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Abstract

Eye disorders can occur due to genetic variations that can be inherited. Autosomal
recessive eye disorders are considered rare, but there prevalence increases
significantly in regions where consanguineous marriages are common. The current
study was designed to investigate the molecular basis of recessively inherited eye
disorders in Pakistani population. After approval of this study from Bioethical
Committee of Faculty of Biological Sciences, Quaid-i-Azam University, Islamabad
Pakistan, various hospitals in different cities were visited and samples were collected
from twenty primary congenital glaucoma (PCG) families, thirty-five retinal
dystrophy families and one microphthalmia family with the help of ophthalmologists.
Whole genomic DNA was extracted from each sample and Sanger’s sequencing was
carried out for CYP1B1l gene in PCG patients while retinal dystrophy and
microphthalmia samples were sent for next generation sequencing to screen for
pathogenicity. The identified variants were checked for segregation in family
members. Various in-silico tools such as PROVEAN, SIFT, Mutation taster, CADD,
REVEL, PolyPhen-2, PANTHER and MutPred were used to analyze the

pathogenicity of identified variants.

In twenty consanguineous PCG families Sanger sequencing of CYP1B1 gene revealed
nine disease causing variants included five missense variants c.457C>G, ¢.724G>C,
c.516C>A, c.740T>A, c.1263T>A, two frameshift variants ¢.758-759insA, ¢.789dup
and two silent variants c¢.1314G>A, c¢.771T>G. Out of these variants, six
heterozygous and three homozygous variants were not reported before in any study.
During molecular screening of these twenty families seven polymorphisms
c.1347T>C, ¢.1294G>C, c¢.2244 2245insT, c.1358A>G, ¢.355G>T, ¢.142C>G and
235710 35711insT were also identified one of which was not reported before
(g.35710_35711insT).

In thirty five retinal dystrophy families’ disease causing variant were identified in
eighteen families by next generation panel sequencing and whole exome sequencing
for four families. The eighteen variants identified in current study were c.842G>A in
AGBLS gene, ¢.847C>T in CERKL gene, ¢.1429C>T in GPR179 gene, ¢.874C>T in
SAG gene, ¢.559T>C in RHO gene, ¢.281T>C in ARL6 gene, c.1252T>C, c¢.1728del
and c.1459T>C in CRBI1 gene, c.413-1G>A in CNGB1 gene, c.187C>T and
c.1560C>A in USH2A gene, ¢.547C>T in NMNATI gene, c.5571 5576delins



CTAGAT in EYS gene, chr2:73775682-73814328 in ALSM gene, c.109del in PAX6 gene,
c.471dup in SPATA7 gene, c.1163A>G in ACOX3 gene. Four variants c.1728del
(p-Asp576GlufsTer20) in CRBI1 gene, ¢.5571 5576delinsCTAGAT (p. Leul858%*) in EYS
gene, c.471dup (p. Prol58Alafs*39) in SPATA7 gene and ¢.1163A>G (p.Asp388Gly) in
ACOX3 gene are not reported earlier in any study. Three of these novel variants were
homozygous except for c.1728del (p.Asp576GlufsTer20) that was found in heterozygous
condition. One novel variant p. Prol58Alafs*39 was identified in two families RP 112 and
RP 113. In family RP 073 a novel homozygous variant ¢.388C>T; p.Argl30Cys was
identified in S1IPR2 gene in three deaf and dumb family members who were found normal

for retinal disorder.

In congenital bilateral microphthalmia family, a previously reported stop gain variant
c.720C>A; p. Cys240* was identified in FOXE3 gene during panel capture sequencing.
This variant leads to early truncation of protein that cause developmental defects in size of
eye socket and was segregated in recessive manner. The stop gain variant affected the
exonic splicing enhancer sites and exonic splicing silencer sites and was found to be 100%

conserved in similar species.

This study provides insight into the highly heterogeneous spectrum of eye disorders in
consanguineous families from Pakistan. Genetic counseling was provided to all enrolled
families. In PCG families, identification of disease-causing variant in CYP1B1 gene in
45% recruited families draw attention to the involvement of non- coding region of
CYPIB1 gene and other genes like LTBP2, TEK, and MYO7A in our population.
Identification of different gene mutations in eighteen inherited retinal dystrophy families
and no variant in remaining seventeen recruited families stresses on need of whole genome
sequencing of these families. Our findings necessitate effective screening of inherited eye
disorders in Pakistani families using state of art technologies to reduce disease incidence in
upcoming future through genetic counseling to refrain from practicing consanguinity and

performing premarital screening as a control measure in upcoming generations.
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INTRODUCTION
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Section I:

The human eye is highly specialized and one of the most complex organs in the
human body. It is capable of receiving information in the form of visual images and
sending it to the brain to process. The normal human has a diameter of 22-27 mm and

a circumference of about 69-85 mm (Kels, Grzybowski, & Grant-Kels, 2015).
1.1. Brief anatomy of the human eye:

The human eye has a protective covering that is made up of the palpebral conjunctiva,
muscle, skin fold, and tarsus known as the eyelid (Shumway, Motlagh, & Wade,
2018). A cross-sectional view of the eye shows three different layers and chambers.
The external layer is formed by the cornea and sclera, and the internal layer is
comprised of retina, which has sensory receptors. There is an intermediate layer
between these two layers that is formed anteriorly by the iris and ciliary body and

posteriorly by the choroid (Kolb, 2011).

The fluid chamber between the cornea and iris is known as the anterior chamber. The
posterior chamber is formed between the iris and lens. The vitreous chamber is the
third compartment formed between the lens and retina (Figure 1.1) (Canning,
Greaney, Dewynne, & Fitt, 2002). The socket protects the eyeball and is made up of
the maxilla, palatine, and zygomatic bones at the bottom. At the top orbit is composed
of the frontal bone and a wing of the sphenoid. The optic nerve runs into the brain
through the optic foramen. The almond-shaped lacrimal glands keep the eye moist
and are located at the outer corner of each eye. They comprise upper and lower duct

systems (Ducker & Rivera, 2022).

There are six extraocular muscles involved in the movement of the eye among which
four are rectus muscles and two are oblique muscles. The rectus muscles included are
the superior, inferior, lateral, and medial muscles, whereas the two oblique muscles
involved are the superior and inferior muscles (Shumway et al., 2018). The
ophthalmic artery, a branch from the carotid artery, supplies blood to the eye muscles
and divides into superior and inferior muscular branches. Another artery known as the
lacrimal artery provides blood to the lateral rectus muscles, while two anterior ciliary
arteries supply blood to all the remaining rectus muscles (Tibrewal & Kekunnaya,

2018).
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Figure 1.1: Sagittal section of the human eye (Kolb, 2011).
1.2. Eye disorders:

Impairment in visual acuity severely affects the life of an individual (Park, Ahn, Woo,
& Park, 2015). Various genetic and environmental factors can contribute to a decrease
or complete loss of vision. Some environmental factors contributing to vision loss
include: UV radiations, exposure to toxic pollutants, harmful gases, chemicals,
bacteria, viruses, smoking, drugs, reading or working in environment with poor light

and physical injury (Yadav, 2019).

The genetic causes of eye diseases show variable inheritance patterns. The diseases
that manifest in old age or later part of life usually do not have a clear pattern of
inheritance although they seem to run in families such as age related macular
degeneration (W. Chen et al., 2010), cataract, polypoidal choroidal vasculopathies and
uveal melanoma (Singh & Tyagi, 2018).

The mitochondrial inheritance, autosomal dominant (anirida, Axenfeld-Rieger
anomaly, and neurofibromatosis type I), autosomal recessive (congenital hereditary
endothelial dystrophy), X-linked dominant (Nance-Horan syndrome) and X-linked
recessive (Lowe syndrome) pattern is observed in syndromes associated with
glaucoma (Abu-Amero & Edward, 2017). The diseases that show autosomal recessive

inheritance pattern are quite rare, although in populations where high interbreeding is
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practiced many cases are observed. According to Dineen et al., 2007, cataract (51.5%)
is the most common cause of blindness in adults (>30) followed by corneal opacity,
aphakia, and glaucoma, in a comprehensive study he conducted on 16507 individuals
(Dineen et al., 2007). Not much data is available on the most common causes of

visual impairment and blindness in infants, children, and young adults in Pakistan.
1.3. Autosomal recessive ocular disorders:

It is observed that consanguinity is deeply rooted in many parts of the world, and
around one billion people live in communities that prefer intra-familial unions
(Hamamy et al., 2011). Most of these disorders manifest in the first or second decade
of individuals life span. Until now, an autosomal recessive pattern of disease has been

observed in many ocular disorders.

In Pakistan, high risk of inherited autosomal recessive eye disorders is identified more
frequently in families with consanguineous marriages. Consanguineous and first-
degree nuptials are reported in approximately 60-80 % of the population (Hussain &
Bittles, 1998).

The present study was aimed at identifying the most common autosomal recessive eye
disorders in the Pakistani population and to find out the molecular determinants
involved in disease development. Among autosomal recessive eye disorders present in
Pakistani population case of primary congenital glaucoma and inherited retinal

dystrophies were more common.
1.4. Glaucoma:

The term glaucoma is coined for a group of heterogeneous disorders that can cause
loss of the retinal ganglion cells, cupping of the optic disc, and thinning of fiber of the
retinal layer (Jonas et al., 2018). It is classified according to etiology, age of onset and
the iridocorneal angle (Sarfarazi, Stoilov, & Schenkman, 2003). In early stages of

disease only peripheral visual image is lost without any other visible symptoms.
1.5. Anatomy and physiology of eye relevant to Glaucoma:

Damage to the optic nerve is often associated with the elevation of intra-ocular

pressure that occurs due to impaired outflow of aqueous humour. Aqueous humour



Chapter 01

nourishes the eye with nutrients, and oxygen is produced by the ciliary body (Goel,
Picciani, Lee, & Bhattacharya, 2010). The normal range of IOP is between 10-21 mm
Hg. The ciliary body is a ring of tissues that is divided into ciliary epithelium, ciliary
muscles, and ciliary body stroma. The non-pigmented cells (pars plana) of the ciliary
epithelium secrete collagen, hyaluronic acid, and zonular fibers. The aqueous humour

is derived from blood plasma by both active and passive transport (Goel et al., 2010).

Limbus, which is present at the border between sclera and cornea, performs many
roles, like providing nourishment, corneal healing, hypersensitivity response, and
immunosurveillance of the ocular region. It also controls the outflow of aqueous
humour. In healthy eye about 80 to 90% of aqueous humour is discharged through
Schlemm’s canal/ trabecular meshwork (Figure 1.2) and 10 to 20% by uveoscleral

outflow (Figure 1.3) (Sunderland & Sapra, 2022).

Aqueous humour moves from the anterior chamber through trabecular spaces of
sponge-like trabecular meshwork. This meshwork is lined by cells that remove debris
from aqueous humour as they have phagocytic and trapping activity. After reaching
Schlemm’s canal, aqueous humour is delivered to the blood stream (Sunderland &

Sapra, 2022).

Figure 1.2: Schematic illustration of the trabecular meshwork outflow pathway (Goel

et al., 2010).
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Figure 1.3: Schematic diagram illustrating the uveoscleral outflow pathway (Goel et
al., 2010).

1.6. Pathophysiology of Glaucoma:

Although the exact pathogenesis of glaucoma is not fully known, the death of retinal
ganglion cells due to increased IOP is related to it (Weinreb, Aung, & Medeiros,
2014). When the balance between production and drainage of aqueous humor is
disturbed it causes the optic disc to compress. The compression of the optic disc

hinders the flow of cytoplasm into the axon that leads to ischemia.

Figure 1.4: A) The normal anatomy of human optic nerve. B) Neurodegeneration in

optic nerve in glaucoma. (Weinreb et al., 2014)
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The affected individual can loss vision and can even go blind as optic nerve is
deprived of nutrients and oxygen (Sunderland & Sapra, 2022) (figure 1.4). According
to Anholt & Carbone, 2013 in POAG, myocilin is released by trabecular meshwork
into the aqueous humour. This myocilin helps in cell migration and cell adhesion
(Anholt & Carbone, 2013). When compression cause increased stress, high cortisol
results in rise of myocilin production as defense. The enzyme endoprotease calpain II,
with the aid of calcium, cleaves myocilin. If these unfolded proteins are not removed
through proteolysis, reduction or ubiquitination causes ER stress. This is considered
as a leading cause of POAG. Disease causing variations in different cellular
components makes it further difficult for unfolded protein response (UPR) pathway to
function, hence contributing to disease (Anholt & Carbone, 2013) (figure 1.5).

Figure 1.5: Signaling pathway in unfolded proteins in response to ER-stress. (Anholt
& Carbone, 2013)

1.7. Classification of glaucoma:

Glaucoma can also be associated with other genetic abnormities in development that
occur due to anterior segment dysgenesis such as aniridia, Rieger’s anomaly, Peter’s
anomaly, and Axenfeld’s anomaly (Gould & John, 2002). Glaucoma is classified as

primary when no other known etiology is identified and secondary when earlier
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damage is reported that is contributing to disease. The major categories of glaucoma

are:
1.7.1. Primary open angle glaucoma:

Primary open-angle glaucoma (POAG) is a complex, chronic, and progressive optic
neuropathy that damages optic nerve fibers (figure 1.6). In POAG, the anterior
chamber angles are open that increases intra ocular pressure and loss of visual field.
Most of the time the patients remain asymptomatic until a significant and an
irreversible damage has occurred to the optic nerve (Taqi, Fasih, Jafri, & Sheikh,
2011). Some cases of POAG are observed in which the intra-ocular pressure (IOP)
was low or normal. The optic nerve was still damaged even IOP was normal, this type
of glaucoma is called as normal-pressure glaucoma (Anderson, Drance, & Schulzer,
2003). Genetics of POAG includes several genes: myocilin (MYOC) at GLC1A4 loci,
optineurin (OPTN) at GLCIE and a repeat domain WD 36 at GLCIG loci are
associated with autosomal dominant monogenic disease (Monemi et al., 2005; Rezaie

et al., 2002; Stone et al., 1997).
1.7.2. Secondary open angle glaucoma:

In this type of glaucoma, the resistance to the outflow of aqueous humour is increased
in the trabecular meshwork and Schlemm’s canal due to some detectable cause. This
condition is also known as pigmentary glaucoma and exfoliative glaucoma (Moroi et

al., 2003).
1.7.3. Primary angle closure glaucoma:

The primary angle-closure glaucoma (PACG) occurs due to iridocorneal contact as
the peripheral iris is pushed forward as a result of increased IOP in the posterior
chamber and decreased pressure in the anterior angle (figure 1.6). The reason behind
this pressure is the increased flow resistance through the slit between the lens and the

iris that in turn damages the optic nerve (Nongpiur et al., 2011).

PACG is mostly associated with variants in PLEKHA7 (Pleckstrin Homology Domain
Containing, Family A Member 7, OMIM: 612686), COL11AI (Collagen Type XI
Alpha 1 Chain, OMIM: 120280), PCMTDI (Protein-L-Isoaspartate O-
Methyltransferase Domain-Containing Protein, OMIM: 620091), S718 (STI18
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C2H2C-Type Zinc Finger Transcription Factor, OMIM: 617155) (Vithana et al.,
2012), MMP9 (Matrix Metallopeptidase 9, OMIM: 120361) (Awadalla, Burdon,
Kuot, Hewitt, & Craig, 2011), MTHFR (Methylenetetrahydrofolate Reductase,
OMIM: 607093) (Micheal et al., 2009), MFRP (Membrane Frizzled-Related Protein,
OMIM: 606227) (I.-J. Wang et al., 2008), CHX10 (Visual System Homeobox 2,
OMIM: 142993) (Aung et al., 2008), HGF (Hepatocyte Growth Factor, OMIM:
142409) (Awadalla et al., 2011), ABCC5 (ATP Binding Cassette Subfamily C
Member 5, OMIM: 605251) (Nongpiur et al., 2014), CYPIBI (Cytochrome P450
Family 1 Subfamily B Member 1, OMIM: 601771) (Chakrabarti et al., 2007) and
HSP70 (Heat Shock Protein Family A (Hsp70) Member 1A, OMIM: 140550) (Ayub
et al., 2010).

1.7.4. Secondary angle closure glaucoma:

In secondary angle-closure glaucoma due to some ischemic retinopathy, vascular
endothelial growth factor is overproduced that causes the iridocorneal contact

(Ferrara, 2009).

Figure 1.6: A) Schematic illustration of normal human eye anatomy B) Regions of
eye affected in POAG C) Obstruction of drainage pathway in primary angle closure
glaucoma (Weinreb et al., 2014).
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1.7.5. Primary congenital glaucoma:

Primary congenital glaucoma (PCG; OMIM 231300) is an infantile-stage disease
showing symptoms like damage to Descemet’s membrane, an enlarged globe, and
opacification of the cornea (Sarfarazi & Stoilov, 2000). In PCG, irreversible loss of
retinal ganglion cells leads to complete blindness in most cases. The disease is
characterized by elevated intraocular pressure (IOP) and blockage in the flow of
aqueous humor due to abnormalities in the anterior chamber angle and trabecular
meshwork (Huang et al., 2014). Other clinical manifestations of PCG include
buphthalmos, photophobia, blepharospasm, epiphora and hyperlacrimation (Barkan,
1955).

Worldwide data suggests that the disease is more prevalent in males as compared to
females, at 65% and 35%, respectively (Vasiliou & Gonzalez, 2008). In Pakistan,
glaucoma is reported as the third most common reason for bilateral blindness in

individuals belonging to diverse ethnic origins (Mahar & Shahzad, 2008).
1.8. Examination and differential diagnosis:

At an early stage of glaucoma it is completely painless and no measurable loss in
visual field can be detected by patient (Jonas et al., 2018). Ocular enlargement occurs
in PCG due to increased IOP by stretching, which results in the growth of collagen in
the sclera and cornea. The normal corneal diameter (horizontal) is 9.5-10.5 mm for
infants and 10—11.5 mm by the age of 1 year, which can reach 13 mm in cases of

glaucoma (Beck, 2011).

The IOP range in healthy newborn babies is 10—12 mmHg, which becomes 20 mmHg
or greater in case of disease that can be measured by tonometry and is considered as
main criteria for diagnosis (Jonas et al., 2018). A complete ophthalmic examination
also includes gonioscopy, a refraction test, and an assessment of the optic nerve.
Looking for asymmetry in the cup-to-disc ratios and inspecting the cornea for clarity

are also important in the accurate diagnosis of disease (Beck, 2011).
1.9. Genetics of primary congenital glaucoma:

Genetic analysis of PCG patients manifests heterogeneity; so far, it is mapped on four

loci for autosomal recessive inheritance. At the GLC3A locus, disease-causing
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variants are identified in CYPI/BI, a member of the cytochrome P450 enzyme family
(OMIM: 601771) located at 2p21. It codes a metabolic enzyme and is considered the
most common cause of PCG (Stoilov, Akarsu, & Sarfarazi, 1997). Two loci, GLC3B
(1p36) and GLC3C (14q24.3), do not have any PCG genes associated with them, but
recently, in a study on 100 unrelated PCG patients, variants were identified in
ZC2HCIC (Zinc Finger C2HC-Type Containing 1C), VPSI3D (Vacuolar Protein
Sorting 13 Homolog D), and PGF (Placental Growth Factor) in these loci (Qiao et al.,
2023).

Another gene LTBP2 (latent transforming growth factor-f-binding protein-2, OMIM:
602091) located at the fourth locus GLC3D (14q24.2-q24.3) has been identified to
cause glaucoma in infants (Ali et al., 2009). An extracellular matrix protein is
encoded by LTBP2 that helps to maintain the structure of connective tissues and
functions in cell adhesion (C. J. Lewis et al., 2017). The disease-causing variants are
also found in four other genes in individuals with congenital glaucoma which include
TEK (ANGPTI receptor tunica interna endothelial cell kinase, OMIM: 617272)
(Thomson et al., 2017), MYOC (myocilin, OMIM: 601652) (K Kaur et al., 2005),
ANGPTI (angiopoietin-1, OMIM: 601667) (Souma et al., 2016), and PXDN
(peroxidasin, OMIM: 605158) (K. Khan et al., 2011).

1.9.1. CYPIBI Gene:

Disease causing variants in cytochrome P450, subfamily 1, polypeptide 1 (CYPIBI)
gene that encodes a 543 amino acid protein are known to cause congenital ocular
anomalies (Vasiliou & Gonzalez, 2008). Homozygous or compound heterozygous
mutant amino acids in CYPIBI gene are established to play a role in PCG by
decreasing the activity of protein or by making it unstable (Lopez-Garrido et al.,
2010). According to the Human gene mutation database (HGMD) 315 disease causing
variants are reported in CYPIBI gene until now for PCG, POAG, Peter’s anomaly,
congenital heart defects and hepatocellular adenoma. Various studies have revealed
that this monooxygenase is involved in oxidative metabolism in a number of
substrates both endogenous and exogenous (Vasiliou & Gonzalez, 2008). In ocular
tissues CYP1BI protein is expressed in cornea, iris, retina and ciliary body. Its role in
PCG was first studied by Stoilov et al., in families with bilateral eye anomalies and an

autosomal recessive inheritance pattern of disease (Stoilov et al., 1997). The
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hydroxylase activity of CYP1BI1 for 17b-estradiol is primarily believed to be effected
by disease causing variant leading to glaucoma (B. R. Shah, Xu, & Mraz, 2019)
(figure 1.7). It can also help in the metabolism of retinol to retinoic acid that regulate

morphogenesis (Kiranpreet Kaur, Mandal, & Chakrabarti, 2011).

In knockout studies in mice the CYPIBI1 deficiency resulted in abnormalities in the
trabecular meshwork. Detailed analysis revealed irregularities in collagen distribution,
high oxidative stress, elevated peroxidation of lipids, and reduced level of periostin
(Zhao et al., 2013).

Figure 1.7: Schematic view of CYPIBlIgene role in glaucoma (B. R. Shah et al.,
2019).

1.9.2. LTBP2 gene:

Latent transforming growth factor beta binding protein 2 (LTBP2), is located on locus
GLC3D on chromosome 14q24. LTBP2 gene is a member of transforming growth
factor-f (TGF-B) latent complex and codes a matrix protein(Ali et al., 2009). It

12
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contains 36 exons and is identified as a strong candidate gene in many cases of
primary congenital glaucoma. It is involved in the structural formation of microfibrils

that are involved in cell adhesion.

Firasat et al. (2008) and Ali et al. (2009) identified mutations in LTBP2 gene in
studies on consanguineous Pakistani families with PCG (Ali et al., 2009; Firasat,

Riazuddin, Hejtmancik, & Riazuddin, 2008).
1.10. Treatment and disease management:

Unfortunately until now no cure is discovered for this chronic condition. The only
option is disease management and timely diagnosis for better results (H. Yang, Lu, &
Sun, 2023). Trabeculotomy is performed to reduce the elevated IOP and is considered
the gold standard procedure in disease management (H. Yang et al., 2023). Other
approach to lower the pressure of aqueous humor at an early stage of disease is
reducing its production by using drugs like alpha-adrenergic agonists and beta-

blockers (R. A. Lewis et al., 2017).
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SECTION II:
1.11. Inherited Retinal dystrophies

An important cause of substantial vision loss and sometimes blindness is degenerative
retinal dystrophies. These genetically heterogeneous disorders and have a range of
phenotypic manifestation, but the most common symptoms include night blindness,
color blindness and loss of peripheral vision (Nash, Wright, Grigg, Bennetts, &
Jamieson, 2015). As the time progress the disease becomes worse and can lead to
complete blindness. High variability is reported in inheritance pattern of familial cases
of retinal dystrophies including autosomal dominant, autosomal recessive, X-linked
dominant and X-linked recessive (Bowne et al., 2002). The estimated prevalence of
retinal abnormalities is 1 in every 4000 individuals (Haim, 2002). To date multiple
causative genes have been identifies to be associated the retinal disorders. In the retina
the degeneration of the photoreceptor cells due to harmful mutations is considered the
cause of many inherited retinal dystrophies and various knockout studies on mouse

models have also confirmed it (Perkins, Fadool, & Dowling, 2004).
1.12. Anatomy of photoreceptors:

The photoreceptor cells are highly specialized cells consisting of an outer segment, a
cilium that connects outer segment to the inner segment, cell body and synaptic region
(Perkins et al., 2004) (figure 1.8). The outer segment in cones is different in cones as
compared to rods. It contains tightly stacked discs having phototransduction proteins
in them. The intraflagellar transport in cilia takes the pigment protein formed in inner
segment to the outer segment. The inner segment of photoreceptor cells also contains
mitochondria to fulfill the energy demands for production and transport of pigment
protein. Spherules (synaptic terminal of rods) and pedicles (synaptic terminals of
cones) have synaptic vesicles and synaptic ribbons. Both pedicles and spherules are

presynaptic to horizontal cells and bipolar cells (Insinna & Besharse, 2008).
1.13. The visual cycle:

When a photon of light enters the eye it triggers a series of reactions in retina with the
help of a G-protein coupled receptor known as opsin to convert that photon into an

electrical signal (Allwardt, Lall, Brockerhoff, & Dowling, 2001). When 11-cis retinal
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chromophore present in opsin is activated by the photon of light it isomerizes to all-

trans retinal (figure 1.9).

: " ——
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Figure 1.8: Anatomy of the cone and rod photoreceptor cells (Perkins et al., 2004).

This action leads to the hyperpolarization of the photoreceptor cell as the cGMP gated
channels are closed. All this change of potentials in photoreceptor cells causes the
brain to receive nerve impulse and an image is generated. To receive another image to
repeat the process the all-trans retinal is converted to all-trans retinol. Another
enzyme lecithin-retinol acyltransferase then change it to retinyl ester in retinal

pigment epithelium.
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Figure 1.9: The visual cycle in photoreceptor cells (Tsin, Betts-Obregon, & Grigsby,
2018).

Isomerase I then convert retinyl ester to 11-cis-retinol which is later oxidized to 11 cis
-retinal. It is then combined with opsin to form rhodopsin in rods and cones. The
cones in photoreceptor cell responds to different wave length of light and are
responsible for the perception of color vision. The visual cycle in cones begin when
all-trans retinal is released by photo isomerization from cone pigment (figure 1.10). In
the retina it is transferred to Muller cells when reduced to all-trans retinol. It is then
isomerized to 11-cis retinol and later esterified. When hydrolyzed it is returned to
photoreceptor cells in the form of 11-cis retinol where it is further oxidized to 11-cis

retinal. In the photoreceptor cells it is conjugated to opsin for pigment formation.
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Figure 1.10: The visual cycle in cone photoreceptors (Tsin et al., 2018).
1.14. Mechanisms involved in retinal degeneration:

The mechanisms involved in the degeneration of rods and cones are studied with the
help of animal models. These studies have proposed five mechanisms that may be

contributing to the degeneration of retina.
1.14.1. Tropical factors:

Tropic factors are various molecules that are synthesized in the body that contribute in

growth, proliferation, maturation and development of neurons. In an in vivo study on
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R10 mice the long term exposure to GDNF (galial-derived neurotrophic factor) can
help increase the cone density (Ohnaka et al., 2012). Fibroblast (FGF-2), epidermal
growth factors (Traverso, Kinkl, Grimm, Sahel, & Hicks, 2003) and rod derived cone
viability factor (RACVF) (Léveillard et al., 2014) also produced promising results in

photoreceptor growth in various studies.
1.14.2. Cone starvation:

Punzo et al. (2009), proposed a theory that cone degeneration occurs due to starvation
of cone when proper nutrient supply is affected (Punzo, Kornacker, & Cepko, 2009)
Figure (1.11). According to his research if the rod-derived cone viability factor
(RACVF) is deficient it will decrease its binding to Basigin-1 that is crucial for the
proper functioning of GLUT-1 (glucose transporter-1). The impaired function of
GLUT-1 will prevent glucose from entering in to the cone cells that will starve the
cell. In turn the mechanistic target of rapamycin (mTOR) signaling pathway, will not

be activated that will lead to autophagy of cone cells (Venkatesh et al., 2015).

l 1 autophagy

Decreased production of ( ‘ " \

Figure 1.11: Mechanism of cone cell death due to deficiency of rod-derived cone

viability factor (RACVF) (Venkatesh et al., 2015).
1.14.3. Oxidative stress:

A cell can undergo oxidative stress when the balance between production of reactive
oxygen species (ROS) and their elimination is disturbed (Narayan, Wood, Chidlow, &
Casson, 2016) (figure 1.12). If due to any genetic variability the density of rods
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decrease it will increase the oxygen level in choroid vessels. Increased oxygen level
will in turn increase the level of reactive oxygen species and nicotinamide adenine
dinucleotide phosphate (NADPH). Increased level of these factors will cause the cell

to undergo oxidative stress that will trigger cone degeneration (Lee et al., 2011).

photoreceptor layer
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Figure 1.12: Role of oxidative stress in cone degeneration (Venkatesh et al., 2015).
1.15. Retinitis pigmentosa:

Among retinal dystrophies, retinitis pigmentosa (RP) is the major cause of visual
abnormalities and sometimes blindness (Strong, Liew, & Michaelides, 2016). It is
characterized by primary degeneration of rods and secondary progressive
degeneration of cones photoreceptors. The retinal degeneration typically starts at mid-
peripheral region and leads towards macula and fovea in later stages of disease. The
disease follow multiple Mendelian inheritance patterns with X-linked RP being the
most dangerous type as compared to autosomal recessive RP, autosomal dominant RP

and X-linked dominant RP (Russell et al., 2017).
1.15.1. Age of onset:

The age of onset in RP patients is variable as some individuals might develop no night
blindness symptoms until they reach adulthood while some present symptoms in early
childhood. Depending on age of onset, progression of disease and severity of

symptoms, RP is divided in to various subtypes (Davies & Pineda II, 2017).
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1.15.2. Clinical manifestation:

The disease manifests as decreased or poor night vision or Nyctalopia, progressive
degeneration of retinal pigmented epithelium and photoreceptors, tunnel vision and
reduced visual acuity (Marc, Jones, Watt, & Strettoi, 2003). Some patients with RP
may experience color blindness and photophobia (Marc et al., 2003). It is observed in
RP patients that the rods are affected in the earlier stage of disease and later cones are
also degenerated that explains the appearance of night blindness first in patients then a
secondary visual impairment (Hamel, 2006). In few affected individuals other
symptoms are also observed with retinitis pigmentosa that is why it is divided into
non-syndromic retinitis pigmentosa and syndromic retinitis pigmentosa (Hamel,

2006).
1.16. Types of retinitis pigmentosa:
1.16.1. Non-syndromic retinitis pigmentosa:

It is the typical form of retinitis pigmentosa that may be present in early years of life
or may appear in second decade of life. Some people show signs of stationary night
blindness while others have a progressive form of disease (Fahim, Daiger, & Weleber,
2023). First night blindness or mild mid night blindness appears but after some time
defects in peripheral vision can be observed. In the mid stage of disease a complete
phenotypic picture of night blindness develops (Talib, Van Cauwenbergh, & Boon,
2022).

Patient feels difficulty while driving or walking at night or in darkness. The loss of
peripheral vision can be seen in broad day light when patient cannot detect objects
and movement in surroundings. In addition to these symptoms the patient might
become photophobic, can develop reading difficulty, and dyschromatopsia (Verbakel
et al., 2018).

1.16.2. Syndromic retinitis pigmentosa:

In syndromic type of retinitis pigmentosa the patient develops other disabilities with
night blindness. The most frequently occurring types of syndromic form of disease
are: Usher syndrome and Bardet Biedl syndrome (Pierrottet et al., 2014). Some less

frequent types of syndromic RP includes Jeune syndrome, Cockayne syndrome,
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Alport syndrome, Senior loken syndrome (Ronquillo, Bernstein, & Baehr, 2012) and
Cohen syndrome (Hamel, 2006). RP is also reported in some metabolic disorders and
central nervous system disorders. The metabolic cases of RP include peroximal
disorders, Refsum disease (Kumar, Srivastava, & Muhammad, 2022),
mucopolysaccharidoses, cystinosis and bietti’s disease (Vargas, Mitchell, Yang, &
Weleber, 2019). The neurological diseases associated with RP are neuronal ceroid
lipofuscinosis, Joubert syndrome (Sturm et al., 2010), autosomal dominant cerebellar
ataxia type Il and myotonic dystrophy (Kimizuka, Kiyosawa, Tamai, & Takase,

1993).
1.16.2.1. Usher syndrome:

This is the most frequently found (18% cases) form of syndromic RP (Koenig, 2003)
and is inherited in an autosomal recessive pattern (Yoon, 2022). Usher syndrome
(USH) is characterized by retinal dystrophy and hearing loss. It is further classified

into three types on the bases of age of onset and severity of disease (Yoon, 2022).

In type 1 of USH a congenital sensorineural hearing loss, retinal disease, vestibular
dystrophy and speech loss is observed in early childhood (Koenig, 2003). In patients
with USH 1 the speech does not develop unless at an early stage of disease a cochlear
implant is not fitted (Koenekoop, Arriaga, Trzupek, & Lentz, 2020). Usher syndrome
type Il (USH2) is clinically characterized by bilateral, congenital sensorineural
hearing loss and progressive retinitis pigmentosa (J. Yang, Wang, Song, & Sokolov,
2012). The hearing loss can be mild to moderate at lower frequency but can be
profound at higher frequencies (J. Yang et al., 2012). The vestibular response remains
intact in most cases but some variability is also observed in cases. Early fitting of
hearing as well as speech therapy can help better manage disease. USH2A is usually
misdiagnosed as non-syndromic hearing disorder until the symptoms of retinitis
pigmentosa starts developing (Sadeghi et al., 2004). In Usher syndrome type III the
patient experience progressive postlingual hearing disability, late onset of retinitis
pigmentosa and variable vestibular damage. Affected individuals have normal
hearing, develop speech and vision at birth but as the person enter its second decade

of life progressive damage to hearing and retina occurs (Fields et al., 2002).
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1.16.2.2. Bardet-Biedl syndrome:

Bardet-Biedl syndrome (BBS) has a prevalence of 1/150000 (Beales, Elcioglu, Woolf,
Parker, & Flinter, 1999) and is characterized by retinitis pigmentosa, postaxial
polydactyly and obesity. In some severe cases of BBS cognitive impairment,
hypogonadism and renal abnormalities are also reported (Forsyth & Gunay-Aygun,
2020). Other symptoms associated with BBS are strabismus, facial dimorphisms,
hearing disability, ataxia and developmental delay (Shoemark, Dixon, Beales, &

Hogg, 2015).
1.17. Other inherited retinal dystrophies:
1.17.1. Leber congenital amaurosis:

Leber congenital amaurosis (LCA) is a rare retinal dystrophy that is often confused
with RP and is inherited in an autosomal recessive manner (Gregory-Evans, Pennesi,
& Weleber, 2012) although some autosomal dominant cases have also been reported
(Perez-Lanzon, Kroemer, & Maiuri, 2018). The only distinction between RP and LCA
is that LCA is manifested within months after birth. It is considered the most common
cause of childhood blindness with a prevalence rate of 1 in 800000 individuals. The
phenotypic manifestation of disease includes features like vision loss, nystagmus,

photophobia and keratoconus (Lyons & Lambert, 2022).
1.17.2. Macular dystrophy:

The inherited macular dystrophies harm the central region of retina and are associated
with degeneration of retinal pigment epithelium (Schum, 2013). The macular
dystrophies are reported to be monogenic and have an autosomal dominant
inheritance pattern. Age- related macular degeneration (ARMD) is mostly reported in
elderly individuals mostly in their sixties and is responsible for 8.7% of worldwide
vision loss (Wong et al., 2014). Some studies have found higher number of women
affected by age related macular degeneration as compared to men (Seddon, Reynolds,

Yu, Daly, & Rosner, 2011).

21



Chapter 01

1.17.3. Stargardt disease:

The most common form of macular dystrophy in a young age is Stargardt disease.
People affected with this condition have vision loss around twenty years of age. This
disease is transmitted autosomal recessively in familial cases and has a prevalence of
about 0.8% (Jadoon et al., 2006). The disease manifests as progressive loss of central
vision (bilateral). Some less common features of disease include photopsia, blind spot

formation, photophobia and loss of color vision (Kohli & Kaur, 2023).
1.17.4. Aniridia:

Aniridia, an autosomal disease is characterized by bilateral iris hypoplasia resulting in
ophthalmological abnormalities. Patient can also develop complete or partial foveal
and optic nerve hypoplasia, nystagmus, cataract, glaucoma, clouding of cornea and
vascular retinopathy (Black, Ashworth, & Sergouniotis, 2022). In up to 85% of
congenital cases of Aniridia autosomal dominant inheritance pattern is observed while
in 1-3% of cases autosomal recessive inheritance is reported. In autosomal recessive
Aniridia it is often associated with Gillepsie syndrome if cerebral ataxia and mental

abnormality is also present (Tripathy & Salini, 2023).
1.17.5. Alstrom syndrome:

Alstrom syndrome present as multi-organ genetic disorder that is inherited in an
autosomal recessive way (Collin et al., 2005). It clinical features encompasses an
early rod cone abnormality, obesity, hearing difficulty, insulin resistance, short
stature, cardiomyopathy, liver and kidney dysfunction. The symptoms start appearing
in infancy but their severity increases with time and result in life threatening condition

in adults (Marshall et al., 2005).
1.18. Genetics of retinal dystrophies:

The genetics of inherited retinal dystrophies is highly heterogeneous like its clinical
manifestation. To date more than 300 genes have been associated with IRDs (Eker,
2023). The mode of inheritance of retinal diseases is also variable with fifteen to
twenty percent autosomal dominant cases and five to twenty cases are autosomal
recessive (Daiger, Bowne, & Sullivan, 2007). X-linked inheritance is also reported in

5-20% cases (Daiger et al., 2007) while in case of RP digenic inheritance is also
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observed where two genes with heterozygous mutation are responsible for disease
(Nash et al., 2015). To date more than 80 genes have been reported for non-
syndromic RP (Verbakel et al., 2018). These genes are known to be involved in
variable functions like phototransduction, RNA splicing, maintenance, metabolism

and development of retinal cells (Nash et al., 2015).

Retinitis pigmentosa genes commonly reported in Pakistani population includes
PDEG6C (phosphodiesterase 6C), TULPI (tubby-like protein 1), MERTK (mer tyrosine
kinase proto-oncogene), RHO (Marwan et al., 2023), CERKL (ceramide kinase-like),
RP1 (axonemal microtubule-associated protein) (Nadeem et al., 2020), PDE6B
(phosphodiesterase 6b), CNGBI (cyclic nucleotide-gated channel protein 1), CRBI

(crumbs cell polarity complex component 1 ) (Azam et al., 2011),

For syndromic forms of RP like Usher syndrome (USH) 15 genes (Daiger et al., 2007)
are known to be the cause of disease among which MY(O74 (Myosin, unconventional,
family VII, member A), USH2A (usherin gene), USHIC (PDZ domain-containing
protein), CDH23 (cadherin-related family, member 23), PCDHI15 (protocadherin 15)
and SANS (scaffold protein containing Ankyrin repeats and Sam domain) are
associated with USH type 1, ADGRV1 (Adhesion G protein-coupled receptor V1) and
WHRN (Whirlin )for USH type 2; CLRNI (Clarin-1 ) for USH type 3 (Nash et al.,
2015).

In Bardet-Biedl syndrome (BBS) biallelic loss of function is reported in 26 genes
(Niederlova, Modrak, Tsyklauri, Huranova, & Stepanek, 2019). Some of the most
reported variants are found in BBS1 (23.4%), BBS2 (9.6%), ARL6 (ADP-ribosylation
factor-like GTPase 6) (5.15), BBS10 (14.5%) and CEP290 (290-kD centrosomal
protein) (6.3%) (Forsyth & Gunay-Aygun, 2020). CEP290 is also reported for Joubert
syndrome, Senior Loken syndrome and Leber congenital amaurosis (Forsyth &
Gunay-Aygun, 2020). Other genes identified in LCA includes: GUCY2D
(GUANYLATE CYCLASE 2D), CRBI (crumbs cell polarity complex component 1),
AIPLI (arylhydrocarbon-interacting receptor protein-like 1), NMNATI (nicotinamide
nucleotide adenylyltransferase 1), RPEG65 (retinoid isomerohydrolase), SPATA7
(spermatogenesis-associated protein 7), and MERTK (mer tyrosine Kinase

protooncogene) (den Hollander, Roepman, Koenekoop, & Cremers, 2008).
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The first homeobox gene PAX6 is reported to cause Aniridia when mutated. It has 4
exons and is located on chromosome 11p13 chromosome 11p13. Until now scientists
have discovered 400 heterozygous disease causing variants in PAX6 gene (Hingorani,
Hanson, & Van Heyningen, 2012). ALMSI1 gene is located on chromosome 2p13, and
is reported to cause Alstrom syndrome if a mutation occurs in it. It is composed of 23
exons and is expressed in retina, renal tubules, hypothalamus, pancreas and organ of
corti (Jagger et al., 2011). The adenosine triphosphate-binding cassette transporter
alpha 4 subunit (4BCA4) gene consists of 50 exons and is located on chromosome.
An abnormality in ABCB4 gene due to variant can cause inherited cases of macular

dystrophy or Stargardt Disease (Glazer & Dryja, 2002).
1.19. Diagnostic criteria:

There are various methods that are used for the diagnosis of retinal dystrophies. Some

of them are explained in detail.
1.19.1. Ophthalmic examination:

A funduscopic exam of the affected individual is done by an ophthalmologist to find
out any changes that might indicate retinal damage. The three classical clinical
features observed during the fundus examination of a person with mild or late stage of
RP are: attenuation of retinal blood vessels, a waxy pallor of the optic nerve and
formation of bony spicules (Thenappan, Nanda, Lee, & Lee, 2023) (figure 1.13). In

some patients hyperpigmentation of the fundus is also observed.

Other ocular findings in patients with retinal dystrophies include nystagmus and
refractive error (Flitcroft, Adams, Robson, & Holder, 2005). Retinal dystrophies that
cause macular complications can show hole in macula, macular scar and edema

(Sultana, 2023).
1.19.2. Perimetry:

To assess the loss of peripheral vision Goldmann perimeter or static perimetry is used
(Pineles et al., 2006). Microperimetry or fundus driven perimetry is introduced
relatively recently that provides assessment of loss of central vision. It enables the
assessment of image of posterior pole and helps correlate it to the function (Acton &

Greenstein, 2013).
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Figure 1.13: Fundus showing bony spicules, pale optic disc and attenuated blood

vessels in a retinitis pigmentosa patient (Hamel, 2006).
1.19.3. Color vision:

Color vision is not affected in all retinal dystrophies but sometimes if the visual acuity
decreases below 20/40 this abnormality is reported. Higher order color detection tests

like Berson plates are used for blue color monochromes (Chawla & Vohra, 2023).
1.19.4. Optical coherence tomography:

In case of thinning of retina like in retinitis pigmentosa optical coherence tomography
(OCT) can provide evaluation of retinal damage (Hood et al., 2011). In advanced
stage of disease this thinning can progress towards macula. OCT can also detect
edema in macula thus eliminating the need of fundus angiography for detecting
cystoid edema in macula. Foveal hypoplasia and membrane damage in sub foveal

region in case of achromatism may be identified using OCT (Thiadens et al., 2010).
1.19.5. Electroretinography:

Electroretinography not helps in diagnosis of retinal disorder but also provides

assessment for disease progression (Thiadens et al., 2010). The electroretinogram
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(ERGQG) can detect the disease at early stage than fundus examination. The delayed or
diminished scotopic response of rods can be detected in full-field ERG. A highly
abnormal ERG or even an extinguished ERG is observed in cases of Leber congenital

amaurosis (Thiadens et al., 2010).
1.20. Treatment and disease management:

Regardless of advances in science and technology no cure is discovered for retinal
dystrophies. Support treatments like vision aid are provided in case of low visual

acuity and flashlights can help individuals suffering from night blindness.
1.20.1. Gene therapy:

Genetic therapies are difficult to perform and expensive but in case of retina it can be
possible as it is easily accessible for surgical procedure and the barrier between blood
and retina provides ocular immunity (Russell et al., 2017). Some clinical trials are

under progress for sub retinal injections for disease management.
1.20.2. Retinal implants:

Retinal implant therapies are being introduced to replace the phototransduction in eye
with artificial devices. In patients with retinal dystrophies the degenerated photo
receptor cells cannot send signal to brain but these implants can help trigger signals

that will be transmitted to brain (Musarella & MacDonald, 2011).
1.20.3. Retinal transplantation:

Another approach to treat retinal dystrophies is transplantation of retinal pigment
epithelium cells or developing retina into sub retinal space. A study was conducted on
ten AMD and RP patients having visual acuity 20/200. Seven out ten showed slight
improvement in vision with implantation of fetal retina (Radtke et al., 2008).
Scientists are also trying to develop an alternative approach of using photoreceptor
precursor cells (MacLaren et al., 2006) or incubated human stem cell (Lamba, Karl,

Ware, & Reh, 2006) to restore vision in individuals with retinal disorders.
1.20.4. Vitamin therapy:

The role of vitamin A in protection of photoreceptors from antioxidants makes

vitamin A therapy an effective approach to treat the dystrophies. Data from long term
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studies have revealed that a high dosage (150001U) of vitamin a can slow down the
loss of ERG amplitudes if taken for 5 to 15 years (Berson et al., 2010). Many

scientists are still debating the role vitamin A therapy can play to improve vision.
1.20.5. Drug delivery:

An alternative approach under consideration is to treat retinal degeneration by direct
drug induction through the sclera. Different methods to deliver drugs can be use of
electric field, microneedles and collagen gels (Jiang, Geroski, Edelhauser, &

Prausnitz, 2006).
Section III:

1.21. Microphthalmia

Microphthalmia is a congenital condition in which one or both eyes are smaller at
birth than <I5mm. The normal human eye ranges between 16 to 19 mm in the
neonatal stage. In this rare developmental disorder the post-natal growth of eye that
occurs in the early years of life within the posterior region is also affected (figure
1.14). The corneal diameter in microphthalmia is <I0mm while the diameter of eye
globe <20mm. Microphthalmia can present with other developmental disorders of eye
including deformity in optic fissure closure and coloboma (S. P. Shah et al., 2011). It
may also affect sclera, lens, cornea and anterior and posterior region of eye (Verma &
FitzPatrick, 2007). Some studies have reported other than ocular abnormalities in
microphthalmia patients like facial deformities, renal damage, microcephaly and

cardiac anomalies (Skalicky et al., 2013).

The prevalence of microphthalmia is 30 affected individuals in 100000 births and is
reported to cause blindness in almost 11% of affected children (Verma & FitzPatrick,

2007).
1.22. Risk factors for microphthalmia:

Data from epidemiological studies reveal some risk factors might contribute to defects
in ocular development. A smaller gestational time and underweight infant are more
prone to microphthalmia. Environmental factors, excessive alcohol drinking by

mother and her age (>40) are also considered risk factors (Verma & FitzPatrick,
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2007). In alcoholic mothers infant can be born with fetal alcoholic syndrome and a
small eye globe (Brennan & Giles, 2014). During pregnancy gestational infections
such as cytomegalovirus, rubella, varicella and toxoplasma have also been reported as
important environmental cause of disease (Mauri et al., 2015). Other contributing
factors include harmful drugs, vitamin A deficiency and exposure to damaging

radiations (Mauri et al., 2015).

The genetically inheritable causes of disease are not any less common.
Microphthalmia is genetically heterogeneous and can be inherited in an autosomal
dominant pattern, autosomal recessive pattern, X-linked disease, de novo sporadic

cause, and chromosomal abnormality syndrome (Morle et al., 2000).

Figure 1.14: Clinical appearance of microphthalmia (Verma & FitzPatrick, 2007).
1.23. Development of human eye at molecular level:

In humans ocular development starts in the anterior region of neural plate at 3 weeks
in fetus. Orthodenticle Homeobox 2 (OTX2) initiates the specification with
coordination of SIX Homeobox 3 (SIX3), Retina and Anterior Neural Fold
Homeobox (RAX) and Paired box protein Pax-6 (PAX6) (Sinn & Wittbrodt, 2013;
Zagozewski, Zhang, & Eisenstat, 2014). A forkhead transcription factor (FOXD3)
plays an important role in the formation and maintenance of neural crest cells and
allow its derivatives to develop (Barembaum & Bronner-Fraser, 2005). After 22 days
of gestation SIX3 regulates SHH (sonic hedgehog) to form the mid line and it

stimulates the migration of prospective hypothalamic cells to anterior end leading to
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splitting the eye field into two. SIX3 also activates PAX6 and SOX2 to form lens pre-
placodal region (Sinn & Wittbrodt, 2013). This developing lens placode release
retinoic acid and bone morphogenetic protein (BMP) to stimulate the invagination at
33 days gestation to form the optic vesicle that results in the formation of bi-layered
optic cup (Cvekl & Wang, 2009). Signaling of TGFp from the extraocular
mesenchyme layer maintains OTX2 and MITF expression in optic cup to form retinal
pigment epithelium (Cvekl & Wang, 2009). Ventral Anterior Homeobox 1 and 2
(VAX1/VAX2) are regulated by SHH to induce the expression of PAX2 for formation
of optic stalk (Take-uchi, Clarke, & Wilson, 2003). At four weeks of gestation
formation of an optic fissure help supply nutrients to the developing eye (Richardson,

Tracey-White, Webster, & Moosajee, 2017) (figure 1.15).

Figure 1.15: Formation of lens and optic cup in developing human eye (Harding &

Moosajee, 2019)

1.24. Types of microphthalmia:

Three types of microphthalmia are recognized:
1.24.1. Simple microphthalmia:

It is also known as pure microphthalmos or nanomicrophthalmos. In simple
microphthalmia the eye is smaller than normal size and no other abnormality is
associated with it. Such eyes may have a thickened sclera and sometimes a cyst.

TMEM98 gene located at chromosome 17pl2-ql2 is often linked to pure
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microphthalmia and is inherited in an autosomal dominant pattern (Yanoff & Sassani,
2018).

1.24.2. Systemic anomalies and microphthalmia:

It is associated small eyes and anomalies like trisomy 13 and infections such as
congenital rubella (Yanoff & Sassani, 2018). Some anomalies associated with

microphthalmia are listed in table.

Table 1.1: Chromosomal anomalies associated with microphthalmia are listed in table

below.

Chromosomal Disease features

abnormality

Triploidy syndrome Large placenta, syndactyly, brain anomalies, heart defects

Duplication 3q syndrome Growth deficiency, genital defect, cardiac anomalies, hypertrichosis

4p- (Wolf-Hirschhorn Microcephaly, learning difficulty, epilepsy, cleft lip, growth deficiency
syndrome

Trisomy 18 (Edwards Learning difficulty, single umbilical artery, cardiac defect, microgathia,
syndrome hypoplasia of skeletal muscles.

Duplication 4p syndrome Epilepsy, obesity, microcephaly, genital abnormalities

Duplication 10q syndrome  Ptosis, microcephaly, growth deficiency, learning difficulty
Trisomy 9 mosaic Microgathia, growth deficiency, learning disability, heart defect.

syndrome

1.24.3. Complicated or complex microphthalmia:

In this type cases of epibulbar choristomas are reported with microphthalmia. Other
ocular abnormalities like opaque cornea, Aniridia, retinal dysplasia and corectopia are

generally found in clinical examination (Yanoff & Sassani, 2018).
1.25. Diagnosis:

The measurement of the total length of eyeball is the standard way of diagnosis for
microphthalmia. The total axial length of the eye ball both in posterior region and

anterior region is measured including corneal diameter, chamber depth, and length of
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the lens (Qidwai & Shaikh, 2015). Visual acuity test is performed to check for

reduced vision due to small eye ball.

A fundus examination can help to identify any blurred margins of the optic disc. The
optical coherence tomography (OCT) is performed in rare cases to study the elevated
retinal fold (Qidwai & Shaikh, 2015). A fetal ultrasound can be performed to identify
any abnormality in fetus following international ultrasound protocols (Searle, Shetty,
Melov, & Alahakoon, 2018). These guidelines also provide overview on orbital
measurements and diagnosis. The diagnosis is usually made on identification of
decreased orbital diameter and examining the intra orbital structures such as lens,

optic nerve and pupil (Searle et al., 2018).
1.26. Genetics of microphthalmia:

To date almost 100 genes are identified in syndromic and non-syndromic cases of
microphthalmia (Harding & Moosajee, 2019). According to Harding & Moosajee,
2019, these genes mostly fall in two categories: SOX2, OTX2, PAX6, RAX, FOXE3
and VSX2 fall in transcription factors that contribute to ignition of eye development
(Harding & Moosajee, 2019). The second category include ALDHIA3, RAR and
STRAG6 genes that are component of retinoic acid signaling pathway (Harding &
Moosajee, 2019).

1.26.1. SOX2 gene:

In genetic cases of bilateral microphthalmia heterozygous mutations found in SOX2
gene contribute to most cases (15-40%) (Fares-Taie et al., 2013) (Slavotinek, 2019).
This gene is also associated with syndromic form of microphthalmia where extra
ocular findings such as seizures, brain anomalies, hearing loss, short stature and
genetic abnormalities are also present (Slavotinek, 2019). Missense mutations in
SOX2 gene are also reported to affect the DNA binding domains resulting in a milder
presentation of disease such as developmental abnormalities, coloboma and growth

retardation (Williamson & FitzPatrick, 2014).
1.26.2. OTX2 gene:

Reported heterozygous variants in OTX2 include missense, nonsense, frameshift and

indels (Williamson & FitzPatrick, 2014) that are estimated to be a cause of disease in
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2-8% cases of microphthalmia (Wyatt et al., 2008). Highly variable phenotype is
found in patients with disease causing variant in O7X2 gene such as anterior segment

deformities, hypoplasia and retinal dystrophies (Schilter et al., 2011).
1.26.3. FOX3 gene:

Autosomal dominant variant in FOX3 gene was first identified in a patient with
myopia, cataracts, and embryotoxon (Semina, Brownell, Mintz-Hittner, Murray, &
Jamrich, 2001). In 2006, Valleix et al., identified autosomal recessive variant in FOX3
gene in siblings born in a consanguineous union with aphakia, microphthalmia, and

aplasia of anterior region (Valleix et al., 2006).
1.26.4. PAXG6 gene:

This transcription factor is mostly associated with aniridia but in a study on more than
500 patients of microphthalmia, anophthalmia and coloboma 1-2% cases were found
to be related to PAX6 gene (Williamson & FitzPatrick, 2014). Complex phenotypic
presentation of disease is reported for microphthalmia patients with mutation in PAX6
gene such as aniridia, coloboma, and optic nerve damage (Williamson & FitzPatrick,
2014).

1.27. Disease management and treatment:

As no cure is available for microphthalmia, only shared approach of care for affected
individuals can help to manage disease. Children are prescribed glasses in case a
significant error in refraction is identified or only one eye is affected (Ragge, Subak-

Sharpe, & Collin, 2007).
1.27.1. Expansion of eye socket:

An early expansion of eye socket in severe microphthalmia can help minimize the
facial disfigurement. When a child is born the size of eye is 70% of the size in an
adult human eye and it keeps growing as the face of child grows with age until it
reaches its maximum size (Ragge et al., 2007). A reduced volume in ocular region
due to underdeveloped eyelids, orbit and fornices will affect the normal facial

development (figure 1.16).
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Figure 1.16: A baby with unilateral microphthalmia. (a) Eye without cosmetic shell
(b) An eye with cosmetic shell (c) appearance of child with cosmetic shell with

growth (adopted from (Ragge et al., 2007).

If the progressive growth of the socket is not facilitated by adding socket expanders,
the individual will not be able to wear prosthesis and will have an asymmetric face
(Ragge et al., 2007). In microphthalmic eyes where there is vision and the axial length
is less than 16 mm, a purpose made cosmetic shell is fitted to promote orbital growth

(Ragge et al., 2007).
1.27.2. Long term disease management:

After first five years of life with socket expansion a yearly review will be required of
growing eye. In some cases an angle closure glaucoma (Demirci, Singh, Shields,
Shields, & Eagle, 2003) and retinal detachment (Daufenbach, Ruttum, Pulido, &
Keech, 1998) is developed over time. Patients are advised to visit an ophthalmologist

promptly if they find any change in their vision.
1.27.3. Therapeutics:

Trial studies are being conducted to evaluate the efficiency and safety of intravenous
administration of stem cells for various diseases (Harding & Moosajee, 2019). Small
molecular drugs are being developed for aniridia that interfere with the fidelity of
ribosomes to produce full length proteins in mouse models (X. Wang et al., 2017). In
future if successful these techniques might be used for congenital ocular disorders like

microphthalmia.
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1.28. Molecular diagnosis in genetic disorders:

With advancements in molecular genetics DNA based diagnostics techniques are used
for early diagnosis of disease causing variants in affected individuals (Carss et al.,
2017). An early identification of pathogenic variant especially in familial cases of
disease can help in better disease management. Genetic studies on disease causing
variants in a population also provide the data for genes actively involved in diseases
in a region and highlights the worldwide variability in genome. Sanger sequencing is
the most widely used approach in molecular diagnosis even after 40 years of
discovery but this technique has some limitations such as it is time consuming and
cannot be used for longer fragments of DNA. Another limitation of Sanger
sequencing is that it cannot be used for heterogeneous diseases such as retinitis

pigmentosa and various other retinal dystrophies.

Considering high genetic variability in ocular diseases genetic testing using next
generation sequencing (NGS) approach is becoming more common. This technology
enables us to acquire molecular diagnosis for large number of patients. An accurate
diagnosis of disease provides basis for disease prognosis and genetic counseling. NGS
has been applied primarily to Mendelian disorders as it makes analysis simple and
accurate (Lopez Jimenez et al., 2011a). In current study we will be using molecular
diagnostic techniques like Sanger sequencing and next generation exome sequencing
for identification of pathogenic variants in autosomal recessive inherited eye disorders

in Pakistani population.

1.28.1. Techniques used for identification of disease causing variants in eye

disorders:
1.28.2. Sanger sequencing:

In 1970, Frederick Sanger and colleagues developed a first-generation sequencing
method for DNA sequencing (Solomon, 2018). Even to this day, with all the
advancements in sequencing techniques, Sanger sequencing retains its essential
position as a diagnostic technique in clinical genomics (Hagemann, 2015). It also
provides an orthogonal way to confirm the variants identified in modern next

generation sequencing techniques (Hagemann, 2015).
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This method uses a pair of targeted oligonucleotide primers for a specified region of
DNA. The process starts with the denaturation of double-stranded DNA, and then the
oligonucleotide primer is annealed to targeted region. An elongated strand is formed
complementary to the parent strand using a mixture of deoxynucleotides triphosphate
(ANTPs) such as arginine (A), guanine (G), tyrosine (T) and cytosine (C). The
mixture of dNTPs also includes some small quantity of dideoxynucleotide
triphosphates (ddNTPs) that acts as a chain terminator. Due to these ddNTPs chains
will terminate at different lengths. These ddNTPs also include a fluorescent marker
that produces fluorescence when attached to elongating strand. Each ddNTP is
indicated by a different color such as green for A, red for T, blue for C and black for
G that is detected by a laser in an automated machine and is translated into a peak
(figure 1.17). This method can detect a silent mutation, missense variants, nonsense
variants, deletions, splice variants, insertions and truncating frameshift variants

(Gomes & Korf, 2018).
1.28.3. Next-generation sequencing:

A comparatively new DNA sequencing technology that has revolutionized the
sequencing of DNA and RNA is next-generation sequencing (NGS). With the help of
NGS, hundreds and thousands of samples can be sequenced deeply in a parallel
manner. It has made the sequencing of the entire human genome possible in just a

single day (Qin, 2019).

NGS can be used to interrogate exomes or full genomes to identify reported and novel
disease-causing variants. DNA fragmentation is the first major step in the NGS that
breaks the DNA into short segments ranging from 100 to 300 bp in length (Knierim,
Lucke, Schwarz, Schuelke, & Seelow, 2011). Fragmentation can be achieved by using
enzymes or sonication. Following fragmentation segments are usually pulled out
using a hybridization capture assay or amplicon assay. The next step is the preparation
of library in which samples are given a sample specific index to identify each sample.
This also allows primers to bind specifically to a sequence for sequencing in later
steps. The DNA library is than uploaded to a matrix in sequencer to allow parallel

sequencing of all samples.
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Figure 1.17: The method of Sanger sequencing in graphical form (Zhang, Seth, &
Fernandes, 2014).

The data generated is subjected to bioinformatics analysis in next step that involves
base calling, alignment of read, identification of variants and lastly annotation of
variants. During these steps a human genome is used as a reference for identification
of variants in data (Qin, 2019). NGS can identify disease-causing variants despite the
type of variant, inheritance pattern of disease and its genotype (Russnes, Navin,

Hicks, & Borresen-Dale, 2011).

The main disadvantage of NGS is the infrastructure and expertise that is required for
subsequent data generation and variant analysis. To make it cost affective large
batches of samples should be run to offer benefits in patients’ health. Whole exome
sequencing also has some disadvantages such as it does not cover exon with high GC

content like first exon and non-coding RNAs (Topper, Ober, & Das, 2011).
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1.29. Objectives of study:

The main objectives of present study were following:

1.

3.

Enroll families affected with selected autosomal recessive eye disorders
(primary  congenital glaucoma, inherited retinal dystrophies and
microphthalmia) from different regions of Pakistan.

Identification of disease causing mutations in enrolled primary congenital
glaucoma families through Sanger’s sequencing method.

Next generation sequencing including panel and whole exome sequencing (as
per availability) of enrolled microphthalmia and inherited retinal dystrophies
families to identify mutant gene and variant/s.

Bioinformatics analysis of all identified variants, definitive molecular
diagnose of various eye diseases and provision of information to the families

and clinicians for better management and genetic counseling.
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MATERIALS AND
METHODOLOGY
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To identify the genetic and molecular basis of autosomal recessive eye disorders in
Pakistani population the study was divided into field work and laboratory work. The
study was approved by Bioethics Committee of Faculty of Biological Sciences,

Quaid-i-Azam University (QAU) Islamabad, Pakistan (Annexure I).
2.1. Field work:
2.1.1. Identification and enrollment of eye disorders families:

The field work comprised identification of families affected with autosomal recessive
eye disorders, enrollment of families, collection of blood samples and data collection
about affected family. Patients with primary congenital glaucoma (PCG), retinal
dystrophies and microphthalmia were recruited from different eye hospitals in
Pakistan during October 2019 to December 2021. A detailed history of disease in
patient was recorded on specially designed comprehensive questionnaire (Annexure
II). If the affected individual was a minor information and consent was obtained from
parents or guardians. All the families were briefed about the disease and purpose of
research before recruiting them. Only those families were recruited which had more
than one affected individuals born to consanguineous parents. The performa included
details about the names, relationship to proband, address, contact details, detailed
pedigree, caste, ethnicity and phenotype in patient. All the personal data of patients
was kept highly confidential. If a family had affected individuals in extended family,
they were also contacted and samples were obtained considering their availability and
willingness to participate in research. Pictures of clinical reports and patients were
taken in case of any apparent developmental anomaly. All the enrolled patients were
clinically assessed by ophthalmologists for PCG, retinal dystrophies and

microphthalmia.
2.1.2. Sample collection:

After informed written consent, a blood sample was collected in 5 ml Ethylene Di-
amine-Tetra acetic acid (EDTA) vacutainer tubes from 20 primary congenital
glaucoma families, 35 retinal dystrophy families, 1 microphthalmia family. For
genetic analysis, all these samples were dispatched to Molecular Biology Lab,
Department of Zoology, Faculty of Biological Sciences, Quaid-i-Azam University

and were store at 4 °C.
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2.1.3. Pedigree design:

Pedigree for each proband was drawn using Haplopainter software

https://haplopainter.sourceforge.net/ (Thiele & Niirnberg, 2005) according to the

information provided at the time of data collection. A square in the pedigree
represents male while a female is represented by a circle. A small fill symbol
represents affected individual. Consanguineous marriage in the pedigree is shown by

double line. A diagonal line above the symbol represents a deceased individual.
2.1.4. Clinical evaluation:

Detailed medical history of each enrolled family was collected such as age of onset,

sex, age at time of examination and clinical presentation of disease.

For primary congenital glaucoma patients were evaluated for changes in intra ocular
pressure (IOP), damage to the optic nerve and reduced visual acuity. Only those
families were recruited with had increased IOP than 22 mmHg and showed autosomal

recessive inheritance pattern.

In case of retinal dystrophies, patients were checked for reduced night vision, tunnel
vision, color blindness, cataract, photophobia and nystagmus by expert
ophthalmologists. Fundus examination of all the patients were performed to find
changes like macular scar, pale optical disc, attenuated retinal vessels and
pigmentation. Families were also inquired for any surgeries for retinal detachment and
cataract. Further information was collected regarding hearing issues, mental
abnormality, kidney problems, increased blood pressure, obesity, polydactyly, dental
anomalies, reproductive system abnormalities, speaking disability and cardiovascular
defects. As microphthalmia is a congenital disorder patients were evaluated for
corneal diameter to be less than 10 mm and diameter of eye orbit to be less than 20
mm. They were also questioned about any other deformities or abnormalities such as

facial, renal and cardiac defect.
2.2. Laboratory work:

In the laboratory all the collected data was organized in excel files and each family
was labeled properly with a unique anonymous identification number (UAI) to further

process the samples. The extraction of genomic DNA for all the PCG samples was
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carried out using organic method of DNA extraction. For retinal dystrophies and

microphthalmia families QIAamp DNA extraction kit was used.

2.2.1. DNA extraction using Phenol Chloroform method:

EDTA tubes were taken out at and placed at room temperature for 30 minutes to start

cell lysis. The composition of all the solutions used is mentioned in table 2.1.

)

2)

3)

4)

3)

6)

7)

8)

9)

50 ml falcon tubes were labeled with patient UAI and 5 mL blood was
transferred to the falcon tube.

In each falcon tube 40 ml of TE buffer was added and then after 30 minutes
they were centrifuged at 3000rpm for 20 minutes.

The centrifugation will form 2 layers. Discard the upper layer with autoclaved
glass pipette to make the remaining volume 20 ml.

Refill each falcon tube with washing buffer to make total volume up to 40 ml.
Gently tap and shake the falcon tube to dissolve the pellet. Centrifuge the
tubes again at 3000 rpm for 20 minutes.

The upper layer was discarded up to mark of 10 ml this time and again
washing buffer was added to make total volume 40 ml. Centrifugation was
repeated at 3000 rpm for 20 minutes.

In last step of day one all the supernatant was discarded and a calculated
amount of 6 mL TNE, 200 pL SDS and 20 pL PK was added in each tube and
was incubated at 37 °C.

On next day falcon tubes were removed from incubator and were placed at
room temperature. In each tube 500 pL of Sodium chloride was added. The
tubes were shaken vigorously and placed in ice for 10-15 minutes.

I ml of prepared mixture of phenol, chloroform and iso-amyl alcohol was
poured in each tube and centrifugation was performed at 3000 rpm for 20
minutes.

After centrifugation two layers were formed. The upper layer of aqueous DNA

was collected and transferred to a clean labeled falcon tube.

10) In each tube 60 pL of isopropanol was added to precipitate the DNA. At this

stage a thread of DNA can be seen in tube.

11) Precipitated DNA was centrifuged at 3000 rpm for 20 minutes again to make

pellet of DNA. The supernatant was discarded.
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12) In next step 5 ml of 70% ethanol was added to wash the DNA. All the

supernatant was discarded after centrifugation.

13) Falcon tubes were inverted on a clean tissue paper to dry the pellet. 200 pL of

TE buffer was added in each tube and they were incubated at 37 °C overnight.

Table 2.1: Composition of solutions used for extraction of genomic DNA

Solution Composition

TE Buffer 2mM EDTA, 10 mM Tris HCL, pH 8.0
Proteinase K 10 mg/ml

SDS 20%

TNE Buffer 10 mM Tris HCL, 400 mM NaCl, 2 mM EDTA
NaCl 6 M

Ethanol 70 %

2.2.2. DNA extraction using QIAamp extraction kit:

1))

2)

3)

4)

5)

6)

7)

8)

In a clean UAI labeled Eppendorf tube 20 pL proteinase K was added. 200 pL.
of blood sample was added in each tube.

Lysis buffer (AL) 200 pL each was added in tubes and vortex was performed
for 15 seconds. Tubes were incubated at 56 °C for 10 minutes.

After incubation centrifugation was done at 3000 rpm for 2 minutes. 200 pL
of ethanol was added to tubes and brief centrifugation was done.

All the mixture from Eppendorf was transferred to a clean labeled column and
centrifugation was performed at 8000rpm for 1 minute.

In next step 500 pL of washing buffer (AW1) was added and samples were
centrifuged at 8000 rpm for 1 minute. The filtrate was removed.

In second washing add 500 pL of washing buffer (AW2) and centrifuge at
14000 rpm for 3 minutes.

Column was shifted to a clean UAI labeled Eppendorf tube and collecting tube
was discarded.

On the column 200 pL of elution buffer (AE) was added and samples were

incubated at room temperature for 1 minute.

42



Chapter 02

9) Centrifugation at 8000 rpm was done for 1 minute in last step to collect clean

DNA attached to filter.

To prevent DNA from denaturation, DNA vials were sealed with parafilm were

subjected to heat shock in a water bath (70 °C for 1 hour).
2.2.3. Quantification and qualification of DNA:

The integrity of extracted DNA was analyzed by two methods: agarose gel

electrophoresis and Nano Drop.
2.2.4. Agarose gel electrophoresis:

To prepare the gel for DNA, 0.8 g of agarose was dissolved in 100 ml of 1X TBE
buffer. The mixture was heated for 2 minutes and 3 pL of Ethidium bromide was
added to stain the DNA so that it can be observed under ultra violet light. The mixture
was poured in the casting try and allowed to set for 30 minutes. After 30 minutes
stopper and combs were removed from gel and tray with gel was placed in gel tank
(Cleaver Scientific Limited, CS-3000V) for loading samples. In each well 1 pL of
loading dye (bromophenol blue) and 5 pL. of DNA was added after mixing. The gel
was run for 30 minutes at 120 voltages and 120 Amperes current. The gel was
removed after 30 minutes and was observed under UV light using Gel documentation

system (Cleaver Scientific Limited).
2.2.5 DNA quantification by Nano drop:

To measure the quantity of DNA and check its purity absorbance of samples was
measured at 260/280, 260/230 and 260/325 using Nano drop machine. For blank 2 pL.
of TE buffer was used and 2 pL. of DNA sample was loaded after that to record its

values. A lint free wipe was used after every sample to prevent contamination.
2.3. Molecular analysis of Primary congenital glaucoma:

For molecular analysis of 20 PCG patients (PCG 047-049, 051, 055-057, 059-
069,101,102) CYPIBI gene was analyzed for disease causing variants. Each

identified variant was checked against 96 control samples for confirmation.

2.3.1. Amplification of CYPIBI gene:
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To amplify the coding exons and intron exon boundaries primers described by (Afzal
et al.,, 2019) (Table 2.2) were used. DNA was amplified using 200 pl. PCR tubes
(Axygen, USA) and a reaction volume of 25 pulL was prepared by using quantity of

reagents (Thermo Scientific Kit) mentioned in Table 2.3.

Table 2.2: List of primers used to amplify CYP1B1 gene in enrolled families.

Primer Sequence Exon Temperature  Product
Name size
2aF ACCCAACGGCACTCAGTC 2 59 °C 517 bp
2aR CCGAGTAGTGGCCGAAAG 2 59 °C

2bF CCCCATAGTGGTGCTGAATG 2 61 °C 512 bp
2bR CTCGAATTCGCGGAAAAC 2 59 °C

2¢cF TCAGCCACAACGAAGAGTT 2 56 °C 531 bp
2cR CACTGTGAGTCCCTTTACCG 2 58 °C

3aF GCAAGGCCTATTACAGGAAA 3 57 °C 463 bp
3aR TTCACAGACCACTGGTTGAC 3 56°C

3bF TATGTCCTGGCCTTCCTTA 3 57 °C 512 bp
3bR AGCTTGCCTCTTGCTTCTTA 3 57 °C

3cF AATGAGCCTGCGAAAATG 3 57 °C 513 bp
3cR ATGGCCTGGTTACCAAAATA 3 56 °C

Table 2.3: Components of PCR reaction and their quantity for 25 pL reaction mixture

PCR Reagent Quantity in each reaction
1. DNA 2 uL
2. MgCl, 2 uL
3. PCR buffer 2.5 uL
4. dNTPs Mixture 2.5 uL
5. PCR water 14.7 pLL
6. Taq DNA Polymerase 0.3 uL
7. Forward primer 0.5 puL
8. Reverse primer 0.5 uL
Total 25 pLL
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After adding the PCR reagents in quantity mentioned in table 2 PCR tubes were spun
at 3000 rpm for 1 minute for mixing before putting the tubes in thermocycler for
amplification. In thermocycler amplification were performed on set conditions such as
initial denaturation at 95 °C for five minutes 1 time. After denaturation 35 cycles of
denaturation at 95 °C for 45 seconds, annealing at variable temperatures for 45
second, followed by extension at 72 °C for 90 sec were carried out. In final extension
temperature was set at 72 °C for 10 minutes and then samples were at infinite hold at
25 °C at end of PCR.

2.3.2. Analysis of amplified PCR product:

For this purpose 2% agarose gel was used. In 2% gel 1g of agarose powder was added
in 100 ml of 1X TBE buffer. To visualize the bands in gel 3 pL of ethidium bromide
was added. When gel was solidified after 30 minutes it was transferred to gel tank.
While loading 3 pL. of PCR product and 2 pL of loading dye was used. The loaded gel
was exposed to 120 volts and 120 ampere current for 25 minutes and observed for

bands under Gel documentation system.
2.3.3. Purification of PCR product:

The amplified PCR product was purified using Wizrep Purification Mini kit using the

manual provided by manufacturer:

1. In the first step 20 pL. PCR product was added to 2 ml Eppendorf tube and 100
pL of GP buffer was added in each tube.

2. The mixture was transferred to labeled spin columns that were attached to
collection tubes.

3. Centrifugation at 13000 rpm for 2 minutes was performed and then 350 pL of
washing buffer was added in each column and samples were centrifuged
again.

4. In following step the filtrate was discarded and again 350 puL of washing
buffer was added in spin column.

5. After centrifugation the filtrate was discarded and elution buffer that was pre
heated in incubator at 70 °C for 10 minutes was added.

6. The addition of 50 pL of elution buffer was followed by centrifugation to
remove DNA attached to the filter in a clean Eppendorf tube.
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2.3.4. Sanger sequencing and result analysis:

The amplified PCR product along with primers was sent for sequencing by big dye
terminator ready reaction mix at DNA Core Facility, Center for Applied Molecular
Biology, CAMB Lahore. For sequencing at CAMB an automated ABI-3730 Genetic
Analyzer was used. For sequencing of all exons forward primers were sent with the

product.
2.3.5. Sequence visualization and in silico analysis:

Sequencing results were visualized using Chromas v 2.6.6 https://technelysium.com.

au/wp/chromas/. Sequence for each sample was aligned with reference sequence of

CYPIBI gene NM 000104.4 obtained from Ensembl genomic browser, using
Sequencher software (v 5.4.6) and Codon Code Aligner program to identify the

variants.

For in  silico analysis of identified variants = Mutation  taster

https://www.mutationtaster.org/ (Schwarz, Cooper, Schuelke, & Seelow, 2014) was

used. Significance of each identified variant was checked according to guidelines of

Human Genome Variation Society HGVS http://www.hgvs.org/. To further evaluate

the variants Mutalyzer (v 2.0.35) https://mutalyzer.nl/ (Lefter et al., 2021) and

Varsome https://varsome.com/ (Kopanos et al., 2019) was used. Any effect of the

variant on splicing was investigated with HSF (Human Splicing Finder version 3.1)
https://www.genomnis.com/access-hsf  (Desmet et al, 2009). PolyPhen-2
http://genetics.bwh.harvard.edu/pph2/ (Adzhubei et al., 2010), SIFT https://sift.bii.a-
star.edu.sg/ (P. C. Ng & Henikoff, 2003) and PROVEAN Protein Variation Effect

Analyzer) http://provean.jcvi.org/seq_submit.php (Choi, Sims, Murphy, Miller, &

Chan, 2012) was used to predict the effects of all non-synonymous variants identified
in the data. To identify any changes in the thermodynamics due to variants [-Mutant

v2.0 https://folding.biofold.org/i-mutant/i-mutant?.0.html (Rodrigues, Pires, &

Ascher, 2018) and MUpro http://mupro.proteomics.ics.uci.edu/ (Cheng, Randall, &

Baldi, 2006) softwares were used. Both these softwares predict stability using support
vector method (SVM) and give value for Gibbs free energy AAG. Conservation of
variant amino acid between different mammalian species was analyzed by Clustal

omega https://www.ebi.ac.uk/Tools/msa/clustalo/ (Sievers et al., 2011) and data was
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presented in a graphical form using WeblLogo software https://weblogo.berkeley.edu/

(Crooks, Hon, Chandonia, & Brenner, 2004). To predict the biochemical changes in
CYPIB1 protein HOPE software https://www3.cmbi.umcn.nl/hope/ was used
(Venselaar, Te Beek, Kuipers, Hekkelman, & Vriend, 2010).

2.4. Molecular analysis of retinal dystrophies and microphthalmia:

For the retinal dystrophies proband of 35 enrolled families their affected and
unaffected members were tested for disease-causing variants using NGS because
retinal dystrophies are highly heterogeneous. All the probands had congenital bilateral
night blindness and consanguineous parents. 35 enrolled families were given a UAI,
and extracted DNA samples from 35 families were sent to foreign collaborators
Baylor College of Medicine, USA for capture panel sequencing, and Wellcome
Wolfson Medical Research Centre, UK, and the National Eye Institute, USA, for

whole exome sequencing.
2.4.1. Next Generation sequencing:

The DNA was extracted and quantified at Molecular biology Lab, QAU and were sent
to foreign collaborators for NGS capture panel sequencing and whole exome

sequencing.
2.4.2. Whole exome sequencing:

Whole exome sequence analysis was performed using NextSeq500; Illumina, San
Diego, CA, USA. It also involved Agilent Sureselect Whole Exome v6 targeting,
mate pair fixing, read alignment and removal of duplicates. InDel were realigned and
base quality was recalibrated (GATK v3.7.0), SNV (single nucleotide variants) and
indel detection was performed with variant annotation and depth assessment (GATK
DepthOfCoverage). Savvy CNV was used to detect Copy number variants CNVs
(Laver et al., 2022).

CNVs with <5 reads and an allele frequency >0.01 in gnomAD v4, v3.1 and v2.1.1
and 1000 Genomes Project was excluded. All the synonymous and non-synonymous
variants that were homozygous and compound heterozygous with any predicted

impact on splicing were evaluated and cross referenced against the published SNP
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data in Wellcome Wolfson Medical Research Centre, UK and National Eye Institute,
USA.

2.4.3. NGS capture panel sequencing:

In functional Genomics Core at Baylor College of Medicine, USA the sequencing
library was generated by KAPA HyperPrep Kit following the protocol provided by
manufacturer (Roche, Basel, Switzerland). The library was then pooled for targeted
enrichment of a panel off 344 candidate genes for inherited retinal diseases (Table
2.4) using the SureSelect Target Enrichment system for the Illumina Platform (F.
Wang et al., 2014) (Agilent, Santa Clara, CA, USA). The Novaseq 6000 (Illumina,
San Diego, CA, USA) was used to quantify and sequence captured DNA.

Table 2.4: List of 344 candidate genes screened in NGS panel capture sequencing

ABCA4 ARL6 BEST1 CDH23 CLN6
ABCC6 ASIC2 C12orf65 CDH3 CLN8
ABHDI12 ASIC3 CIQTNF5 CDHRI1 CLRNI1
ACBDS5 ATF6 C2lorf2 CEPl64 CLUAPI1
ADAM9 ATOH7 C2orf71 CEP290 CNGAI1
ADAMTSI8 ATP1B2 C5Sorf42 CEP41 CNGA3
ADGRA3 ATXN7 C8orf37 CERKL CNGBI
ADGRV1 BBIP1 CA4 CFH CNGB3
AGTPBP1 BBS1 CABP4 CHM CNNM4
AHII BBS10 CACNAIF CIB2 COL11A1
AIFM1 BBS12 CACNA2D4 CISD2 COL2A1
AIPLI BBS2 CAPN5 CLCN2 COL9AI
ALMSI BBS4 CC2D2A CLCN3 CRB1
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ARLI13B

ARL2BP

ARL3

CSPPI

CTSD

CTSF

CYP4V2

DFNB31

DHDDS

DHX38

DMD

DNAJCS

DTHDI

EFEMP1

ELOVL4

EMC1

ERCC6

ERCC8

EYS

NEK2

NEURODI1

NMNATI

BBS5

BBS7

BBS9

FAMI161A

FBLN5

FLVCRI

FSCN2

FZD4

GBFl1

GDF6

GJAI0

GNATI

GNAT2

GNGTI1

GNPTAB

GNPTG

GPR125

GPR179

GRK1

NPHP1

NPHP3

NPHP4

CCDC66

CCL2

CCR2

GRM6

GUCAIA

GUCAI1B

GUCY2D

GUCY2F

HARS

HK1

HMCNI1

IDH3B

IFT140

IFT172

IFT27

IMPDHI1

IMPGI1

IMPG2

INPPSE

NR2E1

NR2E3

NR2F1

CLCN7
CLN3
CLN5
INVS
IQCBI
ITM2B
JAG1
KCNJ13
KCNV2
KIAA1549
KIF11
KIF7
KIZ
KLHL7
LCAS
LPCATI
LRAT
LRIT3
LRP5
NRL
NXNLI

NXNL2

CRB2

CROCC

CRX

LZTFL1

MAK

MCOLNI

MDMI1

MERTK

MFN2

MFRP

MFSD8

MITF

MKKS

MKS1

MPP5

MTTP

MVK

MYO7A

NDP

NYX

OAT

OFD1
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OPAl

OPA3

OPNILW

OPNIMW

OPNISW

OoTX2

PANK2

PAX2

PAX6

PCDH15

PCYTIA

PDCL

PDE6A

PDE6B

PDE6C

PDE6G

PDE6H

PDZD7

TEADI1

TMEM216

TMEM231

TMEM237

PEX1

PEX10

PEXI11B

PEX12

PEX13

PEX14

PEX16

PEX19

PEX2

PEX26

PEX3

PEXS5

PEX6

PEX7

PFDN5

PGK1

PHYH

PIN1

TIMMSA

UNC119

USHIC

USHI1G

PITPNM3

PLA2GS5

POMGNT1

PPT1

PRCD

PRKCZ

PROM1

PRPF3

PRPF31

PRPF4

PRPF6

PRPF8

PRPH2

RAB28

RAX2

RB1

RBP3

RBP4

TIMP3

MIR204

PLK4

PNPLAG6

RD3

RDHI11

RDH12

RDHS5

RDHS8

REEP6

RGR

RGS9

RGS9BP

RHO

RIMSI1

RLBP1

ROM1

RP1

RP1L1

RP2

RP9

RPE65

TMEMI26A

NBAS

PRDM13

RTN4IP1

RPGR

RPGRIP1

RPGRIP1L

RRAS2

RS1

SAG

SDCCAGS8

SEMA4A

SLC24A1

SLC38A8

SLC4A7

SLC6A6

SLC7A14

SNRNP200

SPATA7

SRDSA3

TCTNI1

TCTN3

TMEMI138

PROX1

BMP2

UCHL3
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TMEMG67 USH2A POCI1B SLC25A46 LAMAI1
TOPORS VCAN PRPSI SPP2 MAPKAPK3
TPP1 VLDLR TUBGCP4 TRNTI1 PITX1
TREX1 VPS13B GPR143 FBN1 SF3B4
TRIM32 WDPCP PLA2G6 CEP78 GNB3
TRPMI1 WDRI19 TRAF3IP1 CwC27 HMX1
TSPANI2 WEFSI1 Cl0orfl1 ZGPAT TULP1
TTC21B ZNF408 TYR IDH3A BMP4
TTC8 ZNF423 APOB IFT81 EXOSC2
TTLL5 ZNF513 AGBLS FRMD7 HGSNAT
TTPA CEP250 ADIPORI1 MCA4R TUBGCP6
TUB DRAM?2 CTNNALI MSX2

2.4.4. Bioinformatics analysis:

Sequencing data was processed by method defined by Wang et al., (F. Wang et al.,
2014). The fastq files generated were aligned to human reference genome hg 19 using
bawa. GATK was used to recalibrate, realign reads and call variants. Following the
ACMG standards variants were filtered against dbSNP, gnomAD 1000 Genomes
Project and BCM-HGSC internal database. All the reported variants were identified
by checking HGMD, ClinVar and LOVD databases. In silico tools were used to
analyze the novel variants. Missense variants were analyzed based on sequence
conservation and nonsense, splicing and frameshift variants were classified as

potential loss of function alleles.
2.4.5. Validation and segregation testing by Sanger sequencing:

All the identified candidate variants were validated by Sanger testing using an ABI

PRISM 3130 automated DNA analysis system (Applied Biosystems). Primer 3 plus
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https://www.primer3plus.com/index.html was used to design primers (Untergasser et

al., 2012) with at least 50 flanking bases. Proband, affected family members and un-
affected family members were subjected to Sanger testing for variant validation. For
family RP 109, primers were adopted from Nikopoulos et al., 2016 to confirm break
points of a reported deletion (Nikopoulos et al., 2016).

2.4.6. Pathogenicity prediction of identified variants:

PolyPhen-2 (Polymorphism phenotyping V2) http:/genetics.bwh.harvard.edu/pph2/
(Adzhubei et al., 2010), SIFT (Sorting intolerant from tolerant) https://sift.bii.a-
star.edu.sg/ (P. C. Ng & Henikoff, 2003), and PROVEAN (Protein variation effect

analyzer) https://provean.jcvi.org/ (Choi & Chan, 2015) were used to predict the

effect of variant on protein structure using sequence homology. Mutation taster

https://www.mutationtaster.org/ differentiate benign variants from disease causing

variants using data generated from Human 1000 Genomes project, gnomAD and

EXAC (Steinhaus et al., 2021). PANTHER-PSEP https://www.pantherdb.org/tools/

csnpScoreForm.jsp was used to calculate conservation score of variant amino acid

(Mi, Guo, Kejariwal, & Thomas, 2007). FATHMM https://fathmm.bio

compute.org.uk/ can identify a disease causing variant from neutral variant by

analyzing its effect on protein function (Shihab et al., 2015). The effect of the variant
on molecular pathway of the protein was analyzed by MutPred2
http://mutpred.mutdb.org/index.html (Pejaver et al., 2020). Combined Annotation

Dependent Depletion (CADD) https://cadd.gs.washington.edu/ (Rentzsch, Witten,
Cooper, Shendure, & Kircher, 2019) and Rare exome variant ensemble learner

(REVEL) https://sites.google.com/site/revelgenomics/ (loannidis et al., 2016) score

was calculated to obtain pathogenicity prediction of variant.

The changes in stability of protein structure was analyzed using MUpro
https://mupro.proteomics.ics.uci.edu/ (Cheng et al., 2006), iStable http://predictor.
nchu.edu.tw/iStable/ (C.-W. Chen, Lin, Liao, Chang, & Chu, 2020) and [-Mutant 2.0
https://folding.biofold.org/cgi-bin/i-mutant2.0.cgi (Capriotti, Fariselli, & Casadio,

2005). These softwares use Support Vector Machine (SVM) and Neural Network to
calculate free energy change DeltaDeltaG (AA G).
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The present study was designed for genetic screening and clinical analysis of inherited
autosomal recessive disorders such as primary congenital glaucoma, retinal
dystrophies and microphthalmia. For this purpose patients were enrolled from various
hospitals of Pakistan through ophthalmologists. A total of 20 primary congenital
glaucoma families, 35 retinal dystrophies families and 1 microphthalmia family were
recruited. Data from all the families was collected via specially designed
questionnaires and blood samples were obtained for molecular analysis. Primary
congenital glaucoma patients were screened using the Sanger sequencing technique
for variants in the CYPIBI gene considering its status as a most commonly mutated
gene in PCG patients. Segregation of identified disease causing variants was checked
in 96 control samples for PCG. As retinal dystrophies are highly heterogeneous Next
generation sequencing was done to identify disease causing genes and variants.
Variants for retinal dystrophies and microphthalmia were segregated in affected and

unaffected family members as tested by direct Sanger sequencing.

SECTION I:
3.1. Clinical analysis of Primary congenital glaucoma:

For this study twenty families affected from primary congenital glaucoma were
enrolled. In these 20 families eight families were from Punjab, one from Kashmir,
nine from Khyber Pakhtunkhwa and two from Balochistan province of Pakistan.
Among these families PCG 049, PCG 051, PCG 057, PCG 056, PCG059 had two
affected individuals, PCG 064, PCG 067 had four affected members while remaining
fourteen families PCG 047, PCG 048, PCG 055, PCG 056, PCG 060- 063, PCG 066,
PCG 068, PCG069, PCG 101 and PCG 102 had only one affected individual born to

consanguineous parents.

Each enrolled proband had bilateral congenital glaucoma and age of onset of disease
was between 3 to 6 months. At the time of enrolment average age of each proband
was 12 years. The age group in which each enrolled proband was can be seen in
figure 3.1. About 45% of the recruited PCG patients were in their first decade of life,
35% in second decade of life, 15% in third decade of life and 5% in their seventh
decade of life. The clinical findings in recruited PCG patients included congenital
glaucoma, buphthalmos, nystagmus and photophobia. The intraocular pressure in

affected individuals was >21 mmHg.
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Figure 3.1: The graph shows the number of PCG patients recruited in current study in

different age groups.
3.2. Molecular analysis of Primary congenital glaucoma patients:

Molecular screening of 20 PCG families for CYP1BI gene and its flanking region of
50 base pairs revealed nine disease causing variants in coding region of gene (Table
3.1).

Among these nine variants six were heterozygous and three were homozygous for the
variant. The variants found included c.457C>G (p.Argl53Gly) and c.516C>A
(p.Ser172Arg) in PCG 049, c¢.758-759insA (p.Val254Glyfs*73) in PCG 059,
c.740T>A (p.Leu247GlIn) in PCG 060, c.1263T>A (p.Phe421Leu) and c.1314G>A in
PCG 062, ¢.771T>G and ¢.789dup (p.Leu264Alafs*63) in PCG 063 and ¢.724G>C
(p.Asp242His) in PCG 067. All the identified variants are not reported before in PCG
patients in CYPIBI gene. These variants included five missense variants c.457C>G,
c.516C>A, c.740T>A, ¢.1263T>A, ¢.724G>C, two frameshift variants c¢.758-
759insA, c¢.789dup and two silent variants c.1314G>A, ¢.771T>G.

In addition to disease causing variants seven polymorphisms were also detected:
c.1347T>C, ¢.1294G>C, c.1358A>G, c.2244 2245insT, ¢.355G>T, ¢.142C>G and
2.35710_35711insT (Table 3.2).
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Table 3.1: List of Novel disease causing variants identified in PCG patients.

Family Mutation
ID Nucleotide taster dbSNP
Position change Protein change Zygosity prediction Status
PCG049 EXON 2 c.457C>G p.Argl53Gly Heterozygous  Disease causing  Not reported
EXON 2 c.516C>A p-Ser172Arg Heterozygous  Disease causing  Not reported
PCG059 EXON 2 ¢.758-759insA p.-Val254Glyfs*73 Homozygous  Disease causing  Not reported
PCG060 EXON 2 c.740T>A p.Leu247GIn Heterozygous  Disease causing  Not reported
PCG062 EXON3 c.1263T>A p.Phe421Leu Heterozygous  Disease causing  Not reported
EXON 3 c.1314G>A p-(=) Heterozygous  Disease causing  Not reported
PCG063 EXON 2 c.771T>G p.(®) Heterozygous  Disease causing  Not reported
EXON 2 ¢.789dup p-Leu264Alafs*63 Homozygous  Disease causing  Not reported
PCG067 EXON 2 c.724G>C p-Asp242His Homozygous  Disease causing  Not reported
Table 3.2: List of all the single nucleotide polymorphisms identified in current study
Mutation
Family ID Position  Nucleotide change Zygosity taster Protein change dbSNP
PCG 047,
102, 060,
061, 062,
063, 064,
069 EXON 3 c.1347T>C Homozygous  Polymorphism p-(=) rs1056837
PCG049,
055, 057 EXON 3 ¢.1294G>C Homozygous  Polymorphism p-Val432Leu  rs1056836
PCGO51,
063 EXON 3 c.1358A>G Homozygous  Polymorphism p-Asn453Ser  rs1800400
PCG 102,
064, 065 3'UTR c.2244 2245insT Homozygous Polymorphism p-(=) rs4646431
PCG 069,
056 EXON 2 ¢.355G>T Homozygous  Polymorphism p-Alal19Ser rs1056827
PCG 056 EXON 2 c.142C>G Homozygous Polymorphism p-Arg48Gly rs10012
PCG 062 Intron 2.35710_35711insT  Homozygous  Polymorphism p-(=) Not reported

All these polymorphisms were reported previously except for an intronic variant

2.35710_35711insT in PCG 062. These polymorphisms were identified in a

homozygous state in all individuals.

All the identified disease causing variants and polymorphisms were subjected to in

silico analysis to predict the result of variant on CYPIBI protein. Results of the in

silico analysis are described in Table 3.3.
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3.2.1. Family PCG 049:

In family PCG 049 (Figure 3.2) two heterozygous disease causing variants were

detected in a consanguineous family with two affected siblings (3.1).

Figure 3.2: Pedigree drawing of family PCG 049.

At position 457 the substitution of single base i.e., c.457C>G, changed arginine to
glycine p.Argl53Gly in CYPIBI protein. Another heterozygous variant, i.e.,
c.516C>A, led to the substitution of arginine at position 172 in protein. In-silico
analysis of both variants by Provean revealed c.457C>G to be deleterious and
c.516C>A as neutral with a score of -5.21 and -1.67 respectively (table 3.3). The

chromatogram of the identified variant can be seen in figure 3.3 (A, B).

l
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Figure 3.3: Chromatograms of two heterozygous variants ¢.457C>G and c.516C>A
identified in family PCG 049 in CYPIBI gene.

PolyPhen-2 predicted the change of arginine at position 153 as probably damaging
with a score of 1.00 while change of serine at position 172 was predicted as possibly
damaging (score: 0.685). Varsome predicted both variants as pathogenic. [-Mutant
calculated negative value (-1.47, -0.03) of AAG for both variants and MUpro also
predicted both variants will decrease the stability of protein structure (-1.1669, -

0.2848).

Human splicing finder predicted that a new site for auxiliary factors like exonic
splicing suppresser (ESS) hnRNPA1, Fas ESS, IIE, Sironi_motif2, exonic splicing
enhancer (ESE) 9G8 will be created and break sites for Sironi_motifl, EIE,
ESE_SRp55 will be created if glycine at position 153 is added instead of arginine.

3.2.2. Family PCG 059:

A 1.5 years old female (figure 3.4) patient was enrolled from Punjab, Pakistan and a
frameshift variant c¢.758-759insA was identified when screened for variant in CYPIBI
gene (Table 3.1) (Figure 3.5). The insertion of adenine resulted in frame shift of 73
bases and valine at position 254 was replaced by glycine. In-silico tools predicted this
variant as highly pathogeni