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Abstract 

Anophthalmia is a genetically heterogeneous congenital disorder. By using 

homozygosity mapping in six individuals with anophthalmia from a 

consanguineous family, five homozygous regions more than one megabase (Mb) 

in size were identified, which together encompassed 18 Mb. Sequencing of high-

priority candidate genes failed to identify the causative mutation. Alternatively, 

whole exome sequencing of one affected individual revealed a homozygous 

missense mutation (c.39T>A [p.Ala13Val]) in TNIP3, located on homozygous 

interval on chromosome 4q26-28.1. This mutation was not present in 140 control 

individuals, single-nucleotide polymorphism databases, or the 1000 Genomes 

database. There were also several other potential variants elsewhere in the genome 

which their pathogenesity could not be ruled out, indicating that in heterogeneous 

diseases a single exome sequencing data is not enough to isolate the pathogenic 

variant with high confidence. Exome sequencing of more individuals in this 

family hold the promise to identify mutant gene responsible for the anophthalmia 

phenotype.   
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Introduction 

The visual system is undoubtedly the most sensitive and delicate organ system we 

possess. It is a principle conduit for acquiring external sensory information and is 

responsible for four-fifths of all the information our brain receives–which is 

probably why we rely on our eyesight more than any other sense. However, the 

number of individuals with major eye diseases is increasing and vision loss is 

becoming a major public health problem.  As blindness leads to loss of 

independence and reduced quality of life, the importance of studying eye disease 

is undeniable. Congenital blindness, which is present in childhood, occurs in the 

developed world at a frequency of 2 to 3 per 1000 live births [1]. A survey of 

McKusick Catalogs in 1985 showed that the eye was involved in 27% of the 2811 

phenotype recorded by Mendelian Inheritance in Man (MIM) and ranked eye as 

the fourth most common organ in man affected by genetic diseases [2]. 

This project is an attempt to provide a comprehensive genetic study of a rare and 

somewhat extreme congenital ocular anomalies (anophthalmia or absent eyes) in a 

consanguineous family. This disorder is caused by perturbation of key steps in 

early eye morphogenesis and provides a readily recognizable marker of aberrant 

ocular development. We hypothesize that milder variants in such genes also result 

in less extreme phenotypes, and thus that characterizing such genes will provide 

insight into a diverse spectrum of human disease. 
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Overview of the eye morphogenesis 

The major sensory organ of the head, the eye, is essentially a highly specialized 

extension of the brain and develops in a series of distinct morphological stages. 

The human eye develops from distinct tissues: the lens and the cornea are derived 

from the surface ectoderm, but the retina and the epithelial layers of the iris and 

ciliary body are from the anterior neural plate [3].  Although documenting the 

stage of human eye development is difficult due to difficulty of obtaining human 

embryonic and fetal material for analysis, information has been gathered from a 

series of embryos in the Carnegie institute collection [4]. This information was 

then supplemented by the study of eye development in animal models in murine, 

chick, amphibian and fish [5-6]. 

Formation of the optic vesicle and lens induction 

In vertebrates, the first morphological sign of eye formation is the bilateral 

evagination of the diencephalon which leads to the formation of the optic vesicles 

(up to E11 in mouse, 33 days of gestation in human). (Figure 1.1A) As 

development continues, the budding optic vesicles extend towards the overlying 

surface ectoderm. The two tissues, then, come into close physical contact and 

exchange inductive signals, which will, in turn, result in the thickening of the 

surface ectoderm and formation of the lens placode (Figure 1.1B). Concurrent 

invagination of lens placode and the distal portion of the optic vesicle lead to the 

formation of a double-layered optic cup. This process also contributes to the 

formation of lens vesicle through the process of invagination of surface ectoderm, 

which then develop into lens proper (Figure 1.1C). [7-8]. 
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Optic fissure closure 

The optic stalk, which maintains the connection between the optic cup and the 

forebrain, undergo invagination along its ventral side to form a choroid fissure. 

Between the fifth and the seventh week of gestation, the laterally growing edges 

of this fissure begin to fuse in the middle of the long axis, and continue 

proximally (toward optic stalk and distally (towards the future iris). The closure of 

this fissure provides a route for the entry of hyaloid artery into the eye and an exit 

channel for projecting axons. Incomplete closure results in coloboma. Finally, eye 

development is completed with the later formation of the cornea and sclera. 

Organization of the retina 

After the completion of first major phase of morphogenesis, the individual layers 

of the eye start to adopt their characteristics of their mature structure. The thinner, 

outer layer of the optic cup–the prospective pigmented retinal epithelium–begins 

to express pigment. The inner layer—future neural retina—thickens and 

undergoes extensive cell proliferation to generate retinal precursor cells. Later in 

the development, progenitor cells undergo differentiation and ultimately give rise 

to a variety of retinal neurons (Figure 1.2). The ganglion cells are first born 

neurons, followed by cone photoreceptors, horizontal and amacrine cells. Rod 

photoreceptor and bipolar cells are generated later [9]. 
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Figure 1.1   Schematic overview of the eye morphogenesis, derived from 

Chow RL et al., Annu Rev Cell Dev Biol 17:255-96 [10]. In panels A–D, 

presumptive or differentiated eye tissues are color-coded in the following manner: 

blue, lens/cornea;green, neural retina; yellow, retinal pigmented epithelium 

(RPE); purple, optic stalk; red, ventral forebrain/prechordal mesenchyme; grey, 

mesenchyme. 

A. Evagination of the forebrain and formation of the optic pit. 

B. Contact between the neural ectoderm of the optic vesicle and the surface 

ectoderm results in induction of the lens placode. 

C. The invaginating lens placode forms the lens vesicle (LV) that pinches off the 

surface ectoderm. 

D. Mature eye 

Abbreviations: C: cornea, LE: lens epithelium, LF, lens fibre cells, I: iris, CB: 

ciliary body, GCL: ganglion cell layer; INL: inner nuclear layer; ONL: outer 

nuclear layer; ON: optic nerve 
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Molecular events underlying the eye morphogenesis 

Although distinct morphological stages in eye development have long been noted 

and characterized extensively, it remained a challenge to categorize the molecular 

mechanisms responsible for them. Several studies have demonstrated that all of 

these  developmental processes in the eye are controlled by a complex network of 

regulatory genes, many of which have been highly conserved throughout 

evolution [11]. These genes are mainly involved in transcription and signaling 

events. 

Molecular events underlying optic vesicle evagination 

 

Before any morphological sign of an optic vesicle formation, several transcription 

factors begin to be expressed in the eye field, which is a patch of neuroepithelium 

destined to give rise to the presumptive optic vesicle and its derivatives. Pax6 and 

Rx are the first two genes expressed in the neuroepithelial sheet and play crucial 

roles in the specification of the ocular fate [12].  Six3, Optx and Otx2 are 

expressed later in development and have thus been defined as a second wave of 

gene expression necessary for retinal development (Figure 1.3A &B). 

Evagination of the optic vesicles entails dramatic changes in cell behaviour and 

movement of the retinal progenitor cells. In fish, retinal progenitor cells (RPCs) 

first show a directed movement toward the midline followed by a subsequent 

active migration outward, which results in formation of an evaginating optic 

vesicles [13]. 
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Figure 1.2  Retinal cell fates, derived from Harada T et al., Genes Dev 

21(4):367-78. Three major divisions—GCL, INL, and ONL—give rise to seven 

retinal cell types that arise from common multipotent progenitors in a fixed order. 

The RGC is the first neuronal cell type and Müller glia appear last [14]. 
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Rx is a homeodomain transcription factor that is responsible for some of the 

segregative behaviours of the RPCs. It has been shown that Rx inhibits the 

canonical Wnt signaling pathway and results in inhibition of the posterior fate of 

the anterior neural plate and activates non canonical Wnt, which is required for 

the control of RPCs migratory behaviour [15]. In addition, Rx is necessary for the 

expression of Optx2, a gene that controls the proliferation of the RPCs in the eye 

field [16]. 

Rx is first expressed in optic vesicle, but its expression will be later restricted to 

proliferative neuronal retina [12]. Misexpression of Rx gene in zebrafish induces 

ectopic retinal tissue formation in the forebrain, indicating its role in controlling 

the proliferation of retinal cells [17]. Null mice for Rx, on the other hand, fail to 

develop optic vesicle and, hence, do not develop eyes [18]. 

Pax6, a transcription factor containing a paired box and a paired-like homeobox, 

was the first protein identified to be required for the maintenance and normal 

development of all regions of both developing and adult eye [19]. This gene is 

considered as “master control gene” as its expression from various animal phyla 

are capable of inducing ectopic eye development [20]. 

Pax6 is required for the formation of lens placode, which is necessary for optic 

cup formation. Also the high level of pax6 expression in the margins of the optic 

vesicles neural epithelium indicates its requirement for the iris formation.  Pax6 is 

also expressed in all cells of the developing retina and in amacrine and ganglion 
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cells of the adult retina indicating its requirement for normal functioning of these 

cells. 

The encoded protein of this gene is highly conserved in evolution and contains 

two DNA-binding motifs, including a homeodomain and a paired domain, which 

are required for directing the transcription factor to its target sites in the genome 

[21]. In humans, those rare individuals homozygous for mutations in Pax6 are 

born without eyes and die shortly afterward, [22], while heterozygotes have an 

array of human diseases including congenital absence of iris (aniridia), Peter’s 

anomaly, and cataracts in humans. Null mice for the murine orthologue of this 

gene are anophthalmic and show severe brain malformation [23]. 

Six3 is expressed in the eye field and later throughout the optic vesicle. 

Disturbances of Six3 expression result in inhibition of lens placode invagination at 

early stages, which indicates that this regulatory factor is necessary for normal eye 

morphogenesis [24]. The ectopic expression of the mouse gene Six3 in the 

embryos of Medaka fish induces the formation of additional lens and retina [25]. 

Otx2 is a member of the orthodenticle-related family of transcription factors. This 

gene is expressed in the entire ectoderm before gastrulation. However, its 

downregulation in the eye field showed that it does not affect early eye 

specification. Later in development, Otx2 shows an initial broad expression in 

optic vesicle and then preferential expression in the retinal pigmented epithelium. 

In the Otx2-/- mice, the expression of Mitf and tyrosinase, which are RPE-specific 
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genes, is lost and the outer layer of the optic cup will proceed to differentiate as an 

‘ectopic’ neural retina [26]. 

Molecular evens underlying compartment formation in the developing optic 

cup 

During optic vesicle evagination, the neuroepithelium is bipotential meaning that 

the presumptive RPE can differentiate into NR, and vice-versa. The homeobox 

gene, Chx10 and the bHLH transcription factor Mitf, are the two key players in 

the specification of optic vesicle into RPE and NR (Figure 1.3C&D). 

The expression of Chx10 can be detected in the presumptive neuroretina of the 

optic vesicle and continues to be expressed in all proliferating retinal progenitor 

cells where it regulates their proliferation [27-28]. In Chx10 null mice, all 

differentiated retinal cell type are present, but the number of proliferating 

progenitor cells is reduced resulting in the reduction of whole eye growth and 

microphthalmia. This finding suggests that Chx10 is not important for specifying 

cell fates within the neural retina, but is important for the proliferation of the 

retinal progenitor cells [28-29]. 

In mice, extraocular mesenchyme produces an activin-like factor, which induces 

the expression of Mitf in the entire optic vesicle. Upon lens induction, Mitf is 

extinguished in the presumptive neural retina, and concurrently, Chx10 expression 

is activated in this region [30]. The expression of Mitf will be restricted to RPE 

region where, this gene, in cooperation with Otx2, transactivates the expression of 

pigment genes that are required for the determination of the RPE cell fate [26]. 
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Mitf is essential for the normal proliferation and differentiation of the RPE layer 

and its ablation in mice results in small eye phenotype due to abnormalities and 

partial loss of the RPE progenitor cells [31]. 

FGF signaling is required for RPE maintenance and neural retina formation. In the 

presence of FGF in the cultured chick optic vesicle, presumptive RPE can 

transdifferentiate into neural retina. On the other hand, the addition of FGF2 

neutralizing antibodies in the explant culture can inhibit neural retinal 

development. Later in the development, FGF secreted from the lens placode, 

activating ERK, which in turn induces the expression of Vsx2 and Sox2. 

Expression of the latter two genes results in NR specification. 

Sonic hedgehog signaling (Shh) is also required for RPE maintenance in the optic 

cup and its reduction, as shown in chick and mice, although not affecting RPE 

specification, results in loss of RPE marker expression, increased proliferation of 

the RPE and transdifferentiation into retina. 

Molecular events underlying optic cup and lens morphogenesis 

The expression of Six 3 in the surface ectoderm activates Pax6 and Sox2. The 

expression of these three genes is required for the thickening and invagination of 

the lens placode (Figure 1.3E & F). Several lines of evidence indicate that BMP 

signaling is important at this stage of eye morphogenesis. In Bmp7 null mice, 

Sox2 and Pax6 expression is abnormal and, as a result, eye development is 

arrested at the optic vesicle stage. In addition, Bmp signaling is disrupted in Lhx2 

mutant mice which exhibit eye-less phenotype. At least some, but not all aspects 
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of the eye phenotype in Lhx2 mice can be rescued by treatment of the Lhx2 

mutant explants with exogenous Bmps. 

Retinoic acid (RA) is another important signaling molecule that has a role in optic 

cup morphogenesis. Two enzymes that synthesize retinoic acid, Retinaldehyde 

dehydrogenase 2 and 3, are expressed in mesenchyme and RPE, respectively [32]. 

The synthesized RA is required for morphogenic movement that leads to ventral 

invagination of the optic vesicle to generate an optic cup [33]. Immediately after 

optic cup formation RA acts to stimulate apoptosis in the perioptic mesenchyme 

needed to correctly generate the cornea and eyelids [34]. After initial 

establishment of RPE in the optic vesicle, cells of this layer cease to proliferate 

and begin to differentiate. Maintenance of the RPE is required for proper eye 

development and lamination of the retina. Therefore, controlling of the RPE fate 

is regulated by several important signaling pathways, including Shh, Bmp and Wnt 

(Figure 1.3F). 

Developmental abnormalities of the eye 

Ocular abnormalities are frequent in human population. As in other organs of the 

body, developmental abnormalities of the eye arise from disruption of critical 

processes during eye morphogenesis [35]. In the previous section, I described the 

major stages during eye morphogenesis and requirement of an organized 

expression of developmental genes at the right time and the right place for normal 

eye development. Alterations in such genes can lead to severe disorders that 

become apparent at birth or shortly afterwards. Depending on the stage of 
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development affected, these abnormalities can cause significant visual 

impairment, or they may have only cosmetic significance [36]. The most common 

causes of paediatric blindness have genetic aetiology though certain 

environmental toxins and teratogens (drugs or viruses) may also be included [37-

38]. Ocular abnormalities can be isolated or part of complex multisystem 

syndromes which in the latter case they can be harbingers of serious “hidden” 

abnormalities in other organs such as the heart, brain, or vascular system [39]. 

Due to the complexity of eye development with numerous opportunities for 

disruption, the range of structural eye malformation is diverse and encompasses 

anophthalmia (absent eye) to irregularly shaped pupils.  Anophthalmia together 

with microphthalmia and coloboma forms an interrelated spectrum of congenital 

eye abnormalities which are collectively referred to as MAC (Figure 1.4) [40].  

These structural abnormalities are classified as major congenital anomalies and 

are responsible for approximately 15% to 20% of paediatric blindness and severe 

visual impairment worldwide [40-42]. 

Anophthalmia 

Anophthalmia refers to absence of the ocular structures in an orbit as the result of 

a deficiency in the development of the primary optic vesicle, although adnexal 

elements are normal and rudiments of optic vesicle-derived structures can be 

found by serial histopathological sectioning [43]. The presence of ocular tissue 

remnant may suggest regression of a partially developed optic vesicle [8, 44]. 

Anophthalmia is rare, with an estimated incidence of 1 case per 100,000 live 

births [45-46] . This disorder is a serious problem not only due to the absent of an 
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effective eye, but also because it causes cosmetic disfigurement and psychosocial 

challenge in affected children. 

 

Different modes of inheritance are described for anophthalmia, including 

recessive, dominant, and X-linked, though many of these cases appear to occur 

more or less sporadically in the population [47]. Heritable causes of anophthalmia 

include chromosome abnormalities and single gene disorders. The non-Mendelian 

inheritance pattern of anophthalmia indicates that complex mechanisms are 

involved in the pathogenesis of the disease, including multigenic inheritance or 

environmental causes [48]. Environmental factors play a contributory role; 

according to a recent study, the frequency of this disorder appears to be dependent 

on geographic and ethnic variations. For instance the frequency of anophthalmia 

were lower in the United Kingdom than that quoted for other developed countries 

[49]. 

In 75% of cases, anophthalmia affects both eyes. In the remaining cases, where 

pathology is unilateral, patients with anophthalmia have a poor visual capacity of 

the fellow eye, perhaps due to the high incidence of associated developmental 

anomalies of the fellow eye [50]. In terms of association with systemic diseases, 

patients with unilateral anophthalmia tend to display ipsilateral facial anomalies, 

whereas patients with bilateral anophthalmia are characterised mainly by 

intracranial anomalies [50]. As mentioned before, anophthalmia may be isolated 

or associated with a broader syndrome (Table 1.1) [51-57]. Isolated anophthalmia 

is generally an autosomal recessive condition [58-59]. 



15 

 

Figure 1.3   Summary of transcription factors in early eye development, 

derived from Fuhrmann S, Curr Top Dev Biol  93:61-84 [60]. 

A. Factors from surrounding tissues regulate patterning of the neural retina and 

RPE in the vertebrate optic vesicle, which then expresses the specific transcription 

factors Vsx2 and Mitf, respectively. 

 

B. Invagination of the distal optic vesicle (presumptive retina) and the overlying 

lens placode results in formation of the optic cup and lens vesicle. 

 

C. RPE specification in mouse (early optic vesicle): the extraocular mesenchyme, 

induces Mitf expression in the entire optic vesicle. 

 

D. Retina specification in mouse and chick (late optic vesicle): subsequentially, 

activation of ERK, potentially through FGF secreted from the lens ectoderm, 

induces/maintains Vsx2 and Sox2 expression in the distal optic vesicle to promote 

retina development, which requires Vsx2 mediated suppression of Mitf. 

 

E. Invagination of the lens placode requires correct specification of the lens 

ectoderm that is dependent on Six3-mediated maintenance and activation of Pax6 

and Sox2, respectively. FGF and BMP signaling may be also required for lens 

induction. 

 

F. Maintenance of the RPE in the optic cup by several signaling pathways. 
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Table 1.1  Clinical Syndromes Associated with Anophthalmia  [61]. 

Syndromes # MIM Inheritance Characteristics in Addition to 

Anophthalmia 

Fryns 60076 AR Orofacial clefting, uterine 

abnormalities, ear abnormalities, 

neural tube defects 

Oculocerbral-

cutaneous 

164180 AD Orbital cysts, focal dermal 

hypoplasia, cerebral 

malformations, cleft lip/palate 

Lenz 

microphthalmia 

309800 X-linked Microphthalmos, mental 

retardation, distal limb 

abnormalities, microcephaly, 

orofacial clefting, tooth & 

skeletal anomalies, hearing loss, 

GU malformations, imperforate 

anus 

Matthew-Wood 601186 Sporadic Pulmonary hypoplasia 

Waardenburg 206920 AR Syndactyly/other distal limb 

abnormalities, mental 

retardation, skeletal anomalies 

14q22–23 del 607932 Sporadic Polydactyly, pituitary 

hypoplasia, ?SIX6 hemizygosity 

 605856  Growth & mental retardation, 

callosal agenesis, heminasal 

hypoplasia, atypical clefting, 

external ear abnormalities, 

 60092 Sporadic Esophageal atresia 
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Microphthalmia 

Microphthalmia refers to a small size of the ocular globe. This condition is more 

common than anophthalmia, having a birth prevalence of 3 per 100,000 live births 

[45-46]. The severity of the disorder is highly variable ranging from extreme 

microphthalmia, which is essentially very similar to anophthalmia, to those with 

almost normal eye [44, 62]. Extreme microphthalmia may result from failure in 

very early stages of embryonic life, at the time of optic cup formation. On the 

other hand, less severe microphthalmia may result from defects occurring at the 

time of optic fissure closure, as many cases of microphthalmia have been 

associated with coloboma. 

Microphthalmia is bilateral in most cases with the exception of isolated 

microphthalmia, which is usually unilateral. Asymmetric reduction of the volume 

of the eyes is common in bilateral cases [63]. Microphthalmia may represent a 

primary ocular developmental abnormality, or occur in association with 

syndromes that include non-ocular abnormalities such as cardiac defects, facial 

clefts, microcephaly, and hydrocephaly [36, 62].  Microphthalmia can be isolated 

or familial, or can occur in a number of single genes, chromosomal and 

multisystem malformation syndromes. For example about 25% of patients with 

microphthalmia/coloboma cases are associated with CHARGE syndrome 

(coloboma, heart defects, choanal atresia, retarded growth and development, 

genital malformations and ear anomalies) [43]. The empiric risk of recurrence in a 

sibling is 2% if both parents are unaffected and increases to 14% if one parent is 

affected.  
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Figure 1.4 Clinical representation of severe malformation of the eye including 

microphthalmia, anophthalmia and coloboma. 

A. Patient with left clinical anophthalmia and right microphthalmia, derived from 

Schneider A et al., Am J Med Genet A 149A(12):2706-15 [64]. 

B. Patient with left clinical anophthalmia and normal right eye, derived from 

derived from Schneider A et al., Am J Med Genet A 149A(12):2706-15  [64]. 

C. Microphthalmia and short palpebral fissure in infant with trisomy 13, derived 

from Guercio JR et al., Otolaryngol Clin North Am  40(1):113-40, vii  [39]. 

D. Left and right eyes of a patient with typical uveal colobomas. The right iris 

shows a full thickness defect inferonasally and a keyhole pupil while the left 

eye has a round pupil and only thinning of the inferior iris, derived from 

Traboulsi et al., Pediatric Ophthalmology 2009 [63]. 
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Coloboma 

Coloboma denotes ‘defect’ and is a term applied to a variety of eye disorders 

wherein a portion of the eye is absent due to failure of closure of the embryonic 

choroidal fissure [65]. Depending on the extent of involvement, iris, ciliary body, 

inferior choroid, and/or optic nerve head may be affected [66-69]. Eyes with 

coloboma are usually microphthalmic although they may be of normal size. In the 

area of defective closure, a cyst may form, producing microphthalmia with cyst 

[63, 67]. The relative sizes of the ocular globe and the cyst are variable and, on 

occasion, the cyst may be much larger than the ocular globe [62]. 

The incidence of coloboma depends upon the population studied ranging from 

0.75 in China [70], 2.6 in the USA [71], 0.7 in France [72], 0.5 in Spain [73], and 

0.41 in Hungary [74] per 10,000 births. Although in the overall this condition is 

rare, it comprises a significant proportion of blindness in children (up to 10% of 

blind children in Europe) [75]. 

As to pathogenesis, Chang et al. have proposed four mechanisms for coloboma 

(Figure 1.5). They explained that apposition (approximation of the two lips of the 

optic fissure) and fissure closure are two essential events that must occur normally 

during development. Thus, in a mutated developing optic cup with slower growth, 

the edges of optic fissure might not come close enough to fuse. Instead, a different 

mutation may affect cell-to-cell adhesion, preventing proper fusion even if the 

edges of optic cup were close enough [76]. 
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Figure 1.5  Embryonic eye development and the two processes required to 

avoid a coloboma: apposition and closure [76-77]. 

A. Embryonic eye development, derived from Mui SH et al., Genes Dev 

19(10):1249-59 [77]. 1 Optic vesicle evagination. 2. Optic cup formation. 3. Optic 

fissure closure. 

B. Apposition and closure, derived from Chang L et al., Curr Opin Ophthalmol 

17(5):447-70 [76]. 1. A poor apposition due to small size of the optic cup; a large 

coloboma in a small eye results. 2. Closure failure in a small optic cup; a small 

coloboma in a small eye results. 3. When optic cup has normal size but optic 

fissure fails to close; a small coloboma in a normal-sized eye results. 4. When 

there is variable degree of failure in optic fissure in a normal sized optic cup; 

variable-sized coloboma with variable eye size results. 

Abbreviation: vOS: ventral optic stalk , NR: neural retina, RPE: retinal 

pigmented epithelium, dOS: dorsal optic stalk. 
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Etiology of the MAC 

 

MAC is a very heterogeneous condition, exhibiting diverse patterns of inheritance 

and variable severity, with both genetic and environmental factors assumed to be 

the potential causes of the disease. Genetic causes may be due to major 

chromosomal abnormalities or mutations in a number of developmental genes. 

However, almost 60-70% of patients do not have an identified genetic etiology for 

their birth defect, which may suggest that new genes or pathways remain to be 

identified. 

Environmental causes of MAC 

Only 20% of congenital eye malformations are the result of Mendelian inheritance 

and the rest sporadic forms of MAC cases are of unknown aetiology [78-81]. A 

number of potential environmental causes have been predicted in the pathogenesis 

of the disease though there is only limited evidence in their support. Descriptive 

epidemiological studies have shown a marked geographical variation in the 

prevalence of congenital eye anomalies. The general pattern for these anomalies 

suggests that they are more common in Asia than Africa or Latin America. 

Although this might be related to genetic factors (e.g. consanguinity), the role of 

environmental factors or interaction between the two is also probable [81]. 

The strongest evidence in support for the role of environmental causes is maternal 

infections with, rubella [82], varicella [83], cytomegaloviruses [84] and 

toxoplasmosis [85]. There are also reasonable evidence to support a correlation 

between using thalidomide and alcohol during pregnancy on the one hand, and 
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manifestation of ocular abnormalities in infants, on the other hand [86]. For 

example up to 90% of children whose mothers have misused alcohol during 

pregnancy, show ocular manifestations [87]. Another important environmental 

cause of ocular abnormalities is maternal vitamin A deficiency. It has been shown 

that in South India, where 50% of women are suffering from vitamin A 

deficiency, 16% of infants are born with coloboma [88]. 

Heritable causes of MAC 

Although a significant genetic contribution to the aetiology of MAC is suspected, 

the identification of the molecular basis of these conditions has been shown in 

only a few cases where a detectable chromosomal abnormalities or a familial 

clustering of these conditions is observed [89]. Cytogenetic analysis and linkage 

mapping have provided some clue to where to look for the candidate genes. This 

has led to the identification of several loci and genes in association with MAC. 

The large number of potential candidate genes and loci indicates the genetic and 

locus heterogeneity of the diseases and the need for several intact genes and 

networks to achieve a normal eye development [89]. In addition to chromosomal 

abnormalities and single gene mutations, abnormal copy number variation can 

also contribute to the pathogenesis of the MAC [90-92]. 

Chromosomal abnormalities in A/M 

Causative chromosome aberrations, including aneuploidy, deletion, duplication 

and balanced de novo translocation, are found in an estimated 25-30% of MAC 

cases. The significance of these chromosomal anomalies is their help in 

identifying regions in which candidate genes for MAC can be found [40]. 
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Trisomy 13 (Patau syndrome), trisomy 18 (Edwards syndrome) and trisomy 9 

mosaic syndrome are the most common chromosome aneuploidies, which have 

been associated with anophthalmia/microphthalmia (A/M) and other eye 

anomalies [93-95]. Using conventional cytogenetic techniques various 

chromosomal rearrangements have been also reported in the literature, including 

del7p15.1–p21.1 [96] and del14q22.1q23.2 [97] - where SIX6 has been mapped to 

this region and identified as a possible candidate gene for anophthalmia [98]. In 

addition, several cases of microdeletion and microduplication have been reported 

by using microarray techniques, including deletion of 16p11.2  [99]and 16 

q11.2q12.2 [100] and duplication of 10q24.31 and 15q11.2q13.1 [90]. 

Monogenic causes of MAC 

A subset of heritable forms of MAC originates from mutations in particular genes 

[43]. These mutations display a high risk of familial transmission either in 

autosomal recessive or autosomal dominant patterns [101]. Thus far, several 

genetic mutations have been linked to MAC, amongst which the PAX6 gene was 

the first to be identified [22], though SOX2 is a major causative gene [102]. Other 

reported mutations associated with MAC include RAX gene leading to 

anophthalmia in humans [103], and loss of function mutation in the OTX2 and 

CHX10 genes related to microphthalmia [104].  Mutation in the above mentioned 

genes show a considerable phenotypic heterogeneity, either inter- or intrafamilial, 

indicating that additional genetic or environmental factors play a part in 

modifying the final ocular phenotype [105-106]. 
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SOX2 

Mutation in the gene SOX2 accounts for 4-20% of bilateral MAC cases [64, 102, 

107-109]. Although most individuals with mutation in SOX2 suffer from severe 

bilateral MAC, a wide range of ocular phenotypes has been reported, including 

unilateral A/M to cataracts, coloboma, papillary defects with hypermetropia and 

retinal dystrophy [64, 108-112]. These variable phenotypes of SOX2 mutation in 

human match different ocular phenotypes observed in the mouse with gene 

dosage allelic series of Sox2 mutations [110, 113]. Nevertheless, some individuals 

with SOX2 mutation but with no ocular phenotype have been also reported [114].  

SOX2 mutations typically follow autosomal dominant inheritance with most cases 

result from sporadic new mutation [115]. In some cases, familial recurrence has 

been observed -- even with clinically unaffected parents -- indicating the 

possibility of germ line mosaicism [116]. 

PAX6 

PAX6 was the first gene implicated in anophthalmia and perhaps the most 

extensively studied gene in the eye development. In human, heterozygous 

mutations are associated with aniridia, and rare cases with homozygous mutation 

have been observed in association with severe craniofacial abnormalities, 

anophthalmia and malformations of the nervous system [22]. Although PAX6 

mutations in anophthalmia cases are rare, a plausible collaborative role between 

PAX6 and SOX2 has been demonstrated [117]. PAX6 and SOX2 interaction drives 

formation of the lens placode through γ-crystallin, which is required for lens 

development [44, 117-118]. Therefore, it seems that failure in lens induction is the 
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primary cause of microphthalmia in patients with mutation in PAX6 and SOX2 

genes. 

OTX2 

OTX2 is another important transcription factor important for eye and brain 

development in vertebrates [104, 119-120]. Mutations in OTX2 contribute to 3% 

of MAC cases [91, 121] and can be associated with other systemic anomalies 

including growth retardation [122] and pituitary abnormalities [123-124]. In mice, 

homozygous deletion of Otx2 causes prenatal death and heterozygous mutation 

results in a range of malformation including anophthalmia, microphthalmia, 

holoprosencephaly, anencephaly and short nose [122, 125]. Similar to SOX2, 

affected individuals can inherit the disease from phenotypically normal parents 

due to mosaicism or incomplete penetrance [121]. 

RAX 

RAX, a conserved homeobox gene in vertebrate, has been shown to be important 

for eye development by regulation of retinal progenitor cell proliferation. 

Molecular analysis of 75 A/M cases led to the identification of a nonsense 

mutation in RAX in an individual with A/M and sclerocornea [103]. Since then, 

mutations in the RAX gene have been detected in other A/M cases as well as in 

patients with coloboma [126-127]. Systemic malformation is usually absent with 

RAX mutation except for two cases who were exhibited with septum pellucidum 

agenesis, cortical atrophy, optic nerve hypoplasia, hydrocephalus and congenital 

hip dislocation in addition to anophthalmia [101]. 
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CHX10 

CHX10 is required for the regulation of retinal progenitor cell proliferation, which 

is known to be important for eye development based on its pattern of expression 

and strong sequence conservation in vertebrates [28, 128-129]. Although CHX10 

was first described and identified in two families with non-syndromic 

microphthalmia, other ocular malformations have also been reported, including 

cataract, iris abnormalities, retinal dystrophy and coloboma [130-132].  To date, 

no extraocular finding is reported in CHX10 mutations [133]. 

TGF-β superfamily 

Recently mutation in members of TGF-β superfamily has been identified in 

patients with eye anomalies. GDF3 [134], GDF6 [135], and BMP4 [136] are 

examples of such genes, which regulate cell proliferation and death. In addition 

they can be involved in dorso-ventral patterning, bone formation and 

organogenesis [137-139]. 

The role of BMP4 in ocular disease was first described in two anophthalmic 

patients with de novo deletion of chromosome 14 (del14q22.3-q23.2 and 

del14q22.2q-q23.1) [48, 140] encompassing BMP4 and OTX2 genes. The 

following report of a patient with sclerocornea and congenital glaucoma who had 

deletion in BMP4 but not OTX2, suggested the involvement of BMP4 in the 

pathogenesis of MAC [141]. In mice, Bmp4 is important for lens induction and 

cooperate with Pax6 and Bmp7 during eye development. Heterozygote mice show 

a variety of ocular abnormalities including A/M due to failure in lens induction, 

anterior segment dysgenesis and optic nerve hypoplasia [48, 142]. 
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GDF6 is a member of growth and differentiation factor superfamily that acts 

through SMAD signaling [135, 143].  Implication of GDF6 in ocular disease was 

described in a patient with bilateral chorioretinal coloboma, who had a deletion in 

chromosome 8 encompassing GDF6 and 30 other genes [135]. Subsequent 

screening of 489 patients with MAC revealed four missense mutations [144]. 

Moreover, a recent study showed that GDF6 is mutated in 8% of MAC cases 

(4/50) [101]. In Gdf6 knockout mice, variable and asymmetric ocular defects have 

been observed, including optic cup excavation and microphthalmia [144]. 

GDF3, another member of BMP family, is also a key developmental regulator of 

eye formation. Recently, it has been shown that mutations in GDF3 contribute to 

1.5% of MAC cases, and knockdown of dvr1, an ortholog of GDF1/GDF3, in 

zebrafish cause ocular abnormalities [134]. 

Other significant genes 

There are also several other genes which have been associated with MAC (Table 

1.1). SIX6 was described in an anophthalmic patient with 14q22.3-q23 deletion as 

the candidate gene [98]. Interstitial deletion in this region was also reported in 

three other A/M families. Nevertheless, subsequent screening of 173 A/M cases 

did not identify any significant sequence alteration for this gene suggesting that 

mutation in SIX6 is not a frequent cause of A/M [145-146]. LHX2 is a 

transcription factor necessary for eye development [147]. In mice, it regulates the 

expression of other eye developmental genes such as Rax, Sox2, Chx10 and Otx2 

[148-149]. However, it seems that mutation in LHX2 is uncommon in human(s) as 

a recent genetic screening of 70 A/M patients did not detect any significant 
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variants [99].  SMOC1, which has been identified as a causative gene for 

Waardenburg anophthalmia syndrome, is another significant gene [150-151]. In 

addition, mutations in TMX3 [152], GLI2 [153], STRA6 [154-155], FOXE3 [156], 

HCCS [157], SHH [158-160] and BCOR [161] have been linked to the MAC 

phenotype. There are also some genes specifically linked to coloboma, such as 

VAX2 [162], PAX2 [163-165], SIX3 [166], PTCH [167], ZFHX1B [168] and 

MAF1 [169]. 

Copy number variation (CNV) 

The eye is a sensitive organ for gene dosage of several developmental genes, 

including BMP4, PAX6 and FOXC; increase or decrease in the level of expression 

in such genes causes ocular malformations [142, 170-171].  There is increasing 

evidence that gene copy-number variations are associated with several human 

disease -- including ocular abnormalities -- as well as disease susceptibility, which 

make these structural variants as significant as single nucleotide mutations in the 

study of human diseases [172]. 

An autosomal aneuploidy, named trisomy 21 or Down syndrome was one of the 

earliest structural copy number variations to be linked to a human phenotype 

[173]. Since then, several duplications or deletions that affect sizable chunks of 

chromosome were identified in association with a number of inherited disorders 

as well as in normal individuals [174]. The first genome-wide mapping of 

structural variation in the human genome, primarily, were carried out by Steve 

Scherer’s group and another by Michael Wigler’s group in 2006 using array-based 

comparative genomic hybridization approaches to measure the occurrence of copy 
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variants across the genome [175-176]. Both teams observed numerous 

submicroscopic chromosomal alterations in hundreds of places in the human 

genome, including areas coding for disease-related genes [175-176]. 

These quantitative genomic variants were eventually named CNVs and were 

defined as a segment of DNA larger than 1 kilobase presenting at a variable copy 

number as compared to a reference genome [175]. Altogether, CNVs cover 

approximately 12% of the human genome [175]. 

Importance of CNVs in relation to human diseases was proven by showing the 

fact that almost 300 known disease causing genes overlapped with CNVs [175]. 

Upon these findings, scientists immediately began to speculate that CNVs might 

have phenotypic consequences and be associated to certain diseases. In some 

cases, this association was discovered by searching for CNVs in known disease 

causing genes, such as α-synuclein in Parkinson disease or APP in familial 

Alzheimer’s disease [177-179]. There are also some cases of CNVs that was 

discovered by association studies including CNV in chemokine ligand 3-like 1  

(CCL3L1) and increased risk of HIV-1 infection, rheumatoid arthritis and diabetes 

[180-181]. Similarly, copy number variations were identified with spinal muscle 

atrophy and DiGeorge syndrome [182]. 
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Table 1.2  Proposed list of candidate genes for anophthalmia, 

microphthalmia and coloboma, derived from Raca G et al. Mol Genet Metab 

100(2):184-92 [183]. 

 

Implicated in 

syndromic 

anophthalmia, 

microphthalmia 

and coloboma 

Implicated in 

non-syndromic 

anophthalmia, 

microphthalmia 

and coloboma 

 

Code for 

proteins on 

the SHH 

signaling 

pathway 

Code for 

proteins on the 

WNT signaling 

pathway 

Other 

DPYD, SIX3, 

RAB3GAP, 

ZFHX1B, ALG3, 

PITX2, 

POMT1, 

KIAA1279, RBP4, 

PAX2, PAX6, 

PTPN11, 

CREBBP, SALL1 

NDP, MKS1, 

SALL4, 

PQBP1, BCOR, 

PORCN, IGBP1, 

FLNA, CHD7, 

CC2D2A, HMX1, 

CLDN19, LRP2, 

TFAP2A, IGBP1, 

IKBKG, 

B3GALTL, GDF6, 

SOX2,OTX2, 

JAG1, 

BMP4, MITF, 

HESX1 

CHX10, MAF, 

SIX6, RAX, GDF3 

GLI2, GLI3, 

SMO,VAX1, 

VAX2, SUFU, 

DRM, SHH, 

PTCH 

DVL1, WNT1, 

WNT16, 

WNT5A, 

WNT5B, 

WNT7B, 

WNT7A, 

WNT2, 

WNT8A, 

WNT10A, 

WNT6, 

WNT8B, 

WNT3, 

WNT3A, 

WNT9A, 

WNT9B, 

WNT11, 

WNT4, 

WNT2B, LRP5, 

LRP6, FZD6, 

FZD9, FZD2, 

FZD1, FZD7, 

FZD5, FZD10, 

AXIN2, 

GSK3A, APC, 

CTNNB1, 

CER1 

CRYAA, CRYAB, 

CRYBA1, 

CRYBA2, 

CRYBA4, 

CRYBB1, 

CRYBB2, 

CRYBB3, 

CRYGA, 

CRYGB, CRYGC, 

CRYGD, CRYGS, 

CRYZ 

SOX10, ZNF703, 

ZNF503 

CRX, 

FOXG1,BMP7, 

CHD2, 

DLX1, DLX2, 

TBX2,TBX5, 

FGF8, 

HES1, LHX1 

40 loci 4 loci 8 loci 32 loci 28 loci 
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CNVs are speculated to cause diseases through several mechanisms, as shown in 

Figure 1.6. First, CNVs can result in insertion or deletion of a dosage sensitive 

gene, which in turn causes alteration in gene expression. A recessive allele, which 

is not normally expressed, may also become unmasked due to deletion of the 

normal allele (Figure 1.6.A). Structural variants can also disrupt the expression of 

a gene through inversions, deletions, or translocations (Figure 1.6.B). In addition, 

structural variants can affect a gene's expression indirectly by altering the 

potential regulatory elements of a gene which is called “position effect” (Figure 

1.6.C) [184-185]. 

In keeping with the association of CNVs and human diseases, sensitivity to 

dosage changes of key regulatory genes, have been reported in some cases of 

severe abnormalities of the eye [142, 170-171, 186]. Dosage sensitive genes 

might be signaling molecules whose function depends on partial or variable 

occupancy of a receptor, or transcriptional regulators which are needed in quantity 

in rate limiting steps in developmental events [187]. 

Eye development has shown to be extremely sensitive to change in dosage of 

PAX6 gene; either a too low or too high level of this gene results in abnormalities 

of the eye [170, 188]. Heterozygous mutations in Pax6 cause Small eye (Sey) 

phenotype in the mouse [23, 171, 189], and Peters’ Anomaly and aniridia in 

humans which is characterized by a varying degree of iris hypoplasia, corneal 

opacification, cataract and glaucoma [190-191]. 
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Figure 1.6  Influence of structural variants on phenotype, derived from Feuk L 

et al., Nat Rev Genet 7(2):85-97. A. Duplication or deletion event encompassing 

dosage-sensitive genes can cause disease (upper panel; a deletion is shown here). 

Alternatively, deletion of a gene can unmask a recessive mutation on the 

homologous chromosome (lower panel). B. Inversion (upper panel), translocation 

or deletion (lower panel) can disrupt expression of a dosage-sensitive gene. C. 

Structural variants that are located at a distance from dosage-sensitive genes can 

affect expression through position effects [184]. 
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Homozygous PAX6 knockout mice exhibit anophthalmia and severe brain 

abnormalities; they die shortly after birth. Homozygous PAX6 mutations in human 

are rare but exhibit a phenotype very similar to one in Pax6 null mice [22, 192].  

In addition, mice that carry multiple copies of PAX6 on a wild-type background 

were found to have eye abnormalities which highlight the need for a correct gene 

dosage for normal eye development [188]. Similarly, microscopic or 

submicroscopic deletions of both PITX2 and FOXC1 as well as duplication of 

6p25 encompassing FOXC1 are known to cause Axenfeld-Rieger malformations 

(ARM) affecting structures in the anterior eye segment [186, 193-195]. 

Copy number variation studies have also been used to identify loci for congenital 

eye malformations, including deletion of 8q12 in CHARGE syndrome and 

identification of CHD7 [196], 8q21.2-q22.1 deletion in a patient with 

chorioretinal coloboma and the discovery of GDF6 [135]. Also a 2.7 Mb deletion 

at chromosome 18q22.1in a microphthalmic patient, and 6p24.3 deletion in 

branchio-oculo facial syndrome led to the identification of TMX3 and TFARP2A, 

respectively [152, 197]. 

A recent study reported the use of comparative genomic hybridization to detect 

copy number abnormalities in genes responsible for MAC. In a cohort of 32 

patients, they detected 7 nonpolymorphic copy number changes, amongst which 

the duplication in PAX2 gene in a patient with renal coloboma seemed to be 

associated with the patient’s phenotype while the rest of the changes appeared to 

be clinically insignificant [90]. 
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Genetic approaches to identify disease genes in MAC 

As described in the previous section, the molecular basis of MAC is still poorly 

understood, although a large genetic component is suspected in the aetiology of 

MAC. In order to understand the mechanisms underlying the molecular basis of 

these disorders, an important step is to identify the entire set of disease-associated 

genes. A variety of approaches have been used in the attempt to map and identify 

genes causing MAC, including linkage analysis, candidate gene screening, and 

homozygosity mapping. Each of these methods has its own strengths and 

weaknesses. 

Linkage mapping 

Despite genetic and phenotypic heterogeneity, linkage analysis has been 

extensively used in the identification of several potential DNA regions for MAC 

cases where these disorders segregate in a Mendelian fashion. Examples are 

mapping syndromic clinical anophthalmia to 15q23-q25.1 locus and discovery of 

STRA6 [198], mapping bilateral microphthalmia, cataract, and coloboma to 

14q24.3 locus and discovery of CHX10 [199], and linkage to Xp21.2-p11.4 loci in 

a family with Lenz microphthalmia syndrome and identification of BCOR [200-

201]. 

This technique basically looks for the cosegregation of alleles for genetic markers 

with a disease phenotype in a family (Figure 1.7). If two markers were close 

together, a recombination event would be unlikely to separate them through 

meiosis; thus, these markers tend to be transmitted as a block through a pedigree. 
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In order to yield positive results in linkage scan, at least 10 informative meioses is 

required. A meiosis is informative if it can be identified whether or not the gamete 

is recombinant. The proportion of gametes that are recombinant is called 

recombination fraction (θ) which can vary between 0 and 0.5 in case of complete 

linkage and no linkage, respectively. 

 

 

 

Evidence for or against linkage between a disease locus and a marker can be 

statistically estimated by the logarithm of the odds (LOD score) which is 

calculated as the ratio of obtaining the test data if the two loci are indeed linked, 

to the likelihood of observing the same data purely by chance. Positive LOD 

scores (>3) favor the presence of linkage, whereas negative LOD scores (<-2) 

indicate that linkage is less likely. 

 

Performing linkage analysis requires genetic markers, which are polymorphic 

DNA sequences with known location on a chromosome, to enable us to follow a 

chromosomal segment through a pedigree. Different types of genetic marker are 

available (Table1.1), but microsatellite markers and single nucleotide 
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polymorphisms (SNP) are commonly used because they can be scored easily and 

cheaply using readily available material (e.g. blood cells). 

Linkage studies being performed on two markers at the same time, refers to two 

point linkage analysis which is a first step in the detection of potential disease 

loci. Since the chromosomal segments identified by two point analysis are fairly 

large, multipoint linkage analysis can be used to evaluate the linkage of multiple 

markers to a disease in a previously identified locus [202]. If these calculations 

are carried out under the assumption of a specific mode of inheritance for the trait 

locus, linkage analysis is referred to as parametric. In contrast, non-parametric 

linkage analysis does not require a genetic model and is based on shared 

chromosomal segments in affected individuals. 

Pitfalls of linkage analysis 

Linkage analysis is standard method for identifying disease gene; however, it may 

run into problem. The major pitfalls are: 

• Prone to error: errors can happen during sampling, genotyping, evaluating the 

phenotype, assumption of the mode of inheritance and the presence of genetic 

and locus heterogeneity. 

• Pedigree size limitation: The resolution of linkage mapping is limited by the 

number of available meioses. For example in a simple autosomal recessive 

disease each affected individual contributes ~ 0.3 to the LOD score, so 

requiring at least 10 informative meioses to obtain LOD score of 3 (Table 1.2) 

[203].
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Figure 1.7   Schematic presentation of the concept of linkage mapping, 

derived from Lidral AC et al., Birth Defects Res A Clin Mol Teratol 

70(12):893-901. A hypothetical marker co-segregate with the disease status in 

this family, as shown by the occurrence of the 1 allele in all affected 

individuals and never in any of the unaffected individuals [204].  Black circles 

or squares represent individuals with the disease phenotype. White circles or 

squares represent unaffected individuals. 
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Table1.3 Development of human genetic markers. (Strachan and Read 

2004). 

Type of marker No. Of Loci Features 

Blood groups (1910-1960) ~ 20 May need fresh blood, rare antisera 

Genotype not always inferred from 

phenotype because of dominance 

 

Electrophoretic mobility variants of 

serum proteins (1960-75) 

~30 May need fresh serum, specialized 

assays, limited polymorphism 

 

HLA tissue types (1970-) 1 (Haplotype) One linked set, highly informative, 

can only be tested for linkage to 

6p21.3 

 

DNA RFLPs (1975-) > 105 (potentially) Two allele markers, maximum 

heterozygosity 0.5, initially required 

Southern blotting but no PCR, Easy 

physical localization 

 

Minisatellites (VNTRs) (1985-) > 104 (potentially) Many alleles, highly informative, type 

by Southern blotting, easy physical 

localization, tend to cluster near end 

of chromosomes 

 

Microsatellites (STRs) (1989-) > 105 (potentially) Many alleles, highly informative, type 

by automated multiplex PCR, easy 

physical localization, Distributed 

throughout genome 

 

Single Nucleotide Polymorphisms 

(SNPs) 

> 4 x 106 Less informative than Microsatellites, 

Can be typed on a very large scale by 

automated equipments without gel 

electrophoresis 
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Table 1.4  Number of phase-known, fully informative meioses needed to 

detect linkage at various value of recombination fraction θ [203]. 

 

θ Number of informative meiosis 

needed for LOD = 3 

Expected LOD per meiosis 

0.00 10 0.30 

0.01 11 0.28 

0.02 12 0.26 

0.05 14 0.21 

0.10 19 0.16 

0.20 36 0.08 
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Candidate gene approach 

As opposed to linkage mapping, which is an unbiased search of the entire genome 

without any knowledge of the underlying mechanisms of the disease, candidate 

gene approach look for certain genes based on their expression pattern and/or 

their known biochemical functions in association with the biology of the disease 

being investigated [205]. Examples of candidate genes that are likely to be 

implicated in human eye disease are SIX6 [146], HES1[206], RX [126], and the 

EYA [207] which primarily identified through their function in mammalian eye 

development. Nevertheless, there are some exceptions in that some genes may 

have different function in different species. For example, mouse mutants for Mitf 

are microphthalmic, but mutation in orthologous gene in human causes 

Waardenburg syndrome [208-209]. Likewise, there are too many genes with 

plausible function in eye development while there are no valid selection criteria. 

Therefore, this approach would not be the best one in identification of novel genes 

in MAC [45]. 

Homozygosity mapping 

Homozygosity mapping in consanguineous families was proposed in 1987 and is 

a strong method for locating the genes associated with rare recessive diseases 

especially when families available for study are limited in number and size [210]. 

The idea behind the homozygosity mapping is that the offspring of 

consanguineous unions inherit both copies of pathogenic allele from a single 

common ancestor (Figure 1.8). In addition to the disease allele, autosomal DNA 

regions in the vicinity of the mutation are likely to be homozygous by descent too. 
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This makes it possible to map the disease locus by genome-wide searching for the 

regions of the genome that are homozygous in all affected individuals or identical 

by descent (IBD) [211]. 

The use of this theory in practice awaited the construction of the first whole 

genome map of microsatellite which led to the successful mapping of the disease 

loci for Friedreich ataxia and alkaptonuria to 8q and 3q2, respectively. Recently, 

the development of high density SNP platforms has provided an extremely simple 

and quick way to map autozygous segments, consequently, paved the way for 

identification of several disease-related variants [212]. 

 

To consider any homozygous segment as IBD, the size of the segment and the 

density of the marker within that region do matter. Evidently, any two copies of 

the DNA segment might be homozygous without being reflective of a common 

ancestor. These segments are called identical by state (IBS) and might be 

independently introduced to the genetic pool of the population. In order to 

distinguish between IBD and IBS, most homozygosity mapping programs use the 

threshold of 1 megabase (Mb) for the size [213]. This is because the probability 

for a segment to be homozygous only by chance is adversely correlated with the 

size of that segment. Likewise, the number and the level of heterozygosity of the 

markers are important. For example, a segment with only one marker with the 

heterozygosity of 0.5 has a 50% chance of being homozygous by chance in any 

two individuals in the population. On the other hand, 3 markers with 

heterozygosity of 0.25 would be expected to be homozygous by chance with the 
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Figure 1.8  Schematic presentation of the concept of identical by descent 

derived from Alkuraya FS et al., Genet Med 12(12):765-71. The pedigree 

showing a first-cousin marriage producing a child affected with a recessive 

disease, due to homozygosity by descent for a disease-causing allele [213]. 
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probability of (1- 0.25) (1- 0.25) (1-0.25) = 42%. Therefore, markers with low 

levels of heterozygosity can be informative at high density. The fact that SNPs are 

highly frequent in the genome, with a range of 10
4
-10

6
, as compared to ~ 400 

microsatellite panel, has made them a preferred choice for markers despite their 

low level of heterozygosity [211, 213]. 

How much coverage is required? The answer depends on the degree of 

consanguinity of the family being studied. If the mutation is introduced in a 

pedigree very early, recombination events might lead to breakage of the ancestral 

haplotype, therefore, higher density of markers is required to capture such a 

segment [214-216]. For example if we take 5% as cut-off for type I error, one 

would need 41 consecutive homozygous SNPs (with accepted heterozygosity of 

0.35) on a 250,000 platform (which is equal to 0.5 Mb of DNA) to call a 

homozygous segment reliable (1-0.35)
 x

 250,000= 0.05, X= 41. Nevertheless, this 

equation is correct if SNPs segregate independently but it is not due to linkage 

disequilibrium indicating that SNPs that are close together are likely to segregate 

together [217]. Therefore, 1-2 Mb cut-off is usually considered as a realistic 

sensitivity in homozygosity mapping [215, 218]. 

Limitations of homozygosity mapping 

While homozygosity mapping is an efficient approach for mapping recessive 

genes in inbred families, the presence of both genetic and allelic heterogeneity 

might complicate the analysis and lead to false positive results [219-226]. As a 

case in point, Benayoun et al. (2009) reported the failure of homozygosity 

mapping in detection of causative loci in two extended families with retinitis 
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pigmentosa (RP). In one family, they failed to find any shared homozygous 

genomic interval among three affected siblings. However, analysis of all known 

loci for RP revealed that all three individuals were compound heterozygote for 

CRB1 gene, indicating the presence of allelic heterogeneity. On the other hand, in 

the second family haplotype analysis around the known loci for RP revealed 

homozygous mutation in RDH12 but only in 14 of 17 affected individuals, which 

indicates the presence of genetic heterogeneity [220]. For some diseases, such 

heterogeneity may occur even within the same consanguineous family [226]. 

 

Moreover, it is important to know the degree of relatedness of the family under 

study because it has been shown that the presence of hidden consanguinity in a 

pedigree would result in a higher degree of homozygosity than expected based on 

the degree of relatedness of the parents [227]. In some cases, background 

inbreeding information is not reflected in the abbreviated pedigrees which can 

potentially lead to the identification of false positive loci and reduces the 

significance of the LOD score calculations [228-230]. 

Similar to linkage studies in small families, homozygosity mapping can detect 

several large intervals some of which may be unrelated to the disease [213]. These 

IBSs intervals can be problematic especially when dealing with smaller segments, 

because as mentioned earlier, the length of homozygous regions are inversely 

correlated with the probability of sharing two haplotypes by chance [215]. 

Regardless of the IBD or IBS status of the identified putative intervals, these 

blocks may contain hundreds of genes, amongst which the identification of 
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causative variants requires extensive in silico analysis of candidate genes in the 

region. Nevertheless, the usefulness of these bioinformatics tools in real time is 

limited due to our incomplete understanding of the human biology [213, 231-

233]. 

Aim of the study 

We recently ascertained a consanguineous family in which several individuals are 

affected by anophthalmia. We hypothesized that the phenotype of affected 

siblings is suggestive of a rare autosomal recessive disorder and used Single 

Nucleotide Polymorphism (SNP) arrays to genotype family members.  The aims 

of the research presented in this thesis were: 

1. To identify disease-loci for anophthalmia in this pedigree by performing 

large-scale homozygosity mapping and to find candidate gene(s) 

implicated in this disorder by mutational analysis. This work is described 

in chapter 2. 

2. To investigate copy number changes in the genome of affected individuals 

and to determine the significance of genes contained within the affected 

genomic regions. This work is described in chapter 2. 

3. To investigate the presence of all possible exonic variants in the genome 

of one affected individual by exome sequencing. This work is described in 

chapter 3. 

4. An overview of the findings, some limitations of this study and future 

directions are discussed in chapter 4. 
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Summary 

 

Purpose: Anophthalmia is a heterogeneous developmental disorder characterized 

by absent eyes whose diverse etiology encompasses chromosomal and monogenic 

aberrations, as well as environmental causes. Since the molecular basis has been 

defined in only a small proportion of cases and extending this offers potential to 

enhance understanding of key steps in ocular development, a consanguineous 

anophthalmic pedigree was investigated using homozygosity mapping. 

Methods: DNA samples from six individuals, two anophthalmic, were genotyped 

with an array featuring approximately 620,000 single nucleotide polymorphisms 

(SNPs) in order to identify homozygous or copy number variant (CNV) regions. 

Candidate genes located in regions of identity by descent (IBD) defined by 

homozygosity mapping were subsequently screened by direct sequencing. 

Results: Genotyping identified five homozygous intervals (4q26-28.1, 13q12.11, 

14q22.1-22.2, 15q26.2-26.3 and 19q13.12) larger than 1 Mb that do not 

correspond with the known loci and which contain a total of 205 annotated genes. 

No CNVs were identified that segregated with the disease phenotype, and 

sequencing of 5 candidate genes (PRDM5, FGF2, SOS2, POU2F2 and CIC) did 

not identify any mutations. 

Conclusions: Although constrained by the pedigree’s size, the homozygosity 

mapping approach employed in this study extends the locus heterogeneity of 

anophthalmia. The results indicate that a novel molecular cause remains to be 

determined in this pedigree with the causative gene likely located within one of 

the five IBD regions. 
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Introduction 

 

The human eye develops through a coordinated series of embryonic events 

beginning with formation of the optic vesicle prior to closure of the neural tube. 

The proximity of the optic vesicle to the surface ectoderm first induces formation 

of the lens placode with subsequent interaction between the optic vesicle and lens 

placode resulting in invagination and formation of the double-layered optic cup. 

The lens vesicle is formed by detachment of the lens placode from the surface 

ectoderm, and closure of the fissure in the optic cup’s ventral axis permits 

creation of the future spherical globe [1-2]. Perturbation of any of these steps 

results in a spectrum of disorders encompassing microphthalmia (small eyes), 

anophthalmia (absent eyes), and coloboma, hereafter referred to as MAC [3-4]. 

Although the prevalence of MAC is low (30 per 100,000 births), they represent 

important causes of pediatric blindness and are present in up to 13% of such cases 

[5-10]. 

 

Colobomata arise from defects in optic fissure closure and their variable severity 

is reflected in the range of different tissues involved, including iris, lens, retina, 

and optic nerve [11-12].  Similar to colobomata, the precise mechanisms 

underlying microphthalmia and anophthalmia are incompletely understood. 

Defects in steps prior to optic cup formation as well as degeneration of the optic 

vesicle have been proposed to account for anophthalmia [3], and in keeping with 

the profound phenotype, it is presumed that perturbation of early and critical 
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ocular developmental steps may result in completely absent eyes or rudimentary 

cysts [3, 8]. 

 

The etiology of MAC is complex with both environmental and genetic factors 

involved [9, 13]. Environmental causes of altered intrauterine eye development 

include viral infection (rubella [14], varicella [15] and cytomegalovirus [16]),  

vitamin A deficiency [17], and exposure to alcohol, warfarin or thalidomide [18], 

during early pregnancy [13]. However, heritable factors are thought to underlie 

the majority of MAC cases with a 10% sibling recurrence risk identified in a large 

population based study [5]. The spectrum of genetic anomalies includes: 

karyotypically-visible chromosomal abnormalities (e.g. trisomy 13 [19] and 18 

[20] being the most frequently observed), smaller copy number variations, as well 

as gene mutation [8], and at the present time the genetic basis of ~ 15-20% of 

MAC cases has been identified. 

 

Some two thirds of MAC cases arise sporadically, while the remainder show 

evidence of familial recurrence. The phenotype may be restricted to ocular mal-

development, or alternatively be syndromic with systemic malformations that can 

include: cardiac defects, facial defects, microcephaly and hydrocephaly [5-6, 21-

22]. The marked phenotypic heterogeneity is illustrated by unilateral or bilateral 

cases, as well as frequent incomplete penetrance [23]. A broad range of 

inheritance patterns have been documented including autosomal recessive [24], 
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dominant [21], and X-linked inheritance [25], although in the majority of cases 

the inheritance is undetermined [5, 8]. 

 

Several loci associated with MAC have been identified including six for isolated 

microphthalmia (MCOP1-6), ten for syndromic microphthalmia (MCOPS1-10) 

and twenty seven for coloboma [26]. So far, genetic studies have identified 

mutations in 20 genes in rare syndromic or isolated forms of MAC (Figure 2.2), 

including SOX2 [27], OTX2 [28], PAX6 [29], CHX10 [30], BMP4 [31], CHD7 

[32], RAX [33] GDF6 [34], GDF3 [35], FOXE3 [36], and SMOC1 [37] . 

However, since mutations in the known genes underlie <20% of cases, the 

majority of patients have an unidentified genetic etiology [27]. 

 

Characterization of mutations in developmental disorders such as MAC is 

important for the insight it provides into key steps in eye development and for 

revealing the genetic basis of congenital ocular malformation. In addition, 

identification of causative genes for  rare disorders can serve as a model for 

understanding systemic diseases [38], as illustrated by IFR6 (interferon regulatory 

factor 6) in which variants both cause van der Woude syndrome, a rare disorder 

characterized by lower lip pits, orofacial defects and hypodontia (prevalence 

1/100 000), as well as cleft lip (prevalence 1/700) [39].  Such examples highlight 

the possibility that milder variants in MAC-causing genes may result in less 

extreme phenotypes, and thus identifying such genes may provide insight into a 

range of ocular diseases. 
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Human disease genes have been identified with a variety of methods including 

linkage analysis [40], genome-wide association studies [41], homozygosity 

mapping [42], and candidate gene screening [43]. Each technique has relative 

advantages and disadvantages as illustrated by linkage analysis, which relies on 

co-segregation of genetic markers with a disease phenotype, and in turn requires 

large pedigrees. In a dominantly inherited disorder, each informative meiosis 

would contribute a maximum LOD score of 0.3, necessitating at least eleven 

informative meiosis events to produce significant linkage [44]. In contrast, 

homozygosity mapping takes advantage of consanguineous relationships [42], 

utilizing the principle that the chromosomal segment surrounding the disease-

causing variant is present in both the maternal and paternal alleles and thus 

manifests as homozygous interval. These intervals, which are termed identical by 

descent (IBD) [42], are readily detectable by genome-wide analysis with either 

microsatellites markers or increasingly high-density SNP microarrays [45]. 

Homozygosity mapping has been widely used to map a variety of ocular [46-50] 

and non-ocular disorders [51-56], and due to its requirement for much smaller 

pedigrees, provides an effective means of identifying recessive loci. 

 

The goal of this study was to map homozygous regions in a consanguineous 

anophthalmia pedigree and subsequently find the causative mutation. With 

analyses performed to identify the causative locus, several IBD regions were 

defined and promising candidate genes within them were screened for mutation. 



77 

 

Material and methods 

 

Genotyping: Genomic DNA from the six family members was extracted from 

venous blood samples using standard methodology (QIAGEN GmbH, Hilden, 

Germany). Genotyping was subsequently performed using the Illumina Infinium 

HD Human610-Quad BeadChip comprising 592,000 SNPs and 28,000 non-

polymorphic copy number variation probes (intensity only), covering most of the 

common SNPs and CNVs with median marker spacing of 2.7 kb (Illumina, Inc. 

San Diego, CA, USA) (Figure 2.1) . All the samples were typed using bead array 

technology (deCODE genetics Inc., Reykjavík, Iceland). Briefly, 1,125 ng 

genomic DNA is incubated for 20 to 24 hours at 37 
0
C for whole genome 

amplification. Amplified DNA is fragmented, precipitated and resuspended before 

hybridization to Human610-Quad BeadChip containing 50‐mer capture probes 

to SNP loci for 16−24 hr at 48°C.  After hybridization of the target to the bead, 

single base extension followed by signal amplification utilizing Tecan instruments 

is used for scoring SNPs [57]. Intensity data for all samples is analyzed with 

GenomeStudio genotyping module (Illumina Inc., San Diego, USA). This study 

was approved by the University of Alberta Hospital Health Research Ethics 

Board, and informed consent was obtained from all participants. 

 

MRI imaging: cerebral MRI images, including orbital sections, were obtained 

from one affected individual on a 3T Trio scanner (Siemens) with image 

processing performed with FMRIB software (FLS). 
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Figure 2.1 SNP genotyping on DNA arrays workflow (taken from illumina 

website). 
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Ocular histology: Tissue removed intra-operatively during the implantation of an 

orbital prosthesis was fixed in 10% neutral buffered formalin and embedded in 

paraffin for histological analysis. Sections were stained with haematoxylin and 

eosin and examined using light microscopy. 

 

Homozygosity mapping: SNP data were analyzed using GenomeStudio (Illumina 

Inc., San Diego, USA) with identified non-Mendelian errors, excluded from 

analysis [58]. Homozygosity mapping analysis was next performed with 

PLINKv1.02 and analysis restricted to regions of homozygosity > 1 Mb in size 

and containing > 100 consecutive homozygous SNPs. To allow centromeric and 

SNP-poor regions to be algorithmically excluded from analysis, at least 1 SNP / 

50 kb was required for defining a homozygous run. The autosomes were scanned 

for homozygosity using these criteria, with at most five missing genotypes and 

one heterozygote call permitted per run of homozygosity. The total percentage of 

the genome included in runs of homozygosity (ROHs) for each individual was 

calculated by dividing the sum of homozygous length by a factor of 2,788, which 

represents the extent of the autosomal SNP coverage on the Illumina 610-Quad 

SNP array. 

 

CNV analysis: CNV detection was performed with software that analyzed the ‘B-

allele frequency’ (allelic intensity ratios) and ‘Log R ratio’ (normalized total 

intensity) data for each individual simultaneously (Figure 2.2) (GenomeStudio, 

Illumina Inc., San Diego, USA).  The B allele frequency represents the ratio of 
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values for the two alleles at each SNP as determined by the hybridization intensity 

of the fluorescent dyes used (Cy5 (green) A allele; Cy3 (red) B allele). The total 

fluorescent intensity signal provided by the copy number and SNP data is used to 

calculate the log of the observed to the expected intensities (log R ratio). Any 

deviation from zero (log21) provides evidence of copy number changes, with for 

example, a log R ratio of approximately -1 (log2 of 50% signal decrease = -1) 

expected with a hemizygyous deletion. 

 

Linkage analysis: Two-point LOD scores were calculated using a PERL script for 

two-/multi-point linkage analyses (easyLINKAGE), assuming an autosomal 

recessive inheritance, full penetrance, and a disease allele frequency of 0.001 as 

the default option of the program [59]. 

 

In silico analysis: To determine which of the several regions identified by 

homozygosity mapping contained the causative gene, selected candidates were 

evaluated based upon their expression patterns [60], known ortholog function 

[61], as well as homology from syntenic regions in multiple model organisms 

(murine [62], zebrafish [17] and Drosophila [63]). 

 

DNA sequencing: After prioritization of candidate genes, primers were designed 

to amplify exons and splice sites (http://primer3.sourceforge.net), with sequences 

and PCR conditions listed (Supplementary Table 2.1). Amplicons were sequenced 

on an ABI Prism 3100 capillary sequencer (Applied Biosystems, Foster City, CA, 

USA) and analyzed using Sequencher 4.5 (GeneCodes, Madison, WI, USA) 
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Figure 2.2 Schematic representation of known MAC loci (red) with the 

causative genes shown together with IBD intervals identified by homozygosity 

mapping (blue) – note PITX2 and OTX2 lie 3.12 Mb and 4.5 Mb respectively 

from the start of their respective homozygous intervals. Inset below, the critical 

intervals on chromosomes 4, 14 and 19 where candidate genes selected for 

analysis are depicted (bold) [64] (chromosome ideogram is taken from web: 

http://www.biologia.uniba.it/rmc/0-internal-images/z-ideograms/ideograms.html). 
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Figure 2.3 SNP data illustrating extended region of homozygosity on 

chromosome 15q26.2-15q26.3 with homozygous regions indicated by gray 

shading, taken from [64]. Each panel comprises two plots: upper (B allele 

frequency) of individual genotypes (AA, BB or AB); lower (log R ratio) of copy 

number data for each SNP. The absence of AB genotypes across a large region 

(shaded), in the absence of altered copy number, indicates a region of 

homozygosity. 
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Results 

 

The parents are healthy first cousins of Kurdish extraction, of normal intelligence 

and with 20/20 vision. Their ocular examination was unremarkable, as was that of 

the two unaffected children (also 20/20 acuity with normal corneal diameters). In 

contrast, the proband who was born in Iraq following an uncomplicated 40 weeks 

gestation, was noted to have anophthalmia. An MRI examination, at the age of 9 

years, demonstrated that in addition to empty orbits, part of the intra-orbital optic 

nerves were absent and the chiasm was hypoplastic (Figure 2.4). A second 

affected male born at 38 weeks (in Canada) was noted, during surgery to implant 

a prosthesis, to have a small residual orbital cystic structure that was removed and 

subsequently analyzed histologically. Although no recognizable structures were 

evident macroscopically, histological sections revealed a dense collagenous wall, 

lined by a thick disorganized layer of retinoglial tissue (Figure 2.5).  Some 

sections exhibited associations of epithelium and pigment containing cells with 

loose fibrovascular tissue suggestive of uveal tissue; however, there was no 

evidence of lenticular or corneal development (Figure 2.5). 
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Figure 2.4  Axial cerebral MRI images illustrating bilateral absent globes 

together with absence of part of the intraorbital optic nerve (arrow) and a 

hypoplastic optic chiasm in one affected individual (A) compared to normal (B). 

Taken from [64]. 
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Figure 2.5    Histological features of patient's excised congenital orbital cyst 

demonstrating rudimentary ocular tissues, taken from [64]. In contrast to the 

normal anatomy of the ciliary body (A), retina (asterisk), RPE (arrowhead), and 

choroid (double asterisk) (B), and ciliary process (arrowhead) (C), the patient's 

orbital cyst exhibits a cyst wall with vascularized connective tissue (asterisk) in 

dense fibrous tissue (double asterisk) and neuroglial structures (arrowhead) (D) 

with a layer of pigmented epithelial cells resembling choroid and RPE (E). In 

addition, neuroglial tissue is present with one distinct retinal layer (arrowhead) 

but without any recognizable ganglion cells or photoreceptors (F, G). An 

additional feature is the presence of neuroepithelial processes (arrowhead) in 

connective tissue with adjacent adipose tissue (H, I). [All sections stained with 

hematoxylin-eosin and imaged at the following magnifications: x40 (B); x100 (D, 

F, H); x200 (A, C, I); x400 (E, G) 
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SNP analysis identified 169 homozygous tracts > 1 Mb in length, comprising 11 

to 37 segments per individual. Notably the parents had lower levels of 

homozygosity than their children (Table 2.1A), with parental homozygosity 

(≤1%) being substantially less than that observed in the unaffected or affected 

offspring (3.4-4.4%). Regions that were exclusively homozygous in the two 

affected siblings were selected by pairwise estimate leading to the identification 

of 5 IBD regions that segregated with disease status (4q26-28.1, 13q12.11, 

14q22.1-22.2, 15q26.2-26.3 and 19q13.12) (Table 2.1B). These 5 regions 

comprise a total of 18.3 Mb and contain 205 known genes, open reading frames, 

pseudogenes and gene coding hypothetical proteins (Supplementary Table 2.1). 

Repetition of the analysis to identify smaller IBD regions (>300kb) again did not 

identify any that overlapped known MAC loci. CNV analysis revealed several 

regions of altered copy number in affected individuals, of which two, on 6p and 

8p, were homozygously deleted (Table 2.2). However since these two regions do 

not segregate with disease (being also present in the parents), and did not contain 

any genes, they were interpreted as being not causative of the anophthalmia 

phenotype. 

 

 

 

 

 

 

 

 



87 

 

Table 2.1 A. Summary of the number and extent of homozygous regions in 

each individual, B. Summary of the homozygous regions common to the two 

affected individuals that segregate with the disease phenotype. Taken from [64]. 

A) 

Individual 

 

 

Number of 

segments 

 

Mb Percentage of the homozygosity in 

autosomes 

Father 18 27.5 1.0 

Mother 

 

11 14.1 0.5 

Affected 1 37 122.4 4.4 

Affected 2 

 

36 94.8 3.4 

Unaffected 1 30 90.8 3.6 

Unaffected 2 37 107.7 3.9 

    

    

 

B) 

Chromosomal location Start 
position 

(Mb) 

 

 

End 
position 

(Mb) 

Size 
(Mb) 

 Number of 
genes and 

predicted 

transcripts 
 

Candidate 
genes 

screened 

4q26-4q28.1 114.65 124.58 9.93  82 PRDM5 
FGF2 

13q12.11 18.53 19.55 1.02  10 - 

14q22.1-14q22.2 50.23 52.80 2.57  37 SOS2 

15q26.2-15q26.3 95.94 99.36 3.42  23 - 

19q13.12 41.54 42.86 1.32  53 POU2F2 
CIC 
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Table 2.2 CNVs identified that were common to both affected individuals. 

Copy number value (CN value) for the regions with no copy number change is 2. 

Values of 0 and 1 show loss of one or both copy (deletion) and values of 3 and 4 

represent gain of one or two copy (duplication). Taken from [64]. 

          

Chromosome Start 

position 

(Mb) 

End 

position 

(Mb) 

Size 

(Mb) 

CN type CN 

value 

Present 

in 

parents 

Present   

in 

unaffected 

  

6 32.56 32.59 0.28 Deletion 0 Yes Yes    

8 39.35 39.49 0.14 Deletion 0 Yes Yes    

15 18.28 20.09 1.80 Deletion 1 Yes No    

XY 88.49 92.17 3.82 Duplication 3 Yes No    
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Linkage analysis was next performed to assist with determining which of the five 

IBD regions was associated with disease with two-point linkage analysis. 

Although constrained by the small pedigree size, the maximum LOD score (0.84 

at recombination frequency θ=0), was observed for two of the five IBD regions 

(chromosomes 4 and 14) with lower LOD scores (0.25) for the other three 

(chromosomes 13, 15 and 19). 

 

Bioinformatic analysis of the 205 genes in the IBD intervals (Supplementary 

Table 2.2) did not reveal any that were preferentially expressed in the eye 

(UniGene) nor that were associated with ocular defects in Drosophila, zebrafish or 

murine models. Accordingly, five growth or transcription factors, known to be 

involved in development, were selected for sequencing: PRDM5, FGF2, CIC, 

POU2F2, and SOS2. Two SNPs in exons 6 and 11 of PRDM5 were identified 

(dbSNP #343192 and #12499000), which occur at high prevalence in normal 

individuals, however no sequence variations that could be considered to be 

disease causing were identified in these five genes. 
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Discussion 

 

The key finding of this research was identification of five shared autozygous 

blocks that do not correspond with known MAC loci (Figure 2.2). Although based 

on their size (1-10 Mb) it cannot be predicted which interval contains the 

causative gene, the novelty of all five regions indicates the existence of additional 

genetic heterogeneity for MAC. Other important aspects of this study include 

utilizing both genotyping and copy variation approaches for comprehensive 

analysis, plus integration of clinical studies to provide magnetic resonance 

imaging and histological data on a specific anophthalmia subtype. The MRI 

findings illustrate extensive structural changes to the visual pathway in 

anophthalmia, extending beyond absent globes to encompass the intra-orbital 

optic nerves as well as hypoplasia of the optic chiasm (Figure 2.4). Equally, 

histological examination which identified epithelial cells resembling RPE and 

immature neuroglial tissue in the proband’s intra-orbital cyst (Figure 2.5), accords 

with arrested development of a primitive optic vesicle. 

 

This study is predicated on the assumption of autosomal recessive inheritance. 

Although a reasonable supposition in view of the consanguinity and confirmed 

unaffected status of both parents, alternatives such as autosomal dominant with 

incomplete penetrance or X-linked inheritance, cannot be excluded. Theoretically, 

progeny of a first cousin marriage share 1/16th (0.0625) of their genomes [65], a 

proportion that varies between siblings due to random recombination events [66]. 

Identification of a larger number of homozygous segments, that are of greater 
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extent, in affected progeny compared to their parents (Table 2.1A) plus the 

absence of any unexpected increases in the percentage of homozygosity in 

children, excludes any hidden consanguinity and lends support for autosomal 

recessive inheritance. 

 

Genomic structural variation has a major role in the pathogenesis of human 

disease [67], and in view of this and the eye’s known sensitivity to alterations in 

gene dosage, the possibility of a causative CNV was actively explored. As evident 

from Figure 2.3, the SNP platform utilized provides a sensitive means of 

identifying regions of homozygosity, which in this case was unassociated with 

copy number variation. Since no CNV was identified that segregated with the 

disease phenotype (Table 2.2), this indicates that any potential CNV is either 

below the array’s resolution (~ 27 kb), or more likely, the phenotype is 

attributable to by variants at the base pair level. Accordingly, extensive 

bioinformatic analysis was undertaken to identify potential candidates genes 

within the five IBD regions. Of the 205 encompassed transcripts, the five 

strongest candidates (comprising 76 amplicons) were sequentially sequenced, 

starting with PRDM5 due to its involvement in Wnt signalling. PRDM5 is a 

member of a family of transcriptional regulators that regulate cell growth and 

differentiation, and which modulate aspects of both canonical and non-canonical 

Wnt signalling [68-69]. FGF2 is expressed in surface ectoderm overlying the 

optic vesicle, controls division of the neuro-epithelium into neuronal retina and 

RPE [70], and was selected  due to these factors as well as its involvement in lens 
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morphogenesis [71], retinal cellular proliferation [72], and retinal ganglion cell 

axonal guidance  [73]. However, no disease-causing variants were identified in 

PRDM5 and FGF2, or three other candidate genes (CIC, POU2F2, and SOS2). 

 

 

Since this study has not identified the causative variants, it is worthwhile 

reviewing factors that may have limited research progress. In addition to the 

previously discussed possibility of an unanticipated mode of inheritance, either 

locus or allelic heterogeneity would compromise the utility of homozygosity 

mapping [74].  In addition, the small pedigree size severely limits the usefulness 

of linkage approaches in either identifying the causative locus or prioritizing the 

number of IBD intervals identified by homozygosity mapping [75].  A final 

potential concern is the existence of variants in either intronic or distal regulatory 

sequences of the candidate genes screened. In this context, two main approaches 

remain to define the molecular basis of this family’s anophthalmia. The first 

involves SNP genotyping of a cohort of MAC probands, especially from 

consanguineous communities, to identify regions of homozygosity that could 

refine the disease-causing interval. A second more direct approach is either 

targeted [76] or exomic next generation sequencing [77]. By focusing analysis on 

the regions of interest, the former minimizes the need for extensive bioinformatic 

filtering of the large number of identified variants [78], although it necessitates a 

bespoke and consequently expensive targeted capture array [79]. The rapidly 

declining cost of whole exome sequencing makes the latter more attractive, 
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especially due to the ability to bioinformatically extract variants corresponding to 

the five IBD regions [77, 79], followed if need be by subsequent studies of 

variants elsewhere in the genome. We anticipate that such future next generation 

sequencing of this pedigree will permit substantive progress defining the 

causative variant and lead, as we have predicted, to extending the genetic 

heterogeneity of anophthalmia. 
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Supplementary Table 2.1. Primers used to amplify coding region of five candidate 

genes. 1) PRDM5, 2) FGF2, 3) POU2F2, 4) SOS2, 5) CIC. 

 

1) 

PRD

M5 
(Exon
s) 

Forward primer (5’-3’) Reverse primer (5’-3’) Anneali

ng Temp 
(0C) 

1 CAACTTCGGGCCAATCAG GTGGCGCAGCGAGTAAAG 60 
2 TTGATTTATTGTACTAATCCTTG

TTCA 
CATTAAAATAAGTCATATCCTCA
CCTC 

57 

3 CCATTGTAAACTCAGGAGCCTT

T 

CCCCCTCACAGTGCATAGTA 58 

4 GAAACAAATGAATGGTTCAGCA TCTCCCAGATCACCAATTAAAGA 59 
5 TGAGCATTTCTTGGCTCTGA GCTGAATGGAATAAACTGTGTTA

GC 
59 

6 TCCAGTTTTTGTTTTCTTTTCTTT
C 

GCCATTTCATAACTCAGACACAA 59 

7 TTTCTTCCTGTTCCGCTTTG AACGACCCTCCAACGACTC 60 
8 TTGTTTTTCCTCTTAATAGTCTC

ATTT 
TCTTTTCACATCAAAATAACTTG
G 

57 

9 CACTTTTGCTTGAGAGCTGTG GCCCCTGATTACCACTCTTAG 57 
10 TGAGATTGTCTCCACTCATTTTT AAATCACAGCAGCAAATTCAT 57 
11 TCCTCCTGACTCAGTGTTTTTC TCTCAACTGCCTGAATCGTG 58 
12 GGACCCTGCTATTGCTTCTT TGTTCAAACTAACAGAAGACTTC

CA 
58 

13 GCCTTTTTATCCCTTTCCTTTT CTTGGAAGCATGTGATTTCTCT 58 
14 GCACAGGACTGGTTCTGCTA TCATGATCAATATTAATGAAACA

GAAT 
57 

15 TCATTCACTGGCAATTTTGG GGAAGACACTATGGGGGAAA 58 
16 TGGTTGGTCTTTGGGTCTTT GGATTCATATTAGGAGCCCTTC 58 

 

 

2) 

FGF2 
(Exons) 

Forward primer (5’-3’) Reverse primer (5’-3’) Annealing 
Temp (0C) 

1 CAGAAAACCCGAGCGAGTAG GAGAACCCACGAAATGGAAA 60 

2 CATCTGCTCCCTGTCACTCA AACGTGTGAAAACAGAAAGTATGC 59 

3 GCTGGTTGAGCAGAATAGGC TGACCAATTATCCAAACTGAGC 59 

 

 

3) 

POU2F2 
(Exons) 

Forward primer (5’-3’) Reverse primer (5’-3’) Annealing 
Temp (0C) 

1 TGGTTTCCTCCCTGAGTGAC AAATGTGCTGCCTGTCCTCT 60 
2-3 CTCCTGGATTCCCCTCCTT CTGCCCTCCTACCATAGGC 60 

4 CTCTGTGCCGCCTATGGTAG GCTCTCTCAGCCCTTGGAC 60 
5 CACAGGTGGGCATTCTCTCT ATGAGGGGTGGCTGGTTT 60 
6-7 CAGCCAGGACTCAGGCTATC TGGGTCAAATGGAAAGGAGA 59 
8 CTGAGCCCCATCCTGGTC CTCGCGGCATCTATCAACTG 61 
9 AAGGCCCCACCCTGACTT GGGAGACGTGAGCATGAGA 59 
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10 TCCTGGAGAAGTGGCTCAAC CAGGCAGAGGGCTCGTTAG 60 
11 GAAGAGTTTTCTAGCGGTGAGG GTAGGGTGGGCTTCACACAG 59 
12 GGTCCTACAGGGAGCATCAC TCCCACTGTCTCTCCCATTC 59 
13 AGTAGGAGCTGACCCCAGGT GGGACCTGCCAACATAACTG 60 

14 CCCAGTTATGTTGGCAGGTC GGGTATGAAGAGGCAAGCAA 60 
15 GCTGGAAGGCAAAGGTCTC CTCCCTTGTCACTCCTGCTC 59 

 

 

 

4) 

SOS2 Forward primer (5’-3’) Reverse primer (5’-3’) Annealing Temp 
(0C) 

1 ACCCAGACAAAGGAGGAGGA GACCTGCTCCCCGTTAGAAG 61 

2 AAGATTCTCTTTGACTTTTGTTC
AAT 

ACAGTGGTTGAGTGACTTTTTG
A 

58 

3 TCTGCTAGCATTAAGAATAGAG
ATCAA 

CACACTAACACAGACCATGCT
ACA 

59 

4 TGACAGTGCTACATTTTGCAAT

TA 

CACAAAAAGATTGAGGCAGAA

A 

59 

5 CTCCCAAAGTGCTGGGATTA CTGGGCAACAGAGCAAGACT 60 
6 GAGCAGGGCTATTCCATAGG CAGCATTTAGGGCTTTAATGAG

A 

58 

7 CCTGGGATCAAGTGATAATAAT
CTG 

ACGAGGATTCCAGAATTACAA
A 

57 

8 TGCTGTTGCATATCCTTGATG GACTGGTACTGTGTGTCTCCAA
A 

59 

9 TTGGGGGAAGAATCAAACAA TGACAAGCACAACTTTCAATAA
TGT 

60 

10-1 CCATTTGGGTTGCTAGCTGT GCTGCCATCCAGTTGTTTTT 60 

10-2 GACTCGGCTTCCAGGTTACA TTTTCCCCAAGCCTCAAATA 60 

11 GGAGGAAGGCCTCCAAATA ACTGCCAATTTAATGCCAAA 58 

12 CCACTTTTCGTGGAAGTGGT CACATAAAATGTGTGTGTGTGT
G 

57 

13 TCGTGGCATTAGAGAAGGAAG TCACACAAATTTGAACATAAAC
TCA 

58 

14 GGCTGGGTGAAAGTTAAGGA GCACTCATGAATAATGTGCAA
AA 

58 

15 TTCATCTGTCTTTTGGGTTAATT
G 

GCTTAGAAAAGTTTCTTCACCT
CA 

58 

16 TTTAAGCTAAAATTCTGGCTAC
TCA 

TGAAGCAAGGATGAATTTACA
AAG 

58 

17 AAAAATTGTTTTCCAGATAATT
TGC 

TGCCTCTGAAGACTGCTCTC 58 

18 ACTAGATCAGTTGTTTTCCCAA
A 

CCTGTTGTGCGATCCAATAG 57 

19 AGCATTAAATAAGTAATTTTCA
GCAA 

CACCTAGGAACAGCCATTCAA 57 

20 GCACGCTTAAGAACTGTATGCT TGATAAGAATTATCTGAGACAC
AGGA 

58 

21 CATGGCAAAAGATGATGATAA
AA 

TTGCCAAAACTCAAAATACTCA
AA 

58 

22 CAAATGCCATGGTAGAAGTATC
G 

TGGTAGCCAAAGTATAATTCAC
AGA 

60 

23-1 CCAGATTAGTTTATTTTGAGCC
TCT 

GGTACCCTTGGAGAGGGTGT 58 

23-2 TCGGCCTCCAGAACACTTTA GATCAGTAGCATTTTTGTAAGA
GCA 

60 

5) 
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CIC Forward primer (5’-3’) Reverse primer (5’-3’) Annealing Temp 
(0C) 

1 CGAGGGAGGAGGGAGAGG ATACCCCCACCACCGTTACT 60 

2 GTGGGGAAGAGCTTGAGTTG TGGGGACACAGAGGTAGATCA 59 

3 GGTCCAGGTGGCCTAGGAG GCAGCAGGGACAGTGAGG 60 

4-5 GTGGGATGGCCAGAGACAT ACCCCACCAGAAGAAGCTG 60 

6 TCCTCCCAGCTTCTTCTGGT AAGCAAGGGGGTAGCTGGT 61 

7 TGCTGGTGACAGGCTTACTG CAGGATAGGTGGCAGAGAGG 59 

8 ACCTGTCCAGGGCAGCAG AAAAGAAAACAAAGGGGCCTA 59 

9 CTGAGATCCAGGCTCCAGAC CCCGGGAGAAACAGACATT 59 

10-1 GCTATCGAGGTGTCGGAGTG TCTTGCTCCTCCTTGTTTGG 60 

10-2 CAAGAGACCCGAAAGTGTGG CTGGGCAATGAACTGGACA 60 

10-3 GCCTGCCACTGTCACTAACC GGCAAGAAAGGAAAAGGTTACA 60 

11 TGTTTGGCTCCCTTGTAACC GCCAACATCCAGCAGGTAGA 59 

12-13 TCCCACTTGAGGTCTTGGTC AGTTAGGGCCCGGACTGC 60 

14 GGCCCTAACTTGGTCTCCTG CCTGACTGGAGCCCATCC 61 

15 CGCCACAGGTAGGTGTCAG CAGAGGGGACCCTTTAACCT 59 

16 ACAGCCTTCTCAAGGGGTCT GAAACTCAGGCAACTCAGCA 59 

17-18 GTGTTAGGGTGGCGGGAGT GAGACCCACTCCTCTTGCAG 60 

19 TAGGTTGCCCTGTGACTGTG GGGAGCACAGGATGAGATGT 59 

20 TCACTCGGGTGGGACTTATC TTACCCGGGAGGAGATAACC 59 
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Supplementary Table 2.2  list of all annotated genes in the five IBD 

regions. 

 

Symbol Position Description 

CAMK2D 4 calcium/calmodulin-dependent protein kinase II 

delta 

ARSJ 4 arylsulfatase family, member J 

UGT8 4q26 UDP glycosyltransferase 8 

MIR577 4 microRNA 577 

LOC100131828 4 similar to CBF1 interacting corepressor 

NDST4 4q25-q26 N-deacetylase/N-sulfotransferase (heparan 

glucosaminyl) 4 

MRPS33P3 4q26 mitochondrial ribosomal protein S33 pseudogene 

3 

LOC100128462 4 similar to brix domain containing 1 

LOC100131611 4 similar to phosphoglycerate mutase 1 (brain) 

KRT18P21 4 keratin 18 pseudogene 21 

LOC645368 4 similar to eukaryotic translation initiation factor 

3, subunit 12 

RLFP 4q26 rearranged L-myc fusion pseudogene 

LOC100288825 4 hypothetical LOC100288825 

MIR1973 4q26 microRNA 1973 

LOC100288861 4 hypothetical LOC100288861 

LOC100129008 4 similar to cullin 4A 

LOC344978 4 similar to actinin, alpha 4 

TRAM1L1 4 translocation associated membrane protein 1-like 

1 

RPSAP35 4 ribosomal protein SA pseudogene 35 

NT5C3P1 4 5'-nucleotidase, cytosolic III pseudogene 1 

LOC100288955 4 hypothetical protein LOC100288955 

NDST3 4 N-deacetylase/N-sulfotransferase (heparan 

glucosaminyl) 3 

LOC100132656 4 FK506 binding protein 4, 59kDa pseudogene 

SNHG8 4q26 small nucleolar RNA host gene 8 (non-protein 

coding) 

SNORA24 4q26 small nucleolar RNA, H/ACA box 24 

PRSS12 4q28.1 protease, serine, 12 (neurotrypsin, motopsin) 

LOC100128177 4 similar to NADH dehydrogenase (ubiquinone) 

Fe-S protein 5, 15kDa (NADH-coenzyme Q 

reductase) 

LOC100288991 4 hypothetical LOC100288991 

CEP170L 4 centrosomal protein 170kDa-like 

LOC729218 4 hypothetical LOC729218 
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LOC100289025 4 similar to hCG2014315 

LOC100132769 4 hypothetical LOC100132769 

LOC729227 4 similar to hCG1984118 

METTL14 4 methyltransferase like 14 

SEC24D 4 SEC24 family, member D (S. cerevisiae) 

SYNPO2 4 synaptopodin 2 

MYOZ2 4q26-q27 myozenin 2 

LOC100289084 4 similar to mitochondrial ribosomal protein L42 

MRPL42P1 4 mitochondrial ribosomal protein L42 pseudogene 

1 

USP53 4 ubiquitin specific peptidase 53 

C4orf3 4 chromosome 4 open reading frame 3 

FABP2 4q28-q31 fatty acid binding protein 2, intestinal 

GK7P 1q41 glycerol kinase 7 pseudogene 

GK6P 4 glycerol kinase 6 pseudogene 

LOC100128874 4 similar to hCG1739111 

LOC100131884 4 hypothetical LOC100131884 

LOC100128460 4 similar to hCG1793472 

FLJ14186 4 hypothetical LOC401149 

LOC645513 4 hypothetical LOC645513 

PDE5A 4q25-q27 phosphodiesterase 5A, cGMP-specific 

LOC730456 4 hypothetical LOC730456 

MAD2L1 4q27 MAD2 mitotic arrest deficient-like 1 (yeast) 

LOC100289220 4 hypothetical LOC100289220 

SAR1P3 4 SAR1 homolog (S. cerevisiae) pseudogene 3 

PRDM5 4q25-q26 PR domain containing 5 

LOC100129988 4 hypothetical LOC100129988 

C4orf31 4 chromosome 4 open reading frame 31 

TNIP3 4 TNFAIP3 interacting protein 3 

QRFPR 4q27 pyroglutamylated RFamide peptide receptor 

ANXA5 4q28-q32 annexin A5 

TMEM155 4 transmembrane protein 155 

LOC100192379 4 hypothetical LOC100192379 

EXOSC9 4 exosome component 9 

CCNA2 4q25-q31 cyclin A2 

BBS7 4 Bardet-Biedl syndrome 7 

TRPC3 4 transient receptor potential cation channel, 

subfamily C, member 3 

KIAA1109 4 KIAA1109 

ADAD1 4 adenosine deaminase domain containing 1 (testis-

specific) 

IL2 4q26-q27 interleukin 2 

IL21 4q26-q27 interleukin 21 
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LOC729338 4 CETN4 pseudogene 

BBS12 4 Bardet-Biedl syndrome 12 

LOC727709 4 DRAM pseudogene 

RPL34P12 4q26 ribosomal protein L34 pseudogene 12 

FGF2 4q26-q27 fibroblast growth factor 2 (basic) 

RPS26P23 4q26 ribosomal protein S26 pseudogene 23 

NUDT6 4q26 nudix (nucleoside diphosphate linked moiety X)-

type motif 6 

SPATA5 4 spermatogenesis associated 5 

COILP2 4q27-q28 coilin pseudogene 2 

SPRY1 4 sprouty homolog 1, antagonist of FGF signaling 

(Drosophila) 

TRNAC-GCA 4 transfer RNA cysteine (anticodon GCA) 

LOC285419 4 hypothetical LOC285419 

LOC729501 13 zinc finger protein ENSP00000344568-like 

LOC729524 13 fem-1 homolog a pseudogene 

LOC283523 13 telomeric repeat binding factor (NIMA-

interacting) 1 pseudogene 

LOC729535 13 hypothetical LOC729535 

LOC654337 13q11 brain cytoplasmic RNA 1, pseudogene 

LOC100101111 13q11 glycosyltransferase 8 domain containing 3 

pseudogene 

LOC100131550 13 similar to calponin 2 

LOC100132598 13 similar to zinc finger protein 165 

LOC645626 13 coiled-coil domain containing 29-like 

LOC400094 13 sorting nexin 19 pseudogene 

KLHDC2 14 kelch domain containing 2 

SDCCAG1 14q22 serologically defined colon cancer antigen 1 

RN7SL3 14 RNA, 7SL, cytoplasmic 3 

RN7SL2 14 RNA, 7SL, cytoplasmic 2 

ARF6 14q21.3 ADP-ribosylation factor 6 

C14orf182 14 chromosome 14 open reading frame 182 

PDLIM1P 14 PDZ and LIM domain 1 pseudogene 

RPS15AP2 14 ribosomal protein S15a pseudogene 2 

LOC196913 14 hypothetical protein LOC196913 

C14orf138 14 chromosome 14 open reading frame 138 

SOS2 14q21 son of sevenless homolog 2 (Drosophila) 

L2HGDH 14 L-2-hydroxyglutarate dehydrogenase 

ATP5S 14 ATP synthase, H+ transporting, mitochondrial F0 

complex, subunit s 

CDKL1 14 cyclin-dependent kinase-like 1 (CDC2-related 

kinase) 

MAP4K5 14q11.2-

q21 

mitogen-activated protein kinase kinase kinase 

kinase 5 
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ATL1 14 atlastin GTPase 1 

SNRPGP 14 small nuclear ribonucleoprotein polypeptide G 

pseudogene 

SAV1 14q13-

q23 

salvador homolog 1 (Drosophila) 

ZNF405P 14 zinc finger protein 405 pseudogene 

NIN 14 ninein (GSK3B interacting protein) 

ABHD12B 14 abhydrolase domain containing 12B 

PYGL 14q21-

q22 

phosphorylase, glycogen, liver 

MRP63P9 14q22.1 mitochondrial ribosomal protein 63 pseudogene 9 

TRIM9 14 tripartite motif-containing 9 

TMX1 14 thioredoxin-related transmembrane protein 1 

SETP2 14 SET pseudogene 2 

FRMD6 14 FERM domain containing 6 

OR7E105P 14q21 olfactory receptor, family 7, subfamily E, 

member 105 pseudogene 

OR7E106P 14q21 olfactory receptor, family 7, subfamily E, 

member 106 pseudogene 

OR7E159P 14 olfactory receptor, family 7, subfamily E, 

member 159 pseudogene 

GNG2 14q21 guanine nucleotide binding protein (G protein), 

gamma 2 

C14orf166 14 chromosome 14 open reading frame 166 

NID2 14q21-

q22 

nidogen 2 (osteonidogen) 

COX5AP2 14 cytochrome c oxidase subunit Va pseudogene 2 

PTGDR 14 prostaglandin D2 receptor (DP) 

LOC100131689 14 similar to KIAA0020 

PTGER2 14q22 prostaglandin E receptor 2 (subtype EP2), 53kDa 

LOC145820 15 hypothetical protein LOC145820 

RNU2P1 15q26.2 RNA, U2 small nuclear pseudogene 1 

NR2F2 15q26 nuclear receptor subfamily 2, group F, member 2 

MIR1285-1 15q26.2 microRNA 1285-1 

LOC100288183 15 hypothetical protein LOC100288183 

LOC728800 15 similar to FLJ00402 protein 

LOC100289303 15 hypothetical LOC100289303 

LOC390643 15 similar to phosphoglycerate mutase 1 (brain) 

RPL31P55 15 ribosomal protein L31 pseudogene 55 

LOC388181 15 hypothetical LOC388181 

SPATA8 15 spermatogenesis associated 8 

LOC91948 15 hypothetical LOC91948 

ARRDC4 15 arrestin domain containing 4 

FAM169B 15 family with sequence similarity 169, member B 
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IGF1R 15q26.3 insulin-like growth factor 1 receptor 

LOC145814 15 pyroglutamyl-peptidase 1-like 

SYNM 15 synemin, intermediate filament protein 

TTC23 15 tetratricopeptide repeat domain 23 

LRRC28 15 leucine rich repeat containing 28 

HSP90B2P 15q26.3 heat shock protein 90kDa beta (Grp94), member 

2 (pseudogene) 

LOC100289465 15 similar to serologically defined breast cancer 

antigen NY-BR-40 

RPL7P5 15q26.3 ribosomal protein L7 pseudogene 5 

MEF2A 15q26 myocyte enhancer factor 2A 

CYP2A7P1 19q13.2 cytochrome P450, family 2, subfamily A, 

polypeptide 7 pseudogene 1 

CYP2G2P 19q13.2 cytochrome P450, family 2, subfamily G, 

polypeptide 2 pseudogene 

CYP2A13 19q13.2 cytochrome P450, family 2, subfamily A, 

polypeptide 13 

CYP2F1 19q13.2 cytochrome P450, family 2, subfamily F, 

polypeptide 1 

CYP2T3P 19 cytochrome P450, family 2, subfamily T, 

polypeptide 3 pseudogene 

RPL36_7_1657 19 ribosomal protein L36 pseudogene 

CYP2S1 19q13.1 cytochrome P450, family 2, subfamily S, 

polypeptide 1 

AXL 19q13.1 AXL receptor tyrosine kinase 

TRNAK38P 19 transfer RNA lysine 38 (anticodon UUU) 

pseudogene 

HNRNPUL1 19 heterogeneous nuclear ribonucleoprotein U-like 1 

CCDC97 19 coiled-coil domain containing 97 

TGFB1 19q13.1 transforming growth factor, beta 1 

B9D2 19 B9 protein domain 2 

TMEM91 19q13.2 transmembrane protein 91 

EXOSC5 19q13.1 exosome component 5 

BCKDHA 19q13.1-

q13.2 

branched chain keto acid dehydrogenase E1, 

alpha polypeptide 

B3GNT8 19 UDP-GlcNAc:betaGal beta-1,3-N-

acetylglucosaminyltransferase 8 

ATP5SL 19 ATP5S-like 

C19orf69 19 chromosome 19 open reading frame 69 

LOC644330 19 tropomyosin 3 pseudogene 

PLEKHA3P1 19 pleckstrin homology domain containing, family A 

member 3 pseudogene 1 

CEACAM21 19 carcinoembryonic antigen-related cell adhesion 

molecule 21 

CEACAMP3 19q13.2 carcinoembryonic antigen-related cell adhesion 

molecule pseudogene 3 
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LOC100286885 19 hypothetical LOC100286885 

CEACAM4 19q13.2 carcinoembryonic antigen-related cell adhesion 

molecule 4 

LOC100286912 19 hypothetical LOC100286912 

CEACAM7 19q13.2 carcinoembryonic antigen-related cell adhesion 

molecule 7 

CEACAM5 19q13.1-

q13.2 

carcinoembryonic antigen-related cell adhesion 

molecule 5 

CEACAM6 19q13.2 carcinoembryonic antigen-related cell adhesion 

molecule 6 (non-specific cross reacting antigen) 

CEACAM3 19q13.2 carcinoembryonic antigen-related cell adhesion 

molecule 3 

LOC645001 19 similar to heterogeneous nuclear 

ribonucleoprotein A1 

LYPD4 19 LY6/PLAUR domain containing 4 

DMRTC2 19 DMRT-like family C2 

RPS19 19q13.2 ribosomal protein S19 

CD79A 19q13.2 CD79a molecule, immunoglobulin-associated 

alpha 

ARHGEF1 19q13.13 Rho guanine nucleotide exchange factor (GEF) 1 

LOC390937 19 similar to hCG2040171 

RABAC1 19 Rab acceptor 1 (prenylated) 

ATP1A3 19q13.31 ATPase, Na+/K+ transporting, alpha 3 

polypeptide 

GRIK5 19q13.2 glutamate receptor, ionotropic, kainate 5 

ZNF574 19 zinc finger protein 574 

POU2F2 19 POU class 2 homeobox 2 

DEDD2 19 death effector domain containing 2 

ZNF526 19 zinc finger protein 526 

GSK3A 19 glycogen synthase kinase 3 alpha 

LOC100132272 19 hypothetical LOC100132272 

ERF 19q13 Ets2 repressor factor 

CIC 19q13.2 capicua homolog (Drosophila) 

PAFAH1B3 19q13.1 platelet-activating factor acetylhydrolase, isoform 

Ib, subunit 3 (29kDa) 

PRR19 19 proline rich 19 

TMEM145 19 transmembrane protein 145 

MEGF8 19q12 multiple EGF-like-domains 8 
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Chapter 3: 

Exome analysis using next-generation 

sequencing data 
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Introduction 

In the previous chapter, I described the use of homozygosity mapping in 

consanguineous pedigree with anophthalmia which led to the identification of five 

novel IBD regions. Since genomic regions linked to anophthalmia by 

homozygosity mapping housed hundreds of genes, the identification of the 

pathogenic allele from such large number of candidates with conventional Sanger 

sequencing was expensive and time-consuming. With the advent of new 

technologies in massively parallel sequencing, analyzing the whole genome or the 

protein-coding portion of the genome is now feasible and it has led to the 

detection of several causative genetic mutations in diseases [1-2].  Contrary to 

traditional gene mapping approaches, which are unable to detect all forms of 

genomic variation,  next generation sequencing (NGS) has the capability to 

identify all types of genetic variation at base-pair resolution throughout the human 

genome [3]. 

 

Accordingly, a method for whole-exome sequencing (WES) with the SOLiD4 

DNA-sequencing platform was used to explore the possibility of the presence of 

both known and novel variants in the genome of one affected individual in this 

pedigree. The method is more cost effective than whole genome sequencing, as it 

allows a large number of samples to be processed simultaneously, reduces the 

amount of data to be analyzed per sample and hence the computational power and 

time required for analysis [4-5]. 
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Material & methods 

The whole procedure of exome sequencing and data analysis was performed at 

The Center for Applied Genomics, The Hospital for Sick Children, Toronto, 

Ontario. 

 

Library preparation 

Exome libraries of genomic DNAs were generated using the Agilent SureSelect 

Target Enrichment System protocol (adapted from SOLiD Fragment Library 

construction kit (Life Technologies) and compatible with SOLiD multiplexed 

paired end sequencing (Agilent Technologies; Version 1.3, January 2011). Three 

micrograms of genomic DNA was sheared using a Covaris (Woburn,MA) S2 to a 

target peak size of 250 bp. Fragmented DNA was end repaired using  end 

polishing reagents, followed by ligation of SOLiD P1 and IA adapters. The 

ligated template was loaded into a 2% agarose size-select Invitrogen E-gel and 

selected at the 200 base pair band from the TrackIt 50-bp DNA ladder (Life 

Technologies; P/N 10488043). The size-selected libraries underwent nick 

translation and library amplification. The Agilent 2100 Bioanalyzer DNA 1000 

chip was used to confirm the libraries' fragment length. A successful pre-capture 

library shows a peak size at around 250-270 bp. 

 

Exome capture 

Biotynilated RNA oligonucleotide baits were hybridized with sheared DNA at 65 

0
C for 24 hours in a GeneAmp PCR system 9700 (Applied Biosystems). Captured 
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fragments were removed from solution via Dynal MyOne streptavidin T1 beads 

(Life Technologies; P/N 65602) and subsequently eluted and purified using 

AMPure beads (Agencourt, P/N A63881). The captured library was then 

subjected to one more PCR amplification using primers targeting the SOLiD 

anchors in a GenAmp PCR System 9700 (Applied Biosystem). Resulting libraries 

were quantified via Agilent 2100 DNA Bioanalyzer before proceeding to SOLiD 

platform library preparation (described below). 

 

High throughput sequencing on a SOLiD 4 system 

Prior to emulsion PCR (ePCR) an equimolar pool of six samples is prepared and 

diluted to a final concentration of 0.5 pM to be used in the ePCR. Emulsification, 

amplification and bead enrichment are performed on the EZ Bead system 

following the manufacture’s instruction (Life technologies; P/N 4448417).  

Following emulsion breaking and subsequent washing, enrichment for template 

beads was conducted using reagents provided in the EZ Bead Enricher E80 

Reagent and Accessories kits (P/N 4452725 and 4453073) . The enriched beads 

were modified with a 3′ amino group for surface attachment, and prepared for 

deposit on glass surface of the sequencing slide. Approximately 778 million beads 

are loaded onto the slide, and paired-end sequencing is performed with the SOLiD 

ToP Paired End Sequencing kit-BC fragment Library MM50/35/5 (P/N 4459181) 

following Applied Biosystem SOLiD 4 System Instrument Operation Guide 

(Applied Biosystems; P/N 4448379). 
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Primary data analysis and read map 

The image data collected by SOLiD 4 is analyzed using Applied Biosystems 

corona pipline to produce sequence data in colour space, in which each colour 

represents two consecutive DNA bases on the DNA sequence). Next, paired end 

reads were pooled and then mapped as single reads to the reference human 

genome (UCSC’s hg18), excluding unordered sequence and alternate haplotypes, 

using BFAST and BFAST implementation of BWA version 0.6.5a. To remove 

reference bias introduced by the aligners due to coulrspace conversions, GATK 

version 1.05506 base quality score recalibration is used with the default 

parameters optimized for SOLiD dataset. 

 

Filtering SNPs and InDels 

The SNP and indel reports were filtered against the Single Nucleotide 

Polymorphism Database and the 1000-Genome Project to identify novel variants 

in the sequenced sample. Variants were further filtered as being non-coding 

(intronic or intergenic) or coding (within an exonic region) and then based upon 

their conservation or putative effect on the encoded protein: synonymous, non-

synonymous, nonsense, splice-site, 5ˊ or 3ˊ UTR. 

 

Validation of potential variants 

All homozygous variants that were identified by exome sequencing and included 

in the pedigree regions of homozygosity were validated by traditional Sanger 

sequencing. Additionally, family inheritance patterns of the identified variants 
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were examined. The frequencies of the potential variant were further determined 

by direct sequencing of controls. 
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Results 

In total, 28,943 SNPs were identified, with 2,138 (7.3%) of the SNPs being novel 

(Figure 3.1). The majority of the identified SNPs (17,540) were within the coding 

regions of the genome (11,488 heterozygous and 6049 homozygous variants). 

These variants included synonymous SNPs and SNPs with potential functional 

impact on the protein function (Table 3.1). After rejecting the involvement of any 

known MAC genes in this data set, I applied a series of exclusion steps to uncover 

the causative mutation. 

Filtering variants 

The primary filter, which was used to exclude bystander variations, was based on 

variant function—namely, if the variant affects coding regions or other non-

coding intronic regions. So, I rejected all non-coding variants (11,403) as well as 

synonymous variants (8,766). Moreover, considering the autosomal recessive 

mode of inheritance, I rejected variants that were heterozygote and synonymous, 

reducing the candidate list to 2,769 positions, out of which 336 positions were 

variants predicted to be damaging to the protein function. For the final step, 

variations that were documented in dbSNP or in the 1000 Genomes project were 

eliminated. 

Novel variants 

After filtering out the dbSNP and 1000 genome common variants, 24 variants 

remained, amongst which 13 were predicted to be damaging and 11 were tolerated 

(Table 3.1). As a complementary approach, MutationTaster [6] and SIFT [7] were  
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Figure 3.1 distribution of variants in next generation sequencing SNP report. 

A) total number of variants and the distribution of homozygous and heterozygous 

variants. B) Distribution of coding and non-coding variants in homozygous and 

heterozygous category. C) proportion of the genome of the proband that contained 

novel damaging homozygous variants. 
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used to evaluate disease-causing potential of variants. However the results of 

predictions were not consistent between these two tools (Table 3.1), therefore, I 

trusted on SIFT. In addition, in silico analysis were performed to prioritize 

variants based upon the expression patterns of candidate genes [6], their known 

ortholog function [7], as well as homology from syntenic regions in multiple 

model organisms (murine [8], zebrafish [9] and Drosophila [10]). 

 

Two genes, namely TNIP3 and LLRC16B (on the IBD regions on chromosome 4 

and 14, respectively), contained novel homozygous variants. Sanger sequencing 

confirmed the homozygous presence of the former variant in both affected 

individual and its presence as a heterozygous change in both parents (Figure 3.2). 

The latter variant, however, was a sequencing error. In addition to these two 

variants, a few other SNPs were also checked with Sanger sequencing (FARSA, 

MFSD10 and USHBP1); however, they were false positive excluding their 

potential involvement in this disease. 

 

The variant in TNIP3 is an A13V (c.39 C>T) change, which is located in the OTU 

domain of the protein. The domain, in turn, has a deubiquitylating activity. 

Screening of the 144 normal controls revealed the absence of this variant in 

healthy people. 
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Table 3.1  Complete list of homozygous nonsynonymous variants 

 

Gene 

 

Description Substitution Prediction 

(SIFT) 

MFSD10 Major facilitator superfamily domain-

containing protein 10 

R116G Damaging 

SLC4A2 Solute carrier family 4 member 2 P1081L Damaging 

FARSA Phenylalanine--tRNA ligase alpha chain P247L Damaging 

PXDNL Peroxidasin-like protein Precursor P740S Damaging 

NAGK N-acetyl-D-glucosamine kinase V194A Damaging 

RBBP7 Retinoblastoma-binding protein 7 R37H Damaging 

KCNH3 Potassium voltage-gated channel subfamily H 

member 3 

P856R Damaging 

LRRC16B Leucine-rich repeat-containing protein 16B R158W Damaging 

TNIP3 TNFAIP3-interacting protein 3 A13V Damaging 

USHBP1 USH1C-binding protein 1 P146L Damaging 

CTBP2 C-terminal-binding protein 2 N567K Damaging 

CTBP2 C-terminal-binding protein 2 R697W Damaging 

CTBP2 C-terminal-binding protein 2 G568V Damaging 

CER1 Cerberus Precursor N184K Tolerated 

L3MBTL Lethal(3)malignant brain tumor-like protein S190R Tolerated 

VTN Vitronectin Precursor R20W Tolerated 

HLA-DQA1 HLA class II histocompatibility antigen G78R Tolerated 

AC069029.1 Pyroglutamyl-peptidase 1-like protein E185Q Tolerated 

AC022098.3 Paralemmin-3 E206K Tolerated 

FBXW8 F-box/WD repeat-containing protein 8 G514R Tolerated 

PJA1 E3 ubiquitin-protein ligase Praja1 A429T Tolerated 

IFT140 Intraflagellar transport protein 140 homolog A437V Tolerated 

CTBP2 C-terminal-binding protein 2 A715V Tolerated 

PRAM1 PML-RARA-regulated adapter molecule 1 V100F Tolerated 
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Figure 3.2  TNIP3 mutational analysis in anophthalmia family. A) Sequencing 

of TNIP3 shows the carrier status of both parents and the homozygous mutation 

c.39-C>T of both affected siblings. B) Sequence comparison of TNIP3 in different 

species. The amino acid that is changed is in the pink box. C) Domain structure of 

TNIP3 protein and location of the variant (green arrow). 
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Insertions/Deletions (InDels) 

In addition to SNPs, the genome of the affected child had several insertion 

deletion and frameshift mutations. To consider InDels as causative sequence 

variation, the same criteria, as described for SNPs, were used for excluding the 

spurious variants. For frameshift mutations, the locations of the sequence change 

were also important because those changes in the beginning of the sequence are 

probably more damaging than those variations near the end of the sequence. 

 

Of a total of 5,822 indels identified, only 1,764 were in coding regions. 

Approximately, 93% of theses coding InDels were heterozygous. Of the 

remaining 61 homozygous substitutions, 11 were in-frame deletions amongst 

which, 5 variants were known SNPs and one was located on 3’-UTR (Table 

3.2A). 15 insertions, ranging from 3-12 bp, were also identified (Table 3.2B). 

There were also 33frameshift mutations, in transcripts with no protein product, 

3ˊand 5ˊ UTR, as well as exonic region of protein coding transcripts (Table 3.2C). 
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Table 3.2  Complete list of InDel homozygous substitutions. A) In-frame 

amino acid deletion. B) In-frame amino acid insertion. C) frameshift mutations 

A) 

Ref gene Location Number 

of exons 

InDel Note 

OR14A16 Exon 1 1 -AGG Known SNP 

CELA1 5-UTR 8 -AAGGAC Known SNP 

LRRC49 Exon 11 16 -CAA - 

USP36 Exon 17 20 -TTTTTC - 

ZNF2 Exon 4 4 -GCG - 

NEFH Exon 4 4  Known SNP 

VEGFC 3-UTR 7 -TCA - 

BAT2    - 

HLA-DQA1    - 

C6orf164 Exon 1 2 -GAT Known SNP 

GPR112 Exon 9 17 -GAT Known SNP 

 

B) 

Ref gene Location Number 

of exons 

InDel 

SERINC2 Exon 9 10 +CAG 

DNHD1 Exon 21 43 +TGCCCTACTGCA 

REC8 Exon 9 20 +GAA 

EME1 Exon 2 9 +AGC 

C18orf25 Exon 4 5 +CTG 

RTTN Exon 7 49 +CTC 

OR7C2 Exon 1 1 +ATC 

ZNF714 Exon 5 5 +ATA 

TMEM37 Exon 2 2 +GTGTGC 

LTF Exon 2 17 +CTT 

MUC13 Exon 2 12 +AAG 

HAVCR1 Exon 3 8 +GTT 

AKAP12 Exon 3 4 +GAG 

PCLO Exon 5 25 +TCA 

C8orf59 3-UTR 4 +AACATT 
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C) 

Ref gene Location Number 

of exons 

InDel Note 

HRNR 3-UTR    

ZNF518A    No protein product 

MTCH2 5-UTR   No protein product 

MMP12    No protein product 

VPS11    No protein product 

EMG1    No protein product 

NR2E3 Last nt in exon 8 11 -C  

CNTNAP4 Last nt in exon 1 25 +T  

KRT24 31st nt in exon 2 

(83) 

8 -A  

HSH2D Last nt in exon 8 9 -A  

LIG1 104th nt in exon 

22 (145) 

28 -CA  

VSIG10L 3-UTR    

SIGLEC12 230th nt in exon 

1 (483) 

8 +C  

ZNF761    No protein product 

ZNF274 Last nt in exon 4 8 +G 

 

 

TNFAIP6 Last nt in exon 6 6 -A  

PLK1S1    No protein product 

C22orf46 3-UTR    

SCAMP1    No protein product 

HAVCR1 160th nt in exon 

3 (333) 

9 -T Membrane receptor for 

hepatitis A virus 

CYFIP2 72nd nt in exon 4 

(77) 

33 +C  

SLC22A1 213th nt in exon7 

(215) 

10 -TGGTAAGT  

AOAH 199th nt in exon 

22 (274) 

22 +T  

ATG9B    No protein product 

UBXN8    No protein product 

ADAM5P    No protein product 

PRKDC First nt in exon 

31(131) 

87 +G  
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Discussion 

 

Whole exome sequencing followed by a systematic analysis of the SNPs and 

InDels data with stringent filtering criteria, such as mode of inheritance, 

conservation, and loss of function prediction, were used to isolate the disease 

causing mutations in consanguineous anophthalmia pedigree. The only variation 

that passed the multiple exclusion criteria was Ala13Val in TNIP3 gene. 

Nevertheless, there were multiple nonsynonymous homozygous variants and 

insertion/deletion/frameshift sequence alterations which any of them could be a 

hypothetical suspect and the proof of their innocence need further 

biochemical/biological characterization (Table 3.1). 

 

For the first step of our analysis, the possibility that the disorder is caused by 

known MAC genes was evaluated. Looking for known mutations in previously 

identified disease associated genes is the most straightforward method to identify 

causal mutations in an individual [11].  However, I could not find any 

homozygous variation or compound heterozygous variations in known MAC 

genes indicating that the disorder is caused by a new autosomal gene and further 

emphasize on the genetic heterogeneity of anophthalmia. 

 

In view of the fact that IBD intervals have an overwhelming probability to hold 

the disease mutations in inbred families [12], I analyze the variants in the IBD 
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intervals in the next step. Theoretically the longest segment is likely to carry the 

disease mutation [13] because the length of homozygous runs is conversely 

correlated with the number of recombination events from the common ancestor 

[14]. The longest homozygous region in our analysis was on chromosome 4q26-

28.1, which bears 11variants. A few heterozygote variants were also identified in 

this region (3 out of 11 variants). Change in the ratio of variant reads to the 

reference reads due to the presence of pseudogenes is one possibility for 

observing a heterozygote variant in a homozygous block. [15]. Alternatively, 

these variants might be just the sequencing artefact and their existence needs to be 

validated in the first place. 

 

All the variants were found in the human variation depositories except TNIP3. 

This variant is our best candidate so far. In addition to the novelty of this variant 

and its absence in normal control, its segregation perfectly matches with our 

hypothesis of the autosomal recessive mode of inheritance in this pedigree (Figure 

3.2). Moreover, the variant is in a conserved domain of the protein (Figure 3), 

and, predicted to be damaging to the protein function. 

 

TNIP3 or A20 is a cytoplasmic zinc finger protein which was first discovered in 

1990 as a main response-gene of Tumor Necrosis factor-α (TNF-α) [16]. As an 

important regulator of inflammation, TNIP3 downregulates the NF-kappa B 

signaling by its ubiquitin-editing activity [17]. This gene contains 8 transcripts 
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and 5 protein isoforms. The isoform 1 contains 11 exons and encodes a protein of 

approximately 39 kDa (325 amino acids). TNIP3 has anti-apoptotic activity and 

the null mice for this gene exhibits severe inflammation in multiple organs as a 

result of failure in downregulating the NF-kappa B signaling activity and 

increased apoptosis [18]. Given that A20 attenuates NF-kappa B signaling and 

Tumor TNF-α mediated programmed cell death, it would logically follow that 

reduced TNIP3 activity due to mutation might promote cell death, therefore, it 

may propose TNIP3 as a plausible candidate gene in this pedigree. 

 

Although TNIP3 seems as a potential candidate, all other nonsynonymous variants 

elsewhere in the genome of the proband should be evaluated for their 

pathogenesity. The reason is that homozygosity mapping may have not picked the 

true disease-causing intervals due to genetic heterogeneity of anophthalmia and 

because the mode of inheritance might have been selected wrongly [19-20]. 

 

In evaluating these variants, priority was given to those which were 

nonsynonymous as they tend to be disruptive to proteins and, hence, of large 

effect. Of the 24 nonsynonymous homozygous variants that passed the threshold, 

and specifically the predicted damaging variants, none of them turned out to be 

potential casual genes based on their function or expression pattern in the eye. 

Five of them were sequencing artifact, however, to exclude the rest of them as 

being pathological changes further validations are required. 
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The majority of homozygous frameshift mutations seem not to be pathogenic as 

they were on regions without any genes, transcripts with no protein product, and 

3`-UTR. In addition, 8 of frameshift substitutions contained nucleotide insertions 

or deletions in the beginning or at the end of exons. These are perhaps technical 

artifacts that might have arisen during sequencing or alignment of sequence reads. 

In the remaining 5 frameshift mutations on KRT24 (type 1 keratin family), 

SIGLEC12 (immunoglobin superfamily), HAVCR1 (receptor for hepatitis A 

virus), LIG1 (DNA ligase) and AOH, expression and functional data provided few 

clues to prioritize the list. 

 

In conclusion, our study showed the difficulties in distinguishing the true 

pathogenic mutations from background polymorphism when the sequencing data 

for only one individual is available. Further sequencing data from the second 

affected sibling as well as unaffected individual is likely to lead to the isolation of 

the causative gene in this pedigree 
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Chapter 4: 

 

General discussion 
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In the preceding chapters, I have presented and discussed the combined use of 

homozygosity mapping, CNV analysis and exome sequencing in the deep study of 

a rare congenital eye disease- anophthalmia- in a consanguineous pedigree. The 

key finding of this study was the identification of five novel loci in this pedigree 

with high density SNP microarray, which indicates that additional loci/gene is 

involved in the pathogenesis of this condition in this family. Moreover, this 

technique helped us narrow areas of interest for further directed sequencing. In 

keeping with the homozygosity mapping data, our systematic analysis of whole 

exome sequencing (WES) data indicates that the disorder is caused by a new 

autosomal gene as I exclude the presence of any variants in known genes 

associated with MAC. However, isolating the pathogenic mutation from the large 

number of background polymorphisms was challenging and even after applying 

computational filters on the identified variants, multiple candidate genes remained 

indicating that WES data for a single subject is not enough to specifically identify 

causal variants. In this chapter, I will discuss some concern in using WES in a 

genetically heterogeneous condition, like our case, and will provide some 

suggestions for future directions. 

The power of combining homozygosity mapping with WES as a strategy for 

unravelling the molecular cause of the recessive disease is in its ability to help 

exclude irrelevant parts of the exome or genome prior to the application of other 

computational filters [1-3]. In this setting, each proband was required to have two 

mutated allele in the same gene and identification of such variants in IBD 

segments are highly efficient at even low level of per-base coverage (e.g., 5X 
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coverage) because there should not be too many rare homozygous protein-altering 

variants in these segments [4]. Therefore, theoretically, data from only one 

affected individual will suffice to find the pathogenic mutation. This approach has 

been used successfully in a number of WES projects and related studies to 

identify or confirm novel disease genes [5-12]. 

However, there are two concerns regarding the use of homozygosity mapping data 

for filtering WES variants that should be considered to avoid misinterpretation of 

the data: First, the frequency of alleles in variation depositories, like dbSNP or 

1000 genome, for non-Western societies- where consanguineous marriages are 

common- are less represented, which reduce the power of eliminating common 

polymorphisms [13-15]. Therefore, the phenotypically normal people who are 

carrier for a recessive disease gene will be genotyped and the pathogenic allele 

will be deposited in the database [16]. Second, focusing on variants in runs of 

homozygosity in genetically heterogeneous diseases, as in anophthalmia case, 

could be problematic as well [17], due to the possibility of the occurrence of 

separate de novo mutation(s) in different genes or the same gene but in a different 

location (compound heterozygote). This means that the causative mutation(s) 

could be found anywhere in the genome. The reason for assuming the possibility 

of the presence of de novo mutation is that it has recently been shown that the rate 

of de novo mutations in humans is higher than previously thought. The per 

generation mutation rate in humans has been estimated at between 7.6 × 10
9
 and 

2.2 × 10
8
, or roughly 50 to 100 new mutations per new born, which corresponds 

to 0.86 de novo amino acid altering mutations [18-19]. Hence, it seems logical to 
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hypothesize that de novo mutations in this genetically heterogeneous condition 

might be common. However, allowing for this model will inflate candidate lists, 

and more sophisticated approaches will need to conduct candidate prioritization in 

a single WES data set. 

In addition to probable flaws in selecting the mode of inheritance and, 

consequently, the wrong filtering criteria, WES itself has several inherent 

limitations, which should be considered in any exome sequencing studies. The 

first concern relates to sequencing coverage, which is not the same across the 

genome and this may result in missing many regions of interest [20]. In addition 

using the current platforms, some regions of the genome are difficult to align to 

the reference genome, including repetitive or GC rich regions which can 

potentially lead to missed variants or an excess of variant calls [21]. On the other 

hand, a subset of genes appeared enriched for novel variants, e.g. CDC27, perhaps 

due to misalignment of the sequence reads or the presence of highly similar 

sequences in the genome (pseudogenes) which may mistakenly result in an excess 

of variant calls for a gene. For those genes that are known to be duplicated or have 

paralogues in the genome, these variants can be removed from consideration but 

for duplicated sequences that are not identified in human reference genome, these 

spurious variants will not be removed and can lead to false positive variants 

unrelated to disease. Finally, the length of the gene can affect the number of 

variant calls. For example, in a study on Kabuki syndrome, MUC16 was the only 

gene that was common in 10 affected individuals. However, it turned to be a 
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wrong candidate because the long length of this gene was the reason for a higher 

number of variant calls for this gene across all individuals [22] . 

To deal with the above mentioned issues, one option is to sequence more affected 

individuals or perform case-parent trios analysis strategy to identify potentially 

pathogenic [23-24]. The reason is that under the assumption of random 

distribution of variants in the population, only the true pathogenic allele will be 

present in all affecteds (Figure 4.1). For example if 5% of 20,000 target genes 

show rare novel variants, in one individual, 1000 genes will contain sequence 

variants. However, if we consider two affecteds at the same time, 5% of 1000 

genes or 50 candidates will be predicted to have the same variants in both 

individuals. The number of candidate genes will be reduced to less than one, if we 

sequence a third individual [2]. Therefore, this approach will enable us to identify 

rare polymorphism versus true disease causing mutation. 

For future work, DNA samples of the second affected and one unaffected sibling 

have been sent for exome sequencing. Analyzing three sets of exome data in this 

pedigree is beneficial as it allows for population-matched controls, especially 

considering that this family comes from the Middle East and the allele frequency 

for this ethnic group may be under-represented in the current variation databases 

[21-22, 25]. In addition, it would be easier to control for technical artifacts that 

may arise during the sequencing or alignment of sequence reads, so it is predicted 

that the three exome data may provide near-exact identification of false-positive 

candidate genes and, therefore, reduce the number of candidate genes for further 

analysis. 
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Another option for future work is to perform WGS. In this study, the analysis was 

restricted to coding variants. However, it is possible that mutation in regulatory 

elements and distant enhancers be present and affect the phenotype [26]; even 

though the majority of mutations associated with congenital diseases have been 

found in or near exonic regions. There are some reports that have shown the 

association of intronic mutations with hereditary diseases [27]. Therefore, there 

will be a need to perform whole genome sequencing to gain a broader view of 

possible genetic alterations that might be underlying the anophthalmia phenotype 

in this pedigree. 

Overall, the discovery of the genetic basis of anophthalmia will substantially 

expand our understanding of biology of this rare disease, in general, and lessons 

learned from this rare disease can be also relevant to common diseases. 
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Figure 4.1 Effect of increasing number of control exomes on private variants 

observed in a single exome, with and without the use of dbSNP and 1000 

genomes data, derived from Ng SB et al., Hum Mol Genet 19(R2):R119-24 [16]. 

The number of private mutations observed in an individual from sequential 

addition of control exomes was averaged from 10 000 permutations of 21 

published exomes of non-African ancestry [21-22, 25, 28]. 
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Introduction 

Glaucoma, is the second leading cause of permanent blindness worldwide [1]. 

Clinical features include abnormal optic nerve head, decreased sensitivity of 

visual function in the mid- peripheral field, with progressive loss that eventually 

involves central and peripheral fields. This condition is frequently accompanied 

by elevated intra ocular pressure (IOP); however, high IOP is  neither necessary 

nor sufficient for the onset of the disease [2]. Vision loss results from the 

degeneration of the axons in the optic nerve head that causes irreversible 

blindness if untreated. 

In Primary Open Angle Glaucoma (POAG), as the most frequently occurring 

form of the disease, elevated IOP results from an increase in aqueous humor 

outflow resistance in the trabecular meshwork (TM). So far, 25 loci have been 

linked to POAG while only three underlying genes, Myocilin [3], Optineurin [4] 

and WDR36 [5] are identified. Even though there is strong evidence for genetic 

influence in glaucoma pathogenesis, only a small proportion of the disease has a 

characterized genetic abnormality and the pathogenic mechanism remains largely 

unknown. 

In the last couple of years, members of the TGF-β superfamily came into the 

focus of glaucoma research. TGF-β ligands which are known to regulate a 

plethora of important developmental processes, contain more than 30 members 

and are classified into two branches: TGF-β/activin/Nodal that signals through 

Smads 2/3 and BMP/GDF that signals through Smad 1/5/8.[6]. In general, BMP 

signals are mediated by binding to and bringing together type I and type II serine-
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threonine kinase receptor on the cell surface. This will allow receptor II to 

phosphorylate the receptor I, which in turn, recruits the Smad proteins to convey 

the signal from the cell surface to nucleus. Smad 1, 2, 3, 5 and 8 (receptor 

regulated Smad) are directly activated by receptor I and undergo 

homotrimerization and formation of heteromeric complex with Smad 4 (Co- 

mediator Smad). This complex is, then, subsequently translocated into the 

nucleous and regulates the transcription of target genes [6]. In contrast, activation 

of TGF-β receptors by their ligands causes the activation and phosphorylation of 

Smad2 and 3, followed again by heterodimerization with Smad4 and translocation 

into the nucleus. 

Several studies have examined the importance of BMP signals in pathogenesis of 

the glaucoma. Wordinger et al. described the expression of BMP-2, BMP-4, 

BMP-5, and BMP-7 and the BMP receptors in two tissues involved in glaucoma 

pathogenesis; optic nerve head and trabecular meshwork [7]. Amongst them 

BMP4 is of special interest since the deficiency of BMP-4 leads to abnormalities 

of the optic nerve and an elevated IOP [8]. These reports testify the importance of 

BMP signals in maintaining normal homeostasis in the ocular tissues associated 

with glaucoma, and also suggest that alterations in growth factor/growth factor 

receptors may play a role in glaucoma pathogenesis. 

In this project, I selected GDF3 for study in the pathogenesis of glaucoma. GDF3, 

also called Vgr-2, was first isolated from mouse embryonic day (E) 6.5 cDNA 

embryonic library by homology to Xenopus VG1 (57% amino acid identity, 79% 

similarity) [9]. It was placed in the BMP/GDF subclass of the TGF-β family for 
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its sequence homology. GDF3 protein has six of the seven cysteines that are 

present in other TGF-β ligands. This missing cysteine is involved in 

intermolecular interaction between TGF-β ligands. 

Regarding the function of GDF3, there are two contradictory reports in the 

literature. Brivanlou (2006) examined the function of GDF3 in the context of stem 

cell differentiation and reported that this gene is one of the several key factors 

responsible for maintaining the pluripotency state in stem cells. They found that 

the transition from pluripotency to differentiated state is accompanied by 

reduction in GDF3 while there is an increase in BMP signals and concluded that 

GDF3 is an inhibitor of its own subfamily, BMP signaling [10]. On the other 

hand, Chen showed that GDF3 is poorly processed in cell culture and that it needs 

an EGF-CFC co-receptor called Cripto, which is the putative receptor for Nodal 

ligands, to signal through a Nodal-like pathway. These combined findings raise 

the intriguing possibility that GDF3 acts as a bi-functional protein, to regulate the 

balance between the two modes of TGF-β signaling. 

Very little is known about GDF3 and its role in disease, however, the association 

of large deletion and duplication of chromosome 12p, where GDF3 is located, 

with ocular disease suggests that this gene might be involved in ocular diseases. 

Recently, Ye (2010) showed the importance of this gene in the development of 

vertebrates’ eyes by demonstrating the contribution of GDF3 to 1.5% of 

microphthalmia, anophthalmia and coloboma (MAC), a spectrum of congenital 

ocular disorders that cause paediatric vision loss. Since the mutation of GDF6, as 

another BMP, results in MAC and we have an increasing body of evidence that 
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indicate it also causes a milder late onset disease (glaucoma), I hypothesized that 

other members of the TGFβ family, including GDF3, could play contributing 

roles in glaucoma. Thus, probably mutations in the GDF-3 gene can cause cells in 

retina to become vulnerable to death and, subsequently, cause glaucoma either 

directly by inducing neuronal loss or indirectly by causing death of the other cells 

in the eye.  In light of this finding, I screened a panel of glaucoma patients and 

found two mutations. Interestingly, these two mutations have been also found in 

the MAC panel. Western blot showed reduced protein production for both mutant 

and luciferase assay showed decreased protein activity for one of them [11]. For 

further study the association of these mutations and glaucoma disease, morpholino 

inhibition of dvr1, an ortholog of GDF1/GDF3, was pursued to investigate 

knockdown phenotypes and see the effect on the density of retinal ganglion cells 

(RGCs). 
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Material and methods 

PCR 

Primers were designed for 2 coding exons of GDF3 for screening of patients with 

Normal Tension Glaucoma (NTG) and High Tension Glaucoma (HTG) (Table 1). 

The primers were designed using Primer 3 (V.04.0). 

Cycling temperature: 1) 95 
0
C- 5 min, 2) 95 

0
C- 30 sec, 3) 57 

0
C- 45 sec, 4) 72 

0
C- 

1 min, 5) repeat (2-4) 35 times, 6) 72 
0
C- 5 min, 7) Final hold at 10 

0
C. 

Chemical reagents: each reaction, carried out in a total of 25 µl, had a final PCR 

buffer concentration of 1X (10X is 200 mM Tris, pH 8.4, 500 mM KCL; 

Invitrogen), dNTP concentrations of 0.2 mM (Invitroge), glycerol concentration 

of 10% v/v (Anachemia), formamide concentration of 5% (Sigma) and 0.5 U of 

Taq polymerase (New England BioLabs). 

Amplified PCR products were validated by gel electrophoresis-ethidium bromide 

stained 1% agarose gel. After validation, the PCR products were purified (Sigma 

Spin Post-Reaction Clean-Up Columns) prior to sequencing. 

 

Sequencing 

The sequencing reaction was done with the Applied Biosystems BigDye 

Terminator v3.1 Cycle sequencing kit and unicorporated dyes were removed with 

ethanol. Sequencing was run on the AApplied bisystems (ABI) 3130/XL (The 

Applied Genomic Centre, Alberta, Canada) or 3737/XL (CHUL Research Center, 
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Quebec, Canada). Genetic Analyzer with the same primer pairs used to amplify 

GDF3 amplicons. 

Restriction enzyme digestion 

Variants that were identified in GDF3 were validated with restriction enzyme 

(R.E.) digestion. Two restriction enzymes, HpaII (New England BioLab; 

recognition sequence-CCGG ) and   TsprI (New England BioLab; recognition 

sequence-  ), were used for validating variants R195Q and R266C, respectively. 

10 µl of PCR products (at concentration of ~ 100ng/µl) was incubated with 1µl of 

restriction enzymes (20,000U/ml) at 37
0
C for 16 hour. The digested products were 

analyzed with ethidium bromide stained 1% agarose gel electrophoresis. 

 

Western blot 

1. Cell transfection 

Monkey kidney cells COS-7 were cultured to 80% confluency before transfection 

in DMEM plus 10% FBS at 378. For each V5-tagged-GDF3 plasmid, 4 mg of 

DNA was transfected and transiently expressed in COS-7 cells by FuGENE 

(Roche Diagnosis, IN, USA) in a ratio of 2:1 fugene to µg DNA. Briefly, 4µg of 

each vector plus 1µg of LacZ added to an eppendorf tube containing 400 µl of 

DMEM. 12 µl of FuGENE then added to each tube followed by another 400 µl of 

DMEM. The mixture kept in hood for 40 min. Cell were transfected by dropping 

vector mix in spiral around plates and incubated at 37
0
C for 48 h. 
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2. Protein extraction 

Both cell lysate and culturing medium was collected at 48 h post-transfection. 

Briefly, media (5ml) was pipette into nalgene tube. 5 ml PBS 1X were added to 

each plate. 8 ml aceton were added into nalgene tubes and vortexed to mix and 

incubated at -80
0
C for 1h. To extract protein from cells, previous PBS was 

aspirated and 1 ml of a mixture of PBS plus 0.1 PMSF were added to each plate 

and scraped into 1.5 ml chilled eppendorf. Tubes were centrifuged at 3000 rpm at 

4
0
C for 5 min to collect cells. Supernatant was aspirated and cell pallet was 

resuspended in 200 µl cold lysis buffer +pic (2µl) + 0.1M PMSF (1µl) per tube. 

Incubate at 4
0
C for 1 h on shaker. Cells were sonicated for 10 sec and centrifuged 

at 13000xg at 4
0
C for 5 min. 

 

3. Western assay 

Proteins from cell lysate and medium were separated by 15%SDS-PAGE, 

transferred to 0.45 mm nitrocellulose membranes (BioRad, CA, USA), and 

blotted by mouse anti-V5 antibody (1:10 000, Invitrogen, ON, Canada) and 

subsequently by HRP conjugated anti-mouse IgG (1:5000, Jackson Labs). They 

were also blotted by anti phospho SMAD 1/5/8. Western blot analyses were 

resolved by ECL reactions (efficient chemiluminescence, ThermoScientific, IL, 

USA). Alpha tubulin and secreted alkaline phosphatase were used as loading 

controls for cytosol GDF3 and secreted GDF3, respectively. 
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Morpholino Inhibition 

Three types of morpholino were designed to zebrafish dvr1; a translation 

blocking, a splice blocking and a mismatch morpholino. Morpholino injections 

often increase p53 activation due to non-specific cell death.  This is considered 

non-specific so in order to correct this, 6ng of each dvr1 morpholino was co-

injected with 1ng p53 morpholino. Controls were fish injected with 1ng p53 MO. 

Fish were phenotyped at 5 days for ocular size and any other morphological 

abnormalities. 

Table A.1 List of primers 

Amplicons Forward primer (5’-3’) Forward primer (5’-3’) Annealing 

Temp 

(0C) 

1 GCAATTCACACTTGATTATCTTACATC TCAGTAATTGTCATTTCCTATTGTCC 57 

2-1 GTATATGTGGGTGTCTGGCATTTC CAGGTCCCGGAAGTTAATGAATAG 57 

2-2 AGACACCTGTGCCAGACTAAGATG TATGATTATTAGGGCTCCAGGATG 57 

 

 

Table A.2 List of morpholino 

Morpholino Sequence 

Translation Blocking AGGCTCTGAGGAGGACTAAGAACAT 

Splice Blocking GCTCTGAGGAGGACCAAGAACATTA 

Mismatch UCUGGCTUAUTGAGUAUAGGAUAUTAAGUTUACAT 
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Results 

Human data 

Screening of 156 NTG and 96 HTG patients yielded two variants of GDF3. The 

first is a heterozygous change at G585A resulting in substitution of Glutamine (Q) 

to Arginine (R) at position 195 (Table 1). This change is present in the pre-

prodomain and is excised from the mature protein. The second variant is a 

heterozygous change (C796T) that substitutes Arginine with cysteine (C) at amino 

acid position 266. This variant is in mature domain. These two mutations were 

partially conserved between the species (Figure 1). 

480 normal controls have been screened by a former lab member for these 

variants. I also screened 130 more normal controls. Screening was done with 

HpaII and TspRI restriction enzyme digestion for R195 and R266C mutation, 

respectively. These two mutations were absent from 610 normals and t-test 

showed that distribution of these mutations in POAG patients and their absence 

from normal controls was statistically significant (t-test, p= 0.02). 

Phenotype of the morphants 

Morphants showed several developmental abnormalities that were distinguishable 

after 3 days of post-fertilization, including reduced eye size, curled or kinked tails 

and pericardial edema (Figure 2). They also had problem swimming. However, 

not all of the embryos showed these phenotypes and a fraction of them looked 

normal. Furthermore, interesting to note was abnormal heart morphology. The 

heart of the control embryos underwent looping and the ventricle and 
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Table 1  Sequenced GDF3 Heterozygous variants found in NTG and HTG 

disease panel, frequency in patients and controls and their P value. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Mutation Prevalence in 

POAG 

Prevalence in controls P value 

 R266C 1/252 0/610  

 R195Q 1/252 0/610  

Total 2 2/252 0/610 0.02 
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Figure 1. GDF3 variants in HTG/NTG panel. Upper panel: Chromatograms 

for the two identified variants in the HTG/NTG patients. Red box shows the 

location of nucleotide change. Lower panel: Location of mutations in GDF3’s 

protein and their conservation between species (Taken from [11]). 
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Figure 2.  Reduced ocular size, skeletal defects and pericardiac edema are 

seen in morphants vs. controls. B. Morphants show a range of reduction in eye 

size vs. control 
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atrium were overlapped. However, the morphant showed looping failure, resulting 

in the linear heart. The tubular hearts in the morphants were able to contract but 

not as effectively as the control heart (Figure 2). 

 

RGCs quantification 

A transgenic fish in which the regulatory regions of the zebrafish isl2b gene 

(formerly isl3; Zebrafish Information Network) were used to drive expression of 

GFP in RGCs (isl-2b: GFP). In addition to RGCs it also labels small clusters of 

neurons in the forebrain and dorsal diencephalon.  To be able to count the cells in 

the RGC layer, nuclei were stained with Hoechst. Pictures were taken from the 

whole eye using confocal microscope and GFP intensity was quantified by ImageJ 

analysis (Figure 3). For each eye zstack were taken and the middle section was 

analyzed. Next, the surface area of RGCs was selected and the intensity was 

measured using image J. To make sure that the effect of reduction in eye size is 

not counted in total intensity, the mean intensity values were calculated by 

dividing the intensity by surface area. Those MO-treated embryos that were 

severely affected showing no GFP signal or no retinal lamination as well as those 

who looked normal, were excluded from our analysis (Figure 4). Eventually, 

statistical analysis was conducted using student t-test on a sub group of test and 

control samples (n=8). 
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Western assay 

Protein expression of Smad2/3, or Smad1/5/8 was analysed by Western blotting 

of cell extracts after 48 h. Since GDF3 is inhibitor of BMP signaling, a decrease 

in the level of Smad 1/5/8 were expected. However, no change can be detected in 

the level of either Smads between different GDF3 mutants expressing cells or the 

cells that expressed wild type GDF3. 
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Figure 3.  Confocal images of whole flat mounted eyes and the effects of 

dvr1 morpholino inhibition on GFP signal. Eyes were fixed and processed at 5dpf. 

GFP Intensity was quantified using Image J around RGCs boundaries. Averages 

are indicated below each picture. 
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Figure 4.  GFP intensity measurement in morphants and controls. Average 

intensity was calculated by dividing intensity value by the area. The graph shows 

the mean intensity for each individual eye. 
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Figure 5. Immunoblot analysis of pSMAD 158 and pSMAD 2/3 in whole 

cell lysate extract from COS-7 cells transfected with different GDF3 constructs at 

48 h post transfection. TGF-beta was used as positive control. 
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Discussion 

Previous data and screening results showed that GDF3 is not only an important 

determinant in MAC, but also it may play a role in other retinal diseases (Figure 

1). The fact that developmental genes have multiple functions and are used for 

multiple purpose, makes them fascinating candidates for study in human disease 

since they can be involved in early as well as late onset disease. However, the data 

from this chapter showed that it is difficult to make a genotype- phenotype 

correlation in the case of complex diseases, like glaucoma. 

 

Different degrees of eye size reduction were observed in morpholino group 

(Figure2) which can be explained to some extent by variability in MO’s injection 

volume. So, the dose of MO in some embryos might not be at the appropriate 

level to give the phenotype. In addition, morpholino injection into the yolk has the 

disadvantage that the efficiency of knockdown of the target gene is not 100% and 

to obtain a reliable result examining a larger numbers of embryos and careful 

interpretation of the data is necessary. Also, another possibility for incomplete 

penetrance of phenotypes might be the presence of other TGF-β ligands with 

redundant function to dvr1 that can compensate for the absence of this gene in 

knockdown fish. Regarding the heart defect, this observation is in line with 

previous in situ data in zebrafish that showed the highest expression of dvr1 in the 

tail and heart of the embryo 18 hpf [11]. So, it is not surprising that knocking 

down this gene produces abnormalities in the heart. Understanding which of the 
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two orthologs of dvr1—whether GDF3 or GDF1—caused this phenotype, merit 

further investigation. 

 

Quantification of the GFP signal revealed no significant difference in splice 

blocking morphants versus p53 injected embryos at 5 dpf (Figure 3, 4).  Although 

the size of the eye in morphant is considerably smaller than the controls’ eye, it 

seems that this difference is not resulted by specific loss of cells in the RGC layer 

and it is a delay in the growth or maturation of the eye that affect all individual 

cell type in the retina. Here I present some explanation for the observed data. 

First, these data are representative of the knockdown experiment at 5 days post 

fertilization and the presence of change at earlier or later time points during 

development cannot be excluded. Moreover, there might be changes in either 

density or differentiation of other cell types of the retina even though the size and 

the shape of the retinal cells seemed unaffected. In addition, glaucoma is a late 

onset disease and using MO, which will dilute out after a while, would not be a 

perfect method to see the long term effect of this gene. And last but not least is the 

possibility of the presence of other TGF-β ligand with redundant function to dvr1 

that compensate its lack. 

 

For western blot experiment, again no conclusion could be made as there were no 

difference between mutant and wild type GDF3 in inducing the expression of 

Smads proteins. This can be due to endogenous GDF3 activity which confounded 
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the results or due to antibody nonspecific binding to both phosphorylated and 

nonphosphorylated Smads. In addition, the expected decrease in the level of GDF 

mutants were not observed which cast shadow on the validity of the test. 

 

This study had several drawbacks. First of all, the animal model was not chosen 

correctly because there is no exact homologue of GDF3 in Zebrafish and the gene 

dvr1 corresponds to GDF1 and GDF3 in human with only 42% identity [12]. 

Hence, if there was a difference in retina after MO knockdown experiment, it 

would still be difficult to discern how much of the phenotype results from the 

knockdown of GDF3 and how much from knockdown of GDF1. In this context, 

using mammalian models including rats or mice that have GDF3 gene would 

result in more promising data. Secondly, it is known that Zebrafish have the 

ability to regenerate its RGCs after injury [13-14]. Therefore, it is possible that 

subtle change in RGCs would be healed at the time of our investigation. Thirdly, 

the transient knockdown experiment was conducted in this study [15]. However, 

to be able to see the long term effect of mutation it would be worthwhile to 

undertake a different approach. 
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