acvr1 0.98 SMAD3 1.05 

Fnta 0.95 Ube2d3 0.98 FURIN 1.01 

Bmpr2 0.94 Ctnnb1 0.98 SMURF2 0.99 

Rhoa 0.94 Ppp1ca 0.97 NCOR2 0.91 

Smurf2 0.90 Ppm1a 0.95 ARID4B 0.89 

Sptbn1 0.90 Junb 0.91 PPM1A 0.85 

Ncor2 0.89 Hdac1 0.91 ACVR1 0.82 

Tgif1 0.87 Smad6 0.89 TGFBR1 0.76 

Skil 0.85 Slc20a1 0.87 SMAD1 0.74 

Apc 0.84 Smad3 0.87 BMPR1A 0.73 

Ppm1a 0.82 Bmp2 0.86 TRIM33 0.72 

Tjp1 0.81 Arid4b 0.85 SMAD7 0.70 

Klf10 0.81 Tgfb1 0.85 LTBP2 0.68 
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Smad1 0.77 Smad7 0.84 BMPR2 0.67 

Slc20a1 0.76 Nog 0.82 TJP1 0.66 

Smad7 0.75 Bmpr2 0.78 ID3 0.61 

Arid4b 0.72 Pmepa1 0.71 SKIL 0.60 

Bmpr1a 0.71 Eng 0.71 MAP3K7 0.60 

Id3 0.70 Skil 0.68 RAB31 0.60 

Trim33 0.67 Bmpr1a 0.68 ID2 0.54 

Ski 0.64 Id3 0.66 SMAD6 0.50 

Nog 0.64 Id1 0.46 HIPK2 0.49 

Smad6 0.62 Id2 0.33 XIAP 0.46 

Pmepa1 0.47     CDKN1C 0.46 

Id2 0.35     APC 0.44 

Id1 0.35     PMEPA1 0.33 

       ID1 0.32 

       SKI 0.30 

        LEFTY2 0.22 
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Table 4.8 Expression of genes within the Hallmark Notch signalling gene set in the mouse 

and human expression datasets. 

Notch signalling 

E11.5 E12.5 CS17 

Gene 
Fold 

Change 
Gene 

Fold 

Change 
Gene 

Fold 

Change 

St3gal6 3.57 Fzd1 3.79 PSEN2 2.37 

Fzd1 3.22 St3gal6 1.30 JAG1 2.25 

Notch2 1.48 Fzd7 1.27 HES1 1.29 

Fzd7 1.32 Wnt5a 1.25 FZD1 1.25 

Kat2a 1.28 Kat2a 1.23 CUL1 1.23 

Ppard 1.25 Hes1 1.22 PPARD 1.17 

Psenen 1.14 Psen2 1.21 PSENEN 1.14 

Dtx2 1.11 Psenen 1.07 SKP1 1.11 

Wnt5a 1.06 Skp1 1.06 RBX1 1.08 

Aph1a 1.01 Dtx2 1.04 PRKCA 1.00 

Psen2 0.97 Cul1 0.98 SAP30 0.96 

Prkca 0.96 Aph1a 0.97 ST3GAL6 0.93 

Dtx1 0.95 Dtx1 0.97 DTX1 0.91 

Hes1 0.93 Notch2 0.97 FZD7 0.86 

Heyl 0.91 Sap30 0.96 APH1A 0.85 

Fbxw11 0.90 Tcf7l2 0.94 FBXW11 0.80 

Skp1 0.88 Prkca 0.89 ARRB1 0.79 

Lfng 0.84 Notch1 0.88 HEYL 0.77 

Notch3 0.83 Ppard 0.88 KAT2A 0.76 

Cul1 0.81 Heyl 0.83 MAML2 0.74 

Sap30 0.77 Dll1 0.81 NOTCH3 0.74 

Jag1 0.76 Fbxw11 0.80 FZD5 0.70 

Arrb1 0.72 Ccnd1 0.76 CCND1 0.69 

Tcf7l2 0.69 Notch3 0.75 NOTCH2 0.61 

Notch1 0.63 Jag1 0.73 DTX2 0.56 

Fzd5 0.60 Arrb1 0.73 LFNG 0.55 

Ccnd1 0.44 Dtx4 0.55 TCF7L2 0.51 

Dtx4 0.44 Lfng 0.55 NOTCH1 0.40 

Dll1 0.07     WNT5A 0.40 

       DLL1 0.38 

        DTX4 0.28 
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Table 4.9: Expression of genes within the Hallmark Hedgehog signalling gene set in the 

mouse and human expression datasets. 

Hedgehog Signalling pathway 

E11.5 E12.5 CS17 

Gene 
Fold 

Change 
Gene 

Fold 

Change 
Gene 

Fold 

Change 

Nrp1 1.80 Unc5c 1.17 THY1 10.00 

Gli1 1.54 Tle3 1.11 NRP1 3.72 

Nf1 1.40 Cdk6 1.10 VEGFA 2.10 

Hey2 1.16 Hey2 1.04 GLI1 1.97 

Nkx6-1 1.07 Myh9 1.03 ETS2 1.90 

Ptch1 1.06 Celsr1 1.02 CRMP1 1.64 

Nrp2 1.04 Ophn1 0.99 UNC5C 1.63 

Tle3 1.02 Scg2 0.97 ACHE 1.59 

Unc5c 1.00 Ptch1 0.96 NRP2 1.47 

Rtn1 0.99 Ets2 0.92 PTCH1 1.38 

Celsr1 0.98 Rasa1 0.92 SLIT1 1.38 

Ophn1 0.98 Amot 0.91 VLDLR 1.36 

Cntfr 0.97 Cntfr 0.91 HEY2 1.28 

Ets2 0.94 Slit1 0.90 AMOT 1.18 

Thy1 0.94 Ldb1 0.89 TLE3 1.02 

Amot 0.91 Pml 0.87 LDB1 0.99 

Crmp1 0.90 Nrp1 0.84 CNTFR 0.99 

Cdk5r1 0.89 Dpysl2 0.77 MYH9 0.94 

Ache 0.89 Nf1 0.74 OPHN1 0.91 

Ldb1 0.89 Tle1 0.72 PLG 0.91 

Pml 0.88 Crmp1 0.71 CELSR1 0.82 

Myh9 0.88 Vegfa 0.70 RASA1 0.80 

Slit1 0.86 Nrcam 0.68 CDK5R1 0.77 

Vegfa 0.85 Rtn1 0.67 DPYSL2 0.74 

Cdk6 0.84 Gli1 0.67 GPR56 0.61 

Vldlr 0.83 Vldlr 0.65 PML 0.59 

Hey1 0.82 Cdk5r1 0.57 NF1 0.56 

Dpysl2 0.76 Hey1 0.53 L1CAM 0.50 

Rasa1 0.69 Nrp2 0.53 CDK6 0.49 

L1cam 0.59 L1cam 0.52 RTN1 0.41 

Tle1 0.50     TLE1 0.38 

Nrcam 0.46     HEY1 0.16 

        NRCAM 0.13 
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4.3 Discussion 
 

Morphological changes at the optic fissure  

 

4.3.1 Human CS17 and mouse E11.5 are comparable in terms of fissure closure but 

differ in the extent of differentiation of the optic cup. 
The overall aims of the histological and transcriptomic analyses were to both identify novel 

genes involved in fissure closure in humans and mice and elucidate the potential mechanisms 

by which the cells at the fissure margins reorganize into two continuous layers.  Another was 

to determine which of these were conserved in the two mammalian species, human and mice. 

Therefore, it was necessary to identify developmental time points in the two species that 

were comparable in terms of fissure closure. Based on initial histological analysis, E11.5 in the 

mouse and Carnegie Stage 17 (CS17) were found to be comparable. At this stage, fissure 

closure had been initiated and progressed partially in both species. Three independent mouse 

eye samples at E12.5 were also analysed. At this stage fissure closure is complete along most 

of the length of the fissure. An older human developmental stage, CS18 would be comparable 

to the mouse E12.5 stage. However, due to the very limited availability and variable quality 

of human eye samples, it was not possible to analyse a complete set of replicate samples at 

CS18. A single sample at CS18 was included in the transcriptomic analysis. 

There were some visible differences in the extent of differentiation of human and mouse 

eyes. There was a very considerable inversion of the margins into the fissure in the mouse 

eyes, such that the first contact between the margins involved cells from the RPE. Inversion 

was not observed to such an extent in the human eye and the margins came in contact via 

cells exactly at the folding point between the two margins. It is not known if this inversion is 

necessary for closure or just occurs as a result of different rates of growth of the optic cup 

between species before closure can be completed. In addition, the RPE was much thinner, 

more pigmented and appeared more differentiated in the mouse eye as compared to the 

human. It is possible that this may account for some difference in gene expression at the 

fissure in the two species.  

 

 



238 
 

4.3.2 Ultrastructural studies showed a transient change in morphology which is likely 

conserved across species 

 

Transmission electron microscopy on the human optic fissure showed that cells at the folding 

point, which were initially organized as a single epithelial layer (Fig 4.4 A), had a more 

disorganized arrangement as the margins come in contact. The cells change their morphology, 

becoming less elongated and begin to intercalate with cells from the opposite margin. Further 

along the fissure, where closure has progressed the cells appeared to sort themselves into 

two layers (Fig 4.4 B) forming a complete NR and a complete RPE. The cells at the fissure 

margins extended what appear to be thick cytoplasmic processes from their basal ends as the 

margins approach one another. These observations were consistent between two eyes from 

two different embryos at CS17 studied by electron microscopy. Published ultrastructural 

studies of the fissure in rodent models and live imaging of zebrafish that also report transient 

cytoplasmic protrusions  (Hero, 1990, Hero, 1989, Hero et al., 1991, Gestri et al., 2018). Also, 

while extending cytoplasmic protrusions from their basal ends, the cells of the human fissure 

margins appear to initially retain some cell junctions at their apical ends.  

The rearrangement of cells in the fissure margins into a disorganized group was not described 

in any of the published electron microscopy studies of rodent eyes. However, this may be 

because the loss of epithelial structure is easier to observe in the human eye as the margins 

do not press closely against each other. One study has described the cells of the mouse fissure 

margins adopting a cuboidal shape (Chen et al., 2012b). There is evidence from two other 

species that cells at the fissure margins do lose their epithelial organization transiently. Live 

imaging in zebrafish showed that cells at the fissure transiently lost their polarized character 

(Gestri et al., 2018). In the chick eye, SOX2 positive cells originating from the neuroepithelium 

of the fissure margins delaminate and occupy the space in between, mediating fissure closure 

(Bernstein et al., 2018).  

Both immunolabelling for laminin in the basement membrane (Fig 4.2) and the electron 

microscopy (Fig 4.5) in my study indicate that disintegration of the basement membrane 

begins at multiple points across the thickness of the fissure in the human eye. Fragments of 

still intact basement membrane were observed among rearranging cells. A possible 

explanation for this is that as the cells change morphology and become more mesenchymal 
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than epithelial, they puncture the basement membrane (Acloque et al., 2009). A similar 

perforation of the basement membrane is seen in the zebrafish eye (James et al., 2016)  

Some cytoplasm, originating from the fissure margins with residual basement membrane still 

attached to it, was seen apparently being extruded into the fissure. None of the previous 

studies have reported cells being physically extruded from the optic fissure margins. 

Although, the study in hamster eyes did report cells degenerating in the region of the fissure 

after it had closed (Geeraets, 1976).The extrusion of cells may be a by-product of loss of their 

epithelial character, such that some cells that do not manage to intercalate with the opposite 

margin are forced out by the two margins moving towards each other. Different mechanisms 

of removing excess cells may predominate in different species.  

Epithelial to mesenchymal transition is a well-studied phenomenon known to be involved in 

other closure process. It has not been implicated in fissure closure before. My observations 

in the developing human and mouse eyes along with earlier ultrastructural studies in rodent 

models suggest EMT or a similar change in cell state as a likely mechanism of optic fissure 

closure. In addition, if cells at the fissure margins do undergo EMT or a partial EMT on contact 

it is also necessary that they regain their epithelial character after rearranging and further 

investigation would help clarify this. This was carried out using laser capture microdissection 

and RNA sequencing in this thesis. 

 

4.3.3 Cells of the Periocular mesenchyme are unlikely to facilitate basement 

membrane breakdown 

 
In her study of the mouse eye Isabelle Hero had observed cells with a phagocytic appearance, 

likely originating from the POM, and suggested that these may release enzymes that break 

down the basement membrane (Hero, 1990). A recent study in zebrafish also suggests a 

model in which cells from the POM actively help breakdown the basement membrane in an 

actin dependent manner as they migrate through the fissure (James et al., 2016). However, 

my histological analyses of mouse and human eyes and ultrastructural study of the human 

eye refute this hypothesis as they show that all POM cells are cleared from the fissure margins 

before the basement membrane starts to breakdown and closure is initiated (Fig 4.1 D – F, 
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Fig 4.2 I, O). This makes it more likely that it is the fissure margin cells of neuroepithelial origin 

that facilitate basement membrane breakdown rather than the POM. In addition to this, the 

cloche mutants in this zebrafish study (James et al., 2016) did eventually complete basement 

membrane disintegration in spite of lacking all POM derived hyaloid vasculature and the tln1 

mutants which failed in basement membrane breakdown lacked tln1 in the fissure margins in 

addition to the POM. Indeed, it is more likely that cells of the POM secrete factors that 

maintain the basement membrane around the entire optic cup and the absence of the POM 

at the fissure causes basement membrane breakdown. 
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Genetic Regulation of Morphological Changes  

 

4.3.4 The low overlap of significantly differentially expressed genes in the two species 

is unlikely to represent biological differences in closure mechanism between the two 

species. 
 

In the present study it was possible to simultaneously analyse the same process in two species 

unlike the only previously published study of the transcription profile at the fissure (Brown et 

al., 2009). However, when the comparison was made there was surprisingly little overlap 

between the genes passing the significance thresholds in the mouse optic fissure analysis and 

their orthologous genes in the human optic fissure analysis.  

Possible explanations for this are that the two species utilize different mechanisms of 

epithelial fusion to achieve closure, or that they use different signalling and regulatory 

pathways to achieve the same cellular changes or that the transcriptomic analyses detected 

only a fraction of genes that are differentially expressed, as each sample contained open, 

closing and closed regions and for technical reasons discussed in section 4.3.15. In addition, 

both Gene Ontology annotation and gene set enrichment analysis showed that the biological 

pathways and functions represented by the differentially expressed genes were similar. The 

morphological changes observed in both species were similar. Ultrastructural changes 

observed in the human were similar to those published for the mouse (Hero, 1990, Hero et 

al., 1991). Finally, when individual genes such as NTN1/Ntn1 and SHISA2/Shisa2 with 

discordant expression patterns as detected by RNA sequencing when investigated by 

immunohistochemistry showed similar patterns of expression.  To conclude, while the 

expression of some genes during fissure closure, differed between species, the RNA 

sequencing alone may not detect all differences in each species due to sample variability.  The 

observations would later need to be validated by increasing replicates or using alternative 

methods. A method that could be used, would be to isolate single cells from the region of the 

fissure, followed by RNA sequencing. 

 

4.3.5 Genes strongly expressed at the fissure margins support a change in cell state as 

a mechanism of closure 
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Netrin 1 – a regulator of cell morphology 

Netrins are secreted proteins, closely related to laminins which are important constituents of 

the basement membrane (Hedgecock and Norris, 1997). A netrin gene, NTN1 was one of the 

genes most strongly and significantly upregulated in the human optic fissure margins, as 

compared to the dorsal control region. Although its homologue Ntn1 was not detected as 

significantly upregulated in the fissure margins RNA sequencing either at E11.5 or E12.5, it 

was detected as significantly down regulated over time when the fissure margin regions at 

the two time points were compared. Also, on verification by immunohistochemistry, it was 

found to be strongly expressed in the mouse optic fissure at E11.5. Also, expression was not 

maintained in sections from E12.5 eyes where the fissure had closed, while it was maintained 

in the optic nerve head and optic disc. NTN1/Ntn1 protein was detected in the cytoplasm and 

the extracellular region. 

Ntn1/NTN1 was first identified as a diffusible molecule involved in axon guidance. It has since 

been shown to have a number of functions including formation of vasculature (Lu et al., 2004) 

and fusion of the semi-circular canal of the ear (Nishitani et al., 2017, Salminen et al., 2000). 

Ntn1 expression has previously been described in the optic disc where it is involved in the 

guidance of retinal ganglion cell axons (Deiner et al., 1997). It has previously not been 

described in the optic fissure.  

NTN1 interacts with a number of cell surface receptors including Unc5b, Dcc and Neo1. Based 

on the receptors they express, cells can be attracted to or repulsed by a source of netrin 

(Hedgecock and Norris, 1997).   Ntn1 induces filopodial retraction in cells expressing Unc5b 

(Lu et al., 2004) and extension of filopodia and lamellipodia in cells expressing Dcc (Shekarabi 

and Kennedy, 2002). RNA sequencing analysis showed that Unc5b was expressed in the dorsal 

retina at E11.5 and E12.5 in the mouse and at CS17 in the human, but not in the optic fissure 

margins.  This has also been reported previously in the mouse eye (Lu et al., 2004). This low 

expression of Unc5B in the fissure margins or ventral optic cup probably further facilitates the 

role of NTN1/Ntn1 in optic fissure closure.  It is not yet known if either of these, or other 

receptors mediate signalling by Ntn1 during optic fissure closure. Unc5b is also reported to 

be expressed in the hyaloid vasculature of the developing optic cup (Lu et al., 2004). However, 

Dcc, the netrin receptor that mediates attraction does not appear to be expressed at the 

fissure margins during closure either (Fig 4.12 and 4.14). However, novel receptors for netrin, 
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including CD146 (Tu et al., 2015) which mediates attraction have recently been identified and 

it is possible that one of these is involved in optic fissure closure.  

NTN1 expression has been shown to induce EMT and increase in cell motility along with a loss 

of E-cadhrin, increase in Vimentin and rearrangement of the actin cytoskeleton as well as 

activation of the transcription factor NF-κB, a known inducer of EMT (Yan et al., 2014, Lee et 

al., 2014). During semicircular canal fusion, the epithelial cells of the otic vesicle at the fusion 

plate undergo a morphological change similar to epithelial to mesenchymal transition at the 

fusion plate, along with disruption of the basement membrane which is dependent on Ntn1 

expression (Salminen et al., 2000). This is similar to the extension of cellular processes and 

disruption of basement membrane observed cells at the human optic fissure margins by 

electron microscopy and immunohistochemistry (Figs 4.2, 4.4, 4.5) and is consistent with 

reports of extension of cell protrusions at the fissure margins in the mouse (Hero, 1990) and 

zebrafish (Gestri et al., 2018). Interestingly, Gene set enrichment analysis of RNA sequencing 

data from the optic fissure showed that both the EMT and TNFA via NF-κB signalling gene sets 

were positively correlated with the fissure margins (Fig4.17 B) Further investigation of the 

genes constituting these gene sets may help identify downstream targets of NTN1. Finally, 

two other lines of evidence supporting a role for Ntn1 in fissure closure come from potential 

upstream regulators. Ntn1 gene expression is likely induced by Chd7 (Hurd et al., 2012) and 

by Pax2 (Morcillo et al., 2006). Both Chd7 and Pax2 are involved in fissure closure and 

mutations in their human homologues CHD7 and PAX2 cause syndromic forms of coloboma 

(Vissers et al., 2004, Sanyanusin et al., 1995). 

No human mutations in NTN1 causing coloboma have been reported yet. However, missense 

mutations causing congenital mirror movements due to defects in axon guidance have been 

reported recently (Meneret et al., 2017). Non-coding variants near NTN1 have been 

associated with a cleft palate phenotype in a genome wide association study (Leslie et al., 

2015). Ntn1 null mice die prenatally with severe axon guidance defects. These mice were 

previously reported to not have any eye malformations (Yung et al., 2015, Bin et al., 2015), 

although a detailed analysis was not carried out.   
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SHISA2 – regulation of cytoskeleton 

One of the genes, upregulated in the mouse fissure margins at E11.5 and E12.5, was Shisa2 

(E11.5 FC = 4.50, E12.5 FC = 7.73). However, in the human analyses there was a small and 

statistically insignificant down regulation (CS17 FC = 0.73, CS17-18 FC = 0.88). Later 

immunohistochemistry showed Shisa2 expression in the human optic fissure (Fig 4.15 K, L).  

This gene has not been implicated in optic fissure closure or eye development before. The 

chick orthologue was found to be initially expressed throughout the optic cup and then 

progressively restricted to the ciliary margin. Like the optic fissure margins, the ciliary margin 

is a transitory zone between the neural retina and retinal pigmented epithelium.  Expression 

in the optic fissure was not examined (Hedge and Mason, 2008). Mouse Shisa2 modulates 

Wnt and Fgf signalling by binding to their receptors and retaining them in the Endoplasmic 

Reticulum (Nagano et al., 2006, Furushima et al., 2007). Its orthologue in Xenopus is involved 

in somitogenesis, where it suppresses at least two genes also known be involved in eye 

development and down regulated in the optic fissure in my mouse analyses, Fgf8 and Cyp26 

(Nagano et al., 2006). However, Shisa2 null mice showed no major defects except a partially 

penetrant dwarfism (Furushima et al., 2007). More recent studies have implicated Shisa2 in 

axon guidance in mice (Onishi and Zou, 2017)and SHISA2 in increasing cancer aggressiveness 

by regulating WNT5A (Tamura et al., 2017). Both axon guidance and cancer invasiveness 

involve cell migration and adhesion, which are also relevant to a closure process and 

considering the increasing evidence of a role for Shisa2 in development, this is a good 

candidate for further study in optic fissure closure. Finally, a recent study has shown that 

Shisa2 regulated the cytoskeleton and promotes fusion of myoblasts (Liu et al., 2018) 

ROR3/Ror2 – regulation of the cytoskeleton 

Ror2 is a receptor tyrosine kinase gene and is upregulated in the mouse fissure margins at 

both time points (E11.5 FC = 3.5, E12.5 FC = 2), although it is not significantly differentially 

expressed at the human fissure margins (CS17 FC = 0.85, CS17-18 FC = 1.14). It is of interest 

as it regulates the actin cytoskeleton and can induce the formation of cell projections (Nishita 

et al., 2006). Ror2 and its ligand Wnt5a induce cell migration. They also regulate branching of 

the mammary gland (Roarty et al., 2015) and kidney morphogenesis (Yun et al., 2014). 

However, Ror2 expression has not been previously reported in the developing eye. Also, 

mutations in the human genes ROR2 and WNT5A cause Robinow syndrome, which does not 
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include coloboma. Ror2 mutant mice exhibit a number of developmental defects and these 

too do not include coloboma, although they do include other closure defects such as cleft 

palate and ventricular septal defects (Minami et al., 2010). 

 

4.3.6 Genes implicated in basement membrane breakdown.  
 

Adamts16/ADAMTS16 encodes a matrix metalloproteinase gene and is strongly upregulated 

only at the early time points in the mouse and human optic fissures (E11.5 FC = 3.01, CS17 FC 

= 10.3) and could potentially contribute to basement membrane breakdown. It is involved in 

the development of the mouse reproductive system and branching morphogenesis of the 

kidney, likely through extracellular matrix remodelling (Abdul-Majeed et al., 2014, Jacobi et 

al., 2013). A study published soon after these results were obtained showed the same pattern 

of Adamts16/adants16 expression in mouse and zebrafish eyes and demonstrated that 

morpholino knock-down of adamts16 in the zebrafish resulted in coloboma with a failure in 

basement membrane breakdown (Cao et al., 2018). 

Another gene, with a potentially related role, upregulated at the fissure margins is 

Galnt12/GALNT12 (E11.5 FC =6.3, E12.5 FC = 6.4, CS17 FC = 2.36, CS17-18 FC = 1.6), a glycosyl 

transferase. It has not previously been implicated in any developmental process, although 

mutations in it are associated with colon cancer (Guda et al., 2009). Another gene from the 

same family Galnt1, regulates extracellular matrix remodelling in the salivary gland (Tian et 

al., 2012) in the developing cardiac valves by promoting the expression of the matrix 

metalloproteinases Adamts1 and Adamts5 (Tian et al., 2015). This information, taken 

together with the high and conserved upregulation of Adants16 and Galnt12 in the optic 

fissure makes them good candidates for future study in relation to extracellular matrix 

remodelling required for optic fissure closure. 

 

4.3.7 Cell adhesion-related and extracellular molecules identified by gene ontology 

analysis 
 



246 
 

The genes described above are only a small proportion, with large fold changes and 

particularly interesting functions, of all the genes differentially expressed in the closing optic 

fissure margins. Gene Ontology (http://geneontology.org) analysis was used to study the 

entire set of genes expressed in the optic fissure margins, in an unbiased manner, and gain a 

better understanding of the pathways they represent. Gene Ontology terms are a 

standardized set of terms used to describe the function of a gene and are updated as 

biological knowledge accumulates. The web-based tool DAVID (Dennis et al., 2003) was used 

to annotate the significantly differentiated genes and then identify Gene Ontology terms that 

were significantly enriched (i.e. over-represented) in each of the groups in my analysis. 

The significantly upregulated and significantly downregulated genes within each time point 

for each species were grouped for the purpose of annotation. This was done as both 

upregulated and downregulated genes may be linked to the same process, for example, 

upregulation of an enhancer gene and downregulation of a suppressor gene of the Wnt 

signalling pathway would have a similar biological effect and both genes would have been 

annotated  with the term ‘Wnt signalling pathway’. I focused on the Biological Process and 

Cell Component terms as these were likely to be the most informative in understanding the 

mechanisms of closure. A large number of Biological Process terms were significantly enriched 

in all four data sets while a smaller number of Cellular Component terms were significantly 

enriched. There was a partial overlap in the terms enriched in the two species. These are 

highlighted in Tables 3 and 4 and are discussed below.  

One of the Biological Process terms significantly overrepresented in both species at the early 

fissure closure time point was ‘cell adhesion’. However, the genes annotated with this term 

in the two species were different. This may be partially due to incomplete annotation of genes 

in the GO database or because different genes crossed the significance thresholds in the 

human and mouse analysis. In the mouse gene set Cadherin 4 (Cdh4) and the protocadherins 

(Pcdh17 and Pcdh19) were down regulated at the fissure margins while in the human gene 

set CDH5 and CDH8 were upregulated and CDH6 was down regulated. The cadherins are a 

superfamily of cell adhesion molecules (Paulson et al., 2014).  Cdh4, also known as r-cadherin 

is known to be involved in retinal development and retinal axon guidance, although it has not 

been implicated in fissure closure yet (Babb et al., 2005, Liu et al., 2001).  Similarly, Pcdh17 

has been implicated in retinal differentiation (Chen et al., 2013b). As these genes feature in 
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the downregulated gene set it is possible that they have a more general dorsal to ventral 

expression gradient and indicate the beginning of retinotectal mapping. The possible overlap 

between fissure closure and retinotectal mapping genes will be discussed in section 4.3. 13. 

Also, a closely related Cadherin cdh2 (n-cad) has previously been implicated in coloboma, with 

disrupted retinal lamination, in the zebrafish (Masai et al., 2003). CDH6 is downregulated in 

the human optic fissure margins, although a similar down regulation is not observed in the 

mouse analysis. The zebrafish orthologue of this gene has also been implicated in retinal 

development but not optic fissure closure. However, this gene was initially studied in the 

developing kidney and neural crest cells where it is involved in epithelial-to-mesenchymal and 

mesenchymal-to-epithelial transition (Mah et al., 2000, Clay and Halloran, 2014, Schiffmacher 

et al., 2014).  

The Cellular Component tern ‘extracellular region’ was significantly over represented in both 

species. But the genes annotated with this term in both species were different. Only the genes 

BMP7, BMP4, APOE COL3A1A and NRCAM were annotated with this term and featured in 

both species. BMP7 and BMP4 are already known to be needed for successful fissure closure 

(Behesti et al., 2006, Morcillo et al., 2006).  A large number of the remaining genes annotated 

with this term encoded secreted signalling factors or components of the extracellular matrix. 

These included the collagen genes Col9a1 and Col3a1 significantly upregulated and Col9a2 

significantly down regulated in the mouse and COL3A1 significantly upregulated and 

COL11A1, COL22A1, COL9A3, COL13A1 and COL25A1 significantly downregulated in the 

human. Col3a1 is known to be strongly expressed in mesenchymal tissue during mouse 

development (Niederreither et al., 1995). It enables the correct deposition of Type I collagen 

(Liu et al., 1997). Type I and Type III collagens  are reported to be deposited during epithelial 

to mesenchymal transition (Gonzalez and Medici, 2014).  Similarly, the Wnt inhibitors Dkk2, 

Dkk3 and Sfrp2 were significantly down regulated in the mouse optic fissure margins, while 

DKK1 and SFRP1 were significantly down regulated in the human optic fissure margins. Sfrp2 

is known to be involved in fissure closure in the mouse (Huang et al., 2015). On further 

examination of the human transcriptome data, its orthologue SFRP2 was found to be down 

regulated but did not pass significance. 
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4.3.8 Gene set enrichment analysis verified that the CS17 human samples most closely 

resemble mouse E11.5. 
 

Using GSEA there was much better overlap between the two species in terms of gene sets 

rather than individual genes as described in section 4.2.10, the two human analyses (CS17 

and CS17-18) and the early time point (E11.5) analysis in the mouse showed the largest 

overlap of gene sets significantly correlated (positively or negatively) to the optic fissure 

region. In total, they shared 24 gene sets with a similar direction of correlation. This is 

consistent with the earlier morphological observation that the CS17 time point in the human 

eye was similar to the E11.5 time point in the mouse eye in terms of fissure closure.  The CS17-

18 analysis included more CS17 samples than CS18. The E12.5 seemed to stand out and likely 

represented a more advanced stage in fissure closure. Due to the difficulty of obtaining 

human samples it was not possible to have comparative triplicate human samples for this 

stage.  

In addition, a large number of gene sets (21) passed the significance threshold for correlation 

in the human samples only. In total 47 gene sets were significantly correlated in the human 

samples. These genes sets are of interest as the human eye may utilize mechanisms of fissure 

closure that the mouse eye does not. However, this number seems unusually high considering 

that in all only 50 gene sets were analysed and very few gene sets were significantly correlated 

with the fissure in the mouse and not in the human eye. Also, the significance threshold used 

was FDR q-value <0.25. This is much higher than the 0.05 p-value threshold commonly used 

for statistical tests. However, it is the threshold recommended for this method of Gene Set 

Enrichment analysis (Subramanian et al., 2005). Therefore, although the gene sets not shared 

by the human and mouse analyses open many interesting areas of investigation this would 

need further verification by expanding the analysis to include more replicates, and so 

compensate for variability.  
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4.3.9 Gene Set Enrichment Analysis supported partial Epithelial Mesenchymal 

transition as a mechanism of closure. 
 

One of the gene sets with the most striking pattern of correlation is the Epithelial 

Mesenchymal Transition gene set. This gene set was positively correlated with the fissure 

margin region in the E11.5 mouse (Normalized enrichment score, NES = 1.46, FDR q-value = 

0.078) and the two human analyses (NES = 1.66 and 1.54, FDR q-value = 0.011 and 0.019 

respectively) but very strongly negatively correlated in the E12.5 mouse (NES = -1.78, FDR q-

value = 0.004) analysis. Epithelial-mesenchymal transition (EMT) is the process by which 

epithelial cells transiently or permanently convert into mesenchymal cells. Epithelial cells 

form layers joined by a number of specialized cell junctions including tight junctions, adherens 

junctions, desmosomes and gap junctions, have apico-basolateral polarization and are 

associated with a basement membrane at the basal surface. Mesenchymal cells do not form 

layers, contact each other through focal junctions, do not have apico-basolateral polarity and 

are not associated with a basement membrane (Thiery and Sleeman, 2006).  

EMT is a known mechanism of epithelial remodelling during embryonic development, 

including other closure processes (Dudas et al., 2007, Kim et al., 2015, Thiery and Sleeman, 

2006). Also, the ultrastructural study of the optic fissure in CS17 human eyes, described earlier 

in this chapter, showed a group of cells at the fissure losing their epithelial arrangement and 

adopting a morphology that more closely resembles mesenchymal cells (Section 4.4.4). 

Previously published ultrastructural studies of the closing mouse optic fissure show cells 

extending cytoplasmic protrusions at the point of closure (Hero, 1990, Hero, 1989), although 

EMT was not proposed as a mechanism in these studies. A change in morphology from a 

columnar epithelial shape to a protrusive shape has also been observed in a recent live 

imaging study of the zebrafish eye (Gestri et al., 2018). Finally, in the chick eye, SOX2-positive 

cells originating from the neuroepithelium of the fissure margins were observed to bud off 

and form a bridge across the fissure (Bernstein et al., 2018). Taken together, these 

observations suggest that optic fissure closure could occur by a mechanism that involves 

transient EMT in humans, and that this is likely to be conserved across species. 

It is also worth noting that after being positively correlated with the optic fissure margins at 

the early time point (E11.5) in the mouse, the same EMT gene set is strongly negatively 
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correlated at the late time point, E12.5. Histological analysis at the stage shows that fissure 

closure is nearly complete at this stage. The switch in correlation of the EMT gene set may 

reflect cells reverting to their epithelial state, now as a continuous inner layer (NR) and 

continuous outer layer (RPE). It was not possible to determine if a similar change in correlation 

of the gene set after fusion occurs in human as enough replicate samples post-closure (CS18) 

to enable a statistical analysis were not sequenced.  

 

4.3.10 Candidate genes regulating epithelial to mesenchymal transition 
 

In addition to NTN1 and Shisa2, a number of genes that could potentially regulate changes in 

cell morphology were identified from the ‘leading edge’ of the EMT gene set.   The leading 

edge subset is defined as “the core of a gene set that accounts for the enrichment signal” 

(Subramanian et al., 2005). These are genes with relatively large fold changes that contribute 

the most to the enrichment score of a particular gene set.  

Several genes that appeared in the leading edge subset at E11.5, showed a switch in fold 

change and were down regulated at the fissure margins at E12.5. These include the 

transcription factor genes Foxc2 and Prrx1, the collagen genes Col3a1, Col1a1 and Col8a2, 

extracellular protein genes Lum, Cthrc1, Fbln2 and Cxcl12, and several cell surface molecules 

including Tgfbr3, Igfbp2, Igfbp3 and Notch2. The human orthologues FOXC2, COL3A1, 

COL1A1, LUM, FBLN2, CXCL12, IGFBP2 and IGFBP3 show a similar pattern of expression, such 

that they were higher in the CS17 fissure margin samples than in the CS17 dorsal control 

sample.  

The transcription factor FOXC2/Foxc2 was mildly upregulated at the optic fissure margins in 

both species and it is a known inducer of epithelial to mesenchymal transition in cancer 

metastasis (Mani et al., 2007, Hollier et al., 2013) is expressed in mesenchymal tissues during 

embryonic development (Miura et al., 1993). It has not been reported previously in the optic 

fissure margins or other regions of the optic cup, however it has been reported in the 

periocular mesenchyme (Gage et al., 2005). Finally, mutations in FOXC2 cause Lymphedema-

distichiasis syndrome, which can include defects of the eyelids, cleft lip/palate and ventricular 

septal defects but coloboma has not yet been reported (Brice et al., 2002).  
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Col1a1/COL1A1 and COL3A1/Col3a1 are also known markers of EMT (Zeisberg and Neilson, 

2009). Mutations in both have been implicated in multisystem disorders but they do not 

involve coloboma or related malformations (Narcisi et al., 1993, Weil et al., 1989) 

The gene LUM/Lum codes for a lumican, a leucine-rich proteoglycan which is a component of 

the  extracellular matrix in a number of organs (Nikitovic et al., 2008). Lum expressiom 

showed a mild upregulation at the mouse optic fissure margins at E11.5 (FC = 1.6) and a strong 

down regulation from E11.5 to E 12.5 (FC = 0.28). It was also strongly upregulated in the CS17 

human optic fissure margins (FC = 15.7). Previous studies have implicated Lumican in 

endothelial-mesenchymnal transition, cell proliferation and cell adhesion and migration. It 

has not been implicated in optic fissure closure before, however, mice lacking Lum have 

corneal opacity and other defects in connective tissue (Chakravarti et al., 2000).  

In addition, Tgfbr3 was strongly upregulated at the E11.5 mouse fissure margins and then is 

down regulated at E12.5. Although this change was not replicated in the human samples 

sequenced, it would be worth further investigation by alternative methods as this gene is also 

specifically expressed in the medial edge epithelial cells of the palatal shelves which undergo 

fusion. (Cui and Shuler, 2000, Nakajima et al., 2010). It has been suggested that it may mediate 

the responsiveness of these cells to Tgfβ3 which induces EMT 

All of the genes described in this section would be good candidates for future studies 

regarding changes in cell state at the closing optic fissure.  

 

4.3.11 Classical markers for epithelial to mesenchymal transition  
 

EMT is a well-documented phenomenon occurring in early embryonic development, later 

organogenesis, wound healing and cancer invasion and metastasis. A number of biomarkers 

that identify a change in cell state from epithelial to mesenchymal (EMT) and back to 

epithelial (MET) have now been defined. These include an upregulation and/or nuclear re-

localization of the transcription factors Snail1, Snail2, Twist1, Foxc2, Zeb1 and Zeb2, 

expression of Vimentin, changes in the composition of the extracellular matrix including an 

increase in Collagen III and I and a decrease in Collagen IV and a down regulation of E-cadherin 
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(Cdh1) and upregulation of N-cadherin (Cdh2) (Gonzalez and Medici, 2014, Acloque et al., 

2009). 

The fissure region cells were found to have characteristics of both epithelial and mesenchymal 

cells. They expressed Vimentin, a marker of mesenchymal state, at a low level, as detected by 

immunohistochemistry. The laminin containing basement membrane showed fragmentation 

at the point of closure in both the mouse and human. Using RNA sequencing, Foxc2/FOXC2 

was moderately upregulated at the fissure margins in both species by RNA sequencing. Twist1 

was upregulated significantly in mouse but not detected as upregulated in the human fissure 

margins. As described before, Col3a1/COL3A1 was significantly upregulated in both species 

and Col1a1 was mildly upregulated in the mouse. These are all characteristic of a 

mesenchymal state. 

However, Cdh2/CDH2 was downregulated at the fissure margins in both species. This is 

consistent with observations in the chick retina which show that Cdh2 expression is absent in 

a very distinct region around the fissure margins and in cells that delaminate from the fissure 

margins (Bernstein et al., 2018). However, it is contradictory to the generally accepted role of 

N-cadherin as a marker of the mesenchymal state (Gonzalez and Medici, 2014). 

Taken together, these observations suggest that EMT occurring at the fissure margins and 

that it is partial and transient. Eventually, as closure completes, the cells regain their epithelial 

organization. There is increasing evidence for epithelial plasticity and that epithelial and 

mesenchymal states are not binary states (Nieto, 2013). 

 

4.3.12 Pathways shared by fissure closure and retinotopic mapping 
 

The transcriptome analysis involved comparing one region of the developing optic cup with 

another. Therefore, it is likely to pick up any genes that are differentially expressed between 

these regions and some of these may have functions distinct from fissure closure. Maturation 

and differentiation of the cells of the neural retina occurs in a wave from the central retina to 

peripheral (Herrera and Erskine, 2017, O'Brien et al., 2003). The collection of tissue by 

microdissection in this study pooled tissue from the central and peripheral regions (either at 
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the fissure margins or dorsal optic cup) Therefore it is not likely to pick up differences in gene 

expression created due to this wave of differentiation.  

As the retina differentiated the retinal ganglion cells are formed and extend axons which pass 

through the optic disc and project to the superior colliculus in the brain. These projections 

are organized in a precise map such that axons from a specific region of the retina map to a 

specific target in the superior colliculus and are essential for correct image formation and 

visual function. For example, dorsal–ventral axis of the retina maps to the lateral–medial axis 

of the superior colliculus (Torborg and Feller, 2005). One of the mechanisms that drive this 

mapping is the expression of gradients of cell surface guidance molecules within the retina 

and corresponding gradients within the target in the brain. Genes encoding such guidance 

molecules are also may be picked up by the RNA sequencing analysis in this study.  

In addition, there is increasing evidence that fissure closure may involve some of the same 

players as retinotopic mapping. The family of cell surface proteins known as ephrins are a 

major group of such guidance molecules involved in retinotopic mapping. A recent study has 

implicated the ephrin Efna1 and ephrin receptor Ephb2 in mouse optic fissure closure (Noh 

et al., 2016). Similarly, the tenurin Tenm3 is involved in retinotopic mapping and optic fissure 

closure (Leamey et al., 2007, Aldahmesh et al., 2012, Chassaing et al., 2016). Finally Ntn1, 

which has been identified as a potential regulator of optic fissure closure in this thesis is also 

required for guiding axons through the optic disc (Herrera and Erskine, 2017).  
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Technical aspects 

 

4.3.13 Drawbacks in collection of samples and analysis 
 

In the human analysis, samples at the two time points were grouped together due to the lack 

of samples and cost of RNA sequencing. As closure of the optic fissure spans over a week of 

human development in the human eye, collections of at least 3 samples within each 

developmental stage would give better chances of identifying small changes in gene 

expression. 

As material was collected along the length of the fissure, at least in the earlier time points it 

included regions of the margins that were still open, closing or closed. A more accurate 

expression profile may have been achieved by collecting the open and closed region of the 

fissure separately. However, this would need thinner sections of the sample, a method of 

staining to better visualize the fissure without damaging the tissue or RNA. It might also 

require pooling of material for multiple embryos to achieve the required amount of total RNA. 

Alternatively, single cells could be isolated and profiled by RNA sequencing. In completely 

open or closed regions of the fissure, the majority of these would likely show signatures of 

being in the epithelial state, while at the point of closure some would express mesenchymal 

markers. A number of techniques are available for isolating single cells (Gross et al., 2015). A 

less labour intensive approach could be to dissociate the entire optic cup and then select cells 

expressing a marker of the optic fissure (Pax2, Smoc, Ntn1, etc.) by FACS (fluorescence 

activated cell sorting). 

Also, due to the possibility that the micro dissected fissure margin tissue could have been 

contaminated by cells from the POM, the expression of genes in the fissure margins should 

be verified by in-situ hybridization or immunohistochemistry in sections of the optic cup, 

before their function is explored further. 
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4.3.14 Microdissection was designed to maximize the likelihood of identifying genes 

that influence fissure closure.  
 

RNA sequencing was used to compare gene expression at the fissure margins with that of a 

small control region diametrically opposite it in developing mouse and human eyes. The 

developmental time points used were selected to include both early (mouse E11.5, human 

CS17) and late (mouse E12.5, human CS18) stages of fissure closure. This format of analysis 

would pick up genes that are expressed or suppressed only in the fissure margins as well as 

genes that have a more gradual dorsal-to-ventral or ventral-to-dorsal gradient. Both these 

patterns of expression can affect fissure closure. Although not all the genes identified may be 

involved in fissure closure, they are likely to include many that are. I chose this design as it 

gave the best chance of identifying fissure closure genes. Alternative designs of analysis would 

be to compare the fissure margin region with an immediately adjacent region or the entire 

optic cup or to compare fissure margin regions from different time points during closure with 

each other. The first method may not have picked genes with gradual dorsal-to-ventral or 

ventral-to-dorsal gradients which may contribute to successful fissure closure. The second 

has previously been used (Brown et al., 2009) with some success but also picked up genes 

that were up or downregulated in the entire optic cup over the time points studied (e.g. Vsx2) 

and missed known fissure closure genes expressed at the fissure and known to be involved in 

fissure closure (e.g. Pax2, Vax1, Vax2).  

 

4.3.15 The majority of genes expressed at the fissure margins were novel but had 

small fold changes 
 

288 genes were significantly differentially regulated at the early time point (E11.5) and 154 at 

the late time point (E12.5) in the mouse eye. It is not clear if the larger number of genes 

passing the significance threshold at E11.5 was biologically significant or was just a 

consequence of the increased variability observed in the E12.5 samples. There was a partial 

but not very extensive overlap between these groups. A very large number of genes passed 

significance at only E11.5 and these are of interest because E11.5 is the stage at which the 

basement membrane dissolution and epithelial remodelling occur. Genes that regulate these 
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processes are likely to be upregulated or down regulated at the fissure margins only 

transiently. 

However, it is interesting to note that the gene Smoc1, known to be essential for successful 

fissure closure in humans and mice (Rainger et al., 2011, Okada et al., 2011) was significantly 

upregulated at the margins only at E12.5. This indicates that although fissure closure may 

appear to be nearly complete at this stage in histological analyses, there may still be tissue 

remodelling occurring and that genes identified at this time point are of interest as coloboma 

disease candidate genes.  

The vast majority of genes had not previously been associated with optic fissure closure or 

even eye development in general. A small number of genes had large magnitude fold changes 

(Log2 FC > 2 or <-2); 32 at E11.5 and 22 at E12.5. The rest of the genes at both time points has 

more moderated fold changes. Of the 288 genes significantly differentially expressed at E11.5, 

only 17 were already known to be essential for optic fissure closure in animal models or were 

orthologues of human coloboma genes. Similarly, of the 154 genes significantly differentially 

expressed at E12.5, only 14 were known to be involved in optic fissure closure. The known 

fissure closure genes had on average large magnitude fold changes. The large number of novel 

genes previously not associated with eye development emphasizes the scope of identifying 

novel mechanisms underlying fissure closure and new disease genes. Although, as the fold 

changes of most genes are small, it is possible that a mutation in one of these alone may not 

be enough to affect fissure closure and that more multigenic models should be explored.  

In spite of the large number of genes detected, it is possible that not all genes dynamically 

expressed at the fissure margins were detected. In case of the mouse eyes, three replicates 

were sequenced at each of the two time points.  There were only two biological replicates at 

CS17 with good quality RNA that could be sequenced and one sample at CS18 was also 

sequenced. Both sensitivity and specificity of differential gene expression algorithms 

decreases with smaller numbers of replicates. Also, the DESeq2 algorithm for differential 

expression was used as it is reported to have a good control of false positives as compared to 

other statistical methods, such as edgeR (Soneson and Delorenzi, 2013). However, it is also 

reported to be less sensitive and have a lower rate of detecting true positives.  
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4.3.16 Gene Set Enrichment Analysis (GSEA) takes into account genes with smaller 

fold changes 
 

Gene set enrichment analysis (GSEA) is based on a statistical model that is designed to 

account for small, non-significant, fold changes in a large number of genes that together may 

significantly influence a pathway or cell mechanism (Subramanian et al., 2005). It uses gene 

sets and a ranked list of genes in which the genes are arranged according to fold change (from 

an RNA sequencing or microarray experiment). A gene set is a group of genes known to be 

involved in a particular mechanism based on previous biological knowledge. The algorithm 

then determines if members of a gene set are randomly distributed within the ranked list or 

if they cluster towards the top or bottom of the list. It then determines if this clustering is 

statistically significant. 

Differential gene expression analysis using DESeq2 followed by a Gene Ontology Enrichment 

analysis using the online DAVID tool found different genes passing the significance threshold 

in the two species, but these genes appeared to be involved in similar processes. Raising the 

possibility that only some of the genes involved in each pathway cross the significance 

thresholds. A similar lack of overlap in differentially expressed genes has been observed 

before when three groups tried to identify a ‘gene expression profile’ shared by different 

kinds of stem cells (Fortunel et al., 2003, Vogel, 2003). 

GSEA was used to study the human and mouse data at the level of gene sets rather than 

individual genes as it may help determine more conclusively what pathways and mechanisms 

are involved in closure and if these are shared by the two species or not. Here the list of genes 

ranked by fold change began with the genes most upregulated at the optic fissure margins 

through all genes to those most down regulated. The gene sets used were the Hallmark gene 

sets from the molecular signature database (Liberzon et al., 2015). The Hallmark gene sets 

consist of 50 consensus gene sets generated by computational procedures and manual 

curation from multiple databases including the Gene Ontology database and canonical 

pathway databases such as KEGG pathways. They represent 50 biological themes including 6 

developmental mechanisms and 13 canonical signalling pathways. If a gene set clustered to 

the top of the ranked list it was positively correlated with the optic fissure region and if it 
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clustered at the bottom, it was negatively correlated with the optic fissure region. This 

analysis showed much better conservation between the two mammalian species (human and 

mouse) studied than analysis at the level of single genes.  

 

4.3.17 Was conversion of mouse to human genes an issue? 
 

One drawback in applying this method of gene set enrichment analysis was that the Hallmark 

gene sets consist of human genes and therefore the mouse genes had to first be converted 

into their human orthologues (Liberzon et al., 2015). Conversion of orthologues was done 

using the Biological Database Network (https://biodbnet-abcc.ncifcrf.gov/). Orthologues 

were not identified for some genes but these constituted less than 5% of the total and 

therefore are not likely to influence the outcome of this analysis significantly.  

 

 

4.3.19 Future work 
 

Further work needs to be done to functionally prove that this change in cell morphology 

and/or state is essential for successful fissure closure. The next step in the process would be 

to show that inhibiting the change in cell morphology would inhibit or interfere with the 

process of optic fissure closure. As epithelial to mesenchymal transition is a core process in 

embryogenesis germ line mutations that disrupt the process may not be compatible with life 

in animal models. Conditional knock outs of these genes restricted to the eye would need to 

be used instead. Alternatively, it has been shown that optic cup explants from mouse embryos 

can be cultured in-vitro. These provide a system in which optic fissure closure could be 

observed and the cellular processes involved could be manipulated. Epithelial to 

mesenchymal transition could be blocked by chemical agents (An et al., 2015).  
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4.4 Conclusions 
 

The work described in this chapter demonstrated a change in cell morphology similar to an 

epithelial to mesenchymal transition occurring at the time optic fissure closure in the fissure 

margins in two mammalian species (human and mouse) and identified a number of novel 

changes in gene expression associated with this process and likely to regulate it. The changes 

in cell morphology and organization of cells at the fissure margins and the species they have 

been observed in are summarized in Figure 4.21. This schematic is based on observations 

from this thesis as well as published studies in the mouse, zebrafish and chick (Hero, 1990, 

Gestri et al., 2018, Bernstein et al., 2018). Novel candidate genes and pathways likely to 

regulate these morphological changes are also listed in the schematic. Taken together, the 

evidence presented here proposes a model of closure where a group of cells at the two 

margins lose their epithelial arrangement and break through the basement membrane, then 

rearrange and resume their epithelial organization in a different orientation. These genes 

dynamically expressed during this process can be investigated further as disease candidate 

genes, which is the focus of the following chapter of this thesis.  



260 
 

 

  



261 
 

Figure 4.21: A model of fissure closure and rearrangement of cells. Based on ultrastructural 

and transcriptomic analysis of the optic fissure described in this thesis, a model of closure 

was proposed in which epithelial cells from the fissure margins undergo a change in 

morphology and transiently form a disorganized group, before rearranging as two 

continuous epithelia. Genes and gene set pathways representing pathways identified in this 

thesis are indicated in green. They are positioned along with cellular and morphological 

changes (indicated in black) underlying fusion that they are predicted to regulate. The data 

in this thesis relates to human and mouse eyes. Where published observations in other 

species are consistent with these, they have been indicated in red. BM: Basement 

Membrane, L: Lens  
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5. The role of Sall2 in shaping the optic cup 

 

5.1 Introduction 
Previously we identified the spalt- like gene SALL2, as a candidate gene with a role in optic 

fissure closure (Kelberman et al., 2014). Using homozygosity mapping and exome sequencing 

a novel homozygous mutation was identified in SALL2 in three siblings within a 

consanguineous family affected with non-syndromic ocular coloboma. The mutation was 

predicted to result in a null allele by introducing of a premature termination codon (p.Glu29*) 

and leading to the loss of 97% of the protein including three clusters of zinc finger motifs that 

are essential for its DNA binding activity. The mutation appeared to be recessive as both the 

parents of the affected siblings were heterozygous for this mutation and had normal eye 

phenotypes (Kelberman et al., 2014).  C57Bl6 mice homozygous for a Sall2 knockout allele 

showed incomplete optic fissure closure leading to a colobomatous defect in the anterior part 

of the eye (Kelberman et al., 2014), which is consistent with Sall2 playing a role in optic fissure 

closure. The Sall2 allele had been generated by deleting exons 1a and 2 (encoding the entire 

DNA binding region) of Sall2 by homologous recombination (Bohm et al., 2008). 

 5.1.1 SALL2 
 

The Sall family of zinc-finger transcription factors consists of SALL1-4 in humans and Sall1-4 

in mice. They are homologues of the Drosophila gene spalt (sal) (de Celis and Barrio, 2009). 

SALL2 maps to the human chromosome 14q11.1-12.1.  SALL2 protein has two known isoforms 

beginning with alternative, short, first exons (E1 and E1A) and a common, long second exon 

(E2) which contains the entire DNA binding region (Kohlhase et al., 1996, Kohlhase et al., 

2000). The same three exons and two isoforms are also found in mouse Sall2. The E1-E2 splice 

variant is expressed from a promoter P1 located upstream of E1 and the E1A- E2 splice variant 

is expressed from a promoter P2 located between E1 and E1A (Ma et al., 2001, Sung et al., 

2013). The amino acid sequences of human SALL2 and its murine homologue show a sequence 

identity of 85% - 90% (Kohlhase et al., 2000, Pincheira et al., 2009). 
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5.1.2 The Sall family of genes in developmental disorders 
 

Mutations in SALL1 have been implicated in Townes-Brocks syndrome and mutations in SALL4 

have been implicated in Duane Radial Ray (Okihiro) Syndrome, both autosomal dominant 

developmental disorders (Kohlhase et al., 1998, Kohlhase et al., 2002), indicating that they 

both play essential roles in development. Townes-Brocks syndrome is characterized by 

anorectal abnormalities, abnormalities of the hands, outer ear deformities and sensorineural 

hearing loss (Kohlhase et al., 1998). Okihiro syndrome includes radial hand defects and 

external ear, spine, vertebral, upper limb and renal malformations (Kohlhase et al., 2002) 

SALL3 has not been implicated in any disorder yet, although a recent study has shown that it 

is involved in the development of cone photoreceptors and interneurons in the eye (de Melo 

et al., 2011). Prior to our study SALL2 had not been implicated in any developmental disorder 

in humans. 

5.1.3 The expression pattern and isoforms of Sall2 
 

RNA in situ hybridization experiments have shown that SALL2 is expressed in the developing 

human retina, lens vesicle and periocular mesenchyme at 5 weeks of development and 

maintained in the retina up to 8 weeks of development (Kelberman et al., 2014) and Sall2 is 

expressed in the mouse optic vesicle at the E9.5, lens placode at the E10.5 and optic cup E11.5 

consistent with a role in eye development (Bohm et al., 2008). The detailed pattern of 

expression within the developing eye has not been studied before. It is also expressed in the 

developing brain and kidneys (Bohm et al., 2008, Sato et al., 2003).  

5.1.4 Roles of Sall2 
 

A number of roles have been reported for SALL2/Sall2 in neuronal development and cell 

proliferation and death in tissues other than the eye. The Sall2 knock-out mouse model being 

used by our group has previously been shown to develop neural tube closure defects with 

partial penetrance on 129SV/J, 129SV/J-CD-1 and 129SV/J-NZW backgrounds but not on 

129SV/J-C57Bl/6 and 129SV/J-DBA/2 backgrounds (Bohm et al., 2008). Neural tube closure is 

a morphogenetic process, similar in some ways to optic fissure closure. The Sall2 knockout 

mouse embryos were reported to have an increased number of apoptotic cells in the 
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neuroepithelium but no difference in the number of mitotic cells as compared to control 

mouse embryos (Bohm et al., 2008). 

Consistent with a role in apoptosis, Sall2 can bind to the promoters of the pro-apoptotic genes 

genes p21 and BAX and induce their expression (Gu et al., 2011). In cultured rat PC12 cells it 

has been shown to mediate the NGF (Nerve Growth Factor) induced exit of neuronal cells 

from the cell cycle and neurite out-growth, possibly through the activation of p21 (Pincheira 

et al., 2009). Several studies have reported apparently contradictory pro-apoptotic and anti-

apoptotic roles for Sall2. Its expression was found to be greatly reduced in two ovarian 

carcinoma lines and overexpression of exogenous Sall2 caused an increase in apoptosis and 

decrease in tumorigenicity of the cells. (Li et al., 2004). On the other hand, SALL2 was found 

to be one of the genes upregulated in Wilm’s tumours (Li et al., 2002). The two known targets 

of Sall2, p21 and Bax are also shared by the well-known tumour suppressor p53. 

Although there is significant evidence that Sall2 is involved in optic fissure closure, the role it 

plays is not understood yet.  

The aims of this study are: 

 To describe the distribution of Sall2 protein in the developing mouse eye during optic 

fissure closure. 

 To investigate apoptosis in the Sall2-/- and wild type closing optic fissures. 

 To compare gene expression patterns in the Sall2-/- and wild type eyes at the point of 

optic fissure closure. 

Based on reported functions of Sall2 in other tissues, its expression pattern described in the 

present report and the distribution of apoptotic cells in the developing retina, I proposed that 

it may be a novel regulator of apoptosis at the closing optic fissure. If Sall2 does regulate 

apoptosis in the optic fissure, developing eyes from Sall2-/- mouse embryos should have 

altered apoptosis, as shown by immunohistochemistry for markers of apoptosis as well as 

altered expression of genes involved in apoptosis.  
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5.2 Results 
 

5.2.1 The expression pattern of Sall2 is consistent with a role in optic fissure closure  
 

Optic fissure closure in the mouse takes place between embryonic days 11 (E11) and 13 (E13). 

Humans and mice homozygous for null mutations in the gene SALL2/Sall2 have been shown 

to have optic fissure closure defects, indicating a possible role of Sall2 in optic fissure closure. 

Based on this, immunohistochemistry was used determine the distribution of SALL2 protein 

in the developing eye and to document the temporal and pattern of expression. Developing 

C57Bl6 mouse embryos were collected at the E11.5 (n=2) and E12.5 (n=3) stages. The heads 

were fixed, frozen in OCT and sectioned in the parasagittal plane to cut the optic cup across 

the optic fissure. The sections were stained with an antibody specific for the Sall2 protein. 

Figure 5.1 A, B and C show the distribution of Sall2 protein in the eye at the E11.5 stage. At 

this stage Sall2 was observed at a low level throughout the prospective NR (the inner layer of 

the optic cup) but not in the prospective RPE (outer layer of the optic cup). In the mid-

lenticular region of the optic cup (Fig 5.1 A) there did not appear to be any difference in the 

level of expression in the dorsal or ventral NR. Posterior to the lens (Fig 5.1 B), where the 

fissure was still open, the expression of Sall2 was upregulated near the near the margins. It 

also extended around the margins and into the prospective RPE. In the posterior region of the 

optic cup, near the optic stalk (Fig 5.1 C), Sall2 was expressed in the inner layer and extended 

partially into the outer layer. 

Figure 5.1 D-F shows the expression of Sall2 in the eye at the E12.5 stage. At this stage Sall2 

was still expressed at a low level throughout the NR. In the mid-lenticular region of the optic 

cup (Fig 5.1D) there did not appear to be a difference in the level of expression in the dorsal 

and ventral NR. Immediately posterior to the lens (Fig 5.1 E) where fissure closure had just 

occurred, Sall2 was upregulated in a narrow line across the ventral retina. Further back in the 

optic cup Sall2 expression was upregulated in a ring of the NR surrounding the developing 

optic nerve head (Fig 5.1 F). This expression pattern of Sall2 is consistent with it being involved 

in the process of fissure closure, especially in the posterior of the optic cup. 



266 
 

 

  



267 
 

Figure 5.1 Distribution of Sall2 in the mouse embryonic eye.  A-C: Parasaggital sections 

through a mouse eye at E11.5 showing distribution of Sall2 protein. Sall2 was present 

throughout the neural retina, around the fissure margins and up to a short distance into the 

RPE. Expression was stronger near the fissure margin tips (B). D-F: Parasaggital sections 

through a mouse eye at E12.5 showing expression of Sall2. Sall2 was expressed throughout 

the neural retina. Expression was stronger in a line across the ventral optic cup where fissure 

closure had just completed and around the optic nerve head (F). G: A transverse section 

through a mouse eye at E13.5 showing strong expression of Sall2 around the optic nerve head 

and in the optic nerve. H: An equivalent transverse section through a Sall2 knockout 

littermate at E13.5 showing complete absence of Sall2 expression. Scale bars 100µm. 
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5.2.2 Sall2 expression is maintained in a subset of retinal cells after fissure closure 
 

Similarly, immunohistochemistry was used to determine if Sall2 expression is maintained in 

the eye after fissure closure. Figure 5.1 G shows expression of Sall2 in an E13.5 mouse eye. 

Sall2 is strongly expressed in the optic nerve and optic disc. A low level of expression is present 

in the neural retina. Figure 4.1 H shows an equivalent section of an E13.5 eye from a mouse 

homozygous for the Sall2 knockout allele, stained with the same antibody. Sall2 expression 

was completely absent. Figure 5.2 A, B and C show the expression of Sall2 in the eye at the 

E15.5 stage. In the mid-lenticular and posterior regions of the eye low expression of Sall2 was 

seen throughout the neural retina (Fig 5.2 A, B) and it was upregulated in a ring of neural 

retinal cells surrounding the optic nerve head. Subsequent sections (Fig 5.2 C) showed that 

SALL2 expression was maintained in the optic nerve. At postnatal Day 4 (P4) expression of 

SALL2 was seen primarily in cells within the optic nerve (Fig 5.2 D) and in cells of the neural 

retina. In the adult retina (Fig 5.2 E) SALL2 was localized to a subset of cells in the outer nuclear 

layer and the inner nuclear layer and in a few cells of the ganglion cell layer. It was also seen 

in cells with optic nerve (Fig 5.2 F). 
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Figure 5.2 Distribution of Sall2 in the mouse eye at late embryonic, postnatal and adult 

stages. A-C: Parasaggital sections through a mouse eye at E15.5 showing expression of Sall2. 

Sall2 was expressed throughout the neural retina and more strongly around the optic nerve 

head (B) and in the optic nerve (C). D: A transverse section through the optic nerve head and 

optic nerve of a postnatal day 4 mouse eye. Sall2 was expressed in the cells of the neural 

retina around the optic nerve head and in cells within the optic nerve. E: Expression of Sall2 

in cells of the adult mouse retina. D: Expression of Sall2 in cells within the adult mouse optic 

nerve. ONH: Optic Nerve Head, ON: Optic Nerve, ONL: Outer Nuclear Layer, INL: Inner Nuclear 

Layer, Ganglion Cell Layer. Scale bars 100µm. 

 

 

 

 

  



270 
 

5.2.3 Pax2 acts upstream or independently of Sall2 
 

The distribution pattern Sall2 at the time of optic fissure closure is very similar to that of 

another transcription factor, Pax2 known to be involved in early eye development (Nornes et 

al., 1990, Macdonald et al., 1997) including optic fissure closure (Fig 5.1 D, E, F and Fig 5.3 A, 

C, E, G), indicating a possible interaction between these genes. Immunohistochemistry was 

used to determine if there was any difference in the expression of Pax2 during fissure closure 

in the presence and absence of Sall2. Parasaggital head cryosections from mouse embryos at 

the E12.5 stage, homozygous for the Sall2 knock out allele and their littermates homozygous 

for the wild type Sall2 allele (n=4 Sall2-/- eyes and n = 3 Sall2+/+ eyes) were stained with an 

antibody specific for Pax2.  

At the anterior of the eye Pax2 was expressed in the margins of the optic fissure in the Sall2+/+ 

and Sall2 -/- eyes (Fig 5.3 A, B). At the midline of the optic cup, Pax2 was expressed in the 

ventral region of the neural retina where fissure closure was in progress (Fig 5.3 C, D). 

Posterior to this, it was expressed around the optic fissure margins and in the developing optic 

nerve (Fig 5.3 E, F, G, H). Minor differences in the region of expression were probably a result 

in variability in the angle of sectioning. No change in Pax2 distribution was observed in 

absence of Sall2. These data indicate that Pax2 is likely to act independently or upstream of 

Sall2. 
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Figure 5.3: Expression of Pax2 in Sall2+/+ and Sall2-/- eyes. Pax2 is expressed in a similar 

pattern in the developing eyes of Sall2+/+ embryos (A, C, E, G) at Embryonic Day 12.5 and their 

Sall2-/- littermates (B, D, F, H) LV: Lens Vesicle, scale bars 100µm. 
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5.2.4 Analysis of apoptosis at the optic fissure in Sall2+/+ and Sall2-/- eyes 
 

Sall2 has previously been reported to activate cell cycle arrest and apoptosis in various tissue 

and in cell lines. Immunohistochemistry was used to analyse the number and distribution of 

cells positive for Cleaved Caspase-3 (CC3) in the presence and absence of Sall2.  Mouse 

embryos at the E12.5 stage, homozygous for the Sall2 knock out allele and their littermates 

homozygous for the wild type Sall2 allele were collected. The heads were dissected, fixed in 

PFA, cryo-sectioned in the parasaggital plane and every alternate section was stained with an 

antibody specific for CC3.  

Only those eyes for which complete series of sections from the anterior of the optic cup to 

the beginning of the optic nerve were included in the analysis. A total of 3 mutant eyes and 2 

wild type control eye were obtained from one litter. From a second litter one mutant eye and 

one control eye were included in the analysis. Preliminary observations of these eyes showed 

no difference in the pattern of distribution of apoptotic cells along the fissure (Fig 5.4 A). In 

both, the wild type and the mutant eye, there were more apoptotic cells in the ventral retina 

as compared to the dorsal and these were clustered around the optic fissure. The number of 

apoptotic cells was very low in the anterior of the optic cup (Fig 5.4 B). It then increased, 

moving along the fissure with a maximum number of apoptotic cells seen at the midpoint of 

the fissure. The numbers then decreased again toward the optic nerve. There did not appear 

to be a clear change in this pattern in the mutant eyes. Interestingly, three of four Sall2-/- eyes 

showed an abnormal fold in the ventral neural retina (Fig 5.4 C; arrow). Also, more serial 

sections could be obtained from Sall2-/- eyes than from Sall2+/+ eyes (Fig 5.4 B). 

However, the numbers of sections that could be obtained from each eye and the numbers of 

apoptotic cells were very variable. Hence a more detailed analysis with a quantitative method 

or including a larger number of samples and time points other than E12.5 would be necessary 

to overcome this variability and determine if the lack of Sall2 alters apoptosis. 
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Figure 5.4: Analysis of cell death along the optic fissure in Sall2 -/- and Sall2+/+ (control) eyes. 

A: A tracing of alternate sections from representative E12.5 Sall2-/- and Sall2+/+ (control) eyes 

showing the location of CC3 (cleaved caspase 3) positive cells. B: Quantification of CC3 

positive cells in the ventral retina in series of alternate sections from Sall2-/- and Sall2+/+ eyes 

(x indicates sections damaged). C: Representative images of Sall2-/- and Sall2+/+ stained with 

an antibody against CC3 showing the distribution of apoptotic cells. 
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5.2.5 Differential gene expression analysis of the ventral optic cup in Sall-/- mice 
 

Previous work in our group on the Sall2 knockout mouse suggested that loss of Sall2 was more 

likely to cause a defect in the apposition of the optic fissure margins rather than a defect in 

the process of basement membrane dissolution or epithelial fusion. This was based on the 

observations at E13.5 and E14.5, time points when closure should be complete along the 

entire length of the fissure. In Sall2-/- eyes, there was a gap between the fissure margins at 

the anterior of the eye. However, at the posterior of the eye closure did occur along with 

dissolution of the basement membrane upon contact of the margins (Kelberman et al., 2014). 

A range of mechanisms that influence the shape of the optic cup and apposition of the fissure 

margins have been proposed. They include changes in cell morphology, cell migration, cell 

proliferation and apoptosis. Sall2 could potentially regulate one or more of these. 

Sall2 is a transcription factor and to understand the mechanism by which it affects apposition 

of the fissure margins, one approach would be to identify its target genes. Transcriptome 

analysis was used to do this. The time point chosen was E12.5, when fissure closure would be 

completing in a normal eye. At this point, Sall2 protein localized to the closing fissure (Fig 5.1 

E). Previously we showed that fissure closure was delayed at E13.5 in Sall2-/- eyes (Kelberman 

et al., 2014). 

As described in Chapter 4 laser capture microdissection was used to isolate tissue from the 

optic fissure margins of three wild type mouse embryos at E12.5. Crosses to collect these 

embryos were set up such that Sall2-/- embryos were also collected from each litter. Fissure 

margin tissue from one Sall2-/- embryo from each litter was collected as previously described, 

such that three precisely age matched wild type – mutant pairs were available for analysis. 

Total RNA was extracted, processed and sequenced as described previously (Sec 4.2.5 – 4.2.7). 

RNA sequencing reads were quantified and normalized and used for differential expression 

analysis comparing the mutant optic fissure margins to the wild type.  

Principal component analysis (PCA) was carried out to determine overall similarity of the 

transcriptomes. Figure 5.5 A shows a PCA plot for the three wild type and three mutant fissure 

margin samples. Surprisingly, the two genotypes did not form clearly separate clusters on the 

plot, although Sall2 deficient mice have been shown to have a coloboma phenotype.  
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As before, the DESeq2 algorithm, with default settings was used to calculate a fold change 

and perform a statistical test for differential expression between the two genotypes. A 

significance threshold of adjusted p-value <0.05 and a Log2 fold change >1 or <-1 was used to 

determine significantly up regulated and down regulated genes. Only two genes passed the 

significance thresholds, as shown in Fig 5.5 B. One of these was Sall2 itself as expected, while 

the other was Supt16 which encodes another transcriptional regulator. Sall2 was strongly and 

significantly down regulated (FC = 0.19, adjusted p-value = 2.62 x E-32) while Supt16 was 

significantly upregulated (FC = 2.4, adjusted p-value = 9.58 x E-09). Fold changes for all other 

genes were small and did not pass significance. To address the concern that the lack of 

clustering on the principal component analysis plot may be due to an error in genotyping one 

or more individuals, a heat map of normalized read counts of Sall2 and Supt16 was plotted 

(Fig 5.5 C). The three wild type samples had high expression of Sall2 while the three mutant 

samples did not, making an error in genotyping unlikely. The failure to form separate clusters 

may reflect the our earlier observation that the coloboma phenotype in Sall2-/- eyes was 

partially penetrant (Kelberman et al., 2014). 

 

5.2.6 Gene set enrichment analysis identified gene sets related to cell proliferation. 
 

Considering that Sall2 may affect the transcription of multiple targets, each to a small extent,  

Gene Set Enrichment Analysis (GSEA), which analyses changes in expression at the level of 

gene sets rather than individual genes (Subramanian et al., 2005) was carried out.  It takes 

into account small changes in gene expression. Initial analysis used the 50 ‘Hallmark’ curated 

gene sets from the Molecular Signature Database (Liberzon et al., 2015) and a False Discovery 

Rate threshold of FDR q-value <0.25 as recommended (Subramanian et al., 2005) for GSEA 

Seven gene sets were significantly positively correlated with the mutant genotype while five 

were significantly negatively correlated. Figure 7.5 D shows the positively correlated gene 

sets. Interestingly, the four sets with the strongest normalized enrichment scores all related 

to cell cycle progression (Fig 5.5 D). These were the Hallmark gene sets G2M check point, MYC 

targets, E2F targets and Mitotic spindle (Fig 5.5 E-G). Even in case of the most significantly 

correlated gene sets, fold changes of constituent genes were small and ranged from 1.4 

(upregulated) to 0.7 (downregulated). No gene sets directly related to apoptosis passed 
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significance, nor did gene sets related to epithelial mesenchymal transition or any canonical 

signalling pathways that had previously been significantly correlated with the optic fissure 

margin region. Five gene sets were significantly negatively correlated with the mutant 

genotype: Coagulation, Interferon alpha response, Xenobiotic metabolism, Cholesterol 

Homeostasis and Apical junction.  
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Figure 5.5: Differential gene expression in the absence of Sall2. A: Principal component 

analysis. B: Volcano plot showing differential gene expression in Sall2-/- eyes versus wild type. 

C: Heat map showing normalized read counts of Sall2 and Supt16 in the three mutant and 

wild type individuals. Sall2 read counts were consistently low in the mutant samples. D: Gene 

sets positively correlated with the fissure. E-G: Enrichment plots of selected gene sets 

showing the enrichment scores plotted against the ranked gene list. Genes from these gene 

sets clustered towards the top of the ranked gene list (i.e. Genes with higher expression levels 

in the mutant group).  
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5.3 Discussion  
 

5.3.1 Which isoform of Sall2 is involved in fissure closure? 
 

Recent work has shown that Sall2 has two known isoforms with two alternative first exons E1 

and E1A.  The E1 containing isoform is predicted to have a nuclear localization signal and a 

repressor domain at its anterior end that are not present in the E1A containing isoform 

suggesting some difference in function of the two isoforms (Hermosilla et al., 2017). The E1 

isoform is reported to have restricted expression during mouse embryonic development 

while the E1A isoforms is reported to be more ubiquitously expressed (Ma et al., 2001). A 

study that used mouse embryonic fibroblasts to study the effect of Sall2 on cell proliferation 

found that the E1a isoform is expressed at a much higher level than the E1 isoform (Hermosilla 

et al., 2018). However, their subsequent experiments used a model in which both isoforms 

were knocked out.  

In the Sall2 knockout mouse model used in this study, exon E1a and the common second exon 

E2 had been replaced by a targeting construct (Bohm et al., 2008) and therefore both isoforms 

should be absent. This was further supported by immunohistochemistry in this thesis where 

homozygous knockout eyes showed no immunostaining staining for Sall2. The antibody used 

(Thermo Fisher HPA 004162) was raised to a synthetic peptide corresponding to a region 

encoded by the second exon. A truncated protein encoded by only exon E1 may still be 

present but it would lack the entire DNA binding region and likely be non-functional. 

Therefore, although Sall2 activity was reliably knocked out, it was not possible to determine 

from the present study which isoform of Sall2 is important in eye development. Or if the two 

isoforms act at different times.  

 

5.3.2 Is Sall2 involved in the formation of the optic nerve? 
 

The expression pattern of Sall2 described above suggests that it plays a role in optic fissure 

closure, especially in the region of the optic disc and optic nerve head (Figures 5.1 and 5.2). 

This is supported by the phenotype of the three human patients with mutations in SALL2 who 

all had coloboma defects affecting the optic disc (Kelberman et al., 2014). The mice with a 
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knockout of Sall2 were reported to have only an anterior optic fissure closure defect, 

however, the phenotype of the optic nerve was not investigated. Mice heterozygous for the 

Krd allele of Pax2, a gene with an expression pattern similar to Sall2, showed a defect in the 

formation of the fissure specifically in the posterior optic cup and the optic nerve (Otteson et 

al., 1998).  

5.3.3 Does Sall2 regulate cell death during optic fissure closure? 
 

Sall2 expression is upregulated in the optic fissure margins prior to closure at E11.5 and at the 

point of closure at E12.5 (Figure 5.1). This overlaps with the pattern of apoptosis observed in 

developing mouse eyes at E12.5 (Figure 4.5). Some reports have concluded that apoptosis is 

associated with and probably necessary for optic fissure closure (Viringipurampeer et al., 

2012, Van Nostrand et al., 2014). In this thesis apoptotic cells were observed in the region 

around the optic fissure consistent with a role in shaping the ventral optic cup. No apoptotic 

cells were observed in the CS17 human eyes (data not shown). 

The function of SALL2 appears to overlap that of the tumour suppressor gene p53. p53 shares 

the targets of Sall2; p21 and Bax, and through these it mediates cell cycle arrest and apoptosis 

in response to various triggers (Vuong et al., 2012). There is some evidence that p53 is 

expressed in the developing eye and that p53-null mice show ocular anomalies including 

abnormal hyaloid vasculature and hypoplastic optic nerves (Vuong et al., 2012). However,  

p53 has been shown to suppress SALL2 in various cell lines (Farkas et al., 2013). Also, 

inappropriate (over) expression of p53 during embryonic development was found to cause 

symptoms of CHARGE syndrome, including coloboma, in mice (Van Nostrand et al., 2014). A 

study in zebrafish demonstrated that pax2 and vax2, both ventrally expressed genes like Sall2 

regulate the proapoptotic gene fadd during fissure closure (Viringipurampeer et al., 2012).  

The preliminary analysis described in Figure 5.4 found no obvious change in the pattern or 

number of apoptotic cells in the presence and absence of Sall2. However, the number of 

samples used were limited and there was a great variability in the number of apoptotic cells 

per section. Therefore, a more quantitative analysis was carried out in the form of RNA 

sequencing and differential gene expression analysis. However, this approach did not identify 

any genes directly related to apoptosis being as significantly differentially expressed between 
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the mutant and wild type eyes. Also, Gene Set Enrichment Analysis did not show significant 

positive or negative correlation of the Apoptosis Hallmark gene set with the mutant genotype.  

 

5.3.4 Sall2 likely controls progression through the cell cycle in the developing optic cup.  
 

Sall2 has already been shown to be a negative regulator of proliferation in contexts other than 

the developing eye, such as cancer (Liu et al., 2007). A more recent study showed that mouse 

embryonic fibroblasts (MEFs) isolated from Sall2 knock out mice progressed from mitosis to 

G1 and from G1 to S faster rate than wild type MEFs (Hermosilla et al., 2018). Consistent with 

this, comparison of transcriptomes of Sall2-/- with Sall2 +/+ optic fissure margins followed by 

Gene Set Enrichment Analysis showed signatures of increased cell proliferation in the mutant 

genotype. The four Hallmark gene sets most significantly positively correlated with the Sall2 

knock out genotype were related to cell cycle progression; G2M check point, MYC targets V1, 

E2F targets and Mitotic spindle. Positive correlation means that genes from these gene sets 

showed overall higher expression in the mutant genotype as compare to the wild type, 

although individual fold changes were small.  

The c-Myc gene has previously been shown to be a likely target of Sall2 in cancer tumours. 

Sall2 was found to bind to the promoter of c-Myc in chromatin immunoprecipitation assays 

and represses transcription in luciferase reporter assays. In addition, a number of cancers 

showed a decrease in Sall2 expression and increase in c-Myc expression (Sung et al., 2012). c-

Myc is a transcription factor and promotes progression through the cell cycle (Dang et al., 

1999).  Cells lacking a single copy of c-Myc were found to have prolonged cell cycles and a 

delay in induction of the G1-phase cyclin, cyclin-E1 when they were stimulated to enter the 

cell cycle from a quiescent state (Hanson et al., 1994). A very recent study has now shown 

that Sall2 can directly bind to and repress the promoters of Cyclin D1 and Cyclin E1 genes in 

mouse embryonic fibroblasts in vitro.  Taking this information together with the observation 

that the c-Myc target gene set was positively correlated with the Sall2 knockout genotype in 

developing eyes, these eyes would likely have an increased rate of cell proliferation.  

E2F transcription factors are another group of important regulators of the cell cycle. 

Mammalian E2Fs are of two types, activator E2Fs (E2F 1-3) and repressor E2Fs (E2F 4-8), and 

have oscillating patterns of expression which regulate the progress of cells. Activator E2Fs 
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increase in expression during the G1 phase and drive the cells into S-phase. Repressor E2Fs 

then bring down the levels of activator E2Fs and drives the cells into the M phase (Thurlings 

and de Bruin, 2016). E2Fs are also transcriptional targets of c-Myc. Upregulation of E2F targets 

as seen in the Sall2-/- optic fissure would also indicate an increased rate of progression 

through the cell cycle.  

 

5.3.5 Excessive proliferation has previously been shown to cause coloboma. 
 

An increased rate of progression of cells of the developing neural retina through the cell cycle 

has already been shown to result in ocular coloboma. A forward genetic screen using ENU 

(ethyl nitrosourea) mutagenesis in mice identified a mouse model humdy, which had severe 

neural tube defects and ocular coloboma and a point mutation in the gene Phactr4 (Kim et 

al., 2007). The mutation inhibited the binding of the protein Phactr4 to the protein 

phosphatase PP1, resulting in the hyper phosphorylation of the PP1 target Rb and de-

repression of E2F factors. The mouse model showed increased cell proliferation in the neural 

retina and overgrowth of the neural retina leading to a misshaped optic cup and a coloboma 

phenotype. Knocking out one allele of E2F1 rescued the mutant phenotype (Kim et al., 2007). 

The phenotype of this model neural tube defects and coloboma, is strikingly similar to the 

Sall2 knockout model. Although we did not see neural tube defects in the Sall2 knock-out on 

the C57Bl6 background, neural tube defects were observed on other genetic backgrounds. 

 

5.3.6 What is the role of Supt16 in the optic cup?  
 

The gene Supt16 was the only gene significantly upregulated in the Sall2-/- optic fissure 

samples as compared to the wild type samples which would be consistent with Sall2 

repressing transcription of Supt16. Supt16 encodes a component of the FACT complex, a 

heterodimeric chromatin remodelling complex that exists in all eukaryotes and has been 

implicated in a range of functions including transcription, DNA replication and DNA repair.  

The human orthologue of Supt16 is FACT140/SUPT16H (80% identity) and the yeast 

orthologue is Spt16/Cdc68 (33% identity). They all share a highly conserved acidic carboxyl 

terminal. Supt16 was found to be ubiquitously expressed in a range of mouse tissues and 
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cultured cells with high levels in the thymus.  Expression was also found to be increased during 

the S-phase in a fibroblast cell line (McGuire et al., 2001). 

The yeast orthologue Spt16/Cdc68 is required for transcription of G1 cyclin genes, which are 

necessary for cells to progress through the cell cycle. Yeast cells carrying a temperature 

sensitive mutation in this gene stop dividing within one cell cycle when moved to the 

restrictive temperature with a simultaneous loss of G1 cyclin transcripts (Rowley et al., 1991). 

Human SUPT16 is also involved in cell cycle progression. The human FACT complex, containing 

SUPT16H, was found to accumulate at the origins of replication of chromosomes during the 

G1 to S transition and promote DNA unwinding and replication (Tan et al., 2006) 

This is the first time any link between Sall2 and Supt16 has been detected.  However, Supt16 

may or may not be a direct target of transcriptional repression by Sall2.  It is possible that the 

increased expression of Supt16 in Sall2-/- optic fissure margins may just be a result of more 

cells being in the S-phase of the cells cycle. Further work would be necessary to elucidate this. 

It is also worth noting that Supt16 is located close to Sall2 (approximately 98KB) on mouse 

chromosome 14 (GRCm38/mm10) and there is a possibility that knocking out Sall2 may have 

disrupted long distance regulatory regions of Supt16. However, there are also other genes in 

this interval that do not show a difference in expression. 

 

5.3.7 Does Sall2 mediate signalling by NGF and neuronal differentiation? 
 

Sall2 has been implicated as a downstream effector of signalling by Nerve Growth Factor 

(NGF). Both Sall2 isoforms are predicted to contain a p75NTR binding domain (Hermosilla et 

al., 2017). Sall2 was found to bind constitutively with p75 Neurotrophin receptor (p75NTR), a 

cell surface receptor that is activated by NGF, in neurons of the adult mouse brain as well as 

in rat PC12 cells which exhibit neuronal like properties. Treatment of PC12 cells with NGF 

induced the dissociation of this complex and re-localization of Sall2 to the nucleus, where it 

increased the expression and activity of p21, decreased cell proliferation and induced the 

outgrowth of neurites from the cells (Pincheira et al., 2009, Pincheira and Donner, 2008). A 

similar effect was seen on treatment of primary hippocampal cells with NGF (Pincheira et al., 

2009). It has also been shown that p75NTR is expressed in the developing mouse retina and 

mediates NGF induced cell death (Frade and Barde, 1999). P75NTR null mice have been 
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reported to have a significantly reduced number of apoptotic cells in the retina at E12.5 but 

not later stages. No fissure closure phenotype was reported (Harada et al., 2006). Further 

investigation would be necessary to determine if Sall2 plays a role in neuronal differentiation 

both during and beyond optic fissure closure.  
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5.4 Conclusions 
 

In this chapter, I have documented the expression of Sall2 in the developing mouse eye during 

in optic fissure closure.  Sall2 is expressed in the optic cup, especially in the fissure margins 

during closure and then expression is maintained in the optic nerve head, optic nerve and a 

subset of cells in the neural retina after fissure closure.  

Contrary to the initial hypothesis, there was no evidence supporting altered apoptosis in Sall2 

knock out optic cups. Based on the observations described here, I propose a model where 

Sall2 enables fissure closure by influencing the shape of the ventral optic cup and correct 

apposition of the fissure margins achieves this through regulation of cell proliferation rather 

than direct regulation of apoptosis. However, cell proliferation, differentiation and apoptosis 

are very closely related processes and share many signalling pathways. SALL2/Sall2 itself has 

been shown to suppress cell proliferation, induce apoptosis and induce neuronal 

differentiation in different contexts. Therefore, further work would be needed to determine 

what its predominant role during fissure closure is. 

Although Sall2 is a transcription factor, only one potential transcriptional target with a 

significant fold change could be identified in the RNA sequencing experiment described 

above. Fold changes in all other genes were small and did not pass significance thresholds. 

This is consistent with the fact that the Sall2 knockout coloboma phenotype is mild, showed 

variable penetrance and that genetic backgrounds of mouse strains have a large effect in 

modifying it.  
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5.5 Future Work 
 

The work described here produced some evidence in favour of Sall2 regulating cell 

proliferation in the developing eye.  To follow up on this, the first step would be to prove 

increased cell proliferation in the Sall2 knock out eyes. This can be done by immunostaining 

with PHH3 (Phosphohistone H3) and Ki67 to determine mitotic index in the wild type and 

mutant genotypes. It could also be achieved in a more quantitative manner by measuring the 

number of cells in different phases of the cell cycle in dissociated optic cups using a flow 

cytometry method (staining with Propidium Iodide or DAPI) (Pozarowski and Darzynkiewicz, 

2004). In a similar experiment Sall2-/- MEFs (Mouse Embryonic Fibroblasts) were found to 

have a larger proportion of cells in the S phase than Sall2+/+ MEFs (Hermosilla et al., 2018).  

Supth16, a component of a core chromatin remodelling complex was identified as a potential 

target of transcriptional repression by Sall2. This has not been reported before in other 

systems. The increased expression of Supt16 in optic cups lacking Sall2 would need to be 

verified by techniques such as q-PCR, at the RNA level and Western blot at the protein level. 

The consensus DNA sequence bound by Sall2 has been identified (Gu et al., 2011). Using 

bioinformatics methods to identify this sequence in the promoter region of Supt16 and 

approaches such as chromatin-immunoprecipitation would help determine if Sall2 directly 

binds to and regulates the transcription of Supt16.  Also, although Supt16 is thought to be 

ubiquitously expressed and is required for core functions like transcription, DNA replication 

and progress through the cell cycle, the Sall2 knockout phenotype is restricted to the eye and 

the neural tube, on some back grounds. This raises the question of whether the regulatory 

link between Sall2 and Supt16 exists only in these developing organs or only these organs are 

especially sensitive to changes in the rates of cell proliferation. Considering the phenotype of 

the Phactr4 mutant mouse, the latter option would seem more likely. There too, increased 

cell proliferation through disruption of a different pathway also caused a phenotype 

restricted to the eye and neural tube (Kim et al., 2007). 

In humans, mutations in SALL2 remain a rare cause of coloboma. Only one pathogenic 

mutation in SALL2 causing coloboma has been reported to date. This was a nonsense 

mutation identified as homozygous in three siblings affected with coloboma. SALL2 was part 

of the Oculome gene panel on which 98 patients with MAC (microphthalmia, anophthalmia, 
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coloboma) were screened but no biallelic variants in SALL2 were identified. At the same time, 

no homozygous loss of function mutations in SALL2 have been identified in the normal human 

population in the ExAC database. Considering the mild phenotype of Sall2 knockout mice and 

the effect of genetic background, it would be useful to consider partial penetrance when 

screening for mutations in SALL2 in human cases with coloboma.  
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6. Genetic screening of coloboma patients unexplained by variants in 

known disease genes. 

 
6.1 Introduction 

 

Chapter 3 showed that single gene coding mutations could explain only a small percentage of 

individuals with MAC (Microphthalmia, Anophthalmia and Coloboma). In Chapter 4 

transcriptomic analysis of the closing human and mouse optic fissure margins identified a 

large number of novel genes dynamically expressed at the fissure margins. Bioinformatics 

analysis showed that a number of these potentially regulate the changes in cell morphology 

that occur at the time of closure. These genes were assembled into an extended panel of 

candidate coloboma disease genes. 

 

6.1.1 Genetic approaches for identifying disease genes. 
 

To date pathogenic alleles in over a thousand genes causing monogenic human diseases or 

traits have been identified. The majority were identified using positional mapping approaches 

(Antonarakis and Beckmann, 2006). Examples of positional mapping approaches are linkage 

analysis and homozygosity mapping. These methods attempt to identify the region of the 

genome inherited along with the disease phenotype in families over multiple generations. 

This is followed by sequencing of genes within the mapped region to identify the causative 

mutation.  Disease genes for Cystic Fibrosis and X-linked muscular dystrophies were identified 

using this approach (Botstein and Risch, 2003). However, there are at least 1500 monogenic 

human phenotypes listed on the OMIM database for which the causative gene has not yet 

been identified (Antonarakis and Beckmann, 2006).  

One advantage of the positional mapping approach is that it does not rely on prior biological 

knowledge. However, it does depend on having multiple affected individuals and enough 

informative relatives to narrow down the mapped region (Gilissen et al., 2012). It is also most 

successful for diseases which are completely penetrant, i.e. all individuals with the disease 
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genotype have the disease phenotype. This is difficult to achieve in diseases like coloboma 

where the majority of cases are sporadic (Morrison et al., 2002). Even within the Oculome 

cohort, described in chapter 3, only 8 of 98 cases reported a family history of a similar 

phenotype.  

Alternatively, data from multiple unrelated individuals could be combined in an association 

study using SNP markers. However, such studies need large numbers of individuals with a 

uniform phenotype to have statistical power (McCarthy et al., 2008). Again, this is difficult in 

diseases such as coloboma which are both rare and phenotypically heterogenous (Shah et al., 

2012). In addition, considering the large number of disease genes already known for 

coloboma and related phenotypes (Williamson and FitzPatrick, 2014, Patel and Sowden, 

2017), it is likely that the remaining cases not explained by these genes are similarly 

genetically heterogeneous. For rare and phenotypically heterogeneous conditions like 

coloboma, and related malformations microphthalmia and anophthalmia, methods based on 

next generation sequencing are being increasingly used. Here the challenges are not in data 

acquisition but in data interpretation, which is described in the next section.  

 

6.1.2 Whole Exome and Genome sequencing to identify disease genes 
 

Sequencing of the whole genome or exome (protein coding region) is now both rapid and 

economical. Data generated from genome and exome sequencing is analysed to produce lists 

of variants. A variant is a position in the genome where the individual differs from the 

reference human genome, a consensus haploid sequence of the human genome originating 

from 13 individuals (2010). A typical human genome contains 4-5 million variants (Genomes 

Project et al., 2015). For an exome, the protein coding region of the genome, this decreases 

to 20,000 to 50,000 variants (Gilissen et al., 2012), which may vary based on the target capture 

and sequencing technologies used. In the case of a Mendelian genetic disease, one of these 

would be the disease variant. Successfully identifying a disease-causing variant depends on 

filtering these variants based on well selected criteria that are stringent enough to remove 

benign variation without being too stringent and missing the disease variant. 

Variants are usually filtered first based on frequency, retaining only variants that are novel 

(reported only in that individual) or rare, as a common variant is unlikely to be the sole cause 
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of a rare disease (McCarthy et al., 2008). This filtering uses publicly available databases of 

variation in cohorts of healthy individuals. These include the 1000 genomes project (Genomes 

Project et al., 2015), the NHLBI exome database (http://evs.gs.washington.edu/EVS/) and the 

ExAC (Exome Aggregate Consortium) database (http://exac.broadinstitute.org/). They are 

then often filtered to retain only variants that alter protein sequence i.e non-synonymous 

variants in protein coding regions and variants in splice sites as these are most likely to have 

a functional effect. Following this, a number of strategies can be used to further reduce the 

number of shortlisted variants. These are based on whether variants are shared by other 

affected or unaffected individuals (Gilissen et al., 2012).   

1. If it is possible to sequence more than one affected individual in the same family, only 

variants that they share could be selected.  

2. If multiple affected individuals from different families are available, rare variants that 

occur in the same gene in multiple individuals could be prioritised.  

3. If there are no additional affected individuals available, both parents of the proband 

could be sequenced to then identify de-novo variants, i.e. variants that are present 

only in the proband.  

4. Alternatively, if the disease is suspected to be recessively inherited, variants would be 

filtered to retain only those that are homozygous or compound heterozygous (i.e. two 

variants in the same gene but inherited from different parents. 

5. If there is known consanguinity in the parents, homozygous variants would be 

prioritized. 

 

6.1.3 Variation in the normal human genome 
 

Once variants have been shortlisted based on the criteria described above, one can still be 

left with a large number of variants which would need to be interpreted to identify candidate 

disease variants. Even if a rare, coding variant is found in an individual with a rare disease it 

does not mean that it is causative for the phenotype. It could be just a benign variant unique 

to that family. For example, 54% of all variants in the ExAC dataset, are singleton variants i.e. 

they were seen only once in the 60,706 individuals in the consortium (Lek et al., 2016). This 
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dataset does not contain individuals with severe paediatric diseases 

(http://exac.broadinstitute.org/about).  

For a variant to be interpreted as likely pathogenic for an eye malformation it must fulfil two 

broad criteria 

1. It must affect the production or function of the protein encoded by the gene 

2. The gene must play an essential role in the morphogenesis and/or structural integrity 

of the eye. 

The first criterion is easy to fulfil if the variant is a high impact variant i.e., if it introduces a 

premature stop codon, causes a shift in the reading frame or disrupts a canonical splice site. 

In case of missense variants this is more difficult as missense variants may have a range of 

effects from being completely benign to loss of function, dominant negative or gain of toxic 

function (Hijikata et al., 2017).  At the same time a number of missense mutations have been 

reported in developmental disorders such as missense mutations in the genes FOXC1 and 

PITX2 that cause malformations of the anterior segment of the eye (Saleem et al., 2003). To 

overcome this problem, a number of in-silico prediction methods have now been developed 

to predict the effect of missense variants on protein function. These rely on information such 

as conservation of the amino acid affected across species, biochemical properties of the 

original and substituted amino acid or location of the variant with regard to functional 

domains. 

The second criterion depends on the extent of current knowledge of normal processes in eye 

development, and is often the most limiting step in variant interpretation. Embryonic 

morphogenesis of the eye, like other organs, is a complex process. Increasing knowledge of 

genetic pathways regulating the process will help better variant interpretation.  

Another recent study has presented evidence for disease association of variants from exome 

sequencing in a similar way (Monies et al., 2017). In this study evidence for each candidate 

variant was grouped into two categories: “Nature of the variant” and “Nature of the gene”.  

 

  

http://exac.broadinstitute.org/about
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6.2 Results 

 

6.2.1 Design of virtual gene panel for screening 

 

As described in the previous chapter, RNA sequencing identified a large number of genes 

expressed at the fissure margins in the human and the mouse. And while these genes 

represented similar biological processes, there was little overlap between the individual 

genes passing significance thresholds in the two species. Therefore expression data from both 

species was drawn upon to assemble a panel of genes to screen in patients with coloboma. 

Also, only genes significantly upregulated at the optic fissure margins were included. 

The genes were selected if they fulfilled the following criteria: 

1. The gene was significantly upregulated in the fissure margins compared to the dorsal 

control region (Fold change > 2, adjusted p-value<0.05) in either species and at either 

the early or late time point. 

2. In case of mouse genes, a human othologue could be identified. A number of predicted 

transcripts in the mouse were discarded as no human orthologue could be identified 

using NCBI Gene and biodb.net (https://www.ncbi.nlm.nih.gov/gene, 

https://biodbnet-abcc.ncifcrf.gov/). 

3. The gene was not an already known disease gene present in the MAC 

(Microphthalmia, Anophthalmia, and Coloboma) subpanel of the Oculome.  

 

 

202 genes were identified using this method. These genes are listed in table 6.1. To determine 

which are more likely to be under selection pressure and therefore functionally important, 

constraint metrics for these genes were obtained from the ExAC database. Constraint metrics 

are derived by comparing the number of variants observed in the ExAC database in given gene 

with the number expected under a selection neutral model (Lek et al., 2016). Lek et al 

formulated two metrics for determining constraint; a z score for missense and synonymous 

variants with higher values indicating increased intolerance of the gene to the variants and 

the probability of being loss-of-function (LoF) intolerant (pLI) for loss-of function variants. 
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Genes with a pLI of 0.9 or greater are intolerant to loss of function variants on even a single 

allele while those with a pLI of less than 0.1 are tolerant to loss of function.   

 Of the 202 genes in this gene set, 34 had a pLI of greater than 0.9 and a further 9 had a pLI of 

0.8 to 0.9. Additional genes are likely intolerant to loss of function in both alleles (i.e. in a 

recessive model of inheritance). 40 (20%) of the 202 genes showed evidence of intolerance 

to missense variants (z score >=2). This group of 202 genes, which will be referred to as the 

optic fissure transcriptome panel, was used as an extended gene panel to screen individuals 

without identified mutations in known disease genes.  
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Table 6.1: Novel genes expressed at the optic fissure margins with ExAC constraint metrics. 

Blue cells indicate a z-score of intolerance to missenses of 2 or greater and a pLI (probability 

of loss-of-function intolerance) of 0.9 or greater. Grey cells indicate a pLI of 0.8 to 0.89. 

Gene Missense LoF   Gene Missense LoF 

ABCA4 z = -1.50 pLI = 0.00   LAPTM5 z = 0.08 pLI = 0.74 

ACKR3 z = 1.67 pLI = 0.42   LMO3 z = 2.25 pLI = 0.43 

ADAMTS16 z = -0.02 pLI = 0.00   LOXL1 NA NA 

AFAP1L2 z = -0.12 pLI = 0.45   LRRC3B z = 2.59 pLI = 0.23 

ALDH5A1 z = 0.71 pLI = 0.00   LRRN1 z = 0.19 pLI = 0.88 

ALX3 z = 0.56 pLI = 0.21   LUM z = 0.98 pLI = 0.10 

ANK3 z = 1.81 pLI = 1.00   LY86 z = -1.53 pLI = 0.00 

ANKDD1B NA NA   LYPD1 z = 0.74 pLI = 0.00 

ANO1 z = 2.18 pLI = 0.99   MAOB z = 1.38 pLI = 0.97 

ANO4 z = 2.66 pLI = 0.84   ME3 z = 2.26 pLI = 0.00 

APOE z = 2.02 pLI = 0.03   MEIS2 z = 3.20 pLI = 0.99 

ARL4A z = 1.31 pLI = 0.64   MGLL z = 1.38 pLI = 0.00 

ASAH1 z = -3.55 pLI = 0.00   MMRN1 z = -3.73 pLI = 0.00 

ATP1A2 z = 5.40 pLI = 0.60   NCCRP1 z = 1.00 pLI = 0.00 

ATP6V1B1 z = 1.07 pLI = 0.00   NECAB2 NA NA 

ATP6V1G3 z = -0.31 pLI = 0.03   NGEF z = 2.18 pLI = 0.95 

BCAM z = 0.38 pLI = 0.04   NNAT z = 1.20 pLI = 0.11 

BMF z = -0.39 pLI = 0.35   NPAS1 z = 2.61 pLI = 0.92 

C17orf104 z = -1.21 pLI = 0.98   NPR3 z = 3.17 pLI = 0.00 

C1QA z = 1.59 pLI = 0.05   NR2F1 NA NA 

C1QB z = 1.29 pLI = 0.09   NRP1 z = 0.73 pLI = 1.00 

C1QC z = 0.72 pLI = 0.02   NTN1 NA no LoFs reported 

C8orf4 z = -0.37 pLI = 0.07   NTNG1 z = 2.59 pLI = 0.44 

CA14 z = -0.06 pLI = 0.00   NTRK2 z = 4.35 pLI = 1.00 

CCDC51 z = 0.40 pLI = 0.00   OCA2 z = -0.88 pLI = 0.00 

CCK z = 1.86 pLI = 0.02   OCIAD2 z = -0.44 pLI = 0.00 

CD207 z = -0.16 pLI = 0.00   OPTC z = -0.56 pLI = 0.00 

CD68 z = -0.51 pLI = 0.00   OTX1 z = 3.48 pLI = 0.22 

CD74 z = 1.41 pLI = 0.05   PAMR1 z = -1.40 pLI = 0.00 

CD79B z = 1.56 pLI = 0.95   PARVB z = 0.69 pLI = 0.00 

CD93 z = -1.01 pLI = 0.00   PCP4 NA NA 

CDC20B z = 0.29 pLI = 0.00   PCSK5 z = 1.86 pLI = 0.00 

CDH5 z = 0.02 pLI = 0.15   PDZRN3 z = 1.77 pLI = 0.91 

CDH8 z = 2.33 pLI = 1.00   PHGDH z = 0.60 pLI = 0.00 
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CEACAM7 z = -1.70 pLI = 0.00   PITX2 z = 3.07 pLI = 0.67 

CLEC18A z = 2.30 pLI = 0.14   PLA2G16 z = 0.35 pLI = 0.00 

CLEC4F z = -1.45 pLI = 0.00   PLA2G5 z = 0.20 pLI = 0.00 

CNTN6 z = -4.85 pLI = 0.00   PLS3 z = 2.51 pLI = 0.99 

CNTNAP2 z = -0.91 pLI = 0.00   PMEL z = -0.39 z = 0.68 

COL3A1 z = 3.15 pLI = 1.00   POMC z = 0.75 pLI = 0.00 

COL9A1 z = -1.15 pLI = 0.00   PRKCB z = 4.94 pLI = 1.00 

CPED1 z = -1.50 pLI = 0.00   PRPS2 z = 3.57 pLI = 0.92 

CPLX3 z = 0.32 pLI = 0.39   PRSS23 z = 0.15 pLI = 0.00 

CSF1R z = 1.12 pLI = 0.99   RAB29 NA NA 

CST3 z = 0.79 pLI = 0.07   RAB32 z = -0.29 pLI = 0.01 

CTSS z = 1.57 pLI = 0.63   RAB38 z = -0.71 pLI = 0.00 

CX3CR1 z = 1.57 pLI = 0.63   RBM20 NA NA 

DCN z = 0.36 pLI = 0.46   RBMS1 z = 1.44 pLI = 1.00 

DCT z = -1.54 pLI = 0.00   RDH10 z = 3.77 pLI = 0.93 

DDX60 z = -0.14 pLI = 0.00   REEP1 z = 2.06 pLI = 0.94 

EDARADD z = 1.54 pLI = 0.10   RENBP z = 1.21 pLI = 0.96 

EFNA1 z = 0.13 pLI = 0.87   RGCC z = 1.25 pLI = 0.07 

EFNA5 z = 1.72 pLI = 0.89   RGMB z = 0.47 pLI = 0.06 

EGFL7 z = -0.36 pLI = 0.00   ROR2 z = 0.50 pLI = 0.46 

EGR1 z = 3.10 pLI = 0.67   RSPO3 z = 1.34 pLI = 0.04 

EHBP1 z = 0.06 pLI = 1.00   S100A13 z = 0.09 pLI = 0.04 

ELOVL2 z = -0.20 pLI = 0.00   SCN3A z = 4.52 pLI = 1.00 

EMCN z = -1.91 pLI = 0.00   SDPR z = 0.86 pLI = 0.00 

EMX2 z = 3.02 pLI = 0.94   SERPINF1 z = -0.86 pLI = 0.00 

F13A1 z = 0.53 pLI = 0.00   SERTAD4 z = -0.54 pLI = 0.64 

FABP3 z = -0.17 pLI = 0.35   SHANK1 z = 5.49 pLI = 1.00 

FAR2 pLI = 0.92 z = 0.62   SHISA2 z = 0.45 pLI = 0.40 

FBLN1 z = 1.83 pLI = 0.85   SLC23A2 z = 3.72 pLI = 0.51 

FCER1G z = -0.29 pLI = 0.64   SLC24A5 z = -0.85 pLI = 0.00 

FGF19 z = 1.13 pLI = 0.29   SLC30A8 z = -1.07 pLI = 0.00 

FGFR2 z = 2.74 pLI = 1.00   SLC38A8 NA NA 

FHL2 z = 0.35 pLI = 0.00   SLC3A2 z = 2.11 pLI = 0.92 

FILIP1 z = 0.14 pLI = 0.00   SLC6A15 z = 1.03 pLI = 0.00 

FLRT1 z = 1.13 pLI = 0.55   SLC7A11 z = 0.31 pLI = 0.00 

FLRT2 z = 1.07 pLI = 0.89   SLC7A5 z = 3.29 pLI = 0.51 

FLT1 z = 1.25 pLI = 1.00   SLIT3 z = 1.45 pLI = 0.99 

FOS z = 1.52 pLI = 0.44   SMTNL2 z = 1.08 pLI = 0.00 

FOXG1 NA 
No LoFs 

reported 
  SNCA z = 0.54 pLI = 0.84 

FSTL1 z = 0.08 pLI = 0.96   SPARCL1 z = -0.81 pLI = 0.00 
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FZD1 z = 5.32 pLI = 0.34   STAB1 z = 0.66 pLI = 0.00 

FZD10 NA NA   STXBP5L z = 0.19 pLI = 1.00 

FZD10-AS1 NA NA   SULF1 z = 1.16 pLI = 0.88 

FZD4 z = 0.80 pLI = 0.92   TAC1 z = 1.32 pLI = 0.88 

GALNT12 z = 0.54 pLI = 0.00   TCS22D1 NA NA 

GLIPR2 z = 0.58 pLI = 0.00   TFAP2B z = 2.95 pLI = 0.99 

GPR143 z = -0.87 pLI = 0.67   TFEC z = -1.07 pLI = 0.00 

GPR180 z = 0.01 pLI = 0.00   THY1 z = 0.95 pLI = 0.16 

GRN z = 0.59 pLI = 0.06   TLL1 z = 0.84 pLI = 0.33 

GSTP1 z = -1.10 pLI = 0.12   TM4SF18 z = -0.20 pLI = 0.00 

GYPA z = -1.10 pLI = 0.02   TMEFF2 z = 2.05 pLI = 0.39 

GYPC z = -2.01 pLI = 0.01   TMEM132C z = -0.38 pLI = 0.67 

H19 NA NA   TMSB4X z = 1.08 pLI = 0.49 

HBA2 z = 2.07 pLI = 0.45   TPBG z = 2.65 pLI = 0.12 

HBE1 z = -0.75 pLI = 0.01   TPD52L1 z = 1.05 pLI = 0.01 

HBG1 z = 1.63 pLI = 0.03   TPM1 z = 3.42 pLI = 0.80 

HBG2 z = 2.61 pLI = 0.24   TRAK1 z = 0.92 pLI = 0.00 

HBZ z = -0.68 pLI = 0.02   TRIB1 z = 1.26 pLI = 0.61 

HCRT z = 1.90 pLI = 0.50   TUBB4A z = 5.95 pLI = 0.00 

HMOX1 z = -0.90 pLI = 0.00   TYROBP z = 0.25 pLI = 0.49 

HPGDS z = -1.76 pLI = 0.00   UAP1L1 z = 0.52 pLI = 0.00 

HSD17B14 z = 0.49 pLI = 0.00   UGT8 z = 0.82 pLI = 0.23 

ICAM2 z = 0.52 pLI = 0.02   UST z = 1.12 pLI = 0.98 

IGFBP3 z = 0.68 pLI = 0.36   VAX2 z = -1.05 pLI = 0.32 

IGFBP5 z = 1.99 pLI = 0.86   WLS z = 0.16 pLI = 0.34 

ITM2A z = -0.12 pLI = 0.84   ZIC1 z = 5.33 pLI = 0.83 

LAMB1 z = -1.23 pLI = 0.00   ZNF503 z = 2.72 pLI = 0.89 
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6.2.2 Design of variant analysis  

Two groups of patients were investigated using exome or genome sequencing. The first group 

consisted of 16 probands from the Oculome cohort described in chapter 3, for whom no 

pathogenic (Class 5) or likely pathogenic (Class 4) variants were identified.  12 probands had 

coloboma (of varying types and laterality) (Fig 6.1), one had microphthalmos with a cyst, one 

had microphthalmos with PHPV and two had microphthalmos (Fig 6.4). These individuals as 

well as their parents (affected or unaffected) were investigated by exome or genome 

sequencing. In one case an affected sister of the proband was also included. Following 

sequencing, variants were first filtered based on minor allele frequency and coding effect. 

They were then further narrowed down based on segregation in the parent and proband 

under all models of inheritance compatible with the reported family history. Finally, at the 

stage of variant interpretation, shortlisted variants were cross referenced with the fissure 

transcriptome panel. The analysis and results of these individuals are described in section 

6.2.3. Filtering, querying and interpretation of variants was done using the Ingenuity Variant 

Analysis Tool (www.qiagenbioinformatics.com/products/ingenuity-variant-analysis/). 

The second group consisted of individuals from the UK10K coloboma cohort 

(https://www.uk10k.org/). This included 99 affected individuals, all with coloboma 

phenotypes, in total. As this cohort has previously been studied. 25 individuals had previously 

identified molecular diagnoses (Prof. David Fitzpatrick, personal communication). These 

individuals were excluded from further analysis. All rare variants of the remaining 74 

individuals were pooled and filtered to retain variants in genes from the Oculome MAC gene 

panel as well as all genes from the optic fissure transcriptome panel and then annotated. The 

variants were filtered to retain only variants in the coding exons +/- 20bp of the exons of 

genes from the Oculome MAC subpanel as well as genes from the fissure transcriptome panel. 

The analysis and results of these individuals are described in section 6.2.4 
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Figure 6.1 Pedigrees and phenotypes of 12 probands with coloboma screened using 

exome or genome sequencing. In each case, the proband and both parents were screened 

by exome/genome sequencing. Black indicates affected individuals. Where there are 

multiple affected siblings, the proband is indicated with an arrow. For Case 17, the sister of 

the proband was also screened. Case 189 segregation of the phenotype in earlier 

generations is shown in Figure 5.3. VSD: Ventricular Septal defect. 
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6.2.3 Analysis of trios from the Oculome study 

Analysis of variants from whole exome sequencing of 16 probands and their parents is 

described in this section. These patients had been previously screened for variants in known 

disease genes using the Oculome gene panel described in chapter 3, but no pathogenic or 

likely pathogenic variants were identified. In two of the families, one of the parents of the 

proband was affected indicating a likely dominant mode of inheritance, in one family a sibling 

of the proband was affected indicating a likely recessive mode of inheritance and in two 

families, the parents were consanguineous (first cousins). In all, 20 variants of uncertain 

significance were identified in 7 families. All the variants are listed in table 6.2 and variants in 

genes that featured in the optic fissure transcriptome panel are coloured in red. The analyses 

for each family and outcomes are described below.  

Cases with coloboma phenotypes 

Case 8  

This proband was a boy and had unilateral iris and retino-choroidal coloboma. Both parents 

were unaffected and non-consanguinous. No positive family history was reported. Both de-

novo dominant and recessive (homozygous and compound heterozygous) models of 

inheritance were applicable. And three analyses were carried out accordingly to shortlist 

variants. Interpretation and classification of variants did not identify any class 3 (uncertain 

significance), 4 (likely pathogenic), 5 (pathogenic) variants. On comparing the shortlisted 

variants with the optic fissure transcriptome panel, an apparently de-novo in-frame insertion 

of glutamic acid in the gene TRAK1 was identified. However, the variant was not novel and 

not located in a functional domain and was likely benign.  

Case 16  

The proband was a boy with unilateral microphthalmos and contralateral hypoplastic optic 

disc or optic disc coloboma. Interpretation and classification of variants did not identify any 

class 3 (uncertain significance), 4 (likely pathogenic), 5 (pathogenic) variants under the 

recessive mode of inheritance. Under the de-novo model, a single variant, p.Y1156S, of 

uncertain significance was identified in the gene IQSEC3. The gene is very highly constrained 

for missense variants (z= 3.28) according to the ExAC database. None of the variants 

overlapped with the optic fissure transcriptome panel.  



303 
 

Case 17 

In this case the proband and a younger sister both had unilateral microphthalmos and 

retinochoroidal coloboma. The sister also had a cardiac ventricular septal defect. The 

structure of the pedigree indicated a likely recessive mode of inheritance. However, no rare, 

coding variants were shared by the two sisters under the recessive mode of inheritance 

(either homozygous or compound heterozygous). While true dominant or de-novo modes of 

inheritance are not possible in a family with two affected siblings, it is possible that one of the 

parents carries a deleterious variant as a mosaic at an undetectable level which could them 

be inherited by both siblings. Considering this the filtered variants were queried for variants 

that were called as heterozygous in both siblings but reference in both parents. No such 

variants were identified. Similarly, the filtered variants were queried for variants that were 

called as heterozygous in both siblings and as heterozygous in one parent but with a low 

alternate allele frequency. Again, no variants fulfilled these criteria. As no variants passed the 

segregation filters, they could not be compared to the optic fissure transcriptome panel.  

While the disease phenotype in this family is almost certain to have a genetic cause because 

of the presence of two affected siblings, no pathogenic mutation could be identified in the 

current study using exome sequencing. However, it should be noted that deep intronic and 

non-coding variants could not be investigated.  

Case 20 

The proband was a boy with bilateral retinochoroidal coloboma, and unilateral 

microphthalmos. The parents were unaffected and were first cousins, making a recessive 

homozygous deleterious variant the likely cause, although a de-novo deleterious mutation 

cannot be ruled out as there were no affected siblings.  The filtered variants for the trio were 

queried using the recessive and dominant modes of inheritance. No pathogenic or likely 

pathogenic variants were identified. Two homozygous and one pair of compound 

heterozygous variants were identified in the genes SP1, ZNF358A and DNHD1. The variants 

were all either novel or very rare and had not previously been reported in homozygous form 

in the ExAC database. They were classified as variants of uncertain significance. None of the 

shortlisted variants overlapped with the optic fissure transcriptome panel. 
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Case 29 

The proband was a girl with bilateral retinochoroidal coloboma and unilateral 

microphthalmos and her mother also had coloboma (Fig 6.2 A). The parents were not 

reported as consanguineous. This family history indicated a likely dominant mode of 

inheritance. Therefore, the filtered variants for this trio were queried for rare coding variants 

that were present in the proband and the mother but not the father. These were also filtered 

against rare variants in unrelated individuals (unaffected parents of other probands) to rule 

out sequencing artefacts, as sequencing artefacts are likely to appear in multiple samples in 

the same sequencing run (Fig 6.2 B). Further interpretation of these variants identified five 

heterozygous variants of uncertain significance in the genes SDK2, HDAC1, CDON, CELSR2 and 

FAT3. Of these, the variants with the highest evidence for pathogenicity were the variant in 

SDK2 (p.R2089*) was a novel nonsense variant and the variant in CDON (p.N609S) had 

previously be reported as a variant of uncertain significance in two cases with 

holoprosencephaly. The rest were rare variants. None of the shortlisted variants overlapped 

with the optic fissure transcriptome panel. The candidate variants in SDK2, CDON and HDAC1 

were validated by Sanger sequencing (Fig 6.2C). 
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Figure 6.2: Variant classification and confirmation in Case 29. A: A pedigree showing the 

segregation. The proband was reported to have coloboma and microphthalmia and the 

mother was reported to have coloboma. B: Systematic filtering of variants in the trio 

narrowed down the list of variants to 81 variants in 72 genes shared by the mother and 

proband. C: Sanger sequencing verified the top three disease candidate variants in the 

proband and the mother. 
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Case 32 

The proband was a boy with unilateral retinochoroidal and iris coloboma and a cardiac 

ventricular septal defect. Both parents were unaffected and not consanguineous. As there 

were no other members of the family known to be affected, both recessive and de-novo 

models of inheritance were applicable. Filtered variants of the trio were queried for all of 

these models of inheritance. No variants passed the filters under the recessive model of 

inheritance. Under the de-novo model, a number of variants passed the filters, but on further 

interpretation, none of them were found to carry enough evidence to be classified as Class 3-

5 variants. None of the shortlisted variants overlapped with the optic fissure transcriptome 

panel. 

Case 94 

The proband was a boy with unilateral microphthalmos and coloboma. Both parents were 

unaffected and not consanguineous. As described above, both recessive and de-novo models 

of inheritance were applicable and filtered variants of the trio were queried accordingly. No 

Class 3-5 variants were identified. A single homozygous, in-frame deletion variant 

(p.Ile441_Arg454del) in the gene BAIAP2L2 overlapped with the optic fissure transcriptome 

panel. However, it was reported as homozygous in over 3000 individuals in ExAC and was 

classified as likely benign.  

Case 97 

The proband was a boy with unilateral microphthalmos and coloboma. Both parents were 

unaffected and not consanguineous. In this case, the complete trio was not available for 

analysis as sequencing of the mother’s DNA sample failed. However, filtered variant for the 

proband and father were still queried using both the recessive models of inheritance, i.e. 

looking for variants that were homozygous in the proband and heterozygous in the father or 

two heterozygous variants in the same gene in the proband of which only one was inherited 

from the father. The data was also queried for variants that were likely de-novo, i.e. variants 

that were heterozygous in the proband and absent in the father. Variants were also filtered 

against other unaffected individuals in the same sequencing run to minimize sequencing 

artefacts. However, a large number of such variants could be inherited from the mother, and 

any candidate variants would need further segregation analysis using Sanger sequencing. 
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A heterozygous nonsense variant was identified in the gene SLC7A14. Biallelic missense 

variants in this gene have been implicated in cases with retinitis pigmentosa. No other 

variants of uncertain significance or likely pathogenic variants were identified. None of the 

shortlisted variants overlapped with the optic fissure transcriptome panel. 

 

Case 100 

In this family, the proband was a boy with unilateral microphthalmos and retinochoroidal 

coloboma. Both parents were unaffected and non-consanguinous. As described above, both 

recessive and de-novo models of inheritance were applicable and filtered variants of the trio 

were queried accordingly. No Class 3-5 variants were identified in the recessive models of 

inheritance. A single missense Class 3 variant was identified in the gene EPHA8 under the de-

novo model of inheritance. The variant was novel, predicted damaging and located in a 

functional domain. None of the shortlisted variants overlapped with the optic fissure 

transcriptome panel. 

 

Case 101 

The proband was a girl with bilateral microphthalmos and coloboma. Both parents were 

unaffected and not consanguineous. As described before, both recessive and de-novo models 

of inheritance were applicable and filtered variants of the trio were queried accordingly. No 

Class 3-5 variants were identified. None of the shortlisted variants overlapped with the optic 

fissure transcriptome panel. 

 

Case 189 

This family consisted of multiple affected individuals over four generations and the family 

history was consistent with a dominant mode of inheritance with complete penetrance (Fig 

6.3 A). The proband, diagnosed with bilateral optic disc coloboma was first screened on the 

Oculome panel but no pathogenic, likely pathogenic variants were identified. Two variants of 

uncertain significance were identified in CHD7 and PTCH1. These were ruled out when 
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genome sequencing of the trio showed that they were absent in the affected mother. Filtered 

variants from exome sequencing of this trio were queried for rare coding variants that were 

present in the proband and the mother but not the father (Fig 6.3 B).  

As expected there was a large number of rare variants shared by the mother and proband. 

Further interpretation of these variants identified five class 3 variants in the genes TBX2, 

MYCBP2, CELSR2, ITGB1, and ANO4. The variant in ITGB1 was novel while the rest were very 

rare and observed in only 1-2 individuals in the ExAC database. Of these the best candidates 

were the variants in TBX2 and MYCBP2. The mouse orthologue Tbx2 has been shown to be 

one of the core transcription factors required for axial pattering and invagination of the optic 

cup (Behesti et al., 2009). A variant in MYCBP2 had previously been reported as disease 

causing in a family with excavated optic discs, optic nerve dysplasia and high myopia, which 

shows some resemblance to the optic disc coloboma in the current family. As DNA of the 

affected sister was available for analysis, Sanger sequencing was used to determine if these 

variants were present. However, both of these variants failed to segregate with the 

phenotype. The gene ANO4 featured in the optic fissure transcriptome panel. It was found to 

be mildly upregulated in the human optic fissure margins in the transcriptome analysis and 

will be discussed further below. No other shortlisted variants overlapped with the optic 

fissure transcriptome panel. Efforts to recruit additional family members including the 

affected grandmother and youngest sibling were unsuccessful.  
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Figure 6.3 Variant classification and confirmation in Case 189. A: A pedigree showing 

segregation of the phenotype over four generations. B: Systematic filtering of variants in the 

trio narrowed down the list of variants to 151 variants in 146 genes shared by the mother 

and proband. C: Candidate disease variants were verified in the proband with Sanger 

sequencing but failed to segregate in the affected sister.  
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Case MEG  

The proband in this family was a girl with bilateral iris and retinochoroidal coloboma. Both 

parents were unaffected and non-consanguineous. This family had not previously been 

screened on the Oculome gene panel but had been screened on the MEG (Multi Eye Gene), a 

similar but less expensive panel previously developed by our group and no pathogenic 

variants could be identified. As described before, both recessive and de-novo models of 

inheritance were applicable for the analysis of genome sequencing variants. Filtered variants 

of the trio were queried accordingly. No Class 3-5 variants were identified. None of the 

shortlisted variants overlapped with the optic fissure transcriptome panel. 
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Cases with microphthalmia phenotypes 

Case 24 

The proband was a boy with unilateral microphthalmos and PHPV (Persistent Hyperplastic 

Primary Vitreous). Both parents were unaffected and not consanguineous. As described 

before, both recessive and de-novo models of inheritance were applicable and filtered 

variants of the trio were queried accordingly. No Class 3-5 variants were identified. None of 

the shortlisted variants overlapped with the optic fissure transcriptome panel. 

 

Case 30 

The proband was a boy with unilateral microphthalmos with a cyst. The parents were 

unaffected and consanguineous (first cousins), making a recessive homozygous variant a likely 

cause. However, a de-novo cause could not be rules out and filtered variants were queried 

according to all the applicable modes of inheritance. As expected due to the consanguinity, 

the proband carried a large number of rare homozygous variant. None of these overlapped 

with genes from the optic fissure transcriptome panel. However, a missense variant of 

uncertain significance was identified in the gene SSTR1. The variant was novel and predicted 

damaging. The gene showed a high level of constraint towards missense variants.  No Class 3, 

4 or 5 variants were identified under the de-novo model. 

 

Case 108 and Case 176 

In both families, the probands were boys with severe unilateral microphthalmos and the 

parents were unaffected and non-consanguineous. Both recessive and de-novo models of 

inheritance were applicable and filtered variants of the trio were queried accordingly. No 

Class 3-5 variants were identified. None of the shortlisted variants overlapped with the optic 

fissure transcriptome panel. 
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Figure 6.4 Pedigrees and phenotypes of four probands with microphthalmia screened 

using exome or genome sequencing. In each case, the proband and both parents were 

screened by exome/genome sequencing. 
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Table 6.2: Variants of uncertain significance from analysis of trios. Genes coloured in red featured in the optic fissure transcriptome panel.  

Sample 

No. 
GENE GENOTYPE 

MUTATION 

TYPE 
cDNA PROTEIN MAF ExAc  

PROTEIN 

DOMAIN 

Model of 

segregation 

analysis 

In-silico predictions 

ExAC 

constraint 

metric for 

gene 

Case 

16 
IQSEC3 HET Missense c.3467A>C p.Y1156S 0 None De-novo 

SIFT: Damaging, 

Polyphen: unknown 
z = 3.28 

Case 

20 

SP1 HOM Missense c.1282C>G p.L435V 0 
Transactivation 

domain B 
Recessive 

SIFT: Tolerated, Polyphen: 

Probably damaging 
z = 0.56 

ZNF385A HOM Missense c.56C>T p.P19L 0 0 Recessive 
SIFT: Damaging, 

Polyphen: unknown 
z = 2.31 

DNHD1 

HET From 

father 
Nonsense c.7681C>T p.R2561* 0.00005 None Recessive NA 

pLI = 0.00 

HET From 

mother 
Frameshift c.11648_11651dupCAGT p.T3885fs*3 0.00002 None Recessive NA 

Case 

29 

SDK2 

HET From 

affected 

mother 

Nonsense c.6265C>T p.R2089* 0 
Before PDZ-

binding motif 
Dominant NA pLI = 0.03 

HDAC1 

HET From 

affected 

mother 

In-frame 

deletion 
c.1363_1365delGAG p.E455del 0.0006 None Dominant NA z = 3.91 

CDON 

 

HET From 

affected 

mother 

Missense c.1826A>G p.N609S 0.00007 None Dominant 
SIFT: Tolerated, Polyphen: 

Probably damaging 
z = -0.90 

CELSR2 

HET From 

affected 

mother 

Missense c.3166A>G p.I1056V 0.00002 None Dominant 
SIFT: Activating, Polyphen: 

Benign 
z = 3.61 
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FAT3 

HET From 

affected 

mother 

Missense c.8873G>A p.R2958H 0.0001 Cadherin 27 Dominant 

SIFT: Damaging, 

Polyphen: Probably 

damaging 

z = 0.45 

Case 

97 SLC7A14 HET Nonsense c.1858G>T p.E620* 
0 None 

De-novo* 
NA 

pLI = 0.33 

Case 

100 
EPHA8 HET Missense c.2863G>A p.G955R 0 SAM De-novo 

SIFT: Damaging, 

Polyphen: Probably 

damaging 

z = 0.57 

Case 

189 

TBX2 HET Missense c.1753G>A p.A585T 0.000009 
Repression 

domain 1 
Dominant 

SIFT: Damaging, 

Polyphen: Possibly 

damaging 

z = 3.37 

MYCBP2 HET Missense c.115A>T p.M39L 0.00005 none Dominant 
SIFT: None, Polyphen: 

None 
z = 5.07 

CELSR2 HET Missense c.5431G>A p.D1811N 0.00002 EGF-like 5 Dominant 
SIFT: Tolerated, Polyphen: 

Benign 
z = 3.61 

ITGB1 HET Missense c.1181C>T p.T394I 0 none Dominant 
SIFT: Tolerated, Polyphen: 

Possibly damaging 
z = 3.47 

ANO4 HET Missense c.1120T>C p.Y339H 0 Extracellular Dominant 

SIFT: Damaging, 

Polyphen: Probably 

damaging 

z = 2.66 

Case 

30 
SSTR1 HOM Missense c.391C>T p.R131C 0 Extracellular Recessive 

SIFT: Damaging, 

Polyphen: Probably 

damaging 

z = 3.20 
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6.2.4 Filtering and analysis of variants in individuals from the UK10K study 

 

The UK10K coloboma cohort has previously been studied and pathogenic mutations already 

identified in a subset of patients. As described in section 6.2.2, exome data from 74 affected, 

and unsolved individuals from the UK10 coloboma cohort, were screened for novel and high 

impact variants in genes from the Oculome MAC subpanel and genes from the optic fissure 

transcriptome panel. As the number of individuals was large, detailed individual phenotype 

information was not available and the majority were singletons (i.e. not trios with both 

parents), a strategy was used where data from all the individuals was pooled and analysed 

together. The data was obtained in the form of individual VCF (Variant Call Format) files for 

all individuals. These were first filtered to retain all variants with a minor allele frequency in 

public databases of <2% and located within coding exons +/-  20bp of genes from the two 

gene panels of interest. The variants from all of these individuals were pooled and then 

filtered to isolate three groups of variants; novel high impact variants (nonsense, frameshift 

and stop loss), novel splice site variants (variants within the canonical splice sites) and novel 

missense variants. These groups were further filtered to remove variants that occurred in >2 

individuals within the cohort. The variants that passed filtering are described in Figure 6.5, 

Table 6.3 and Table 6.4.  

High impact variants 

Five high impact variants were identified in the genes NTN1 (c.954C>A, p.Cys318*), PDZRN3 

(c.438C>A, p.Cys146*), FLT1 (c.36C>A, p.Cys12*), SLIT3 (c.1089T>G, p.Tyr363*) and ANK3 

(c.6810del, p.Met2271Cysfs*7) in five different individuals. Details of these variants are given 

in table 5.3. All of these genes showed a low tolerance to loss of function variants (even in 

the heterozygous form) according to the ExAC database (pLI>0.9). 

The strongest disease candidate variant was the variant in NTN1. NTN1/Ntn1 was found to be 

significantly and transiently expressed in the optic fissure margins of the human and mouse 

eyes during closure. As described in chapter 4, it is likely to be involved in regulating changes 

in cell shape and/or state during the process of closure. In addition, stop mutations in NTN1 

are not observed in the ExAC database, and the individual with this variant had no other high 

impact variants in the genes screened. However, the sequencing depth at this position was 



317 
 

very low and Sanger sequencing was used to verify the variant. The variant could not be 

verified and appeared to be a sequencing artefact. 

PDZRN3 was also found to be upregulated at the optic fissure margins by transcriptome 

analysis. In addition, previous studies in zebrafish have shown that expression of the zebrafish 

homologue pdzrn3 is induced by pax2.1a, a transcription factor essential for fissure closure 

(Dente et al., 2011).  Like NTN1, SLIT3 codes for an axon guidance molecule. However, recent 

studies have also implicated this protein in other developmental processes such as 

angiogenesis and development of the cardiac septum and of the kidneys (Mommersteeg et 

al., 2015, Sanna-Cherchi et al., 2017, Zhang et al., 2009a). Defect in the kidneys and ventricular 

septum are often associated with coloboma. SLIT3 expression was found to be upregulated 

in the fissure margin region of the developing human eye in the transcriptome analysis. The 

variant was novel and the premature stop codon (p.Tyr363*) was located close to the N-

terminal of the protein. Although the variant was novel, DNA of parents was not available to 

determine if it arose de-novo. FLT1 encodes a receptor for VEGF (vascular endothelial growth 

factor), and is required for angiogenesis. Although Flt-/- mice die during gestation, Flt+/- mice 

are reported to survive and no eye phenotypes have been reported (Shibuya, 2013). ANK3 

codes for a cell surface protein that regulates the cytoskeleton. Mutations in ANK3 have been 

implicated in neurodevelopmental disorders but no eye defects have been reported (Iqbal et 

al., 2013). Finally, a variant that disrupted a canonical splice site was identified in the gene 

HMOX1. However, this gene shows a high level of tolerance to loss of function variants 

according to the ExAC database. 

In all of these variants, the genotyping quality was variable and BAM files were not available 

for analysis, and considering that the variant in NTN1 appeared to be a sequencing artefact 

all of these variants would need to be validated by Sanger sequencing on the original DNA 

samples before further investigation. Following this, segregation analysis in the parent would 

be necessary to determine if the variants arose de-novo.  
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Missense variants 

In addition to the high impact variants, a number of novel missense variants were identified 

in genes within the two gene panels (MAC-Oculome and optic fissure transcriptome). These 

are described in detail in Table 6.4. However, without additional family members for 

segregation analysis, the effect of these variants would be difficult to determine. 
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Figure 6.5: Strategy used to filter variants in 74 affected individuals from the UK10K 

cohort. Five novel high impact variants and one novel splice site variant were identified within the 

optic fissure transcriptome panel. In addition, five missense variants were identified.
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Table 6.3: Novel high impact and splice site variants identified in the UK10K cohort. 4 nonsense, 1 frameshift and 1 splice site variants were 

identified in genes within the optic fissure transcriptome panel in individuals from the UK10K coloboma cohort. 

 

Sample 

No. 
GENE GENOTYPE 

MUTATION 

TYPE 
cDNA PROTEIN MAF ExAc  

PROTEIN 

DOMAIN 

ExAC 

constraint 

metric for 

gene 

1 NTN1 HET Nonsense c.954C>A p.Cys318* 0 
EGF-like, 

laminin 

No LoF 

observed 

2 PDZRN3 HET Nonsense c.438C>A p.Cys146* 0 None pLI = 0.91 

3 SLIT3 HET Nonsense c.1089T>G p.Tyr363* 0 

Leucine-rich 

repeat, typical 

subtype 

pLI = 0.99 

4 FLT1 HET Nonsense c.36C>A p.Cys12* 0 None pLI = 1.00 

5 ANK3 HET Frameshift c.6810del p.Met2271Cysfs*7 0 None pLI = 1.00 

6 HMOX1 HET Splice site c.144+1G>A ?  none pLI = 0.00 
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Table 6.4: Novel missense variants in genes within the optic fissure transcriptome panel identified in the UK10K cohort. SIFT and MAPP 

predictions of effect on protein function are provided where available. The final column lists the ExAC z-score for intolerance to missense 

variants for each gene, with higher values indicating increased constraint. NA: Not available, HET: Heterozygous 

 

Gene Genotype cDNA Protein Protein Domain SIFT prediction MAPP prediction ExAC constraint metric for gene 

ABCA4 HET NM_000350.2:c.139C>T p.Pro47Ser Rim ABC transporter Deleterious bad 
 

z = -1.50 

ACKR3 HET NM_020311.2:c.824A>G p.Asp275Gly GPCR, rhodopsin-like, 7TM Deleterious bad z = 1.67 

BCAM HET NM_005581.4:c.1799C>T p.Ser600Leu  Deleterious NA 

z = 0.38 

BCAM HET NM_005581.4:c.230G>A p.Arg77His Immunoglobulin-like domain Deleterious NA 

BCAM HET NM_005581.4:c.611T>A p.Met204Lys CD80-like, immunoglobulin C2-set Deleterious NA 

BCAM HET NM_005581.4:c.230G>A p.Arg77His Immunoglobulin-like domain Deleterious NA 

C1QTNF5 HET NM_015645.4:c.271C>G p.Pro91Ala Collagen triple helix repeat Tolerated NA z = 2.79 

CDC20B HET NM_001170402.1:c.505T>C p.Phe169Leu  Tolerated good z = 0.29 

CLDN19 HET NM_148960.2:c.572G>T p.Arg191Ile  Deleterious bad z = 0.54 

COL3A1 HET NM_000090.3:c.3337G>T p.Gly1113Cys Collagen triple helix repeat Deleterious bad z = 3.15 

DHX38 HET NM_014003.3:c.3439A>C p.Met1147Leu  Deleterious bad z = 2.80 

EHBP1 HET NM_015252.4:c.2859G>T p.Lys953Asn  Tolerated NA z = 0.06 

FBLN1 HET NM_006486.2:c.217C>A p.Leu73Met Fibulin-1 Tolerated good z = 1.83 

FGFR2 HET NM_000141.4:c.557T>C p.Met186Thr Immunoglobulin I-set Tolerated good z = 2.74 
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FGFR2 HET NM_000141.4:c.1382C>T p.Ala461Val Fibroblast growth factor receptor family Tolerated good 

FGFR2 HET NM_000141.4:c.170C>T p.Ser57Leu Immunoglobulin-like domain Tolerated good 

FILIP1 HET NM_015687.4:c.1099G>C p.Ala367Pro Tropomyosin Tolerated  z = 0.14 

FOXG1 HET NM_005249.4:c.170A>C p.His57Pro  Tolerated unknown 

NA FOXG1 HET NM_005249.4:c.170A>C p.His57Pro  Tolerated unknown 

FOXG1 HET NM_005249.4:c.192A>C p.Gln64His  Tolerated unknown 

FREM2 HET NM_207361.5:c.790G>A p.Val264Met  Deleterious NA 
z = -0.93 

FREM2 HET NM_207361.5:c.7504A>G p.Ile2502Val  Tolerated NA 

FZD5 HET NM_003468.3:c.863G>T p.Arg288Leu Frizzled protein Deleterious bad z = 5.01 

KAT6B HET NM_012330.3:c.4327G>A p.Glu1443Lys  Tolerated NA z = 1.83 

LOXL1 HET NM_005576.3:c.5C>A p.Ala2Asp  Deleterious NA NA 

LRP2 HET NM_004525.2:c.1018C>A p.His340Asn Epidermal growth factor-like Tolerated good z = 1.95 

MAF HET NM_001031804.2:c.224C>A p.Ala75Glu  Deleterious bad z = 4.95 

ME3 HET NM_006680.2:c.1727G>A p.Arg576Lys  Tolerated good z = 2.26 

NECAB2 HET NM_019065.2:c.982T>C p.Ser328Pro Antibiotic biosynthesis monooxygenase Tolerated good NA 

NRP1 HET NM_003873.5:c.1333T>A p.Ser445Thr Coagulation factor 5/8 C-terminal type domain Deleterious good z = 0.73 

PAMR1 HET NM_001001991.2:c.464A>G p.His155Arg CUB Tolerated  z = -1.40 

PAX6 HET NM_000280.3:c.597G>C p.Glu199Asp Homeodomain-like Tolerated good z = 3.64 

PDZRN3 HET NM_015009.2:c.1117A>C p.Met373Leu  Tolerated  z = 1.77 

PRKRA HET NM_003690.4:c.32C>A p.Pro11Gln  Tolerated good 
z = 1.87 

PRKRA HET NM_003690.4:c.32C>A p.Pro11Gln  Tolerated good 

PRSS23 HET NM_001293179.1:c.376A>G p.Arg126Gly  Tolerated NA z = 0.15 
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PTCH1 HET NM_000264.3:c.310G>A p.Val104Met Transmembrane receptor, patched Tolerated good z = 2.86 

RAB3GAP1 HET NM_012233.2:c.542G>A p.Cys181Tyr  Deleterious bad z = 0.55 

RBM20 HET NM_001134363.1:c.454G>A p.Val152Ile  Tolerated unknown NA 

RDH10 HET NM_172037.4:c.24C>A p.Phe8Leu  Tolerated NA 
z = 3.77 

RDH10 HET NM_172037.4:c.991G>A p.Ala331Thr  Deleterious NA 

SALL1 HET NM_002968.2:c.2773T>C p.Ser925Pro  Deleterious bad z = 0.48 

SALL2 HET NM_005407.2:c.2944C>G p.Leu982Val  Tolerated NA z = -0.03 

SCN3A HET NM_006922.3:c.5395A>C p.Lys1799Gln Voltage gated sodium channel, alpha subunit Deleterious unknown z = 4.52 

SHANK1 HET NM_016148.4:c.4919C>T p.Ala1640Val  Tolerated NA z = 5.49 

SLIT3 HET NM_003062.3:c.208A>G p.Arg70Gly Leucine-rich repeat, typical subtype Tolerated NA z = 1.45 

TCOF1 HET NM_001135243.1:c.2143G>A p.Ala715Thr Treacher Collins syndrome, treacle Tolerated good z = -1.24 

TFAP2A HET NM_003220.2:c.706C>T p.Arg236Trp Transcription factor AP-2, C-terminal Deleterious bad z = 4.04 

TMEM67 HET NM_153704.5:c.643G>A p.Gly215Arg Meckelin Deleterious bad z = -0.48 

TUBB4A HET NM_006087.2:c.271G>A p.Val91Met Tubulin/FtsZ, GTPase domain Deleterious NA z = 5.95 

ZIC2 HET NM_007129.4:c.1218C>G p.Ser406Arg Zinc finger, C2H2 Deleterious NA NA 

ZNF503 HET NM_032772.5:c.1274G>T p.Ser425Ile  Deleterious NA z = 2.72 
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6.3 Discussion 

In this chapter, whole exome and genome sequencing based approaches were were used to 

attempt to identify variants that could explain the phenotype in individuals with coloboma, 

for whom pathogenic or likely pathogenic variants could not be identified. 

 

6.3.1 Genes upregulated at the optic fissure margins were selected for further 

investigation. 
 

The virtual gene panel was designed by including all genes that were significantly upregulated 

in the optic fissure margins or ventral optic cup. These genes were selected as loss of function 

variants in them would be likely to have a deleterious effect on the process of optic fissure 

closure. On further characterization of the genes, 21% of the group showed a high intolerance 

to single allele loss of function variants (pLi >0.9, ExAC). This fraction is similar to the fraction 

of all genes in the human genome that show intolerance to loss of function (Lek et al., 2016) 

i.e the group of genes expressed at the optic fissure margins was not enriched for loss of 

function intolerant genes. However, Lek et al do note that loss of function intolerant genes 

generally showed a broad pattern of expression. And it is likely that genes that essential for 

only specific organs such as the eye would not be under selection pressure. 

 

6.3.2 Gene panels have previously been used to identify novel disease genes. 
 

Gene panels routinely used in diagnosis usually consist of previously reported disease genes. 

However, gene panels consisting of candidate genes selected based on different criteria such 

as expression or studies in animal models have also been used with success to identify novel 

human disease genes. For example, like eye malformations, ciliopathies are also a genetically 

heterogeneous group of phenotypes. Screening of 70 patients on targeted next generation 

sequencing panel consisting of known disease genes as well as predicted disease genes 

identified a deleterious variant in the gene RSPH1, which had previously not been associated 

with a human disease, shared by two patients. Functional work showed that this variant was 

indeed deleterious to cilia function (Onoufriadis et al., 2014).    
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6.3.3 Variants of uncertain significance were identified 
 

No variants were classified as Class 4 or 5 in the analysis of trios, described in section 6.2.3. 

as known disease genes were already ruled out by screening on the Oculome gene panel. 

However, 17 variants of uncertain significance in novel candidate disease genes were 

identified in 7 trios. One of these variants was in a gene from within the optic fissure 

transcriptome panel. Here, even variants with a high degree of evidence were classified as 

variants of uncertain significance. A similar classification has been used other large scale 

studies using whole exome sequencing (Monies et al., 2017), where even homozygous loss-

of function or high impact variants were classified as “variants of unknown significance” when 

they were associated with a certain disease phenotype for the first time. They may be 

upgraded to class 4 or 5 following independent replication in other families. Alternatively, 

they may be re-classified as benign or likely benign if later found to have a high minor allele 

frequency in a certain subpopulation without a high incidence of the disease, or found be 

homozygous in individuals without the disease phenotype. A recent study reclassified a 

number of such variants based on their frequency in the unaffected population (Abouelhoda 

et al., 2016).  

Dominantly inherited variants 

Two of the families studied, Case 29 and Case 189 showed a dominant mode of inheritance. 

In case 29, the proband was diagnosed with bilateral coloboma phenotype, although there 

was some difference between the two eyes such that only one eye was microphthalmic. Five 

variants of uncertain significance were identified, of which three were strong candidates as 

disease variants. The first was a novel heterozygous variant in the gene SDK2, c.6265C>T, 

p.R2089*. SDK2 codes for a transmembrane cell adhesion molecule, which is known to be 

involved in lamina specific synaptic connections in neurons of the retina.  In-vitro cell 

adhesion assays and in-vivo depletion of SDK2 in the chick retina showed that it functioned 

by homophilic adhesion (Yamagata and Sanes, 2008). The stop codon in the proband was 

located very close to the C-terminal but before the PDZ-binding motif. However, the gene 

shows little intolerance of loss of function mutations based on the ExAC database (pLI = 0.03). 

Also, this gene has not been implicated in optic fissure closure, although there are examples 

of other transmembrane proteins involved in axon guidance in the retina later being 
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implicated in coloboma (Chassaing et al., 2016). The second variant, was a missense variant 

in the gene CDON, c.1826A>G, p.N609. The variant is not novel but is rare (ExAC MAF = 

0.00007) and has been reported in ClinVar as a variant of uncertain significance for 

holoprosencephaly (rs 756054017). Other heterozygous variants in CDON have previously 

been reported as disease causing variants in cases of holoprosencephaly, sometimes with 

variable penetrance (OMIM: 614226) (Bae et al., 2011). CDON codes of a receptor in the 

Hedgehog signalling pathway which is an important signalling pathway in optic fissure closure 

and loss of Cdon in the mouse embryo causes a severe coloboma phenotype with defective 

patterning of the optic cup (Zhang et al., 2009b). Variants in CDON could also potentially have 

reduced penetrance as the effects of Cdon mutations in mice have been showed to be 

modified by other genetic and environmental factors (ethanol exposure) (Hong and Krauss, 

2012, Hong and Krauss, 2013). Finally, the third variant identified was an in-frame deletion in 

the gene HDAC1, p.E455del. Mutations in HDAC1 have not previously been implicated in a 

human disease but zebrafish with deletions in hdac1 have coloboma (Lee et al., 2013). The 

current variant is an in-frame deletion and its effect on protein function remains difficult to 

determine. Each of these variants could potentially be a disease causing variant but would 

need further supporting evidence. All three variants were confirmed by Sanger sequencing in 

the proband and mother but unfortunately DNA samples of additional family members were 

not available for extended segregation analysis.  

The second case, the proband, her mother and two siblings had the same phenotype of 

bilateral optic disc coloboma. The maternal grandmother and great-grandfather were 

reported to be affected as well, although detailed phenotypes were not available. This family 

history was consistent with a Mendelian autosomal dominant mode of inheritance, likely 

caused by a variant with complete penetrance. However, a causative mutation could not be 

identified in the coding regions of any of the known disease genes, using the Oculome panel. 

Exome sequencing of the proband and parents identified a number of rare variants shared by 

the mother and proband and not by the father. Based on prior biological knowledge, five of 

these were classified as variants of uncertain significance. They were all very rare or novel 

missense variants in genes that showed a high intolerance to missenses in the ExAC database. 

The strongest candidates were in TBX2 and MYCBP as both genes are known to be involved 
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in eye development, and these were selected for follow up by Sanger sequencing in the 

affected sister of the proband. However, they did not segregate with the phenotype.  

Of the remaining three variants, the first was the first was a rare missense variant in the gene 

CELSR2, p.D1811N. CELSR2 codes for a transmembrane atypical cadherin that is part of the 

Planar Cell Polarity pathway. Mice lacking Celsr2 have not been reported to have any eye 

defects (Tissir et al., 2010), however a recent study has implicated biallelic missense variants 

in a patient with a Joubert syndrome like phenotype including unilateral microphthalmia 

(Vilboux et al., 2017).  The second was a novel missense variant in the integrin gene ITGB1, 

p.T394I. Integrins are cell adhesion molecules and the turnover of integrins, including 

integrin-β1 is known to be important for correct invagination of the optic cup and optic fissure 

closure (Bogdanovic et al., 2012). The third variant was a novel missense variant in the gene 

ANO4, p.Y339H which codes for a transmembrane protein that is a likely ion channel (Picollo 

et al., 2015). The function of this gene is not very well understood but it is of interest as it was 

one of the genes identified as upregulated in the human optic fissure margins by 

microdissection and RNA sequencing (Chapter 4). Follow up of these variants in the affected 

sister would help determine which, if any of these variants, is likely to contribute to the 

phenotype. However, unlike the majority of coloboma families, this family has multiple 

affected individuals over three generations. If DNA could be obtained from all members, this 

would be a good opportunity to use linkage based methods and unambiguously identify the 

mutation causing their phenotype, which could be an intrinsic mutation.  

Recessively inherited variants 

Class 3 variants were identified in two families Case 20 and Case 30 under the recessive mode 

of inheritance. In Case 20, the parents of the proband were consanguineous (first cousins) 

and therefore the proband carried a large number of rare variants in homozygous form. Of 

these, the strongest disease candidate was a novel missense variant in the gene SP1. The gene 

codes for a transcription factor, and is expressed in the periocular mesenchyme around the 

optic cup. It is also involved in differentiation of the lens (Gong et al., 2014). The variant is 

novel and located in the transactivation domain, however, the gene is predicted to be tolerant 

to missenses (z=0.56) according to ExAC. In-silico prediction of the effect of the variant was 

ambiguous (SIFT: Tolerated, Polyphenr: Probably damaging). The other two candidates were 



328 
 

in the gene ZNF385A, which showed a low tolerance to missense variants and DNHD1, in 

which both variants were loss of function variants. 

In Case 30, the proband was diagnosed with unilateral microphthalmos with a cyst, which 

could arise due to a fissure closure defect. Here too the parents were consanguineous. A 

single variant of uncertain significance was identified. It was novel missense variant in the 

gene SSTR1. The variant was predicted damaging and the gene was predicted to be intolerant 

to missense variants according to the ExAC database. However, the evidence for SSTR1 

playing a role in eye development is ambiguous.  SSTR1 codes for a somatostatin receptor and 

its rat homologue is known to be expressed in the developing retina, although less strongly 

than in other tissues (Ludvigsen et al., 2015). Also, mice lacking Sstr1 were reported to have 

defects in retinal function but no gross malformations of the retina (Dal Monte et al., 2003).  
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6.3.4 Cases with consanguinity or dominant inheritance patterns may be difficult to 

resolve 
 

A number of cases in the cohort had consanguineous parents or one affected parent.  In such 

situations, large numbers of variants fulfilled the filtering criteria and therefore were difficult 

to resolve e.g. Case 20, both parents were south Asian and closely related and Case 29 and 

Case 189 each had one parent affected with the phenotype.   

In such cases, additional methods need to be used to narrow down the number of variants. 

In case of suspected recessively inherited diseases, additional affected siblings could be 

included in the analysis. In such cases as the parents are likely to have inherited a rare disease 

causing variant from a common ancestor, that variant would be located in a continuous region 

of homozygosity shared by the two siblings. Traditionally genotyping arrays have been used 

to identify such regions, however recently software tools have been developed that use 

variant files gene rated by exome or genome sequencing to identify regions of homozygosity 

(http://www.homozygositymapper.org/). In case of affected parent sibling pairs, rather than 

including the unaffected parent, including an unaffected sibling in a trio analysis would be 

more useful as it would enable filtering for rare variants that are shared by the affected parent 

and child but not inherited by the unaffected child.  

 

6.3.5 Several cases may be explained by incompletely penetrant variants 
 

The analysis described here assumed a Mendelian, monogenic model of inheritance for all 

cases with eye malformations. It was also assumed that the causative variants would have 

complete penetrance. Therefore, when filtering the variants it was assumed that damaging 

variants would either be completely absent in the parents, or present in a monoallelic form 

when they were present in a biallelic form in the proband. It was also assumed that 

pathogenic variants would be absent or extremely rare in public databases of healthy 

individuals such as ExAC. 

However, there is evidence for likely incomplete penetrance in the cohort of patients 

described in this thesis. Of the 16 unsolved probands described in this chapter, 10 had 

unilateral phenotypes such that one eye was phenotypically normal. One of these probands 

http://www.homozygositymapper.org/
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also had a sibling affected with a similar unilateral phenotype. Similarly, 58% of the individuals 

in the original MAC cohort screened on the Oculome panel had unilateral phenotypes. 

Families with coloboma and varying laterality between individuals have also been described 

in the literature (Morrison et al., 2002).  Unilateral cases were included in the exome 

sequencing screen because unilateral cases have previously been found to have monogenic 

causes. These include mutations in SOX2 and OTX2 causing unilateral anophthalmia (Gerth-

Kahlert et al., 2013) and a PAX2 mutation causing unilateral coloboma in just one of a pair of 

monozygotic twins and kidney defects in both (Iatropoulos et al., 2012). In all of these cases 

the unaffected eye was entirely normal and functional.  

A proportion of singleton probands in the Oculome cohort with a unilateral phenotype could 

be explained by somatic mosaic mutations, however this would not be likely where there are 

two affected siblings with the same unilateral phenotype. Such phenotypes would likely be 

explained by incompletely penetrant variants. An example of a variant with incomplete 

penetrance that has been identified in multiple human families with MAC (Microphthalmia, 

Anophthalmia and Coloboma) is the R266C variant in GDF3 (Ye et al., 2010, Bardakjian et al., 

2017). Variable penetrance and difference between the severities in phenotype of the two 

eyes has been observed also seen in animal models. Bmp7-/- mice have been shown to have 

variable microphthalmia or anophthalmia (Morcillo et al., 2006), while Sall2 -/- mice have been 

shown to have incompletely penetrant coloboma (Kelberman et al., 2014). 

Variants that can cause a phenotype in one eye but not the other may also cause no 

phenotype at all. Such variants could be present in unaffected relatives or the wider 

population. The trio based analyses as well as stringent filtering based on minor allele 

frequencies reported in public databases that have been used in this chapter are likely to fail 

in such situations. However, loosening filtering criteria would not help either, as many benign 

variants would pass through the filters and lead to ambiguous or inconclusive results, based 

on subjective variant classification. More statistical approaches similar to association studies 

need to be applied instead. Phenotypes caused by incompletely penetrant variants could also 

be affected by other variants in the individual, which are collectively referred to as the genetic 

back ground, as well as environmental factors. Possible approaches for identifying variants of 

incomplete penetrance and polygenic/oligogenic models of inheritance will be discussed in 

detail in the final chapter.  



331 
 

6.3.6 Synonymous and intronic variants were not included in the analysis.  
 

In case of the patients from the UK10K cohort, analysis was restricted to 86 known disease 

genes and 202 genes identified as upregulated in the closing optic fissure by transcriptomic 

analysis. This leaves the possibility that the causative variant is located in the coding region 

of another gene. However, in the analysis of the 16 trios from the Oculome cohort, analysis 

was not restricted to certain groups of genes. The entire exome was taken into account. 

However, in spite of this unambiguously pathogenic variants could not be identified in any 

patient.  

Major regions of the genome not investigated include the introns and promoter regions. 

Regions of the genome not investigated include introns and promoters. The protein 

machinery that regulates splicing interacts with the of the splice donor and acceptor sites at 

exon-intron boundaries, consisting of several bases at the end of the of the intron as well as 

additional bases extending into the exon, as well as the branch site sequence located at a 

distance each intron. These sequences show a high degree of conservation, with the most 

conserved and well-studied being the first two bases at each end of an intron (5’gu….ag3’) 

and mutations within them can result in aberrant splicing such as inclusion of introns, exon 

skipping, etc (Wang and Cooper, 2007). The majority of reported deleterious single nucleotide 

variants that affect splicing are located in these two positions (Caminsky et al., 2014, Krawczak 

et al., 2007). However, variants deep within the intron can also cause aberrant splicing. 

Synonymous variants are usually considered to be functionally neutral but they too could 

affect splicing. These include synonymous changes of the last base of an exon (Akli et al., 

1990) and synonymous changes that generate new consensus splice sites within exons 

(Richard and Beckmann, 1995). A study using an exon of the CFTR gene as a model showed 

that up to 30% of the synonymous changes tested caused skipping of the exon during splicing 

(Pagani et al., 2005).  

However, the effect of potential splice variants predicted in silico and would need to be 

followed up by in vitro methods to prove the presence of an aberrant transcript (Grodecka et 

al., 2017), which would be difficult for a study on this scale.   All synonymous variants and 

variants more than two base pairs into the introns were filtered out before the stage of 
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variant interpretation in the analyses described in this chapter. This practice is similar to that 

followed in clinical diagnosis. Another approach to identify splice variants is to directly assess 

mRNA for aberrant splicing using splicing microarrays (Wang and Cooper, 2007). However, 

that is difficult in eye diseases due to the inaccessibility of the tissue and for a study of this 

scale with multiple patients. Statistical methods comparing the prevalence of synonymous 

changes in patients to that in control individuals may help identify disease causing 

synonymous variants.  

 

6.3.7 Copy number variants may explain a fraction of cases 
 

Screening of patients on the Oculome panel included analysis for copy number variants that 

overlapped with the target genes. This approach, using the ExomeDepth algorithm relied on 

analysing aligned sequencing reads for unexpectedly high or low numbers of reads aligning to 

any of the target exons (Plagnol et al., 2012). This approach was not feasible for the families 

screened by exome sequencing in this study as the target region screened was very large. In 

addition, for the patients from the UK10K cohort, as only raw variant calls were available and 

aligned sequencing reads (BAM files) were not, copy number variant analysis was not 

possible. 
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6.4 Conclusions  
 

In this chapter, individuals with coloboma were screened for likely pathogenic single gene 

coding variants in genes beyond the known disease causing genes. However, conclusively 

pathogenic variants could not be identified in any of the individuals screened. Variants of 

uncertain significance were identified in a very small number. In addition, these individuals 

had all been pre-screened for variants in known disease causing genes.  

These observations provide further evidence that unlike other eye diseases, not all cases of 

cases of coloboma, and microphthalmia, are likely to be monogenic. Future studies of these 

phenotypes should focus on investigating polygenic and oligogenic models. Statistical 

approaches for studying these disease models will be discussed in the following chapter.  
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7 Final Conclusions  
 

7.1 Summary of findings described in this thesis 
 

This thesis aimed to better understand the genetic pathways underlying the process of fissure 

closure in order to identify novel disease genes and so improve the rate of genetically 

diagnosing the human eye malformation coloboma, as well as add to the pool of existing 

knowledge regarding eye morphogenesis. It used two different approaches to do this; genetic 

analysis of human patients with coloboma and related phenotypes microphthalmia and 

anophthalmia and analysis of cell behaviour and gene expression in the closing human and 

mouse optic fissure margins. 

It aimed to answer the following questions 

1. What proportion of patients with coloboma and related eye malformations could be 

explained by coding mutations in known disease genes? What proportion of patients 

had variants of uncertain significance in these genes? 

2. Could any novel genes involved in the process of fissure closure be identified? Do 

these genes constitute regulatory pathways and how do they influence the behaviour 

of cells at the fissure margins? 

3. Can potentially pathogenic mutations in these novel fissure closure genes be 

identified in the patients not explained by mutations in known disease genes? 

 

Following screening of 98 individuals on the Oculome, a targeted gene panel covering all 

known MAC disease genes, coding mutations in known disease genes (i.e. pathogenic or likely 

pathogenic variants) explained the patient’s phenotype could be identified in only 8.2% (8 of 

98 cases). For the coloboma phenotype alone, the solve rate was even lower (1 of 36 cases 

solved). Variants of uncertain significance were identified in a further 25.5% (25 cases). DNA 

samples of parents and siblings were available for segregation analysis of 17 of these variants. 

13 of the variants did not segregate with the phenotype, while the results of 4 were 

ambiguous. Copy number variants of uncertain significance were identified in two individuals.  
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The cohort analysed consisted of individuals presenting at Great Ormond Street Hospital or 

Moorfields Eye Hospital with these eye malformations and without a known genetic cause. It 

is likely a genetic cause may already have been identified for a small number of individuals 

with recognisable syndromes through single candidate gene screening, and they would not 

have been recruited to our cohort. Therefore, the solve rate determined above may be an 

underestimate. However, a large number of individuals still remained unsolved. The low solve 

rate could not be explained by low read depth or incomplete coverage of the target regions. 

Screening on the Oculome achieved a high level of coverage and completeness, comparable 

to other published studies. Also, cohorts of patients with other congenital eye diseases 

showed much higher solve rates.  

As described in the introduction to Chapter 3, coloboma and other MAC phenotypes 

aggregate within families and are reported to have a sibling recurrence risks high enough to 

suggest an underlying genetic cause. Those individuals, not solved with the Oculome panel 

could be explained by non-coding, regulatory variants in genes within the Oculome or 

mutations in genes not yet associated with MAC phenotypes and therefore not covered by 

the Oculome panel. While a large number of genes have been associated with MAC 

phenotypes (Williamson and FitzPatrick, 2014, Patel and Sowden, 2017), these are still fewer 

than those associated with more well studied phenotypes such as retinal dystrophies (Berger 

et al., 2010). The Oculome panel covered 235 genes associated with retinal dystrophies but 

only 86 associated with MAC.  

Further work focused on addressing the first issue, identifying new disease genes and better 

understanding the process of optic fissure closure. Two approaches were used. Whole exome 

or genomes of 16 probands, not solved on the Oculome panel, and their parents were 

sequenced. At the same time, ultrastructural analysis and transcriptomic profiling were used 

to identify the cellular changes and changes in gene expression occurring at the optic fissure 

margins, as described in Chapter 4. The epithelial rearrangement necessary for optic fissure 

closure is a stage in eye development that is not well understood. Gene expression profiling 

identified a large number of genes previously not associated with the process of optic fissure 

closure. With the help of bioinformatics analysis, it was found that a number of them were 

involved in signalling pathways related to epithelial to mesenchymal transition which 

correlated with the morphological and ultrastructural changes in cells observed at the point 
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of closure in developing human and muse eyes. Over two hundred novel candidate disease 

genes were identified, including NTN1.  

Chapter 5 described the expression pattern of a recently identified (Kelberman et al., 2014), 

and not well understood, coloboma disease gene SALL2/Sall2 in the developing mouse eye 

during optic fissure closure. Sall2 protein was detected throughout the optic cup and 

upregulated in the closing fissure margins. Sall2 has been reported to supress cell 

proliferation, induce apoptosis and induce neuronal differentiation in different contexts in 

published literature. In this thesis immunohistochemical analysis and transcriptomic profiling 

of the fissure margins in Sall2-/- eyes provided evidence that it likely influences apposition of 

the optic fissure margins by regulating cell proliferation. A novel likely transcriptional target 

of Sall2 was also identified. 

As described in Chapter 6, it was hypothesized that the patients would carry rare, likely 

pathogenic variants in one or more genes identified by the transcriptomic analysis. However, 

likely pathogenic variants could not be identified in these genes in any of the patients 

sequenced. In addition, trio analysis did not identify likely pathogenic coding variants in any 

genes beyond these candidate disease genes.  Further, exome sequences of 74 individuals 

with a coloboma phenotype from the UK10K cohort and without an identified genetic cause 

were screened for variants in this set of disease candidate genes. Novel, high impact variants 

were identified in 6 individuals. However, without the availability of other family members 

for segregation analysis, their pathogenicity could not be proved.  

To conclude, a mechanism of epithelial fusion and novel regulatory pathways involved in the 

process of closure were identified. Figure 7.1 provides a summary of the cellular changes 

identified and associated genes. However, there was limited success in identifying genetic 

causes in patients with coloboma or related phenotypes under the monogenic model of 

inheritance. While non-coding and intronic regions of disease candidate genes were not 

investigated, this lack of monogenic causes strongly suggests that different models of 

inheritance should be investigated with this phenotype.  

  



337 
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Figure 7.1: Apposition of fissure margins, rearrangement of cells and genes involved. Based 

on ultrastructural and transcriptomic analysis of the optic fissure described in this thesis, 

epithelial cells from the fissure margins undergo a change in morphology and transiently form 

a disorganized group, before rearranging as two continuous epithelia. In addition, Sall2 and 

its potential target Supt16 were found to regulate cell proliferation enabling correct shaping 

of the optic cup and apposition of the fissure margins. Genes and gene set pathways 

representing pathways identified in this thesis are indicated in green. They are positioned 

along with cellular and morphological changes (indicated in black) underlying fusion that they 

are predicted to regulate. The data in this thesis relates to human and mouse eyes. Where 

published observations in other species are consistent with these, they have been indicated 

in red. BM: Basement Membrane, L: Lens. 
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7.2 Technical and design limitations 
 

If such a combined human genetic and developmental biology approach were to be used in 

the future to study coloboma, a number of technical and design aspects could be improved 

upon. These limitations and potential improvements are discussed in this section.  

 

7.2.1 Selection of the MAC cohort 

 

The MAC cohort for the Oculome panel screen consisted of individuals with MAC phenotypes 

who presented at the GOSH or Moorfields Eye Hospital. The percentage of cases with likely 

pathogenic (Class 4 or 5) variants identified was very low (7.8%, 7 of 96 cases screened). If 

only coloboma cases were considered, this percentage falls even lower (1 of 33 cases 

screened). This low diagnostic yield likely reflects the complex genetics of MAC phenotypes 

in the human population, as the cohort was not refined based on phenotypic features or 

family history. If this genetic screen were repeated in a clinical setting for diagnostic purposes, 

where resources are limited it may become advantageous to carefully prioritise individuals 

for screening in order to generate a positive diagnosis.  

Of the 7 cases with likely pathogenic variants in the Oculome cohort, 5 had bilateral MAC 

phenotypes. If only bilateral cases in the Oculome cohort had been screened the diagnostic 

yield would have been 13%. Similarly, 4 cases with likely pathogenic variants had extraocular 

or syndromic features. At least two could be clearly recognized known syndromes; Case 12 

with ophthalmoacromelic syndrome and Case 294 with Gorlin-Goltz syndrome. If only 

syndromic cases in the Oculome cohort (20 cases) had been screened, the diagnostic yield 

would have been 20%. Therefore cases with bilateral phenotypes and/or recognizable 

multisystem disorders are more likely to yield a definitive diagnosis. 

 

7.2.2 The MAC panel of genes 
 

Section 1.4.2 summarizes genes in which coloboma disease mutations have been identified, 

as well as those in which microphthalmia and anophthalmia disease mutations have been 
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identified. These gene panels also include genes in which only variants of uncertain 

significance have been reported. The MAC subpanel on the Oculome panel included all genes 

in which single gene pathogenic mutations had been reported in families with isolated or 

syndromic microphthalmia, anophthalmia and coloboma, and the related phenotypes 

nanophthalmia, PHPV (Persistent Hyperplastic Primary Vitreous) as well as Treacher-Collins 

syndrome, at the time of designing the panel (November 2015). It did not include all genes 

implicated in multisystem syndromes in which coloboma had been reported for a subtype of 

the syndrome associated with a specific gene. An example of such a complex syndrome would 

be Orofaciodigital syndrome, in which one subtype (OFD IX) includes coloboma as one of its 

features (Gurrieri et al., 1992, Nagai et al., 1998). The Oculome panel included the genes for 

OFD IX, SCTL1 and TBC1D32 but did not include any of the other OFD genes including OFD1 

which accounts for the majority of OFD cases (Bruel et al., 2017). A broader selection of genes 

including newly identified genes could potentially have helped identify novel pathogenic 

variants in additional individuals and identify new genotype-phenotype correlations.  

 

7.2.3 Classification of variants 
 

The system used to classify variants identified on the Oculome panel was a simple hierarchical 

five class system, with class 5 variants being those previously proven to be pathogenic, while 

class 1 are known benign variants. This system is very useful for representing the level of 

evidence available in support of, or against, a particular variant being causative for a 

phenotype.  However, it does not have a way of distinguishing variants with reduced 

penetrance from those with complete penetrance. 

Variants previously reported to have reduced penetrance (Bardakjian et al., 2017, Asai-

Coakwell et al., 2009, Ye et al., 2010) were identified in two cases in the Oculome cohort; 

GDF3 p.Arg266Cys in Case 190 with microphthalmos and skeletal defects (and unaffected 

father) and GDF6 p.Ala249Glu in Case 208 with microphthalmos only. Both these variants 

were previously shown to affect the production and activity of GDF3 and GDF6 in reporter 

assays (Ye et al., 2010, Asai-Coakwell et al., 2009). Decreased GDF3 and GDF6 activity have 

been shown to cause eye defects in zebrafish embryos (Ye et al., 2010). 
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While these variants in GDF3 and GDF6 are still considered the likely major cause of the 

phenotype in the affected individuals, these variants and others in GDF3 and GDF6 have been 

shown to have both reduced penetrance (Bardakjian et al., 2017, Prokudin et al., 2014) and 

variable expressivity (either ocular or skeletal phenotypes or both) (Ye et al., 2010, Asai-

Coakwell et al., 2009). Therefore, caution should be used for interpretation in either 

predictive or prenatal screening, as the range or severity of associated phenotypes cannot be 

predicted. In fact, both the variants described above also have relatively high frequencies in 

the ExAC database, also suggesting reduced penetrance (Table 3.3).  

In order to accurately classify such variants, it would be useful to modify the five class variant 

classification system so that variants known to have reduced penetrance can be placed in a 

separate class or sub-class. Such a classification system would be more useful for subsequent 

pre-natal testing. A small number of variants causing eye malformations with apparently 

reduced penetrance have also been identified in other signalling molecule genes such as 

BMP4 and BMP7 (Wyatt et al., 2010, Reis et al., 2011).  

 

7.2.3 Collection of RNA samples and replicates 
 

As described in Chapter 4, a novel approach used to potentially identify novel coloboma 

disease candidate genes was based on RNA sequence analysis of micro-dissected fissure 

margin tissues in both human and mouse eyes. One of the major limitations encountered was 

the low number of replicate samples that could be analysed. Due to the high cost of RNA 

sequencing and the variable quality of human tissue samples, only three biological replicates 

at each time point in the mouse and three samples over two time point in humans were 

analysed. It is now clear that additional replicates would have helped overcome variability in 

samples and potentially identified smaller, but significant fold changes that might be 

important for fissure closure. This was particularly evident for the human samples where only 

two replicates at the same developmental stage were available. In the present study, micro-

dissected tissues from both eyes in the same individual were pooled. However, in a repeat of 

this study, it would be very informative to collect and analyse RNA from the two eyes 

separately. This would provide technical replicates and help to determine the level of noise 

present in the RNA sequencing protocol.  
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E11.5 and E12.5 mouse embryos were collected from timed mating as described in Chapter 

2.  In this experiment, it was desirable to use both wild type and Sall2-/- embryos from the 

same litter. However, due their availability and the small litter sizes, this was performed 

without carrying out further selection criteria.  In addition, somite counting was avoided to 

minimize the time between collecting the embryos and snap freezing in OCT and so minimize 

RNA degradation.  However, in practice, counting somites and choosing stage matched 

embryos would be important to minimise variability in gene.  

Another limitation of the study could be in deciding the developmental time frame (or stage) 

over which samples are compared. Addition of a pre-closure time point in (E10.5 in the mouse 

and CS 16 in the human) would be helpful in identifying genes whose earlier expression is 

necessary for shaping the optic cup. Moreover, some genes whose protein products are active 

during the closure process, may actually show maximum RNA expression at an earlier stage.  

 

7.2.4 Validation of transcriptome analysis as a toll for identifying novel disease genes 

It was expected that genes showing significant differential expression between the fissure 

margins and the dorsal control region would be strong candidates as optic fissure closure 

genes and as such candidates for causing coloboma. Genes with such a pattern of differential 

expression could play a role either in the remodelling of the optic fissure margins or in the 

overall shaping of the optic cup. This was supported by the observation that known coloboma 

disease genes (PAX2, TENM3, SMOC1 and ALDH1A3) did show this pattern of expression in 

the RNA sequencing data. However, when the individuals from the UK10K cohort were 

screened for variants in a panel assembled from these genes no likely pathogenic variants 

were identified from the selected genes.  

There are many possible explanations for this, however, one simple reason might be that 

genes required for successful fissure closure but expressed uniformly throughout the optic 

cup would be effectively excluded. A threshold of Log2 Fold Change >1 or <-1 and p-values 

was used to identify differentially expressed genes and to select them for screening in 

patients. Therefore, a useful approach would be to test the dynamic expression (regional and 

temporal) of all known disease candidate genes within the existing expression data. This 

might provide a useful model with which to inform selection of novel genes that show similar 
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patterns of expression. It will also be interesting to investigate quantitative expression levels 

of all know coloboma causing genes, since this would help to better understand the 

meaningful levels of expression seen in the optic cup and ultimately help design a more 

effective gene panel.   
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7.3 Future investigation of genetic causes of coloboma 
 

7.3.1 Investigating Polygenic or complex models of inheritance 
 

Genetic diseases are usually classified into two major groups; Monogenic or Mendelian 

diseases which are caused by single variants with a high impact in a single gene and complex 

diseases, which are caused by multiple variants with small effect sizes that each increase the 

risk of disease to a small extent (Fig 7.2). Mutations that cause monogenic diseases are usually 

rare in the population as they would be under constant selection pressure. Also MAC 

phenotypes are very rare with a cumulative incidence by the age of 16 of 11.9 per 100,000 in 

the UK (Shah et al., 2011). All genetic causes of MAC identified so far have been monogenic 

causes, and most have been identified using linkage based methods. Mendelian variants with 

full penetrance that cause rare phenotypes would be expected to be correspondingly rare. 

This was the basis of the variant filtering pipelines used in this thesis and common variants 

were filtered out.  

Complex models of inheritance, involving common variants have usually been investigated 

using association based methods such as genome wide association studies. One such complex 

eye disease is age related macular degeneration for which several risk loci have been 

identified (Fritsche et al., 2013).  Such a model of inheritance has not yet been explored for 

coloboma and other MAC phenotypes, likely due to a number of limiting factors. A large 

sample size required to achieve enough statistical power to detect variants with small effects. 

The numbers of cases ~2000 to ~35,000 (affected individuals) and controls used in successful 

case control studies to investigate complex diseases would be possible in case of diseases like 

coloboma (Wellcome Trust Case Control, 2007, Fritsche et al., 2013, Verhoeven et al., 2013) . 

Unambiguous phenotyping and selection of a group of cases with a uniform phenotype is also 

essential (McCarthy et al., 2008), coloboma and microphthalmia are phenotypically 

heterogeneous and often associated with other ocular and non-ocular phenotypes (Shah et 

al., 2012). The Oculome cohort too, contained a diverse range of phenotypes.  

However, one of the earliest genome wide association studies used to successfully identify 

risk loci associated with cleft lip with/without cleft palate, a birth defect that like coloboma, 

arises from a failure of an epithelial closure process used ~200 to ~500 cases ~300 to ~1000 
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controls (Birnbaum et al., 2009). Since then a number of risk loci have been identified for cleft 

lip and palate and replicated in independent studies (Beaty et al., 2016, Leslie et al., 2015). 

While the numbers of unsolved coloboma patients in the Oculome cohort (36) and the UK10K 

cohort (74) were too low to be used alone for association studies, through collaborations and 

pooling cohorts of cases it would be feasible to recruit 200-500 coloboma patients. 
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Figure 7.2 Frequency of disease variants in the population in relation to their effect size and 

disease susceptibility conferred. Adapted from McCarthy et al. (2012). This thesis explored 

the prevalence of rare variants with high impact. Classes of variants not explored in this thesis 

are indicated in red. 
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7.3.2 Investigating rare variants of reduced penetrance 
 

As shown in figure 7.2, there is a third class of variants that could not be explored within the 

scope of this thesis. These are rare variants with reduced penetrance. Each individually may 

not be deleterious enough to cause the phenotype. But a number of such variants in the same 

gene or multiple genes involved in the same process could have enough of an effect to cause 

a disease phenotype. These variants with reduced penetrance would not be identified in 

simple screening by exome sequence and trio analysis that was carried out in this thesis as 

individual variants may often be present in unaffected relatives and therefore would not 

‘segregate with the phenotype’ and would be filtered out. Alternatively while individuals with 

multiple rare variants in coloboma disease genes were observed in our cohort, there was not 

enough evidence to say, on a case by case basis, that these combinations of variants were 

disease causing and not just a result of factors such as ethnicity.  

However, variants with a minor allele frequency of less than 0.5% would be difficult to identify 

by genome wide association studies as well (Manolio et al., 2009). A number of statistical 

approaches known as ‘burden tests’ have been developed to detect such rare variants with 

incomplete penetrance, in the absence of large multigenerational families. Association 

studies ask whether each polymorphic genetic marker (e.g. a SNP) is more likely to occur in 

cases than in controls. Burden tests condense information by pooling rare variants or variants 

of the same class (e.g. missenses) within the same gene or region and ask whether these 

groups of variants occur more often in cases than in controls (Manolio et al., 2009, Seddon et 

al., 2013). This approach has been used to identify rare variants which increase the risk for 

various ocular and non-ocular phenotypes such as age related macular degeneration and cleft 

lip (Seddon et al., 2013, Leslie et al., 2015). To apply either genome wide association studies 

or burden tests, an ethnically matched cohort of control samples, ideally genotyped using the 

same techniques as the case cohort would be necessary, which were not available for the 

Oculome study.  

Another approach calculated a summative of the CADD (Combined annotation-dependent 

depletion) score of variants in a set of ciliopathy disease genes in a group of 24 children with 

hypoplastic left heart syndrome. It was found that the summative CADD score in ciliopathy 

disease genes was statistically significantly higher in with children with hypoplastic left heart 
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syndrome and developmental delay than in those with hypoplastic left heart syndrome alone, 

supporting the authors’ claim that this method could be used to predict the risk of 

developmental delay (Geddes et al., 2016). While this was a recent study on a small scale and 

has not yet been replicated, the approach could be explored to study the impact of multiple 

variants in eye diseases. Again, this would need an appropriate group of control samples. 

However, the number of patients studied here was small and suitable for rare diseases. 

 

7.3.3 Investigating non-coding mutations 
 

Deep intronic and synonymous variants were not investigated in either the Oculome genetic 

screen or subsequent screening of patients by exome sequencing. The reasons for this were 

discussed in chapter 6.3.6. Briefly, some synonymous and intronic variants can have profound 

effects on protein function, usually by affecting splicing, and consequently cause disease 

phenotypes with complete penetrance (Akli et al., 1990, Richard and Beckmann, 1995). 

However, a simple variant filtering approach which allowed synonymous and deep intronic 

variants through the filters would result in very large lists of variants that would be difficult 

to interpret. Efforts to identify such variants should focus on the few large multigenerational 

families with multiple individuals with coloboma and other MAC phenotypes that are 

available (Morrison et al., 2002). The Oculome cohort included at least two such families, 

which still remain unsolved. Linkage based analysis would be possible in such families. 

 

7.3.4 Variants of reduced penetrance provide opportunities for therapies and 

interventions. 
 

Identification of causative mutations enables the development of therapies such as gene 

therapies and small molecule therapeutics. The progress in developing gene therapies for eye 

defects caused by Mendelian mutations has already been discussed in Chapter 1 (1.5.2). 

Therapeutic interventions could also be explored in case of other models of inheritance. There 

is increasing evidence of variants with reduced penetrance and gene-environment 

interactions being involved in the aetiology of birth defects including neural tube defects, 

congenital heart defects, orofacial clefts and holoprosencephaly (Krauss and Hong, 2016). 
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While this may complicate the process of genetic diagnosis and prediction of disease risks, it 

also provides an opportunity for interventions that are relatively simpler than gene therapies 

and can be delivered during pregnancy. For example, a proportion of neural tube defects in 

humans can be prevented by folic acid supplementation (Wallingford et al., 2013). In the curly 

tail mouse model of neural tube defects, supplementation of inositol during pregnancy 

reduced the incidence of the defect (Greene and Copp, 1997). 

Recent studies in humans and dogs have shown that individuals with mutations in the gene 

for serum retinol binding protein RBP4 develop microphthalmia, anophthalmia or coloboma, 

but only when their mothers have the same genotype. The RBP4 protein binds to and 

transports retinol in the blood. When both the mother and the fetus carried the mutation, 

there was found to be a decreased level of retinol in the maternal blood, and therefore less 

retinol transferred across the placenta to the fetus (Chou et al., 2015, Kaukonen et al., 2018). 

A similar effect was seen in Rbp-/- mouse embryos bred from Rbp-/- females, but only when 

the females were maintained on a retinol deficient diet (Quadro et al., 2005). It is conceivable 

that treatment with retinol during pregnancy could reduce the incidence of eye 

malformations in the children of women with identified mutations in RBP4. 
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Oculome panel test: next-generation sequencing to diagnose a diverse range of genetic 

developmental eye disorders. Ophthalmology. Under Review. 
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Appendix 2: Genes on the Oculome, MAC subpanel 
 

OMIM standard name of 
condition 
 

OMIM number of 
condition 

Mode 
of 
inheritan
ce 

HGNC 
symbol 
of the 
gene 

OMIM 
number 
of the 
gene 

Evidence of 
association 
between gene 
and condition  

MICROPHTHALMIA ANOPHTHALMIA AND COLOBOMA SUBPANEL (MAC) 

Microphthalmia, isolated, with 
coloboma 7 

614497 AD ABCB6 605452 614497 

Baraitser-Winter syndrome 1 
(includes iris or retinal coloboma)  

243310 AD ACTB 102630 243310 

Baraitser-Winter syndrome 2 
(includes coloboma) 

614583 AD ACTG1 102560 614583 

Microphthalmia, isolated 8  615113 AR 
ALDH1A
3  

600463 615113 

Persistent hyperplastic primary 
vitreous, autosomal recessive (can 
include microphthalmia cataract, 
glaucoma, and congenital retinal 
nonattachment) 

221900 AR ATOH7 609875 221900 

Microphthalmia, syndromic 2 300166 XLD BCOR 300485 300166 

Microphthalmia, Syndromic 6 607932 AD BMP4 112262 607932 

Microphthalmia, anophthalmia, 
systemic abnormalities, 
intellectual disability 

  

AD, 
incomplet
e 
penetran
ce 

BMP7 112267 
Wyatt et al 2010. 
PMID: 20506283  

Temtamy syndrome (includes 
microphthalmia and coloboma) 

218340 AR 
C12ORF
57 

615140 218340 

Joubert syndrome 9; Meckel 
syndrome 6; COACH syndrome 
(includes coloboma) 

612285; 612284; 
216360 

AR;  ; AR CC2D2A 612013 
612285; 612284; 
216360 

CHARGE syndrome (includes 
coloboma) 

214800 AD CHD7 608892 214800 

Hypomagnesemia 5, renal, with 
ocular involvement (includes 
macular coloboma) 

248190 AR CLDN19 610036 248190 

Macrophthalmia, Colobomatous, 
with microcornea 

602499 AD CRIM1 606189 
Bellegia et al, 
2015 PMID: 
25561690 

Cataract 9, multiple types (cam 
include microphthalmia and/or 
microcornea) 

604219 AD CRYAA 123580 604219 

Cataract 23 (and microphthalmia 
in 1 case) 

610425   CRYBA4 123631 610425 

Cataract 3, multiple types (can 
include microphthalmia or 
microcornea) 

601547   CRYBB2 123620 601547 

Retinitis Pigmntosa and Macular 
Coloboma 

  AR DHX38 605584 
Ajmal et al 2014 
PMID: 24737827 

Dihydropyrimidine dehydrogenase 
deficiency (can include 
microphthalmia and coloboma) 

274270 AR DPYD 612779 274270 
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Cerebrooculofacioskeletal 
syndrome 4 (includes 
microphthalmia) 

610758 AR ERCC1 126380 610758 

Xeroderma Pigmentosum, group 
G (includes microphthalmia 
and/or cataract); 
Cerebrooculofacioskeletal 
syndrome 3 

278780; 616570 AR;  ERCC5 133530 278780; 616570 

Iris coloboma, retinal coloboma      FADD 602457 
Gregory-Evans et 
al, 2007 PMID: 
17656375  

Kenny-Caffey syndrome, type 2; 
Gracile bone dysplasia (can 
include microphthalmia, aniridia) 

127000; 602361 AD; AD 
FAM111
A 

615292 615292 

Microphthalmia with Limb 
anomalies (Classified as variant of 
unknown significance on OMIM) 

206920 AR FNBP4 615265 206920 

Blepharophimosis, epicanthus 
inversus, and ptosis (can include 
microphthalmia) 

110100 AD FOXL2 605597 110100 

Fraser syndrome 
(cryptophthalmos) 

219000 AR FRAS1 607830 219000 

Manitoba Oculotrichoanal 
Syndrome (can include 
anophthalmia/coloboma) 

248450 AR FREM1 608945 248450 

Fraser syndrome 
(cryptophthalmos) 

219000 AR FREM2 608945 219000 

Coloboma   AD FZD5 601723 
Liu et al 2016 
PMID: 26908622 

Klippel-Feil Syndrome3; 
Microphthalmia with coloboma 6; 
Microphthalmia, isolated 7 

613702;613703;613704 
AD; AD; 
AD 

GDF3 606522 
613702;613703;6
13704 

KLIPPEL-FEIL SYNDROME 
1(includes microphthalmia); 
Microphthalmia with coloboma6, 
digenic (with GDF3); 
Microphthalmia, isolated 4  

118100 ; 613703 ; 
613094  

AD;   ;  ; GDF6 601147 
118100 ; 613703 ; 
613094  

Oculodentaldigital dysplasia 
(includes  microphthalmia and 
microcornea); Oculodentodigital 
dysplasia, autosomal recessive 
(includes microphthalmia) 

164200; 257850  AD; AR GJA1 121014 164200; 257850  

Fraser syndrome (includes 
cryptophthalmos) 

219000 AR GRIP1 604597 219000 

Linear skin defects with multiple 
congenital anomalies 1 
(Microphthalmia, syndromic 7) 

309801 XLD HCCS 300056 309801 

?Microphthalmia, syndromic 13 300915 XL HMGB3 300193 300915 

Oculoauricular syndrome 
(microphthalmia/coloboma) 

612109 AR HMX1 142992 612109 

Corpus callosum, agenesis of, with 
mental retardation, ocular 
coloboma and micrognathia 

    IGBP1 300139   

SBBYSS syndrome 
(blepharophimosis) 

603736 
in 
progress 

KAT6B 605880 603736 

Kabuki syndrome 1 (can include 
coloboma) 

147920 AD KMT2D 602113 602113 

Donnai-Barrow syndrome 
(includes coloboma, cataract, 
retinal dystrophy and other eye 
defects) 

222448 AR LRP2 600073 600073 
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Microphthalmia, syndromic 14 615877 AR,AD 
MAB21L
2 

604357 615877 

Cataract 21, multiple types 
(coloboma in 1 case) ; Ayme-Gripp 
syndrome 

610202; 601088 AD; AD MAF 177075 

610202; 601088; 
Jamieson et al 
2003 PMID: 
11772997  

Microphthalmia, isolated 5; 
Nanophthalmos 2 

611040; 609549  AR; AR MFRP 606227 611040; 609549  

Microphthalmia, syndromic 1 309800 XL NAA10 300013 309800 

Microphthalmia, Syndromic 5 610125 AD OTX2 600037 610125 

Papillorenal Syndrome (includes 
optic nerve coloboma) 

120330 AD PAX2 167409 120330 

Aniridia; Coloboma of Optic 
Nerve; Coloboma, ocular, 
autosomal dominant; Peter's 
Anomaly and others 

106210; 120430; 
120200; 604229 

AD; AD; 
AD;  

PAX6 607108 
106210; 120430; 
120200; 604229 

?Joubert syndrome 22 
(microphthalmia/optic nerve 
coloboma, intrauterine growth 
retardation, facial dysmorphism, 
postaxial polydactyly of feet, 
syndactyly, polydactyly, renal 
hypoplasia, extinguished 
electroretinogram) 

615665 AR PDE6D 602676 
615665; Thomas 
et al 2014 PMID: 
24166846 

CHIME syndrome (includes 
coloboma) 

605947 AR PIGL 605947 605947 

Treacher-Collins Syndrome (eyelid 
coloboma) 

248390 AR POLR1C 610060 248390 

Treacher-Collins Syndrome 2 
(eyelid coloboma) 

613717 AD POLR1D 613715 613717 

Focal Dermal hypoplasia (can 
include coloboma of iris and 
choroid, strabismus, 
microphthalmia) 

305600 XLD PORCN 300651 305600 

Renpenning syndrome (can 
include 
microphthalmia/coloboma) 

309500 XLR PQBP1 300463 309500 

Microphthalmia, isolated 6 613858 AR PRSS56 613858 613858 

Holoprosencephaly 7 (can include 
microphthalmia) 

610828 AD PTCH1 601309 610828 

Warburg micro syndrome 1 
INCLUDES, microcephaly, 
microphthalmia, microcornea, 
congenital cataracts, optic 
atrophy, cortical dysplasia, in 
particular corpus callosum 
hypoplasia, severe mental 
retardation, spastic diplegia, and 
hypogonadism  (OMIM) 

600118 AR 
RAB3GA
P1 

602536 600118 

Warburg Micro syndrome 2 
(includes ctaracts, 
microphthalmia, microcornea, 
atonic pupils, optic nerve atrophy) 

614225 AR 
RAB3GA
P2 

609275 614225 

Microphthalmia, syndromic 12 
(OMIM) 

615524 AD RARB 180220 615524 

Microphthalmia, isolated 3 611038 AR RAX 601881 611038 

Microphthalmia, isolated, with 
coloboma 10; Retinal dystrophy, 
iris coloboma, and comedogenic 
acne syndrome (OMIM) 

616428; 615147  AD; AR RBP4 180250 616428; 615147  
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Meckel syndrome 5; Joubert 
syndrome 7; COACH syndrome 
(can include coloboma) 

611561; 611560; 
216360 

AR;  ; AR 
RPGRIP1
L 

610937 
611561; 611560; 
216360 

Townes-Brocks branchiootorenal-
like syndrome (can include 
coloboma) 

107480 AD SALL1 602218 602218 

Coloboma, ocular, autosomal 
recessive 

216820 AR SALL2 602219 216820 

Duane-Radial Ray syndrome (can 
include microphthalmia, 
coloboma) 

607323 AD SALL4 607343 607323 

Orofaciodigital syndrome IX (a 
severe ciliopathy phenotype 
featuring midline cleft, 
microcephaly, and colobomatous 
microphthalmia/anophthalmia, 
one case only (Adly et al 2014), 
variant was classified as unknown 
significance by OMIM) 

258865   SCLT1 611399 
258865; Adly et al 
2014 PMID: 
24285566 

CHARGE (includes coloboma)  214800 AD SEMA3E 608166 
214800; Lalani et 
al 2004 PMID: 
15235037 

Microphthalmia with coloboma 5; 
Holoprosencephaly 3 

611638; 142945  AD; AD SHH 600725 611638; 142945  

Holoprosencephaly 2 (can include 
coloboma)  

157170 IC, AD SIX3 603714 

157170; Wallis et 
al 1999 PMID: 
10369266, 
Pineda-Alvarez et 
al 2011 PMID: 
21976454  

Optic disc anomalies with retinal 
and/or macular dystrophy (can 
include microphthalmia or iris and 
chorioretinal coloboma) 

212550 AR SIX6 606326 

212550; 
Aldahmesh et al 
2013 PMID: 
23167593; Yariz 
et al 2015 PMID: 
24702266  

Microphthalmia with limb 
anomalies (can include coloboma) 

206920 AR SMOC1 608488 206920 

Microphthalmia, syndromic 3 206900 AD SOX2 184429 206900 

Kahrizi Syndrome (mental 
retardation, cataract, coloboma, 
kyphosis) 

612713 AR SRD5A3 611715 612713 

Microphthalmia, isolated, with 
coloboma 8; Microphthalmia, 
syndromic 9 

601186 AR STRA6 610745 601186 

Warburg micro-syndrome 4 
(congenital cataract, 
micropthalmia,optic atrophy, 
glaucoma, severe developmental 
delay)  

615663 AR 
TBC1D2
0 

611663 
615663; Liegel et 
al. 2013 PMID: 
24239381 

Orofaciodigital syndrome 9 (Can 
include microphthalmia, 
anophthalmia, coloboma) 

258865 AR 
TBC1D3
2 

615867 
258865; Adly et al 
2014 PMID: 
24285566 

?Abruzzo-Erickson syndrome 
(includes coloboma) 

302905   TBX22 300307 302905 

Treacher Collins syndrome 1 
(eyelid coloboma) 

154500 AD TCOF1 606847 154500 
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Microphthalmia, isolated, with 
coloboma 9 

615145 AR TENM3 610083 

615145; 
Aldahmesh et al 
2012 PMID: 
22766609, 
Chassaing et al, 
2016 PMID: 
27103084. 

Branchiooculofacial syndrome 
(includes ocular anomalies such as 
microphthalmia and lacrimal duct 
obstruction) 

113620 AD TFAP2A 107580 113620 

Nanophthalmos 4  615972 AD 
TMEM9
8 

615949 615972 

COACH syndrome (includes 
coloboma); Joubert syndrome 6; 
Meckel syndrome 3; 
Nephronophthisis 11; (Bardet-
Biedl syndrome 14, modifer of) 

216360; 610688; 
607361; 613550; 
615991 

AR; AR; 
AR; AR; 
AR 

TMEM6
7 

609884 
216360; 610688; 
607361; 613550; 
615991 

Microphthalmia, coloboma, 
micrognathia, diaphragmatic 
hernia  

  AD? TMX3 616102 
Chao et al 2010 
PMID: 20485507 

Microphthalmia, syndromic 11 614402 AR VAX1 604294 614402 

Microphthalmia, with coloboma 3; 
Microphthalmia, isolated 2  

610092; 610093  AR; AR VSX2 142993 610092; 610093  

Coloboma, ocular, with or without 
hearing impairment, cleft 
lip/palate, and/or mental 
retardation 

120433 AD YAP1 606608 120433 

Mowat-Wilson syndrome 
(Hirschsprung disease with 
bilateral iris and retinal coloboma 
and high myopia) 

235730 AD ZEB2 605802 235730 

Holoprosencephaly 5 (can include 
coloboma) 

609637 AD ZIC2 603073 609637 
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Appendix 3: Example Code for analysis of RNA sequencing data 

 
Analysis of RNA sequencing of Bam files beginning from aligned reads (BAM files) was done using the 

R programming environment. 

1.  Read Quantification 
 

############################################################### 

###Loading the Rsubread package that includes featureCounts#### 

############################################################### 

 

###Installing the Bioconductor helper function### 

source("http://bioconductor.org/biocLite.R") 

 

###Instal the Rsubread package### 

biocLite("Rsubread") 

 

 

##################################################### 

### start from here if Rsubread already installed ### 

##################################################### 

 

### Set working directory as the folder in the harddrive where the 

BAM files are stored ### 

setwd("/Users/macbookbimal/Desktop/r on MAC/22_2_17/E11.5 WT BAM 

files") 

 

 

####################################################################

############################ 

###defining the same function with external annotation file for 6 

bam files with only gene id### 

####################################################################

############################ 

 

 

run_featureCounts<-

function(bam_file_name1,bam_file_name2,bam_file_name3,bam_file_name

4,bam_file_name5,bam_file_name6) 

{ 

 library(Rsubread) 

 output_file_name<-paste("All_BAM_files_","featureCounts",".txt") 

  

 ###External annotation mm10 ### 

 fls<-

c(bam_file_name1,bam_file_name2,bam_file_name3,bam_file_name4,bam_f

ile_name5,bam_file_name6) 

 results<-

(featureCounts(files=fls,isPairedEnd=TRUE,annot.ext="UCLGNS_mm10_ge
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nes.gtf",isGTFAnnotationFile=TRUE,countChimericFragments=FALSE)) 

  

 ### writing a table of of feature Counts output ### 

 output<-results$counts 

 rownames(output)<-results$annotation[,"GeneID"] 

 

 write.table(x=output,file=output_file_name,quote=FALSE,sep="\t",row

.names=TRUE) 

 

 

} 

 

### calling the funtion run_featureCounts ### 

 

run_featureCounts("NM0282_E11_5_2_5Vtrim.alignments.bam","NM0283_E11

_5_2_5Dtrim.alignments.bam","NM0284_E11_5_6_5Vtrim.alignments.bam",

"NM0285_E11_5_6_5Dtrim.alignments.bam","NM0286_E11_5_9_4Vtrim.align

ments.bam","NM0287_E11_5_9_4Dtrim.alignments.bam") 
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2. Normalization of read counts, principal component analysis and 

preparation of heat maps 
 

####################################################################

###################################################################

########################################## 

 

####The DESeq2 package must be installed#### 

 

###Loading the DESeq2 package for this session### 

library("DESeq2")  

 

###Check that no errors or warnings have come up### 

 

###Constructing a DESeqDataSet object### 

 

 

###Writing the experiment design table#### 

###The experiment design table has the sample ids (names of 

BAMfiles) as Row names and samples parameters as columns### 

 

expTable<-

data.frame(Individual=c("E11.5_2.5","E11.5_2.5","E11.5_6.5","E11.5_

6.5","E11.5_9.4","E11.5_9.4","E12.5_3.4","E12.5_3.4","E12.5_4.2","E

12.5_4.2","E12.5_6.8","E12.5_6.8"),Stage=c("E11.5","E11.5","E11.5",

"E11.5","E11.5","E11.5","E12.5","E12.5","E12.5","E12.5","E12.5","E1

2.5"),Region=c("Ventral","Dorsal","Ventral","Dorsal","Ventral","Dor

sal","Ventral","Dorsal","Ventral","Dorsal","Ventral","Dorsal"),row.

names=c("E11.5_2.5V","E11.5_2.5D","E11.5_6.5V","E11.5_6.5D","E11.5_

9.4V","E11.5_9.4D","E12.5_3.4V","E12.5_3.4D","E12.5_4.2V","E12.5_4.

2D","E12.5_6.8V","E12.5_6.8D")) 

 

###Check the experiment design table### 

###Are the sample names and sample parameters correct?###  

 

expTable 

 

 

###Set the working directory to where the feature counts output has 

been saved### 

 

setwd("/Users/macbookbimal/Desktop/r on MAC/22_2_17/All WT BAM 

files") 

 

 

###Reading in the featureCounts output file### 

###This must be a .txt file with the sample ids as column names and 

gene ids/symbols as row names### 

 

 



359 
 

fcounts_output<-read.delim("All_BAM_files_ featureCounts 

.txt",header=TRUE) 

nrow(fcounts_output) 

ncol(fcounts_output) 

head(fcounts_output) 

 

 

####check samples names (column headers)are in the correct order 

(i.e. the same as the order of row names in the expTable)### 

####This is very important as otherwise the controls and tests will 

get mixed up#### 

####The next step now erases the column names which will later be 

replaced by the rownames of the experiment design table#### 

 

 

colnames(fcounts_output)<-NULL 

 

 

###Constructing the DESeq2 dataset object using the count data, 

experiment design table and grouping the samples by Region (as 

Ventral or Dorsal)### 

 

ddsMat<-DESeqDataSetFromMatrix 

(countData=fcounts_output,colData=expTable,design=~Stage+Region) 

 

 

nrow(ddsMat) 

 

###Check the number of rows. Should be equal to number of genes in 

the feature counts output### 

 

 

###Prefiltering genes to remove those with a total count across all 

samples of less than 5### 

###This is not essential but improves power. DESeq2 has an in-built 

filtering step later on### 

 

ddsMat<-ddsMat[rowSums(counts(ddsMat))>5,] 

 

 

nrow(ddsMat) 

###Check how many genes are left and record### 

 

 

 

####The following steps are used to get log tranformed of variance 

stabilized count#### 

rld<-rlog(ddsMat,blind=FALSE) 

head(assay(rld)) 

#or# 

vsd1<-vst(ddsMat,blind=FALSE) 
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head(assay(vsd1)) 

 

##The following commands draw a PCA plot for all 6 samples to show 

clustering### 

pcaData<-plotPCA(rld,intgroup=c("Stage","Region"),returnData=TRUE) 

pcaData 

percentVar<-round(100*attr(pcaData,"percentVar")) 

library("ggplot2") 

ggplot(pcaData,aes(PC1,PC2,color=Stage,shape=Region))+geom_point(siz

e=3)+xlab(paste0("PC1:",percentVar[1],"%variance"))+ylab(paste0("PC

2:",percentVar[2],"%variance"))+coord_fixed() 

 

ggsave("PCA_all_samples.tiff") 

 

 

 

 

 

 

####Check that the pheatmap and RColorBrewer packages are installed 

or get them from bioconductor### 

library("pheatmap") 

library("RColorBrewer") 

 

pheatmap(assay(rld),color=colorRampPalette(rev(brewer.pal(n=10,name=

"RdYlBu")))(100),cluster_row=TRUE,show_rownames=FALSE,kmeans_k=50,c

ellwidth=50,cellheight=6,fontsize=8, treeheightcol=40,main="E11.5 - 

E12.5 WT optic cup",file="11.5 - E12.5 D-V WT unbiased clustering 

rld before deseq.tiff") 

 

 

 

 

 

###heat map for positive control genes### 

 

###The list must be made using excel as a single column with no 

header and saved as .txt### 

gene_list<-read.delim("Positive Control genes.txt",header=FALSE) 

heatmap_data<-subset(assay(rld), 

row.names(assay(rld))%in%gene_list[['V1']]) 

head(heatmap_data) 

 

pheatmap(heatmap_data,color=colorRampPalette(rev(brewer.pal(n=10,nam

e="RdYlBu")))(100),cluster_row=TRUE,show_rownames=TRUE, 

scale="row",cellwidth=20,cellheight=8,fontsize=8, 

treeheightcol=40,main="Positive Control genes",file="E11.5-E12.5 

Positive Control genes.tiff") 

 

##Scaled, wide format### 

pheatmap(heatmap_data,color=colorRampPalette(rev(brewer.pal(n=10,nam
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e="RdYlBu")))(100),cluster_rows=TRUE,cluster_cols=TRUE,show_rowname

s=TRUE, scale="row",cellwidth=40,cellheight=8,fontsize=8, 

treeheight_col=20,treeheight_row=0, main="Positive Control 

genes",file="E11.5-E12.5 Positive Control genes wide.tiff") 

 

 

##Scaled, narrow format### 

pheatmap(heatmap_data,color=colorRampPalette(rev(brewer.pal(n=10,nam

e="RdYlBu")))(100),cluster_rows=TRUE,cluster_cols=TRUE,show_rowname

s=TRUE, scale="row",cellwidth=10,cellheight=10,fontsize=8, 

treeheight_col=20,treeheight_row=0, main="Positive Control 

genes",file="E11.5-E12.5 Positive Control genes narrow.tiff") 

 

 

pheatmap(heatmap_data,color=colorRampPalette(rev(brewer.pal(n=10,nam

e="RdYlBu")))(100),cluster_row=TRUE,show_rownames=TRUE,cellwidth=20

,cellheight=8,fontsize=8, treeheightcol=40,main="Positive Control 

genes",file="E11.5-E12.5 Positive Control genes unscal.tiff") 

 

 

 

 

###exporting rlog normalized counts#### 

rldnorm_counts<-assay(rld) 

head(rldnorm_counts) 

 

write.table(x=rldnorm_counts,file="E11.5-12.5DV rld 

counts.txt",quote=FALSE,sep="\t",row.names=TRUE) 
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3. Differential expression analysis 
 

####################################################################

###################################################################

########################################## 

 

####The DESeq2 package must be installed#### 

 

###Loading the DESeq2 package for this session### 

library("DESeq2")  

 

###Check that no errors or warnings have come up### 

 

###Constructing a DESeqDataSet object### 

 

 

###Writing the experiment design table#### 

###The experiment design table has the sample ids (names of 

BAMfiles) as Row names and samples parameters as columns### 

 

expTable<-

data.frame(Individual=c("2.5","2.5","6.5","6.5","9.4","9.4"),Region

=c("Ventral","Dorsal","Ventral","Dorsal","Ventral","Dorsal"),row.na

mes=c("2-5V","2-5D","6-5V","6-5D","9-4V","9-4D")) 

 

###Check the experiment design table### 

###Are the sample names and sample parameters correct?###  

 

expTable 

 

 

###Set the working directory to where the feature counts output has 

been saved### 

 

setwd("/Users/macbookbimal/Desktop/r on MAC/22_2_17/E11.5 WT BAM 

files") 

 

 

###Reading in the featureCounts output file### 

###This must be a .txt file with the sample ids as column names and 

gene ids/symbols as row names### 

 

 

fcounts_output<-read.delim("All_BAM_files_ featureCounts 

.txt",header=TRUE) 

nrow(fcounts_output) 

ncol(fcounts_output) 

head(fcounts_output) 
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####check samples names (column headers)are in the correct order 

(i.e. the same as the order of row names in the expTable)### 

####This is very important as otherwise the controls and tests will 

get mixed up#### 

####The next step now erases the column names which will later be 

replaced by the rownames of the experiment design table#### 

 

 

colnames(fcounts_output)<-NULL 

 

 

###Constructing the DESeq2 dataset object using the count data, 

experiment design table and grouping the samples by Region (as 

Ventral or Dorsal)### 

 

ddsMat<-DESeqDataSetFromMatrix 

(countData=fcounts_output,colData=expTable,design=~Region) 

 

 

nrow(ddsMat) 

 

###Check the number of rows. Should be equal to number of genes in 

the feature counts output### 

 

 

###Prefiltering genes to remove those with a total count across all 

samples of less than 5### 

###This is not essential but improves power. DESeq2 has an in-built 

filtering step later on### 

 

ddsMat<-ddsMat[rowSums(counts(ddsMat))>5,] 

 

 

nrow(ddsMat) 

###Check how many genes are left and record### 

 

 

 

####The following steps are used to get log tranformed of variance 

stabilized count#### 

rld<-rlog(ddsMat,blind=FALSE) 

head(assay(rld)) 

#or# 

vsd1<-vst(ddsMat,blind=FALSE) 

head(assay(vsd1)) 

 

##The following commands draw a PCA plot for all 6 samples to show 

clustering### 

pcaData<-

plotPCA(rld,intgroup=c("Region","Individual"),returnData=TRUE) 

pcaData 
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percentVar<-round(100*attr(pcaData,"percentVar")) 

library("ggplot2") 

ggplot(pcaData,aes(PC1,PC2,color=Region,shape=Individual))+geom_poin

t(size=3)+xlab(paste0("PC1:",percentVar[1],"%variance"))+ylab(paste

0("PC2:",percentVar[2],"%variance"))+coord_fixed() 

 

ggsave("PCA_all_samples.tiff") 

 

 

####Check that the pheatmap and RColorBrewer packages are installed 

or get them from bioconductor### 

library("pheatmap") 

library("RColorBrewer") 

 

pheatmap(assay(rld),color=colorRampPalette(rev(brewer.pal(n=10,name=

"RdYlBu")))(100),cluster_row=TRUE,show_rownames=FALSE,kmeans_k=50,c

ellwidth=50,cellheight=6,fontsize=8, treeheightcol=40,main="E11.5 

Wild Type Dorsal and Ventral (Fissure Margins) optic 

cup",file="11.5 WT unbiased clustering rld before deseq.tiff") 

 

 

 

 

####################################################################

##################################### 

 

 

 

###This step runs the actual DESeq2 statistical test### 

ddsMat<-DESeq(ddsMat) 

 

 

###Saving the results of the statistical test as an object "res" 

that can be exported### 

res<-results(ddsMat) 

 

###look at the object "res" and see that it has all the expected 

columns (gene id/symbol,log2fold change, std error of log2fold 

change, the test statistic, the p-value and the p-value adjusted 

for multiple testing)### 

 

res 

 

 

###Saving the column metedata as an object called "col_info"### 

###This will be useful for writing methods### 

 

col_info<-mcols(res,use.names=TRUE) 

 

###Look at the object col_info and see what it contains#### 

col_info 
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###look at a summary of the results### 

summary(res) 

 

 

####Changing the alpha value (p-value threshold) to 0.05 and saving 

the results as another object#### 

res0.05<-results(ddsMat,alpha=.05) 

res0.05 

summary(res0.05) 

 

 

 

 

#################AT THIS STAGE EVERYTHING IS IN THE R SESSION AND 

HAS NOT YET BEEN EXPORTED AND SAVED AS TABLES OR 

IMAGES############################################################ 

 

 

 

####################################################################

############# 

###Exporting the results table and saving as a.txt that can be 

opened in excel### 

####################################################################

############# 

 

 

###exporting the object "res"### 

res_output<-as.data.frame(res) 

write.csv(res_output, file="E11.5 DESeq2 results alpha 0.1.csv") 

 

 

###exporting the object "res0.05"### 

res0.05_output<-as.data.frame(res0.05) 

write.csv(res0.05_output, file="E11.5 DESeq2 results alpha 

0.0.05.csv") 

 

 

 

 

 

 

 

 

 

 

 

########################################### 
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###Drawing the results as a Volcano Plot### 

########################################### 

 

res0.05_output<-as.data.frame(res0.05) 

 

plot(res0.05_output[,"log2FoldChange"],(-

log(res0.05_output[,"padj"],10)),col=ifelse(res0.05_output[,"padj"]

<0.05&abs(res0.05_output[,"log2FoldChange"])>1,ifelse(res0.05_outpu

t[,"log2FoldChange"]>0,'red','blue'),'black'),pch=16,xlab="log2 

Fold Change",ylab="-log10 Adjusted p-value") 

text(res0.05_output[,"log2FoldChange"],(-

log(res0.05_output[,"padj"],10)),ifelse(res0.05_output[,"padj"]<0.0

5&abs(res0.05_output[,"log2FoldChange"])>2,row.names(res0.05_output

)," "),pos=3,cex=0.4) 

#######SAVE THIS MANUALLY AS A PDF####### 

 

##or as hi res tiff## 

tiff("E11.5 WT Volcano plot no text.tiff") 

plot(res0.05_output[,"log2FoldChange"],(-

log(res0.05_output[,"padj"],10)),col=ifelse(res0.05_output[,"padj"]

<0.05&abs(res0.05_output[,"log2FoldChange"])>1,ifelse(res0.05_outpu

t[,"log2FoldChange"]>0,'red','blue'),'black'),pch=16,xlab="log2 

Fold Change",ylab="-log10 Adjusted p-value") 

dev.off() 

 

###Zoomed-in volcano plot### 

 

res0.05_output<-as.data.frame(res0.05) 

 

plot(res0.05_output[,"log2FoldChange"],(-

log(res0.05_output[,"padj"],10)),col=ifelse(res0.05_output[,"padj"]

<0.05&abs(res0.05_output[,"log2FoldChange"])>1,ifelse(res0.05_outpu

t[,"log2FoldChange"]>0,'red','blue'),'black'),pch=16,xlab="log2 

Fold Change",ylab="-log10 Adjusted p-value",xlim=c(-

3,3),ylim=c(0,30)) 

text(res0.05_output[,"log2FoldChange"],(-

log(res0.05_output[,"padj"],10)),ifelse(res0.05_output[,"padj"]<0.0

5&abs(res0.05_output[,"log2FoldChange"])>1.5,row.names(res0.05_outp

ut)," "),pos=3,cex=0.4) 

#######SAVE THIS MANUALLY AS A PDF####### 
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Appendix 4: Genes significantly differentially expressed in the optic 

fissure margins 
Mouse genes coloured in grey were upregulated or down regulated at both time points 

analysed.  

E11.5 upregulated at fissure margins 

Gene baseMean 
log2 Fold 
Change 

log2Fold 
Change 

Standard Error 
stat pvalue 

adjusted 
p-value 

A930001A20Rik 192.999935 2.133002168 0.337599154 6.31815 2.65E-10 4.06E-08 

Abca4 322.58837 1.119546252 0.302274233 3.703744 0.000212 0.0081784 

Ablim1 907.714316 1.035374767 0.297569856 3.479434 0.000502 0.0165912 

Adamts16 84.0616525 1.590362672 0.335295247 4.743171 2.10E-06 0.0001656 

Afap1l2 302.701869 1.056477946 0.318833807 3.313569 0.000921 0.0259969 

AI413582 201.660563 1.153820364 0.336760229 3.426237 0.000612 0.0193637 

Aldh1a3 16268.1349 1.554974727 0.345212987 4.504392 6.66E-06 0.0004636 

Alx3 101.639636 1.198396135 0.345006903 3.473542 0.000514 0.0168679 

Apoe 6368.1011 1.715289593 0.216098686 7.937529 2.06E-15 5.81E-13 

Arhgap29 569.424703 1.099794921 0.270538593 4.065205 4.80E-05 0.0023599 

Asb7 566.532537 1.019641621 0.312264998 3.265309 0.001093 0.0293151 

Bcam 961.545766 1.959030264 0.248034775 7.898208 2.83E-15 7.62E-13 

Bdh2 849.852564 1.195975038 0.292998489 4.081847 4.47E-05 0.0022559 

Bmf 288.160829 1.51745491 0.320467176 4.735134 2.19E-06 0.0001711 

Bmp7 720.506648 2.159889661 0.233226768 9.2609 2.03E-20 7.23E-18 

Camk4 515.100238 1.159960783 0.24072464 4.818621 1.45E-06 0.0001192 

Ccnd2 5387.19846 1.470903465 0.174353471 8.43633 3.27E-17 1.02E-14 

Cd79b 49.6912371 1.100077959 0.312730721 3.517652 0.000435 0.0148153 

Cd83 359.293916 1.509379789 0.32867612 4.592301 4.38E-06 0.0003181 

Clec18a 1826.07769 1.924801045 0.198676482 9.688117 3.39E-22 1.28E-19 

Cnn2 490.954317 1.541411123 0.299268692 5.150593 2.60E-07 2.31E-05 

Col3a1 545.239076 1.562937727 0.345563351 4.522869 6.10E-06 0.0004323 

Col9a1 22970.6889 1.778970809 0.126224227 14.09374 4.15E-45 4.19E-42 

Cplx3 751.935038 2.759138035 0.30068907 9.17605 4.47E-20 1.55E-17 

Cpt1a 278.145185 1.148619731 0.339626355 3.38201 0.00072 0.0217405 

Crispld2 228.569273 1.101877267 0.332576004 3.313159 0.000922 0.0259969 

Crocc 716.47586 1.011047516 0.259171215 3.90108 9.58E-05 0.0042699 

Crym 832.829589 1.929543103 0.269941429 7.148007 8.80E-13 1.84E-10 

Cst3 5141.74417 1.28468787 0.171735411 7.480623 7.40E-14 1.79E-11 

Cxcl5 919.2429 1.340159272 0.284039135 4.718221 2.38E-06 0.0001825 

Cxx1c 1032.72268 1.389816649 0.231325246 6.008063 1.88E-09 2.62E-07 

Ddc 246.909475 1.107555057 0.327500669 3.381841 0.00072 0.0217405 

Edaradd 618.390611 1.996868248 0.279269968 7.150315 8.66E-13 1.84E-10 

Efna5 3203.60032 1.027113369 0.206506225 4.973765 6.57E-07 5.64E-05 

Ehbp1 1787.48962 1.215780434 0.218141373 5.57336 2.50E-08 2.80E-06 

Eif5a2 342.57024 1.225361097 0.305129189 4.015876 5.92E-05 0.0027861 

Emx2 67.79924 1.082790009 0.319492313 3.389096 0.000701 0.02155 
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Enpp3 54.7321115 1.025094304 0.307546975 3.333131 0.000859 0.0247769 

Fabp3 436.629248 1.912407035 0.26824337 7.129373 1.01E-12 2.04E-10 

Fam101b 425.417708 1.149390326 0.271454707 4.234188 2.29E-05 0.00133 

Fam171b 2381.95347 1.020733234 0.183802042 5.553438 2.80E-08 3.09E-06 

Fgfr2 820.719507 1.244195998 0.303911579 4.093941 4.24E-05 0.0021685 

Filip1 387.505884 1.356092813 0.335463938 4.04244 5.29E-05 0.0025337 

Foxc1 205.457266 1.150479951 0.346903094 3.31643 0.000912 0.0258145 

Frzb 235.610054 1.157369184 0.345939199 3.345586 0.000821 0.0239182 

Fzd1 1955.98672 1.687136436 0.178391894 9.457473 3.15E-21 1.16E-18 

Galnt12 885.574477 2.66857215 0.26315294 10.14077 3.64E-24 1.58E-21 

Gas1 6125.06209 1.39136088 0.137444426 10.12308 4.36E-24 1.82E-21 

Gem 44.7303728 1.093205643 0.312353706 3.499897 0.000465 0.0156238 

Gja1 10353.4903 1.351977765 0.331412765 4.079438 4.51E-05 0.00227 

H19 4434.50395 1.341663035 0.20139726 6.661774 2.71E-11 4.75E-09 

Hmox1 321.357691 1.034979811 0.316109033 3.274123 0.00106 0.0286056 

Hpgds 641.800541 2.385485054 0.270168331 8.829625 1.05E-18 3.44E-16 

Hsd17b11 261.594599 1.337258147 0.314199512 4.25608 2.08E-05 0.0012238 

Icam2 52.5419142 1.216397622 0.331696723 3.667198 0.000245 0.0091434 

Lamb1 530.350507 1.172677199 0.337284384 3.47682 0.000507 0.0167083 

Lgals1 1024.13756 1.342344991 0.20537091 6.536198 6.31E-11 1.05E-08 

Lrrn1 1223.18361 1.09039944 0.20427721 5.337842 9.41E-08 9.42E-06 

Mab21l2 6844.25414 1.020980493 0.170896158 5.974274 2.31E-09 3.18E-07 

Mapkapk3 262.02151 1.130299246 0.303306164 3.726595 0.000194 0.007686 

Meis2 1455.1047 1.115312101 0.190208802 5.86362 4.53E-09 5.72E-07 

Mfap4 1144.49237 1.443734591 0.215528227 6.698587 2.10E-11 3.75E-09 

Mgll 347.499233 1.411527293 0.338528799 4.169593 3.05E-05 0.0016508 

Nid1 345.648304 1.03408147 0.28909086 3.577012 0.000348 0.0122785 

Nmnat3 156.677819 1.047454532 0.335802212 3.11926 0.001813 0.0424143 

Npas1 117.486727 1.852532499 0.347255532 5.334782 9.57E-08 9.50E-06 

Npr3 665.592996 1.843925077 0.330927944 5.571984 2.52E-08 2.80E-06 

Nr2f1 3515.2061 1.147890391 0.241976863 4.743802 2.10E-06 0.0001656 

Oaf 449.590269 1.086542316 0.285890305 3.800557 0.000144 0.0060327 

Ociad2 1201.72488 1.271830935 0.287002665 4.431426 9.36E-06 0.0006233 

Otx1 2544.9424 1.405316433 0.157573216 8.918498 4.73E-19 1.59E-16 

Parvb 85.7249271 1.353463146 0.348994874 3.878175 0.000105 0.0045875 

Pax2 139.958446 1.932416494 0.341724797 5.654891 1.56E-08 1.80E-06 

Pcsk5 381.526101 1.293069638 0.309077007 4.183649 2.87E-05 0.0015659 

Phgdh 1033.95982 1.002351305 0.210402963 4.76396 1.90E-06 0.0001513 

Pitx2 339.868975 1.820822702 0.348756228 5.220904 1.78E-07 1.67E-05 

Pla2g5 456.0268 1.267488811 0.312586604 4.05484 5.02E-05 0.0024254 

Ppfibp2 196.781302 1.183716292 0.328832236 3.599757 0.000319 0.0115217 

Prkcb 334.154341 1.13337703 0.296543929 3.821953 0.000132 0.0056493 

Rab32 379.737404 1.126445076 0.312453863 3.605157 0.000312 0.0113185 

Rab38 888.498093 1.257406791 0.335794507 3.744572 0.000181 0.0072031 

Rbms1 1341.64126 1.69200052 0.264246849 6.403106 1.52E-10 2.43E-08 

Renbp 1184.29683 1.115429104 0.221404661 5.037966 4.71E-07 4.13E-05 
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Rmst 390.91232 1.404230374 0.320989135 4.374698 1.22E-05 0.0007635 

Ror2 361.123184 1.849896726 0.320635087 5.769477 7.95E-09 9.54E-07 

Rspo3 51.7067674 1.17379436 0.319062833 3.678882 0.000234 0.0088435 

Scd1 385.593442 1.200757808 0.315227254 3.809181 0.000139 0.0059076 

Sept4 292.840159 1.225817328 0.321886859 3.808224 0.00014 0.0059099 

Sertad4 260.337904 1.201268624 0.347732646 3.454575 0.000551 0.0177161 

She 51.9098786 1.232351132 0.325358181 3.787675 0.000152 0.0062891 

Shisa2 8955.16129 2.172462486 0.141541073 15.34864 3.62E-53 6.26E-50 

Slc23a2 590.979914 1.135108116 0.273969879 4.143186 3.43E-05 0.0018285 

Slc7a11 134.71777 1.171680832 0.346464082 3.381825 0.00072 0.0217405 

St3gal6 472.3677 1.834105159 0.285835511 6.416646 1.39E-10 2.25E-08 

Stab1 142.408066 1.443719356 0.341539787 4.22709 2.37E-05 0.0013556 

Sulf1 930.568357 1.216112058 0.264731594 4.593755 4.35E-06 0.0003178 

Tac1 138.027242 1.076744715 0.341550086 3.152524 0.001619 0.0387646 

Tbx20 575.399588 1.011892445 0.298614702 3.388622 0.000702 0.02155 

Tek 39.6787273 1.013750806 0.308087611 3.290463 0.001 0.0276586 

Tenm3 3465.64529 2.470113654 0.228316524 10.81881 2.80E-27 1.42E-24 

Tfap2b 65.4071789 1.504111567 0.342397022 4.392887 1.12E-05 0.0007097 

Tfec 216.368355 4.116290845 0.339153916 12.13694 6.73E-34 5.10E-31 

Tgfbr3 219.215139 1.062596123 0.344272932 3.086493 0.002025 0.0467483 

Tmem108 531.495444 1.537448464 0.297038093 5.17593 2.27E-07 2.10E-05 

Tmem119 98.8572814 1.225554807 0.349077353 3.51084 0.000447 0.0150362 

Tmem132c 368.966645 1.996393301 0.335051325 5.95847 2.55E-09 3.47E-07 

Tpd52l1 423.820421 1.17306225 0.281463521 4.167724 3.08E-05 0.001657 

Trak1 140.104448 1.06207539 0.345778234 3.071551 0.002129 0.0485975 

Twist1 74.4665481 1.062022964 0.345393654 3.074819 0.002106 0.0481588 

Uap1l1 579.894099 1.859165961 0.284334895 6.538649 6.21E-11 1.04E-08 

Vax1 81.1185301 1.777345715 0.343781307 5.169989 2.34E-07 2.13E-05 

Vax2 2357.78077 2.079136624 0.349051275 5.956536 2.58E-09 3.47E-07 

Vax2os 585.358124 2.914344278 0.339466261 8.585078 9.08E-18 2.89E-15 

Wfdc2 708.697013 1.125257925 0.273982062 4.10705 4.01E-05 0.0020753 

Wls 1017.51882 1.481557078 0.331636932 4.467407 7.92E-06 0.000539 

Zfp36l2 668.388129 1.002915106 0.272058051 3.686401 0.000227 0.0086673 

Zfp503 783.215685 1.900909427 0.2570443 7.39526 1.41E-13 3.23E-11 

 

E11.5 downregulated at fissure margins 

 

Gene baseMean 
log2 Fold 
Change 

log2Fold 
Change 

Standard 
Error 

stat pvalue 
adjusted 
p-value 

3110035E14Rik 308.947453 -2.70688358 0.349064238 -7.754686 8.86E-15 2.33E-12 

4933403G14Rik 352.468266 -1.31616895 0.345992047 -3.804044 0.000142 0.005969 

A230077H06Rik 49.0813471 -1.27632356 0.32422029 -3.936594 8.26E-05 0.003737 

Abcb7 614.144007 -1.30861359 0.305516955 -4.283276 1.84E-05 0.0011214 
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Adam23 539.997053 -1.96612834 0.287470814 -6.839402 7.95E-12 1.51E-09 

AI504432 77.9430836 -1.07590231 0.314164897 -3.424642 0.000616 0.019427 

Aldh1a1 75158.976 -4.71082472 0.277116929 -16.99941 8.29E-65 2.01E-61 

Aldh1a7 2788.88544 -2.0714246 0.175190906 -11.82381 2.94E-32 1.88E-29 

Ank2 1678.80637 -1.1383504 0.250430483 -4.545574 5.48E-06 0.0003905 

Arntl 758.171194 -1.21576717 0.217772783 -5.582732 2.37E-08 2.68E-06 

Ascl1 213.825407 -1.37183356 0.333685667 -4.111155 3.94E-05 0.0020535 

Atoh7 635.96139 -3.82970972 0.332115609 -11.53125 9.18E-31 5.30E-28 

AU041133 423.898173 -1.37169087 0.294209217 -4.662297 3.13E-06 0.0002383 

B3galt1 106.088224 -1.22837156 0.346640159 -3.54365 0.000395 0.0137417 

Bambi 1628.37753 -3.24001373 0.223741236 -14.48108 1.60E-47 1.76E-44 

BC030500 140.08947 -1.32954517 0.346062285 -3.841925 0.000122 0.0052457 

Bmp4 243.726002 -1.36894812 0.344158645 -3.977666 6.96E-05 0.0031945 

Btbd17 192.948961 -1.07502875 0.338816701 -3.172892 0.001509 0.0371075 

Btg2 646.145107 -1.43581287 0.267356849 -5.370399 7.86E-08 7.93E-06 

C230091D08Rik 186.410256 -1.09833171 0.347992934 -3.15619 0.001598 0.0385857 

C630043F03Rik 540.786946 -1.0355038 0.327754344 -3.15939 0.001581 0.0384709 

C730002L08Rik 59.4255395 -1.26049573 0.323130726 -3.900885 9.58E-05 0.0042699 

Cadps 259.784021 -1.27076656 0.336371731 -3.777864 0.000158 0.0064623 

Camk2n1 133.587693 -1.17619629 0.337210181 -3.488021 0.000487 0.0161554 

Cbx4 318.035813 -1.11827962 0.288351388 -3.878184 0.000105 0.0045875 

Ccnd1 3313.12302 -1.18257041 0.170465706 -6.937292 4.00E-12 7.69E-10 

Cdh4 843.222642 -1.37682554 0.296158418 -4.64895 3.34E-06 0.0002511 

Cntln 595.617106 -1.16903831 0.276507735 -4.227868 2.36E-05 0.0013556 

Col9a2 1104.13029 -1.15134476 0.250261935 -4.600559 4.21E-06 0.0003095 

Crabp1 3243.30481 -3.31110667 0.162744614 -20.34541 5.10E-92 3.09E-88 

Crx 153.486486 -1.11333467 0.338400609 -3.28999 0.001002 0.0276586 

Ctnna2 377.053215 -1.20184771 0.334110467 -3.597157 0.000322 0.0116028 

Cyp1b1 6916.07191 -1.44899679 0.216013987 -6.707884 1.97E-11 3.57E-09 

Cyp26a1 1137.50659 -5.75019201 0.247830092 -23.20215 
4.33E-

119 
5.25E-115 

Dab1 620.568687 -2.20242856 0.263523044 -8.357632 6.40E-17 1.94E-14 

Dapl1 1783.92799 -2.87731982 0.19765573 -14.55723 5.25E-48 6.37E-45 

Dcc 83.08034 -1.46248223 0.330818485 -4.4208 9.83E-06 0.0006481 

Diap2 175.613773 -1.16873126 0.349009416 -3.34871 0.000812 0.0238797 

Dkk3 12577.7252 -1.91841629 0.160176517 -11.97689 4.70E-33 3.35E-30 

Dll1 180.342338 -3.73696636 0.340951182 -10.96041 5.92E-28 3.26E-25 

Dll4 149.911278 -1.75641638 0.339557384 -5.172664 2.31E-07 2.12E-05 

Dlx2 182.013173 -1.85767525 0.343615848 -5.406256 6.44E-08 6.55E-06 

Dtx4 2459.463 -1.19961026 0.168358704 -7.125324 1.04E-12 2.06E-10 

Edil3 273.882095 -1.59792333 0.348209963 -4.588965 4.45E-06 0.0003213 

Efcab1 349.207892 -1.00063314 0.314697121 -3.17967 0.001474 0.036538 

Efna2 289.650715 -1.20162083 0.298405187 -4.026809 5.65E-05 0.0026868 

Efnb1 275.577178 -1.66606932 0.321858964 -5.176396 2.26E-07 2.10E-05 

Efnb2 4517.99916 -2.86155692 0.229864865 -12.44887 1.42E-35 1.23E-32 

Egfem1 1440.98843 -1.4423909 0.195727173 -7.369395 1.71E-13 3.85E-11 

Elavl4 227.834708 -1.12803819 0.348573171 -3.236159 0.001211 0.0316534 
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Emb 4195.35002 -1.24426471 0.192377843 -6.467817 9.94E-11 1.63E-08 

Epha5 896.520715 -1.98391012 0.31450512 -6.308038 2.83E-10 4.28E-08 

Epha6 123.127046 -1.05011353 0.330971574 -3.172821 0.00151 0.0371075 

Etv1 298.805848 -1.3539846 0.309839749 -4.369951 1.24E-05 0.0007763 

Fam102b 582.365572 -1.22380193 0.317805409 -3.85079 0.000118 0.0051079 

Fam110a 413.053821 -1.10586898 0.269507099 -4.103302 4.07E-05 0.0021003 

Fam167a 133.828923 -1.35894399 0.348909441 -3.894833 9.83E-05 0.004346 

Fam169a 878.061345 -1.14003878 0.281428411 -4.050902 5.10E-05 0.0024534 

Fgf15 5760.53519 -2.21312758 0.18641909 -11.87179 1.66E-32 1.12E-29 

Fgf8 66.0873118 -1.52703346 0.334054358 -4.571213 4.85E-06 0.0003477 

Fgf9 1167.86495 -1.27605645 0.226598494 -5.631355 1.79E-08 2.04E-06 

Filip1l 161.295866 -1.12574756 0.340393628 -3.307193 0.000942 0.0263122 

Gadd45a 1050.83794 -1.36464219 0.339010045 -4.025374 5.69E-05 0.0026927 

Galnt7 979.858575 -1.06249952 0.253369297 -4.193482 2.75E-05 0.00152 

Galntl6 55.3299049 -1.37155491 0.327584553 -4.186873 2.83E-05 0.0015508 

Gck 251.882922 -1.10871073 0.323431746 -3.427959 0.000608 0.0192917 

Gdf6 369.140858 -3.61110491 0.340655259 -10.60047 2.96E-26 1.38E-23 

Glcci1 386.47725 -1.31237123 0.293111515 -4.477379 7.56E-06 0.0005203 

Gm16551 136.462865 -2.45365232 0.348699058 -7.03659 1.97E-12 3.85E-10 

Gm5141 755.289534 -1.10170279 0.325222452 -3.387536 0.000705 0.0215809 

Gpr56 584.858309 -1.05605261 0.271233275 -3.893522 9.88E-05 0.0043533 

Gpr85 370.374766 -1.08086876 0.323228731 -3.343975 0.000826 0.0239424 

Grm7 68.0301587 -1.32684474 0.326244653 -4.067024 4.76E-05 0.0023552 

Hes5 325.899018 -2.54252684 0.334560213 -7.599609 2.97E-14 7.50E-12 

Hes6 1858.82021 -1.13150934 0.192927326 -5.864951 4.49E-09 5.72E-07 

Id1 1724.498 -1.53450904 0.26634241 -5.761415 8.34E-09 9.91E-07 

Id2 10903.2325 -1.49715149 0.200116217 -7.48141 7.35E-14 1.79E-11 

Ift57 1272.81366 -1.00837252 0.207539502 -4.858702 1.18E-06 9.87E-05 

Igfbp4 5544.43943 -1.2275117 0.170373483 -7.204828 5.81E-13 1.28E-10 

Insm1 642.192586 -3.4288816 0.291897854 -11.74685 7.33E-32 4.44E-29 

Insm2 75.6229808 -1.18921218 0.31819549 -3.737363 0.000186 0.0073884 

Itm2a 19740.8375 -1.37308158 0.093672543 -14.65831 1.19E-48 1.60E-45 

Itpr2 89.1371501 -1.22702918 0.34860897 -3.519787 0.000432 0.0147428 

Jam2 688.859504 -1.39748065 0.302822083 -4.614857 3.93E-06 0.0002907 

Kcnk1 486.960155 -1.03109217 0.303332835 -3.399211 0.000676 0.0210132 

Kctd8 340.91244 -1.24570596 0.307012916 -4.057503 4.96E-05 0.0024139 

Kdr 598.981596 -1.38748919 0.324546932 -4.275157 1.91E-05 0.0011573 

Klf6 542.136601 -1.04624272 0.29611397 -3.533243 0.00041 0.0140917 

Klhl1 42.7616596 -1.03954104 0.309209647 -3.36193 0.000774 0.0229323 

Lcorl 838.855009 -1.04426096 0.237015718 -4.405872 1.05E-05 0.0006845 

Lpar4 782.023064 -1.15837731 0.343974746 -3.367623 0.000758 0.02263 

Lphn2 1728.44997 -1.46266059 0.265970154 -5.499341 3.81E-08 4.05E-06 

Lrrc4c 654.78871 -1.88152694 0.30590685 -6.150653 7.72E-10 1.09E-07 

Lrrc66 162.943916 -3.4467039 0.345025904 -9.989696 1.69E-23 6.61E-21 

Mab21l1 6429.02019 -1.19015086 0.150477891 -7.909141 2.59E-15 7.14E-13 

Mboat1 592.394458 -1.85464953 0.258203033 -7.182911 6.82E-13 1.48E-10 
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Msx2 189.538645 -1.77613792 0.33413543 -5.315623 1.06E-07 1.04E-05 

Myb 1629.76195 -1.77668597 0.233260998 -7.61673 2.60E-14 6.71E-12 

Ncam1 1887.39553 -1.14994957 0.16897725 -6.805351 1.01E-11 1.88E-09 

Neurod1 676.005547 -5.98437278 0.306284927 -19.53858 5.16E-85 2.08E-81 

Neurog2 505.421849 -5.55699098 0.310355815 -17.90523 1.07E-71 3.25E-68 

Nlgn1 847.589176 -1.41169009 0.304562489 -4.635141 3.57E-06 0.0002668 

Nol4 275.5776 -1.86209197 0.335785428 -5.545482 2.93E-08 3.20E-06 

Nr2e1 699.490378 -1.78247299 0.308144915 -5.784528 7.27E-09 8.81E-07 

Nrarp 988.578952 -1.02847092 0.245579245 -4.187939 2.81E-05 0.0015505 

Nrcam 369.7017 -1.11757455 0.340089894 -3.286115 0.001016 0.0276933 

Nucb2 575.089841 -1.0099706 0.309202776 -3.26637 0.001089 0.0292702 

Olfm1 2289.99271 -2.16916266 0.198830112 -10.90963 1.04E-27 5.46E-25 

Olfm2 68.7181413 -1.40907645 0.335219616 -4.203443 2.63E-05 0.0014613 

Pcdh17 469.419655 -1.99887543 0.339429969 -5.888919 3.89E-09 5.01E-07 

Pcdh19 367.468296 -2.247996 0.341902311 -6.574966 4.87E-11 8.31E-09 

Pde1b 412.299746 -1.05639499 0.29802765 -3.544621 0.000393 0.0137306 

Pde2a 666.125429 -1.71376549 0.273487355 -6.266343 3.70E-10 5.40E-08 

Phlda1 440.196057 -1.15170752 0.304587146 -3.781209 0.000156 0.006411 

Pitpnm1 518.446521 -1.79155116 0.330482918 -5.42101 5.93E-08 6.09E-06 

Plagl1 8714.45429 -1.13020322 0.224856299 -5.026336 5.00E-07 4.36E-05 

Plekhg1 1018.71947 -1.38834813 0.244507712 -5.678136 1.36E-08 1.59E-06 

Pmepa1 697.370814 -1.08793603 0.271056444 -4.013688 5.98E-05 0.0027861 

Ppap2b 1335.16008 -1.67716335 0.225670587 -7.431909 1.07E-13 2.54E-11 

Prss23 4749.45105 -2.25092851 0.172183769 -13.07283 4.71E-39 4.39E-36 

Ptchd4 89.4611951 -1.18414011 0.348376997 -3.399019 0.000676 0.0210132 

Ptprk 2116.86075 -2.04627144 0.204074137 -10.0271 1.16E-23 4.68E-21 

Ptpro 43.4639868 -1.09244015 0.315299466 -3.46477 0.000531 0.0172409 

Rasgef1b 659.70846 -1.12332053 0.321139767 -3.497918 0.000469 0.0156967 

Rassf4 587.920576 -1.95076819 0.34283104 -5.690174 1.27E-08 1.49E-06 

Rgs16 239.598283 -1.24262657 0.344043025 -3.611835 0.000304 0.0110641 

Rgs8 699.311086 -1.41859964 0.293945579 -4.826062 1.39E-06 0.0001156 

Rorb 4500.25415 -1.41151055 0.190018833 -7.428267 1.10E-13 2.56E-11 

Sema3a 1182.71397 -1.82896338 0.31033306 -5.89355 3.78E-09 4.93E-07 

Serinc2 578.534559 -1.86087463 0.292294569 -6.366436 1.93E-10 3.04E-08 

Sfrp2 35443.0024 -1.70223287 0.111892192 -15.21315 2.89E-52 4.38E-49 

Sh3bp4 340.728364 -1.02414596 0.334253976 -3.063975 0.002184 0.0493001 

Slc38a9 216.867065 -1.03092058 0.325458891 -3.167591 0.001537 0.0375527 

Slc8a1 398.57673 -1.71016962 0.295214702 -5.792969 6.92E-09 8.46E-07 

Smim13 908.069239 -1.03984621 0.281813195 -3.689842 0.000224 0.0086051 

Snai2 636.266855 -1.14316519 0.267586675 -4.27213 1.94E-05 0.0011673 

Snx16 877.233674 -1.31997117 0.295291146 -4.470067 7.82E-06 0.0005353 

Sorcs1 475.475848 -1.46113788 0.345693994 -4.22668 2.37E-05 0.0013556 

Sowaha 995.894499 -1.27892234 0.337976304 -3.784059 0.000154 0.0063595 

Sox2 3613.46715 -1.33822067 0.201769842 -6.632412 3.30E-11 5.72E-09 

Spint2 917.437943 -1.00644801 0.233805052 -4.304646 1.67E-05 0.0010288 

Spry2 204.809617 -1.08061844 0.333340581 -3.241785 0.001188 0.0312239 
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Srgap3 404.961645 -1.46564915 0.328674625 -4.459271 8.22E-06 0.0005537 

Srrm4 109.79739 -1.43685823 0.333257158 -4.31156 1.62E-05 0.0010022 

Stk33 85.7323139 -2.20783365 0.347430122 -6.354756 2.09E-10 3.24E-08 

Stmn4 283.577506 -1.43891935 0.329597558 -4.365686 1.27E-05 0.0007875 

Stxbp3a 694.88978 -1.02138861 0.244870955 -4.17113 3.03E-05 0.001647 

Stxbp6 1181.85169 -1.04192495 0.195548901 -5.328207 9.92E-08 9.77E-06 

Sulf2 3440.12479 -1.74449699 0.17094242 -10.20517 1.88E-24 8.44E-22 

Sybu 150.661239 -1.31401319 0.335668681 -3.914614 9.05E-05 0.0040791 

Tank 860.314395 -1.01924982 0.284406663 -3.583776 0.000339 0.0120349 

Tbx2 1410.3802 -2.66251262 0.248419032 -10.71783 8.40E-27 4.07E-24 

Tbx3 1052.16419 -3.91115231 0.23438423 -16.68693 1.63E-62 3.30E-59 

Tle1 1292.18385 -1.00603228 0.199063553 -5.053825 4.33E-07 3.83E-05 

Tox 992.431427 -1.65727348 0.283862196 -5.838303 5.27E-09 6.59E-07 

Tshz3 160.861431 -1.01972861 0.333302622 -3.059468 0.002217 0.049666 

Tubb3 427.668942 -1.50794355 0.33870778 -4.452049 8.51E-06 0.0005694 

Unc5b 1629.05567 -3.18532491 0.256487277 -12.41904 2.06E-35 1.66E-32 

Usp44 256.50618 -1.45114085 0.290024113 -5.003518 5.63E-07 4.87E-05 

Vash1 336.935813 -1.05735058 0.280978512 -3.763101 0.000168 0.0067788 

Vav3 470.288592 -1.69668783 0.273188364 -6.210689 5.28E-10 7.52E-08 

Vstm2b 445.593413 -2.25368891 0.270941617 -8.317987 8.95E-17 2.64E-14 

Vstm4 300.412358 -1.56249327 0.315929701 -4.945699 7.59E-07 6.47E-05 

Vsx2 6325.98485 -1.25714333 0.15471493 -8.125546 4.45E-16 1.28E-13 

Zbtb8b 47.8420479 -1.30810043 0.325837628 -4.014578 5.96E-05 0.0027861 

Zc3h12c 364.269756 -1.02745196 0.292477934 -3.512921 0.000443 0.0149605 

Zeb2 1345.37872 -1.04555287 0.278381848 -3.755823 0.000173 0.0069327 

Zfp420 345.115545 -1.04580506 0.332093769 -3.149126 0.001638 0.0390638 

Zfp488 198.136597 -1.06046849 0.3331367 -3.183283 0.001456 0.0362333 

Zfp60 1707.5136 -1.13056546 0.158232298 -7.144973 9.00E-13 1.85E-10 

Zfp704 409.334424 -1.4792018 0.312919438 -4.727101 2.28E-06 0.0001758 

 

E12.5 upregulated at fissure margins 

Gene baseMean 
log2 Fold 
Change 

log2Fold 
Change 

Standard Error 
stat pvalue 

adjusted 
p-value 

4833424O15Rik 318.669377 1.655960907 0.284520265 5.820186 5.88E-09 1.411E-06 

9230105E05Rik 67.9656596 1.113287168 0.299122425 3.721845 0.000198 0.0133094 

Ablim1 688.16665 1.113419664 0.224174365 4.966757 6.81E-07 9.621E-05 

Aldh1a3 7101.83627 4.07577699 0.26516472 15.37074 2.57E-53 1.091E-49 

Asb7 465.29958 1.134171984 0.234695266 4.83253 1.35E-06 0.0001786 

Atp1a2 46.2711607 1.562685572 0.28978948 5.392486 6.95E-08 1.381E-05 

Baiap2l1 258.969413 1.159606925 0.288358446 4.021408 5.79E-05 0.0049717 

Bcam 496.107805 1.056850219 0.249115669 4.242408 2.21E-05 0.0022322 

Bmp7 501.679159 1.354569826 0.260558193 5.198723 2.01E-07 3.646E-05 

Bmpr1b 726.912473 2.630851474 0.243617546 10.79911 3.48E-27 3.401E-24 

C1qa 177.958078 1.480963312 0.294665773 5.025909 5.01E-07 7.772E-05 

C1qb 392.844747 2.076559214 0.260286081 7.977988 1.49E-15 6.756E-13 
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C1qc 310.555793 1.827616998 0.26518006 6.891985 5.5E-12 1.749E-09 

Ccnd2 3079.84714 1.687744563 0.204167229 8.266481 1.38E-16 7.019E-14 

Cd68 88.5441172 1.117928527 0.300788992 3.716654 0.000202 0.0135142 

Cd83 167.614838 1.437128093 0.299188045 4.803428 1.56E-06 0.0002024 

Cgn 297.535218 2.533052125 0.25263416 10.02656 1.17E-23 9.879E-21 

Cldn1 150.718957 1.564634401 0.301658076 5.186781 2.14E-07 3.737E-05 

Clec18a 738.918682 1.621791719 0.239307474 6.777021 1.23E-11 3.806E-09 

Col9a1 8379.81985 2.782653488 0.188243157 14.78223 1.91E-49 4.852E-46 

Cpne8 424.720818 1.197547573 0.258866488 4.626121 3.73E-06 0.0004601 

Csf1r 245.156509 1.271693396 0.293335538 4.335286 1.46E-05 0.0015559 

Ctss 256.379364 1.546803384 0.27566653 5.61114 2.01E-08 4.565E-06 

Cx3cr1 152.363593 1.469542937 0.294529667 4.989456 6.05E-07 8.852E-05 

Cxcl5 138.495709 1.202753845 0.29086208 4.135135 3.55E-05 0.0032696 

Edaradd 388.12189 2.42581502 0.258096043 9.398885 5.51E-21 3.897E-18 

Edn1 75.3157052 1.676670269 0.299088197 5.605939 2.07E-08 4.622E-06 

Efna5 2099.45055 1.386599454 0.179105452 7.741805 9.8E-15 4.156E-12 

Emilin2 91.3486449 1.179974516 0.301305475 3.916207 9E-05 0.0072873 

Fcer1g 179.577366 1.182554551 0.276897283 4.270734 1.95E-05 0.0020147 

Fcgr3 82.9690506 1.093029491 0.2987307 3.658912 0.000253 0.0162705 

Fcrls 127.921733 1.006554709 0.291513691 3.452856 0.000555 0.0293539 

Filip1 222.255622 1.033074985 0.28578996 3.614805 0.000301 0.0185765 

Flrt1 324.085656 2.18953413 0.232164646 9.430954 4.06E-21 3.04E-18 

Flrt2 3327.24774 1.711529437 0.277672705 6.163838 7.1E-10 1.921E-07 

Fzd1 882.936659 1.922972145 0.234695067 8.193492 2.54E-16 1.241E-13 

Fzd8 253.466601 1.344864498 0.25559392 5.261723 1.43E-07 2.669E-05 

Galnt12 375.854404 2.685855838 0.260307322 10.31802 5.84E-25 5.307E-22 

Hpgds 198.60256 2.361638472 0.272761949 8.65824 4.79E-18 2.902E-15 

Hsd17b11 312.617573 2.276178239 0.249312168 9.129832 6.86E-20 4.593E-17 

Laptm5 155.943027 1.236428596 0.293150021 4.217733 2.47E-05 0.0024331 

Lrp2 287.516761 1.391454966 0.286597992 4.855076 1.2E-06 0.0001611 

Ly86 91.4349888 1.178790485 0.301616564 3.908242 9.3E-05 0.0074417 

Maob 303.706975 1.941488317 0.261551512 7.422967 1.15E-13 4.552E-11 

Mt1 236.757794 1.60696445 0.282886058 5.680607 1.34E-08 3.104E-06 

Myc 727.779431 1.938972002 0.264135923 7.340811 2.12E-13 7.942E-11 

Npas1 49.1028596 1.149653461 0.297678775 3.862061 0.000112 0.0085632 

Nr2f1 1777.04103 1.635723564 0.170480091 9.594807 8.41E-22 6.683E-19 

Ntrk2 557.434793 1.155770941 0.230273968 5.019112 5.19E-07 7.955E-05 

Otx1 1089.78266 1.718334771 0.238145659 7.215478 5.37E-13 1.899E-10 

Pax2 47.1355444 1.418254582 0.293923908 4.825244 1.4E-06 0.0001834 

Pdzrn3 940.782009 1.125045295 0.183287247 6.138154 8.35E-10 2.212E-07 

Pla2g16 521.252046 1.002885875 0.206052188 4.867145 1.13E-06 0.0001548 

Ptn 1621.53091 1.248483584 0.181123659 6.89299 5.46E-12 1.749E-09 

Rab38 562.6279 1.154844172 0.243536501 4.741976 2.12E-06 0.0002692 

Rdh10 1588.66259 1.020993261 0.197672066 5.165086 2.4E-07 4.076E-05 

Rmst 269.872014 1.477656959 0.269017131 5.492799 3.96E-08 8.676E-06 

Ror2 105.657708 1.007372558 0.301560267 3.340535 0.000836 0.0392035 
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Shank1 175.900178 1.108741104 0.274728695 4.035767 5.44E-05 0.0047412 

Shisa2 3884.5918 2.951971359 0.17678967 16.69765 1.36E-62 8.67E-59 

Slc7a11 92.6401234 1.164536261 0.300748042 3.872132 0.000108 0.0083672 

Smoc1 1683.38715 4.950872891 0.186971891 26.47924 1.7E-154 2.14E-150 

Smtnl2 186.474151 1.13043003 0.28538014 3.961138 7.46E-05 0.006121 

Stra6 2198.20532 1.065322424 0.174995815 6.087702 1.15E-09 2.973E-07 

Syt7 104.247118 1.083252389 0.296646285 3.651663 0.000261 0.0165034 

Tcf7 348.633314 1.053266426 0.270950783 3.887298 0.000101 0.0080506 

Tenm3 2466.17678 2.942227208 0.193503788 15.20501 3.28E-52 1.042E-48 

Tsc22d1 4224.91515 1.143534108 0.161971274 7.060104 1.66E-12 5.719E-10 

Tyrobp 184.131855 1.528419631 0.282237729 5.415363 6.12E-08 1.235E-05 

Ulk3 321.363062 1.076930031 0.241510422 4.459145 8.23E-06 0.0009429 

Vax1 61.3147019 1.924656675 0.301101545 6.392052 1.64E-10 4.626E-08 

Zic1 305.561737 1.182755338 0.275505608 4.293035 1.76E-05 0.0018526 

 

E12.5 downregulated at fissure margins 

Gene baseMean 
log2 Fold 
Change 

log2Fold 
Change 

Standard 
Error 

stat pvalue 
adjusted 
p-value 

8430427H17Rik 227.776704 -1.09141378 0.285875062 -3.8178 0.000135 0.0097861 

Aldh1a1 18166.7754 -2.37588242 0.275133066 -8.635394 5.85E-18 3.38E-15 

Bai2 57.8452139 -1.22551335 0.296560935 -4.132417 3.59E-05 0.0032847 

Bambi 676.595742 -3.28137646 0.226681364 -14.47572 1.73E-47 3.66E-44 

C530008M17Rik 427.696467 -1.12454094 0.25521476 -4.406254 1.05E-05 0.0011632 

Cav2 70.5397751 -1.03617651 0.299666088 -3.45777 0.000545 0.0291076 

Chrnb2 60.6234514 -1.08375764 0.301012586 -3.600373 0.000318 0.0193378 

Col1a1 167.942125 -1.02051516 0.300921615 -3.391299 0.000696 0.0342659 

Col1a2 599.642226 -1.25177789 0.233413722 -5.362915 8.19E-08 1.60E-05 

Colec12 206.876546 -1.00198684 0.264059929 -3.794543 0.000148 0.0104519 

Cpne5 48.1592278 -1.41980659 0.29900332 -4.748464 2.05E-06 0.0002633 

Crabp1 3475.57241 -1.15424215 0.29980902 -3.849925 0.000118 0.00884 

Crym 600.770867 -1.38347281 0.259516146 -5.33097 9.77E-08 1.88E-05 

Ctnna2 331.966636 -1.07317434 0.274603323 -3.908089 9.30E-05 0.0074417 

Cyp26a1 930.170598 -1.04312673 0.268558339 -3.884172 0.000103 0.0080616 

Dach2 112.989252 -1.0056396 0.301273421 -3.337963 0.000844 0.0393194 

Dapl1 1455.47554 -1.34425522 0.20047785 -6.705256 2.01E-11 5.95E-09 

Dclk1 567.526581 -1.05461666 0.241761858 -4.362213 1.29E-05 0.0014103 

Dkk2 264.109772 -1.21323921 0.297182323 -4.082474 4.46E-05 0.0040195 

Dpysl4 625.009256 -1.17351804 0.269446997 -4.355283 1.33E-05 0.0014324 

Dusp4 77.0692985 -1.00682411 0.300970962 -3.345253 0.000822 0.0388698 

E130309F12Rik 119.31877 -1.55951767 0.300696834 -5.186345 2.14E-07 3.74E-05 

Efnb1 340.668614 -1.89662521 0.224712098 -8.440245 3.17E-17 1.68E-14 

Efnb2 2395.30165 -2.49376717 0.202695759 -12.30301 8.73E-35 1.23E-31 

Epha5 731.249726 -1.13617429 0.225477555 -5.038968 4.68E-07 7.35E-05 

Etv1 187.062185 -1.03862263 0.29014121 -3.579714 0.000344 0.0204437 
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Exoc6 200.559951 -1.89216475 0.2800036 -6.757644 1.40E-11 4.25E-09 

Fam49a 150.654556 -1.00659723 0.292763854 -3.438257 0.000585 0.0303217 

Fgf8 51.158677 -1.83914416 0.296515321 -6.202527 5.56E-10 1.54E-07 

Fst 224.763258 -1.30772758 0.264296399 -4.947958 7.50E-07 0.0001048 

Fstl4 522.268936 -1.54763338 0.256509762 -6.033429 1.61E-09 4.00E-07 

Gdf6 132.600115 -3.36581026 0.296822709 -11.33946 8.37E-30 8.87E-27 

Gldc 2541.68801 -1.1496363 0.173340627 -6.632238 3.31E-11 9.56E-09 

Gng4 65.9679585 -1.04040827 0.284746446 -3.653806 0.000258 0.0165034 

Gucy1b3 83.3203394 -1.02524509 0.300458753 -3.412266 0.000644 0.0325169 

Id1 1089.58377 -1.13314383 0.198368234 -5.712325 1.11E-08 2.62E-06 

Id2 3462.7958 -1.57837464 0.113681375 -13.8842 7.90E-44 1.44E-40 

Id4 250.360089 -1.48155852 0.291999994 -5.073831 3.90E-07 6.20E-05 

Irx3 50.1645263 -1.19137245 0.29849411 -3.991276 6.57E-05 0.0054992 

Itga4 160.145256 -1.17298273 0.295466047 -3.969941 7.19E-05 0.0059375 

Kcnc2 36.9402391 -1.24128454 0.279245198 -4.445142 8.78E-06 0.0009886 

Kcnj12 115.728413 -1.14685022 0.300373023 -3.818087 0.000134 0.0097861 

Lmo1 205.799847 -1.08800982 0.295469802 -3.682305 0.000231 0.0150759 

Lphn2 1145.89708 -1.54882655 0.191255737 -8.098197 5.58E-16 2.63E-13 

Lphn3 123.020022 -1.00191043 0.291200211 -3.440624 0.00058 0.0302532 

Lrrc4c 291.408956 -1.44448663 0.283555207 -5.094199 3.50E-07 5.71E-05 

Lum 518.747503 -1.63464285 0.225862016 -7.237352 4.58E-13 1.66E-10 

March11 159.493982 -1.54574511 0.297689685 -5.192471 2.08E-07 3.72E-05 

Mboat1 334.207676 -1.29244477 0.236607673 -5.462396 4.70E-08 1.00E-05 

Met 158.648291 -1.3999716 0.283994423 -4.929574 8.24E-07 0.0001139 

Micall2 46.1070778 -1.03479259 0.29746364 -3.47872 0.000504 0.0275972 

Mllt11 594.348573 -1.03937382 0.231475609 -4.490209 7.12E-06 0.0008458 

Myt1 230.737121 -1.03401398 0.301157676 -3.433464 0.000596 0.0306864 

Nr2f2 717.470962 -1.65983625 0.184961029 -8.973978 2.86E-19 1.82E-16 

Olfm2 115.927068 -1.28736959 0.295230898 -4.360552 1.30E-05 0.0014103 

Pcdh17 170.181829 -1.55590655 0.301662623 -5.15777 2.50E-07 4.18E-05 

Pcdh19 509.83355 -1.20194031 0.26867196 -4.473635 7.69E-06 0.0008973 

Pde2a 226.677727 -1.48480142 0.27885839 -5.324571 1.01E-07 1.92E-05 

Phyhipl 193.379999 -1.0170004 0.281040636 -3.618695 0.000296 0.0184608 

Pitx2 253.621377 -1.03475465 0.295163708 -3.505697 0.000455 0.0256301 

Pou6f2 172.913893 -1.05175081 0.300959673 -3.494657 0.000475 0.0262493 

Ppap2b 607.65273 -1.43129193 0.205796578 -6.954887 3.53E-12 1.18E-09 

Prss23 2392.25917 -1.46770938 0.191698658 -7.656336 1.91E-14 7.85E-12 

Pth1r 339.696751 -1.02583722 0.295801618 -3.467991 0.000524 0.0283805 

Reep1 409.063615 -1.09004701 0.254958616 -4.275388 1.91E-05 0.0019892 

Runx1t1 220.367796 -1.23377851 0.290277172 -4.250346 2.13E-05 0.0021718 

Sh2d3c 269.231718 -1.01296463 0.271328663 -3.733349 0.000189 0.0127833 

Shb 180.926816 -1.08135254 0.266113267 -4.063505 4.83E-05 0.0042698 

Six2 83.67209 -1.14840448 0.301334058 -3.811068 0.000138 0.0099429 

Smpd3 229.435656 -1.07275512 0.297602393 -3.604659 0.000313 0.0192053 

Sowaha 530.266745 -2.72924012 0.23360645 -11.68307 1.56E-31 1.80E-28 

Spats2l 213.277376 -1.15239366 0.273860752 -4.207955 2.58E-05 0.0025212 
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Stmn4 564.881209 -1.15475496 0.250010596 -4.618824 3.86E-06 0.000472 

Tbx2 919.449927 -2.48756462 0.188681998 -13.1839 1.09E-39 1.73E-36 

Tbx3 698.903788 -1.11703662 0.294169171 -3.797259 0.000146 0.0103958 

Tbx5 160.85495 -3.47254809 0.296960094 -11.69365 1.37E-31 1.75E-28 

Thsd7a 343.326431 -1.07071693 0.293728913 -3.645255 0.000267 0.0168197 

Trpc4 27.9979761 -1.04133541 0.269160554 -3.868826 0.000109 0.0083793 

Ubash3b 148.516714 -1.20851208 0.290549442 -4.159403 3.19E-05 0.0030626 

Unc5b 524.462061 -2.24951111 0.261099702 -8.615525 6.96E-18 3.85E-15 

Vstm2b 333.807583 -1.31840799 0.241426544 -5.460907 4.74E-08 1.00E-05 

Zfp704 448.943818 -1.17418459 0.290145428 -4.046883 5.19E-05 0.0045529 

 

Down regulated from E11.5 to E12.5 at the fissure only 

Gene baseMean 
log2 Fold 
Change 

log2Fold 
Change 

Standard 
Error 

stat pvalue 
adjusted 
p-value 

2610203C20Rik 399.267411 -1.46563091 0.297710455 -4.923008 8.52E-07 0.0000678 

4930579G24Rik 582.061762 -1.11519462 0.252359907 -4.419064 9.91E-06 0.0005218 

A930001A20Rik 160.787533 -1.84271871 0.324052958 -5.686474 1.3E-08 1.86E-06 

Abhd3 199.416077 -1.01033437 0.320733089 -3.150078 0.001632 0.0279025 

Adssl1 189.239383 -1.25843379 0.315089679 -3.993891 0.000065 0.0024191 

Ankrd29 295.932807 -1.12657728 0.296947436 -3.793861 0.000148 0.0046315 

Ankrd45 290.286443 -1.01172528 0.307667284 -3.288375 0.001008 0.0192714 

Ap3s1 963.136993 -1.13571362 0.207686255 -5.46841 4.54E-08 5.23E-06 

Arl4a 621.432999 -1.05543151 0.251661465 -4.193854 2.74E-05 0.0012274 

Bnip3 644.952298 -1.09578962 0.245216838 -4.468656 7.87E-06 0.0004307 

Car13 145.13049 -1.44853543 0.330437279 -4.383693 1.17E-05 0.000589 

Car2 605.147108 -1.17703717 0.272350707 -4.32177 1.55E-05 0.0007447 

Cftr 120.287096 -1.05815669 0.341574943 -3.097876 0.001949 0.0318707 

Chst11 183.430889 -1.59744583 0.332486199 -4.804548 1.55E-06 0.0001128 

Cited2 1407.20468 -1.29949294 0.21730226 -5.980117 2.23E-09 4.32E-07 

Col3a1 489.855071 -1.22918562 0.313939433 -3.915359 9.03E-05 0.0031778 

Cplx3 615.766517 -2.25611273 0.307580947 -7.335021 2.22E-13 1.11E-10 

Crispld1 210.69931 -1.1955577 0.326748128 -3.658958 0.000253 0.0071049 

Crispld2 176.992019 -1.03739804 0.339665669 -3.054174 0.002257 0.0358431 

Exoc6 136.803469 -1.03094999 0.340428959 -3.028385 0.002459 0.037905 

Fabp3 381.536086 -1.14684332 0.314403141 -3.647684 0.000265 0.0073494 

Fam118a 660.056535 -1.034674 0.239233992 -4.324946 1.53E-05 0.0007397 

Fam171b 1720.43344 -1.40792685 0.214656736 -6.558969 5.42E-11 1.5E-08 

Fam199x 744.309019 -1.03445944 0.22475677 -4.602573 4.17E-06 0.0002549 

Fam46a 131.969199 -1.02413973 0.340390248 -3.008722 0.002623 0.039945 

Fam84b 570.037735 -1.10614519 0.26856648 -4.118702 3.81E-05 0.0015715 

Foxd1 307.882976 -1.13139943 0.324496797 -3.486627 0.000489 0.0115016 

Frzb 194.252453 -1.19483999 0.34267347 -3.486818 0.000489 0.0115016 

Fst 282.239205 -1.46179555 0.291278033 -5.018557 5.21E-07 0.0000444 

Ftsjd1 210.750478 -1.02581704 0.329208472 -3.11601 0.001833 0.0305637 
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Gimap6 109.393251 -1.00412439 0.341277589 -2.942251 0.003258 0.0468983 

Gja1 9757.84501 -1.00869355 0.176815836 -5.704769 1.17E-08 1.72E-06 

Gm13157 186.169177 -1.07060625 0.311938482 -3.432107 0.000599 0.0132143 

Gnai1 1245.68264 -1.39344444 0.215017404 -6.480612 9.14E-11 2.29E-08 

Gopc 513.519849 -1.08652762 0.244617511 -4.441741 8.92E-06 0.0004742 

Hbb-bh1 3442.46714 -1.14361744 0.341053556 -3.35319 0.000799 0.0163227 

Il13ra1 72.8521244 -1.02629277 0.338666868 -3.03039 0.002442 0.0378686 

Klhl13 984.032323 -1.20508068 0.21171806 -5.691913 1.26E-08 1.83E-06 

Lin28a 144.837239 -1.17109759 0.33769102 -3.467956 0.000524 0.0120302 

Lrrn1 867.136268 -1.58661127 0.231110559 -6.865161 6.64E-12 2.29E-09 

Lum 655.63242 -1.87650489 0.220476157 -8.511147 1.72E-17 1.73E-14 

Lypla1 2468.20449 -1.09367893 0.179407178 -6.096071 1.09E-09 2.33E-07 

Nmnat2 124.320211 -1.03727434 0.342341349 -3.029942 0.002446 0.0378686 

Nox4 105.912982 -1.1043642 0.339894015 -3.249143 0.001158 0.0215774 

Npr3 621.164323 -1.21588407 0.282823165 -4.299096 1.71E-05 0.0008101 

Nr2f2 688.881153 -1.254989 0.254190132 -4.937206 7.92E-07 0.0000639 

Ntn1 354.526579 -2.15416653 0.315740348 -6.822589 8.94E-12 2.91E-09 

Nudt10 294.201537 -1.02006663 0.298677427 -3.415279 0.000637 0.0137833 

Pdss1 264.769217 -1.06821531 0.297525027 -3.590338 0.00033 0.0085095 

Pitx2 324.000506 -1.10302997 0.337810122 -3.265237 0.001094 0.0205613 

Plk2 825.761223 -1.01037871 0.25590913 -3.948193 7.87E-05 0.0028261 

Ppp1cb 6298.88276 -1.05212218 0.160773311 -6.544135 5.98E-11 1.57E-08 

Ppp1r3c 55.3209779 -1.01443108 0.317524585 -3.194811 0.001399 0.0247869 

Rab11fip1 177.640987 -1.02575715 0.32955051 -3.112595 0.001855 0.0308335 

Rad17 647.948136 -1.04834258 0.291841411 -3.592165 0.000328 0.0084698 

Rbms1 1076.28613 -1.706998 0.236644693 -7.213337 5.46E-13 2.24E-10 

Rgs13 75.6991003 -1.76003681 0.333845728 -5.272006 1.35E-07 0.0000139 

Rnf138 1268.65684 -1.25486749 0.22717706 -5.523742 3.32E-08 3.99E-06 

Rps6ka3 135.558601 -1.06436447 0.340290798 -3.127809 0.001761 0.0295628 

Scd1 303.58884 -1.27211423 0.301624444 -4.217544 2.47E-05 0.0011235 

Slc25a13 640.555483 -1.0225681 0.247860096 -4.125586 0.000037 0.0015373 

Sox6 117.32718 -1.26471881 0.34264799 -3.691015 0.000223 0.0063965 

Stk33 705.242454 -1.4541281 0.282898373 -5.140108 2.75E-07 0.0000255 

Sytl2 153.282959 -1.55877658 0.329323112 -4.733274 2.21E-06 0.0001498 

Tac1 119.292056 -1.06301961 0.342565168 -3.103116 0.001915 0.0315041 

Tfec 182.150035 -1.49066587 0.338515645 -4.403536 1.07E-05 0.0005531 

Tgfbr3 171.641463 -1.10586183 0.338005991 -3.271723 0.001069 0.0202134 

Tmc7 105.804056 -1.1571662 0.340273855 -3.400691 0.000672 0.0143437 

Tmem132c 310.125394 -1.87517378 0.295461739 -6.346588 2.2E-10 5.07E-08 

Tmsb15l 72.8876572 -1.17985227 0.342481848 -3.445007 0.000571 0.0128299 

Tpd52l1 337.865855 -1.145624 0.277834203 -4.123409 3.73E-05 0.0015455 

Tug1 3316.90825 -1.02433139 0.180456509 -5.676334 1.38E-08 1.95E-06 

Txndc16 408.310951 -1.02990705 0.31280722 -3.292466 0.000993 0.0190872 

Ube2d3 9041.75009 -1.0667978 0.146525943 -7.280607 3.32E-13 1.47E-10 

Wls 901.280331 -1.27719331 0.250718851 -5.094126 3.5E-07 0.0000313 

Wnt7b 343.441856 -1.12361089 0.301657681 -3.724788 0.000195 0.0058087 
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Zfand1 367.861076 -1.06489939 0.277342909 -3.839649 0.000123 0.0040538 

Zfp120 323.492407 -1.12739292 0.323045056 -3.489894 0.000483 0.0114623 

Zfp2 608.698799 -1.04940069 0.290982286 -3.606407 0.00031 0.0081874 

Zfp503 704.11253 -1.18109335 0.265393228 -4.450352 8.57E-06 0.0004623 

Zfp52 109.711345 -1.07568508 0.341712461 -3.147925 0.001644 0.0280139 

Zfp709 202.879689 -1.64636319 0.322733012 -5.101316 3.37E-07 0.0000306 

Zfp808 344.322339 -1.3461569 0.331483228 -4.061011 4.89E-05 0.001929 

Zfp874a 240.874959 -1.32631702 0.318439627 -4.16505 3.11E-05 0.0013593 

Zfp947 133.865397 -1.12946436 0.34085485 -3.313623 0.000921 0.0180182 

 

 

 

Up regulated from E11.5 to E12.5 at the fissure only 

Gene baseMean 
log2 Fold 
Change 

log2Fold 
Change 

Standard Error 
stat pvalue 

adjusted 
p-value 

Abcb7 411.850961 1.04803034 0.30632599 3.421291 0.000623 0.0136423 

Abtb2 125.33699 1.291380356 0.333885894 3.86773 0.00011 0.0037364 

Ank2 1301.94185 1.033470257 0.276340236 3.739847 0.000184 0.0055727 

Ank3 1241.21971 1.07776026 0.206964597 5.207462 1.91E-07 1.84E-05 

Arntl 616.727165 1.122423422 0.277553418 4.043991 5.25E-05 0.002024 

Atp1a2 59.3833045 1.167860844 0.336298766 3.472688 0.000515 0.011966 

Atp5g2 333.913356 1.015168423 0.269018491 3.773601 0.000161 0.0049545 

Baz2b 1630.87527 1.236200901 0.203236968 6.082559 1.18E-09 2.47E-07 

Cadps2 202.709101 1.064301438 0.337861789 3.150109 0.001632 0.0279025 

Camk2n1 112.848398 1.132475624 0.338971964 3.340912 0.000835 0.016805 

Ccnd1 2799.51881 1.267845651 0.193403164 6.555455 5.55E-11 1.50E-08 

Cdh4 985.967963 1.923178814 0.286981412 6.701406 2.06E-11 5.89E-09 

Cgn 425.931489 1.002497927 0.317405574 3.158413 0.001586 0.0273985 

Col4a2 770.42245 1.059925771 0.266355854 3.97936 6.91E-05 0.0025461 

Col9a2 847.519286 1.13875099 0.221159121 5.149012 2.62E-07 2.45E-05 

Crx 153.759456 1.446161029 0.325258853 4.446185 8.74E-06 0.0004668 

Cryba4 402.68501 2.820407095 0.314666786 8.963155 3.16E-19 3.49E-16 

Crygd 128.947999 1.803539365 0.334263607 5.39556 6.83E-08 7.40E-06 

Csrp2 1770.30187 1.030215393 0.190569905 5.405971 6.45E-08 7.13E-06 

Cux2 83.8833078 1.27449139 0.342638369 3.71964 0.0002 0.0058714 

Dab1 247.0165 1.020249764 0.309614558 3.295225 0.000983 0.0189717 

Dapl1 573.845037 1.31239178 0.261230602 5.023882 5.06E-07 4.41E-05 

Dkk3 7607.42246 1.388474933 0.197311768 7.03696 1.96E-12 7.01E-10 

E2f1 801.315322 1.147075814 0.225823596 5.079522 3.78E-07 3.35E-05 

Ephb2 676.069906 1.180390573 0.218980519 5.390391 7.03E-08 7.55E-06 

Fam222a 216.052162 1.05429444 0.318454055 3.310664 0.000931 0.0181775 

Fat4 602.742771 1.255262224 0.300897864 4.171722 3.02E-05 0.0013342 

Fezf2 578.070834 1.323063963 0.270745482 4.886744 1.03E-06 7.76E-05 
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Flrt1 415.599392 1.488505608 0.266440959 5.586625 2.32E-08 2.94E-06 

Frat2 550.152482 1.051467818 0.243672429 4.315087 1.60E-05 0.0007602 

Gadd45g 152.045857 1.93159518 0.336521337 5.739889 9.47E-09 1.47E-06 

Gltscr1 73.7826877 1.171899412 0.342654868 3.420058 0.000626 0.0136601 

Gm266 196.288098 1.304617197 0.3241178 4.025133 5.69E-05 0.0021493 

Gpr56 479.375805 1.027806059 0.294875561 3.485559 0.000491 0.0115016 

Insm1 251.369446 1.830046455 0.339981031 5.38279 7.33E-08 7.80E-06 

Iqgap2 849.110368 1.05309161 0.215319305 4.890837 1.00E-06 7.65E-05 

Jund 2170.02152 1.116086251 0.183837876 6.071035 1.27E-09 2.60E-07 

Kcnk1 553.863055 1.363285899 0.323074991 4.21972 2.45E-05 0.0011173 

Lrrn3 629.268973 1.640457035 0.292370487 5.610885 2.01E-08 2.65E-06 

Msi1 128.626258 1.06412789 0.335822269 3.168723 0.001531 0.0266532 

Myb 890.935749 1.068949641 0.272545026 3.922103 8.78E-05 0.00311 

Neurod1 367.161292 1.081742197 0.30549085 3.540997 0.000399 0.0098355 

Nol4 151.627174 1.295854192 0.340409468 3.806751 0.000141 0.0044343 

Nr2e1 435.039068 1.267564471 0.33012667 3.839631 0.000123 0.0040538 

Ntrk2 616.580735 1.362082888 0.259835933 5.242088 1.59E-07 1.61E-05 

Oas2 83.8322923 1.088600655 0.342188693 3.181288 0.001466 0.0257263 

Olfm1 1716.88435 1.866603387 0.264354801 7.060978 1.65E-12 6.09E-10 

Pcdh19 159.878957 1.355399103 0.342391223 3.958627 7.54E-05 0.002741 

Pou2f2 428.251178 1.177455618 0.282751873 4.164272 3.12E-05 0.0013593 

Ptpru 629.924098 1.069156165 0.281552728 3.797357 0.000146 0.0045927 

Rasa4 437.019205 1.122474753 0.292602828 3.836172 0.000125 0.0040964 

Rasgef1b 213.684609 1.662550962 0.342061141 4.860391 1.17E-06 8.75E-05 

Rassf4 558.30182 1.124094531 0.327918227 3.427972 0.000608 0.0133905 

Rax 4045.96456 1.032446166 0.136802497 7.546983 4.45E-14 2.46E-11 

Rgs16 223.532004 1.365317712 0.339301769 4.023904 5.72E-05 0.0021522 

Sdk1 75.9982165 1.461091898 0.338392042 4.317749 1.58E-05 0.0007543 

Sfrp2 23824.0411 1.384860844 0.120479821 11.49455 1.41E-30 3.11E-27 

Slc24a5 153.031781 1.060787795 0.342118183 3.100647 0.001931 0.0316223 

Slc7a1 349.381657 1.153626752 0.28661393 4.02502 5.70E-05 0.0021493 

Smoc1 2706.44992 1.186257894 0.156601939 7.574989 3.59E-14 2.09E-11 

Spint2 801.702566 1.185373173 0.22656919 5.231837 1.68E-07 1.65E-05 

Srgap3 273.30386 1.121561135 0.336962795 3.328442 0.000873 0.0173943 

Stk33 99.4982255 1.897693619 0.336364604 5.641776 1.68E-08 2.29E-06 

Sulf2 1953.22158 1.134220192 0.168756527 6.721045 1.80E-11 5.54E-09 

Thbs3 386.075797 1.03277269 0.313050708 3.299059 0.00097 0.0187473 

Tox 614.007113 1.277313455 0.285432372 4.475013 7.64E-06 0.0004202 

Tppp3 215.539513 1.217889798 0.341973154 3.561361 0.000369 0.0092477 

Trim9 184.329608 1.268183691 0.328384115 3.861891 0.000113 0.0037803 

Tshr 349.368167 1.077574819 0.324137695 3.324435 0.000886 0.0175365 

Vash1 317.606887 1.310851461 0.28019034 4.678432 2.89E-06 0.0001869 

Vax2os 1497.74274 1.065642112 0.224129565 4.754581 1.99E-06 0.0001387 

Vsx2 4810.84445 1.18063648 0.147769678 7.989707 1.35E-15 1.15E-12 

Wnk2 194.27544 1.190460227 0.318711284 3.735231 0.000188 0.0056488 

Wnk4 118.822575 1.08435982 0.340321954 3.186276 0.001441 0.0254454 
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Human CS17 upregulated at fissure margins 

Gene baseMean 
log2 Fold 
Change 

log2Fold 
Change 

Standard Error 
stat pvalue 

adjusted 
p-value 

ABCA4 444.22844 2.623057376 0.683749138 3.836286 0.000125 0.0113846 

ADAMTS16 365.319461 3.371249495 0.794841037 4.241413 2.22E-05 0.0027943 

ALDH1A3 19251.9676 5.445652243 0.423159004 12.86904 6.72E-38 2.988E-34 

APOE 1953.5175 2.128611946 0.505112521 4.214134 2.51E-05 0.0030959 

ARL4A 5360.92756 1.93618588 0.489549305 3.955038 7.65E-05 0.0073791 

ASAH1 7162.82369 1.523111638 0.392825924 3.87732 0.000106 0.0098487 

ATP6V1B1 1386.11142 3.637497689 0.49610338 7.332136 2.27E-13 1.373E-10 

ATP6V1B2 3395.35775 1.668601175 0.435272742 3.833461 0.000126 0.0113846 

BMP7 2436.96967 2.082861311 0.439221183 4.74217 2.11E-06 0.0003481 

BMPR1B 3045.7257 3.057108251 0.424724668 7.197859 6.12E-13 3.399E-10 

C8orf4 212.315474 4.508954883 0.785468436 5.740466 9.44E-09 2.798E-06 

CA14 3433.15055 1.780994498 0.442971557 4.020562 5.81E-05 0.0059556 

CD207 122.564206 3.343433376 0.833441001 4.011602 6.03E-05 0.0060925 

CD93 151.607568 3.807613722 0.82266631 4.628382 3.69E-06 0.0005649 

CDC20B 193.891375 4.03522134 0.814543231 4.953968 7.27E-07 0.0001347 

CDH5 167.119469 3.446483707 0.818938475 4.208477 2.57E-05 0.0031453 

CDH8 395.507334 2.763690619 0.798511153 3.461054 0.000538 0.0381653 

CEACAM7 1102.82184 8.51313669 0.647562549 13.14643 1.78E-39 1.189E-35 

CLEC4F 346.157335 6.093913389 0.747712057 8.15008 3.64E-16 3.031E-13 

CNTN6 289.694825 3.216071245 0.798566073 4.027308 5.64E-05 0.0058777 

CNTNAP2 865.857446 4.554691433 0.716624241 6.35576 2.07E-10 8.643E-08 

COL3A1 569.674153 3.577562587 0.772038017 4.63392 3.59E-06 0.0005629 

DCN 127.029879 3.022030128 0.835653109 3.616369 0.000299 0.0235741 

DCT 13015.6665 3.757218015 0.486867861 7.717121 1.19E-14 8.351E-12 

FAM213A 4118.49907 1.440524811 0.418615432 3.441165 0.000579 0.0402822 

FAR2 864.35303 2.066124428 0.55576228 3.717641 0.000201 0.017066 

FBLN1 1884.51891 2.52918585 0.465974536 5.427734 5.71E-08 1.464E-05 

FGFBP3 1915.42374 1.610749275 0.463149089 3.47782 0.000506 0.0362417 

FHL2 261.356209 2.79028223 0.8172313 3.414312 0.000639 0.0428485 

FSTL1 6972.62404 1.622845683 0.386375474 4.200178 2.67E-05 0.0032041 

GLIPR2 594.059127 2.537733602 0.630572611 4.024491 5.71E-05 0.0059024 

GPR143 1461.93645 2.410080162 0.499776023 4.822321 1.42E-06 0.000249 

GPR180 869.489987 2.592198545 0.770190092 3.365661 0.000764 0.0494305 

GSTP1 29009.2729 1.641176344 0.363383476 4.516376 6.29E-06 0.0009118 

GYPA 273.793687 5.51057392 0.772714283 7.131451 9.93E-13 5.094E-10 

GYPC 325.629775 2.66745152 0.737447229 3.617142 0.000298 0.0235741 

HBA2 870.465753 3.395830768 0.590488567 5.750883 8.88E-09 2.691E-06 

HBE1 12277.6418 3.800633645 0.418275668 9.086433 1.02E-19 1.137E-16 

HBG1 452.170504 2.587962809 0.735033015 3.52088 0.00043 0.0316885 

HBG2 2506.60079 3.19657892 0.514370544 6.214545 5.15E-10 2.019E-07 

HBZ 2069.83729 3.278576073 0.547691314 5.986175 2.15E-09 6.846E-07 
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HCRT 260.963826 3.199967098 0.767492453 4.169379 3.05E-05 0.0036365 

IGFBP3 301.032161 5.473550803 0.766126231 7.14445 9.04E-13 4.82E-10 

IGFBP5 365.134452 2.347546469 0.690943208 3.397597 0.00068 0.0448772 

ITM2A 641.021796 2.515560631 0.721124567 3.488386 0.000486 0.0354104 

ITM2B 18844.6655 1.301588263 0.3782804 3.440803 0.00058 0.0402822 

LMO3 639.227342 4.783223988 0.706451253 6.770777 1.28E-11 5.89E-09 

LOC100132215 607.794027 2.711692443 0.768212293 3.529874 0.000416 0.0308007 

LOXL1 1666.91188 2.154009373 0.563303208 3.82389 0.000131 0.0116781 

LUM 618.888057 3.977221753 0.741807599 5.361527 8.25E-08 2.038E-05 

ME3 695.465464 4.008602516 0.702247956 5.708244 1.14E-08 3.239E-06 

MGC45800 634.024458 4.104450056 0.605731015 6.776028 1.24E-11 5.883E-09 

MMRN1 6254.26055 2.029820361 0.407610502 4.979804 6.36E-07 0.0001197 

NECAB2 2465.82933 1.474308018 0.437453107 3.370208 0.000751 0.048898 

NNAT 10698.4663 1.826143546 0.366388927 4.984167 6.22E-07 0.0001197 

NTN1 451.379122 6.14881584 0.719684363 8.543767 1.3E-17 1.333E-14 

NTNG1 189.210423 2.956944433 0.830319921 3.561211 0.000369 0.0284543 

OCA2 443.392503 2.494092399 0.68300492 3.651646 0.000261 0.0214483 

OTX2 2582.22351 1.76240858 0.44431468 3.966577 7.29E-05 0.0071491 

PAMR1 497.080548 3.376820051 0.758875642 4.449767 8.6E-06 0.0012067 

PCP4 457.307315 2.909098226 0.664479324 4.378012 1.2E-05 0.0015971 

PMEL 56172.8396 3.790519492 0.462141883 8.202069 2.36E-16 2.101E-13 

POMC 444.487011 2.57787097 0.672336185 3.834199 0.000126 0.0113846 

PRSS23 3111.97615 1.928118475 0.545414111 3.535146 0.000408 0.0305706 

RAB29 417.337338 2.468716794 0.695199477 3.551091 0.000384 0.0294012 

SERPINF1 4794.91678 2.425502229 0.441809927 5.489922 4.02E-08 1.072E-05 

SLC24A5 476.919307 2.409005597 0.664497202 3.625306 0.000289 0.0232002 

SLC3A2 6849.21297 1.642153155 0.385102664 4.264196 2.01E-05 0.0025479 

SLC6A15 1794.87774 1.84453521 0.466521172 3.953808 7.69E-05 0.0073791 

SLC7A5 2700.10275 3.24011705 0.445200151 7.277888 3.39E-13 1.966E-10 

SNCA 3430.47961 2.160413282 0.468451444 4.611819 3.99E-06 0.0006049 

SPARCL1 597.86075 3.021605348 0.728933243 4.145243 3.39E-05 0.0039023 

STT3B 2833.37014 1.871503344 0.513523849 3.644433 0.000268 0.0217899 

TENM3 2257.36055 4.935632077 0.479309111 10.29739 7.24E-25 1.379E-21 

TFEC 1938.46707 3.059441279 0.595276042 5.139534 2.75E-07 5.83E-05 

THY1 2154.01337 3.322383509 0.530891886 6.258117 3.9E-10 1.575E-07 

TLL1 266.391829 3.068791472 0.739163755 4.151707 3.3E-05 0.0038266 

TM4SF18 107.098773 2.821035391 0.837105348 3.369988 0.000752 0.048898 

TMEFF2 4553.4459 2.130977479 0.409237649 5.207188 1.92E-07 4.408E-05 

TMEM132C 284.884605 3.106866789 0.798865659 3.889098 0.000101 0.0094488 

TMSB4X 21538.3471 1.856891936 0.360458288 5.151475 2.58E-07 5.626E-05 

TPBG 3294.36908 2.083451461 0.438806342 4.747998 2.05E-06 0.0003468 

TPM1 3877.7754 2.524613739 0.505811649 4.991213 6E-07 0.0001177 

TPP1 1949.86659 1.804007104 0.52999249 3.403835 0.000664 0.044083 

TRPM3 5725.82129 1.87630281 0.455999253 4.114706 3.88E-05 0.004381 

TUBB2A 1307.15666 1.830168399 0.50485478 3.625138 0.000289 0.0232002 

TUBB4A 1325.41828 2.43413436 0.533955265 4.558686 5.15E-06 0.0007543 
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UCP2 2276.47857 1.543058317 0.448876339 3.437602 0.000587 0.0405501 

UGT8 856.275764 7.211457885 0.661826424 10.8963 1.2E-27 3.202E-24 

VAX1 609.765691 4.065922262 0.679286525 5.985578 2.16E-09 6.846E-07 

VAX2 793.071705 3.48632798 0.577719022 6.034643 1.59E-09 5.533E-07 

ZNF503 713.948179 2.02709844 0.587213052 3.452066 0.000556 0.0392508 

ZNF503-AS2 286.304696 2.787750265 0.800309492 3.48334 0.000495 0.0358884 

 

Human CS17 downregulated at fissure margins 

Gene baseMean 
log2 Fold 
Change 

log2Fold 
Change 

Standard 
Error 

stat pvalue 
adjusted 
p-value 

AHI1 2819.95793 -1.52987717 0.432012946 -3.541276 0.000398 0.0303236 

AKAP12 4355.32972 -1.96092984 0.401952368 -4.878513 1.07E-06 0.00019 

ALDH1A1 49181.0913 -4.62579213 0.361376654 -12.80047 1.63E-37 5.43E-34 

ANKS1B 369.426011 -2.73756259 0.687804238 -3.980148 6.89E-05 0.0068031 

ARHGEF26 2491.36782 -2.02717291 0.502486045 -4.034287 5.48E-05 0.0057507 

ARHGEF26-AS1 467.828425 -3.03555528 0.67702599 -4.483661 7.34E-06 0.0010521 

ASCL1 437.909366 -3.07214645 0.662743109 -4.635501 3.56E-06 0.0005629 

B3GALT2 132.728751 -2.95935222 0.837553219 -3.53333 0.00041 0.0305706 

BAI3 308.00362 -3.23522574 0.729874799 -4.432576 9.31E-06 0.0012871 

BAMBI 1175.8608 -4.05949462 0.521298631 -7.787273 6.85E-15 5.07E-12 

BMP4 1186.14654 -2.18440633 0.532626563 -4.101197 4.11E-05 0.0046058 

BRINP1 245.208246 -4.77511986 0.791946244 -6.029601 1.64E-09 5.53E-07 

BTBD11 910.864383 -2.24127215 0.54711464 -4.096531 4.19E-05 0.0046604 

C1orf168 176.173278 -3.56182806 0.830120308 -4.290737 1.78E-05 0.0022834 

C20orf85 133.782022 -3.19731766 0.835802249 -3.825448 0.000131 0.0116781 

CACNB2 410.137465 -2.82430871 0.723035385 -3.906183 9.38E-05 0.0088678 

CAPS2 213.506973 -2.70399131 0.790420852 -3.420951 0.000624 0.0422618 

CDH6 8357.34911 -2.2521283 0.434903897 -5.17845 2.24E-07 5.06E-05 

CDR1 645.408963 -2.80317156 0.697735559 -4.017527 5.88E-05 0.0059867 

CHST2 1017.86321 -2.64415023 0.654137526 -4.042193 5.30E-05 0.0056043 

CLRN1 931.037124 -2.05373899 0.545776296 -3.762968 0.000168 0.0146344 

CNTN5 1924.9796 -2.65502227 0.468291951 -5.669588 1.43E-08 3.98E-06 

COL11A1 1290.30995 -1.89650006 0.510327232 -3.716243 0.000202 0.017066 

COL13A1 2881.89702 -3.25765257 0.430584082 -7.56566 3.86E-14 2.45E-11 

COL22A1 527.799171 -3.00380793 0.63299685 -4.745376 2.08E-06 0.0003469 

COL23A1 305.4568 -2.5990191 0.721275604 -3.603365 0.000314 0.0246403 

COL25A1 909.474195 -3.72736443 0.552350617 -6.748186 1.50E-11 6.65E-09 

COL9A3 1284.27697 -3.06571224 0.534709182 -5.73342 9.84E-09 2.85E-06 

CPAMD8 2940.74024 -2.11496689 0.429090183 -4.928957 8.27E-07 0.000151 

CRTAC1 2136.78185 -2.16544372 0.489987345 -4.419387 9.90E-06 0.0013332 

CTNNA2 1782.44579 -2.49999743 0.470468276 -5.313849 1.07E-07 2.60E-05 

CUX2 508.317672 -2.75824845 0.712523752 -3.871097 0.000108 0.0100334 

DACH1 5115.2586 -1.62594705 0.408071719 -3.984464 6.76E-05 0.0067305 

DCLK1 1369.1466 -2.43485852 0.506859688 -4.803812 1.56E-06 0.0002661 
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DKK1 5178.52557 -3.91563946 0.424998293 -9.213306 3.16E-20 3.83E-17 

DSEL 925.851851 -2.1152204 0.563841092 -3.751448 0.000176 0.0150289 

DTX4 2799.89275 -1.84817583 0.427698994 -4.321207 1.55E-05 0.002009 

EDIL3 928.30635 -2.59176363 0.557975547 -4.644941 3.40E-06 0.0005532 

EFNB2 4288.16591 -3.78234768 0.404313065 -9.354997 8.36E-21 1.23E-17 

ENC1 2155.68211 -2.46860143 0.491148029 -5.026186 5.00E-07 9.96E-05 

EPHA5 588.330068 -3.67818412 0.667421288 -5.511038 3.57E-08 9.71E-06 

FAM155A 888.891658 -2.40855974 0.651457685 -3.697185 0.000218 0.0182835 

FAM171B 697.366669 -2.65503667 0.593259973 -4.475334 7.63E-06 0.0010823 

FAM84A 959.803081 -1.8757744 0.544197865 -3.446861 0.000567 0.0398043 

FIBCD1 743.455342 -3.62644899 0.588838335 -6.15865 7.34E-10 2.80E-07 

FOXN4 588.976585 -2.23969676 0.612297217 -3.657859 0.000254 0.0210652 

FOXP2 3599.61251 -1.5494398 0.453127174 -3.419437 0.000628 0.0422618 

FSIP2 804.054293 -3.07766602 0.755920707 -4.071414 4.67E-05 0.0050661 

GABRA2 190.494779 -4.26675938 0.815948412 -5.229202 1.70E-07 3.98E-05 

GPR37 688.398101 -3.62484858 0.60133145 -6.028038 1.66E-09 5.53E-07 

GRB10 4118.52084 -1.85220646 0.405922965 -4.562951 5.04E-06 0.0007473 

HEY1 1112.15913 -2.68120029 0.586201711 -4.573853 4.79E-06 0.0007174 

ID1 3688.92048 -1.63510153 0.444547334 -3.678127 0.000235 0.0195819 

ID4 16417.2522 -2.82967572 0.360648404 -7.846079 4.29E-15 3.37E-12 

IGFBPL1 1718.7357 -2.79134292 0.481613981 -5.79581 6.80E-09 2.11E-06 

JAZF1 976.125021 -2.25748203 0.56339936 -4.006895 6.15E-05 0.0061684 

KIAA1377 340.519294 -2.84735662 0.813641766 -3.499521 0.000466 0.0341504 

KITLG 1137.31333 -2.1559006 0.518777388 -4.155734 3.24E-05 0.0037928 

LGR6 544.582603 -3.84492597 0.746699197 -5.14923 2.62E-07 5.63E-05 

LRRC17 2843.32159 -2.62915361 0.427488444 -6.150233 7.74E-10 2.87E-07 

LRRC4C 123.812886 -3.13734177 0.834881788 -3.757828 0.000171 0.0148412 

MAB21L1 16070.0532 -1.58866804 0.359270883 -4.421923 9.78E-06 0.0013311 

MAFB 1115.64764 -1.9777854 0.526698023 -3.755065 0.000173 0.0149091 

MAST4 721.485219 -2.65301829 0.65528019 -4.048678 5.15E-05 0.0054991 

MIAT 975.117169 -2.95477727 0.538848631 -5.483501 4.17E-08 1.09E-05 

MINOS1P1 140.264609 -3.3062974 0.834525808 -3.961888 7.44E-05 0.0072378 

MSX2 777.274071 -6.34449042 0.678936611 -9.344746 9.21E-21 1.23E-17 

MYOCD 313.118897 -3.20629017 0.737417046 -4.348001 1.37E-05 0.0018139 

NOL4 299.379599 -2.80700052 0.74434716 -3.771091 0.000163 0.0142593 

NR1D2 2264.83572 -1.63104941 0.447487551 -3.644905 0.000267 0.0217899 

NRCAM 931.193859 -2.89322578 0.550908536 -5.251735 1.51E-07 3.59E-05 

OLFM3 190.824094 -2.94056562 0.832047076 -3.534134 0.000409 0.0305706 

PAX6 18238.8916 -1.47004331 0.356019923 -4.129104 3.64E-05 0.0041507 

PCDH11X 339.153484 -3.02077173 0.71830981 -4.205388 2.61E-05 0.0031596 

PCDH7 5143.74084 -1.45738465 0.426074584 -3.420492 0.000625 0.0422618 

PELI2 1026.99635 -2.35439849 0.531298905 -4.431401 9.36E-06 0.0012871 

PJA1 2500.86023 -2.30089259 0.497105205 -4.628583 3.68E-06 0.0005649 

PLP1 3109.17147 -3.13853052 0.517974926 -6.059233 1.37E-09 4.93E-07 

PLXDC2 2121.64506 -1.5875076 0.457525654 -3.469767 0.000521 0.0371461 

PPAP2B 6698.6561 -1.3476197 0.38069021 -3.539938 0.0004 0.0303236 
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PROM1 1437.38621 -1.7306413 0.505997333 -3.420258 0.000626 0.0422618 

PTPRQ 325.002572 -2.42247286 0.710019714 -3.411839 0.000645 0.0430229 

RAX 8446.90124 -1.59448216 0.390201178 -4.086308 4.38E-05 0.0047907 

SAMD11 576.830304 -2.39847444 0.633931097 -3.783494 0.000155 0.0136566 

SDR42E1 115.835031 -3.02802397 0.836294057 -3.620765 0.000294 0.0234547 

SEMA3A 4266.4811 -2.69379409 0.403643909 -6.673689 2.49E-11 1.07E-08 

SEMA3D 1325.14643 -2.58208336 0.595752575 -4.334154 1.46E-05 0.0019129 

SEMA5A 2793.4566 -1.5837503 0.44463397 -3.561919 0.000368 0.0284543 

SHISA6 141.065408 -3.28006493 0.832074169 -3.942034 8.08E-05 0.0076956 

SLC10A4 142.219255 -3.40829601 0.833291961 -4.090158 4.31E-05 0.0047508 

SLIT2 1532.27094 -1.84656074 0.530463031 -3.481036 0.000499 0.036003 

SMAD9 2643.24544 -2.23185178 0.442582516 -5.042792 4.59E-07 9.41E-05 

SOX9 5055.46018 -1.66329819 0.39402202 -4.221333 2.43E-05 0.0030267 

SPHK1 4748.02856 -2.15984484 0.401343184 -5.381541 7.39E-08 1.86E-05 

SYT7 1155.3802 -2.62883836 0.522809382 -5.028292 4.95E-07 9.96E-05 

TBX2 2418.78008 -4.35408707 0.444865514 -9.787423 1.28E-22 2.13E-19 

TBX3 3461.74645 -6.86464088 0.63278365 -10.84832 2.03E-27 4.51E-24 

TBX5 1437.51491 -8.39697651 0.624756113 -13.44041 3.51E-41 4.67E-37 

TBX5-AS1 306.248254 -5.85948341 0.768993424 -7.619679 2.54E-14 1.70E-11 

TCF12 12178.1892 -1.83426404 0.368362297 -4.979511 6.37E-07 0.0001197 

TENM1 243.976887 -4.13347344 0.811731031 -5.092171 3.54E-07 7.38E-05 

TF 1048.94845 -4.58890111 0.539874943 -8.499933 1.90E-17 1.81E-14 

TFAP2C 256.299335 -5.35916317 0.786166697 -6.816828 9.31E-12 4.60E-09 

TOX 1819.39455 -2.19832383 0.473884167 -4.638948 3.50E-06 0.0005626 

TPPP3 1539.95859 -2.32706935 0.483059506 -4.817355 1.45E-06 0.0002519 

TRH 499.884944 -2.3164697 0.649880321 -3.564456 0.000365 0.0284333 

TTYH1 974.006222 -2.07970271 0.539796149 -3.852756 0.000117 0.0107412 

UNC5B 1045.28573 -2.33448972 0.576631077 -4.048498 5.15E-05 0.0054991 

VSTM2B 286.298527 -4.03902401 0.783857368 -5.152754 2.57E-07 5.63E-05 

VSX2 5145.68554 -1.62968516 0.391670522 -4.160857 3.17E-05 0.0037415 

WIF1 109.71689 -2.84179073 0.838009131 -3.391121 0.000696 0.0457248 

ZIC2 2625.10867 -2.07820201 0.606807038 -3.424815 0.000615 0.0422618 

ZNF215 889.091044 -2.71845921 0.55327138 -4.913428 8.95E-07 0.0001613 

 

Human CS17-18 upregulated at fissure margins 

Gene baseMean 
log2 Fold 
Change 

log2Fold 
Change 

Standard Error 
stat pvalue 

adjusted 
p-value 

ABCA4 308.472439 1.868058452 0.534948353 3.492035 0.000479 0.0365232 

ALDH1A3 15090.3428 4.592525175 0.395814494 11.60272 3.99E-31 9.23E-28 

ALDH5A1 769.121718 1.460219629 0.336200107 4.343305 1.40E-05 0.0021869 

ANK3 897.742846 1.167357075 0.323140656 3.612535 0.000303 0.0254831 

ANKDD1B 93.1964797 2.126674035 0.572625971 3.713897 0.000204 0.0193845 

ANO4 43.8335639 1.933548783 0.565472618 3.41935 0.000628 0.0437409 

APOE 1416.24847 1.818151813 0.401350637 4.530083 5.90E-06 0.0009507 

ASAH1 6260.48681 1.146225867 0.33484716 3.423132 0.000619 0.0437409 
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ATP1A2 928.134801 2.39884046 0.445467087 5.385 7.24E-08 1.97E-05 

ATP6V1B1 1807.74417 3.89701233 0.403376834 9.660972 4.42E-22 4.37E-19 

BMP7 1981.6961 1.801486022 0.325577549 5.533201 3.14E-08 1.01E-05 

BMPR1B 3957.58017 3.247172289 0.284614432 11.40902 3.77E-30 5.81E-27 

CA14 2936.26212 1.429619573 0.359287312 3.979043 6.92E-05 0.0077379 

CCDC51 646.096064 1.444398382 0.408433073 3.536438 0.000406 0.031595 

CD207 129.901113 3.978398686 0.557722286 7.133297 9.80E-13 5.66E-10 

CD74 802.806954 1.25700219 0.343875821 3.655396 0.000257 0.022537 

CD93 102.236169 2.954666303 0.571758687 5.167681 2.37E-07 5.67E-05 

CDC20B 235.403509 2.235282821 0.572556211 3.904041 9.46E-05 0.0101691 

CDH5 118.774191 2.640464226 0.571174451 4.622868 3.78E-06 0.000656 

CLEC4F 364.525249 2.799007222 0.570780219 4.903827 9.40E-07 0.0001975 

DCT 10468.1282 2.257520835 0.496083428 4.550688 5.35E-06 0.0008977 

DDX60 143.142952 2.398573961 0.570557433 4.203913 2.62E-05 0.0035665 

EFNA1 239.418951 1.85277073 0.512676381 3.613919 0.000302 0.0254831 

EGR1 1685.58881 1.851462797 0.514524636 3.598395 0.00032 0.0265936 

ELOVL2 1237.23117 1.205427014 0.340388057 3.541332 0.000398 0.03119 

F13A1 80.7496173 2.127156012 0.5679058 3.745614 0.00018 0.0175733 

FAR2 1462.71165 2.045218461 0.31074646 6.581631 4.65E-11 2.23E-08 

FGF19 4312.70446 1.306036351 0.327359107 3.989614 6.62E-05 0.0075224 

FLT1 88.8917213 2.141953977 0.567463585 3.77461 0.00016 0.0161036 

FOS 5618.73528 1.078273538 0.253313923 4.256669 2.07E-05 0.0028924 

FOXG1 129.4473 2.729904621 0.567778544 4.808045 1.52E-06 0.0002977 

FSTL1 6523.54661 1.177158907 0.341626502 3.445748 0.000569 0.0411302 

FZD10 600.930867 1.386944804 0.405521569 3.420151 0.000626 0.0437409 

FZD10-AS1 301.732282 1.539818314 0.443885096 3.468957 0.000522 0.0385387 

FZD4 377.649486 1.714482227 0.402886246 4.2555 2.09E-05 0.0028924 

GLIPR2 557.466865 1.772780271 0.481685972 3.680365 0.000233 0.0211087 

GPR143 1089.85984 1.741393951 0.437973118 3.976029 7.01E-05 0.0077739 

GSTP1 22321.3177 1.38549719 0.293472941 4.721039 2.35E-06 0.00044 

GYPC 261.806312 1.927736166 0.536448051 3.593519 0.000326 0.0268173 

HBE1 8297.45352 2.007639404 0.543259668 3.695543 0.000219 0.0201501 

HCRT 178.367813 2.601767756 0.553479051 4.700752 2.59E-06 0.0004729 

HSD17B14 518.382067 1.576633142 0.440998207 3.575146 0.00035 0.0283853 

IGFBP3 202.64558 1.931569334 0.564705915 3.420487 0.000625 0.0437409 

LMO3 645.880487 2.017974289 0.569141509 3.545646 0.000392 0.0310345 

LRRC3B 436.761412 1.621300911 0.408904841 3.964983 7.34E-05 0.0080782 

ME3 672.373182 2.141638365 0.560847728 3.818574 0.000134 0.0137874 

MGC45800 780.090616 4.49604954 0.384418144 11.69573 1.34E-31 3.72E-28 

NECAB2 2028.46041 1.649450161 0.303540308 5.43404 5.51E-08 1.59E-05 

NGEF 425.459202 1.629240126 0.423481215 3.847255 0.000119 0.0125485 

NNAT 8696.53149 1.305659586 0.352682671 3.70208 0.000214 0.0197687 

NRP1 559.5677 1.689456666 0.392591224 4.303348 1.68E-05 0.0025358 

NTN1 300.65615 2.602520753 0.572623549 4.544907 5.50E-06 0.0009073 

OPTC 881.896449 1.854017281 0.338619534 5.475222 4.37E-08 1.35E-05 

PAMR1 330.241305 2.388665254 0.56923495 4.196273 2.71E-05 0.0036531 
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PLS3 2840.96339 1.223911101 0.294548798 4.155207 3.25E-05 0.0041438 

PMEL 39140.2199 2.458472947 0.489805197 5.019287 5.19E-07 0.0001142 

POMC 308.891281 2.036478596 0.503595827 4.043875 5.26E-05 0.0062313 

PRPS2 500.268349 1.457156475 0.393127673 3.706573 0.00021 0.0195518 

PRSS23 2952.50812 1.906638022 0.446241535 4.272659 1.93E-05 0.0028044 

REEP1 970.039497 1.227427375 0.334263568 3.672035 0.000241 0.0213896 

RGMB 776.233829 2.088079972 0.370365194 5.637895 1.72E-08 5.68E-06 

SCN3A 209.466236 2.203344283 0.548180024 4.019381 5.84E-05 0.0067996 

SERPINF1 3445.63593 1.646052591 0.441126896 3.731472 0.00019 0.0183318 

SLC30A8 613.665378 1.492485052 0.381850191 3.908562 9.28E-05 0.0100587 

SLC38A8 247.524938 1.916108025 0.476546299 4.020822 5.80E-05 0.0067996 

SLC3A2 5406.12305 1.275960306 0.32733449 3.898032 9.70E-05 0.0103445 

SLC6A15 1678.7847 1.367216044 0.374487958 3.650895 0.000261 0.0227915 

SLC7A5 1881.97902 2.411557431 0.436781221 5.521202 3.37E-08 1.06E-05 

SLIT3 283.707451 2.49081579 0.462842861 5.381558 7.38E-08 1.97E-05 

SMOC1 65.9857104 2.1319323 0.568338706 3.751165 0.000176 0.0173106 

SNCA 3457.47985 1.453739795 0.423276882 3.434489 0.000594 0.0424353 

TENM3 2653.71551 4.931275896 0.334538823 14.74052 3.54E-49 2.45E-45 

TFEC 1390.9357 1.900469064 0.528152914 3.598331 0.00032 0.0265936 

THY1 1469.02843 2.567152221 0.471045116 5.449907 5.04E-08 1.49E-05 

TM4SF18 73.9780142 2.392062119 0.572016819 4.181804 2.89E-05 0.0037834 

TMEFF2 3761.06372 1.547055519 0.380404618 4.066868 4.76E-05 0.0057961 

TMSB4X 19332.2311 1.508963853 0.306211394 4.92785 8.31E-07 0.0001774 

TPBG 2960.79927 1.494793148 0.391847073 3.814736 0.000136 0.0139005 

TRIB1 1930.45495 1.173918397 0.313695902 3.742218 0.000182 0.017688 

TUBB4A 1066.5551 1.617164073 0.467821249 3.456799 0.000547 0.0401066 

VAX1 495.187953 3.689129316 0.527579638 6.992554 2.70E-12 1.44E-09 

VAX2 821.583765 3.726509807 0.433425629 8.597807 8.13E-18 5.93E-15 

ZNF503 680.460685 1.968196633 0.369596583 5.325257 1.01E-07 2.62E-05 

 

 

Human CS17-18 downregulated at fissure margins 

Gene baseMean 
log2 Fold 
Change 

log2Fold 
Change 

Standard 
Error 

stat pvalue 
adjusted 
p-value 

AHR 692.06118 -1.31958784 0.382425409 -3.450576 0.000559 0.0408268 

AKAP12 4334.18651 -1.90950514 0.256877219 -7.433532 1.06E-13 6.37E-11 

ALDH1A1 59653.1251 -4.61301301 0.41347276 -11.15675 6.64E-29 9.20E-26 

ANKS1B 377.422676 -2.07362567 0.486413688 -4.263091 2.02E-05 0.0028823 

ASCL1 414.248543 -2.66897945 0.451842879 -5.906875 3.49E-09 1.24E-06 

BAMBI 1474.15498 -4.3354722 0.379885889 -11.41256 3.62E-30 5.81E-27 

BMP4 1035.80213 -2.15634672 0.363589476 -5.930718 3.02E-09 1.10E-06 

CAMK2N1 970.600856 -1.4078028 0.350840606 -4.012656 6.00E-05 0.006938 

CAPS2 236.598145 -1.88470836 0.554276332 -3.400305 0.000673 0.04667 
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CDH6 8887.84318 -2.03027409 0.352406214 -5.761176 8.35E-09 2.90E-06 

CERK 2315.73771 -1.06352504 0.292936757 -3.630562 0.000283 0.0242077 

CHST2 746.028398 -1.93155177 0.525635622 -3.674697 0.000238 0.0213459 

CLRN1 1316.83858 -1.71847957 0.364225683 -4.718172 2.38E-06 0.00044 

CLVS2 680.556027 -1.50904817 0.427508011 -3.529871 0.000416 0.0322088 

CNTN5 1707.73578 -2.48140161 0.324325716 -7.650955 1.99E-14 1.26E-11 

COL11A1 1271.45458 -1.56842363 0.365130132 -4.29552 1.74E-05 0.0025987 

COL13A1 2424.71873 -2.03876017 0.460678108 -4.425563 9.62E-06 0.0015158 

COL23A1 254.238265 -2.73324577 0.459629076 -5.946634 2.74E-09 1.03E-06 

COL25A1 885.895926 -1.89394602 0.519389501 -3.646485 0.000266 0.0230411 

COL9A3 916.353251 -2.40905736 0.445587037 -5.40648 6.43E-08 1.78E-05 

CRTAC1 2318.33407 -1.47105759 0.423612582 -3.472648 0.000515 0.0384236 

CRYAA 2919.97544 -1.88012148 0.541635616 -3.471192 0.000518 0.0384236 

CRYBA4 118.460443 -2.4453087 0.571544676 -4.278421 1.88E-05 0.0027767 

CTNNA2 1903.29893 -2.58816265 0.289417033 -8.942676 3.80E-19 2.93E-16 

CXorf57 535.885912 -1.47559223 0.435161765 -3.390905 0.000697 0.0478221 

DCC 172.146214 -2.5471488 0.561729895 -4.534473 5.77E-06 0.0009421 

DCLK1 1309.59601 -2.23585776 0.349441079 -6.398383 1.57E-10 6.80E-08 

DIAPH2 678.082881 -1.26080746 0.363213526 -3.471257 0.000518 0.0384236 

DKK1 4197.14386 -3.59762099 0.335758574 -10.7149 8.66E-27 1.09E-23 

DKK3 3441.9065 -1.10347015 0.278990909 -3.955219 7.65E-05 0.0083491 

DTX4 2306.47413 -1.46540145 0.343063495 -4.271517 1.94E-05 0.0028044 

EDIL3 964.133182 -2.53669922 0.357622365 -7.093234 1.31E-12 7.27E-10 

EFNB1 432.363465 -1.71460347 0.491750898 -3.486732 0.000489 0.0370515 

EFNB2 4926.56378 -3.34464088 0.32230257 -10.37733 3.14E-25 3.35E-22 

ELL2 928.521412 -1.67814862 0.362539506 -4.628871 3.68E-06 0.0006454 

EMILIN3 239.721094 -2.09216613 0.517228713 -4.044954 5.23E-05 0.0062313 

FAM171B 607.324752 -1.88962288 0.466867485 -4.04745 5.18E-05 0.0062313 

FGF8 98.0040927 -2.12131198 0.571778241 -3.710026 0.000207 0.0195495 

FIBCD1 589.001316 -3.71758649 0.439746701 -8.453927 2.82E-17 1.95E-14 

FOXN4 587.120858 -1.60426203 0.455250613 -3.52391 0.000425 0.0327592 

GABARAPL1 653.814102 -1.61452535 0.3743062 -4.313381 1.61E-05 0.00245 

GADD45A 916.509566 -1.81257209 0.44436866 -4.078983 4.52E-05 0.0055509 

GAP43 218.36168 -1.9281985 0.522252289 -3.692082 0.000222 0.0202919 

GDF6 597.769116 -6.9792473 0.492089517 -14.18288 1.17E-45 5.41E-42 

GNB4 1115.69087 -1.48968419 0.361189426 -4.124385 3.72E-05 0.0046439 

GPR37 711.334236 -2.67849455 0.467950721 -5.723882 1.04E-08 3.52E-06 

GRB10 3117.85404 -1.56578186 0.315470606 -4.963321 6.93E-07 0.0001501 

HES5 279.65694 -1.96412744 0.472177797 -4.15972 3.19E-05 0.0041295 

HEY1 1672.39147 -2.6985838 0.418528549 -6.447789 1.13E-10 5.08E-08 

ID1 4659.44725 -1.30875118 0.347904092 -3.761816 0.000169 0.0167082 

ID4 16303.0674 -2.60329285 0.270368737 -9.628676 6.05E-22 5.59E-19 

IGFBPL1 1606.90757 -2.80048522 0.312897386 -8.950171 3.55E-19 2.90E-16 

INSM1 299.25309 -2.87633327 0.461391864 -6.234036 4.55E-10 1.91E-07 

ITGB8 1706.94967 -1.45777325 0.386646481 -3.7703 0.000163 0.0162664 

JAZF1 894.20666 -1.63443505 0.444841198 -3.674199 0.000239 0.0213459 
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KCNA4 147.262799 -1.99055556 0.571896149 -3.480624 0.0005 0.0377007 

KCTD12 834.452294 -1.71833003 0.500223632 -3.435124 0.000592 0.0424353 

KIAA1456 296.490767 -2.41877924 0.507695333 -4.764234 1.90E-06 0.0003651 

KITLG 964.820232 -2.29089919 0.485431386 -4.719306 2.37E-06 0.00044 

KLHL3 415.366591 -1.57384829 0.463143057 -3.39819 0.000678 0.0467982 

LGR6 371.606292 -2.62932333 0.569909386 -4.613581 3.96E-06 0.0006776 

LINC01122 264.967758 -2.00326423 0.478167991 -4.189457 2.80E-05 0.0036929 

LOC101929657 67.213983 -2.05661143 0.568150065 -3.619838 0.000295 0.0250786 

LOC646719 880.603214 -1.36229591 0.380692249 -3.57847 0.000346 0.0281917 

LPHN2 3045.12582 -1.1234529 0.27306572 -4.114222 3.88E-05 0.00481 

LRRC17 3994.11033 -1.83580813 0.392801291 -4.673631 2.96E-06 0.0005261 

MAB21L1 20360.5251 -1.25727864 0.295090725 -4.260651 2.04E-05 0.0028842 

MAFB 1010.0417 -1.78671698 0.355774777 -5.022045 5.11E-07 0.0001142 

MAGI3 1917.2565 -1.15106289 0.310489785 -3.707249 0.00021 0.0195518 

MIAT 1739.96831 -2.51278553 0.367018014 -6.846491 7.57E-12 3.89E-09 

MSX2 854.181711 -5.95533405 0.492816893 -12.08427 1.28E-33 4.43E-30 

NOL4 398.919399 -1.91600059 0.52264876 -3.665943 0.000246 0.0217658 

NR1D2 2195.64613 -1.2566314 0.346029246 -3.631576 0.000282 0.0242077 

NRCAM 1060.61249 -2.12120243 0.435819441 -4.867159 1.13E-06 0.0002343 

ONECUT2 904.366003 -1.51984578 0.393106743 -3.866242 0.000111 0.0116997 

PALMD 633.636183 -1.61867487 0.421017905 -3.84467 0.000121 0.0125861 

PDE11A 458.993653 -2.11655265 0.404835365 -5.228181 1.71E-07 4.16E-05 

PELI2 970.345235 -1.95298508 0.383698455 -5.089896 3.58E-07 8.14E-05 

PIPOX 55.492671 -1.97620543 0.564891054 -3.498383 0.000468 0.0358617 

PJA1 2514.55248 -2.03215763 0.385844385 -5.26678 1.39E-07 3.50E-05 

PLP1 2349.01902 -2.69554239 0.522739283 -5.156571 2.52E-07 5.91E-05 

POU4F2 280.583693 -2.25454212 0.538106332 -4.189771 2.79E-05 0.0036929 

PRKG1 387.469982 -1.76046019 0.423727939 -4.154695 3.26E-05 0.0041438 

PROM1 1553.79317 -1.51344375 0.350614917 -4.316541 1.58E-05 0.002442 

PRPSAP1 3795.68502 -1.08892447 0.263580064 -4.131285 3.61E-05 0.0045476 

PTPRQ 404.626114 -2.06658812 0.459702169 -4.495494 6.94E-06 0.0011063 

RTN1 827.180654 -1.2741168 0.35688029 -3.570152 0.000357 0.0287639 

RXRG 76.6564225 -2.12180985 0.571142874 -3.715025 0.000203 0.0193845 

SAMD11 495.123769 -2.14985638 0.442193552 -4.861799 1.16E-06 0.0002372 

SEMA3A 4441.04099 -1.76173248 0.41497682 -4.245376 2.18E-05 0.0029962 

SFRP1 2475.51734 -1.21985649 0.322521411 -3.78225 0.000155 0.0157312 

SLC16A6 72.4211727 -2.60464408 0.572490992 -4.549668 5.37E-06 0.0008977 

SLC18A2 818.945582 -1.36696388 0.380446505 -3.593051 0.000327 0.0268173 

SMAD9 3093.9159 -1.93826041 0.323298406 -5.995267 2.03E-09 7.83E-07 

SOX9 4311.15295 -1.79446197 0.270585489 -6.631775 3.32E-11 1.64E-08 

SPAG17 199.371632 -1.73450268 0.50322373 -3.446782 0.000567 0.0411302 

SPHK1 3898.20122 -1.86741224 0.31033812 -6.017347 1.77E-09 7.02E-07 

SPP1 5842.84539 -1.73303501 0.329745491 -5.255675 1.47E-07 3.65E-05 

SUCO 2233.85361 -1.3559147 0.381087754 -3.558012 0.000374 0.02978 

SULF2 1406.14956 -1.51462117 0.322522881 -4.696167 2.65E-06 0.0004774 

SYNPR 2346.5371 -1.3934155 0.288115691 -4.836306 1.32E-06 0.0002627 
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SYT4 318.206921 -2.98397622 0.560541484 -5.323382 1.02E-07 2.62E-05 

SYT7 1086.20308 -2.01300867 0.416273325 -4.835786 1.33E-06 0.0002627 

TBX2 2050.4973 -3.4394544 0.40933754 -8.40249 4.37E-17 2.89E-14 

TBX3 3171.50526 -5.82341561 0.508080348 -11.4616 2.06E-30 4.07E-27 

TBX5 1470.79732 -7.54703611 0.45519854 -16.57966 9.78E-62 1.36E-57 

TBX5-AS1 261.553056 -5.13858913 0.539359244 -9.527211 1.62E-21 1.40E-18 

TCF12 13517.0616 -1.56183949 0.287685422 -5.428984 5.67E-08 1.60E-05 

TF 749.921679 -4.47692127 0.430169997 -10.40733 2.30E-25 2.65E-22 

TOX 2767.33698 -1.55552238 0.388029787 -4.008771 6.10E-05 0.0069949 

TOX3 1042.63593 -1.35713445 0.40092084 -3.385043 0.000712 0.0486144 

TPPP3 1519.36735 -1.63901004 0.411158456 -3.986322 6.71E-05 0.0075655 

TRH 622.43051 -2.37897233 0.395215023 -6.019438 1.75E-09 7.02E-07 

TTYH1 881.25519 -2.18816442 0.333212192 -6.56688 5.14E-11 2.37E-08 

UBR1 985.444966 -1.2677479 0.357748333 -3.543686 0.000395 0.0310884 

UNC5B 860.929792 -2.29765503 0.420616311 -5.462591 4.69E-08 1.41E-05 

ZNF215 1092.652 -2.10926886 0.412643857 -5.111596 3.19E-07 7.38E-05 

ZNF284 77.7326798 -1.93546772 0.564599727 -3.428035 0.000608 0.0432342 

ZNF709 479.755054 -1.55018227 0.403458884 -3.842231 0.000122 0.012617 
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