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ABSTRACT 

The development and function of eye in humans is coordinated by well-organized set 

of events. Several genes play important role in these processes and mutations in these 

genes can lead to different types of ocular disorders including structural and functional 

disorders. Anophthalmia, microphthalmia (A/M) and glaucoma are among the defects 

which arise mostly due to structural abnormalities in the anterior segment of the eye. 

Inherited retinal dystrophies (IRDs) are among the functional eye disorders which 

affects retina, the innermost layer of the eye. Genetic and phenotypic overlap makes the 

diagnosis of these ocular disorders very challenging and frequently require help of 

comprehensive genomic applications for the accurate diagnosis. Though there are prior 

studies on ocular disorders from Pakistan, but underlying genes and mutations are still 

unknown for a large majority of families/patients. Therefore, there is a dire need to 

expand the genetic spectrum of inherited eye disorders in Pakistan.  

In this study, 28 families from different regions of Pakistan were recruited and were 

divided into four groups based on clinical presentation. Out of 28, 6 families were 

placed in the glaucoma group (A1-A6) and were subjected to either targeted Sanger 

sequencing (TSS) or exome sequencing (ES). However, these analyses identified 

mutation in all six families in CYP1B1. The mutation p.(Arg390His) was identified in 

three families, while in other families one recurrent p.(Pro442Glnfs*15) and two novel 

mutations p.(Pro118Leu) and p.(Met1?) were identified.  

Similarly, TSS of FOXE3 in eight (FamilyB1-B8) families with A/M phenotype 

identified p.(Cys240*) variant in three families while a missense p.(Ile97Val) variant 

was identified in one family. Four families (B3, B4, B5, B8) unsolved with TSS were 

subjected to genome sequencing (GS) which identified an already known missense 

variant p.(Asp183His) in SIX6 gene, a novel 13-bp deletion in VSX2 and a known 1-bp 

deletion p.(Cys857Alafs*5) and a novel deep-intronic mutation (c.3609-1307G>A) in 

PXDN. The probable effect p.(Arg1203Serfs*76) and severity of deep-intronic variant 

was confirmed through minigene splice assay performed in HEK293T cells which 

showed the activation of a pseudoexon.  

Single molecule molecular inversion probes (smMIPs) based panel sequencing was 

used for the remaining 14 families (Family C1-C11 and Family D1-D3) with different 

types of IRDs. Two types of smMIPs panels (Retinitis pigmentosa-Leber congenital 
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amaurosis; RP-LCA) and (Macular degeneration; MD) based panel sequencing was 

performed in respective families based on their initial diagnosis. Panel based 

sequencing identified variants in 10 families out of 14 families. In LCA affected family, 

a known variant p.(Val9Met) was identified in NMNAT1. Two known variants 

p.(Arg482Trp) and p.(Gln301*) in two different families were identified in TULP1. 

The TULP1 variant p.(Gln301*) was identified in one loop family C7, but the other 

related loop of the same family has a novel MERTK variant p.(Gln146*). A novel 

PRPF8 inframe indel p.(Glu2307del) with low penetrance was identified in family C4. 

In family C5, a hypomorphic allele p.(Ala615Thr) in HGSNAT was identified with 

severe RP and a novel nonsense variant p.(Ser550*) in PROM1 genetically explained 

the phenotype of family C6. One previously known canonical splice site variant c.2493-

2_2495delinsGGC, p.(?) in CNGB1 was identified in a family with CSNB. Three 

already known variants p.(Arg439Trp), p.(Cys319Arg) and p.(Arg436Trp) in CNGB3 

were found in two families achromatopsia (ACHM). The variant p.(Arg439Trp), was 

identified in homozygous state in affected members of family C10 while heterozygous 

variants p.(Cys319Arg) and p.(Arg436Trp) were present in trans in the affected 

members of family C11. Copy number variation (CNV) analysis from smMIPs 

coverage, identified a novel homozygous deletion in USH2A in the family D1 which 

presented Usher syndrome. The deletion spans the region of 51.47kb covering coding 

exons 50-58 in the gene. The exact breakpoints were identified (c.9740-

5487_11389+5457del) through combination of PCR based genome walking and 

amplicon based PacBio long-read sequencing. 

The four remaining unsolved families (C1, C8, D2 and D3) were screened through GS 

for the identification of disease causing variant. A novel variant p.(Ala32Profs*55) in 

ATOH7 was identified in the family C1 exhibiting congenital blindness. In family D2, 

a novel COL18A1 indel p.(Pro597Leufs*127) was identified to be associated with 

Knobloch syndrome, while in the third syndromic IRD family a novel non-coding NDP 

variant c.-208G>A was identified. Regulatory region variants in NDP are already 

known to cause Norrie disease.  

The family C8, diagnosed with night blindness and high myopia remained genetically 

unexplained in this study even after short read GS. Our approach leads us to the 
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identification of 11 novel variants with a solve rate of 96% in our cohort of diverse 

inherited eye disorder families. 
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1.0.INTRODUCTION 

Human visual system is an intricate and amazingly complex system, where different 

types of cells coordinate to perceive visual information about their surroundings and 

perception of objects’ size, shape, color and distance. The light enters from the front of 

the eye, passes through lens and various sensory cells to reach the back of the eye from 

where optic nerve takes signals to the brain for interpretation (Figure 1.1). Throughout 

this process eye is supplied with nutrients through blood vessels and the wastes are 

properly managed. Many proteins play vital role in the development, function and 

maintenance of eye structures (Rogers, 2011).   

1.1. Anatomy of Human Eye 

The human eye has three distinguishing layers. The outer most layer comprises mainly 

of cornea and sclera. The cornea is 0.5 mm in thickness at the centre while thickness 

increases at periphery. Being the outermost part it not only protects eye but also 

transmits and refracts light to lens and retina (the innermost layer of eye) (DelMonte 

and Kim, 2011). The sclera merges with cornea at limbus and it provides protection and 

definitive shape to eye. Iris, choroid and the ciliary bodies form the middle part of the 

eye. The middle part collectively controls the amount of light entering in the eye, 

maintains the shape of lens, and provides aqueous medium and nutrients to the eye 

(Willoughby et al., 2010) (Figure 1.2). The innermost layer of the eye is retina which 

is the most complex layer. This neuronal layer completely lines the inner surface of the 

eye. The outer epithelial layer of retina is called retinal pigment epithelium (RPE). 

Majorly, six types of neuronal cells are present in retina (Figure 1.2). The photoreceptor 

cells facing towards the light entering region of eye, transmits light signal and are of 

two types; rods and cones. Other cells include bipolar cells, horizontal cells, amacrine 

cells, ganglion cells and Mullerian glia. These cells collectively form the plexiform 

which transmits the signal towards the optic nerve (Miller et al., 2005). 

1.1.1. Photoreceptors and Phototransduction 

Phototransduction is the process through which photoreceptors of the retina converts 

light signal into electrical signal for signal transmission to brain. Both types of 

photoreceptors have a light sensitive pigment called opsin which has seven G- protein-

coupled receptor (GPCR) transmembrane domains with N-terminus in the extracellular 
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and C-terminus in the cytoplasmic region of cell membrane. The light signals enter 

retina, absorbed (at a certain wavelength) by chromophore present in opsin called 

retinal resulting the conversion of 11-cis retinal to all trans-retinal by 

photoisomerization. This induces conformational changes in opsin, triggering the 

signalling cascade which in turn changes the levels of Ca2+ and cyclic guanosine 

monophosphate (cGMP) and disturbs the normal flow of neurotransmitters leading to 

hyperpolarization (Palczewski, 2014). The signal is then received by bipolar cells and 

later to ganglion cells, and ultimately reaches in the brain through optic nerve 

(Arshavsky et al., 2002). Rods receive signal at dim or low light through a specific type 

of opsin called rhodopsin and provides grey scale images (scotopic vision), whereas 

cones receive signal at bright light and provide colour images (photopic vision). 

Therefore, cones are of three types perceiving red, green and blue colours (Shin et al., 

2004). These includes L-cones, M-cones and S-cones which express different types of 

opsins and thus are sensitive to different light wavelengths. L-opsins are sensitive to 

the light of 560nm, M-opsins are sensitive to 530nm wavelength whereas S-opsins are 

sensitive to 420nm wavelength (Kolb, 1995). 

1.2.  Development of Human Eye 

The human eye development is a coordinated set of events between cells at embryonic 

level which starts at 4th week of gestation and the major eye structure formation is 

completed by 7th week (Mann, 1953). The eye forms as a single field at the centre of 

developing forebrain during early embryonic development. Later this single field is 

separated, and two lateral optic pits emerge during neurulation. These optic pits enlarge 

to form optic vesicles which remain connected to primitive forebrain through optic 

stalk, which later forms the optic nerve. In the meantime, lens placode originates from 

the surface ectoderm, fuses with the emerging optic vesicle, leading to the formation of 

the optic cup. Retina and retinal pigment epithelium originate from this optic cup 

whereas lens develops from the invagination of the lens placode (Figure 1.3). The 

detachment of lens from the epithelium surface forms the cornea. The cornea is formed 

from the cells invading from periocular mesenchyme which is derived from neural crest 

(Graw, 2010).  
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1.3. Genetic Eye Disorders 

Many genes are known to play their role during early eye development and any 

disturbance in these processes may lead to varied types of malformations which could 

result in reduced vision or total vision loss (Ohuchi et al., 2019). There are a significant 

number of studies which also highlighted the role of environmental factors such as viral 

infection, alcohol, smoking or drugs causing different types of eye disorders (Lammer 

et al., 1985; Stromland and Miller, 1993; Stromland, 2004). 

1.3.1. Anophthalmia and Microphthalmia 

Anophthalmia and microphthalmia (A/M) are ocular defects which occur due to 

pathological events during early eye development. Microphthalmia is diagnosed when 

an individual has small eyes, which is based on the measurement of axial length <21mm 

in adults and <14mm in new-borns (Verma and Fitzpatrick, 2007). In contrast 

anophthalmia is diagnosed when an individual has either the complete absence of any 

eye tissue or have remnant eye structures. Frequently anophthalmia and microphthalmia 

are observed together in patients which led to the use of A/M abbreviation to specify 

this group of structural eye disorders. The combined prevalence of A/M is one in 10,000 

births (Searle et al., 2018). The actual pathophysiological events accountable for A/M 

are not properly understood yet. Some studies suggest that they arise due to a secondary 

regression during ocular development (Fitzpatrick and van Heyningen, 2005), but 

others hypothesize that these are the results of either lens induction failure (Inoue et al., 

2007) or disruptions in optical invagination or early differentiation of the retina 

(Winkler et al., 2000; Loosli et al., 2003; Stigloher et al., 2006). It ranges from unilateral 

to bilateral and from simplex (non-syndromic) to complex (syndromic) types. A/M are 

often found with coloboma (a cleft appears due to absence of tissue in inferonasal 

quadrant of eye) (Gregory-Evans et al., 2004) and anterior segment dysgenesis (ASD), 

a group of disorders which affect trabecular meshwork, cornea, iris and lens of the eye 

(Ito and Walter, 2014).   

1.3.1.1. Genetics of Anophthalmia and Microphthalmia 

Before the identification of A/M-associated genes, a significant number of studies 

highlighted the role of environmental factors such as viral infection, alcohol, smoking 

or drugs causing A/M (Stromland and Miller, 1993; Stromland, 2004; Busby et al., 
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2005). Chromosomal deletions, duplications and translocations are known to be 

associated with syndromic A/M (Verma and Fitzpatrick, 2007). To date approximately 

150 genes are known to be associated with syndromic and non-syndromic forms of A/M 

(OMIM, assessed 1st December 2022). Most commonly, pathogenic variants in 

transcription factors such as (SOX2, RAX, VSX2, FOXE3) and in genes encoding 

signalling pathway proteins are known to cause A/M. Recently alternations in genes 

involved in retinoic acid metabolism (ALDH1A3, STRA6, RBP4, RARB) are also linked 

with A/M. There are other genes which do not specifically fall in any such category 

include ABCB6, FRAS1, NAA10, PORCN, COL4A1, PXDN, SMOC1, COX7B, TENM3, 

HCCS, C12ORF57 are also reported to be associated with A/M (Plaisancie et al., 2019). 

Pathogenic variants in SOX2 with involvement in 10-15% affected individuals are 

believed to be the most frequently associated gene with A/M. Others A/M associated-

genes include OTX2, RAX, FOXE3 and PAX6 with 2-5%, 3%, 2.5% and 2% of the cases 

respectively (Chassaing et al., 2014; Gerth-Kahlert et al., 2013). Prenatal diagnosis of 

A/M is also difficult even with the experienced ultra-sonographers (Searle et al., 2018; 

Plaisancie et al., 2019). Therefore, molecular and genetic diagnosis may help in patient 

management and genetic counselling of the families. Only 20-30% of the patients 

receives genetic diagnosis, although detection rates are higher in severe bilateral cases 

(Plaisancie et al., 2019). 

1.3.2. Glaucoma 

Glaucoma is a heterogeneous group of disorder and has several sub-types which are 

included under primary and secondary glaucoma. It is characterized mainly by 

increased intraocular pressure (IOP; normal range 10-22mmHg), megalocornea, cloudy 

cornea, photophobia and buphthalmos (Tamcelik et al., 2014). Some other features 

include high myopia, Haab’s striae (breaks in Descemet’s membrane) and optic nerve 

head cupping (Ko et al., 2015). These symptoms arise because of some developmental 

disorder in the trabecular meshwork of the eye which makes Schelmm’s canal; the 

structure which is important for the drainage of aqueous humor (fluid present between 

lens and cornea). Inadequate outflow of the fluid is responsible for increased IOP 

thereby increasing the pressure on the optic nerve. The damage in the optic nerve causes 

irreversible vision loss (Lim et al., 2012).  
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Primary glaucoma is usually caused by structural birth effects which blocks trabecular 

meshwork while secondary glaucoma is caused by inflammation, drugs or any external 

injury or disorder. Among the primary glaucoma, open-angle glaucoma (POAG), 

primary angle-closure glaucoma (PACG), and primary congenital glaucoma (PCG) are 

main subtypes, whereas two less common types include normal-tension glaucoma 

(NTG) and high-tension glaucoma (HTG) (Fernandez-Vega Cueto et al., 2021). The 

presentation of glaucoma phenotype mainly depends on the angle between junction of 

cornea and iris (Shown in figure 1.4). In POAG this angle between the junction of 

cornea and iris is open and it allows the regular flow of aqueous humor but some 

mechanical strain, older age or thin central corneal thickness causes obstruction in the 

normal flow of aqueous humor and thus results in the increased IOP (Weinreb et al., 

2014). There are forms of POAG (like NTG) where IOP remains normal and it is 

suggested that such type of glaucoma arises due to decreased cerebrospinal fluid which 

induces the similar kind of stress on the optic nerve as in the classical glaucoma (Wang 

et al., 2012). In PACG, the angle between cornea and iris is acute and it causes the 

blockage of aqueous humor outflow through trabecular meshwork leading to increased 

IOP eventually resulting in glaucoma (Weinreb et al., 2014). Primary Congenital 

Glaucoma (PCG) appears within 3 years after birth (Chang et al., 2013). PCG is caused 

by defects in the anterior chamber angle or due to defective trabecular meshwork (Abu-

Amero and Edward, 1993). Glaucoma hence is considered the second leading cause of 

blindness (first being the cataract) worldwide (Pascolini and Mariotti, 2012) despite of 

the medications and surgery available.  

1.3.2.1. Genetics of Glaucoma 

The prevalence of glaucoma varies in different populations with an estimate to affect 

more than 60 million worldwide (Qassim and Siggs, 2020). It is higher in eastern 

populations where cousin marriages are common and lowest in the west, ranging from 

1 in 1250 (Gencik et al., 1982) to 1 in 30,000 (MacKinnon et al., 2004) respectively. In 

most cases PCG is inherited in an autosomal recessive manner but in some cases it is 

also caused by heterozygous variants in TEK, following the autosomal dominant pattern 

of inheritance (Abu-Amero and Edward, 1993). The most frequently reported gene in 

autosomal recessive PCG is CYP1B1 (cytochrome p450) which was first identified in 

1997 in Turkish and Canadian populations (Stoilov et al., 1998). To date more than 250 
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mutations in CYP1B1 are predicted to be the cause of PCG and some other forms of 

glaucoma (HGMD, 2019). Studies in several populations have shown different 

percentages of CYP1B1 mutations in PCG patients but shows that this gene is a major 

player responsible for PCG worldwide. In a study of Chinese patients, 17.2% cases had 

CYP1B1 mutations (Chen et al., 2008), while India shows the involvement of CYP1B1 

in 30% cases (Reddy et al., 2004) which is lower than Brazilian PCG patients (40%) 

(Stoilov et al., 2002). While Iranian, Arabian and Romany populations have shown the 

highest number of cases with CYP1B1 mutations and have reported in 70%, 90% and 

100% patients respectively (Plasilova et al. 1999; Bejjani et al. 2000; Chitsazian et al. 

2007). LTBP2 initially reported in Gypsy and Pakistani families (Ali et al., 2009) and 

latter in Irani families (Narooie-Nejad et al., 2009). The, heterozygous variants in 

MYOC, a gene which is also predicted to be the modifier of CYP1B1 (Vincent et al., 

2002), TEK (Souma et al., 2016) and FOXC1 (Nishimura et al., 1998) are also reported 

to be associated with PCG.  

Other types of glaucoma show more complex pattern of inheritance and genome wide 

association studies (GWAS) have shown association of several genes. The associated 

genes are involved in several biological processes including lipid metabolism and 

membrane biology (ABCA1, ARHGEF12, CAV1/CAV2), extracellular matrix (AFAP1), 

cytokine signalling (CDKN2BAS, FNDC3B, TGFBR2), fucose and mannose 

metabolism (GMDS, PMM2), ocular development (FOXC1, SIX6) and cell division 

(CDKN2BAS, GAS7, TMCO1) (Wiggs and Pasquale, 2017). Recently, TXNRD2 is also 

found associated with POAG through GWAS studies (Bailey et al., 2016). TXNRD2 

gene encodes a protein which is required for the reduction of damaging reactive oxygen 

species (ROS) generated as a result of mitochondrial function. This suggests that 

oxidative stress may impose damaging effects to ganglion cells whereas reduction of 

ROS is neuroprotective (Lin and Kuang, 2014). 

1.3.3. Non-Syndromic Inherited Retinal Dystrophies 

Inherited retinal dystrophies (IRDs) is a vast group of inherited disorders which mainly 

manifest variable degree of vision loss. These dystrophies appear as a result of 

dysfunction or cell death of several different types of retinal cells and, therefore cause 

either the progressive vision loss or non-progressive vision loss depending on the 

precise nature of degenerative processes. When IRDs are present isolated they are 
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called non-syndromic IRDs. Predominantly, pigment deposits initially start appearing 

in the outer part of retina called RPE and later in other parts causing photoreceptors’ 

cell death (Hamel, 2014). The different types of IRDs can be distinguished based on 

the location of pigmentary lesions. 

The central part of the retina is called macula and it surrounds the fovea. This macular 

region contains the highest number of retinal ganglion cells (RGCs) and is involved in 

sharp vision. The macular region is approximately 2% of the total retinal area while it 

contains 30% of the RGCs (Curcio and Allen, 1990). The deposition of pigmentary 

lesions in the macular region causes the loss of central vision which poses difficulties 

in face recognition and reading. But if the lesions appear first in the peripheral region 

of the retina then it affects peripheral vision first and such individuals can read and 

write with less difficulty but movement at low light levels is more challenging for them 

(Hamel, 2014). When retinal cells of both periphery and central macula are severely 

damaged then the dystrophy is called Leber congenital amaurosis (LCA). This is the 

most severe form of IRDs and the age onset of LCA is as early as few months to one 

year. The affected individual lost complete vision early in their lifetime. Its prevalence 

is 1:80,000. The affected individuals mostly have normal intelligence but small number 

of studies have suggested that 20% individuals sometimes also develop intellectual 

disabilities (Tsang and Sharma, 2018).  

The other types of IRDs include cone-rod dystrophy where cones are more affected 

causing day vision loss (Haider et al., 2014). Another type of retinal dystrophy in which 

only cones are affected is called achromatopsia (ACHM) which is characterized by less 

visual acuity, photophobia and severe colour vision impairment (Perea-Romero et al., 

2021). Similarly, when the dysfunction occurs only in rod-photoreceptors or synapses 

of photoreceptors with bipolar cells then it causes congenital stationary night blindness 

(CSNB). In CSNB since only rod photoreceptors are affected it causes non-progressive 

night blindness (Henderson, 2019).  

The most prevalent form of IRDs is retinitis pigmentosa (RP), where both rod and cone 

photoreceptors are affected, and it is characterized by night blindness with a progressive 

loss of peripheral day vision and eventually complete blindness. It is estimated that 

worldwide approximately 1.5 million population is affected with RP (Vaidya and 

Vadiya, 2015). Choroideremia is another type of chorioretinal dystrophy which appears 
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due to damage in choroid (blood vessels which nourishes retina), RPE or 

photoreceptors. It is X-linked hence affects males mostly (Kalatzis et al., 2013).  

There is another class of IRDs which is specified as vitreoretinopathies. This is not very 

well-developed class of retinopathies, which include familial exudative 

vitreoretinopathies (FEVR) and proliferative vitreoretinopathies (PVR). FEVR arises 

due to failure in retinal blood vessels development leading towards incomplete 

vascularization of retina and retinal ischemia. This secondarily causes retinal folds, 

retinal detachment or in severe cases retinal dysplasia (Gilmour, 2015). PVR on the 

other hand is the consequence of growth defects causing cellular membrane 

contractions either within the vitreous cavity or on both sides of retinal surfaces, leading 

towards detachment of retina (Idrees et al., 2019). 

1.3.3.1. Genetics of Non-Syndromic Inherited Retinal Dystrophies 

IRDs depicts clinical and genetic heterogeneity with autosomal recessive, autosomal 

dominant and X-linked inheritance patterns. Approximately 341 genes are known to 

cause different forms of IRDs (Retnet: https://web.sph.uth.edu/RetNet/; assessed 22nd 

May, 2022). LCA is caused by more than 21 genes, which regulates processes such as 

photoreceptor morphogenesis (CRB1, CLUAP1, CRX, PRPH2, GDF6), 

phototransduction (AIPL1, RD3, GUCY2D,) intra-photoreceptor ciliary transport 

(CEP290, IQCB1, LCA5, RPGRIP1, SPATA7, TULP1, IFT140), signal transduction 

(KCNJ13, CABP4), retinoid cycle (RDH12, LRAT, RPE65), coenzyme NAD 

biosynthesis (NMNAT1), retinal differentiation (OTX2), outer segment phagocytosis 

(MERTK), guanine synthesis (IMPDH1), subcomponent of a chaperon complex (CCT2) 

or other proteins with unknown function (DTHD1) (den Hollander et al. 2008; Astuti 

et al. 2016).  

RP is the most prevalent form of IRDs. More than 30 genes are known to cause 

autosomal dominant form of RP (Retnet: https://web.sph.uth.edu/RetNet/; assessed 

22nd May, 2022). But the most frequently associated genes include RHO (encodes 

rhodopsin; an important protein in visual cycle which is activated in photoreceptors by 

the absorption of light) (Murray et al., 2009), PRPF31 (a splicing factor which is an 

important component of U4/U6 and U5 trimer) (Waseem et al., 2007), PRPH2 

(membrane glycoprotein which is located in outer segment of photoreceptors) (Loewen 

et al., 2001) and RP1 (a microtubule-associated protein which specifically expressed in 
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photoreceptors and required for their proper functioning) (Liu et al., 2003). More than 

60 genes are known to be associated with autosomal recessive RP (Retnet: 

https://web.sph.uth.edu/RetNet/; assessed 22nd May, 2022) and most of these genes are 

responsible for less than 1% cases however some genes like PDE6A, PDE6B, RP25 

and RPE65 are involved in more then 2-5% of RP cases. Most of the associated genes 

are involved in either phototransduction (CNGA1, CNGB1, PDE6A, PDE6B, PDE6G, 

RHO, SAG) or retinal metabolism (ABCA4, LRAT, RBP3, RGR, RLBP1, RPE65). Some 

genes are involved in tissue development and maintenance of cellular structures such 

as (CRB1, CERKL, EYS, NRL, PROM1, RP1, TTC8, TULP1, USH2A). Other genes 

included are either transcription factors (NR2E3, ZNF513), transmembrane proteins 

(MERTK) or their functions are not understood yet; loci (RP22, RP29, RP32) and genes 

(C2ORF71, FAM161A, PRCD, SPATA7) (Ferrari et al., 2011). It is estimated that 10-

15% RP cases are X-linked. The individuals affected with X-linked RP show severe 

phenotype and early development of the disease. In some cases, milder symptoms 

appear in female carriers probably because of non-random X-chromosome inactivation 

(Veltel and Wittinghofer, 2009). The genes responsible for causing X-linked RP 

includes OFD1, RP2 and RPGR.  

CSNB is caused by 3 genes (GNAT1, PDE6B, RHO) prevailing in an autosomal 

dominant pattern, while 12 genes (CABP4, GNAT1, GNB3, GPR179, GRK1, GRM6, 

LRIT3, RDH5, SAG, SLC24A1, TRPM1) are responsible for autosomal recessive 

CSNB. There are several genes which are associated with multiple phenotypes such as 

RHO is responsible for autosomal dominant CSNB and autosomal dominant RP as well 

as autosomal recessive RP. Similarly, variants in ABCA4 cause cone or cone-rod 

dystrophy as well as macular dystrophies (Retnet: https://web.sph.uth.edu/RetNet/; 

assessed 22nd May, 2022). The overlapping features in different phenotypes is well 

explained by the fact that several IRD genes are responsible for different phenotypes.   

1.3.4. Syndromic Inherited Retinal Dystrophies 

The syndromic IRDs can be broadly divided into two groups; one is inborn errors of 

metabolism (IEM) and the other group include ciliopathies. IEMs arise due to failures 

of protein metabolism, carbohydrate metabolism, glycogen storage and fatty acid 

oxidation. IEMs mostly are associated with neurologic symptoms because of 

neurodegeneration as a result of metabolic disorders which mainly damages the retinal 
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cells. As retina is formed from primitive forebrain pouch therefore it is considered as 

an extension of brain (Ferreira and van Karnebeek, 2019), which may result in the 

frequent presence of vision loss with cognitive dysfunction in various syndromes. 

These disorders include mucopolysaccharidoses (MPSs), congenital disorders of 

glycosylation (CDG), neuronal ceroid lipofuscinoses (CLNs) and peroxisomal 

disorders (Tatour and Ben-Yosef, 2020).  

The other group of syndromic IRDs are ciliopathies. Outer segment of the 

photoreceptor cells is connected with inner segment proximally through primary cilium. 

Primary cilia are important sensory structures to gather environmental cues and 

maintains tissue homeostasis (May-Simera et al., 2017). Therefore, retinal dysfunction 

is the common consequence observed in ciliopathies along with other abnormalities 

affecting liver, kidney, skeleton, central nervous system and inner ear. The ciliopathies 

which are responsible for syndromic IRDs include Joubert syndrome (JBTS) 

characterized by developmental delay, ataxia, abnormal eye movements, RP and 

breathing abnormalities (Parisi et al., 2007), Bardet-Biedl syndrome (BBS) which is a 

combination of  skeletal disorders mainly postaxial polydactyly, intellectual disability, 

renal disease, truncal obesity and hypogonadism along with RP (Forsythe and Beales, 

2013), Usher syndrome (USH) which is a combination of hearing loss and RP 

(Castiglione and Moller, 2022), Alstrom syndrome (ALMS) where affected individuals 

depicts cone-rod dystrophy along with short stature, hearing loss, truncal obesity, type 

2 diabetes, cardiomyopathy, renal, pulmonary and hepatic dysfunction (Marshall et al., 

2011) and Senior-Loken syndrome (SLN) which presents LCA or RP retinopathies 

along with cystic kidney and reduced ability of concentrating (Tsang et al., 2018).   

1.3.4.1. Genetics of Syndromic Inherited Retinal Dystrophies 

Most of the syndromic IRDs present autosomal recessive pattern of inheritance and are 

rare but they may appear as autosomal dominant such as Alagille syndrome (OMIM 

ID: #118450), Dyskeratosis Congenita (OMIM ID: #613990), Revesz syndrome 

(OMIM ID: #268130) and X-linked such as Alport syndrome (OMIM ID: #3010150), 

Charcot-Marie-Tooth disease (OMIM ID: #311070) and Norrie disease (OMIM ID: 

#310600). More than 80 forms of syndromic IRDs are present and most of them are 

explained with single genes however some show genetic heterogeneity. JBTS, BBS and 

USH are the three ciliopathies which are among the most genetically heterogeneous 
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group of syndromic IRDs. The symptomatic heterogeneity is explained by the fact that 

the protein products of the associated genes are involved in the formation of several 

types of protein complexes in retina and also in other tissues. Approximately 21 genes 

are known to cause BBS (BBS1, BBS2, ARL6, BBS4, BBS5, MKKS, BBS7, TTC8, 

PTHB1, BBS10, TRIM32, BBS12, MKS1, CEP290, WDPCP, SDCCAG8, LZTFL1, 

BBIP1, IFT27, IFT74, C8ORF37, CEP164) and these are involved in intraflagellar 

transport, maintaining lipid homeostasis and centrosomal functions (Petriman and 

Lorentzen, 2020). Similarly, 36 genes are known to cause JBTS which are all expressed 

in primary cilium. All these genes (INPP5E, TMEM216, TMEM67, TMEM138, 

TMEM231, TMEM107, AHI1, CEP290, RPGRIP1L, ARL13B, CC2D2A, CEP41, 

ZNF423, CSPP1, PDE6D, CEP104, MKS1, ARMC9, ARL3) are responsible for 

autosomal recessive pattern of inheritance while only one gene (OFD1) depicts X-

linked inheritance (Tatour and Ben-Yosef, 2020). USH is caused by 11 genes (MYO7A, 

USH1C, CDH23, PCDH15, USH1G, CIB2, USH2A, ADGRV1, WHRN, CLRN1, 

HARS1) which perform wide range of functions in neurosensory cells of inner ear and 

retina including cell adhesion, trafficking and scaffolding (El-Amraoui and Petit, 2014). 

1.4. Eye Disorders in Pakistan 

In populations with higher degree of endogamy the incidence of rare Mendelian 

diseases are higher, and therefore autosomal recessive inherited disorders are more 

common. A similar pattern has been observed in Pakistani population and 

consanguineous families from this region have been utilized to identify underlying 

genes for many types of inherited eye disorders. The genetic studies on IRDs from 

Pakistani populations facilitated the identification of eleven novel genes (AIPL1, 

BEST1, CC2D2A, CDH23, IMPG2, LCA5, NMNAT1, ZNF513, PCDH15, SEMA4A 

and SLC24A1). Additionally, these studies also provided the evidence to associate 

CLRN1 and TTC8 genes with non-syndromic autosomal recessive IRDs which were 

otherwise known to cause syndromic IRDs (Khan et al., 2014). The study indicating 

the vision loss burden in Pakistan estimated that 1.12 million Pakistani population is 

blind and the number is increasing continually since 1990 (Hassan et al., 2019).  

A comprehensive account of different congenital ocular defects and their prevalence is 

not properly reported in Pakistan, but some studies provided information on blindness 

reports due to cataracts and refractive errors. Single hospital based study from Sindh 
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indicated that RP is the most prevalent form of IRD in Pakistan with 64% cases, 

followed by 14.7% Stargardt disease and 6.7% cone dystrophies (Adhi, 2002). RPE65 

and TULP1 were identified as most frequently mutated genes both with 6.9% among 

the solved families, in a large cohort of 144 consanguineous Pakistani families affected 

with RP and collected from different regions of Punjab. The second most frequently 

mutated genes identified in the same cohort were PDE6A and RP1 in 4.9% solved 

families (Li et al., 2017). In a study, (Khan et al., 2014) provided an overview of 56 

different studies conducted in Pakistan and comprehend the genetic data from 466 

Pakistani IRD patients. They found that autosomal recessive RP is the most frequently 

found IRD in Pakistan with 59% cases and autosomal recessive LCA being second with 

19% cases. Autosomal recessive cone-rod dystrophy and autosomal recessive CSNB 

are at third and fourth numbers with 10% and 9% cases respectively. AIPL1, CRB1, 

TULP1, RPGRIP1, RP1, SEMA4A, LCA5 and PDE6A are among the most frequently 

mutated genes collectively reported in the previous Pakistani studies. Similarly, the data 

collected before 2014 from 22 different studies indicated that USH syndrome account 

for 36% of the syndromic IRD cases in Pakistan, while BBS account for 33%, JBTS 

for 10% and SLS for 8%. The most frequently mutated gene collectively in syndromic 

IRD cases in Pakistan is CDH23 (Khan et al., 2014). In another study of 26 Pakistani 

IRD families, single mutation in RPE65 was found in 5 families (Maranhao et al., 

2015). This also indicated that RPE65 is the frequently mutated gene in Pakistani IRD 

families. 

The major cause of bilateral blindness worldwide second to cataract is glaucoma with 

the prevalence of 64.3 million (Rulli et al., 2018) and is estimated to reach 111.8 million 

by 2024 (Tham et al., 2014). Primary congenital glaucoma (PCG) is the type of 

glaucoma which starts as early as few months to 3 years of age. The most frequently 

mutated genes in PCG are CYP1B1 and LTBP2 with 240 and 26 mutations reported in 

Human Gene Mutation Database (HGMD) respectively. In a small study of 29 sporadic 

PCG cases from Pakistan, GLC3A locus harbouring CYP1B1 gene is linked to 17% of 

cases (Bashir et al., 2014). In a study of 14 Pakistani consanguineous families affected 

with PCG, 50% families (n=7) were identified with biallelic CYP1B1 mutations (Rashid 

et al., 2019). This indicates that CYP1B1 is also frequently mutated gene in 

glaucomatous families of Pakistani origin, though there are reports indicating the 
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involvement of LTBP2 in PCG (Ali et al., 2009; Rauf et al., 2020). Four consanguineous 

Pakistani families affected with PCG were reported to have null mutations in LTBP2 

gene (Ali et al., 2009). Another study of PCG families from Pakistan identified three 

novel LTBP2 variants (Rauf et al., 2020).  

Microphthalmia, anophthalmia and coloboma are collectively considered in a similar 

spectrum of MAC. The biallelic mutations in ALDH1A3 are considered the most 

frequent cause of MAC in autosomal recessive consanguineous families (Fares-Taie et 

al., 2013). In a small study of Pakistani families affected with A/M, (20%) solved 

families have ALDH1A3 variants while 60% have FOXE3 variants (Ullah et al., 2016). 

In a recent study of 19 consanguineous families affected with MAC, variants were 

identified in TENM3, KIF26B, MICU1 are CDON. Some variants were identified in 

candidate genes such as LRP6, WNT2B, and IQGAP1 (Islam et al., 2020). Mutations in 

VSX2 and PXDN are also reported with microphthalmia and associated phenotypes in 

consanguineous Pakistani families (Iseri et al., 2010; Khan et al., 2011; Reis et al., 

2011). 

1.5. Diagnosis of Eye Disorders 

Several clinical diagnostic tests are available for screening of different eye disorders, 

whereas genetic testing is also available for inherited eye disorders.  

1.5.1. Clinical Diagnosis 

Visual acuity test: This test is performed to check the reading performance, visual 

acuity, effects of illumination and contrast sensitivity through “Snellen charts”. 

According to this test, 20/20 visual acuity refers to no vision loss, whereas 20/40 and 

20/60 means 10% and 20% vision loss respectively. 20/200 visual acuity is generally 

accepted as complete vision loss (Sloan, 1951). 

Slit lamp examination: The slit lamp is a uniquely designed microscope which gives 

a three-dimensional view of the eye structures and therefore it provides an accurate 

view of the abnormalities and their location. This test can be performed to visualize the 

anterior segment of the eye to examine mainly corneal injuries, conjunctivitis and 

cataracts (Ledford and Sanders, 2006). It is used before and after operative assessments 

of eye and for fitting lens (Martin, 2018).   
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Tonometry: It is performed to accurately measure the IOP in the eye. This test is 

performed to diagnose glaucoma a condition characterized by the increased IOP 

(normal range: 7-21 mm Hg) (Kniestedt et al., 2008). 

Ophthalmoscopy/Fundoscopy: Fundoscopy is used to examine the inside of the eye 

called fundus and provides the clear images of retina, macula, fovea, blood vessels and 

optic nerve. This test is important for the diagnosis of diabetic retinopathies, macular 

degenerations, retinal degeneration, pigment depositions and retinal detachment 

(Chatziralli et al., 2012).  

Fluorescein angiography: In this test, dye is injected through a vein and as it travels 

through the blood vessels of retina, images are captured for visualization of innermost 

layers of eye. This test is also performed for the diagnosis of diabetic and other 

retinopathies and macular degeneration (Yannuzzi et al., 1986). 

Optical coherence tomography (OCT): OCT uses light waves to create the non-

invasive cross-sectional image of the different layers in eye. This test provides the 

diagnosis for glaucoma, macular and other retinal dystrophies (Huang et al., 1991).  

Electroretinogram (ERG): ERG uses the light stimuli to record the electrical activity 

of retina during scotopic and photopic vision. This test is performed for the diagnosis 

of IRDs (Perlman, 1995). 

1.5.2. Genetic Diagnosis 

Genetic diagnosis involves the identification of disease-causing variant in patients 

presented with different types of ocular disorders. The genetic testing strategy that can 

be employed for a patient’s genetic test can vary but is mainly dependent on the 

available clinical information. A brief account of these strategies is given below; 

1.5.2.1. Targeted Sanger Sequencing 

Targeted Sanger sequencing (TSS) involves the capturing and amplification of single 

exon or part of large exons for up to 1kb through conventional PCR techniques. The 

captured region is then sequenced through Sanger sequencing. However, TSS can be 

directly employed in a limited number of patients owing to heterogenous nature of 

ocular disorders and very few types have single or few candidate genes which are 

suitable for TSS. 
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In majority of research settings TSS has been frequently utilized in combination with 

genome wide genotyping and homozygosity mapping to increase diagnostic yield of 

genetic test. These studies initially perform homozygosity mapping to shortlist 

candidate genes prior to TSS. This approach provided more accurate gene targeting as 

compared to random selection of genes and exons. These approaches have been proved 

successful in several studies for the identification of disease causing variants associated 

with different IRDs (Ali et al., 2009; Anjum et al., 2010; Bashir et al., 2014; Saqib et 

al., 2015; Ghofrani et al., 2017; Wawrocka et al., 2018; Rashid et al., 2019; Rauf et al., 

2020) were only helpful in the identification of already known phenotypic variants in a 

particular population. This technique is accurate but provides less data and is not much 

beneficial for the identification of novel variants or novel genes.  

1.5.2.2. Next Generation Sequencing (NGS) 

Next generation sequencing (NGS) techniques have revolutionized to tackle the human 

genome complexities over the past decade and has increased the sequencing capacities 

from 100-1000 times (Kircher and Kelso, 2010). In most of NGS platforms, sequencing 

is performed by either of two methods; sequencing by ligation or sequencing by 

synthesis. In sequencing by ligation approach, a fluorophore bound probe fragment is 

hybridized to a DNA fragment and the bases within the sequenced fragment are 

identified by complementarity to specific positions in the probe. Whereas, in 

sequencing by synthesis, fluorophore tagged bases are used in a polymerase chain 

reaction and the addition of base or ionic changes in the reaction are measured to detect 

the sequence of the fragment. Since several fragments are sequenced together in both 

approaches through clonal amplification therefore pronounced and reliable signal is 

detected compared to background noise (Goodwin et al., 2016). The genetic community 

have used NGS in different ways to ensure rapid turnaround time and diagnostic yield 

and these are summarized in the subsequent sections. 

1.5.2.2.1. Panel-Sequencing 

Phenotype-directed panels are available for the diagnosis of several genetic disorders. 

The ultimate goal of these panels is to avoid the cost of exome sequencing and time in 

consuming analysis of unnecessary genes and variants of uncertain significance (VUS). 

While designing a panel, maximization of clinical sensitivity is also kept in 

consideration by possibly including all genes associated with that particular Mendelian 
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disorder. It is also important to include genes with the uncertain significance which 

have limited but emerging evidences of their relevance with the particular phenotype. 

The technical completeness of the panel design is also very important e.g., the coverage 

depth should be in appropriate range for good quality diagnosis (Bean et al., 2020). The 

panel testing is helpful in capturing intronic or regulatory regions as well as complex 

regions which may not be covered in exome sequencing. Among the disadvantages of 

the panel sequencing include un-identification of novel genes and variants associated 

with the particular disorder. Panel may not include the recently identified genes 

associated with a phenotype and generally panels vary depending on lab (Wojcik et al., 

2023).  

The recent technique used for target enrichment in most panel sequencing is single 

molecule Molecular Inversion Probes (smMIPs) which is fast high throughput 

technique. The smMIPs are oligonucleotide probes which have primers at its 3' and 5' 

ends. Therefore, it hybridizes with both ends to the DNA and target region is 

incorporated through the fill in reaction. The circular probe is then PCR amplified and 

sequenced after purification. The target enrichment technique is advantageous, as we 

can capture and tile regions as closely as necessary (Boyle et al., 2014). Several studies 

have highlighted the success of panel-based sequencing for the genetic diagnosis of 

inherited ocular defects. In a Chinese cohort of 319 patients, 41.2% diagnostic yield 

was achieved through panel based gene sequencing, which covers 441 genes out of 

which 291 genes were related to IRDs (Wang et al., 2018). In another study 56% 

diagnostic yield was achieved in Brazilian patients affected with retinal dystrophies by 

the use of panel based sequencing covering 132 genes related to retinal dystrophies 

(Costa et al., 2017).   

1.5.2.2.2. Exome Sequencing (ES) 

Exome sequencing (ES) is the sequencing of protein coding exons in a gene and this 

covers 1-2% of the genome. According to estimation, 85% disease causing variants are 

present in the coding region of the genome (Cooper et al., 1995). Therefore, sequencing 

of complete coding region of the genome can potentially uncover the mutations causing 

many rare monogenic genetic disorders (Botstein and Risch, 2003; Majewski et al., 

2011). The identification of disease-causing variant has been increased from 25-40% 

using ES in the clinical diagnostic setup depending on the phenotype. Whereas 
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diagnostic rates are even higher in the populations reported with consanguinity (Sawyer 

et al., 2016). The ES also requires capturing of the target sequence. There are several 

different capturing platforms available which are improved and updated constantly. The 

three main providers of capturing platform include NimbleGen, Agilent and Illumina 

(Warr et al., 2015). The variation in diagnostic from different studies may arise due to 

use of different capturing method.  

The first diagnosis made by the use of ES was in patient suffering from congenital 

chloride diarrhoea which was suspected of Bartter syndrome (Choi et al., 2009). After 

this the genetic cause of many heterogeneous disorders including intellectual disability, 

hearing loss, autism and RP have utilized ES. ES has proven successful in the 

identification of disease-causing variants in several eye disorders. Recently, a cohort of 

90 unrelated individuals affected with different eye disorders were provided genetic 

diagnosis through ES. In total 71 variants were identified in 38 different genes, out of 

which 21 were novel disease causing variants (Ordonez-Labastida et al., 2022). In 

another study of 266 Dutch patients, ES provided diagnosis to 51% patients. The 

highest diagnostic yield was observed in IRD patients (63%) while second highest in 

RP (with 50%) (Haer-Wigman et al., 2017). This indicates that ES provides diagnosis 

in rare disorders where genetic causes are already well explained.   

ES provides an intermediate coverage of the sequencing region as compared to panel 

and genome sequencing. It is also useful in the identification of novel genes which 

cannot be identified through panel sequencing. Some capturing methods fail to capture 

GC rich regions from the genome and may result GC biases (Meienberg et al., 2016). 

Some defects are caused by repeat expansion while large indels and copy number 

variations (CNVs) play a significant role in causing rare disorders. ES is unable to 

identify CNVs and large deletions accurately and also provides poor coverage in 

sequencing of repeat regions (Fromer et al., 2012). 

1.5.2.2.3. Genome Sequencing 

The genome sequencing (GS) screens the complete genome and provides information 

of all coding and non-coding variants in the genome, potentially expanding the 

information of the genes associated with the particular phenotype. The diagnostic yield 

of as high as 73% on average can be achieved using GS (Miller et al., 2015; Soden et 

al., 2014; Willig et al., 2015). In GS no capturing and enrichment is involved therefore 



Chapter1  Introduction 

 

Identification of Genes in Pakistani Families with Inherited Eye Diseases 18 
 

it provides an unbiased sequenced data which can be more reliably used for the 

identification of large structural variants (SVs) and CNVs due to uniform coverage. 

Many studies recommended GS over ES after initial panel screening for identification 

of disease causing variants (Meienberg et al., 2016). The GS is used for genetic 

diagnosis of rare diseases since 2010 but now its usage has been increased in the clinical 

setup.  

This technique is now widely used by researchers in the field of eye genetics for 

providing molecular diagnosis. In two separate studies, 562 and 605 patients with 

ocular defects were screened through WGS. Both the studies demonstrated that GS is 

more advantageous in detection of SVs, CNVs and mutations in regulatory and GC-

rich regions (Ellingford et al., 2016; Carss et al., 2017). Although with huge benefits, 

GS is very expensive, but costs are declining with time. Currently, the major 

disadvantages of GS includes less coverage depth and more turnaround time. The 

problem related to GS is the information of many VUSs and unreal SVs and CNVs 

which makes the analysis tiring and time taken which is not suitable for early detection 

of genetic diagnosis. The figure 1.5 provides a comparison of different sequencing 

techniques utilized for genetic testing. 

1.5.2.3. Third Generation Sequencing 

The third-generation sequencing technology is aimed to sequence long DNA fragments 

and is also known as long read sequencing. The leading company providing such 

sequencers is Pacific Biosciences (PacBio) and their latest sequencer is Single Molecule 

Real Time (SMRT) sequencer which is capable of sequencing fragments as large as 30 

to 50 kb. It not only provides longer reads of genome for accurate and reliable assembly 

but also facilitates the identification of methylation sites and other epigenetic signatures 

(Slatko et al., 2018). This technique is efficient as compared to other sequencing 

techniques for the identification of large indels and CNVs which are inaccessible 

through short read ES or GS. This is a promising technique in resolving missing 

heritability and ultimately identification of novel disease genes and associated 

mechanisms. But the disadvantages associated with third generation sequencing are 

high capital costs, low-medium accuracy and long turnaround time.  

A recent study has utilized the long read Nanopore sequencing to optimize method for 

the identification of mutations in RPGR gene which is known to cause X linked RP 
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(Yahya et al., 2023). RPGR is a commonly mutated gene in X linked RP and a specific 

region of this gene (referred as ORF15) is hard to sequence but is a known hot spot for 

RP causing mutations. They sequenced PCR amplified products of 2Kb size flanking 

ORF15 region and confirmed the results on SMRT platform. This type of strategy can 

be useful for either the sequencing of hard to sequence genes/exons of IRD genes (as 

specified above) or the sequencing of deep intronic and regulatory regions. 

1.6. Therapeutics of Genetic Eye Disorders 

Advancements in the identification of disease-causing variants responsible for eye 

disorders have accelerated the formulation of probable treatments or gene therapies. 

The identification of crucial genes provides an insight into the important genetic players 

which can be targeted therapeutically. The retina being an integral unit for visual 

transduction is the preferable target for gene therapy (Trapani and Auricchio, 2019). 

Since the retinal cells do not propagate therefore single dose can provide a long term 

expression of the transgene (Trapani and Auricchio, 2018). Eye is an isolated and small 

compartment, which makes it easily approachable through subretinal and intravitreal 

injections (Schwartz et al., 2015). The gene delivery is either aided by nanoparticles or 

virus-mediated approaches. Adenovirus, lentivirus, adeno-associated virus (AAV) or 

recombinant adeno-associated virus (rAAV) are used for this purpose. rAAV is the 

most preferable delivery method as the genome of rAAV is double-stranded and 

maintained as an extrachromosomal episome, which makes it less favourable for 

genomic integration and hence, preventing off target affects in the genome (Deyle and 

Russell, 2009).  

Subretinal injections of Luxturna (delivering the normal copies of RPE65) is the first 

FDA approved gene therapy which treats RPE65-associated LCA (Chiu et al., 2021). 

Two other therapies i.e., AAV5-RPRG and AAV2-REP1 which are gene-based drugs 

and are under clinical trial (Phase III) for treatment of X-linked RP and choroideremia 

respectively (ClinicalTrials.gov, Identifier: NCT04671433 & NCT03496012). In few 

therapies, the antisense oligonucleotides have also been used to rectify the aberrant 

splicing of mutant pre-mRNA thereby nullifying the effect of mutation at transcript 

level. One such therapy (QR-110) which involves utilization of antisense 

oligonucleotides for rectification of CEP290 aberrant splicing is also in clinical phase 

III trial (Cideciyan et al., 2019).  
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The development of such therapies is an important step forward towards the treatment 

of genetic disorders. Since world is moving towards the personalized medicine, 

therefore the foremost step required for the formulation of such therapies is to screen 

and identify the genetic players responsible for inherited eye disorders. Same is true for 

Pakistani population as knowledge of the underlying genetic players is essential for 

gene specific therapeutic strategies. There is still need to broaden spectrum of disease-

causing variants in our population to design appropriate diagnostic panels for efficient 

and timely diagnosis to ensure appropriate management. This study has been initiated 

to explore mutations responsible for different inherited eye disorders in families 

recruited from different regions of Pakistan. This study also tests the utility of different 

sequencing approaches for future use in genetic testing.
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Figure 1.1: Visual representation of an eye orbit and originating optic nerves leading 

to brain (Adapted from Hughes, 2004). 

 

 

Figure 1.2: Schematic illustration presenting the eye structure and cells in the retinal 

layers (Adapted and modified from Willoughby et al., 2010). 
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Figure 1.3: Schematic representation of development of eye from gastrula stage to 

optic cup formation (Adapted from Graw, 2010).  

 

 

 

Figure 1.4: Flow chart showing two types of glaucoma and flow/obstruction of aqueous 

humor through trabecular meshwork (Adapted and modified from Wiggs and Pasquale, 

2017). 
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Figure 1.5: Schematic representation and comparison of targeted Sanger sequencing, 

panel-sequencing, exome sequencing and genome sequencing.
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AIM AND OBJECTIVES 

The aim of this study is to explore genes involved in different types of inherited ocular 

defects in Pakistani families.  

The specific objectives of the study are: 

• To enroll families affected with different inherited ocular defects. 

• To establish molecular diagnosis in the collected families. 

• To explore genotype-phenotype correlation in the families 

• To compare different approaches utilized in the study. 
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2.0.MATERIAL AND METHODS 

This study was designed according to the guidelines of Tenets of Helsinki and was 

approved by Bio-ethical committee (BEC) of Quaid-I-Azam University (QAU), 

Islamabad, Pakistan and ethical review board of the Radboud University Medical 

Center, Nijmegen, The Netherlands. The major part of the study was conducted in Lab 

of Genomics, Department of Biochemistry, QAU, Islamabad, while some part of 

research was also performed in the Department of Human Genetics, Radboud 

University Medical Center, Nijmegen, The Netherlands during a 6-month fellowship 

funded by Higher Education Commission (HEC), Pakistan. The participants voluntarily 

took part in this study. The informed consent was taken from either the subjects or the 

guardians of the subjects enrolled in this study. 

2.1. Family Recruitment 

In this study 28 multiplex consanguineous families affected with different types of eye 

disorders were collected from different regions of Pakistan. The participating members 

of each recruited family were interviewed at their residencies to obtain related 

information regarding phenotype, age of onset and progression of the disease. After 

collecting complete information, pedigrees were drawn for the assessment of 

phenotypic inheritance pattern running among each family.  

2.2. Clinical Assessment 

Clinical assessment was made after thorough investigation of the participating members 

by local ophthalmologist. All available information related to age of onset, any other 

related medical condition or extra-ocular features including hearing impairment, 

intellectual disability, skeletal or muscular atrophy or facial dysmorphism was gathered 

verbally through a questionnaire. One affected member from each family was subjected 

to clinical diagnosis through fundoscopy or optical coherence tomography (OCT) 

where available in the nearby health facilities.  

All the available clinical information was compiled, and 28 recruited families were 

divided into four subgroups based on the clinical presentation. Group A contained 6 

families (A1-A6) with glaucoma, while group B consisted of 8 families (B1-B8) 

presenting anophthalmia/microphthalmia (A/M) phenotype. Eleven non-syndromic 
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inherited retinal dystrophy (IRD) families were placed in group C (C1-C11) whereas 

group D had three families (D1-D3) with syndromic IRDs.  

2.3. Sample Collection 

From the available members, 5-8 ml peripheral blood was withdrawn in sterile EDTA 

vacutainers (BD, Franklin Lakes, New Jersey, USA). Tubes containing blood samples 

were labelled properly and stores at 4°C in a refrigerator.  

2.4. Genomic DNA Extraction 

Genomic DNA was extracted from all collected samples using standard phenol-

chloroform method as explained below: 

1. In a sterile 1.5 mL microfuge tube (Axygen, USA), 750 microliters (µL) blood 

sample was taken to which the equal volume of solution A (including 0.32M 

Sucrose, 10mM Tris-HCL pH 7.5, 5mM MgCl2 and 1% v/v Triton-X 100) was 

added and mixed thoroughly.  

2. The mixture was incubated for 10 – 15 minutes at room temperature and then 

centrifuged (EBA21; Hettich, Germany) for 2 minutes at a speed of 12000 rpm.  

3. The pellet obtained was washed again with 400 µL of solution A. 

4. The nuclear pellet was now re-suspended in 500 µL of solution B (including 

10mM Tris-HCL pH 7.5, 400mM NaCl and 2mM EDTA pH 8.0), 15 µL of 20% 

sodium dodecyl sulphate (SDS) and 10 µL of proteinase K (20 mg/mL). It was 

then incubated at 37° C in an incubator (B28; Binder, Germany) for 24 hours.  

5. The freshly prepared 500 µL mixture (1:1) of solution C (24 mL Chloroform, 1 

mL Isoamyl alcohol) and phenol was added to the tubes, thoroughly mixed for 

10 seconds by shaking and centrifuged for 10 minutes at 12000 rpm.  

6. This separated the genomic DNA in the upper clear aqueous phase which was 

then carefully aspirated using micropipette and transferred to a fresh 1.5 mL 

microfuge tube.  

7. The phase separated genomic DNA was then precipitated with isopropanol (500 

µL) and 3M sodium acetate (60 µL), mixed gently and centrifuged for 10 

minutes at 12000 rpm.  

8. The supernatant was discarded and genomic DNA pellet was washed by adding 

300 µL of 70% ethanol and centrifugation at 8000 rpm for 5 min.  
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9. The supernatant was discarded very carefully, and the genomic DNA pellet was 

air dried. Depending upon the size of the genomic DNA pellet, 50 – 150 µL 

Tris-EDTA (TE) buffer (pH 7.4) (Cat. No. AM9849; Invitrogen) was added to 

dissolve the DNA. The extracted DNA was then stored at -20° C.  

Quality and quantity of the extracted DNA was checked through nanodrop and 1% 

agarose gel electrophoresis. 

2.4.1. Quantification of the DNA 

Extracted genomic DNA was quantified using Colibri Microvolume Spectrophotometer 

(Titertak Berthhold, Germany). The concentrations were recorded in ng/µL and quality 

was checked by observing the 260/280 and 260/230 ratios.  

2.4.2. Agarose Gel Electrophoresis 

Extracted genomic DNA was confirmed by agarose gel (1%) electrophoresis. For 

preparing 1.0% agarose gel, 0.4g agarose powder was taken and mixed in 40.0 ml 1X 

TBE buffer. The flask was then warmed in microwave oven with occasional shaking 

for about 1 -2 minutes and then checked whether agarose granules completely 

disappeared. In case of presence of some undissolved granules, the flask is then heated 

again for 30-60 seconds. The mixture was then cooled down below 60°C. Then 4µl 

ethidium bromide was added and homogenized mixture of solubilized gel was then 

poured in the casting tray to the depth of 5-8mm. Then carefully inserted the comb into 

the molten gel which was removed after the gel solidification. Before loading the 

samples on gel, DNA loading dye was added to each sample separately. Samples were 

loaded carefully in wells (a single sample in a single well). The gel was run at 95 volts 

in 1X TBE buffer for about forty-five minutes. The gel was removed, and the bands of 

DNA were visualized under the UV light in the gel documentation system (Syngene, 

UK). 

2.5. Molecular Genetic Testing 

Several approaches were used for the identification of disease-causing variants in the 

collected 28 families. Three out of 6 glaucoma families (A1-A3) were screened through 

targeted Sanger sequencing (TSS), while remaining families (A4-A6) were tested 

through exome sequencing (ES). Similarly, for A/M group seven families (B1-B7) were 

initially screened through TSS, but family B8 and genetically unexplained A/M 
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families (After TSS) were subjected to genome sequencing (GS). All non-syndromic 

(C1-C11) and syndromic (D1-D3), IRD families were initially screened through panel-

sequencing (PS) and the families which remained genetically unexplained after PS were 

subjected to GS. The schematic representation of this approach is shown in figure 2.1. 

2.5.1. Targeted Sanger Sequencing (TSS) 

Targeted Sanger Sequencing (TSS) of complete coding regions of CYP1B1 

(NM_000104.4) and MYOC (NM_000261.2), and specific exons with recurrent 

mutations in TEK (NM_000459.5) and LTBP2 (NM_000428.3) was performed for 

glaucoma families (A1-A3). A/M families (B1-B7) were screened for complete coding 

region of FOXE3 (NM_012186.3) through TSS. 

2.5.1.1. Primer Designing 

For amplification of the genes explained in the section 2.5.1, reference sequence of each 

selected sequence was downloaded from the Ensembl genome browser 

(http://asia.ensembl.org/index.html) and primers were designed using Primer3 version 

0.4.0 (http://bioinfo.ut.ee/primer3-0.4.0/primer3). BLAST-like alignment tool (BLAT) 

(https://genome.ucsc.edu/cgi-bin/hgBlat) was used to check the primer specificity for 

each primer. After BLAT those primers were selected which gave single hit on human 

genome. The polymerase chain reaction (PCR) product’s sizes and melting 

temperatures of primers were confirmed by In-silico PCR 

(https://genome.ucsc.edu/cgi-bin/hgPcr). List of all the primers used for TSS is given 

in table 2.1. 

2.5.1.2. Polymerase Chain Reaction (PCR) 

The DNA of single proband from each selected family was used for the amplification 

of the concerned regions using primers mentioned in table 2.1. For the amplification of 

CYP1B1 and FOXE3 regions, HotStarTaq master mix (Qiagen, Germany) was used 

with the protocol described below; 

Reagents Quantity 

 Master Mix by Qiagen 3µl 

 Forward Primer (10pmol/µl) 1µl 

http://www.ncbi.nlm.nih.gov/nuccore/NM_000104.4
http://www.ncbi.nlm.nih.gov/nuccore/NM_000261.2
http://www.ncbi.nlm.nih.gov/nuccore/NM_000459.5
http://www.ncbi.nlm.nih.gov/nuccore/NM_000428.3
http://asia.ensembl.org/index.html
http://bioinfo.ut.ee/primer3-0.4.0/primer3
https://genome.ucsc.edu/cgi-bin/hgBlat
https://genome.ucsc.edu/cgi-bin/hgPcr
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 Reverse Primer (10pmol/µl) 1µl 

 DNA template (30ng/µl) 2µl 

 Nuclease free Water 6µl 

 Total Reaction Volume 13µl 

Additionally, for FOXE3 region, DMSO (8%) and betaine (0.2M) were also added to 

improve DNA denaturation. The reaction mixture was prepared in 0.2mL tubes, spun 

briefly in the centrifuge and placed in T1 thermocycler (Biometra, Germany). The PCR 

was completed with an initial denaturation of DNA at 95°C for 15 minutes and then 

followed by 39 cycles which include steps such as the denaturation at 96°C, annealing 

at 60°C and elongation at 72°C for 60 seconds, 50 seconds and 2 minutes 30 seconds 

respectively. Finally, at 72°C, the extension was given for 10 minutes. 

For all the remaining primers, following protocol was used: 

Reagents Quantity 

 10X PCR Buffer (Thermo Fisher Scientific, USA)  

 MgCl2 (25mM; Thermo Fisher Scientific, USA) 

 dNTPs (10mM; Thermo Fisher Scientific, USA) 

2.5µl 

1.5µl 

0.5µl 

 Forward Primer (10pmol/µl) 1µl 

 Reverse Primer (10pmol/µl) 

 Taq DNA polymerase (5U/µl; Thermo Fisher Scientific, USA) 

1µl 

0.2µl 

 DNA template (30ng/µl) 2µl 

 Nuclease free Water 16.3µl 

 Total Reaction Volume 25µl 

The PCR was completed with an initial denaturation of DNA at 95°C for 10 minutes 

and then followed by 39 cycles which include steps such as the denaturation at 96°C, 

annealing at 60°C or 62°C and elongation at 72°C for 60 seconds, 50 seconds and 1 

minutes 30 seconds respectively. Finally, at 72°C, the extension was given for 10 
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minutes. The amplified products were then visualized on 2% agarose gel stained with 

ethidium bromide and observed under UV in the gel documentation system. 

2.5.1.3. Purification of PCR product 

The amplified PCR products were then purified for sequencing either through ExoSAP-

IT (Cat. No. A55242; Thermo Fisher Scientific, USA) or GeneJET Gel Extraction Kit 

(Cat. No. K0691; Thermo Fisher Scientific, USA).  

ExoSAP-IT purification was used for the primers which gave specific PCR products. 

For this standard protocol was used, according to which 2µl of ExoSAP reagent was 

added to 8µl of PCR product. The mixture was then incubated at 37°C for 15 minutes 

and then 80°C for 15 minutes.  

The PCR with non-specific products were purified using GeneJET Gel Extraction Kit. 

For which, amplified product was run on 2% agarose gel. The sterilized blade was used 

to cut the gel slice which contains the DNA fragment of our required PCR product and 

then slice was placed in an autoclaved Eppendorf (pre-weighed) tube. The slice 

containing DNA fragment Eppendorf was weighed again to find the weight of gel slice. 

Binding buffer (Lot. No. 00850742) in 1:1 (volume of buffer in µl: weight of slice in 

mg) was poured in the tube. The tube which contains the mixture of gel and buffer was 

then incubated at 60°C for 10-15 minutes or until the gel was completely dissolved. The 

dissolved gel mixture was then vortexed shortly before loading on the column. Up to 

800µl of the solution containing the solubilized gel was loaded to the column provided 

in the kit and centrifuged for 1 minute. The flow-through was discarded. The remaining 

mixture was loaded again to the same column and centrifuged. This process was 

repeated until entire mixture was processed. 100 µl of the same binding buffer was 

added to the purification column and centrifuged for 1 minute, after which the flow-

through was discarded. 700µl of Wash Buffer (Lot. No. 00904265) (100% ethanol 

mixed) was added to the column and centrifuged for 1 minute. Again, the flow-through 

was discarded. The empty column was centrifuged for additional 1 minute to dry the 

residual wash buffer.  Column was then transferred into the clean and sterile 1.5ml tube 

and 25µl of elution buffer was added in the center of the column.  The column was 

incubated for 1 minute and then centrifuged at 12,000 RPM for 1 minute. The empty 

column was then discarded, and purified DNA was stored at -20°C.  
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2.5.1.4. Sequencing 

Standard protocol for ABI Big Dye Terminator Cycle Sequencing Kit was used to for 

the sequencing of each fragment, 4.0μl Terminator Ready Reaction Mix, up to 4μl (30-

90ng) of template (dsDNA template at a concentration of 2 ng/ μl per 100 bp length 

required for each reaction), 1.0μl primer, ddH2O to make final volume equal to 10 μl 

were added in a separate 0.2ml microamp tubes and then mixed and spun briefly. These 

prepared tubes were then placed in thermal cycler for 25 cycles (of 96°C for 10 seconds, 

50°C for 5-10 seconds, 60°C for 4 minutes), then ramp to 4°C.  

2.5.1.4.1. Purification of sequencing products by isopropanol precipitation 

After thermal cycler the tubes were spun, and the content were transferred in separate 

Eppendorfs by pipetting the entire sequencing reaction. 75% isopropanol (40 μl) and 

100% isopropanol (30μl) were added in the tubes and mixed by vortexing briefly. For 

the precipitation of products, the tubes were left at room temperature (for greater than 

15 minutes and less than 24 hours) and were centrifuged for 20 minutes. Supernatant 

was discarded carefully so that the DNA pellet is not disturbed. Again, pellet was 

washed with 75% isopropanol (125 to 250μl) and centrifuged for 5 minutes. The 

supernatant was again discarded. For 10-15 minutes the samples were dried in vacuum 

centrifuge and then stored at -20°C until ready for electrophoresis. Pellet of sample was 

then dissolved in 3μl loading buffer [Hi-Di Formamide, pH 8.0 with blue dextran (50 

mg/ml)]. The tubes were then vortexed and centrifuged and heated at 95°C for 2 

minutes before putting into the sequencer. The tubes were then chilled by placing on 

ice and finally purified product was sequenced on an ABI 310 sequencer. 

2.5.1.5. Sequence Analysis 

The sequence data were analysed using SnapGene v5.2.2 (San Diego, CA, USA). The 

sequence obtained after sequencing was aligned through ClustalW Multiple Alignment 

with the reference sequence downloaded from Ensembl/UCSC genome browser. The 

variants found were checked for minor allele frequency of ≤0.01 in the population 

database gnomAD (v3.1.2, total population frequency) and pathogenicity was assessed 

through various bioinformatics tools such as  Mutation Taster 

(http://www.mutationtaster.org/),  CADD-PHRED (≥15), REVEL (≥0.3), and SpliceAI 

(delta score ≥0.2, default settings). 

http://www.mutationtaster.org/
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2.5.2. Panel-sequencing (PS) 

In this study, single-molecule molecular inversion probe (smMIP) method was used for 

capturing and enrichment of the target regions with Molecular Loop High-Input DNA 

Target Capture Kit (Molecular Loop Biosciences, USA). Two types of smMIPs based 

panels were used in this study.  

For the families (C1-C10, D1-D2) RP-LCA smMIPs based panel sequencing was used 

as explained previously (Panneman et al., 2023). For families affected with ACHM we 

used MD smMIPs based panel sequencing as per procedure described in a prior study 

(Hitti-Malin et al., 2022). In general, following steps were performed for library 

preparation. 

2.5.2.1. Probe Hybridization 

1. In 96 well plate (Sapphire microplate, 96 well PCR plates, 0.2mL) which is a 

capture plate, 6µl of the diluted DNA sample of each proband was added, plate 

was sealed with Sapphire PCR plate caps and shortly centrifuged. 

2. High molecular weight DNA samples were given pre-treatment at 92°C for 5 

minutes in the thermocycler.  

3. The probe hybridization mix (HM) was prepared by combining 115µl probe 

buffer and 115µl prepared probe mix in a clean 1.5ml microfuge tube. 

4. After the completion of DNA pre-treatment, plate was removed from 

thermocycler and 2µl of the HM was added to each sample. Then shortly 

centrifuge the plate. 

5. The capture plate was then placed in the thermocycler with the program: 95°C 

for 1 minute and 57°C for at least 18 hours. 

2.5.2.2. Fill Reaction 

1. The capture plate was removed from the thermocycler after 18 hours, 

centrifuged shortly. 

2. The seal caps were removed and 2µl of the fill-in mix high-input (HF) available 

in the kit, was added in each well of the capture tube. 

3. Again sealed the capture plate with new caps and was shortly vortexed and 

centrifuged.  

4. The capture plate was again placed in thermocycler at 57°C for 1 hour.  



Chapter 2  Materials and Methods 

 

Identification of Genes in Pakistani Families with Inherited Eye Diseases 33 
 

2.5.2.3. Combined Clean-up and PCR Reaction 

1. In a 1.5ml centrifuge tube, the cleanup-PCR mix was prepared by combining 

204µl cleanup mix and 1224µl PCR mix available in the kit (for 96 reactions). 

The tube was shortly vortexed and centrifuged. 

2. The capture plate was taken out of the thermocycler after completion of fill-in 

reaction, shortly centrifuged and seal caps were removed and discarded. 

3. Another 96 well plate containing the index primers were taken out from -20°C 

and thawed at room temperature.  

4. In each sample 2.4µl of respective index primer was added.  

5. Simultaneously, 14µl of the already prepared cleanup-PCR mix was added to 

each sample. 

6. The plate was sealed with new caps and shortly vortexed and centrifuged.  

7. The plate was then placed in thermocycler to run cleanup-PCR program: 45°C 

for 15 minutes, then 95°C for 3 minutes, 17 cycles (98°C for 15 seconds, 60°C 

for 15 seconds, 72°C for 30 seconds) and finally 4°C. 

After cleanup-PCR reaction, 5µl of each sample was run on 2% agarose gel. The 

expected product size is around 400bp (~413 bp to be more precise). 

2.5.2.4. Sample Pooling 

For pooling the samples, the plate was handled with extra care. 5µl of each sample was 

pooled first in an 8-well strip and then each well from this strip was emptied into a 

1.5ml centrifuge tube using a micropipette. The tube was then shortly vortexed and 

centrifuged. 

2.5.2.5. Library Purification 

1. For the clean-up step, 100µl of the library pool was taken in 1.5ml microfuge 

tube. 

2. The AmPureXP beads were vortexed thoroughly to re-suspend any magnetic 

particles that may settle down.  

3. Then 1X AmPure XP beads (100µl) was added to the library pool and mixed 

thoroughly by pipetting up and down the mixture. 

4.  The tube was incubated at room temperature for 5 minutes and then placed on 

the magnetic rack for 3 minutes. 
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5. The supernatant was removed by keeping the tube in the magnetic rack.  

6. The beads were washed with freshly prepared 70% ethanol, incubated at room 

temperature for 30 seconds before removing the ethanol. 

7. The second wash with 70% ethanol was also performed as mentioned in step 6. 

8. All the ethanol was carefully removed through pipette without disturbing the 

bead pellet.  

9. The beads were air-dried on the rack for 5 minutes and then 25µl TE buffer was 

added for elution. 

10. To ensure the complete elution, buffer was thoroughly mixed with beads by 

pipetting up and down to make sure no beads remained clumped. 

11. The tube was incubated at room temperature for 1 minute and then placed back 

on the rack for 1 minute. 

12. Lastly, 24µl of supernatant was transferred to a clean 1.5µl microfuge tube, in 

two steps of 12µl using a small pipette tip without touching the beads. 

2.5.2.6. Sample Pool Quantitation and Quality Control 

The Qubit (ThermoFisher Scientific, USA) was used to determine the concentration of 

purified pooled library and TapeStation (Agilent, USA) was used to determine the 

library size (bp). 

For Qubit, 199µl of Qubit buffer and 1µl of Qubit reagent from Qubit dsDNA HS assay 

kit (ThermoFisher Scientific, USA) were added in the clean tube. Then 199µl of this 

mix was taken in the Qubit tube to which 1µl of the sample (purified pooled library) 

was added. The quantities were measured by using two Qubit standards provided with 

the kit. For standard, 190µl of the Qubit buffer and Qubit reagent mix was used while 

10µl of the standard was added. 

For TapeStation, the HS D1000 DNA kit was used. 2µl of TapeStation kit buffer and 

2µl of sample (purified pooled library) were combined in an 8-well PCR strip tube. A 

control of 2µl TapeStation buffer and 2µl Milli-Q water was also prepared to run 

alongside. The 8-well PCR strip was sealed with cap, vortexed for 1 minute and 

centrifuged shortly. The TapeStation loading dock was checked for clean pipette tips 

and the TapeStation cassette. The ladder was deselected from the sample selection on 
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the TapeStation Controller while loading the samples. The machine was started, and 

samples were run against electronic ladder. The expected size was 417bp. 

The megapool was prepared by combining equimolar quantities of each library pool 

(75ng of each) to make a final concentration of 1.5nM library in 100µl volume. This 

prepared megapool was sent to Radboudumc Diagnostic Department (Radboudumc, 

The Netherlands) where each library was sequenced by paired-end sequencing on the 

NovaSeq 6,000 platform (Illumina, California, United States) using SP reagent kits v1.5 

(300 cycles). 

2.5.2.7. Variant Calling and Annotation 

All the reads which were generated by the NovaSeq 6,000 run were converted into raw 

sequencing data files (FASTQ) using bcl2fastq (v2.20). These files were subsequently 

processed using a bioinformatics pipeline developed in-house (Radboudumc), as 

described previously (Khan et al. 2019). According to which the random identifiers 

were removed from the sequencing reads and added to the read identifier for later use. 

After exclusion of duplicate reads, the remaining reads were added to patient specific 

BAM files based on the index barcoding system. In order to determine the overall 

average smMIPs coverage, forward and reverse read were combined and subsequently 

divided by two. 

2.5.2.8. Average Coverage per Nucleotide 

In order to determine the coverage per nucleotide in sequencing run, the base calls of 

reads which aligned to a reference sequence were calculated in BAM files 

corresponding to individual probands using the ‘pileups’ function of SAMtools (Li et 

al. 2009a). The following parameters were used to obtain data: minimum mapping 

quality = 0, minimum base quality = 12, anomalous read pairs were discarded, 

overlapping base pairs from a single paired read as a depth of 1 were counted. For each 

nucleotide position, an average coverage per nucleotide was generated across all the 

samples which were sequenced in a single run, followed by an average coverage for all 

genes/loci targeted in the panel. Coverage plots for all reads across each gene/locus 

were generated. The average coverage per nucleotide was used to assess whether 

regions were poorly covered (≤10 reads), moderately covered (11-49 reads), or well-

covered (≥50 reads). 
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2.5.2.9. Variant Analysis and Classification 

All SNVs and indels were prioritized on minor allele frequency in gnomAD 

(Karczewski et al. 2020) V2.1.1 (MAF ≤0.5 for autosomal recessive IRD genes and 

MAF ≤0.1 for autosomal dominant IRD genes) and in house cohort of Radboudumc 

(consisting of ~24,488 WES from varying clinical phenotypes). Remaining variants 

were prioritized by their predicted effect on protein i.e., stop gain, stop loss, frameshift, 

nonsense and in frame indels. Missense variants were prioritized to meet the criteria 

using in silico tools, predicting pathogenicity of the coding and non-coding variants 

(CADD-PHRED (Rentzsch et al. 2019) score ≥15; Grantham score (Grantham 1974) 

≥80; PhyloP (Pollard et al. 2010) ≥2.7; SpliceAI (Jaganathan et al. 2019) ≥0.2) using 

an automated Franklin Genoox Platform (https://franklin.genoox.com/clinical-

db/home). CNV analysis was performed manually based on the average coverage per 

smMIPs in the particular run as previously reported (Khan et al. 2020). Regions were 

considered deleted or duplicated if six or more consecutive smMIPs showed normalized 

coverage across all samples ≤0.65 or ≥1.20 respectively and if suspected, deletions and 

duplications were confirmed in visualized BAM files using Integrative Genomics 

Viewer (IGV) software V2.4. Segregation analysis was performed for all class 3-5 

variants according to ACMG guidelines (Richards et al., 2015). 

2.5.2.10. PCR-based Genome Walking 

To identify the breakpoints of a large deletion spanning exon 50-58 of USH2A 

(NM_206933.4) observed in the smMIPs data (CNV analysis), PCR-based genome 

walking was performed. Seven forward primers 2kb apart were designed in the region 

flanking upstream to the first intact smMIPs and 6 reverse primers 2kb apart were 

designed in the region downstream to the last intact smMIPs between the deleted region.  

PCR was performed with different combinations of primers using Q5 high-fidelity 

polymerase (New England BioLabs, USA) with standard protocols. A product of 

approximately 3kb was subjected to amplicon based long read sequencing using Single 

Molecule Real-Time Sequencing (Pacific Biosciences) as previously described (Te 

Paske et al., 2022).   

https://franklin.genoox.com/clinical-db/home
https://franklin.genoox.com/clinical-db/home
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2.5.3. Exome Sequencing (ES) 

Exome sequencing was performed on the probands of three families (A4-A6) with 

glaucoma. The exonic libraries either were prepared using the SureSelect Human All 

Exon V6 kit (Agilent Technologoes, Santa Clara, CA, USA), the TruSeq DNA exome 

kit (Illumina Inc, San Diego, CA, USA) or the Baylor College of Medicine Human 

Genome Sequencing Center VCRome 2.1 design (42Mb Nimblegen). 100bp paired-

end sequencing was performed on a HiSeq2500/ 4000/ 2000 instrument (Illumina Inc, 

San Diego, CA, USA). The generated fastq files were aligned to the human reference 

sequence (hg19) using Burrows–Wheeler Aligner (BWAv0.5.9) (Heng Li, 2009) with 

default settings of allowing two mismatches. The variants were called using Genome 

Analysis Toolkit (McKenna et al., 2010).  

2.5.3.1. Variant Annotation and Analysis 

The variant call file (VCF) was annotated using wANNOVAR (Chang and Wang 2012) 

by keeping default settings. The variants were prioritized on the basis of exonic function 

in their respective genes and selected the variants with effect of stop gain, stop loss, 

frameshift, in-frame indels and canonical splice site variants. Further rare SNVs were 

selected on the basis of minor allele frequency (MAF<0.01) in public databases such 

as1000 genomes (Genomes Project et al., 2015) and Exome Aggregation Consortium 

(ExAC) (Karczewski et al., 2017). The pathogenic variants predicted “damaging” 

through tools such as MutationTaster (Schwarz et al., 2014), SIFT (Sorting Intolerant 

From Tolerant) (Ng and Henikoff, 2003), PolyPhen-2 (Adzhubei et al., 2010), 

PROVEAN (Choi and Chan, 2015) and CADD-PHRED score ≥15 (Rentzsch et al., 

2019) were prioritized. Lastly the variants in the known and candidate genes of 

glaucoma were selected. For the selected variants, segregation analysis was performed 

among all the available members of respective families. For the identified pathogenic 

missense variants in glaucoma families, the 3-D structure of mutated proteins was 

predicted with Phyre2 online tool (http://www.sbg.bio.ic.ac.uk/phyre2/index.cgi) and 

structures were analysed in Jmol (version 2.1). 

2.5.4. Genome Sequencing (GS) 

WGS was performed at BGI (Hongkong, China) on a BGISeq500 using a 2×100bp 

paired-end reads, with a minimal median coverage per genome of 30-fold. WGS read 
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mapping to GRCh38/hg38 and annotation of all SNVs, CNVs, and SVs using an in-

house pipeline (Radboudumc) were performed as previously described (de Bruijn et al., 

2022; Fadaie et al., 2022). Single nucleotide variants (SNVs) were called using GATK 

Haplotype Caller (Van der Auwera et al., 2013) whereas copy number variants (CNVs) 

and structural variants (SVs) were called through Canvas Copy Number Variant Caller 

(Roller et al., 2016) and Manta Structural Variant Caller (Chen et al., 2016), 

respectively.  

2.5.4.1. Variant Prioritization 

All variants including SNVs, SVs and CNVs were analyzed. SNVs were considered 

with a MAF ≤0.01 in public database gnomAD (Karczewski et al., 2020) (v3.1.2) and 

the in-house genome database of the Radboudumc (containing ~ 1400 alleles). Variants 

with effect of stop gain, stop loss, frameshift, in-frame indels and canonical splice site 

were selected. Missense variants were selected with CADD-PHRED (Rentzsch et al., 

2019) score ≥15 or REVEL (Ioannidis et al., 2016) score ≥0.3. Putative causative non-

coding variants were selected with SpliceAI (Jaganathan et al., 2019) score ≥0.2 

(default setting; upstream and downstream 50 bp). SVs and CNVs were prioritized with 

the MAF ≤0.01 in population database 1000G (Genomes Project et al., 2015).  

Eventually, all prioritized homozygous and compound heterozygous SNVs, SVs and 

CNVs were assessed with an initial focus on currently known IRD-associated genes 

according to Retnet (https://web.sph.uth.edu/RetNet/) database and the VISION 

DISORDERS GENE PANEL DG 3.5.0 (BLIND_DG350.aspx (radboudumc.nl)) for 

IRD families. While for A/M families, all prioritized homozygous and compound 

heterozygous SNVs, SVs and CNVs were prioritized on the basis of candidate genes 

and genes already known to be associated with syndromic and non-syndromic A/M 

enlisted in OMIM (Manually curated list of 147 genes). All the prioritized variants were 

subjected to segregation analysis where possible (primers used are listed in table 2.1).  

2.6. In vitro Minigene Splice Assay 

The potential splice-altering effect of a deep-intronic PXDN (NM_012293.3) variant 

located in intron 17 was assessed using a minigene splice assay. 
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2.6.1. Amplification of Gene Fragment 

A 693bp region of intron 17 was amplified using Q5 high-fidelity polymerase (New 

England BioLabs, Ipswich, MA, USA) from genomic DNA obtained from individuals 

V:4 (affected-mutant) and III:1 (normal-wildtype) of family B3. The primers for 

amplification were designed with attB1 and attB2 tags at the 5' ends to allow Gateway 

cloning (primers given in the table 2.1). 

 

Reagents Quantity 

 Q5 Buffer 

 10mM dNTPs 

10µl 

1µl 

 5µM Forward Primer 2.5µl 

 5µM Reverse Primer 

 DNA template (50ng/µl) 

2.5µl 

3µl 

 Q5 polymerase 0.5µl 

 Nuclease free Water 30.5µl 

 Total Reaction Volume 50µl 

The PCR was completed with an initial denaturation of DNA at 98°C for 30 seconds 

and then followed by 35 cycles which included steps such as the denaturation at 98°C, 

annealing at 63°C and elongation at 72°C for 10 seconds, 20 seconds and 1 minutes 

respectively. Finally, at 72°C, the extension was given for 5 minutes. 

After completion of the PCR the product was run on 0.8% agarose gel to verify the 

presence and size of fragments. The desired size of the band was cut from the gel and 

gel purified initially using the protocol as explained earlier in section 2.5.1.3. and latter 

purified with AmpureXP beads by using protocol explained in section 2.5.2.5. 

2.6.2. BP Gateway Cloning 

For the BP reaction, following reagents were mixed in a 1.5mL microfuge tube kept on 

ice. 
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Reagents Quantity 

 BP Buffer 

 pDONR 201 vector (150ng) (Invitrogen)  

2µl 

1µl 

 BP enzyme 2µl 

 PCR product (100ng/µl) 

 Milli Q water 

3µl 

2µl 

 Total Reaction Volume 10µl 

The tube containing above mixture was incubated on a heat block for 2-18 hours at 

25°C. After incubation, 1µl of the protein kinase was added to the mixture and 

incubated at 37°C for 10 minutes to stop the reaction. 

2.6.3. Transformation of BP Clone 

2.6.3.1. Preparation of LB Agar  

LB agar was prepared by mixing 20.0g of ready to use LB and 15.0-16.0g of agar in 

1000ml or 1 liter of distilled water. The agar was dissolved thoroughly by shaking and 

heating in microwave oven for 2 minutes. After mixing, in a conical flask 100ml 

medium was taken, covered with cotton plug and then wrapped properly with 

aluminium foil. The medium was then autoclaved at 15 atmospheric pressure and 121°C 

for 15 minutes. For antibiotic screening, 1 ml of kanamycin (5mg/ml) was added in the 

flask containing 100ml LB agar before pouring the plates and mixed well by shaking. 

Kanamycin was added when media cooled down to 50-60˚C. 

The agar media after autoclaving was allowed to cool down to 45ºC roughly and then 

poured in the disposable electron beam sterilized Petri-plates (Hundai Micro Co., 

Korea) in the laminar air flow hood while following all antiseptic conditions. After 

solidification, the plates were placed inverted for overnight in the incubator at 37˚C to 

screen out any contamination.  

2.6.3.2. Transformation 

The following steps were performed for transformation: 
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1. Took commercially available DH5α cells (50µl) in 1.5ml microfuge tube 

and thawed them on ice.  

2. Then added 2µl of the BP reaction mixture into 50µl of the cells, tapped 

gently and placed back on ice for 30 minutes. 

3. The tube was then placed in a water bath at 42°C for 45 seconds to provide 

heat shock to the cells. After heat shock, tubes were immediately placed 

back on ice for 2 minutes. 

4. Added 250µl of SOC medium to the mixture (through the wall of the tube 

and not directly on the cells). Incubated the mixture at 37°C in a shaker for 

2 hours. 

5. Poured 150µl of the above mixture on kanamycin containing plates (two 

different plates for complete 300µl volume) and spread the mixture using 

glass beads. 

6. Plates were then incubated at 37°C for 20-24 hours. 

2.6.3.2.1. Preparation of LB  

LB broth was prepared by mixing, 20.0g of ready to use LB in 400ml of distilled water 

and raised the final volume to 1000ml. Mixture was shaken vigorously to allow proper 

mixing and was poured in conical flasks in measured quantity ranging from 25 to 50ml. 

The flasks were covered with cotton plug, and were wrapped with aluminium foil. 

Autoclaving was then done at 15 lb/ inch2 pressure and 121°C temperature for 15 

minutes. 

2.6.3.2.2. Inoculation of LB media 

After overnight incubation, 4 colonies were selected from plates (both from mutant and 

wildtype BP clones) and inoculated in 3ml of LB media supplemented with 3µl of 

kanamycin in 10ml tubes. Colonies were picked with pipette tips and put the tips 

directly in 10ml tubes. The tubes were then incubated at 37°C for overnight. 

2.6.3.3. Nucleospin Plasmid Easypure 

After completion of incubation, growth was seen in the media and the culture were 

subjected to plasmid isolation using Nucleospin Plasmid Easypure kit (Macherey-

Nagel, Germany). The following steps were performed for plasmid isolation: 
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1. Poured 2ml of each sample in 2ml Eppendorf tube and centrifuged for 3 

minutes at 120 RPM to pellet down the cells. 

2. Then 150µl of the buffer A1 was added in the pellet and vortexed to re-

suspend the cells completely.  

3. Added 250µl of buffer A2 and inverted the tube 4-5 times, incubated at room 

temperature for 2 minutes to lyse the cells. 

4. After this 350µl of buffer A3 was added and inverted the tubes until the 

lysate turned colourless. Then centrifuged at full speed for 3 minutes to 

pellet down the precipitates. 

5.  Placed nucleospin plasmid easypure column into a 2ml collection tube and 

loaded 700µl clear supernatant onto the spin column without disturbing the 

pellet. 

6. Centrifuged the column for 1 minute at 6000g and discarded the flow-

through. 

7. Added 450µl of buffer AQ to the spin column and centrifuged for 1 minute 

at full speed. Discard the flow-through and centrifuged the empty column 

once again to completely dry the spin column.  

8. Discarded the collection tube and placed the spin column into a clean 

labelled 1.5ml microfuge tube. 

9. Added 50µl of the Milli Q onto the filter membrane of the column and 

incubated at room temperature for 5 minutes. 

10. Centrifuged for 1 minute at full speed. 

2.6.3.4. BP Plasmid Validation 

About 150-200ng of the isolated plasmid was run on the 0.8% agarose gel against empty 

pDONR 201 vector to confirm the size, along with ladder. 

The samples with quality and expected size were selected for second round of validation 

by restriction digestion. The digestion mix was prepared in 1.5ml microfuge tube as 

follows: 

Reagents Quantity 

 1X NEB buffer r3.1 2µl 
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 BP plasmid isolated (~100ng/µl) 2µl 

 BsmBI enzyme 0.5µl 

 Milli Q water 

 Total Reaction Volume 

5.5µl 

10µl 

Incubated the above mixture at 37°C for 1 hour. The mix was then run on 1% agarose 

gel to see the expected band pattern. The BP clone was then linearized and product was 

subjected to amplicon based long read sequencing using Single Molecule Real-Time 

Sequencing (Pacific Biosciences) on a Sequel II system as previously described (Te 

Paske et al. 2022). After confirmation, both wildtype and mutant BP clones were 

subjected to LR cloning. 

2.6.4. LR Gateway Cloning 

The LR gateway cloning is almost same as BP cloning, with the difference that instead 

of PCR product BP clone is used as an insert. The following LR reaction mixture was 

prepared in 1.5ml microfuge tube. 

Reagents Quantity 

 LR Buffer 

 pCl-neo RHO vector (150ng) 

2µl 

1µl 

 LR enzyme 2µl 

 BP clone (100ng/µl) 

 Milli Q water 

3µl 

2µl 

 Total Reaction Volume 10µl 

Incubated the tube containing above mixture for overnight at 25°C. After completion 

of incubation, 1µl of protein kinase was added to the mixture and incubated for 10 

minutes at 37°C for enzyme inactivation. 
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After completion of LR gateway cloning, the reaction mix was used for transformation 

and plasmid isolation as explained previously in sections 2.6.3.2. and 2.6.3.3. 

respectively. 

2.6.4.1. LR Plasmid Validation 

About 150-200ng of the isolated plasmid was run on 0.8% agarose gel against empty 

pCl-neo RHO vector to confirm the size, along with the ladder. The samples with 

quality and expected size were selected for second validation by restriction digestion. 

The digestion mix was prepared in 1.5ml microfuge tube as follows: 

Reagents Quantity 

 1X NEB buffer rCutSmart 

 LR plasmid isolated (~100ng/µl) 

1µl 

2µl 

 NdeI enzyme 0.5µl 

 Milli Q water 

 Total Reaction Volume 

6.5µl 

10µl 

Incubated the above mixture at 37°C for 1 hour. The mix was then run on 1% agarose 

gel to see the expected band pattern. 

2.6.5. Transfection of HEK293T Cells 

The LR clones (both mutant and wildtype) which showed best validation results 

through digestion and concentration were selected for transfection in HEK293T cells. 

2.6.5.1. Splitting of HEK293T Cells 

All the reagents were used at room temperature. The confluency of the HEK293T cells 

was observed under microscope. On reaching 70% confluent, medium was removed 

from the cells using vacuum while holding the flask in a tilted position, in order to avoid 

disturbance of cell layer. The cells were gently washed with 10ml 1X PBS (phosphate 

buffer saline) solution. The PBS solution was not directly poured onto cell. After PBS 

was removed from the flask through pipette, 2ml of trypsin (0.25%) was added over the 

cells and flask was moved back and forth gently for few times. Then flask was placed 

in an incubator for few minutes to detach the cells before adding 9ml of DMEM 
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medium (supplemented with 10% FBS, 1% sodium pyruvate and 1% penicillin 

streptomycin).  Then all the cells stuck to the flask were washed out by pipetting up and 

down and moving pipette over the whole flask. When all the cells were completely 

detached from the flask, the whole volume was transferred to a 50ml falcon tube. Again, 

pipetted up and down the cells at least 50 times to remove all the clumps, this was our 

fresh stock of cells.   

2.6.5.2. Seeding of HEK293T cells 

The seeding of the cell was performed in 6 well plate for transfection. The cells and 

DMEM medium were added in the ratio of 1:6 in each well of the plate. For this, 3ml 

of the cell stock was added in 15ml of DMEM medium to make a final volume of 18ml 

in a 50ml falcon tube.  In each well 2ml of the mixture of cells and DMEM medium 

was added in a way to avoid bubble formation. After seeding cells were left to grow for 

24 hours at 37°C in an incubator. 

2.6.5.3. Transfection 

In three 1.5ml microfuge tubes, transfection reagent was mixed with prepared clones. 

In first tube, 90µl of PEI transfection reagent was mixed with 500ng of wildtype clone, 

in second tube, 90µl of PEI was mixed with 500ng of mutant clone while in the third 

tube only 90µl of the PEI reagent was added. These three tubes were incubated for 10 

minutes at room temperature. The 6 well seeded plate was taken out of the incubator 

and confluency of the cells was observed under microscope. The transfection was 

performed when cells reached 70% confluent. The medium of the cells was replaced by 

fresh DMEM medium and transfection mixture was added slowly and dropwise in 3 

different wells. Placed the plate in the incubator at 37°C for 24 hours. 

2.6.5.4. Harvesting of Cells 

After 24 hours of incubation, plate was taken out from the incubator, cells were 

observed under the microscope. The medium was removed from all wells. The cells 

were washed carefully by adding 1ml PBS through walls of the well, moved it carefully 

all over the well and pipetted it out from the well. After this, 1ml of PBS was added 

again over the cells to detach them from the well. Washed the cells and moved the PBS 

all over the cells until they are detached from the well. After detaching the cells, they 
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were put into the 1.5ml tube and placed on ice. This process was done for four wells 

(wildtype, mutant, PEI treated and empty HEK293T cells).  

2.6.6. RNA Extraction from Cells 

The harvested cells were then centrifuged for 5 minutes at maximum speed and 

supernatant was removed. The RNA was extracted from the pelleted cells using 

NucleoSpin RNA extraction kit (Macherey-Nagal, Germany) with following protocol: 

1. To the pelleted cells, 350µl of the buffer RA1 and 3.5µl of ß-

mercaptoethanol was added and vortexed vigorously for cell lysis.  

2. The lysate was then filtered through NucleoSpin filter (violet ring). For this, 

filter column was placed in the 2ml collection tube and lysate was poured 

on the filter. 

3. The column was then centrifuged at 11,000g for 1 minute. 

4. The filter column was discarded and 350µl 70% ethanol was added to the 

filtrate. The mixture was then homogenized by pipetting up and down 

several times. 

5. For binding the RNA to column, the NucleoSpin RNA column (light blue 

ring) was placed in the new 2ml collection tube. The lysate was then loaded 

onto this column. The column was then centrifuged for 30 seconds at 

11,000g. Discard the flow-through and placed the column into new 2ml 

collection tube. 

6. After this, 350µl of MDB (membrane desalting buffer) was added onto the 

column and centrifuged for 1 minute at 11,000g.  

7. DNase reaction mixture was prepared in a sterile 1.5ml microfuge tube by 

adding 10µl of reconstituted rDNase and 90µl of reaction buffer for rDNase. 

The mixture was homogenized by flicking the tube. Added 95µl of this 

mixture directly onto the center of the membrane of column. Incubated the 

column at room temperature for 15 minutes. 

8. Then for washing and inactivation of rDNase, 200µl of the buffer RAW2 

was added to the column and centrifuged the column for 30 seconds at 

11,000g.   
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9. After this the collection tube was replaced by new collection tube and 600µl 

of the buffer RA3 was added onto the spin column and centrifuged for 30 

seconds at 11,000g.  

10. Again washed the column with 250µl of the buffer RA3 and centrifuged at 

11,000g for 2 minutes to completely drying the column. 

11. The collection tube was replaced by new clean nuclease free 2ml tube. 

Eluted the RNA in 60µl RNase free water (available in the kit) and 

centrifuged at 11,000g for 1 minute. 

2.6.7. cDNA Synthesis 

The extracted RNA was quantified with nanodrop and calculated the volume of each 

sample needed to make 1µg cDNA. 

Required volume of RNA = 1000/ [C].  

C= Conc. of extracted RNA (ng/µl).  

The cDNA synthesis was performed using iScript cDNA synthesis kit (Bio-Rad, USA) 

with the following protocol: 

Reagents Quantity 

 Reverse transcriptase Buffer 

 Reverse transcriptase enzyme 

1µl 

4µl 

 RNA 1000/[C] 

 Nuclease free water 

 Total Reaction Volume 

Up to 20µl 

20µl 

The above mixture was prepared in 0.2ml sterilized tube and placed in the thermocycler 

for reverse transcription at 25°C for 5 minutes, 46°C for 20 minutes, 95°C for 1 minute 

and at 4°C to hold. 

2.6.8. Amplification of Splice Isoforms 

The prepared cDNA libraries were then amplified using AmpliTaq gold master mix 

(Thermo Fisher Scientific, USA), with protocol as described in section 2.5.1.2. The 

primers used are listed in table 2.1. The amplified products were then run on 2% agarose 
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gel and the bands were gel purified as described earlier in section 2.5.1.3. The purified 

products were then Sanger sequenced to observe the splicing pattern.
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Table 2.1: List of all primers designed and used for this study 

Primers used for Targeted Sanger Sequencing 

Primer ID Primer Sequence (5'-3') 

MYOC_Ex1 F CCAAACAGACTTCTGGAAGGTTA 
MYOC_Ex1 R GTGATCGCTGTGCTTTCCTTA 
MYOC_Ex2 F ACACCATATCTTTGGGAGCCTA 
MYOC_Ex2 R CTCTGCTCCCAGGGAAGTTAAT 
MYOC_Ex3 F AACAGCCCTACTACCCAAAACA 
MYOC_Ex3 R ACCATGTTCATCCTTCTGGATT 

TEK_Ex2 F  GGCACATGGTCAGAATAGCA 
TEK_Ex2 R GACAGGCAAGATCGTCAAGC 
TEK_Ex3 F AGCCACCACTGTTTTTCACC 
TEK_Ex3 R TGAAAGCTTGCATCATAGCAG 
TEK_Ex4 F TCATGTGTTTGGTGGTAGATCC 
TEK_Ex4 R TGGGTTTCTCTGTCATTCCTCT 
TEK_Ex5 F CTCCTTGTCTTTGTTTCTGTCG 
TEK_Ex5 R CACACACAGGTACCATCTGACC 
TEK_Ex6 F CAGCTGAGATTTGACTGTTTCC 
TEK_Ex6 R GGGTAGCTAAGCAGTCCAGGTA 
TEK_Ex7 F CCCCTACCTTACACAAATCAGC 
TEK_Ex7 R CTATTCCCAACTTCTGGATGGA 
TEK_Ex9 F ACAACAGCAGGATCTGACAGG 
TEK_Ex9 R GCCACCCACAAGATTATGAGC 
TEK_Ex12 F GGAAGTCACACTCATCAACCAA 
TEK_Ex12 R GGGGCACTAATTAGCCTTCTCT 
TEK_Ex14 F GGCTGCTGTTAAGTTCCCATTA 
TEK_Ex14 R GAAAGCCAAAGAGAAGATGAGG 

TEK_Ex17-18 F GGTGGTGTTGCTAGATGTGTTT 
TEK_Ex17-18 R CACATGACAGTGCCTTCTTCAT 

TEK_Ex21 F CCTCTCTTGCCATACCATGTCT 
TEK_Ex21 R TTGGGATCTCTGTGTGTAGGTG 
TEK_Ex22 F CCTAGGGGCTGTACTTTGGTTA 
TEK_Ex22 R GGAGGGACATCCTTTGTTTCTA 
LTBP2_Ex1 F GAGCCCAGCTGGAGTAGGAG 
LTBP2_Ex1 R GGCTGTTTCCCGAAGTACTAAA 
LTBP2_Ex6 F AGGCAGGGGCTGGTTATTAT 
LTBP2_Ex6 R GGCTGAGAAGTTGAGGGAATG 
LTBP2_Ex7 F GGCTCCTTCAGTGACAGAGTTT 
LTBP2_Ex7 R AGGCCCAGACTCTCCATACAT 
LTBP2_Ex36 F GCCTCTGGCTGTCACACTTAG 
LTBP2_Ex36 R GCTGAAGCATTAAAGCGATTG 
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CYP1B1_Ex2 F TCTTCTCCAAGGGAGAGTG 
CYP1B1_Ex2 R GATCTTGGTTTTGAGGGGTGG 
CYP1B1_Ex3 F AGTCATGCAAGGCCTATTACAG 
CYP1B1_Ex3 R TGAGAAGCAGCACAAAAGAGG 
FOXE3_Ex1 F GGGTACCGTGAACAGAGTAAG  
FOXE3_Ex1 R TGTAGCAGGAGTTTGAGTCCAG 

Primers for Segregation Analysis 

Primer ID Primer Sequence (5'-3') 

PXDN_Int 17 F GTCCACACCTTTTCCCAGAG 
PXDN_Int 17 R GCTAGGTCCCTGGTAAAGAAG 

VSX2_Ex2 F ACGAAATCTGTTCAAAACCTCCG 
VSX2_Ex2 R CTCATCCTGCTCAACCGGTG 

PXDN_Ex17 F GGAGTTCATGAGCAGCGAAG 
PXDN_Ex17 R GAATGGCTTCAACACCCCTC 

SIX6_Ex1_F CAATCCGCCTCATCAACAAGC 
SIX6_Ex1_R GTGAAGCCTTGGTTTGGTGAC 

ATOH7_Ex1 F TGAAGAGATATCAGCCTGGTCA 
ATOH7_Ex1 R AAATGATTGCGTCCATAGGTCT 

NMNAT1_Ex2 F TTGGTATGTGCCTGTGTTCC 
NMNAT1_Ex2 R GATGGTGTCTTGCTCTGTCTC 
TULP1_Ex14 F AGCCATCTCAGCCATCTC 
TULP1_Ex14 R CTTGAATGAAGGTCAGCATC 
PRPF8_Ex43 F CAACACAAGCACAGACAGAGG 
PRPF8_Ex43 R GATGTGGGGATAGCAGTAGGG 
CDHR1_Ex9 F AGAGGAGAGTAGGGCCATGC 
CDHR1_Ex9 R AGCACACAACCCAGAGACTTG 

HGSNAT_Ex18 F TCTCGAACTCCTGGCCTTAAG 
HGSNAT_Ex18 R CACCCATGGCAATTCCCTTTTG 
PROM1_Ex15 F TCTAGTTATAAGTTGGAAATCAACCAG 
PROM1_Ex15 R AAATGCAAAATTCTCATTCCAG 

TULP1_Ex9-10-11 F CCAGAGCCTCCTAACTTGG 
TULP1_Ex9-10-11 R CACAGCAGGACAGAGATGAC 

MERTK_Ex2 F CAGTGCTCTCTCTTCTTGGC 
MERTK_Ex2 R GAGGTGGAGGTTGCAATGAG 
CNGB1_Ex26 F TGCACAACATGCATCTATCAG 
CNGB1_Ex26 R ACATTTCTGGCAACAGTGG 
CNGA3_Ex7a F GTGGGTGTTCTGATTTTTGC 
CNGA3_Ex7a R CCCAATATCTCCCTTCTTGC 
CNGA3_Ex7b F GCATACTGTGTAGCCGTGAGG 
CNGA3_Ex7b R CCGTGAGGCATTCATATTCG 
CNGA3_Ex7c F GTGGGTGTTCTGATTTTTGC 
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CNGA3_Ex7c R CCCAATATCTCCCTTCTTGC 
CDH23_Ex36 F GATATCTCCTAGCCCCGGAAC 
CDH23_Ex36 R CACCTCAACTACCTCCTCCTG 
CDH23_Ex53 F TCCACATCTTCTGGCACTCTG 
CDH23_Ex53 R GGCAAAGATTTCTCCCAGAGG 
DMD_Ex51 F TGTGTTTGCTGAGAGAGAAAC 
DMD_Ex51 R TTGTCCAGGCATGAGAATGAG 

ABCA4_Ex11 F GGAGATGTGAAGAGGAAACCG 
ABCA4_Ex11 R CATGGACTTGGGGAAATGGG 
LZTFL1_Int4 F CTCTTTGCATTCTTGAGACCC 
LZTFL1_Int4 R GGGATTGTAGAAGATGGCACC 
LZTFL1_Ex10 F GTCCAACGTTTATCTTAGCCAC 
LZTFL1_Ex10 R TGGCATGCACACAAAACATAC 

COL18A1_Ex16 F GTTGTGTTTCTGTGTGGCTG 
COL18A1_Ex16 R CTCATTCGCTCTTGGTCAGG 

NDP_Ex1 F TCACGGGGTCAACTATAAGAAC 
NDP_Ex1 R CGCACGCCTGATTGATATATG 

Primers for Splice Assay 

Primer ID Primer Sequence (5'-3') 

PXDN_(Int17) F  ggggacaagtttgtacaaaaaagcaggcttcTCCCAGATGATTCTCTCTTTTGC 
PXDN_(Int17) R ggggaccactttgtacaagaaagctgggtgAGCTCTAAGATGTCCCCTGG 
ACTB_Ex4-5 F ACTGGGACGACATGGAGAAG 
ACTB_Ex4-5 R TCTCAGCTGTGGTGGTGAAG 
RHO_Ex3-5 F CGGAGGTCAACAACGAGTCT 
RHO_Ex3-5 R  AGGTGTAGGGGATGGGAGAC 

Primers for Deletion Mapping 

Primer ID Primer Sequence (5'-3') 

USH2A_Int49_P1 F TTCAAACACCTCCCTCTCAAC 
USH2A_Int49_P2 F AGTTTTGCTCTTGTTGCCCAG 
USH2A_Int49_P3 F AATGGTCCCAAATCCTGTTGC 
USH2A_Int49_P4 F AACATGACCAAGACACTCAGC 
USH2A_Int49_P5 F  CAGGGAGTGGCAGTAGGATG 
USH2A_Int49_P6 F CGGTTTCCAGCTTCATCCATG 
USH2A_Int49_P7 F ATCTCTGTTCTATCCCATTGGTC 
USH2A_Int58_P1 R CATCAACCTTGCTCATCACCC 
USH2A_Int58_P2 R TGAGGTAAGGCAGAGAAGGAG 
USH2A_Int58_P3 R AGCTGGTAAAAGGTGAGAGGG 
USH2A_Int58_P4 R GCGTTCCCTCCAATTCATCTG 
USH2A_Int58_P5 R CCCTGAACTGGAAAAGGTGTG 
USH2A_Int58_P6 R TCACAAGGTCAGGAGATGGAG 

Primers for USH2A Deletion Segregation 
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Primer ID Primer Sequence (5'-3') 

USH2A_S1 F AGCACTCAGTTAACGTGACAC 
USH2A_S1 R ACGGTGTTTGGTTCTTTGTCC 
USH2A_S2 F AGCACTCAGTTAACGTGACAC 
USH2A_S2 R GCAAGGCATATTCAGAGAAGGG 

Ex= Exon, Int= Intron, F= forward, R= Reverse. 

 

 

Figure 2.1: Flow chart showing sequencing approaches used for all the families 

recruited in this study. 
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RESULTS AND DISCUSSION 

For this study 28 Pakistani families were recruited from different regions of Pakistan. 

The analysis of clinical information gathered from these 28 families led to their further 

subgrouping in to four types. First group included six families (Family A1 to A6) with 

primary congenital glaucoma whereas eight families (Family B1 to B8) in the second 

group presented anophthalmia/microphthalmia phenotype. Eleven families (Family C1 

to C11) presented phenotype in the IRD spectrum whereas patients from three families 

(Family D1 to D3) presented syndromic IRDs. Therefore, results section has been 

divided into four sections (Chapter 3 to 6) to present data of each phenotypic group.  

Available members of 28 families underwent genetic analysis as summarized in 

methods chapter and graphically depicted in figure 2.1. Details of the identified disease-

causing variants are provided in respective sections along with their segregation 

patterns in other members of the family. The figures, diagrams and tables are given in 

each segment and a comprehensive conclusion of the findings of this study is provided 

with the focus on the success rate of different molecular diagnosis approaches. 
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3.0.PRIMARY CONGENITAL GLAUCOMA 

Primary congenital glaucoma (PCG) is a birth defect which is characterized by several 

features including enlarged globe (buphthalmos), increased IOP, breaks in Descemet 

membrane (Haab striae) and optic nerve cupping. This leads to early irreversible 

blindness (Azmanov et al., 2011). In PCG mostly Schlemm canals are not blocked 

because blood flow is sufficient even after compression of jugular vein. The features of 

glaucoma are overlapping with megalocornea therefore the identification of glaucoma 

is clinically challenging. There are certain distinguishing features of megalocornea like 

absence of Descemet membrane breaks and corneal edema. PCG mostly exhibits 

autosomal recessive pattern of inheritance with a high frequency of parental 

consanguinity. According to an estimate most cases of PCG are sporadic but 10-40% 

cases are familial (Abdolrahimzadeh et al., 2015). Most frequently mutated genes in 

PCG include CYP1B1, LTBP2, MYOC and TEK (Aboobakar and Wiggs, 2022). 

Although the number of genes known to be associated with PCG is limited but the 

overlapping features of PCG with other forms of glaucoma makes it difficult to select 

genes for TSS. In this chapter we present genetic analysis of six families with PCG. 

3.1. Description and Clinical Features of PCG Families 

 Based on the physical appearance (buphthalmos and corneal clouding) and phenotype 

(vision loss, poor vision and tunnel vision) 6 families (A1-A6) were recruited from 

different regions of Pakistan. Four families (Family A1, A2, A4 and A6) were collected 

from Islamabad while two families (Family A3 and A5) belonged to Larkana and 

Pakpattan cities respectively. Pedigree analysis showed consanguinity among all 

parents of affected individuals and autosomal recessive mode of transmission of 

phenotype (Figure 3.1). The glaucoma was initially detected in affected individuals of 

six families between ages of 2 to 6 years. All recruited affected individuals have 

bilateral PCG, but bilateral corneal opacity was observed in affected members of three 

families (Family A2, A4 and A5). Similarly, cataract (Family A1 and A4) and epiphora 

(Family A1 and A5) were observed in two families each. Phenotypic features observed 

in affected members of all 6 families are presented in table 3.1. 

 

 



Chapter 3  Primary Congenital Glaucoma 

 

Identification of Genes in Pakistani Families with Inherited Eye Diseases 55 
 

3.2. Genetic Analysis of Families with PCG  

As described in methods families with PCG were subjected to either TSS or ES to 

identify underlying variants. One affected member from each of three families (Family 

A1, A2 and A3) was screened through TSS to detect pathogenic mutations in CYP1B1, 

MYOC coding regions and selected exons of TEK and LTBP2 genes. Sequence analysis 

identified a missense variant (NM_000104.4:c.1169G>A; p.(Arg390His)) in CYP1B1 

in two (Family A1 and A3) families (Figure 3.2, 3.3). In the third family (Family A2) 

a missense mutation (NM_000104.4:c.353C>T; p.(Pro118Leu)) was also identified in 

CYP1B1 (Figure 3.4).  

 For the remaining three families (Family A4, A5 and A6) single proband (IV:3, IV:3, 

IV:2) from each family was selected for exome sequencing as described earlier in 

section 2.5.3. The VCF annotation indicated 28789, 29312 & 29598 variants in 

individuals A4-IV:3, A5-IV:3 and A6-IV:2 respectively. After filtration for the rare 

disease causing variants the number reduced to 30 in case of family A4 individual IV:3 

while 22 variants in family A5 individual IV:3. Phenotype based prioritization of the 

candidate genes through Phenolyzer (http://phenolyzer.wglab.org/#getstart) shortlisted 

only CYP1B1 variant in case of both families. Analysis of family A6 individual IV:2 

identified 2 rare pathogenic variants; one in CYP1B1 and the other on X chromosome, 

since our pedigree is autosomal recessive therefore the involvement of variant present 

on X chromosome was ruled out. After ES, we identified two known mutations 

(c.1169G>A; p.(Arg390His)) and (NM_000104.4:c.1325del; p.(Pro442Glnfs*15)) in 

the probands of families A4 and A5 respectively (Figure 3.5, 3.6). Whereas a novel 

mutation (NM_000104.4:c.1A>G; p.(Met1?)) was found in family A6 which is 

predicted to result in loss of initiation codon (Figure 3.7).  

All these variants (identified in 6 PCG families) were predicted to be pathogenic 

through various bioinformatics tools and likely pathogenic according to guideline of 

American College of Medical Genetics and Genomics and Association for Molecular 

Pathology (ACMG/AMP) (Richards et al. 2015) (Table 3.2) except for novel variant 

(c.353C>T; p.(Pro118Leu)) which was found in family A2. Additionally, a haplotype 

was identified in all PCG families on the basis of six common single nucleotide 

polymorphisms (SNPs) (rs2617266, rs10012, rs1056827, rs1056836, rs1056837 and 
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rs1800440) present in CYP1B1 (Table 3.3). All the CYP1B1 variants segregated in their 

respective families.  

3.3. Protein 3D Modelling of CYP1B1 Predict Changes in Mutant Protein 

The analysis of 3D structure of protein having missense variants identified in six 

families included in this study predicted abnormalities in the respective mutant protein. 

The analysis of missense variant (NM_000104.4:c.1169G>A; p.(Arg390His)) 

identified in 3 families (A1, A3 and A4) showed substitution of arginine at position 390 

with histidine. This Arg at position 390 is highly conserved among several species 

(Figure 3.8B). This substitution alters the distances between nearby amino-acid side 

chains as compared to normal protein. Normal Arg390 is thought to form a salt bridge 

and H-bonding with Glu387 in the conserved K-helix (Stoilov et al. 1998; Su et al. 

2012). Salamanca Viloria et al., (2017) identified the optimal cut off distances to be 5Å 

or 0.5nm between two amino acid residues to influence each other’s bonding in the 

field. When arginine is replaced with histidine in protein 3D structure, imidazole ring 

in the latter showed more bend towards Asn428 residue than Glu387 in the K-helix. 

The distance between His390 and Glu387 will probably increase to 0.539nm as 

compared to normal 0.293nm between Arg390 and Glu387 (Figure 3.8A). This 

increased distance may result in escape of Glu387 from the influence of His390 

compared to normal R390 and thus expected to alter the normal interactions in the 

CYP1B1 protein and eventually may disrupt the normal function.  

Similar proline at 118 position in CYP1B1 protein is highly conserved among several 

species (Figure 3.9B) and the predicted 3D structure analysis of p.(Pro118Leu) variant 

identified in family A2 showed increase of length of helices in the surrounding region 

of Leu118 compared to Pro118. This change may reduce the flexibility and increase the 

rigidity in the mutant protein structure compared to normal protein. Our predicted 

protein 3D modelling of the Leu118 indicated that it alters the normal 3D conformation 

of the protein. The normal length of D, G and K helices in the predicted protein structure 

is increased with the replacement of proline residue with leucine at 118 position. These 

conserved helices are carrying several amino acid residues which are important in the 

formation of active site of the enzyme. Hence the increased length of the helices may 

result in the loss of flexibility in this region and in turn may affect the active site in this 

region. Moreover, arginine 117 adjacent to proline 118 is thought to be the part of heme 
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interaction with enzyme (Wang et al., 2011). The normal amino acid distance between 

Pro118 and Arg117 is increased in mutant Leu118 and Arg117 (Figure 3.9A). This 

increased distance may result in escape of bonding effect between amino acids at 

position 118 and 117 and may affect the interaction of Arg117 with the heme co-factor.  

3.4. Discussion 

CYP1B1 gene encodes cytochrome P450 1B1 protein which is involved in steroid 

metabolism, retinol metabolism and lipid metabolism (Lee et al. 2003; Choudhary et 

al. 2004). Cytochrome P450 1B1 is expressed in IOP maintaining structures such as 

trabecular meshwork and ciliary bodies as well as in the iris and retina (Yamazaki et 

al., 1993). The knockout of CYP1B1 in mice induced defective trabecular meshwork 

and increase in the oxidative stress, suggesting the role of CYP1B1 in glaucoma (Zhao 

et al., 2015). Previously it was thought that CYP1B1 mutations and failure of surgical 

treatments in patients have no significant correlation (Abu-Amero et al., 2011), but a 

later study (Khafagy et al., 2019), observed that the populations with increased 

consanguinity and higher rates of CYP1B1 mutations are more prone to failure of the 

trabeculectomy and other initial procedures. This indicates that CYP1B1 has more roles 

to play in development of glaucoma than its predicted role in development of 

malformed Schelmm’s canal. However, the mechanism through which CYP1B1 is 

causing the disease is not understood completely. This study of six PCG families have 

identified known and novel variants in CYP1B1.   

In three families (Family A1, A3 and A4) we identified a missense variant (c.1169G>A; 

p.(Arg390His)) in CYP1B1 (Figure 3.8B). The arginine present at 390 position is also 

evolutionary conserved among several species (Figure 3.8B). This variant was first 

identified in 1998 (Stoilov et al., 1998) in a Pakistani family but is now considered as 

most common CYP1B1 mutation in several populations including Indian, Chinese, 

Iranian and Pakistani. In two different studies conducted in Pakistan, 5 and 13 families 

identified with this variant respectively has the same haplotype C-C-G-C-C-G; 

(constructed on the basis of SNPs) around CYP1B1 gene (i.e. rs2617266, rs10012, 

rs1056827, rs1056836, rs1056837 and rs1800440) (Sheikh et al., 2014; Rauf et al., 

2016). Whereas analysis of genotypes of above mentioned six SNPs in our three 

families identified different haplotypes in two families. Family A4 showed previously 

reported haplotype C-C-G-C-C-G while family A1 and A3 have C-C-G-G-C-C and C-
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C-G-C-T-G haplotypes respectively (Table 3.3). These differences in the haplotypes 

are emphasizing on the founder effect of this mutation but further confirmation is 

required to clarify this notion as it can be a mutational hot spot because two additional 

allelic variants have also been identified at the same position i.e, p.(Arg390Ser) in 

Saudi, Spanish, European and Italian populations and p.(Arg390Cys) in Indian, 

Egyptian and German populations (Bejjani et al., 2000; Reddy et al., 2003; Sivadorai 

et al., 2008; Campos-Mollo et al., 2009; Weisschuh et al., 2009; Giuffre, 2011; Lopez-

Garrido et al., 2013). Although Arg390His variant is commonly known to cause PCG 

in Pakistani population with early onset indicating the presence of severe phenotype in 

patients with this variant. There are certain studies which presented the same variant 

with association to juvenile open angle glaucoma (JOAG) (Yang et al. 2009; Su et al. 

2012). This indicates the involvement of Arg390His variant with varying degree of 

phenotypic expression, however in our three families (A1, A3 and A4) p.(Arg390His) 

variation is responsible for early onset of severe phenotype with the presentation of 

buphthalmos. Additionally, cataract and epiphora (watery eyes) was also observed in 

all the affected members of family A1.  

A single nucleotide frameshift deletion observed in family A5 (c.1325del; 

p.(Pro442Glnfs*15)) replaced proline at 442 position with glutamine and introduces a 

pre-mature termination codon (PTC). This PTC might not result in non-sense mediated 

decay (NMD) as it is present in the last exon and there is no exon-exon junction (EEJ) 

downstream for the binding of exon junction complex (EJC). In our prediction this 

variant, which we are reporting for the second time in Pakistani population (Rauf et al., 

2016), will result in the formation of truncated protein causing loss of function. 

Cysteine residue at 470 position at the C-terminus is conserved and essential for the 

binding of heme (co-factor of CYP1B1) (Wang et al., 2011) and it will be lost in the 

truncated protein, rendering it non-functional. Same variant p.(Pro442Glnfs*15) is 

previously found associated with phenotype showing anterior segment dysgenesis and 

congenital glaucoma (Reis et al., 2016). Previously reported Pakistani family with the 

same variant was affected with PCG showing additional features of buphthalmos, 

corneal haze and photophobia (Rauf et al., 2016). All members affected with PCG in 

family A5 also showed buphthalmos and corneal opacity without photophobia. The 

members of family A5 also presented epiphora (watery eyes).  
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A novel missense variant (c.353C>T; p.(Pro118Leu)), identified in the family A2 will 

probably replace proline at 118 position with leucine. Previously 2 variants at the same 

amino acid position (which is residing in the substrate recognition site of the enzyme 

(Chen et al., 2008)), have been identified with the similar phenotypes. A heterozygous 

variant P118T (in compound heterozygous state) was found associated with Peter’s 

Anomaly (Vincent et al., 2006) whereas homozygous P118S in Chinese population was 

found associated with PCG (Chen et al., 2008). According to ACMG/AMP guidelines 

this variant is a VUS. Several pathogenicity prediction tools predicted deleterious effect 

of this variant on the protein. This amino acid is present in the evolutionary conserved 

region among several species (Figure 3.9B). This is a very rare variant, with 

0.000004887 allele frequency in previous version of gnomAD (v2.1.1) (one 

heterozygote in Latino/Admixed American population; allele frequency 0.00003050) 

while with 0 allele frequency (all population) in the latest gnomAD version (v3.1.1). 

The absence of this variant in population database, prediction of bioinformatics tools 

(deleterious), segregation results and our predicted amino acid change effect on the 3D 

protein structure emphasizes on the pathogenic nature of p.(Pro118Leu) variant. 

Therefore, in our view, this is a potential pathogenic variant possibly involved in the 

dysfunctional CYP1B1 protein ultimately responsible for PCG in family A2.  

Another missense variant identified in the family A6 (c.1A>G; p.M1?) probably result 

in the loss of initiation codon in open reading frame (ORF) of the gene. Since 

subsequent ATG appears 393 nucleotides downstream, therefore this variant may result 

in the loss of 131 amino acids at the N-terminus of the protein. CYP1B1 is a microsomal 

membrane-bound enzyme having a leader sequence at its N-terminus which directs its 

localization in the endoplasmic reticulum (Wang et al., 2011) where N-terminus along 

with hinge region provides flexibility to its structure for properly residing in the 

membrane and extending the cytoplasmic domain in the cytoplasm (Yamazaki et al., 

1993). Therefore, we anticipate that the delocalization of the CYP1B1 in the family A6 

is the cause PCG phenotype. This variant is novel but a different variant i.e., c.2T>C 

(with similar probable effect on the protein p.M1?) was identified for the first time in a 

patient affected with Peter’s anomaly with increased IOP and bilateral corneal opacity 

(Vincent et al., 2001). Later c.2T>C was reported in many populations; Indian, 

Canadian, Israeli, Italian causing congenital glaucoma and Peter’s anomaly (Vincent et 



Chapter 3  Primary Congenital Glaucoma 

 

Identification of Genes in Pakistani Families with Inherited Eye Diseases 60 
 

al. 2006; Geyer et al. 2011; Giuffre 2011). Our variant (c.1A>G; p.(Met1?) is present 

in the homozygous state in affected individuals and is responsible for PCG while in one 

affected female, unilateral cataract was also observed.  

Since 1990s several variants in CYP1B1 have been reported to cause glaucoma and to 

date the number raised to more than 250 (Source: HGMD). But in our prediction, 

several identified variants might represent the incidental findings and therefore all of 

these may not play major role in the phenotype development. For example, two 

CYP1B1 mutations; p.(Arg390His) and p.(Arg368His) are not only common in 

Pakistani population but also in several other populations like Middle-Eastern and 

Caucasian (Li et al., 2011). The p.(Arg390His) is a previously reported mutation but 

p.(Arg368His) is present in one of our previously screened families and did not 

segregate in the family (unpublished data). Recently in another study p.(Arg368His) 

variant was negated as pathogenic on two bases; (i) they found it in less number of 

samples in glaucoma cohort than expected (ii) they found this variant in a comparable 

number of individuals from another cohort of intellectually disabled children (Alsaif et 

al. 2019). Previous finding by Alsaif et al., (2019), presence of this variant in gnomAD 

database in homozygous state (n=13), with an allele frequency of 0.03035 in South 

Asian population and our finding strongly endorse the recommendation of changing the 

“pathogenic” state of the said variant in the public databases. Previously p.(Glu229Lys) 

was found associated to POAG in heterozygous state with low penetrance but latter in 

2010 significant number of times it was found in the control group as compared to 

patients (Pasutto et al., 2010). Similarly, in some Indian families TEK heterozygous 

variants along with CYP1B1 variants were found associated with PCG. Functional 

analysis of these variants revealed that certain combination of variants in both genes 

resulted in perturbed or reduced interaction between both proteins. The variant 

p.(Glu229Lys) in CYP1B1 when occurred in combination with TEK variant 

p.(Gln214Pro), only then showed reduced interaction, otherwise p.(Gln214Pro) in 

combination with p.(Gly743Ala) TEK variant showed normal interaction as of wild 

type (Kabra et al. 2017). We found p.(Glu229Lys) in two of our previously screened 

families in heterozygous state (unpublished data) but this variant has 0.01 frequency in 

gnomAD therefore we assume it as a risk factor rather than pathogenic variant. 

Although, CYP1B1 has been associated with glaucoma since long, even then the 
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pathway or mechanism through which this gene may cause the disease in not known 

yet. In our view, variants of uncertain significance (VUS) in this gene are one of the 

hurdles in identification of new genes which might have important role in developing 

the disease and unwinding the CYP1B1 mystery. Advancements in techniques has 

provided the information of variations among normal individuals through different 

public databases, which is indicating that certain variants in CYP1B1 might not be the 

actual cause of disease. There is a need to revisit the literature in order to sketch the 

clear picture of CYP1B1 variants. 
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Figure 3.1: Pedigrees of six families with glaucoma. Numbers are given in each 

pedigree only to the participating members. The autosomal mode of inheritance and 

consanguinity is clearly seen among six families.  
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Figure 3.2: (A). Pedigree of Family A1 where arrow is indicating the proband and 

below each participating member is shown the segregation results. (B). Chromatogram 

of the variant M1 (c.1169G>A; p.(Arg390His)) identified in CYP1B1 in wildtype, 

carrier and affected individuals. (C). Schematic representation of amino-acid change in 

protein domain of cytochrome P450 1B1. 
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Figure 3.3: (A). Pedigree of Family A3 where arrow is indicating the proband and 

below each participating member is shown the segregation results. (B). Chromatogram 

of the variant M1 (c.1169G>A; p.(Arg390His)) identified in CYP1B1 in wildtype, 

carrier and affected individuals. (C). Schematic representation of amino-acid change in 

protein domain of cytochrome P450 1B1. 
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Figure 3.4: (A). Pedigree of Family A2 where arrow is indicating the proband and 

below each participating member is shown the segregation results. (B). Chromatogram 

of the variant M2 (c.353C>T; p.(Pro118Leu)) identified in CYP1B1 in wildtype, carrier 

and affected individuals. (C). Schematic representation of amino-acid change in protein 

domain of cytochrome P450 1B1. 
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Figure 3.5: (A). Pedigree of Family A4 where arrow is indicating the proband and 

below each participating member is shown the segregation results. (B). Chromatogram 

of the variant M1 (c.1169G>A; p.(Arg390His)) identified in CYP1B1 in wildtype, 

carrier and affected individuals. (C). Schematic representation of amino-acid change in 

protein domain of cytochrome P450 1B1. 
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Figure 3.6: (A). Pedigree of Family A5 where arrow is indicating the proband and 

below each participating member is shown the segregation results. (B). Chromatogram 

of the variant M3 (c.1325del; p.(Pro442Glnfs*15)) identified in CYP1B1 in wildtype, 

carrier and affected individuals. (C). Schematic representation of amino-acid change in 

protein domain of cytochrome P450 1B. 
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Figure 3.7: (A). Pedigree of Family A6 where arrow is indicating the proband and 

below each participating member is shown the segregation results. (B). Chromatogram 

of the variant M4 (c.1A>G; p.(Met1?)) identified in CYP1B1 in wildtype, carrier and 

affected individuals. (C). Schematic representation of amino-acid change in protein 

domain of cytochrome P450 1B1. 
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Figure 3.8: (A). Protein 3D structure showing changes in mutant containing variant 

p.(Arg390His). In bottom left panel the distance between His390 and Glu387 is 

increased to 0.539nm as compared to normal 0.293nm shown in top right panel. (B). 

The CYP1B1 variant p.(Arg390His), disrupts the amino acid which is evolutionary 

conserved among several species (source: pBLAST).  
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Figure 3.9: (A). Protein 3D structure showing changes in mutant CYP1B1 protein 

containing variant p.(Pro118Leu). In bottom right panel the distance between Leu118 

and Arg117 is increased to 0.66nm compared to 0.42nm in normal shown in top right 

panel. (B). The CYP1B1 variant p.(Pro118Leu), disrupts the amino acid which is 

evolutionary conserved among several species (source: pBLAST).
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Table 3.1: Clinical features of six glaucomatous families recruited in this study.  

Phenotypic  

features 

                                                                                                             Family ID 

                  A1           A2                       A3                            A4                   A5        A6 

Individual 

ID 

IV:2 IV:4 V:1 V:2 IV:2 IV:4 IV:6 V:2 V:3 V:5 V:6 V:7 II:1 IV:2 IV:3 IV:4 V:1 V:2 III:3 IV:1 IV:3 V:1 IV:1 IV:2 

Gender F F F M M M M M F F M M M M F M F F M M M F F M 

Age onset  

(yrs) 

3 3 3 3 6 6 6 3 3 3 3 3 3 3 3 3 3 3 2 2 2 2 3 3 

Affected eye BL BL BL BL BL BL BL BL BL BL BL BL BL BL BL BL BL BL BL BL BL BL BL BL 

Buphthalmos + + + + - - - + + + + + + + + + + + + + + + + + 

Corneal  

Opacity 

- - - - BL BL BL - - - - - BL BL BL BL BL BL BL BL BL BL - - 

Cataract + + + + - - - - - - - - + + + + + + - - - - RE - 

Epiphora + + + + - - - - - - - - - - - - - - + + + + - - 

BL= Bilateral, F= Female, M= Male, RE= Right eye, yrs= Years, “+” means present, “-” means absent. 
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Table 3.2:  Mutations identified in this study with their pathogenicity predictions. 
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ID 
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Reference transcript NM_000104.4; VUS, variant of uncertain significance, ‘-’ indicates not applicable. 
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Table 3.3: List of Common SNPs in CYP1B1 gene which were used for haplotype 

analysis. 

 
Coding positions are given with the reference transcript NM_000104.4 
Homo= Homozygous alternative allele, ‘-’ Means absence of alternative allele. 

Individual 

ID 

Intronic 

g.34501C>T 

rs2617266 

R48G 

c.142C>G 

rs10012 

 

A119S 

c.355G>T 

rs1056827 

V432L 

c.1294G>C 

rs1056836 

D449D 

c.1347T>C 

rs1056837 

N453S 

c.1358A>G 

rs1800440 

A1-V:2 - - - - Homo  Homo 

A2-IV:4 - - - - - - 

A3-V:3 - - - Homo - Homo 

A4-IV:3 - - - Homo Homo Homo 

A5-IV:3 - - - - - - 

A6-IV:2 - - - - - - 
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4.0. ANOPHTHALMIA AND MICROPHTHALMIA 

Anophthalmia and microphthalmia (A/M) is a group of inherited structural eye defects 

which are either present in the isolated form (Nonsyndromic types) or present along 

with other anomalies (Syndromic types).  The combined prevalence of A/M is up to 30 

per 100,000 population, with microphthalmia reported in up to 11% of blind children 

(Verma and Fitzpatrick, 2007). The exact pathogenesis of both anophthalmia and 

microphthalmia is unknown. But it is believed that failure of anterior neural tube 

development give rise to secondary anophthalmia while failure in enlargement of optic 

pit or optic vesicle is responsible for secondary anophthalmia (Mann, 1953). Similarly, 

when the posterior segment of the eye is not well-developed as compared to the anterior 

segment then it results in microphthalmia. To date approximately 150 genes are known 

to be associated with syndromic and non-syndromic forms of A/M (OMIM, assessed 

1st December 2022). Due to increased heterogeneity only 20-30% of the patients 

receives genetic diagnosis, although detection rates are higher in case of severe bilateral 

cases (Plaisancie et al., 2019). Here we have selected seven families affected with 

severe bilateral A/M depicting consanguinity and autosomal recessive mode of 

inheritance.  

4.1. Description and Clinical Features of Families 

A total of 8 families (B1-B8) with 23 affected individuals showed A/M with or without 

anterior segment dysgenesis or corneal opacity and were included in this study. All 

eight families were consanguineous and showed an autosomal recessive inheritance of 

A/M phenotype (Figure 4.1). All affected individuals were diagnosed with bilateral, 

congenital microphthalmia (n = 13) or anophthalmia (n = 10). The affected members of 

three families (B1, B4 and B5) showed complete absence of eye tissue and ocular 

structures with no light perception. Therefore, they were included in the category of 

bilateral clinical anophthalmia. The members of all these families had flat nasal bridge 

but no other facial dysmorphism, skeletal deformities or polydactyly was observed.  

Both the affected individuals of family B2 and B7 showed bilateral microphthalmia 

with corneal opacity and anterior segment dysgenesis, whereas individuals of family 

B6 showed microphthalmia with corneal opacity and flat nasal bridge. All the affected 

individuals of family B3 showed phenotypic variations. Individual B3 (V:4) showed 
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bilateral microphthalmia with corneal opacity and anterior segment dysgenesis, B3 

(V:2) had severe/extreme bilateral microphthalmia with corneal opacity. The individual 

B3 (V:3) exhibited bilateral microphthalmia but unilateral corneal opacity. All the three 

affected individuals of family B3 had somewhat flat nasal bridge. Three affected 

members of family B8 (IV:1, IV:3, IV:5) presented microcornea with congenital 

blindness (had perception of light) while individual B8-IV:3 additionally showed 

sclerocornea/corneal opacity. Varying degree of cataract development was also 

observed in the affected individuals of family B8. Detailed clinical features for all 

individuals are provided in table 4.1. 

4.2. Targeted Sanger Sequencing Revealed Pathogenic Variants in Four A/M 

Families 

Since phenotype of 60% of the A/M families from a similar Pakistani cohort was 

previously explained by pathogenic FOXE3 variants (Ullah et al., 2016). Therefore, all 

probands from eight families were subjected to FOXE3 screening through Sanger 

sequencing. For the probands of families B1, B2, B6, and B7, likely pathogenic biallelic 

variants were identified, which segregated in the respective families. For three of these 

families (B1, B2 and B7), an identical homozygous nonsense pathogenic variant 

(NM_012186.3:c.720C>A; p.(Cys240*)) was identified in FOXE3 (Figure 4.2-4.4). 

The variant has allele frequency of 0.00001334 (only heterozygote state) in gnomAD 

and most likely result in the formation of a truncated protein. The variant is previously 

reported as pathogenic in ClinVar (Landrum et al., 2018) and classified as pathogenic 

according to the ACMG/AMP classification system with high CADD-PHRED score of 

36. In the fourth (Family B6) a known (Ullah et al. 2016; Rashid et al. 2020) FOXE3 

homozygous pathogenic missense variant (NM_012186.3:c.289A>G; p.(Ile97Val)) 

was identified (Figure 4.5). This amino acid change affects an evolutionary conserved 

region of the protein (Figure 4.5D) and is predicted as pathogenic by in silico tools 

(Table 4.2). None of potentially pathogenic variants were identified in FOXE3 in 

investigated probands of other four families. 

4.3. Genome Sequencing Revealed Pathogenic Variants in PXDN and VXS2 

Four families (B3, B4, B5 and B8) remained unsolved after targeted sequencing of 

FOXE3. Therefore, the probands B3 (V:4), B4 (IV:4), B5 (IV:2) and B8 (IV:5) were 

subjected to genome sequencing. Variant prioritization on the basis of minor allele 
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frequency, prediction of pathogenic tools and finally on the basis of genes already 

known to cause A/M (curated manually from OMIM entries accessed on December, 

2022; Attached as Appendix I) revealed possibly pathogenic variants in PXDN, VSX2, 

and SIX6 which also segregated in the respective families (Figures 4.6, 4.7, 4.8 and 4.9).  

In family B4, a 13bp deletion in VSX2 (NM_182894.3:c.413_425del; p.(Ser138*)) was 

identified (Figure 4.7). Pathogenic variants in VSX2 are associated with isolated 

microphthalmia and microphthalmia with coloboma (Ammar et al., 2017). This 

frameshift variant has not been previously reported and results in the formation of a 

premature termination codon in exon 2 and may induce nonsense mediated decay 

(NMD) or the formation of a truncated protein. In family B5, a known pathogenic (Khan 

et al., 2011) single nucleotide deletion (NM_012293.3:c.2568del;p.(Cys857Alafs*5)) 

was identified in PXDN (Figure 4.8). Both the identified VSX2 and PXDN frameshift 

variants were classified as pathogenic according to the ACMG/AMP classification 

system.  

In family B8, a known disease-causing variant (NM_007374.3:c.547G>C; 

p.(Asp183His)) (Figure 4.9), which is recently reported in ClinVar as pathogenic by a 

single submitter, in association with congenital cataract, microcornea, sclerocornea and 

nystagmus was identified in SIX6 gene. The SIX6 gene is known to cause optic disc 

anomalies with retinal or macular dystrophy (OMIM: 606326). Many studies have 

indicated the association of SIX6 with anophthalmia, microphthalmia and complex 

microphthalmia (Aijaz et al., 2004; Deepthi et al., 2021; Mayank and Amita, 2023). 

In family B3, a novel homozygous deep-intronic variant in intron 17 of PXDN 

(NC_000002.12:g.1646059C>T (c.3609-1307G>A; p.(?)) was identified. The potential 

splice-altering effect was predicted by SpliceAI (acceptor gain, 0.97) and other 

prediction tools embedded in the Alamut Visual software version 1.4 (Interactive 

Biosoftware, Rouen, France; http://www.interactive-biosoftware.com) including 

MaxEntScan, SpliceSiteFinder‐like, NNSPLICE, and GeneSplicer. Based on the high 

prediction scores of SpliceAI (0.97), Splice site finder-like (88.9), MaxEntScan (8.5), 

NNSPLICE (1.0), and GeneSplicer (9.9), the identified splice site variant was predicted 

to create a strong splice acceptor site, potentially leading to the activation of a 

pseudoexon (Figure 4.10). No other homozygous or compound heterozygous candidate 
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variants (SNVs, CNVs, or SVs) in A/M-associated genes were identified in any of the 

probands in family B3. 

4.4. Pseudoexon Activation in PXDN Caused by a Deep-intronic Splice Variant  

To investigate the potential splice effect of the PXDN deep-intronic variant (c.3609-

1307G>A), identified in family B3, an in vitro minigene splice assay was performed. 

The variant was present in intron 17, and SpliceAI predicted a 137bp pseudoexon 

insertion in this intron resulting from this variant (Figure 4.10). The splice assay 

construct (Figure 4.11A) has PXDN insert which is flanked between RHO exon 3 and 

RHO exon 5. The splice isoforms were investigated using RHO exon 3 and RHO exon 

5 primers and the mutant band was observed to be approximately 137bp larger than the 

band from wildtype construct (Figure 4.11B). Further, mutant and wildtype splice 

isoforms were Sanger sequenced which confirmed the pseudoexon activation in intron 

17 (c.3609-1305_3609-1169) in PXDN (Figure 4.11C), which matches the predictions 

of SpliceAI, and other splicing tools as discussed earlier. This out-of-frame pseudoexon 

inclusion, results in the formation of a premature termination codon and will most likely 

cause either NMD or the formation of a truncated PXDN protein (p.Arg1203Serfs76*), 

that lacks the essential peroxidase domain of peroxidasin homolog protein (Figure 

4.11D). No wildtype transcript could be observed when transfection was performed 

with the mutant construct, suggesting the variant has a severe and complete effect on 

splicing. Based on the splice assay results and confirmed splice-altering effect for the 

PXDN variant, the variant is classified as likely pathogenic according to ACMG/AMP 

guidelines (Richards et al., 2015). 

4.5. Discussion 

A/M is a group of structural ocular defects with varying degrees of severity, ranging 

from unilateral to bilateral and from simplex (non-syndromic) to complex (syndromic) 

types. A/M is a complicated disorder, and the underlying mechanisms of the disease are 

still poorly understood. Some suggest that A/M disorders arise due to secondary 

regression during ocular development (Fitzpatrick and van Heyningen, 2005), while 

others hypothesize that these are the results of either lens induction failure (Inoue et al., 

2007), disruptions in optical invagination or during early differentiation of the retina 

(Winkler et al., 2000; Stigloher et al., 2006). Although environmental factors can 

contribute to the development of A/M, genetic factors are suggested to be the most 
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common cause of A/M. There are >90 genes reported to be associated with A/M, and 

yet the phenotype of significant number of cases cannot be genetically explained 

(Harding and Moosajee, 2019). Resolving the missing heritability for A/M is essential, 

as it is required to allow optimal genetic diagnostics, pre-symptomatic screening in case 

of a syndromic phenotype, disease management, and genetic counselling of the families 

but also to investigate genotype-phenotype correlations which would allow a better 

understanding. In the current study, we have genetically explained the phenotype of 23 

affected A/M individuals from 8 unrelated Pakistani consanguineous families and 

investigated their genotype-phenotype correlations. Both novel and previously reported 

pathogenic variants were identified affecting four different genes: FOXE3, PXDN, SIX6 

and VSX2. 

A previously investigated cohort of the same origin (n = 8) suggested that the majority 

of Pakistani A/M-affected families were explained by FOXE3 pathogenic variants 

(60%) (Ullah et al., 2016). Similarly, in a mixed cohort of Caucasian, Hispanic, African 

American and Asians (n=116), 15% of the bilateral microphthalmia patients were 

solved with FOXE3 variants (Reis et al., 2010). This prompted us to first screen this 

single exon gene that encodes the FOXE3 transcription factor in our cohort using 

Sanger sequencing. The screening of FOXE3 gene solved 50% (4/8) of our families. 

Although based on a relatively small cohort, this suggests that pre-screening of FOXE3 

prior to any NGS application in Pakistani A/M patients, and possibly for other 

ethnicities as well, is cost-effective strategy. We have identified two known pathogenic 

variants in FOXE3 in four different families. One known homozygous missense 

(c.289A>G; p.(Ile97Val)) variant was identified in family B6 that affects an 

evolutionarily conserved amino acid in the DNA-binding forkhead domain of the 

protein (Ullah et al., 2016). Hence, it will most likely affect the DNA binding affinity 

of this transcription factor. A second disease-causing FOXE3 variant (c.720C>A; 

p.(Cys240*)) was identified in three of the studied families (B1, B2, and B7). This 

variant was initially reported by (Valleix et al., 2006) in affected members of a 

Madagascar inbred family. Later it was identified in Bangladeshi, Kuwaiti, and 

Pakistani families as well (Ali et al., 2010; Anjum et al., 2010; Reis et al., 2010). This 

suggests that the variant could be a founder variant inherited from a common ancestor. 

The known pathogenic variants previously identified in FOXE3 are predominantly 
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responsible to cause aphakia, sclerocornea, microphthalmia, anterior segment 

dysgenesis and rarely increased intraocular pressure, bilateral congenital cataract, and 

vitreoretinal dysplasia (Ali et al., 2010; Gillespie et al., 2014; Ullah et al., 2016; Rashid 

et al., 2020).  

In family B6, identified with missense FOXE3 variant (c.289A>G; p.(Ile97Val)), we 

observed microphthalmia with corneal opacity. With nonsense FOXE3 variant 

(c.720C>A; p.(Cys240*)), patients from families B2 and B7 showed similar phenotypes 

including bilateral microphthalmia, corneal opacity and anterior segment dysgenesis. 

In comparison to this, affected individuals of family B1 harboring the same FOXE3 

variant showed complete anophthalmia. They also have a flat nasal bridge but no other 

facial dysmorphism was observed. This indicates that some genetic or environmental 

modifiers might play a role.  

Using genome sequencing, pathogenic variants in PXDN, SIX6 and VSX2 were 

identified in five families. VSX2 encodes the VSX2 retina-specific transcription factor 

that is highly expressed during embryonic and fetal eye development (Liu et al., 1994). 

VSX2 pathogenic variants are found in 2% of A/M cases (Verma and Fitzpatrick, 2007). 

We identified a novel 13bp deletion in exon 2 of this gene in affected members of family 

B4 that presented with complete bilateral anophthalmia. The majority of pathogenic 

variants reported in VSX2 cause loss of function either by NMD or by the formation of 

a truncated VSX2 protein that lacks a complete DNA binding homeobox domain 

(amino acids 148-207) (UniProt, 2023). These variants are mostly associated with 

bilateral A/M and coloboma and are rarely associated with other eye deformities like 

cataract and cone-rod dysfunction (Khan et al. 2015; Ullah et al. 2016; Ammar et al. 

2017).  

In family B8, disease-causing variant was identified in SIX6 gene (c.547G>C; 

p.(Asp183His)). This variant is absent in public database (gnomAD) and has already 

been reported in the Pakistani population with microcornea (Panagiotou et al., 2022). 

The affected individuals in the previously reported family with the same variant showed 

early childhood visual impairment, microcornea, sclerocornea and nystagmus. While 

all the affected members of family B8 in our study showed microcornea and were 

completely blind since birth (slight perception of light). They also showed varying 

degree of cataract and corneal opacity. The male individual IV:1, presented bilateral 
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cataract development at the central region of lens. The individual IV:3 showed cataract 

in left eye while corneal opacity/sclerocornea in the right eye and individual IV:5 

showed unilateral cataract development. The Six family proteins are important for 

transcriptional regulation. All Six proteins have two important protein domains required 

for their normal functioning which are a six domain which is important for protein-

protein interactions and a homeobox domain. Homeobox domain is the DNA binding 

domain (Kawakami et al., 2000), as this domain is also present in VSX2 and FOXE3 

transcription factors. The variant we identified in family B8 is residing in the homeobox 

domain and will most probably affect the DNA binding ability of the protein. 

Panagiotou et al., has showed that aspartic acid at position 183 in the SIX6 protein is 

evolutionary conserved among several species and 3D protein modelling indicated that 

negatively charged aspartic acid is present in the recognition helix which is involved in 

the interaction of major groove of DNA to the homeobox domain. Therefore, its 

replacement with imidazole side chain containing histidine will most probably disrupt 

the normal binding pattern of recognition helix (Panagiotou et al., 2022). Studies in 

animal models, also support the involvement of SIX6 gene in eye development. In the 

absence of Six6 gene, mice developed hypoplasia of retina and showed no optic nerve 

and chiasm formation (Li et al., 2002). Similarly, in zebrafish SIX6 gene knockdown 

is responsible for small eyes with underdeveloped lens and reduced optic nerve 

diameter (Iglesias et al., 2014). 

In families B3 and B5, we have identified one novel and one known disease-causing 

homozygous PXDN variant, respectively. PXDN encodes a peroxidasin which is 

expressed in epithelial layers of cornea and lens, where it may provide structural support 

or serve as an antioxidant enzyme to protect lens, cornea and other developing eye 

structures from oxidative damage (Khan et al., 2011). In family B3, a high degree of 

intrafamilial phenotypic heterogeneity was observed where individual V:2 exhibits 

severe microphthalmia with corneal opacity, individual V:3 shows bilateral 

microphthalmia and unilateral corneal opacity, and individual V:4 was diagnosed with 

microphthalmia with anterior segment dysgenesis. In family B5, we identified the 

previously reported 1bp deletion (c.2568del; p.(Cys857Alafs*5)) which was previously 

reported by (Khan et al., 2011) in a Pakistani family with corneal opacity and cataract. 

In a Caucasian family, a different variant with the same protein effect (c.2569delT; 
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p.(Cys857Alafs*5)) showed unilateral microphthalmia (Zazo-Seco et al., 2020). 

Contradictory to both previous studies, all affected individuals from family B5 manifest 

bilateral anophthalmia, suggesting the variant is responsible for a more severe 

phenotype in this family. Several studies previously reported intra- and interfamilial 

phenotypic heterogeneity caused by PXDN variants even in monozygotic twins, which 

is in line with our findings (Zhu et al., 2021). Although our study is expanding the 

phenotypic spectrum of families carrying previously reported pathogenic variants in 

FOXE3 and PXDN genes, the unavailability of OCT, ERG or MRI for the patients is a 

limitation of our study in providing the complete phenotypic diversity. 

Genome sequencing analysis in family B3 revealed a novel deep-intronic splice variant 

in intron 17 (c.3609-1307G>A) of PXDN. In silico splice site prediction tools predicted 

the activation of a pseudoexon (c.3609-1305_3609-1169) as a consequence of this 

variant. The expected pseudoexon insertion was evaluated by a minigene splice assay. 

The splice assay confirmed the activation of a pseudoexon, and an aberrantly spliced 

transcript could be observed that matches the in-silico predictions. No wildtype 

transcript could be observed, suggesting that the variant causes a severe splice defect. 

These findings are based on the severity of the mRNA defect as observed in HEK293T 

cells and RNA studies using patient-derived cells should be performed to completely 

assess the splice effect and the severity of the variant. Still, the splice assay did confirm 

a splice effect of the variant (c.3609-1305_3609-1169; p.(Arg1203Serfs76*)), and 

therefore the variant was classified as likely pathogenic and the phenotype of the family 

B3 was considered genetically solved.  

Previously, splice variants in ALDH1A3, NAA10, RAX, TENM3, and VSX2 are already 

described to be associated with syndromic or non-syndromic A/M but these were 

present either in exons or intron-exon junctions (Abouzeid et al., 2012; Esmailpour et 

al., 2014; Chassaing et al., 2016; Ammar et al., 2017; Lin et al., 2018). To the best of 

our knowledge, this is the first study reporting the association of a deep-intronic splice 

variant with A/M, and the first splice-altering variant identified in PXDN. These 

findings emphasize the added value of genome sequencing as a diagnostic tool for A/M 

and the importance of incorporating deep-intronic regions of the known A/M-

associated genes in genetic analyses.  
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As extensively reviewed by Harding et al., (2022) the overall diagnostic solve rate of 

individuals affected by bilateral and severe A/M is 70%, which is reduced to only 10% 

when studying unilateral cases of A/M (Harding and Moosajee, 2019). Although exome 

sequencing is an efficient and cost-effective method to perform genetic diagnostics, 

most genes associated with A/M are transcription factors and are GC-rich. Therefore, 

there is a chance that because of PCR bias and exon capture techniques, exome 

sequencing may fail to efficiently capture these GC-rich regions (Meienberg et al., 

2016). More recently, two studies explored the use of genome sequencing to increase 

diagnostic solve rates for A/M (Jackson et al. 2020; Harding et al. 2022). Both these 

studies did not focus on deep-intronic regions of the genome due to limitations in their 

bioinformatic pipelines. In a study performed by Harding et al., an improved diagnostic 

rate of 33% was obtained when combining targeted panel testing with genome 

sequencing. The increased solve ratios were consistent for both unilateral and bilateral 

cases (Harding et al., 2022). In a second study performed by Jackson et al., a diagnostic 

solve rate of 15.7% was achieved through genome sequencing for complex 

microphthalmia, anophthalmia and coloboma patients (Jackson et al., 2020). We 

anticipate that when the assessment of deep-intronic variants will be incorporated as 

well, the diagnostic solve rates will improve even more. Although these previous 

findings and findings of the current study indicate that genome sequencing is a 

promising and effective diagnostic tool for A/M, considering the high sequencing costs, 

it is not feasible to provide genome sequencing to all patients. Hence to make it cost-

effective, in this study, we also used single gene FOXE3 testing prior to genome 

sequencing to establish a genetic diagnosis. This approach led us to the solve rate of 

100% in a relatively small cohort (eight families) exhibiting severe forms of bilateral 

A/M, suggesting this is a cost-effective and feasible approach. Overall, this study 

highlights the usage of genome sequencing for the identification of coding and non-

coding novel variants which eventually will lead towards better understanding of the 

complex inheritance pattern, associated comorbidities and phenotypic variation among 

families affected with A/M. 

The developmental eye disorders are under-studied group of disorders due to the certain 

facts that it is impossible to revert the aberrant phenotype after birth and it is difficult 

to develop prenatal treatments. Extensive studies are required for proper understanding 

of the contributing factors as well as their spatial expression and role during 
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developmental process. Secondly, prenatal treatments of such disorders may pose risks 

to both mother and foetus. But with new advancements some prenatal or postnatal 

treatments for disorders like severe osteogenesis imperfecta and aniridia are in clinical 

phase I/II trial and if performed successful will open new avenues and encourages the 

treatments for severe developmental eye disorders such as A/M. 
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Figure 4.1: Pedigrees of eight anophthalmia/microphthalmia affected families (B1-

B8). Numbers are given in each pedigree only to the participating members in this 

study. The autosomal mode of inheritance and consanguinity is clearly seen among all 

families.  
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Figure 4.2: (A). Pedigree of Family B1 where arrow is indicating the proband and 

below each participating member is shown the segregation results. (B). Eye image of 

the proband IV:5 from family B1, presenting anophthalmic eyes. (C). Chromatogram 

of the variant M5 (c.720C>A; p.(Cys240*)) identified in FOXE3 in wildtype, carrier 

and affected individuals. (D). Schematic representation of amino-acid change in protein 

domain of FOXE3 protein. 
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Figure 4.3: (A). Pedigree of Family B2 where arrow is indicating the proband and 

below each participating member is shown the segregation results. (B). Eye image of 

the proband IV:5 from family B1, presenting microphthalmic eyes with corneal opacity. 

(C). Chromatogram of the variant M5 (c.720C>A; p.(Cys240*)) identified in FOXE3 

in wildtype, carrier and affected individuals. (D). Schematic representation of amino-

acid change in protein domain of FOXE3 protein. 
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Figure 4.4: (A). Pedigree of Family B7 where arrow is indicating the proband and 

below each participating member is shown the segregation results. (B). Eye image of 

the proband IV:2 from family B7, presenting microphthalmic eyes with corneal opacity. 

(C). Chromatogram of the variant M5 (c.720C>A; p.(Cys240*)) identified in FOXE3 

in wildtype, carrier and affected individuals. (D). Schematic representation of amino-

acid change in protein domain of FOXE3 protein. 
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Figure 4.5: (A). Pedigree of Family B6 where arrow is indicating the proband and 

below each participating member is shown the segregation results. (B). Eye images of 

the proband III:3 from family B6, presenting microphthalmia. (C). Chromatogram of 

the variant M9 (c.289A>G; p.(Ile97Val)) identified in FOXE3 in wildtype, carrier and 

affected individuals. (D). FOXE3 missense variant p.(Ile97Val) affects an evolutionary 

conserved amino acid (Source: pBLAST) (E). Schematic representation of amino-acid 

change in protein domain of FOXE3 protein. 
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Figure 4.6: (A). Pedigree of Family B3 where arrow is indicating the proband and 

below each participating member is shown the segregation results. (B). Eye images of 

the all affected members V:2, V:3 and V:4 from family B2, presenting intra-familial 

heterogeneity. (C). Chromatogram of the variant M5 (c.720C>A; p.(Cys240*)) 

identified in PXDN in wildtype, carrier and affected individuals. 
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Figure 4.7: (A). Pedigree of Family B4 where arrow is indicating the proband and 

below each participating member is shown the segregation results. (B). Eye images of 

the proband IV:4 from family B4, presenting anophthalmia. (C). Chromatogram of the 

variant M7 (c.413_425del; p.(Ser138*)) identified in VSX2 in wildtype, carrier and 

affected individuals. (D). Schematic representation of amino-acid change in protein 

domain of VSX2 protein. 
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Figure 4.8: (A). Pedigree of Family B5 where arrow is indicating the proband and 

below each participating member is shown the segregation results. (B). Eye images of 

the proband IV:2 from family B5, presenting anophthalmia. (C). Chromatogram of the 

variant M8 (c.2568del; p.(Cys857Alafs*5)) identified in PXDN in wildtype, carrier and 

affected individuals. (D). Schematic representation of amino-acid change in protein 

domain of PXDN protein. 
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Figure 4.9: (A). Pedigree of Family B8 where arrow is indicating the proband and 

below each participating member is shown the segregation results. (B). Eye image of 

the proband IV:5 from family B8, presenting microphthalmic eyes with unilateral 

corneal opacity. (C). Chromatogram of the variant M10 (c.547G>C; p.(Asp183His)) 

identified in SIX6 in wildtype, carrier and affected individuals. (D). Schematic 

representation of amino-acid change in protein domain of SIX6 protein. 
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Figure 4.10: Schematic representation of deep-intronic variant (c.3609-1307G>A) identified in PXDN gene in family B3 along with the predicted 

acceptor gain scores from different splice predicting tools available (bottom left panel) and donor gain scores 137bp downstream to the identified 

variant (bottom right panel).   
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Figure 4.11: Results of the minigene splice assay with PXDN c.3609-1307G>A deep-

intronic variant compared to wildtype. A minigene splice assay was performed in 

HEK293T cells to validate the effect of a deep-intronic splice variant identified in 

PXDN. The assay confirmed the activation of a 137bp out-of-frame pseudoexon (PE) 

(c.3609-1305_3609-1169ins; p.[Arg1203Serfs76*]) in intron 17 of PXDN as predicted 

by several in silico tools such as the SpliceAI, SpliceSiteFinder like, MaxEntScan, 

NNSPLICE, GeneSplicer. (A) Schematic illustration of the minigene construct. (B) Gel 

image showing wildtype (RHO exon 3 – RHO exon 5) and mutant (RHO exon 3 – 

pseudoexon (PE) – RHO exon 5) products amplified using RHO exon 3 and RHO exon 

5 primers. (C) Sequencing chromatogram confirming the pseudoexon insertion in intron 

17 of PXDN. (D) Probable effect of the PE in PXDN protein peroxidase domain.  
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Table 4.1: Clinical features of affected individuals from eight families affected with anophthalmia or microphthalmia. 

Clinical 

feature 

 

Family ID 

B1 B2 B3 B4 B5 B6 B7 B8 

IV:2 IV:4 IV:5 IV:1 IV:2 V:2 V:3 V:4 IV:2 IV:3 IV:4 IV:6 IV:8 IV:1 IV:2 III:1 III:2 III:3 IV:2 IV:3 IV:1 IV:3 IV:5 

Phenotype A A A M M M M M A A A A A A A M M M M M M M M 

ASD NA NA NA - + - - + NA NA NA NA NA NA NA - - - + + - - - 

Visual 

acuity 

NA NA NA PL PL NLP PL PL NA NA NA NA NA NA NA NLP NLP PL PL PL PL PL PL 

Corneal 

opacity 

NA NA NA + + + RE + NA NA NA NA NA NA NA + + + + + - RE - 

Cataract - - - - - - - - - - - - - - - - - - - - BL LE LE 

Flat nasal 

bridge 

+ + + - - + + + + + + + + + + + + + - - - - + 

All cases were diagnosed with recessively inherited congenital bilateral anophthalmia or microphthalmia. No facial dysmorphism, intellectual disability or 

developmental delays were observed in any of the affected individuals. A, Anophthalmia; ASD, Anterior segment dysgenesis; BL, Bilateral; LE, Left eye; M, 

Microphthalmia; NA, Not applicable; NLP, No perception of light; PL, Perception of light; RE, Right eye; +, Present; -, Absent. 
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Table 4.2:  In silico predictions for disease-causing variants identified in eight families affected with anophthalmia or microphthalmia. 
 

Family 

ID 

Gene cDNA Protein gnomAD AF 

Total 

gnomAD 

AF South 

Asian 

CADD_

PHRED 

REVEL SpliceAI ACMG/AMP Reference 

B1,B2,B7 FOXE3 c.720C>A p.(Cys240*) 0.00001334 
(Homo:0, 
Het:2) 

0.0004148 
(Homo:0, 
Het:2) 

36 NA NA Pathogenic Valleix et al., 
2006 

B3 PXDN c.3609-
1307G>A  

p.Arg1203Serfs76* 0.000006571 
(Homo:0, 
Het:1) 

- NA NA 0.97 (AG) Likely 
pathogenic 

This study 

B4 VSX2 c.413_425d
el 

p.(Ser138*) - - NA NA NA Pathogenic This study 

B5 PXDN c.2568del p.(Cys857Alafs*5) - - NA NA NA Pathogenic Khan et al., 
2011 

B6 FOXE3 c.289A>G p.(Ile97Val) 0.000006695 
(Homo:0, 
Het:1) 

0.0002126 
(Homo:0, 
Het:1) 

24.9 0.77 NA Pathogenic Ullah et al., 
2016 

B8 SIX6 c.547G>C p.(Asp183His) - - 31 0.83 NA Likely 
pathogenic 

Panagiotou 
et al., 2022 

 

Candidate variants were identified in FOXE3 (NM_012186.3), PXDN (NM_012293.3), VSX2 (NM_182894.3) and SIX6 (NM_007374.3). AG, 
Acceptor gain; CADD_PHRED, Combined Annotation Dependent Depletion PHRED score; cDNA, cDNA variant position based on the MANE 
select transcript; gnomAD AF South Asian, Allele frequency in the South Asian population according to the gnomAD (v.3.1.2) database; GnomAD 
AF Total, Allele frequency in the total population according to the gnomAD (v.3.1.2) database; Het, number of Heterozygotes; Homo, number of 
homozygotes; NA, Not applicable; SpliceAI, Splice prediction delta score; -, Absent.
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5.0. NON-SYNDROMIC INHERITED RETINAL DYSTROPHIES (IRDS) 

As described earlier, inherited retinal dystrophies (IRDs) are the types of eye disorders 

in which innermost layer of eye called retina is affected. IRDs are clinically 

heterogeneous and most common form of IRDs is retinitis pigmentosa (RP). The RP 

patients initially show nyctalopia (night blindness) and difficulty in adaptation with 

dark. The central part of the retina remains functional until middle age, therefore mostly 

complete vision loss occurs when RP patients reach middle age. However, in some 

cases central day vision is preserved due to residual function of some retained macular 

cone cells (Hamel, 2006). The hallmarks of RP include optic nerve waxy pallor, bone 

spicule pigment formation and retinal vessels attenuation. During early stages of 

disease, the fundus may comparatively appear normal but abnormal features appear 

later in life and exhibit variable degree of pigmentation. In some patients the 

pigmentation is localized towards mid-peripheral region while in others it is spread 

throughout the fundus (Verbakel et al., 2018). The attenuation of blood vessels in retina 

is believed to be an attribute due to less metabolic demands of the degenerating retinal 

cells. Alternatively, the degenerating photoreceptors are consuming less oxygen 

resulting in hyperoxic state of inner retina, this causes the vasoconstriction of retinal 

vessels (Yu and Cringle, 2005). OCT imaging also provides a valuable diagnosis and 

is also helpful in identification of other macular disorders from RP.  

Early onset RP has both genetic and clinical overlap with patients affected with LCA. 

Therefore, age of onset can be an initial criterion for distinction between the two 

phenotypes. Mostly, LCA is defined as a severe vision loss at birth or within few 

months after birth and RP in some cases after infancy (at the age of one or two years), 

still there is an overlap at this age of onset (Kumaran et al., 2017). Other IRDs including 

cone-rod dystrophies also overlap with the clinical and genetic features of RP. Early 

symptoms of the disease like visual acuity, photophobia and achromatopsia (ACHM) 

can differentiate between RP and other cone-rod dystrophies (Hamel, 2007). Among 

the relatively stationary IRDs is CSNB. CSNB is predominantly characterized by 

dysfunctional rod photoreceptors. The patients affected with CSNB generally presents 

normal fundus but they have genetic overlap with RP patients (Zeitz et al., 2015). 

Approximately 341 genes are known to cause different forms of IRDs (Retnet: 

https://web.sph.uth.edu/RetNet/; assessed 22nd May, 2022). Many genes are 
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overlapping in different forms of RP. Therefore, clinical and genetic overlap makes 

diagnosis crucial for the specific forms of IRDs in different patients. In this section we 

have presented findings of 11 families (C1-C11) which are further grouped according 

to their clinical presentation.  

5.1. Description and Clinical Features of IRD Families 

Affected members of two families (C1, C2) were reported as completely blind since 

early childhood and before 1 year of age. Both the families present autosomal recessive 

mode of inheritance (Figure 5.1). All the affected individuals in both the families were 

completely blind with no perception of light. Additionally, the three affected members 

of family C2 (IV:4, V:1, V:3) were observed with corneal haze at the time of 

recruitment in this study. Details of observed clinical manifestations at the time of 

sampling of these two families are given in table 5.1.  

However, affected members of six families initially presented night blindness and had 

progressive loss of day vision and were diagnosed as RP. All pedigrees showed 

consanguinity and autosomal recessive inheritance pattern except family C5 which 

shows X-linked inheritance (Figure 5.2). The family C3 had 2 affected members and 

their age of disease onset was between 1-2 years. Individual IV:1 lost the day vision at 

the age of 31 years and had no perception of light at the time of sample collection, 

whereas individual V:1 had visual acuity of 20/80 during day light at the age of 11 

years. All the affected individuals of family C4 showed night vision loss with 

progressive loss of day vision. The progression of disease was slow in this family, as 

individuals with 35 years (oldest patient at the time of sampling) did not present 

complete loss of day vision. The patient VI:3 at the age of 11 years showed visual acuity 

of 20/40 at the day light, but later follow up investigation including OCT of patient IV:3 

from family C4 detected retinal layer degeneration at the age of 21 years (Figure 5.3B). 

The average central retinal thickness (of inner circle) was reduced to 243.9µm (in right 

eye) and 253.3µm (in left eye), whereas average retinal inner circle thickness is 

334.5µm in individuals without retinal abnormalities (Myers et al., 2015). 

In family C5, the pedigree presents X-linked inheritance pattern, and both the affected 

individuals of this family showed complete vision loss in the 3rd decade of their life. 

Both affected individuals (VI:1 and VI:2) were male and showed complete day vision 
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loss with no perception of light at the age of 20 and 22 years respectively. The fundus 

images of individual IV:1 from family C5 showed dusty pigmentation with retinal 

vessel attenuation in both left and right eyes (Figure 5.4B).  

The affected individuals of family C6 presented initial symptoms of RP in first decade 

of their life. Later at 30 years of age the female individual V:1 from the same family, 

completely lost day vision and was unable to see and recognize any objects around but 

can only sense light signal. The other 2 affected male members of this family (V:2 and 

V:4) with very low visual acuity, can only see objects present very close to eyes.  

Similarly, affected members of family C7 presented progressive loss of day vision and 

all affected members above 40 years of age had complete day vision loss. However, the 

individuals below 30 years were able to see objects in day light. The fundus images of 

individual IV:4 taken at 52 years of age showed typical bone spicule pigmentation in 

left and right eye fundus images. Severe blood vessel attenuation was also observed in 

the fundus images of this individual (Figure 5.5B).  

In family C8, two affected individuals were observed for clinical assessment. But only 

one patient (V:1) was selected for sample collecting for recruitment in this study, 

because the other affected female was too young and reluctant to participate. The 

affected individuals of this family were affected with night blindness and severe myopia 

at very early age (first decade of their life). Detailed clinical features for all affected 

individuals of these six RP families (Family C3-C8) are provided in table 5.2.    

The pedigrees of families (C9-C11) showing autosomal recessive mode of inheritance 

are shown in figure 5.6. Two affected members of family C9 experienced night vision 

loss early in their life (Reported within few months after birth). While in their teen both 

individuals show intact day vision with reduced visual acuity. During follow-up of the 

patient (IV:1) after 6 years of initial sampling, no significant reduction in the day vision 

of the patient was observed (26 years). The fundus images of patient (IV:1) show mild 

dusty pigmentation more profound at the peripheral regions as compared to fovea 

(Figure 5.7B). While in OCT scan generalized retinal thinning was observed in both 

eyes along with severe degeneration of the outer retinal layer in the macular periphery, 

whereas the choroid appeared normal in anatomy and thickness (Figure 5.7C). 
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The affected members of two families C10 and C11 were reported with achromatopsia. 

All the affected members of both families were colour blind and presented photophobia. 

Though in some of the affected individuals the day vision is little compromised, and 

they had less visual acuity as compared to normal but in general their day and night 

visions were intact. No other additional features were observed in these two families. 

Detailed clinical features are enlisted in table 5.3.   

5.2. Genetic Analysis of IRD Families 

5.2.1. Family C1 with Novel ATOH7 Variant  

The family C1, since was reported with congenital blindness, therefore recruited as 

LCA family and initially screened through RP-LCA smMIPs panel as explained in the 

section 2.5.2. Through smMIPs based panel sequencing, no potential pathogenic variant 

was identified in this family therefore, proband VI:5 was then subjected to GS. In 

individual (VI:5) of family C1, three homozygous variants in ATOH7, PAX6 and SCO2 

remained after variant prioritization from GS. SCO2 and PAX6 are associated primarily 

with autosomal dominant form of myopia (OMIM: 608908) and anterior segment 

dysgenesis (OMIM: 604229) respectively, which are not the observed phenotypes in 

this family. Moreover, PAX6 (NM_001368894.2: c.865G>A; p.(Val289Ile)) variant did 

not segregate in the family and SCO2 variant (NM_005138.3: c.341G>A; 

p.(Arg114His)) with the minor allele frequency of 0.000788571 is present in 

homozygous state in gnomAD database (Het: 118, Homo: 1) was not selected for 

further segregation analysis. ATOH7 is known to be associated with non-syndromic 

retinal detachment causing congenital blindness (Ghiasvand et al., 1998). The novel 

frameshift variant (NM_145178.4: c.94del; p.(Ala32Profs*55)), identified in ATOH7 

segregated (Figure 5.8) and most likely explains the early onset of phenotype in family 

C1.  

5.2.2. Family C2 with NMNAT1 Variant 

The proband V:1, from this family was screened through RP-LCA smMIPs based panel 

sequencing and variant prioritization identified a well-known LCA causing variant in 

NMNAT1 in this family. In this family, a previously reported NMNAT1 variant 

((NM_022787.4: c.25G>A; p.(Val9Met)), was detected in a homozygous state (Falk et 

al. 2012). The identified variant segregated in the family and the segregating pattern in 

http://www.ncbi.nlm.nih.gov/nuccore/NM_001368894.2
http://www.ncbi.nlm.nih.gov/nuccore/NM_005138.3
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the family along with the sequencing chromatogram is shown in figure 5.9. The details 

of variants identified in both families (C1 and C2) are provided in table 5.4. 

5.2.3. Genetic Analysis Identified Novel and Known Variants in Six RP Families 

Single proband (V:1, V:5, VI:1, V:4, V:1 and V:1) from all six (families C3, C4, C5, 

C6, C7, and C8) were initially screened through RP-LCA smMIPs based panel 

sequencing respectively. Two families were genetically explained with pathogenic 

variants residing in TULP1. In family C3, a known homozygous pathogenic variant 

(NM_003322.6: c.1444C>T; p.(Arg482Trp)), was identified (den Hollander et al. 

2007) which segregated in the family (Figure 5.10). Another known homozygous 

nonsense TULP1 variant (c.901C>T; p.(Gln301*)) was identified in proband (V:1) of 

family C7 in a homozygous state (Li et al., 2009b). However, this variant only 

segregated in one branch of the family. Screening of affected individual (IV:3) through 

RP-LCA smMIPs panel from the second branch identified a novel homozygous 

MERTK variant (NM_006343.3: c.436C>T; p.(Gln146*)), which segregated with the 

phenotype in this branch (Figure 5.5A). The segregation chromatograms are shown in 

figure 5.11A.  

The family C6 was genetically solved with novel homozygous nonsense variant in 

PROM1 (NM_006017.3: c.1649C>G; p.(Ser550*)). The segregation results for 

PROM1 variant are shown in figure 5.12. However, in Family C4 a novel heterozygous, 

in-frame deletion (NM_006445.4: c.6920_6922del; p.(Glu2307del)), in PRPF8 was 

identified in this which segregated with the phenotype in autosomal dominant pattern 

(Figure 5.3). PRFP8 variants are already known to cause autosomal dominant RP. The 

oldest member of the family was 35 years of age but did not show progressive loss of 

day vision. Considering slow progression of the disease due to PRPF8 variants as 

published previously (Verbakel et al., 2018), this family was considered genetically 

solved with identified novel heterozygous PRPF8 variant.  

In family C5, individual (VI:1) when initially screened through RP-LCA smMIPs 

panel, a homozygous variant was identified in HGSNAT (c.1843G>A; p.(Ala615Thr)), 

(NM_152419.3) with MAF 0.00353626 in gnomAD (2 homozygous/ 534 heterozygous 

alleles). HGSNAT is a known gene for RP (OMIM: 616544), but the variant found in 

family C5 is functionally proven to have negligible effect on the function of protein 
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alone (Fedele and Hopwood, 2010). This variant is associated with RP but in most cases 

it is found along with another mutation in the same gene and known as a hypomorphic 

mutation (Haer-Wigman et al. 2015; Carrera et al. 2021). In family C5 we have 

observed a severe form of RP where both the affected individuals lost their complete 

vision in 2nd decade of life. Even though the variant segregated in the family, 

considering the rapid progression of the disease we performed GS of the same proband 

form the family to identify any other potential pathogenic variant in the family. After 

variant prioritization, one novel variant (NM_001171971.3: c.785G>A; 

p.(Gly262Asp)), with MAF 0.000019721 (no homozygous/ 3 heterozygous alleles) 

identified in the known RP gene CDHR1 (OMIM: 613660) was selected for segregation 

analysis. The CDHR1 variant was absent in other affected individual (VI:2) and hence 

did not segregated in the family (Figure 5.4C). No other potential pathogenic variant 

was identified in the family, therefore we concluded that HGSNAT variant is 

responsible for the severe phenotype in family C5. The details of all the identified 

variants in RP families are provided in table 5.5.  

Family C8 was initially screened with RP-LCA panel sequencing but we were unable 

to identify any potential pathogenic variant in this family. We later performed GS of 

the proband (V:1) and failed to identify any potential pathogenic SNV, CNV or SV 

after variant prioritization. We additionally looked for novel gene in this family. We 

selected all potential candidate variants with high pathogenic scores of CADD, PhyloP, 

REVEL and SpliceAI and class 3-5 variants according to ACMG/AMP guidelines. 

Then we looked up the expression of genes of prioritized variants in Human Eye 

Transcriptome Atlas (https://www.eye-transcriptome.com/) and also tried to identify 

pathogenic gene by looking up protein-protein interactions in string (https://string-

db.org/) with any already known gene to cause RP. But we failed to identify any 

potential pathogenic variant in family C8 and therefore it remained unsolved in this 

study (Figure 5.13). 

5.2.4. Genetic Analysis of CSNB and ACHM Families  

Three families (C9-C11) were screened through panel sequencing. The family C9 was 

screened through RP-LCA smMIPs based panel while C10 and C11 were screened 

through MD smMIPs based panel sequencing as previously explained (Hitti-Malin et 

al., 2022). A known homozygous canonical splice site indel at acceptor site of exon 26 
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(NM_001297.5: c.2493-2_2495delinsGGC; p.(?)) in CNGB1 was found in the family 

C8 (Maranhao et al., 2015). The predicted loss of acceptor site will likely result in 

skipping of exon 26 of CNGB1 in affected members of family C9 (Figure 5.14B). 

The two families affected with ACHM were screened through MD smMIPs panel and 

both the families are solved with CNGA3 variants. In family C10, a known pathogenic 

variant (NM_001298.3: c.1315C>T; p.(Arg439Trp)), was identified in homozygous 

state (Reuter et al., 2008). While two known compound heterozygous variants 

(c.955T>C; p.(Cys319Arg); c.1306C>T; p.(Arg436Trp)) identified in family C11, 

genetically solved this family (Wissinger et al. 2001; Shaikh et al. 2015). All the 

identified variants in family C10 and C11, segregated in their respective families 

(Figure 5.15 and 5.16). In silico predictions and the details of identified variant in 

CSNB and ACHM families are given in table 5.6.  

5.3. Discussion 

IRDs are clinically and genetically heterogenous group of inherited ocular disorders 

which are further subdivided in two different types based on clinical presentation. The 

most severe and earliest appearing form of IRDs is LCA and it causes childhood 

blindness. LCA has broad range of expression variability, but certain genes causing 

LCA show similar phenotypes and hence it may become easy to narrow down the 

number of genes for the initial screening. In total 14 genes are known to cause LCA, 

out of which one is responsible for autosomal dominant form of LCA while other 13 

are responsible for autosomal recessive form of LCA. There are no genes which are 

known to cause X-linked LCA (Retnet: https://web.sph.uth.edu/RetNet/; assessed 22nd 

May, 2022).  

However, the main hurdle in the genetic screening of LCA is that there are other ocular 

defects which appear phenotypically similar to LCA causing congenital blindness. The 

family C1 which was diagnosed with LCA in our cohort of 28 families, was identified 

with a 1-bp deletion in ATOH7 gene. ATOH7 is an intron-less transcription factor which 

has a DNA binding region. It binds to the gene promotor and gene enhancer elements 

and regulates the transcription of RGC determinant genes. It is thought to be involved 

in RGCs development, survival and determination though exact mechanism through 

which ATOH7 regulates RGCs’ development is still unknown. ATOH7 is an auto-

regulated gene as it binds to its own promotor and enhancer regions (UniProt: 
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https://www.uniprot.org/, assessed on 20th June, 2023). This gene in known to cause 

persistent hyperplastic primary vitreous (PHPV), a developmental disorder in which 

failed regression of primary vitreous results in the formation of fibrovascular membrane 

behind the eye. This fibrovascular layer is an abnormal development and exerts a pull 

on the retina causing retinal detachment. The retinal detachment separates retina from 

the underlying layers cutting off the blood supply to retina leading to non-functional 

retinal layer causing vision loss. In some cases, PHPV resulted in under-developed 

retina where retina initially fails to attach to the underlying tissues leading towards 

congenital retinal nonattachment (Reese, 1955; Pruett, 1975; Haddad et al., 1978; 

Shastry, 2009). In chicken, it was observed that ectopic expression of human ATOH7 

resulted in earlier formation of nerve cells by speeding up the differentiation of 

undifferentiated cells and encouraging their cell cycle exit, and also by expanding the 

neurogenesis area in retina. These findings also provide insight into the role of ATOH7 

in development of nerve cells in retina (Zhang et al., 2018). The novel pathogenic 

variant identified in ATOH7 gene in affected members of family C1 will most probably 

result in the early truncation of protein causing loss of important bHLH domain in the 

protein (Figure 5.8C) required for DNA binding of this transcription factor. (Atac et al., 

2022) provided an overview of the variants identified in ATOH7 and their association 

with different phenotypes. Mostly missense variants are known to cause optic nerve 

hypoplasia, PHPV or foveal hypoplasia (FVP), while frameshift and truncating variants 

are associated with non-syndromic congenital retinal nonattachment (NCRN). The 

fundus or OCT scans for family C1 are not available, therefore it is difficult to exactly 

identify the possible phenotypes such as PHPV, FVP or NCRN caused by this specific 

1-bp deletion leading towards congenital blindness. But no other phenotypic variations 

such as microphthalmia, glaucoma, anterior segment dysgenesis or corneal opacity 

were observed as previously explained by other affected Pakistani families harbouring 

ATOH7 mutations (Khan et al., 2012).  

In family C2, a variant (c.25G>A; p.(Val9Met)) in NMNAT1 was identified which is 

already known in Pakistani and other populations (Falk et al., 2012; Hedergott et al., 

2015). The NMNAT1 variants are responsible for early onset of retinal degeneration 

causing LCA and complete vision loss occur in first or second decade of life (den 

Hollander et al., 2008; Kumaran et al., 2017). NMNAT1 encodes an enzyme which is 
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ubiquitously expressed in all cells. This enzyme is responsible for providing energy by 

regenerating (NAD)+ in the cell nucleus and is involved in cell signalling and DNA 

metabolism. Since NMNAT1 is ubiquitously expressed it is still difficult to explain that 

the absence of NMNAT1 or dysfunctional NMNAT1 only induces retinal degeneration. 

Although two other paralogues of NMNAT1 with similar functions are NMNAT2 and 

NMNAT3 but these reside in Golgi complex and mitochondria respectively (Berger et 

al., 2005; Lau et al., 2009). It has been experimentally proved that Nmnat1 knockout 

mice are lethal while in Drosophila photoreceptors lacking nmnat causes photoreceptor 

degeneration (Zhai et al., 2006; Conforti et al., 2011). The variant p.(Val9Met) was 

functionally tested and this variant does not affect the nuclear localization of the 

protein, as shown in figure 5.9C, the variant is not residing in the nuclear localization 

signal region of the protein. But the enzyme activity of the NMNAT1 protein is 

significantly reduced in mutant protein harbouring p.(Val9Met) variation as compared 

to the wildtype protein (Falk et al., 2012). This indicates that NMNAT1 protein is 

required for normal retinal function and this particular variant is causing dysfunctional 

NMNAT1 protein. Recently, the retinal structure and function was rescued in mice 

harbouring p.(Val9Met) variant in Nmnat1 when supplemented with adeno-associated 

virus (AAV) containing normal human NMNAT1 copy through subretinal injections 

(Greenwald et al., 2020). This initial study is an indication that NMNAT1 associated 

LCA can be treated but rapid detection is required as due to early onset of the disease 

we have narrow therapeutic window. 

RP, which is also a common form of IRD is inherited in all three forms of Mendelian 

inheritance. In addition to these Mendelian inheritance, incomplete dominance and 

digenic cases of RP have also been observed (Wang et al., 2001; Hamel, 2006). 

Approximately 87 genes and 7 loci are known to be associated with RP (Retnet: 

https://web.sph.uth.edu/RetNet/; assessed 18th August, 2023) yet 60% of the RP cases 

remained unsolved. This indicates that still many genes responsible for causing RP are 

yet to be identified. It is estimated that half of the RP cases (50%) are sporadic in most 

populations (Kim et al., 2021b) and genetic heterogeneity and overlapping clinical 

features makes it critical to identify the disease causing variants. The implementation 

of panel-based gene sequencing has proven effective in genetic diagnosis of retinal 

dystrophies (Glockle et al., 2014). Here, in this study we performed smMIPs based 



Chapter 5                                              Non-syndromic Inherited Retinal Dystrophies 

 

Identification of Genes in Pakistani Families with Inherited Eye Diseases           106 
 

panel sequencing of 113 RP and LCA related genes as previously explained (Panneman 

et al., 2023) to identify the disease causing variant in six consanguineous RP suspected 

families of Pakistani origin. 

Previous studies showed that RPE65 and TULP1 are the most frequently mutated genes 

known to be associated with Pakistani RP affected families (Li et al., 2017). In our 

small cohort of 6 RP families, two families (Family C3 and C7) were identified with 

TULP1 known variants. The family C3, was identified with known homozygous 

TULP1 variant (c.1444C>T; p.(Arg482Trp) with a frequency of 0.00001314 in all 

populations but absent in South Asian population. This mutation was first identified in 

Surinamese family in compound heterozygous state with another 11-bp frameshift 

mutation (p.(Leu504fs*140)) in TULP1 (den Hollander et al., 2007). Later this variant 

was identified in Chinese population twice in compound heterozygous state along with 

the variants (p.(Arg440*)) and p.(Arg400Trp) in TULP1 (Chen et al., 2013; Wang et 

al., 2015). Recently, Hull et al., (2020) identified this variant again in compound 

heterozygous state in combination with p.(Leu461Pro) variant in TUPL1 gene. So, to 

the best of our knowledge this variant is first time identified in homozygous state in 

Pakistani family affected with RP. However, a different mutation responsible for the 

amino acid change at similar position (c.1445G>A; p.(Arg482Gln)) in TULP1 protein 

is already known in Pakistani population causing early onset autosomal recessive RP 

(Ajmal et al., 2012). Through structural analysis Amjad et al, (2012) indicated that 

p.(Arg482Gln) most probably will destabilize the mutant protein and will cause severe 

consequences on the normal function of the protein. Moreover, amino acid Arg482 is 

present in the signature sequence among 11 highly conserved amino acids of the tubby 

domain of TULP family proteins (North et al., 1997). The affected female proband 

(V:1) from the right loop of the family C7 (Figure 5.5A) when screened through RP-

LCA smMIPs panel sequencing resulted in the identification of variant (c.901C>T; 

p.(Gln301*)) in homozygous state in TULP1 gene. The variant did segregate in this 

loop of the family while the other loop remained genetically unexplained. Another 

proband (IV:4) from the same extended family when screened later through RP-LCA 

panel was identified with homozygous nonsense variant (c.436C>T; p.(Gln146*)) in 

MERTK gene. All the affected and normal individuals from this loop of the family 

harbours the normal wildtype allele for the TULP1 variant. Likewise, all the 
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participating members from the left loop of the family were homozygous for normal 

wildtype allele for MERTK variant (Segregation pattern shown in figure 5.5A and 

chromatograms are shown in figure 5.11A). Here, we have observed the phenomenon 

of intra-familial locus heterogeneity, where two different variants in two different genes 

are explaining the similar phenotype underlying a Mendelian trait. Such phenomenon 

of intra-familial and inter-sibship familial locus heterogeneity was previously explained 

in 10 Pakistani families affected with hearing impairment (Rehman et al., 2015). Large 

consanguineous families with rare autosomal recessive disorders are frequently 

genetically explained by linkage analysis and homozygosity mapping approaches 

(Alkuraya, 2010), but such studies are frequently hindered by different issues. It is 

difficult to genetically solve families with intra-familial heterogeneity using 

homozygosity mapping and linkage analysis. However, Rehman et al. (2015), also 

provided a solution to tackle such issues by analysing such families in small family 

loops, which again cannot be used for inter-sibship familial locus heterogeneity. Gene 

based panel sequencing can be a time efficient and cost-effective approach to solve 

such families with proper selection of individuals from different loops. 

All the TULP family proteins play important role in embryonic development and proper 

functioning of the central nervous system. TULP1 specifically is highly expressed in 

retina and resides in the inner segments where it is involved in trafficking of proteins 

mainly rhodopsin. It basically transport proteins by connecting cilium in the inner 

segment of the photoreceptor cells to the outer segments (Hagstrom et al., 2001; Xi et 

al., 2005). As thoroughly reviewed by Verbakel et al. in (2018), the RP patients 

harbouring TULP1 variants has age onset of disease before 5 years. Our findings are 

also in line and both families identified with TULP1 variants present disease phenotype 

before 5 years of age.  

In normal human eye physiology, the photoreceptor cells present at the outer segment 

of the retina are prone to photooxidative damage. Therefore, damaged and aged 

photoreceptor cells are shed and phagocytosed by RPE cells for recycling. MERTK is 

an important gene present on chromosome 2, which encodes a 999 amino acid long 

receptor tyrosine-kinase Mer. This is a transmembrane protein which regulates the 

phagocytotic activity of apoptotic cells, expressed in RPE and facilitates the 

phagocytosis of damaged photoreceptor cells in RPE (Feng et al., 2002; Kevany and 
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Palczewski, 2010). Tulp1 protein is a proven ligand to MerTK to initiate phagocytosis 

of photoreceptor cells in RPE (Caberoy et al., 2010). Since TULP1 and MERTK both 

participates in the same pathway, hence the similar phenotype in all the affected 

members of family C7 either harbouring TULP1 homozygous variant or MERTK 

homozygous variant is well explained. Both TULP1 variant p.(Gln301*) and MERTK 

variant p.(Gln146*) with their premature termination codons will most probably be 

responsible for NMD with complete loss of protein or will produce a truncating proteins 

with the loss of important and functional protein domains rendering them non-

functional.  

In the family C4, autosomal recessive mode of inheritance was observed but all the 

affected individuals were males (n=6) i.e., more affected males in the pedigree is also 

compatible with X-linked inheritance pattern (Figure 5.3). The disease progression was 

slow in the affected individuals of this family. In all the affected individuals, visual 

acuity of day vision reduced but none of the affected individuals lost complete day 

vision even at the age of 35 years when initially sampled and family history recorded. 

Therefore, initially this family was diagnosed with CSNB. RP-LCA panel-based 

sequencing revealed a novel heterozygous PRPF8 inframe deletion (c.6920_6922del) 

in family C4. PRPF8 inframe deletion identified in the family was likely pathogenic 

according to ACMG/AMP guidelines and segregated in the family in autosomal 

dominant manner. The gene is already known for autosomal dominant RP (Retnet: 

https://web.sph.uth.edu/RetNet/). But in the pedigree parents of generation (V) are 

phenotypically normal. Follow-up studies for the parents of this generation was not 

possible because they were deceased when follow-up was performed for OCT scan. 

Since the genetic screening of generation (V) parents is not performed, we cannot 

identify whether it is a case of incomplete dominance and their parents remain 

asymptomatic even after carrying mutation. Moreover, there is a possibility that one of 

the parents was affected with mild RP which remained unnoticed throughout their life 

span. Previous reports, indicated that patients with PRPF8 mutations show slow 

progression and in most cases their visual acuity remain normal even at 3rd and 4th 

decade of life and they lose complete vision at the 7th decade in their life (Verbakel et 

al., 2018). As discussed earlier, the affected members of this family showed slow 
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disease progression is also an indication that the identified PRPF8 variant is the 

potential pathogenic variant in this family.  

PRPF8 is one of the six pre-mRNA processing factor (PRPF) proteins which are known 

to cause autosomal dominant RP. The spliceosome complex formed during splicing is 

composed of 5 small nuclear ribonucleoproteins (snRNPs) which are U1, U2, U4, U5, 

U6 and many other protein factors. PRPF8 encodes one of the components of U5 

snRNP (Liu et al., 2006). PRPF8 was associated with autosomal dominant RP for the 

first time in 2001 (McKie et al., 2001) and 64 mutations are known to be associated 

with autosomal dominant RP to-date. Most of the mutations identified in PRPF8 are 

residing towards the C-terminal of the protein. The C-terminal of the protein contains 

a Jab1/MPN domain, region of PRPF8 protein which interacts with SNRNP200 

(another snRNP protein required for spliceosome complex formation) for unwinding of 

U4/U6 duplex for proper spliceosome complex activation (Yang et al., 2021). 

According to (Wang et al., 2022) the macular region of the RP patients harbouring 

PRPF mutations is more affected than other autosomal dominant RP patients. The OCT 

scan of the affected member IV:3 of this family (Figure 5.3B) also showed similar 

results with reduced central macular thickness of the retinal layer.   

In family C5, we observed X-linked pattern of inheritance, where all affected members 

are male and mothers of affected individuals are linked in the pedigree. It was also 

noted that in family C5, generation V has more male members and generation VI has 

only male members which is creating a gender bias. Hence, there is a possibility of 

autosomal recessive pattern of inheritance over-interpreted as X-linked. For the genetic 

diagnosis in this family initially RP-LCA panel based sequencing was performed which 

resulted in the identification of disease causing variant (c.1843G>A; p.(Ala615Thr)) in 

HGSNAT gene in homozygous state. HGSNAT gene is located on chromosome 8 and 

was first time associated with nonsyndomic RP in 2015 (Haer-Wigman et al., 2015). 

Previously HGSNAT variants were known to cause mucopolysaccharidosis Type IIIC 

(MPS IIIC) or alternatively known as Sanfilippo syndrome Type C. MPS IIIC is 

characterized by hearing impairment, vision loss, sleep disorders, seizures, skeletal, 

developmental and neurologic defects which are the result of heparan sulfate 

accumulation in the tissues. HGSNAT protein is involved in the degradation of heparan 

sulfate by its acetylation (Valstar et al., 2008; Feldhammer et al., 2009). The variant 
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p.(Ala615Thr) is residing in the transmembrane towards the C-terminal of the protein 

and the variants in the hydrophobic transmembrane domains may result in the 

misfolding of the protein leading it to reside in the endoplasmic reticulum (Feldhammer 

et al., 2009). But the functional assays have indicated that the p.(Ala615Thr) change 

does not alter the size of the protein and the enzymatic activity is also retained upto 

60% (Fedele and Hopwood, 2010). Haer-Wigman et al., (2015) also observed the 

nonsyndromic RP patients with HGSNAT variants slow reduced blood leukocyte 

enzymatic activity while MPS IIIC patients have higher enzymatic activity as compared 

to healthy control. Through this, it can be proposed that retina requires higher enzymatic 

activity from HGSNAT as compared to other tissues. The variants in HGSNAT are 

known to cause pericentral RP where pigmentation is profound towards the peripheral 

region of retina (Comander et al., 2017). Moreover, HGSNAT variants in general are 

known for slow progression of the disease and the identified variant p.(Ala615Thr) is 

specifically known for mild nonsyndromic RP and is also found in asymptomatic 

carriers even at age 73 (Zlotogora et al., 2023). Contrary to these findings, both the 

affected individuals (VI:1 and VI:2) from the family C5 showed early onset with rapid 

progression of the disease leading to complete vision loss in early 2nd decade of their 

life. The fundus images of the proband also indicated that the individual is not affected 

with pericentral RP but pigmentation is observed in peripheral as well as central region 

of the retina. Considering the fact that p.(Ala615Thr) variant in HGSNAT in not a severe 

variant hence might not be the only cause of severe phenotype observed in the patients 

of family C5, we additionally performed GS of the proband VI:1. After variant 

prioritization, we identified a potential pathogenic variant (c.785G>A; p.(Gly262Asp) 

in CDHR1 in homozygous state. CDHR1 variants are known to cause RP, cone 

dystrophy or cone-rod dystrophy (Stingl et al., 2017). But the variant was absent in 

another affected individual (VI:2) hence did not segregate with the phenotype. No other 

potential pathogenic variant was identified in this family and hence we fail to identify 

any other genetic modifier to explain the severity of phenotype in the family C5. 

HGSNAT variants have been known to cause mucopolisacaridosis but no variants in 

HGSNAT are yet found to be associated with nonsyndromic RP in Pakistani population. 

To the best of our knowledge, this is the first study explaining HGSNAT hypomorphic 

homozygous variant to be associated with severe nonsyndromic RP in a Pakistani 

family. 
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In the family C6, a novel homozygous nonsense variant (c.1649C>G; p.(Ser550*)) was 

identified in PROM1 through RP-LCA panel based sequencing. PROM1 is known to 

cause autosomal dominant cone or cone-rod dystrophies and macular degeneration 

while it is also known to cause autosomal dominant RP (Retnet: 

https://web.sph.uth.edu/RetNet/sum-dis.htm). PROM1 encodes a transmembrane 

glycoprotein which is expressed in progenitor and hematopoietic stem cells. It is also 

expressed in retinoblastoma and adult retinal cells and is located on the apical surfaces 

of the cell (Miraglia et al., 1997). This gene was first time reported with retinal 

degeneration in 2000, where siblings carrying homozygous frameshift deletion were 

affected with severe early-onset retinal degeneration while the mother harbouring 

heterozygous deletion presented late onset unilateral retinal degeneration (Maw et al., 

2000). This is a clear example where same PROM1 variant is responsible for autosomal 

dominant and autosomal recessive forms of retinal degeneration. The variant identified 

in the first study associated it with retinal degeneration was predicted to truncate protein 

after 614 amino acid residues. The nonsense variant (c.1649C>G; p.(Ser550*)) 

identified in our family C6 most probably will cause the NMD of the transcript or may 

produce a truncated protein. The protein truncation at 550 amino acid causes loss of 

extracellular, transmembrane and cytoplasmic domains towards the C-terminal of the 

protein, but this variant has not shown any diseased phenotype in mother carrying 

heterozygous variant. Recently, 10 Japanese families with cone-rod dystrophies and 

macular degeneration are associated with PROM1 variants (Fujinami et al., 2020). 

Although, the identified variant p.(Ser550*) in our family is novel but the variants in 

this gene are already reported to cause autosomal recessive RP in Pakistani population 

(Zhang et al., 2007). The phenotype of the previously reported Pakistani RP family 

harbouring a different nonsense PROM1 mutation p.(Gln576*) (Zhang et al., 2007) had 

severe and rapid progression of disease where severe central vision loss was observed 

in 2nd decade of their life with visual acuity of 6/120 at ages between 15-44 years. In 

our family C6, severe phenotype was observed in female affected individual (V:1) 

which has severely affected day vision at the age of 30 years and can only sense light 

signal. While the both affected males (V:2 and V:4) show reduced visual acuity 20/40 

and 20/60 respectively, but their day vision is relatively remained intact even at 26-28 

years.     



Chapter 5                                              Non-syndromic Inherited Retinal Dystrophies 

 

Identification of Genes in Pakistani Families with Inherited Eye Diseases           112 
 

In the family C8, we fail to identify any potential pathogenic variant in already known 

RP genes during initial variant prioritization. Later we looked for other genes known to 

cause different forms of eye disorders but failed to identify any potential pathogenic 

variant in this family. All identified genes with class 3-5 variants according to 

ACMG/AMP guidelines were also checked for expression in Human Eye 

Transcriptome Atlas (https://www.eye-transcriptome.com/). Additionally, class 3-5 

variants were also checked for their protein-protein interactions in string (https://string-

db.org/) to establish any relation of the genes with already known gene to cause RP. 

But we failed to identify any potential pathogenic variant in family C8 and therefore 

the phenotype of this family remained genetically unsolved. Additionally, the affected 

individuals of family C8 manifest high myopia, therefore there is a possibility that the 

family was misdiagnosed as RP, while it was affected with myopia only (since patients 

were very young and oldest individual has 7 years of age). The genetic diagnosis of 

myopia is complex as limited studies are available. In our small family C8, only two 

affected individuals were present, and sample was available from only one individual. 

Therefore, the identification of myopia related variant is not possible at this age and 

further studies are required to solve the patients from this family. For further genetic 

analysis in future, long read sequencing can be performed to identify if any 

heterozygous deletions were missed in short read GS or alternatively multi-omics 

approaches can be used to identify any epigenetic causes of the disease in the family 

C8. 

CSNB is the non-progressive form of IRDs, characterized by dysfunctional rod cells 

resulting in loss of signal transduction between bipolar and photoreceptor cells. The 

clinical features include night blindness with refractive errors, reduced visual acuity 

during day light and often accompanied by strabismus or nystagmus (Zeitz et al., 2015). 

Recently it has been observed that CSNB affected children before school age presented 

myopia, strabismus and nystagmus but did not complaint about night vision loss. Later 

genetic testing and full-field ERG revealed CSNB in those children (Miraldi Utz et al., 

2018). Many features of CSNB are also overlapping with other IRDs therefore accurate 

diagnosis is of prime importance for the prediction of future visual outcomes.  

In family C9 an already known homozygous canonical splice site indel (c.2493-

2_2495delinGGC; p(?)) in CNGB1 was identified through RP-LCA panel sequencing. 
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CNGB1 is a gene containing 33 exons and encode β-subunit of cyclic nucleotide-gated 

(CNG) channel. These are the rod specific gated channels which regulate the flow of 

cations during phototransduction (Biel et al. 1996). The identified variant (c.2493-

2_2495delinGGC; p(?)) will most probably result in the skipping of exon 26 (Figure 

5.14B) which is predicted to introduce a frameshift in the open reading frame (ORF) 

creating PTC. The PTC will either produce a truncating protein with the loss of 

transmembrane and CNBD domains at the C-terminal of the protein or will cause NMD 

of the pre-mRNA resulting no protein. Previously, two different studies have reported 

the same variant in CNGB1 gene with RP (Maranhao et al., 2015; Li et al., 2017). A 

different canonical splice site variant (c.2493-2A>G; p(?)) with a similar predicted 

effect of exon 26 skipping has also been reported with RP in another Pakistani family 

(Maria et al., 2015). The affected individuals of the family C9 in this study, show 

reduced visual acuity but no peripheral loss of day vision was observed in both patient 

(oldest 26 years). Recently, CNGB1 variants are also found associated with CSNB in 

two separate studies (Ba-Abbad et al., 2019; Kim et al., 2021a). In one of these studies, 

a 61-year old woman harboring CNGB1 one missense and one truncating variant in 

trans was asymptomatic. But ERG showed delayed rod responses while cone related 

responses were normal (Ba-Abbad et al., 2019). Fundus images and ERG results are 

also used to categorize CSNB into four types; fundus albipunctatus, Oguchi, Riggs type 

and Schubert-Bornschein. The Riggs type and Schubert-Bornschein are the types where 

fundus images appear normal, and recently Riggs type CSNB was genetically explained 

with CNGB1 variant in Korean population (Kim et al., 2021a). The fundus images of 

proband IV:1 from family C9 does not have Riggs type and Schubert-Bornschein 

appearance but the dusty pigmentation was present in the peripheral region of fundus, 

an indication to rod dysfunction. To the best of our knowledge this is the first study 

highlighting the role of CNGB1 variant with CSNB in Pakistani population. 

Another protein encoded by CNGA3 forms the α-subunit of the CNG channel and is 

specifically expressed in cone photoreceptors where it is involved in the 

phototransduction cascade (Reuter et al., 2008). CNGA3 is known to be associated with 

25% achromatopsia (ACHM) cases which are characterized by partial or complete color 

blindness, nystagmus and photophobia during daylight (Wiszniewski et al., 2007). In 

this study both families C10 and C11 affected with complete ACHM were screened 
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through MD-panel based sequencing as explained previously in section 2.5.2. The panel 

sequencing analysis and variant prioritization lead to the identification of CNGA3 

variants in both families. In family C10 a known (Reuter et al., 2008) homozygous 

missense variant (c.1315C>T; p.(Arg439Trp)) was identified which explained the 

phenotype of the family. In family C11 two known (Wissinger et al., 2001; Shaikh et 

al., 2015) heterozygous missense mutations were identified in trans [c.955T>C, 

p.(Cys319Arg); c.1306C>T, p.(Arg436Trp)]. All three variants identified in CNGA3 

were present in exon 7 and in a Chinese cohort of 46 families, 74.4% mutations were 

clustered in this exon (Li et al., 2014).
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Figure 5.1: Pedigrees of both Leber congenital amaurosis (LCA) affected families (C1, 

C2) collected from different regions of Pakistan. Numbers are given in each pedigree 

only to the participating members in this study. The autosomal mode of inheritance and 

consanguinity is clearly seen among both families.  
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Figure 5.2: Pedigrees of six retinitis pigmentosa (RP) families (C3-C8) collected from 

different regions of Pakistan. Numbers are given in each pedigree only to the 

participating members in this study. The autosomal mode of inheritance and 

consanguinity is clearly seen among families C3, C6, C7 and C8, while families C4 and 

C5 show X-linked pattern of inheritance with only males affected.  
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Figure 5.3: Pedigree of Family C4 where arrow is indicating the proband and below 

each participating member is shown the segregation results. (B). Optical coherence 

tomography (OCT) images of both eye of patient IV:3 from family C4 is indicating 

retinal layer degeneration. (C). Chromatogram of the variant M14 (c.6920_6922del; 

p.(Glu2307del)) identified in PRPF8 in wildtype and affected individuals. (D). 

Schematic representation of amino-acid change in protein domain of PRPF8 protein. 
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Figure 5.4: Pedigree of Family C5 where arrow is indicating the proband and below 

each participating member is shown the segregation results. (B). Fundoscopy images 

of both eyes of patient IV:1 from family C5 is indicating pigment deposition towards 

periphery and central retina. (C). Chromatogram of the variant M15 (c.1843G>A; 

p.(Ala615Thr)) identified in HGSNAT in carrier and both affected individuals (left 

panel) and CDHR1 variant which did not segregate with the phenotype (right panel). 

(D). Schematic representation of amino-acid change in protein domain of HGSNAT 

protein. 
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Figure 5.5: Pedigree of Family C7 where arrow is indicating the proband and below 

each participating member is shown the segregation results of variant M17=c.901C>T; 

p.(Gln301*) and M18=c.436C>T; p.(Gln146*) in TULP1 and MERTK respectively. 

(B). Fundus images of both eyes of affected individual IV:4 from family C7 (affected 

with RP) indicating pigment deposition. 
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Figure 5.6: Pedigrees of family C9 affected with congenital stationary night blindness 

(CSNB) and two families (C10, C11) affected with achromatopsia (ACHM), collected 

from different regions of Pakistan. Numbers are given in each pedigree only to the 

participating members in this study. The autosomal mode of inheritance and 

consanguinity is clearly seen among all three families. 
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Figure 5.7: Pedigree of Family C9 where arrow is indicating the proband and below 

each participating member is shown the segregation results of variant M19=c.2493-

2_2495delinsGGC; p.(?) in CNGB1causing congenital stationary night blindness 

(CSNB). (B). Fundus images of both eyes of affected individual IV:1 from family C9 

(affected with CSNB) indicating pigment deposition more towards the peripheral 

region if the retina. (C). Optical coherence tomography (OCT) images of both eyes of 

affected individual IV:1 from family C9 indicating retinal layer degeneration. 

Family C9:IV:1 (Right eye) Family C9:IV:1 (Left eye) 

Family C9:IV:1 (Right eye) Family C9:IV:1 (Left eye) 
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Figure 5.8: Pedigree of Family C1 where arrow is indicating the proband and below 

each participating member is shown the segregation results. (B). Chromatogram of the 

variant M11 (c.94del; p.(Ala32Profs*55)) identified in ATOH7 in wildtype, carrier and 

affected individuals. (D). Schematic representation of amino-acid change in protein 

domain of ATOH7 protein. 
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Figure 5.9: Pedigree of Family C2 where arrow is indicating the proband and below 

each participating member is shown the segregation results. (B). Chromatogram of the 

variant M12 (c.25G>A; p.(Val9Met)) identified in NMNAT1 in wildtype and affected 

individuals. (D). Schematic representation of amino-acid change in protein domain of 

NMNAT1 protein. 
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Figure 5.10: Pedigree of Family C3 where arrow is indicating the proband and below 

each participating member is shown the segregation results. (B). Chromatogram of the 

variant M13 (c.1444C>T; p.(Arg482Trp)) identified in TULP1 in wildtype and affected 

individuals. (D). Schematic representation of amino-acid change in protein domain of 

TULP1 protein. 
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Figure 5.11: (A). Chromatograms of the variant M17=c.901C>T; p.(Gln301*) and 

M18=c.436C>T; p.(Gln146*) in TULP1 and MERTK genes identified in left and right 

loops of the family C7 respectively in wildtype, carrier and affected individuals. (B). 

Schematic representation of amino-acid changes in protein domain of TULP1 (top 

panel) and MERTK (bottom panel) proteins. 
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Figure 5.12: Pedigree of Family C6 where arrow is indicating the proband and below 

each participating member is shown the segregation results. (B). Chromatogram of the 

variant M16 (c.1649C>G; p.(Ser550*)) identified in PROM1 in affected and carrier 

individuals. (C). Schematic representation of amino-acid change in protein domain of 

PROM1 protein. 
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Figure 5.13: (A). Pedigree of Family C8 where arrow is indicating the proband and 

individual number is given below each participating member. (B). Eye images of 

affected individual V:1 from the family C8 affected with RP. 
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Figure 5.14: (A). Chromatograms of the variant M19=c.2493-2_2495delinsGGC; p.(?) 

in CNGB1 gene identified in the family C9 respectively in wildtype, carrier and affected 

individuals. (B). Schematic representation of CNGB1 gene and location of identified 

variant in the at the donor site of exon 26, which will cause the loss of donor site 

resulting in skipping of exon 26 in the mutant transcript.  
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Figure 5.15: Pedigree of Family C10 where arrow is indicating the proband and below 

each participating member is shown the segregation results. (B). Chromatogram of the 

variant M20 (c.1315C>T; p.(Arg439Trp)) identified in CNGA3 in affected and carrier 

individuals. (C). Schematic representation of amino-acid change in protein domain of 

CNGA3 protein. 
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Figure 5.16: Pedigree of Family C11 where arrow is indicating the proband and below 

each participating member is shown the segregation results. (B). Chromatograms of the 

variants M21 (c.955T>C; p.(Cys319Arg)) and M22 (c.1306C>T; p.(Arg436Trp)) 

identified in CNGA3 gene in compound heterozygous state. (C). Schematic 

representation of amino-acid changes due to both variants in protein domain of CNGA3 

protein. 
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Table 5.1: Clinical features of affected individuals from two families (C1 and C2) affected with congenital blindness. 

Family 

ID 

Inheritance 

Pattern 
Phenotype 

Individual 

ID 
Gender 

Age onset (age 

at the time of 

sampling) 

Observation at the time 

of sampling 
Nystagmus 

Corneal 

haze 
Photophobia 

Additional 

features 

(if any) 
Night 

vision  

Day 

vision  

Color 

vision 

C1 AR LCA 
VI:3 F By birth (20 yrs) No NPL NA - -  -  -  
VI:4 M By birth (25 yrs) No NPL NA - -  -  -  
VI:5  F By birth (17 yrs) No NPL NA - -  -  -  

C2 AR LCA 

IV:4 M By birth (45 yrs) No NPL NA - BL - - 
V:1 F By birth (19 yrs) No NPL NA - BL - - 
V:3 F By birth (25 yrs) No NPL NA - BL  -  -  
V:6 F By birth (17 yrs) No NPL NA - - - - 
V:7 F By birth (22 yrs) No NPL NA - - -  -  

AR= Autosomal recessive, BL= Bilateral, F= Female, LCA= Leber congenital amaurosis, M= Male, NA= Not applicable, NLP= No perception 

of light, yrs= years, - = Absent.  
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Table 5.2: Clinical features of affected individuals from six families (C3-C8) affected with retinitis pigmentosa (RP). 

Family 

ID 

Inheritance 

Pattern 
Phenotype 

Patient 

ID 
Gender 

Age onset (age at 

the time of 

sampling) 

Observation at the time of 

sampling 
Nystagmus 

Corneal 

haze 
Photophobia 

Additional 

features (if 

any) Night 

vision  

Day 

vision  

Color 

vision 

C3 AR RP IV:1 M 2 yrs (31 yrs) No NPL NA  -  -   -   -  
V:1 F 1-2 yrs (11 yrs) No 20/80 Normal  -  -   -   -  

C4 AD RP VI:1 M 5 yrs (8 yrs) No 20/30 Normal  -  -  -   -  
VI:3 M 5 yrs birth (11 yrs) No 20/40 Normal  -  -  -   -  
VI:4 M 5 yrs (7 yrs) No 20/30 Normal  -  -  -   -  
V:1 M 6 yrs (30 yrs) No 20/100 Normal  -  -  -   -  
V:4 M 5-6 yrs (33 yrs) No 20/100 Normal  -  -  -   -  
V:5 M 5 yrs (35 yrs) No 20/80 Normal  -  -  -   -  

C5 AR RP VI:1 M 3-4 yrs (20 yrs) No NPL Normal  -   -   -   -  
VI:2 M 3-4 yrs (22 yrs) No NPL Normal  -   -   -   -  

C6 AR RP V:1 F 10 yrs (30 yrs) No PL NA  +   -   -   -  
V:2 M 10 yrs (26 yrs) No 20/40 Normal  +   +   -   -  
V:4 M 14 yrs (28 yrs) No 20/60 Normal  +   -   -   -  

C7 AR RP IV:2 M 2 yrs (55 yrs) No NPL NA  -   -   -   -  
IV:3 M 2 yrs (46 yrs) No NPL NA  -   -   -   -  
IV:4 M 2 yrs (42 yrs) No NPL NA  -   -   -   -  
IV:6 F 2 yrs (51 yrs) No NPL NA  -   -   -   -  
V:1 F 2 yrs (8 yrs) No 20/100 Normal  -   -   -   -  
V:4 M 2 yrs (24 yrs) No 20/80 Normal  -   -   -   -  

C8 AR RP V:1 F 2-3 yrs (8 yrs) No 20/80 Normal  +   -  -  Frequent 
urination 

AD= Autosomal dominant, AR= Autosomal recessive, F= Female, M= Male, NA= Not applicable, NLP= No perception of light, RP= Retinitis 
pigmentosa, yrs= years, + = Present, - = Absent.  
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Table 5.3: Clinical features of affected individuals from one family (C9) affected with congenital stationary night blindness (CSNB) and two 

families (C10, C11) affected with achromatopsia (ACHM). 

Family 

ID 

Inheritance 

Pattern 
Phenotype 

Patient 

ID 
Gender 

Age onset (age at 

the time of 

sampling) 

Observation at the time of 

sampling 
Nystagmus 

Corneal 

haze 
Photophobia 

Additional 

features 

(if any) 
Night 

vision  

Day 

vision  

Color 

vision 

C9 AR CSNB IV:1 M By birth (19 yrs) No 20/100 Normal  -  -  -   -  
IV:3 M By birth (11 yrs) No 20/80 Normal  -  -  -   -  

C10 AR ACHM IV:1 F 6 months (15 yrs) Normal 20/80 Nil  -   -   +   -  
IV:2 M 6 months (26 yrs) Normal 20/120 Nil  -   -   +   -  
V:1 F 8-10 months (11 yrs) Normal 20/60 Nil  -   -   +   -  
V:2 F 6 months (10 yrs) Normal 20/60 Nil  -   -   +   -  

C11 AR ACHM III:2 M By birth (20 yrs) Normal 20/100 Nil  -   -   +   -  
III:4 M By birth (31 yrs) Normal 20/120 Nil  -   -   +   -  
III:5 M By birth (18 yrs) Normal 20/80 Nil  -   -   +   -  
IV:1 F By birth (9 yrs) Normal 20/40 Nil  -   -   +   -  

ACHM= Achromatopsia, AR= Autosomal recessive, CSNB= Congenital stationary night blindness, F= Female, M= Male, yrs= years, += Present, 
- = Absent.  
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Table 5.4: 2: In silico predictions for disease-causing variants identified in 2 families (C1, C2) affected with congenital blindness. 

Family 

ID 
Gene cDNA Protein 

gnomAD 

G.AF 

CADD-

PHRED 
Grantham PhyloP REVEL SpliceAI 

ACMG 

classification 
Reference 

C1 ATOH7 c.94del p.(Ala32Profs*55) Not found NA NA NA NA NA Likely 
pathogenic This study 

C2 NMNAT1 c.25G>A p.(Val9Met) Not found 23.6 21 4.1 0.82 NA Pathogenic Falk et al., 
2012 

gnomAD.G.AF= Allele frequency in genomes of gnomAD database, NA= Not applicable, * = stop codon. 

 

Table 5.5: In silico predictions for potential disease-causing variants identified in six families (C3-C8) affected with retinitis pigmentosa (RP). 

Family 

ID 
Gene cDNA Protein gnomAD.G.AF 

CADD-

PHRED 
Grantham PhyloP REVEL SpliceAI 

ACMG 

classification 
Reference 

C3 TULP1 c.1444C>T p.(Arg482Trp) 0.00001591 28.2 101 1.2 0.96 NA Pathogenic  
den 

Hollander et 
al., 2007 

C4 PRPF8 c.6920_6922del p.(Glu2307del) Not found 31 NA 7.78 NA NA Likely 
pathogenic  This study 

C5 
HGSNAT c.1843G>A p.(Ala615Thr) 0.003536 22.7 58 7.64 0.45 NA VUS  Hrebicek et 

al., 2006 
CDHR1 c.785G>A p.(Gly262Asp) 0.000019721 27.3 94 5.01 0.65 NA VUS This study 

C6 PROM1 c.1649C>G p.(Ser550*) Not found 36 NA 5.1 0.13 NA Likely 
pathogenic  This study 

C7 
TULP1 c.901C>T p.(Gln301*) Not found 40 NA 7.6 0 NA Pathogenic Li et al., 

2009 

MERTK c.436C>T p.(Gln146*) 0.00000398 36 NA 3.8 0.08 NA Likely 
pathogenic  This study 

gnomAD.G.AF= Allele frequency in genomes of gnomAD database, NA= Not applicable, * = stop codon.
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Table 5.6: In silico predictions for potential disease-causing variants identified in family (C9) affected with congenital stationary night blindness 

(CSNB) and two families (C10, C11) affected with achromatopsia (ACHM). 

Family 

ID 
Gene cDNA Protein gnomAD.G.AF 

CADD-

PHRED 
Grantham PhyloP REVEL SpliceAI 

ACMG 

classification 
Reference 

C9 CNGB1  c.2493-
2_2495delinsGGC p.(?) Not found NA NA NA NA NA Likely 

pathogenic 
Maranhao 
et al., 2015 

C10 CNGA3 c.1315C>T p.(Arg439Trp) 0.00001993 26.8 101 4.25 0.833 NA Pathogenic Reuter et 
al., 2008 

C11 CNGA3 
c.955T>C p.(Cys319Arg) 0.00001767 26.6 180 7.5 0.99 NA Likely 

pathogenic 
Shaikh et 
al., 2015 

c.1306C>T p.(Arg436Trp) 0.00009574 24 101 1.4 0.85 NA Likely 
pathogenic 

Wissinger 
et al., 2001 

gnomAD.G.AF= Allele frequency in genomes of gnomAD database, NA= Not applicable.  
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6.0. SYNDROMIC INHERITED RETINAL DYSTROPHIES 

Inherited retinal dystrophies (IRDs) can be syndromic and found with extra-ocular 

features. Mostly the genes which are involved in syndromic IRDs are involved in ciliary 

functions. Hence the disorders are also known as ciliopathies. The two most common 

ciliopathies are Usher syndrome and Bardet-Biedl syndrome (BBS). The Usher 

syndrome is recognized by RP with varying degree of hearing loss. In BBS many 

features additional to RP might present including, obesity, hypogonadism, renal 

diseases and most frequently postaxial polydactyly (Mockel et al., 2011). Sometimes 

syndromic RP is also present with mitochondrial and other metabolic disorders. In such 

cases, where the other systemic features are not clearly seen may be overlooked by 

clinical ophthalmologist (e.g., renal disease or cardiovascular disease history of the 

patient) or if some features are surgically corrected early in life (e.g., polydactyly). 

Hence, obtaining a thorough family and clinical history is important for proper 

diagnosis of the disease (Verbakel et al., 2018). Syndromic IRDs also exhibit genetic 

heterogeneity as well as phenotypic heterogeneity. More than 100 genes are known to 

be associated with different types of autosomal dominant, autosomal recessive and X-

linked syndromic IRDs (RetNet: https://web.sph.uth.edu/RetNet/sum-dis.htm). In this 

section three families (D1-D3) affected with syndromic IRDs are explained with their 

genetic diagnosis.  

6.1. Description and Clinical Features of Syndromic IRD Families 

The family D1 was affected with Usher syndrome (Figure 6.1). At the time of initial 

sampling and family recruitment, the hearing loss feature of the family was overlooked. 

Although two members V:2 and V:3 from this sample were observed with low IQ levels 

as compared to a normal individual. Therefore, these two patients were considered with 

mild intellectual disability (ID). However, after genetic analysis, follow-up study was 

performed to obtain fundus and OCT scans of the proband (IV:4) and mild hearing loss 

was observed in all the affected members of the families. Audiometry was not 

performed due to unavailability of audiometer in the nearby hospital. The fundus 

images of the patient IV:4 taken at age 40 showed dusty pigmentation towards 

periphery (Figure 6.2A). The OCT scans showed reduced central macular thickness i.e., 

306µm and 230µm for right and left eye respectively (Figure 6.2B).  
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Affected members of the family D2 were presented with night blindness with severe 

and progressive loss of day vision early in their life (Figure 6.1). The affected members 

of family D3 were initially observed with congenital blindness and therefore miss 

diagnosed as LCA (Figure 6.1). However, in the affected members of D2 flat nasal 

bridge was present. Two affected individuals (IV:3 and IV:6) had nystagmus and 

individual IV:3 also present unilateral central corneal haze (left eye). In family D3 along 

with congenital blindness slight microcornea and central corneal haze was also 

observed. The detailed clinical features are given table 6.1.  

6.2.Genetic Analysis Identified Novel Variants in all Syndromic IRD families  

The proband (IV:4) of family D1 remained genetically unexplained after SNV analysis 

of RP-LCA smMIPs panel sequencing. However, CNV analysis identified the 

homozygous deletion of exon 50 to exon 58 in USH2A (NM_206933.4) gene (Figure 

6.2C). PCR-based genome walking was performed with the combination of multiple 

forward and reverse primers designed in the intact region identified through smMIPs. 

One combination of forward primer (P5F) and reverse primer (P3R) amplified a 

fragment of approximately 3kb in affected and carrier individuals (Figure 6.3). The 

subsequent amplicon based long-read sequencing of the amplified product through 

PacBio, confirmed the novel deletion of approximately 51.47kb region in USH2A 

(chromatogram shown in figure 6.4). The breakpoints of the deletion lie within intron 

49 and intron 58 (c.9740-5487_ c.11389+5457) causing deletion of exon 50-exon 58, 

likely resulting in the in-frame deletion p.(Glu3248_Gly3797del)). The segregation 

analysis of the identified mutation was performed by two primer pairs (S1 and S2). 

Where S1 is designed to cover the region of intron 49 and intron 58. The expected 

product from this pair was 52kb approximately from normal individual, which is likely 

impossible to be amplified through normal PCR. The product size expected due to 

deletion was reduced to 890bp. Therefore, this small fragment was amplified only from 

the individuals which were either homozygous or heterozygous for the identified 

deletion. The pair S2 was designed to amplify exon 54 of USH2A gene. This region was 

amplified either in normal individuals or individuals carrying heterozygous deletion. 

The gel image and primer map for segregation are shown in figure 6.5 while the 

segregation results are given below each participating member in the pedigree shown 

in figure 6.6.  
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In family D2, night-blindness with progressive loss of day vision was observed. GS 

variant prioritization resulted in the selection of two homozygous variants 

(NM_022124.6: c.7441C>A; p.(Pro2481Thr)) and (c.4405A>G; p.(Ile1469Val)) in 

gene CDH23, one homozygous variant (NM_004009.3: c.7520A>G; p.(Asn2507Ser)) 

in DMD and one homozygous indel (NM_030582.4: c.1785_1786delinsG, 

p.(Pro597Leufs*127) in COL18A1 while compound heterozygous variants in ABCA4 

(NM_000350.3: [c.1371C>A; p.(Asn457Lys) c.1532G>A; p.(Arg511His)]) and 

LZTFL1 (NM_001276378.2: [c.129-724A>G; p.(?); c.646G>A; p.(Ala216Thr)]). Out 

of all the selected variants, only a novel homozygous indel (NM_030582.4: 

c.1785_1786delinsG; p.(Pro597Leufs*127)), identified in COL18A1, segregated in the 

family (Figure 6.7). COL18A1 is known to be associated with autosomal recessive 

Knobloch syndrome (OMIM: 267750). The main features of Knobloch syndrome 

includes occipital encephalocele, vision loss, myopia, nystagmus and retinal 

detachment.  Previously, a large Pakistani family depicted a diverse form of Knobloch 

syndrome associated with COL18A1 variant (Joyce et al., 2010). The affected members 

of family D2 also present similar progressive night blindness with early loss of day 

vision but lack nystagmus and occipital encephalocele or occipital scalp defect.  

The family D3, was initially reported with congenital blindness and depicting X-linked 

inheritance pattern. One variant selected after GS variant prioritization in this family 

was (NM_001291867.2: c.566-145363T>G; p.(?)) in NHS, a gene known to be 

associated with Nance-Horan syndrome (OMIM: 302350) which is characterized by 

dental anomalies, cataract, dysmorphic features, microcornea and mental retardation. 

This variant is present in gnomAD with allele frequency (0.0002203) where 6 

individuals are hemizygotes. Moreover, splice AI score for this variant was 0.22 (donor 

gain, -5bp), and this effect is similar for wildtype allele in Alamut predictions. 

Therefore, this variant was not selected as potential candidate disease causing variant 

in family D3. We additionally looked up for high nucleotide conservation scores 

(PhyloP ≥ 2.7) for all homozygous variants with MAF≤0.01 in gnomAD. This leads us 

to the selection of a novel variant (NM_000266.4; c.-208G>A; p.(?)), residing in the 

5’UTR of NDP (a gene known to cause familial exudative vitreoretinopathy (FEVR) 

(OMIM: 305390)) was also identified in this family (Figure 6.8). This variant was 

selected because it was absent in gnomAD and only identified variant relevant to the 
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phenotype. The 5’UTR variants in NDP gene are known to cause Norrie disease (Jia 

and Ma, 2021). The details of all the identified variants are given in table 6.2. 

6.3. Discussion 

There are many syndromes which affect sensory organs like vision and hearing 

together. Usher syndrome is one of the most common form of such disorders. It was 

first described by a German ophthalmologist in 1858, when he observed the co-

segregation of visual impairment and hearing loss (VonGraefe, 1858). The prevalence 

of Usher syndrome is 3.8-4.4 in 100,000 births (Rosenberg et al., 1997). This syndrome 

is more prevalent in individuals with retinitis pigmentosa than hearing loss (Haim, 

1992; Hope et al., 1997). There are mainly three different categories of Usher 

syndrome. The first type is where hearing impairment is more profound than other 

systemic issues. In the second type where hearing loss is less severe and the third 

category which is more common in Finnish patients which show progressive vision loss 

and hearing impairment with variable degree of vestibular dysfunction. While there are 

certain patients which cannot be categorized in any of these three types (Smith et al. 

1994; Sankila et al. 1995; Wagenaar et al. 1999; Otterstedde et al. 2001; Tsilou et al. 

2002). The most common form of blindness in deaf individuals is Usher syndrome 

worldwide. But the incidences of Usher syndrome in Pakistan is unknown as in most 

cases the symptoms remained unnoticed in young patients or in some cases symptoms 

become more profound later in life. Some of the genetic variants associated with non-

syndromic RP are also causing Usher syndrome and some of the variants causing non-

syndromic hearing loss are also causing Usher syndrome. Therefore, even after genetic 

diagnosis the symptoms of Usher syndrome may remain un-notified (Naz, 2022).  

The family D1 with syndromic IRD, was affected with retinitis pigmentosa, while 2 

male members (V:2 and V:3) were initially reported with mild intellectual disability. 

The genetic screening through RP-LCA panel sequencing of the proband (IV:4) was 

initially performed considering the reported RP case. No potential pathogenic variant 

was identified in SNV analysis and variant prioritization. Later CNV analysis was 

performed, by calculating the average smMIPs coverage per sample, calculating 

estimated reads per smMIPs and comparing it with actual reads received per smMIPs 

from each sample. It leads us to the identification of absence of reads from the smMIPs 

covering region of intron 49 to intron 59 in USH2A gene from the proband. The genome 
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walking within the intact regions on both sides of deletion, identified through smMIPs 

reads was performed to identify the exact breakpoints of deletion. Approximately 

51.47kb region was identified to be deleted in this proband which covers the important 

coding regions of exon 50-58 within USH2A gene. This SV seems to be the outcome of 

non-homologous end joining after double stranded DNA break repair mechanism where 

microhomology of 2-20bp is observed at the junction point (Sfeir and Symington, 

2015). This deletion also contains an overlap stretch of 22 bp at breakpoint which is 

completely aligned to both regions of intron 49 and intron 58. The deleted USH2A 

region encodes an important fibronectin type III repeat domain, but the exact 

consequences of this deletion cannot be predicted based on current knowledge. 

However, we anticipate that deletion of exons 50-58 most probably will cause an in-

frame deletion of p.(Glu3248_Gly3797del).  

The variants in USH2A are also known for nonsyndromic RP therefore the gene was 

included in panel and later follow-up studies of our affected family confirmed that all 

the affected patients were exhibiting mild hearing loss which remained unnoticed at the 

time of initial visit. Unfortunately, the audiometry test was not conducted due to 

unavailability of audiometer in the nearby hospital facility and the extent of hearing 

loss was not measured. Thus, the identified SV in USH2A is causing a type 2 Usher 

syndrome in family D1. Very few incidences of the Usher type 2 has been reported in 

Pakistani population. To date, three families with biallelic missense or nonsense 

variants in USH2A has been reported in Pakistani population (Wang et al. 2017; 

Richard et al. 2019; Ahmed et al. 2021). A comprehensive review of USH2A gene by 

Su et al., has indicated that 10 exons out 72 USH2A exons are most frequently mutated 

which include exon 2, 13, exon 41-43, 50, 54, 57, 61 and 63. These exons corresponds 

to the 50% of the USH2A mutant alleles. It was also observed that among the already 

known USH2A mutations, the patients with biallelic null mutations manifest Usher 

syndrome while those with biallelic missense variant or with the combination of one 

missense and one null mutation are likely to develop non-syndromic RP (Su et al., 

2022). Similarly, null variant identified in USH2A gene in our family D1 is also 

responsible for Usher syndrome. This is the first report of large novel USH2A SV 

causing Usher syndrome in Pakistani population.   
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In family D2, progressive loss of day vision was observed and initially family was 

diagnosed with autosomal recessive RP. The disease progression was very rapid. All 

the affected individuals showed reduced visual acuity (average 20/120) at as early as 7 

years of age. Additionally, flat nasal bridge was observed in all affected members of 

the family. Initial diagnosis of the family lead to the screening of family D2 through 

RP-LCA panel-based sequencing, but none of the pathogenic variant was identified as 

a potential cause for the observed phenotype. GS of the proband identified a novel indel 

(c.1785_1786delinG; p.(Pro597Leufs*127) in COL18A1 gene. COL18A1 encodes the 

alpha subunit of collagen XVIII protein and this protein is present on the basement 

membrane of tissues (National Library of Medicine, MedlinePlus: 

https://medlineplus.gov/genetics/gene/col18a1/#conditions). It is expressed in retina, 

iris and vitreous humour and is an important player in retinal and visual function beside 

its role in neuronal migration and closure of neural tube during development (Sertie et 

al. 2000; Menzel et al. 2004). In 2014 the expression of collagen XVIII was also 

identified in the blood vessels of developing human cerebral cortex (Caglayan et al., 

2014). Literature shows that variants in the COL18A1 are responsible to cause 

Knobloch syndrome which is characterized by eye malformations including cataracts, 

high myopia, retinal detachment or vitreoretinal degeneration along with 

developmental delay and severe or mild ID (Kliemann et al., 2003; Najmabadi et al., 

2011). The affected members of family D2 had severe eye abnormality but at the time 

of family recruitment, ID was not reported, although some behavioral problems were 

seen. This family belongs to a very underdeveloped region of Pakistan (Balochistan) 

therefore due to limited logistics, access to the family again for follow-up study is not 

possible. From our previous experience of Usher syndrome and reviewed literature by 

(Naz, 2022), we may conclude that the mild symptoms sometimes remain un-noticed 

in the Pakistani families during initial diagnosis. Similarly, affected individuals from 

the family D2 may also manifest mild ID which was not observed during initial 

diagnosis. Considering this, we may conclude that the family D2 was affected with 

Knobloch syndrome.  Previously, a different COL18A1 variant p.(Gly892Aspfs*17) 

was identified in a Pakistani family initially diagnosed with ID. Later reverse 

phenotyping confirmed the presence of eye abnormality in the affected individuals. The 

novel variant p.(Pro597Leufs*127) identified in COL18A1 in D2 family will result in 

frameshift which will either produce no protein due to NMD of the transcript or will 
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produce a truncated protein with the absence of important protein domains like 

trimerization (TRI) domain and endostatin domain required for proper protein 

functioning (UniProt; assessed on 8th September, 2023: 

https://www.uniprot.org/uniprotkb/P39060/entry).  

The family D3, was identified with congenital blindness, additionally microcornea and 

corneal haze was also observed in the affected members of this family. Pedigree 

analysis showed X-linked inheritance and initially proband (III:2) was screened through 

RP-LCA panel-based sequencing to identify any disease-causing variant. However, no 

potential pathogenic variant was identified in RP-LCA associated genes through panel 

sequencing, which led to further follow up with genome sequencing. The initial variant 

prioritization of GS data did not identify any potential pathogenic variant in this family, 

but later based on nucleotide conservation scores (PhyloP score ≥ 2.7), a homozygous 

variant (c.-208G>A) was identified in the NDP gene. NDP variants are known to cause 

Norrie disease which is characterized by profound degenerative changes to neuroretina 

leading towards congenital or early childhood blindness. Other symptoms include 

microcornea, mental retardation in 50% cases or mild hearing loss in approximately 

one-third of cases after 2nd decade of life (Bleeker-Wagemakers et al., 1985). NDP gene 

encodes a norrin protein which is a cysteine rich 133 amino acid long protein (Meindl 

et al., 1992). This protein binds with frizzled-4 receptor and activates Wnt signalling 

pathway which is involved in retinal vascularization (Ye et al., 2010). The variant 

identified in this study resides in the 5' UTR region of the NDP gene. The variants in 

the 5' UTR region of this gene are already known to cause FEVR in Chinese population 

(Jia and Ma, 2021). Prior in vitro studies has proved that the sequence c.-219 to c.-107 

contains a putative repressing region and when deleted it results in unregulated 

expression of downstream region in retinoblastoma cells (Kenyon and Craig, 1999). 

Two variants in NDP are known to cause FEVR in Pakistani families (Keser et al., 

2017) and one single nucleotide deletion p.(Val17fs*1) is known to cause Norrie 

disease (Waryah et al., 2011). This is the first study presenting 5' UTR variant in NDP 

gene to cause Norrie disease in Pakistani population. 
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Figure 6.1: Pedigrees of three families with Usher syndrome (D1), Knobloch syndrome 

(D2) and Norrie disease (D3) respectively, which were collected from different regions 

of Pakistan. Numbers are given in each pedigree only to the participating members.  
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Figure 6.2: (A). Fundus images of both eyes of affected individual IV:4 from family D1 with Usher syndrome. Fundus clearly show pigment 

deposition mainly in the peripheral region. (B). Optical coherence tomography (OCT) images of both eyes of same individual (IV:4) show retinal 

layer degeneration. (C). Copy number variation (CNV) analysis based on the average coverage per run indicates homozygous deletion of smMIPs 

covering region of exon 49- exon 59 within USH2A gene in the panel sequencing data of proband (IV:4).  
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Figure 6.3: Deletion mapping of USH2A structural variant (SV) identified in D1 family. Upper panel is a schematic view of USH2A region 

containing exon49-exon 59. Below the arrows are the sizes of both intron 49 and intron 58, at right and left respectively. Seven forward primers 

designed within intron 49 are shown with arrows and six reverse primers designed within intron 58 are represented with arrows at the left. The gel 

image show absence of band in healthy control (normal), but band is present in individual heterozygous (Parent) and homozygous (Affected 

individual) for deletion. The product shown was approximately 3kb, amplified with the primers encircled. 
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Figure 6.4: The chromatogram from PacBio long read sequencing show exact breakpoints of USH2A partial deletion. It is a deletion of 51.7kb 

(chr1:215977954_chr1:215926480del (hg19)) which most probably will result in an in-frame deletion p.(Glu3248_Gly3797del) in USH2A protein.   
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Figure 6.5: Segregation analysis of USH2A in family D1. Schematic representation of 

the USH2A region (exon 48-exon 59) is given above and the primer pairs (S1 and S2) 

location is indicated with the arrows. Expected product sizes from normal individual 

are mentioned between the indicated primers. The product obtained from pair S1 in 

affected or carrier is 889bp. The affected individuals showed absence of product 

(590bp) from primer S2 (amplifying region of exon 54 within the deleted region).    

 

 

 

 

 

 

 

 

 

Figure 6.6: Pedigree of Family D1 where arrow is indicating the proband and below 

each participating member is shown the segregation results of structural variant (SV), 

M23= deletion of 51.7kb region (chr1:215977954_chr1:215926480del (hg19)) in 

USH2A gene. 
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Figure 6.7: Pedigree of family D2 where arrow is indicating the proband and below 

each participating member is shown the segregation results. (B). Chromatogram of the 

variant M24 (c.1785_1786delinsG; p.(Pro596Argfs*16)) identified in COL18A1 in 

wildtype, carrier and affected individuals.  
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Figure 6.8: Pedigree of Family D3 where arrow is indicating the proband and below 

each participating member is shown the segregation results. (B). Chromatogram of the 

variant M25 (c.-208G>A) identified in NDP in wildtype and affected individuals.
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Table 6.1: Clinical features of affected individuals from three families (D1-D3) affected with syndromic inherited retinal dystrophies. 

Family 

ID 

Inheritance 

Pattern 
Phenotype 

Patient 

ID 
Gender 

Age onset (age 

at the time of 

sampling) 

Observation at the time 

of sampling Nystagmus 
Corneal 

haze 
Photophobia 

Additional 

features (if 

any) 

Night 

vision  

Day 

vision  

Color 

vision 
    

D1 AR US IV:1 F 1-2 yrs (52 yrs) No NPL NA  -   -   -  Hearing loss 
IV:3 M 1-2 yrs (32 yrs) No NPL NA  -   -   -  Hearing loss 
IV:4 M 1-2 yrs (29 yrs) No 20/80 Normal  -   -   -  Hearing loss 
V:2 M 1-2 yrs (30 yrs) No NPL NA  -   -   -  Hearing loss, 

Mild ID 
V:3 M 1-2 yrs (26 yrs) No 20/80 Normal  -   -   -  Hearing loss, 

Mild ID 
D2 AR KS IV:3 M 

By birth (18 yrs) 
No 

PL NA  +  LE 
 -  Flat nasal 

bridge 
IV:4 M 

3-4 yrs (7 yrs) 
No 

20/100 Normal  -  - 
 -  Flat nasal 

bridge 
IV:5 M 

3-4 yrs (9 yrs) 
No 

20/120 Normal  -  - 
 -  Flat nasal 

bridge 
IV:6 F 

3-4 yrs (10 yrs) 
No 

20/120 Normal +  - 
 -  Flat nasal 

bridge 
D3 XLR ND III:1 M By birth (36 yrs) No NPL NA  -  +  -  Microcornea 

III:2 M By birth (31 yrs) No NPL NA  -  +  -  Microcornea 

AR= Autosomal recessive, F= Female, ID= Intellectual disability, KS= Knobloch syndrome, LE= Left eye, M= Male, NA= Not applicable, ND= 
Norrie disease, NPL= No perception of light, PL= perception of light, US= Usher syndrome, XLR= X-linked recessive, yrs= years, += Present, - 
= Absent. 
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Table 6.2: In silico predictions for potential disease-causing variants identified in three families (D1-D3) affected with syndromic inherited 
retinal dystrophies. 

Family 

ID Gene cDNA Protein gnomAD.G.AF 

CADD-

PHRED Grantham PhyloP REVEL 

ACMG 

classification Reference 

D1 USH2A c.9740-5487_11389+5457del p.(Glu3248_Gly3797del) Not found NA NA NA NA Pathogenic This study 

D2 COL18A1 c.1785_1786delinsG p.(Pro597Leufs*127) Not found NA NA NA NA 
Likely 

pathogenic This study 
D3 NDP c.-208G>A NA Not found 24.2 NA 5.4 NA VUS This study 

gnomAD.G.AF= Allele frequency in genomes of gnomAD database, NA= Not applicable, VUS= Variant of uncertain significance.  
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7.0.CONCLUSION 

The advancements in the sequencing technologies has revolutionized the genetic 

diagnosis. The genome sequencing costs have been reduced from $2.7 billion to $1000 

now (Schloss 2008). With the combination of other omics approaches like 

transcriptomics, epigenomics, proteomics and metabolomics, the recognition of 

regulatory and non-coding elements in disease involvement have also broadened the 

horizon of genetics. Panel based sequencing has provided a solution for early diagnosis 

of already known variants and novel variants within the genes with known association 

to disease. Several eye-disorder related panels have been used in different studies for 

this purpose. The underdeveloped countries like Pakistan requires the use of panel 

based genetic testing which can provide a cost-effective and efficient genetic diagnosis. 

For this purpose, inclusion of already associated genes and regions specifically from 

our population is of huge importance. In this study we attempted to screen 28 Pakistani 

families affected with inherited eye disorders for the identification of genetic cause. We 

used several different approaches to identify the potential pathogenic variants in each 

family. These approaches provide successful solve rate with the identification of several 

known and novel disease-causing variants in genes related to eye disorders in Pakistan. 

Identification of already known variants with a different phenotype is increased the 

phenotypic spectrum as exemplified in case of CNGB1 variant associated with RP 

(Maranhao et al. 2015; Saqib et al. 2015) is detected in CSNB in our cohort. Similarly, 

identification of novel variants in the already known genes has increased the genotypic 

landscape of the disease.  

Targeted Sanger sequencing solved 7 families (25% of the solved families), though 

applied only on PCG and A/M families. Panel sequencing applied on non-syndromic 

and syndromic IRDs solved 10 families (37% of the solved families), while exome 

sequencing solved 3 (11% of the solved families) and genome sequencing solved 7 

(25% of the solved families) families. We confirmed that CYP1B1 and FOXE3 variants 

as the prevalent cause of PCG and A/M in Pakistani population respectively. Therefore, 

targeted Sanger sequencing of CYP1B1 gene in PCG patients and FOXE3 gene in A/M 

patients in Pakistani cohort is cost-effective and is recommended prior to any NGS 

testing (chapter 3 and 4).  
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If considered alone, panel based sequencing solved 10 families out of 14 screened 

families (71%). The families which remained unsolved from the diagnostic panels were 

mis-diagnosed during initial clinical diagnosis. Two panels (RP-LCA and MD) 

successfully identified variants in specific clinical groups except an LCA family for 

which 1-bp deletion was identified in ATOH7. The patients harboring homozygous 1-

bp deletion were presented with congenital blindness and therefore confused with LCA 

(considering early onset of retinal degeneration). This implies that the genetic testing 

can be helpful in situations where clinical diagnostic including OCT, fundoscopy and 

ERG is not available and patients themselves cannot move due to poor logistics in the 

region.  

We also demonstrated the importance of panel sequencing in the identification of 

probable a 51.7 kb structural variant in USH2A gene in a family with usher syndrome. 

The identification of deep intronic variant and its involvement in altering the normal 

splicing lead to pseudoexon activation in the mature transcript and emphasizes the 

importance of screening non-coding regions in unsolved cases. This is possible with GS 

which is an expensive technique and not affordable for the patients residing in the low 

economic countries like Pakistan. This situation can be dealt, by initially increasing the 

mutational landscape of inherited eye disorders in Pakistan and then later designing our 

population based panels which captures the coding regions of the known genes and also 

non-coding regions with known disease causing variants. 

In totality by the stepwise application of TSS, PS, ES and GS we obtained the genetic 

diagnostic yield of 96% in families affected with different eye disorders and the 

identification of 11 novel variants (10 SNVs and 1 SV) in this study. All the identified 

variants were present in the genes already known to be associated with the particular 

phenotype. The identification of 11 novel variants in a relatively small cohort of 28 

families expanded the genetic landscape of eye disorders in our population. The 

identification of variants in already associated genes emphasizes utilization of time and 

cost effective screening panels for rapid diagnosis. Nevertheless, the homozygous deep 

intronic variant identified in A/M family also highlights the role of non-coding variants. 

Thus, initial screenings through several NGS techniques are required in our and other 

similar populations, to establish a well-defined panel for screening of inherited eye 
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disorders. The genetic diagnosis will eventually help us moving towards personalized 

medicine, for the patients affected with different inherited eye disorders.  
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Appendix I:  Anophthalmia and microphthalmia-associated genes as listed in OMIM 

Gene OMIM Gene OMIM Gene OMIM Gene OMIM 

ABCB6 605452 ESCO2 609353 NF1 613113 SALL4 607343 

ALDH1A3 600463 FAM111A 615292 NHS 300457 SCLT1 611399 

ALDH6A1 603178 FANCA 607139 NUP188 615587 SEMA3E 608166 

ALX1 601527 FANCD2 613984 OCLN 602876 SHH 600725 

ARHGAP6 300118 FANCF 613897 OLFM2 617492 SIN3A 607776 

ATOH7 609875 FANCL 608111 OTX2 600037 SIPA1L3 616655 

B3GALNT2 610194 FKRP 606596 PAX2 167409 SIX3 603714 

BCOR 300485 FKTN 607440 PAX6 607108 SIX6 606326 

BEST1 607854 FNBP4 615265 PCYT1A 123695 SLC16A12 611910 

BMP4 112262 FOXE3 601094 PDE6D 602676 SLC38A8 615585 

BRCA1 113705 FREM1 608944 PITX3 602669 SMCHD1 614982 

BRCA2 600185 FREM2 608945 PLK4 605031 SMG9 613176 

BRIP1 605882 GDF3 606522 PNPT1 610316 SMOC1 608488 

C12orf57 615140 GDF6 601147 POMGNT1 606822 SNX3 605930 

C2CD3 615944 GJA1 121014 POMK 615247 SOX2 184429 

CAPN15 603267 GJA8 600897 POMT1 607423 STRA6  610745 

CDKL5 300203 GLI2 165230 POMT2 607439 TBC1D20 611663 

CENPF 600236 GSC 138890 PQBP1 300463 TBC1D32 615867 

CEP120 613446 GTF2H5 608780 PRMT7 610087 TBL1XR1 608628 

CHD7 608892 HCCS 300056 PRR12 616633 TCTN2 613846 

CHUK 600664 HDAC6 300272 PRSS56 613858 TENM3 610083 

CNTNAP1 602346 HMGB3 300193 PTCH1 601309 TFAP2A 107580 

COL4A1 120130 HMX1 142992 PUF60 604819 TKFC 615844 

COX14 614478 HUWE1 300697 PXDN 605158 TMEM216 613277 

COX7B 300885 INTS1 611345 RAB18 602207 TMTC3 617218 

CRPPA 614631 INTU 610621 RAB3GAP1 602536 TMX3 616102 

CRYAA 123580 KERA 603288 RAB3GAP2 609275 TOGARAM1 617618 

CRYBA4 123631 KIF11 148760 RARB 180220 TUBB 191130 

CRYBB2 123620 LMBRD2 619490 RAX 601881 TUBGCP4 609610 
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DAG1 128239 LRP5 603506 RBBP8 604124 VAX1 604294 

DOCK6 614194 MAB21L2 604357 RBP4 180250 VCAN 118661 

DONSON 611428 MAF 177075 RERE 605226 VSX2 142993 

DPYD 612779 MAPRE2 605789 RHOA 165390 WDR37 618586 

ERCC1 126380 MFRP 606227 RIPK4 605706 YAP1 606608 

ERCC3 133510 MITF 156845 RPGRIP1L 610937 ZBTB20 606025 

ERCC5 133530 NAA10 300013 RTTN 610436 ZEB2 605802 

ERCC6 609413 NDUFB11 300403 RXYLT1 605862   
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