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Abstract

Inherited retinal diseases (IRDs) are a group of genetically and phenotypically
heterogenous disorders caused by variants in around 280 genes. Additional loci have also
been localised to chromosomal regions, though the causative genes remain unknown.
Recent improvements in screening technologies have increased the detection of
pathogenic variants in IRD. This thesis describes the use of next generation sequencing
(second (short-read) and third (long-read) generation sequencing) to find missing or hard

to find pathogenic variants in IRD patients.

The first results chapter describes use of whole exome sequencing to screen 24
individuals with syndromic and non-syndromic IRDs. This identified pathogenic variants
in known genes in eight cases; CDHR1 (c.1527T>G, p.Y509*), RHO (c.284T>C,
p.L95P), PRPF31 (c.797delC, p.S266*), CNGA3 (c.1088T>C, p.L363P), BBS10 (c.728-
731delAAGA, p. K243Ifs*15), USH2A (c.252T>G, p.C84W), ABCA4 (c.2588G>C,
p.G863A and c¢.6089G>A, p.R2030Q), and SLC25A46 (c.670A>G, p.T224A). In

addition, several candidate variants were highlighted for further investigation.

In the second results chapter, seven patients with late onset macular dystrophy and one
with age related macular degeneration were found to carry the same heterozygous ~126
kb deletion encompassing CRX, TPRX1 and SULT2A1. This phenotype has already been
documented in patients with heterozygous variants in the gene encoding retinal
transcription factor CRX, while there is no known functional or phenotypic link with
variants in TPRX1 or SULT2AL. This therefore confirms that CRX haploinsufficiency is
pathogenic, a finding that had previously been debated in the ophthalmic literature. The
deletion was characterized using a PCR assay followed by cloning and Sanger sequencing

or direct Sanger sequencing. Haplotype analysis was done by microsatellite genotyping.

The third results chapter describes use of SMRT PacBio and nanopore long-read
sequencing to screen the hard-to-sequence mutation hotspot RPGR-ORF15. Both
approaches were effective in reading throughout ORF15 and allowed sequencing indexed
pooled samples, and 218 IRD patients were screened, detecting known and new variants.
Nanopore sequencing on the smaller Flongle flowcell allowed low-cost optimisation, but
pores rapidly blocked, probably due to ORF15 secondary structures. Repeated DNase |
washes reopened the pores but required use of the more expensive MinlON flowcells.

Ultimately, the PacBio sequencer proved simpler to use, cheaper, and more scalable.
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Chapter 1

Introduction

1.1 Human eye

The human eye is a specialised sense organ that connects us to the outside world by
processing the light and allowing us to interpret shapes, colours, movements, and other
features. It is a part of the sensory nervous system that can receive visual images and send

the signal information as neural impulses to the brain.

1.1.1 Embryonic eye development

In humans, eye development commences at around the fourth week of intrauterine life,
when the optic sulci start to appear as shallow grooves in the inner part of the neural plate
(Forrester et al., 2020). The eye components originate from three embryonic tissue
sources, the neuroectoderm, the surface ectoderm, and the periocular mesenchyme
(Heavner and Pevny, 2012). The retina, retinal pigment epithelium (RPE), iris, ciliary
body and optic nerves are derived from the optic vesicle and optic cup, which arise from
the neuroectoderm of the diencephalon. The surface ectoderm gives rise to the lens
placode, which eventually goes on and forms the lens vesicle and lens pit that contribute
to the formation of the lens and corneal epithelium. The periocular mesenchyme is
derived from a mixture of neural crest cells and mesoderm and generates the choroid,

sclera, and fibrous and vascular coat of the eyeball (Forrester et al., 2020). (Figure 1.1)

a Surface ectoderm b c
Mesenchyme Lens Neural
Neuroepithelium vesicle Lens retina RPE

Lens Bilayered Photoreceptor cells
placode optic cup Interneurons
Ganglion cells

Figure 1.1: Eye embryonic development. a) The surface ectoderm thickens and invaginates
with the underlying optic vesicle to form the lens placode. b) The lens vesicle develops from the
lens placode, and the optic cup self-folds to produce a bi-layered optic cup. ¢) The neural retina
(photoreceptors, interneurons, and retinal ganglion cells) emerges from the inner layer of the bi-

layered optic cup, and the RPE emerges from the outer layer. (Reproduced from (Ali and Sowden,
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2011) with permission of Nature (regenerative medicine) Copyright Clearance Centre, license
number: 5393841126714).

The formation of optic vesicles starts on day 22 of embryonic development when the
optic sulci invaginate laterally in the surrounding mesoderm toward the surface ectoderm.
Optic vesicles then continue growing laterally and remain connected to the forebrain by
the optic stalk. Where they meet the surface ectoderm, it forms a localised thickening
called a lens placode. The lens placode depresses and forms the lens pit which then gives
rise to the lens vesicle. The optic vesicle folds on itself, creating a double layered goblet-
shaped optic cup. The optic cup margins (optic cup rims) grow and cover the lens vesicle
except on the inferior surfaces of the lens and the optic stalk, forming a gap called the
choroidal fissure. The choroidal fissure contains the hyaloid blood vessels that supply the
developing optic and lens vesicles. The distal end of the hyaloid vessels degenerates once
the lens matures, whereas the proximal end forms the central vessels of the retina
(Sontakke, 2018)

The two layered optic cup can be divided into two portions: the anterior (1/5) and
posterior (4/5) portions. The anterior portion (the rim) gives rise to the iris, ciliary body,
and pupillary muscles. The posterior portion forms the retina in the mature eye. At around
four and half weeks, the thin outermost layer of the posterior portion is destined to form
the RPE and, two weeks later, the inner layer forms the neural retina. The two layers are
separated by the intraretinal space. A common retinal progenitor cell gives rise to all
retinal cells (Nguyen-Ba-Charvet and Chédotal, 2014). The cells immediately next to the
intraretinal space start to differentiate into the outer nuclear layer, which contains the
photoreceptor cells (rods and cones), while the next layer of cells will form the inner
nuclear layer (amacrine, bipolar, horizontal, and Mdiller cells), and finally the innermost
superficial cells will give rise to the ganglion layer which contains the ganglion cells
(Rosen and Mahabadi, 2021). The optic nerve is made up of the ganglion cell axons and
its development is complete by week eight. All layers of the retina will be recognisable

by eight months of gestation, but the photoreceptors continue maturing as the baby grows.

During the sixth and seventh week of intrauterine life, the mesenchyme condenses into
two layers: a fibrous outer layer, the sclera, and a vascular pigmented inner layer, the
choroid. The corneal stroma is derived from the surrounding mesenchyme whereas the
corneal epithelium comes from the surface ectoderm and the endothelium from the neural
crest cells. In the centre of the optic cup just behind the lens, the vitreous body is formed.

It contains the vitreous humour, a gel-liked substance that originates from the neural crest
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mesenchymal cells. Eyelids begin to form from neural crest cells and surface ectoderm at
week six of intrauterine life. They form as two folds of skin and remain attached over the

cornea until they separate at the 27t week of gestation.

1.1.2 Genetic regulation of ocular development

The development of the human eye (Section 1.1.1) is a complicated and strictly regulated
process. It consists of multiple overlapping stages that can be categorised as eye field
specification and splitting from the forebrain, evagination and patterning of the optic
vesicle, regionalization of the optic cup into neural retina and RPE, and the growth and
differentiation of the retinal cells. Genetic regulation (Table 1.1) of ocular development
is mediated by both intrinsic factors (transcription factors of the homeobox and basic

helix-loop helix families) and extrinsic factors (morphogens and growth factors)

(Zagozewski et al., 2014).

Genes Ocular development stage Disease when mutated
RAX Eye field specification and Anophthalmia
splitting
Optic vesicle
Retinal cell differentiation
(photoreceptors)
PAX6 Optic sulcus, cup, and stalk Anophthalmia
Lens, corneal and conjunctival Aniridia (Axenfeld-Rieger syndrome)
epithelium Peter’s anomaly
Mesenchymal cells Congenital glaucoma
SIX3 Eye field specification and Holoprosencephaly
splitting
oTX2 Eye field specification and Anophthalmia
splitting Retinal dystrophy
PTX3 Lens vesicle development Congenital cataract
Leucoma
Peter’s anomaly
CHD7 Neuroectoderm, lens vesicle CHARGE syndrome
MAF Lens placode, lens vesicle, Defects in lens, cornea, and iris
primary lens fibres (coloboma)
Peter’s anomaly
FOXE3 Lens placode Peter’s anomaly
Cataract
PITX2 FOXC1 Periocular mesenchyme Aniridia (Axenfeld-Rieger syndrome)

Juvenile glaucoma (50%)



CRYA, CRYB, Lens Cataract
CRYG

SOX1, SOX2,  Sensory placodes Anophthalmia
SOX3

SOX2 in lens placode

Table 1.1: A summary of major genes involved in ocular development. (Sources: (Forrester
etal., 2020) and (Zagozewski et al., 2014)).

1.1.3 Basic anatomy of the human eye

The eye is composed of three layers namely: the outer layer, the middle layer, and the
inner layer (Figure 1.2). The outer protective layer, or fibrous tunic is composed of the
cornea and sclera, which maintain the shape of the eye globe and protect the inner
structures against infections and structural damage. The cornea is a transparent avascular
layer through which the light passes to the lens and retina. It is composed of five basic
layers: epithelium, Bowman’s membrane, lamellar stroma, Descemet’s membrane, and
the endothelium (Farjo et al., 2009). Each layer has a crucial role in maintaining corneal
function. The corneal epithelium acts as an envelope that shields the cornea against

foreign bodies and provides it with the essential nutrients and oxygen from tears.

Sclera

/ Choroid

Retina

Iris

Macula
Lens

Fovea

Cornea —»
Optic nerve

Pupil

Blood vessels
Anterior chamber

(aqueous humour)

Optic disc

Figure 1.2: Schematic illustration of a human eye anatomy (cross section view). A cross
section of the human eye showing the three major layers of the eye, including the outer layer
(cornea and sclera), middle layer (iris, choroid, and ciliary body) and the innermost layer (retina).
(Created with BioRender.com, Accessed on 22/09/2022).

The transparency of the cornea is significant for the light refraction, and it is preserved

by strong layered collagen fibres (Forrester et al., 2020). In collaboration with the lens,
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the cornea focuses the light on the photoreceptor cells in the retina and reduces its
scattering. The sclera is a dense white connective tissue coat extending from the cornea
all the way to the optic nerve. It attaches anteriorly to the limbus of the cornea and fuses
posteriorly with the optic nerve sheath. It consists of proteoglycans, elastin, glycoprotein,
and collagen fibrils that contribute to maintaining the eyeball shape and provide a
resistance against trauma and damage to the vital eye components. The middle layer is
made up of iris and ciliary body anteriorly and connects to the choroid posteriorly. The
iris is the coloured muscular part of the eye that is located between the cornea and the
lens. It controls the pupil size and thus regulates the amount of light reaching the retina.
It is connected to the ciliary body which produces the aqueous humour and controls the
lens power and shape. The choroid is a vascular layer that supplies the innermost layer of
the retina with oxygen and nutrients. These ocular layers surround three transparent
structures, the lens, the aqueous and the vitreous (Willoughby et al., 2010, Forrester et
al., 2020).

1.2 Retina

The retina is a compound, light sensitive neural tissue lining the back of the eye on the
inside. It is a part of the central nervous system and around 80% of all human sensory
information is thought to be of retinal origin (Sharma and Ehinger, 2003). It consists of
two main layers: the pigment layer (RPE) and the neural layer (outer nuclear layer
(photoreceptor cells), inner nuclear layer (bipolar, horizontal, amacrine cells), and
ganglion cell layer (ganglion cells and displaced amacrine cells (Lee et al., 2016)). It is
like the film in a camera, in that it captures an image and allows our eyes to communicate
that to the brain. In simple terms, the light rays enter the eye and are focussed by the
cornea and lens onto light-sensitive cells called photoreceptors. Subsequently, these cells
transform the light rays into electrical impulses which travel down the optic nerve to be

processed by the brain.

The major layers and component cell types of the retina are shown in Figure 1.3.
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Figure 1.3: Schematic illustration of a cross section of the retina showing the cells and layers
of the retina. In this cross section, the retinal cells are organised into two main layers: the retinal
pigment epithelium (RPE) and the neural layer containing outer nuclear layer (rod and cone
photoreceptors), inner nuclear layer (bipolar, horizontal, and amacrine cells), and ganglion cell
layer (ganglion cells and displaced amacrine cells). (Created with BioRender.com, Accessed on
30/04/2023).

1.2.1 Retinal Pigment Epithelium (RPE)

The retinal pigment epithelium is of neuroectodermal embryonic origin (Section 1.1.1).
It is formed of a single layer of polygonal pigmented cells located at the outermost layer
of the retina (Yang et al., 2021b) between the photoreceptors and the choroid vasculature.
Its basolateral membrane connects to Bruch's membrane, which separates the RPE from
the choriocapillaris, while the inner apical membrane of the RPE harbours microvillous
structures that extend between the light sensitive photoreceptor outer segments (POS)
(Strauss, 2005, Yang et al., 2021b). RPE cells serve a critical function in preserving
retinal homeostasis. The RPE is a part of the blood-retina barrier (BRB), which regulates
the flow of various substances through the RPE cell-cell tight junctions. RPE cells
transport water, ions, and metabolic end products from the subretinal region to the
bloodstream, as well as supplying vital nutrients, including fatty acids, glucose, and
retinol, from the bloodstream to the photoreceptors (Miller and Edelman, 1990, de la

Cour, 1993, Strauss, 2005). The presence of melanin in RPE cells aids in the protection
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of the retina and internal nerves from damage caused by ultra-violet light (Yang et al.,
2021b). Importantly, the RPE maintains photoreceptor function by re-isomerizing all-
trans-retinal back into 11-cis-retinal (Steinberg, 1985, Strauss, 2005) and therefore
restoring excitability during the visual cycle (Section 1.4.2). It also supports
photoreceptor function through its ability to phagocytose the detached outer segment
discs shed by photoreceptor cells. Outer segments are maintained and renewed by
forming new membrane discs at their proximal ends (Bok, 1993). This renewal, as well
as the RPE's ability to generate a number of growth factors, is critical for photoreceptor
function and choriocapillaris endothelium structural integrity (Strauss, 2005). Since the
RPE performs these complex various functions, its shape and function are critical for
normal vision, and any changes can result in retinopathies such as retinitis pigmentosa
(RP), cone rod dystrophy (CORD), age related macular degeneration AMD and Stargardt
disease, and ultimately to blindness.

1.2.2 Neural Retina

The neural retina is a thin, transparent layer that transforms light stimuli into neural
impulses, which then undergo additional processing by ganglion cell axons before being
transmitted to the brain (Forrester et al., 2020). It is made up of five main types of neurons
stratified in three layers of neural cell bodies. Photoreceptors (rod and cone cells) are
found in the outer nuclear layer (ONL), bipolar cells, horizontal cells and amacrine cells
are found in the inner nuclear layer (INL), while the ganglion cell layer (GCL) contains
ganglion cells and displaced amacrine cells (Willoughby et al., 2010, Lee et al., 2016).
There are two layers composed mainly of synapses, the outer plexiform layer (OPL) and
inner plexiform layer (IPL). Another type of retinal cells are the Mullerian glial cells,
which are non-neuronal and extend throughout the retina, serving as an organisational
backbone of the neural retina (Purnyn, 2013, Yao et al., 2018).

1.2.2.1 Outer nuclear layer (photoreceptors)

Light is focused by the cornea and lens onto the retina, a light-sensitive tissue lining the
back of the eye. Vision begins when photoreceptor cells in the retina perceive light and
convert the photons into a nerve signal in a process called phototransduction (Section
1.4). There are two types of photoreceptor cells that are distributed unequally across the
retina: rods and cones. In the human retina, there is estimated to be 92 million rods (77-
107 million) and 4.6 million cones (4-5 million) (Curcio et al., 1990). While only cones
can be found in the foveola, rods predominate throughout the rest of the fovea and the

entire peripheral retina (Hildebrand and Fielder, 2011). The photoreceptor cells can be
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distinguished based on their morphologies and spectral sensitivities (Hussey et al., 2022).
As a result of its high sensitivity and ability to detect the absorption of a single photon,
rods are responsible for low light (night) vision (scotopic vision) and motion detection
(Baylor et al., 1979). Cones are faster but less light-sensitive photoreceptors and are
primarily involved in high-acuity daytime and colour vision (photopic vision) (Nathans
et al., 1986). Cones do not saturate under high level illumination, whereas the response
of rods does in bright light conditions (Mustafi et al., 2009). The sensitivity of
photoreceptors is determined by which light-sensitive opsin protein they express, as
different opsin proteins are sensitive to different wavelengths of light. Hence, cones can
be categorised into three subtypes based on the expression of opsin proteins: S-opsin
cones (short wavelength/blue cones), M-opsin cones (mid wavelength/green cones), or
L-opsin cones (long wavelength/red cones) (Hussey et al., 2022). In contrast, all rods

express one opsin, rhodopsin (RHO).

Both rods and cones consist of outer segment (photopigment), inner segment
(mitochondria, endoplasmic reticulum, and Golgi apparatus), cell body (nucleus and
axons) and the synaptic terminal (Figure 1.4). The outer segment is a modified cilium that
stores the light capturing photopigments and interacts with the extended processes of the
RPE. A non-matile cilium connects it to the inner segment, which is rich in mitochondria
and functions as a cellular apparatus required for the formation of photopigment
membrane discs. The shed discs in the outer segment are phagocytosed by the RPE (Bok,
1993). The outer segments in rods are long, cylindrical, and loaded with parallel
membranous discs independent from the plasma membrane. In cones, they are short and
conical with pointed ends and their membranous discs are continuous with the plasma
membrane (Hildebrand and Fielder, 2011).

Rods and cones have diverse transduction methods that are largely influenced by how
they react to various ranges of light intensity. For instance, a single photon of light is
sufficient for a rod to provide a reliable response, whereas a cone requires more than 100
photons to produce a comparable reaction. Many rods communicate with a single rod
bipolar cell, and numerous rod bipolar cells connect with a single amacrine cell,
amplifying the response to even a small stimulus. For cones, a one-to-one interaction
between cones, bipolar, and ganglion cells is necessary to maximise visual acuity. Only
one cone contacts one bipolar cell, which in turn sends an input to a single retinal ganglion
cell (Mustafi et al., 2009, Hildebrand and Fielder, 2011).
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Figure 1.4: Morphology of photoreceptors (rods and cones). The structure of rods and cones

showing the outer segment, the inner segment, the cell body, and the synaptic terminal. (Created
with BioRender.com, Accessed on 29/09/2022).

1.2.2.2 Inner nuclear layer (interneurons)

The inner nuclear layer (interneurons) connects the photoreceptor layer with the ganglion
cell layer. It consists of bipolar, horizontal, amacrine, and interplexiform cells. These
interneurons act as a mediator between photoreceptors and ganglion cells, processing and

transmitting signals.

The bipolar cells link the outer and inner retina and transmit visual data from

photoreceptors (rods and cones) to amacrine and ganglion cells. The inner nuclear layer
contains the cell bodies of bipolar cells, from which an axon and a primary dendrite
project into the inner plexiform layer and the outer plexiform layer, respectively. There
is one type of rod bipolar cell and are more than ten types of cone bipolar cells in the
mammalian retina. The dendrites of cone bipolar cells only interact with cones and are
engaged in photopic vision, whereas those of rod bipolar cells are in contact with rods
and are involved in scotopic vision (Grlnert, 2009). Based on their response to the
neurotransmitter glutamate, bipolar cells can be categorised as OFF bipolar cells (cones)
and ON bipolar cells (rods and cones). In response to the light, the cone OFF bipolar cells
become hyperpolarised (inhibited) and the ON bipolar cells (rods and cones) become

depolarised (excited) (Hildebrand and Fielder, 2011). Bipolar cells are the most prevalent
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interneurons in the retina, accounting for about 40% of all retinal neurons (Masland,
2001).

Both direct and indirect signalling pathways from photoreceptors to ganglion cells

incorporate bipolar cells. Conversely, horizontal cells are only implicated in indirect

pathways. They are situated in the distal region of the inner nuclear layer, immediately
after the photoreceptors, where they connect the rods, cones, and bipolar cells. They
prevent the extensive spreading of signals from the axons and dendrites of other retinal
cells by inducing a lateral inhibition in the surrounding regions. This process is essential
for enhancing perception of contrast and colour in visual images (Purnyn, 2013).

Amacrine cells are also involved in the indirect signalling pathways. Amacrine cells are

categorised on the basis of size, horizontal dendritic fields, and sublaminar levels within
the IPL. According to the dendritic field, there are two types: narrow-field and wide-field.
In addition, there are uni-, bi-, and multi- stratified types. Amacrine cells transmit signals
to ganglion cells or other bipolar cells after receiving input signals from bipolar cells
(Hildebrand and Fielder, 2011, Purnyn, 2013).

Recently, the Campana cells, an unusual form of interneurons, have been identified in the
retina. These cells are fundamentally similar to both amacrine and bipolar cells, yet they
also differ from both in significant aspects. The Campana cells expand dendrites in OPL
and axonal terminal in the IPL. These cells were found to play a role in visual signal
processing by transmitting the visual signals from both rods and cones to retinal ganglion
cells (RGCs) (Young et al., 2021).

1.2.2.3 Ganglion cell layer

Retinal ganglion cells (RGCs) are typical nerve cells that transmit visual information from
the retina to the brain and provide feedback signals to the inner retina by forming gap
junctions with other RGCs and amacrine cells (Vlasiuk and Asari, 2021). The ganglion
cell body is found in the ganglion cell layer, and the IPL is where the ganglion cell
dendrites interact with amacrine and bipolar cells. There are up to 20 different ganglion
cell subtypes, with the midget and parasol types accounting for 80% of the total ganglion
cell population (Hildebrand and Fielder, 2011). The intrinsically photosensitive retinal
ganglion cells (ipRGCs) are a distinct class of ganglion cells that project widely
throughout the brain. They are melanopsin-expressing cells that can react to light even in
the absence of input from rods and cones. Additionally, ON and OFF subtypes of ipRGCs
were shown to affect human visual perception and the circadian rhythm (Aranda and
Schmidt, 2021).
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1.2.3 Glial cells

In human retina, glial cell types include Miller cells, astrocytes, microglia, and
infrequently oligodendrocytes. Miiller cells have a cylindrical, fibre-like shape and are
the most prevalent type in the retina, interacting with nearly all neurons. Their cell bodies
are found in the inner nuclear layer, and their cell processes extend through the whole
retina, holding its neuronal components together to maintain its structure and homeostasis
(Bringmann et al., 2009a). The distal extensions of Muller cells extend to produce the
outer limiting membrane, while the proximal extensions expand to form the endfeet,
whose basal lamina creates the inner limiting membrane (Hildebrand and Fielder, 2011)
(Figure 1.3). They are essential for the visual process to continue functioning optimally
by controlling the uptake of neurotransmitters, clearing debris, regulating potassium
levels, storing glycogen, electrically insulating receptors, and providing mechanical
support for the neural retina (Bringmann et al., 2009b). They serve as a light collectors,
directing light toward the cone and rod photoreceptors (Franze et al., 2007). Additionally,
they are implicated in synaptogenesis and have a neuroprotection function (Purnyn,
2013). It should be emphasised that Muller cells contribute to the OS assembly,
phagocytose the outer segments of cone cells, and take part in the cone visual cycle
(Section 1.4.2.2) (Wang et al., 2004, Wang and Kefalov, 2011, Goldman, 2014).

1.3 Metabolism in retina

The RPE maintains both its metabolic balance and that of the neural retina by filtering
metabolites in both directions through the interphotoreceptor matrix. RPE metabolism
affects photoreceptors, and photoreceptors degenerate as RPE cells die. The transport of
glucose across the RPE through the GLUT-1 glucose transporters is essential for
photoreceptor growth and when GLUT-1 gene expression was blocked, photoreceptors
were stunted (Swarup et al., 2019). Furthermore, RPE mitochondrial metabolism is
crucial for the survival of photoreceptors. The loss of mitochondria changed the
metabolism of the RPE cells, which caused the photoreceptors to degenerate (Zhao et al.,
2011). The RPE can also be impacted by altered photoreceptors metabolism. Blocking
AMPK, an intracellular energy sensor, expression in the mouse retina but not in the RPE
led to fragmentation of mitochondria in the photoreceptors, which in turn disrupted the
RPE cells (Xu et al., 2020). Metabolic dysregulation in the retina will cause retinal
dystrophies such as age-related macular degeneration (AMD) and retinitis pigmentosa
(RP) (Hurley, 2021).
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1.4 Visual phototransduction and the visual cycle

1.4.1 Visual phototransduction

Phototransduction is a sensory transduction mechanism in the visual system and is one of
the most well-studied G-protein signalling systems (Fu, 1995). It is the process of
converting a photon of light into a neuronal signal (Lamb and Pugh, 2006). Visual
pigments in the outer segment (OS) of retinal rod and cone photoreceptor cells capture
light photons and generate an electrical response (Arshavsky et al., 2002). The plasma
membrane of photoreceptor cells is then hyperpolarized as a result of a series of
biochemical and electrophysiological actions (Ebrey and Koutalos, 2001). A visual
pigment (photopigment) consists of opsin that is covalently linked to a chromophore (11-
cis-retinal, 11cRAL, Al). Opsins are seven helix G-protein-coupled-receptors (GPCRS)
that are involved in the conversion of light of various intensities and wavelengths into
neural stimuli. Only one type of opsin is expressed by each photoreceptor. Rods have
rhodopsin, which transduces dim light, whereas cones have photopsins, which provide
colour vision. The chromophore is a light-absorbing retinaldehyde (11-cis-retinal) that
functions as a strong antagonist, keeping the rhodopsin inactive (Lamb and Pugh, 2006,
Arshavsky et al., 2002). In addition to rhodopsin, the heterotrimeric G protein transducin
(G), the cyclic nucleotide phosphodiesterase (PDEG6), and the cyclic nucleotide gated
channels (CNGCs) in the plasma membrane are all required for the phototransduction

cascade activation (Lamb and Pugh, 2006).

Activation of phototransduction: Upon the absorption of light in the outer segment,

chromophore (11-cis-retinal) undergoes isomerization to all-trans-retinal (atRAL),
inducing a conformational shift in the rhodopsin (RHO) to its activated form meta-
rhodopsin 11 (RHO*). Rhodopsin achieves the conformational state (RHO*) in just one
millisecond through a series of intramolecular changes (Arshavsky et al., 2002). RHO*
then activates a G protein called transducin by interacting with its GDP-bound form that
has alpha, beta, and gamma subunits. Through this interaction, transducin separates from
GDP and binds GTP, causing the beta and gamma subunits to be expelled.
Phosphodiesterase (PDEG) is activated by the alpha subunit-GTP transducin (Ga-GTP,
G*), which binds to the inhibitory gamma subunits of PDE6 while also activating the
alpha and beta subunits. Activated PDE6 (PDE6*) hydrolyses the cGMP to 5°’GMP which
in turn causes closure of cyclic nucleotide gated channels (cation channels). Sodium
channel closure causes hyperpolarization, which in turn causes the voltage-gated calcium

channel to close. This decrease in calcium levels, in turn, reduces the amount of the
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neurotransmitter glutamate, which causes depolarization of ON bipolar cells (in rods and
cones) and hyperpolarization of cone OFF bipolar cells (Lamb and Pugh, 2006, Fu and
Yau, 2007, Wang and Kefalov, 2011) (Figure 1.5A).
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Figure 1.5: Representation of phototransduction cascade molecular steps. A. activation of
phototransduction that results in closing cation channels (CNGCs) preventing further influx of
Na+ and Ca+ ions. B. Deactivation of phototransduction cascade and recovery of dark state by
reopening cation channels. RHO= rhodopsin (inactive); RHO*= rhodopsin (active); Ga-GTP=
transducin (active); PDE6= phosphodiesterase 6 (inactive); PDE6*= phosphodiesterase 6
(active); RGS9= regulator of G protein signalling isoform 9; GBB5= complex of G protein beta
5; R9AP= RGS9 anchor protein; GC= guanylate cyclase. (Created with BioRender.com,
Accessed on 29/09/2022).
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Deactivation of phototransduction: Terminating the light response occurs when the Ca?*

level decreases, making the intracellular Ca-recoverin-RK complex dissociate into Ca?*,
recoverin, and rhodopsin kinase (RK), a G-protein coupled receptor kinase (GRK). Meta-
rhodopsin Il (RHO*) is phosphorylated by rhodopsin kinase to inactivate it and decrease
its affinity for transducin. Arrestin then binds to the phosphorylated RHO to deactivate it
completely. Furthermore, transducin is inactivated by stimulating the intrinsic GTPase
activity, which hydrolyses GTP into GDP and subsequently converts Ga-GTP back to its
inactive form Ga-GDP. This process is accelerated by a complex formed by the G-protein
beta 5 (GPB5), regulator of G protein signalling isoform 9 (RGS9), and RGS9 anchor
protein (R9AP), which binds to the Ga-GTP-phosphodiesterase complex, resulting in
dissociation of phosphodiesterase from Ga-GTP. Phosphodiesterase inactivation results
in a cessation to PDE-mediated cGMP hydrolysis, with cGMP levels then being restored
by the continued activity of guanylate cyclase (GC), leading to the reopening of cGMP
gated channels (Arshavsky et al., 2002, Fu and Yau, 2007, Arshavsky and Wensel, 2013)
(Figure 1.5B). Genes and proteins involved in phototransduction are detailed in Table
1.2.

Protein description Role in phototransduction ~ Gene
Rod components

Rhodopsin Activation RHO
Transducin o subunit Activation GNAT1
G protein p subunit 1 Activation GNB1
Transducin y subunit Activation GNGT1
PDES6 catalytic subunit Activation PDEGA
PDEG6B
PDES6 inhibitory subunit Activation PDE6G
Cyclic nucleotide-gated Activation and Ca+ feedback CNGALl
channel o
Cyclic nucleotide-gated Activation and Ca+ feedback CNGB1
channel f
G protein receptor kinase Recovery GRK1
Arrestin Recovery SAG
Recoverin Visinin Ca+ feedback RCVRN
Na+/Ca+, K+ ion Ca+ feedback SLC24A1
exchanger

Cone components
Long-wave sensitive opsin  Activation OPN1LW
OPN1MW



Short-wave sensitive opsin
Transducin a subunit

G protein p subunit 3
Transducin y subunit
PDES® catalytic subunit
PDES® inhibitory subunit

Cyclic nucleotide-gated
channel a

Cyclic nucleotide-gated
channel p

G protein receptor kinase
Arrestin

Guanylyl cyclase activating
protein

Na+/Ca+, K+ ion
exchanger

Shared components

Regulator of G-protein
signalling 9

G-protein p subunit 5
RGS9 anchor protein
Guanylyl cyclase
Guanylyl cyclase

Guanylyl cyclase activating
protein

Guanylyl cyclase activating
protein

Table 1.2: Visual phototransduction genes and proteins. Proteins, genes, and their role in

phototransduction. (Sources: RetNet: https://sph.uth.edu/retnet/sum-dis.htm#A-genes; (Lamb,

2020)).

1.4.2 The Visual cycle

All-trans retinol (vitamin A), the chromophore in the human visual system, is taken up
by RPE from the choroid blood vessels and converted to 11-cis retinal then introduced
into photoreceptors. The 11-cis retinal and opsin (GPCR) combine to produce the visual

pigment, and after the pigment is photoactivated, visual phototransduction begins in the
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Activation
Activation
Activation
Activation
Activation
Activation

Activation and Ca+ feedback

Activation and Ca+ feedback

Recovery
Recovery
Ca+ feedback

Ca+ feedback

Recovery

Recovery

Recovery

Recovery and Ca+ feedback
Recovery and Ca+ feedback
Ca+ feedback

Ca+ feedback

OPN1SW
GNAT2
GNB3
GNGT2
PDE6C
PDEGH
CNGA3

CNGB3

GRK7
ARR3
GUCA1C

SLC24A2

RGS9

GNB5
RGS9BP
GUCY2D
GUCY2F
GUCA1A

GUCA1B

outer segments of photoreceptors (Wang and Kefalov, 2011).
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1.4.2.1 Classic rod/cone visual cycle (retinoid cycle)

Upon photon absorption, 11-cis retinal undergoes photoisomerization to all-trans retinal,
which causes changes in the conformation of opsin, starting the phototransduction
cascade (Section 1.4.1). All-trans retinal must be converted back to 11-cis retinal through
a sequence of enzymatic events that take place in photoreceptors and RPE, in order to
render it ready to be used again, thereby preserving the retina in an active state, ready to

undergo normal visual phototransduction.

11-cis retinal is isomerized to all-trans retinal by light, and all-trans retinal detaches from
the active opsin (Scheerer et al., 2008). It is then released into the cytoplasm, where it is
reduced to all-trans retinol either immediately by all-trans retinol dehydrogenase 8
(RDHS8) or alternatively by forming a complex with phosphatidylethanolamine (PE)
inside the disc membrane lumen known as N-retinylidene-PE, which is then transported
to the cytoplasm by ABCAA4 protein, and finally reduced by RDH8 (Rattner et al., 2000,
Beharry et al., 2004). Interphotoreceptor retinoid binding protein (IRBP) binds to all-
trans retinol to transport it from the outer segment of photoreceptors into the RPE
(Gonzalez-Fernandez and Ghosh, 2008). In the RPE, lecithin retinol acyl transferase
(LRAT) converts all-trans retinol to retinyl esters (REs) (Saari and Bredberg, 1989, Ruiz
et al., 1999). These all-trans retinyl esters are then hydrolysed and isomerised to 11-cis
retinol by the isomer-hydrolase retinal pigment epithelium 65 (RPE65) (Moiseyev et al.,
2005, Redmond et al., 2005). Finally, the 11-cis retinol is subsequently oxidised to 11-cis
retinal by the enzyme 11-cis retinol dehydrogenase 5 (RDH5) in the presence of NAD+
as a cofactor (Simon et al., 1995), and it is then coupled to IRBP to diffuse from the RPE
to the photoreceptors where it interacts with the opsin and regenerates the visual pigment

(Choi et al., 2021). Figure 1.6 shows the enzymatic reactions involved in visual cycle.

1.4.2.2 Cone visual cycle

The rate of visual chromophore reproduction through the classic visual cycle is
insufficient to meet the need for 11-cis retinal necessary to sustain light sensitivity in a
daytime setting. Cones and their photopigments control colour perception and daytime
vision, and hence maintaining cone sensitivity to light requires an additional
chromophore reproduction mechanism via Muller cells (Wang and Kefalov, 2011). The
intraretinal cone visual cycle begins after the 11-cis retinal being photo-isomerized to 11-
trans retinal, which is subsequently reduced to 11-trans retinol and transferred from the
cone outer segment to Maller cells. In Muller cells, 11-trans retinol is isomerized to 11-

cis retinol and then esterified to retinyl esters. When 11-cis retinol is returned to cone
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photoreceptors, it undergoes oxidation to become 11-cis retinal, where it combines with
cone opsins to produce cone pigments. Isomerase 11, dihydroceramide desaturase 1, and
multifunctional O-acyltransferase (MFAT) are believed to be the three enzymatic
reactions that support the cone visual cycle (Muniz et al., 2009, Roosing et al., 2014, Tsin
etal., 2018).

Isomerohydrolase
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all-trans-RDH
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Figure 1.6: The visual cycle between photoreceptor outer segments and the RPE, including

o

o
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enzymatic reactions to recycle 11-cis retinal. 11-cisROL= 11-cis retinol; 11-cisRAL= 11-cis
retinal; atRAL= all-trans retinal; atROL= all-trans retinol; atRE= all-trans retinyl esters; 11-cis-
RDH= 11-cis retinol dehydrogenase; all-trans-RDH= all-trans retinol dehydrogenase; LRAT=
lecithin retinol acyltransferase; RPE= retinal pigment epithelium; IPM= interphotoreceptor
matrix; OS= photoreceptor outer segment; IRBP= interstitial retinol-binding protein. (Created
with BioRender.com, Accessed on 10/10/2022).

All of the elements involved in visual phototransduction (Table 1.2), as well as all of the
enzymes and binding proteins involved in the visual cycle (Figure 1.6) significantly
regulate human vision. Mutations in genes encoding proteins involved in these pathways

are responsible for different forms of inherited retinal dystrophies (IRDs) (Section 1.5).
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1.5 Inherited retinal diseases (IRDs)

Inherited retinal diseases (IRDs) are amongst the most common cause of irreversible
reduced vision and blindness in children and young adults (Bunce et al., 2010). One in
3000 (Sahel et al., 2015)- 4000 (Ayuso and Millan, 2010) people worldwide are affected
by these monogenic diseases, which are clinically and genetically heterogeneous. It is
challenging to diagnose IRDs due to the fact that different IRDs have overlapping clinical
symptoms (Hartong et al., 2006, Hamel, 2007, Chung and Traboulsi, 2009), while
multiple phenotypes can result from the same gene (Hull et al., 2014). Various IRD
phenotypes have been identified (Chen et al., 2021), and they are categorised according
to the age at which symptoms first appear, the mode of inheritance, the location of retinal
dysfunction (rod dominant, cone dominant, generalised retinal degenerations, and
vitreoretinopathies), the rate of disease progression, and associations with syndromes
(Holtan et al., 2020). The majority of IRD cases are non-syndromic and the disease is
limited to the eye. However, more than 80 syndromic IRD forms have been described
(Tatour and Ben-Yosef, 2020). Different types of IRDs have been linked to mutations in
more than 280 genes (https://sph.uth.edu/retnet/), and our understanding of the genetic
origins of IRDs is rapidly growing. Additional IRD loci have also been localised to
chromosomal regions, though the causative genes remain unknown. In addition to
encoding a wide range of proteins, such as structural and transmembrane proteins, visual
cycle proteins, and proteins involved in phototransduction (Wright et al., 2010), it has
been shown that these genes exhibit various inheritance patterns. IRDs can present
clinically in a variety of ways, from moderate dysfunction to severe congenital diseases
with early onset. The major non-syndromic and syndromic IRDs that form the foundation

for this study are briefly reviewed below.
1.6 Non-syndromic retinal diseases

1.6.1 Retinitis pigmentosa (RP)

Retinitis pigmentosa (RP, OMIM 268000) is the most common inherited retinal
dystrophy (IRD) and is a major cause of visual disability and blindness (Ferrari et al.,
2011, Zhang, 2016, Verbakel et al., 2018). Depending on the geographic location, the
prevalence of retinitis pigmentosa can range from 1:9000 (Na et al., 2017) to as high as
1:750 (Nangia et al., 2012). However, it has been estimated that the frequency is roughly
1:4000 globally (Pagon, 1988). It is characterised by the gradual loss of photoreceptors
and the retinal pigment epithelium, which causes pigment deposits to form primarily in
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the peripheral retina and then progress toward the central retina (Verbakel et al., 2018).
The pigment released from the degenerating cells of RPE is what causes these pigmentary
changes (Phelan and Bok, 2000). Rod photoreceptors degenerate first in the majority of
RP cases, then cone photoreceptors start to disappear. This pattern of the photoreceptor
involvement explains why patients initially present with decreased night vision and loss
of peripheral vision, which is followed later in life by visual impairment in daylight
settings. Up until later stages of the disease, the macula's functionality remains relatively
intact, and in some cases is never lost. However, less common forms could involve cone
rod degeneration and significantly affect the macula. For instance, macular atrophy can
be evident from mid-stage of the disease caused by RDS and CRX mutations (Hamel,
2006, Verbakel et al., 2018).

The clinical manifestations of RP most commonly first appear in adolescence, as night
blindness (nyctalopia) and trouble adjusting to the dark. These symptoms are followed
by loss of peripheral vision or “tunnel vision”, then in some cases a decline in visual
acuity caused by central cone degeneration, and eventually total blindness in adulthood
(Phelan and Bok, 2000, Hartong et al., 2006, Hamel, 2006, Ferrari et al., 2011, Verbakel
et al., 2018). Additionally, some RP patients may develop photophobia in the later stages
(Pinckers et al., 1993). The fundus appearance (Figure 1.7) changes as the disease
progresses. At an early stage it may appear normal, with few if any bone spicule shaped
pigment deposits, and the optic disc appears normal. In the following stage, there is a
progressive loss of rod photoreceptors, which results in the appearance of bone spicule
deposits in the mid periphery. At this stage the retinal arteries become more narrowed,
and the optic disc becomes moderately pale. In the end stage, examination would be
expected to reveal a diffuse pigment deposit reaching the macular area, thin vessels, and
waxy pallor of the optic disc (Hamel, 2006). Due to children's ability to compensate for
peripheral vision loss and the fact that many patients may not notice the difficulty
adjusting to the dark at night because of artificial lighting, it can be challenging to
determine the exact age of onset. However, early onset RP subtypes frequently progress
more rapidly, and the severity of the disease is correlated with the inheritance pattern
(Verbakel et al., 2018). Generally, patients with autosomal dominant RP have the best
long-term prognosis since they are able to maintain their central vision, while patients
with X-linked RP typically experience a more severe course of the disease compared to
those with autosomal recessive RP (Hamel, 2006, Verbakel et al., 2018).
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Figure 1.7: Colour images of fundus appearance in RP patients. A. Fundus examination of an
RP patient showing bone spicules in the peripheral retina (red arrow), retinal arteriolar attenuation
and RPE degeneration. B. Fundus examination of a different RP patient showing the spread of
bone spicule pigmentation to the mid-peripheral retina, bilateral arteriolar attenuation (red arrow),
RPE degeneration and pale optic disc. RP, retinitis pigmentosa; RPE, retinal pigment epithelium.
(Adapted from (Yang et al., 2013) with permission from BMJ Copyright Clearance Centre,
Licence number: 5412591037473).

Genetically, RP is a very heterogenous disease and can be classified according to the age
of onset into early and late onset RP. The diagnosis of early onset RP can be mistaken
with the diagnosis of LCA (Hamel, 2006), which is a severe visual impairment that
presents from birth (Section 1.6.3). Late onset RP is diagnosed when symptoms appear
during or after midlife. RP can also be classified based on the fundus appearance and the
localisation of the lesions, with, for example, regional or sectorial, pericentral,
parapapillary, and paraveinous disease-types(Hamel, 2006). Additionally, it can be
categorized into syndromic (20-30%) and non-syndromic (70-80%) types. Patients with
non-syndromic RP have only eye-specific symptoms and signs with no extraocular

abnormalities.

The most popular classification of non-syndromic RP is based on the inheritance pattern,
categorising it into autosomal dominant (30-40%), autosomal recessive (50-60%) and X-
linked RP (5-15%) (Verbakel et al., 2018). Rarely, digenic (due to mutations in two
different genes), mitochondrial, and X-linked dominant forms also occur (Ferrari et al.,
2011). Up to date, mutations in more than 84 genes (https://sph.uth.edu/retnet/sum-
dis.htm#A-genes) were found to be associated with non-syndromic RP and most of them
are responsible for only one form of inheritance pattern, except for mutations in: BEST1,
NR2E3, NRL, RHO, RP1, RPE65 and SAG, which can cause both autosomal dominant

and recessive forms. With the exception of RHO, where mutations account for roughly
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25% of dominant RP, USH2A, where mutations represent about 20% of recessive
diseases, and RPGR, where mutations account for approximately 70% of X-linked RP,
mutations in the majority of RP genes cause only a small number of cases. Altogether,
mutations in RHO, USH2A, and RPGR can account for 30% of all RP cases (Hartong et
al., 2006).

Syndromic forms of RP are often caused by mutations in genes involved in ciliary
function (Verbakel et al., 2018) and are usually inherited in a recessive manner (Ferrari
et al., 2011). This is because the outer segments of photoreceptors are highly modified
ciliawhich have evolved to capture a single external stimulus, light (Section 1.2.2.1). The
most common syndromic form is Usher syndrome (USH), involving RP and deafness, a
ciliopathy that accounts for about 14% of all RP cases (Boughman et al., 1983). Another
well-known syndromic form of RP is Bardet-Biedl syndrome (BBS) (Mockel et al.,
2011), where RP typically co-occurs with obesity, polydactyly, learning disability and
kidney disease. BBS is less frequent than Usher syndrome (5%) (Ferrari et al., 2011).

1.6.1.1 Autosomal recessive retinitis pigmentosa (ARRP)

Apart from in the very rare circumstance where a de novo mutation has arisen, both
parents of a person with autosomal recessive RP must be heterozygotes, which means
that each parent must have one pathogenic mutation associated with RP. Each parent has
a 50% chance of passing on the mutation to their offspring, and upon conception, there is
therefore a 25% risk that their offspring will be affected (carrying two mutant alleles) and
a 50% chance that they will be asymptomatic carriers. Carriers of a pathogenic variant
often exhibits no symptoms (Fahim et al., 2020a). It is commonly recognised that children
of consanguineous unions are more likely to develop recessive disorders because they
inherit the autosomal recessive gene mutations from a common ancestor (Hamamy,
2012). Autosomal recessive RP is the most common inherited form of RP accounting for
50-60% of all RP cases (Hartong et al., 2006). The first decade is when ARRP symptoms
often appear (Hamel, 2006), and it may overlap with other autosomal recessive
retinopathies including Leber congenital amaurosis (LCA) (Fahim et al., 2020a).
Mutations in more than 66 genes (https://sph.uth.edu/retnet/sum-dis.htm#A-genes) have
been implicated in ARRP (Table 1.3). The majority of them only account for 1% or less
of ARRP cases, however some of them, such USH2A, EYS, CERKL, CRB1, PDEGA,
PDEG6B, RPE65, ABCA4, CNGAL, and SAG, can be more prevalent (accounting for >1%)
(Fahim, 2018). A wide range of retinal biochemical pathways, including the

phototransduction cascade, vitamin A metabolism (visual cycle), cell-cell
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communication, signalling, maintenance of photoreceptor cells and cilia, and

phagocytosis, are regulated by proteins that are encoded by ARRP-related genes (Hartong
et al., 2006).

The most prevalent gene involved in isolated ARRP, and recessive syndromic RP is the
Usherin gene (USH2A; OMIM 276901). It spans 800 kb with 73 exons (exon 71 is
cochlea-specific) at 1941, and produces the Usherin protein (Bhardwaj et al., 2022). It is
expressed in two isoforms as a result of alternative splicing: isoform a (short with 21
exons) and isoform b (long with 72 exons). The short isoform a is expressed in both the
inner ear and the retina (Pearsall et al., 2002) whereas the long isoform b is strongly
expressed in retinal photoreceptors and translated into the Usherin protein of 5202 amino
acids that is attached to the cell membrane (Van Wijk et al., 2004, Reiners et al., 2005).
Usherin protein is expressed in the connecting cilia in mammalian retina and involved in
the cargo delivery from the inner segment (IS) to the outer segment (OS) of the
photoreceptor cells (Van Wijk et al., 2004, Reiners et al., 2006). Usher syndrome type 2a
(Section 1.7.1) and non-syndromic RP have both been linked to USH2A mutations (Chen
et al., 2020, Reurink et al., 2021, Meng et al., 2021). The USH2A gene is fully penetrant
in recessive conditions and there is no evidence of association with dominant diseases.
This gene has more than 1100 mutations, including missense, nonsense, deletions,
insertions, splicing, indels, and large rearrangements (Bhardwaj et al., 2022). Missense
mutations in USH2A have recently been linked to the development of keratoconus in a
Pakistani family (Ahmed et al., 2021).

The ATP-Binding Cassette, subfamily A, member 4 (ABCA4; OMIM 601691) gene was
initially discovered in 1997 (Allikmets et al., 1997) and is the most frequent cause of
Stargardt disease 1 (STGD1) (Section 1.6.2) (Sung et al., 2020). It is localised on
chromosome 1 (1p22.1) and expressed in RPE and the outer segment of photoreceptor
cells (Lenis et al., 2018). Its protein is essential for removing the intermediate metabolites
of the visual cycle (Section 1.4.2) and its malfunction will eventually cause cytotoxicity
in the RPE which subsequently affects the function of the photoreceptors (Bhardwaj et
al., 2022). Mutations in ABCA4 are known to cause in addition to Stargardt disease 1
(STGD1), retinitis pigmentosa 19 (RP19), cone -rod dystrophy 3 (CORD3), age related
macular degeneration 2, fundus flavimaculatus (FFM), and early onset severe retinopathy
(Huang et al., 2018). It is responsible for about 5-6% of all ARRP (Hartong et al., 2006)
and up to 70% of STGD1/AR-MD/AR-CORD cases (Perea-Romero et al., 2021).
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The phosphodiesterase 6 gene complex (PDE6-complex) is a family of catalytic genes
that controls the amount of cGMP in the cytoplasm of photoreceptors, which is crucial
for the phototransduction cascade (Section 1.4.1) (Gopalakrishna et al., 2017). It is a
heterotetrametric complex with two catalytic subunits and two inhibitory subunits
(Bhardwaj et al., 2022). Catalytic subunits in the rod photoreceptors are alpha (encoded
by PDE6A) and beta (encoded by PDEG6B), whereas the inhibitory subunits are two
identical gamma subunits, which are encoded by PDE6G. Two identical alpha subunits
(encoded by PDE6C) make up the cone photoreceptors catalytic core, which is inhibited
by two identical cone specific gamma subunits (encoded by PDE6H) (Gopalakrishna et
al., 2017, Kuehlewein et al., 2021, Deng et al., 2018a). Pathogenic variants in the rod-
specific PDE6 genes cause ARRP, whereas pathogenic variants in the cone-specific
PDEG genes result in achromatopsia (Bhardwaj et al., 2022). Up to 4% of all ARRP cases
in North America have been linked to the PDEG6A, whereas PDEG6A-related RP cases are
rare in Spain, Japan, and the UK (Hayashi et al., 2021). In this gene, 40 pathogenic
variants have been identified, the majority of which were missense and nonsense variants
(Khan et al., 2021). On the other hand, PDE6B gene mutations induce a severe form of
RP with an early onset disease and account for up to 8% of all ARRP cases (Kim et al.,
2020).

The retinitis pigmentosa 25 (RP25) gene is also known as the EYS gene as it encodes a
protein with homology to a Drosophila protein called Eyes Shut, which is a regulator of
eye morphology in insects (Sengillo et al., 2018). In the human eye it is essential for the
development and structural integrity of photoreceptors (Seko et al., 2018). The majority
of cases of RP in Japan are caused by mutations in this gene, which accounts for 51% of
all RP patients (Numa et al., 2020). The prevalence of mutations in this gene varies based
on the geographic location, which can range from 5% in the Netherlands and Canada to
up to 16% in Europe (Garcia-Delgado et al., 2021). Approximately 449 variants,
including point variants, deletions, insertions, splicing changes, and complex
rearrangements, have been found to date in this gene (Bhardwaj et al., 2022). The EYS

gene variations are linked to relatively severe and early onset ARRP.

Mutations in the RPEG5 (the human retinal pigment epithelium 65) gene are responsible
for 0.6-6% of RP (mostly ARRP) cases and 3-16% of LCA cases. It encodes a protein
that is involved in visual cycle and phototransduction (formation of light sensitive
pigments). More than 300 mutations were found in this gene and most of them were single

base mutations (Aoun et al., 2021). Recent improvements have been made in the
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treatment of LCA, which is caused by biallelic null or loss of function mutations in the
RPEG5 gene. Only cases with biallelic RPE65 mutations are eligible for this treatment,
which replaces the missing gene through subretinal injection of an adeno-associated viral
(AAV) vector carrying a human RPEG5 gene. There are lots of other gene therapies in
clinical trials for IRDs and some will be discussed later in the discussion chapter (Section
6.3), but to date only this gene therapy for retinal degeneration has received approval
from the Food and Drug Administration (Voretigene neparvovec-rzyl, Luxturna™,
SparkTherapeutics) (Russell et al., 2017, Food and Administration, 2017) and the
European Medicines Agency (EMA) in 2018. In order to determine a patient's eligibility
for gene therapy in RPE65-related IRDs, it is essential to understand the pathogenicity of
rare novel RPE65 variants, particularly the variants of uncertain significance. For
instance, when a patient has a monoallelic pathogenic variant in RPE65 and a clear
clinical picture of RP or LCA, sequencing the entire gene is required to find (or exclude)
variants in the second allele. The pathogenicity of such variants is worthy of further
investigation by in silico pathogenicity prediction tools and in vitro functional studies to
evaluate the effects of these variants on protein abundance, localisation, and function.
Additionally, individuals with potential compound heterozygous variants must undergo
haplotype phasing and segregation studies prior to treatment, since RPE65 gene therapy
will be ineffective if the two variants are in cis rather than in trans (Sodi et al., 2021,
Aoun et al., 2021).



Gene symbol (OMIM)

ABCA4 (601691)
AGBL5 (615900)

AHR (600253)

ARHGEF18 (616432)

ARLG (608845)
ARL2BP

BBS1 (209900)
BBS2 (606151)
BEST1 (607854)
C80rf37 (614477)

CERKL (608381)

CLCC1 (617539)

CLRN1 (606397)
CNGAL1 (123825)

Proportion of
cases (%)
5-6%

Rare

Rare

<1%

<1%
<1%

<1%
<1%
<1%
<1%
>1%
More prevalent

in Spain
<1%

<1%

2-5%

7.6% in Chinese
5.1% in
Japanese

Function

Transport molecules into/out of

photoreceptors

Posttranslational modification of

tubulin

A transcription factor involved in
biological response to xeno- and

phytobiotics

Regulation of wide spectrum of

cellular functions
Ciliary function

Trafficking of ciliary proteins and

factors
Ciliary trafficking

Cilia formation and function

Transmembrane oligomeric

chloride channel

Maintenance of physiological
levels of OS membrane protiens
Regulation of mitochondrial
biology and metabolism

Maintenance of retinal structure

and function

Photoreceptor synapses

Phototransduction and formation

of rod cells OS

Gene symbol (OMIM)

MAK (154235)
MERTK (604705)

MVK (251170)

NEK2 (604047)

NEUROD1 (601724)
NR2E3 (604485)

NRL (162080)
PCARE
(C20rf71/613425)
PDEBA (180071)
PDE6B (180072)

PDE6G (180073)

POMGNT1 (606822)

PRCD (610598)
PROM1 (604365)

Proportion of
cases (%)
<1%

<1%

<1%

<1%

<1%
<1%

<1%
<1%
3-4%
5-8%

Unknown

<1%

<1%
<1%

Function

Regulation of retinal cilium and
spermatogenesis

Regulation of phagocytosis in
photoreceptor OS

Isoprenoid pathway

Ciliary protein involved in cell
division

Maintenance of photoreceptor
Ligand-dependent transcription
factor

Transcription factor/ required for
rod photoreceptor development
Regulation of OS disks
development

Phototransduction cascade

Phototransduction cascade

Phototransduction cascade

Glycosylation pathway

Unknown

Regulation of OS disk
morphogenesis



CNGB1 (600724)

CRBL1 (604210)

CWC27 (617170)

CYP4V2 (608614)
DHDDS (608172)

DHX38 (605584)
EMCL1 (616846)

ENSA (603061)

EYS (RP25/602772)

FAM161A (613596)

GPR125 (612303)

HGSNAT (610453)
IDH3B (604526)

<1%

1% of ARRP
17% of LCA
cases in Spain
<1%

<1%
<1%

<1%
<1%

<1%

0-15.9%

15.9% in Spain
51% of Japanese
RP patients
<1%

Rare

<1%
<1%
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Phototransduction and regulation
of ion flow into rod cells OS
Retinal structure, cell-cell
interaction, and cell polarity

Unknown

Fatty acid and steroid metabolism
Photoreceptor structure

Pre-RNA splicing

Unknown

Regulation of cell cycle
progression

Maintenance of photoreceptor
cells integrity and facilitate ciliary
trafficking

Unknown

Unknown

Lysosomal membrane enzyme

Citric acid cycle (krebs cycle)

PROS1 (176880)

RBP3 (180209)

REEP6 (609346)

RGR (600342)
RHO (180380)

RLBP1 (180090)
RP1 (180100)

RP1L1 (608581)

RPE65 (180069)

SAG (181031)

SAMD11 (616765)

SLC7A14 (615720)
SPATA7 (609868)

<1%

<1%

<1%

<1%
<1%

<1%
<1%

<1%

0.6-6%

>1%

<1%

<1%
<1%

Anti-coagulant action

Visual cycle

Endoplasmic reticulum function
and transport
Visual cycle

Phototransduction/ scotopic
vision

Visual cycle

Regulates the protein transport
between IS and OS of
photoreceptor cells, maintenance
of cilia structure

Interact with photoreceptor
connecting cilia

Visual cycle

Prevent light-dependent
degeneration of photoreceptor
cells

Signal transduction and
regulation of transcription
Cationic transporter protein

Maintenance of protein
localization at the photoreceptor
connecting cilium (CC)
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IFT140 (614620) <1% Development and maintenance of ~ TRNT1 (612907) <1% tRNA function and protein
OS of photoreceptor cells synthesis

IFT172 (607386 <1% Intra-flagellar transport TTC8 (608132) <1% Ciliary function

IMPG2 (607056) <1% Maturation and maintenance of TULPL1 (602280) <1% Protein transport in
photoreceptor OS photoreceptor cells

KIAA1549 (6133344) <1% Photoreceptor function USH2A (276901) 9-17% Maintenance of periciliary

membrane complex/ regulate
intracellular protein transport

KIZ (615757) <1% Centrosomes stability ZNF408 (616454) <1% Unknown
LRAT (604863) <1% Vitamin A metabolism/ visual ZNF513 (613598) <1% Unknown
cycle

Table 1.3: Summery of genes involved in autosomal recessive (ARRP) pathogenesis. Genes, OMIM ID, estimated proportion (%) of all ARRP cases, and function
of encoded protein, for genes implicated in ARRP. (Sources: RetNet: https://sph.uth.edu/retnet/sum-dis.htm#A-genes; OMIM: https://omim.org; GeneCards:
https://www.genecards.org; (Ferrari et al., 2011, Hartong et al., 2006, Fahim, 2018, Bhardwaj et al., 2022)).
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1.6.1.2 Autosomal dominant retinitis pigmentosa (ADRP)

Autosomal dominant forms of RP are the second most common inherited forms of RP
(30-40%) (Bhardwaj et al., 2022). Generally, ADRP is milder than X-linked or recessive
RP and some cases were reported to have relatively mild symptoms starting after the age
of 50 (Hamel, 2006), but there are exceptions to this, with severe disease in some patients
was reported (Hollingsworth and Gross, 2013). The majority of people with ADRP have
a parent who is affected, which indicates that there is a 50% chance that their offspring
will inherit the mutation. Variation in penetrance is common in ADRP, particularly when
PRPF8, PRPF31, HK1, and RP1 mutations are implicated (Hamel, 2006, Maubaret et al.,
2011, Audo et al., 2012, Villanueva et al., 2014, Verbakel et al., 2018). Phenotypic
heterogeneity in ADRP has been reported even within the same family members
(intrafamilial variability) (Maubaret et al., 2011). To date, mutations in 31 different genes
(Table 1.4) are associated with ADRP (RetNet; https://sph.uth.edu/retnet/sum-
dis.htm#A-genes) and the most prevalent gene is rhodopsin (RHO) accounting for 30-
40% of all ADRP cases. In addition, mutations in genes PRPF31, PRPH2, and RP1 were
reported as major genes underlying this form of RP (Ferrari et al., 2011, Audo et al.,
2012). These genes encode proteins that play vital roles in maintaining photoreceptor

outer segment structure and function, cilia structure, phototransduction, and splicing.

The rhodopsin gene (RHO), also known as RP4, was the first gene in which mutations
were found to cause RP (McWilliam et al., 1989, Dryja et al., 1990a, Dryja et al., 1990b).
It is located on chromosome 3g22.1 spanning 6.7 kb of DNA and consists of five exons
(Meng et al., 2020). It encodes the rhodopsin protein, which accounts for more than 90%
of the protein composition of the rod outer segment discs (Bhardwaj et al., 2022). In
photoreceptors, the rhodopsin protein serves as the main molecule mediating vision and
is one of the most studied G-protein coupled receptor proteins (GPCR). Once it is
activated by photon of light, visual phototransduction is initiated (Section 1.4.1).
Rhodopsin provides scotopic (low light) vision (Lenahan et al., 2020). Mutations in the
RHO gene are known to cause 30-40% of all ADRP cases (Ferrari et al., 2011, Sudharsan
and Beltran, 2019). There are currently over 150 distinct mutations in the RHO gene
known to cause both dominant and recessive types of RP, with the vast majority being
dominant (Sudharsan and Beltran, 2019, Meng et al., 2020, Bhardwaj et al., 2022). The
genetic penetrance of the RHO gene is nearly 100%. Patients with RHO-mediated ADRP
have revealed variable phenotypic expression between families with different mutations

(Jacobson et al., 1991). Moreover, patients with the Pro23His mutation had better visual
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acuity (Meng et al., 2020), whereas those with mutations in the cytoplasmic domain of
the gene (e.g., Ter349Glu) had a severe form of ADRP (Sullivan et al., 2006a) . Of note,
because of a founder effect, the mutation Pro23His is the most common RHO mutation
in North America accounting for about 10% of ADRP cases (Sudharsan and Beltran,
2019, Meng et al., 2020), but is absent from European patients (Farrar et al., 1990).

Additionally, PRPF31 mutations are a frequent cause of ADRP (RP11), accounting for
5-10% of all ADRP cases (Rose and Bhattacharya, 2016). The gene pre-mRNA
processing factor 31 (PRPF31) is the most common splicing factor gene implicated in
ADRP. There are four other pre-mRNA splicing factors associated with ADRP: PRPF3
found in 1.5% of cases, PRPF8 found in 2-3% of cases, and PRPF4 and PRPF6, both of
which are rare. These genes encode proteins that are essential for splicing in all cell types.
However, pathogenic mutations in these genes are more likely to have a deleterious
impact on the survival and function of retinal cells (Yang et al., 2021a). It has been
suggested that this is because of the impact of splicing factors on ciliary function, and
several groups have established a link between splicing defects and ciliopathy phenotypes
at the cellular level (Roosing et al., 2015a, Wheway et al., 2015, Buskin et al., 2018).
Because splicing factors are crucial for retinal development and function, PRPF31 is
abundantly expressed in the retina. The genetic variations in PRPF31 were initially
described in 2001 (Vithana et al., 2001). More than 100 variants have been discovered in
PRPF31 and most of them are located in exons 6-10. Due to haploinsufficiency, ADRP
forms caused by PRPF31 mutations show incomplete penetrance (Kiser et al., 2019). The
alternative splicing of several genes, including RHO, ROM1, FSCN2, and GNAT1, has
been seen to be affected by PRPF31 protein reduction (Azizzadeh Pormehr et al., 2020).
It has been reported that it has bimodal phenotypic expressivity, in which individuals
with PRPF31 mutations were either asymptomatic (non-penetrant carriers) with normal
fundus appearance and minimal or no psychophysical or ERG abnormalities, or
symptomatic with adolescent onset nyctalopia, restricted visual fields, and undetectable
ERG responses by 30 years of age (Evans et al., 1995). This may be attributed to a second
allelic genetic influence, in which the non-penetrant carriers inherited a wild-type allele
that was distinct from the one inherited by their symptomatic siblings. This suggests that
there may be wild-type alleles that are differentially expressed and can potentially
influence the penetrance of disease symptoms (Vithana et al., 2003, Waseem et al., 2007).
Two possible modifier loci, the CNOT3 gene (a master regulator of global gene
expression) and an MSR1 repeat element in the PRPF31 promoter, could affect the
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disease penetrance in PRPF31-related retinopathy. In retinal organoids and RPE derived
from both non-penetrant carriers and RP11 patients, PRPF31 haploinsufficiency has
caused CNOT3 mis-splicing, which in turn lowered its expression and other splicing
machinery. On the other hand, inheritance of a 4-copy MSRL1 repeat element has only
been identified in non-penetrant carriers; as a result, it has been suggested to be associated

with disease non-penetrance (McLenachan et al., 2021).

Mutations in PRPH2 (peripherin 2) also account for around 5-10% of ADRP cases (Rose
and Bhattacharya, 2016). The PRPH2 gene, also called retinal degeneration slow (RDS)
after the phenotype observed in mice, encodes a glycoprotein that is co-localised in the
outer segment of rods and cones with its non-glycosylated homologue, rod outer segment
membrane protein 1 (ROM1), where both regulate the formation and function of the discs
(Conley et al., 2019). RP causing mutations in this gene were first observed in 1991
(Farrar et al., 1991). More than 175 mutations in this gene were found to cause different
types of retinal dystrophies including, in addition to ADRP: autosomal dominant macular
dystrophy (MD), dominant adult vitelliform macular dystrophy (AVMD), dominant cone
rod dystrophy (CORD), recessive LCA and digenic RP caused by heterozygous mutations
in both PRPH2 and ROM1 genes (Coco-Martin et al., 2020). Although mutations in the
PRPH2 gene are usually fully penetrant, phenotypic variability and incomplete

penetrance have also been reported (Soucy et al., 2023).

Approximately 5-10% of ADRP cases (or 8-10% in the UK population) are caused by
RP1 mutations. The retinitis pigmentosa 1 gene (RP1) encodes a photoreceptor-specific
microtubule-associated protein that is located on the axoneme and the connecting cilium
of the photoreceptors (Riazuddin et al., 2005). Variable penetrance and expressivity were
observed in patients with mutation in the RP1 gene (Audo et al., 2012). About 185
mutations have been found (Bhardwaj et al., 2022), the majority of which are truncation
mutations that have a dominant-negative effect and cause ADRP (Verbakel et al., 2019).
The majority of pathogenic RP1 mutations that cause ADRP cluster in exon 4 between
amino acids 500 and 1053 (Siemiatkowska et al., 2012). In RP1-mediated ADRP cases,
it should be noted that the p.Arg677* and p.Leu762Tyrfs*17 mutations were described
as being the most frequently reported variants (Audo et al., 2012).



Gene symbol
(OMIM)
ADIPOR1
(601691)

ARL3 (604695)

BEST1 (607854)
CA4 (114760)
CRX (602225)
FSCN2 (607643)
GUCA1B

(602275)
HK1 (142600)

IMPDH1
(146690)
IMPGL1 (602870)

KIF3B (603754)

KLHL7 (611119)

Proportion of
cases (%0)
Rare

Rare

Rare
Rare
1%

Rare (3.3% in
Japan)

Rare (5% in Japan )

Rare

2-3% (5-10% in US
and Europe)
Rare

Rare

1-2%

31

Protein function

Uptake and retention of
docosahexaenoic acid (DHA)/
promotes photoreceptor cell survival
Regulate trafficking of prenylated
proteins and ciliogenesis in the rod
outer segment

Transmembrane oligomeric chloride
channel

Transport of carbon dioxide and
bicarbonate

Transcription factor/ differentiation
and maintenance of photoreceptor cells
Photoreceptor-specific paralog of
fascin which crosslinks and bundles f-
actin

Phototransduction recovery

Catalyses phosphorylation of glucose
to glucose-6-phosphate

Cell growth regulation

A component of photoreceptor
extracellular matrix
Chromosome movement and
microtubule activity

Ubiquitin-proteosome pathway/
Protein degradation

Gene symbol
(OMIM)
PRPF6 (613979)

PRPFS8 (607300)

PRPF31 (606419)
PRPH2 (179605)
RDH12 (608830)

RHO (180380)

ROM1 (1807221)

RP1 (180100)

RP9 (180104)
RPE65 (180069)

SAG (181031)

SEMAJA (607292)

Proportion of cases
(%)
Rare

2-3%

5-10%
5-10%
Unknown

30-40%

Rare

5-10% (8-10% in the
UK population)

Rare

Rare

Unknown

3-4% in Pakistan

Protein function

Pre-mRNA splicing

Pre-mRNA splicing

Pre-mRNA splicing

Photoreceptor outer segment
structure (discs) and function
Visual cycle

Phototransduction/ Scotopic
vision

Cellular structure

Regulates the protein transport
between IS and OS of
photoreceptor cells, maintenance
of cilia structure

Splicing

Visual cycle

Prevent light-dependent
degeneration of photoreceptor
cells

Transmembrane semaphorin/
enhance T-cell activation
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NR2E3 (604485) 1-2% Ligand-dependent transcription factor ~ SNRNP200 1-2% (5.8% in Splicing
(601664) Chinese)
NRL (162080) 1% Interacts with CRX/ Promotes SPP2 (602637) Rare Unknown

transcription of rhodopsin and other
retinal genes/ rod photoreceptor
development

PRPF3 (607301) 1.5% Pre-mRNA splicing TOPORS (609507) 1-2% Localised in basal body of
connecting cilia in
photoreceptors

PRPF4 (607795) Rare Pre-mRNA splicing

Table 1.4: Summery of genes involved in autosomal dominant (ADRP) pathogenesis. Genes, OMIM ID, estimated proportion (%) in all ADRP cases, and protein
function of genes implicated in ADRP. (Sources: RetNet: https://sph.uth.edu/retnet/sum-dis.htm#A-genes; OMIM: https://omim.org; GeneCards:
https://www.genecards.org; (Ferrari et al., 2011, Hartong et al., 2006, Fahim, 2018, Bhardwaj et al., 2022, Wada et al., 2001, Rice et al., 2015, Daiger et al., 2015,
Fahim et al., 2020a)).
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1.6.1.3 X-linked retinitis pigmentosa (XLRP)

X-linked retinitis pigmentosa, a rare inherited retinal degeneration that manifests as an
aggressive form of retinitis pigmentosa, starts early, progresses rapidly, and eventually
leads to registered blindness in most cases. XLRP accounts for up to 20% of all RP cases
(Breuer et al., 2002, Churchill et al., 2013, Tuupanen et al., 2022) and since it is caused
by mutations in genes on the X chromosome, it mainly affects males, and is never passed
by male-to-male transmission from one generation to the next. Female carriers have a
50% chance of passing the disease-causing variant to their sons, while their daughters
will have 50% chance of being carriers. In affected males, symptoms first appear in
childhood and include nyctalopia, a constriction of the peripheral visual field, central
vision loss, and total blindness by the fourth decade of life (Nguyen et al., 2020).
However, due to the preferential inactivation of the normal X chromosome (Fahim and
Daiger, 2016), female carriers may also be affected, though their symptoms will be
noticeably milder than those of male carriers (Chivers et al., 2021). XLRP can be
mistakenly diagnosed as an autosomal dominant RP since a relatively severe phenotype
can also occur in female carriers as mentioned above due to skewed X chromosome
inactivation (Nanda et al., 2018). This demonstrates the importance of screening for X-
linked genes in families with provisional autosomal dominant inheritance with no male-
to-male transmission (Churchill et al., 2013). The majority of XLRP cases are caused by
mutations in the retinitis pigmentosa GTPase regulator gene (RPGR; OMIM 312610)
accounting for over 70% of XLRP-affected families (Li et al., 2016a, Nanda et al., 2018,
Martinez-Fernandez De La Camara et al., 2018, Nguyen et al., 2020) , and the retinitis
pigmentosa 2 gene (7-18%) (RP2; OMIM 312600) (Lyraki et al., 2018). Mutations in the
oral-facial-digital 1 gene (OFD1; OMIM 311200) were identified as a rare cause of XLRP
(Webb et al., 2012).

About 70% of all XLRP cases and 12-15% of simplex RP cases are caused by pathogenic
variants in RPGR (Breuer et al., 2002, Churchill et al., 2013, Moreno-Leon et al., 2020).
Additionally, CORD, MD, and extraocular disorders including sperm abnormalities,
hearing loss, and primary cilia dyskinesia have been linked to RPGR mutations in some
patients (Ayyagari et al., 2002, Iannaccone et al., 2003, Bukowy-BieryHo et al., 2013).
The RPGR gene was first cloned in 1996 (Meindl et al., 1996). It is located in
chromosomal region Xpl1.4, spanning 172 kb (Patnaik et al., 2015). Due to alternative
splicing or post-translational modifications, it generates multiple transcripts, and two
major transcripts are well distinguished: RPGR®*-1® and RPGRORFL5> (Megaw et al., 2015).



34

The N-terminus (exon 2-11) of both transcripts encodes a structure similar to regulator of
chromosomal condensation 1 (RCC1-like domain). The constitutive transcript RPGR®
19 is widely expressed in many organs and can be found at the transition zone of primary
and motile cilia (Vervoort et al., 2000, Hong et al., 2003, Megaw et al., 2015). RPGR®"
19 consists of 19 exons and encodes a protein of 815 amino acids. The RPGRORF1S
transcript is predominantly expressed in the retina and consists of exons 1 to 14 of
RPGR®!1? followed by a unique 3’ terminus called open reading frame 15 (ORF15)
(Vervoort et al., 2000, Moreno-Leon et al., 2021). It encodes an 1152 amino acid protein
that localises within the photoreceptor connecting cilium (CC), a microtubule-based
organelle analogous to the transition zone of primary (sensory) cilia that connects
between the inner biosynthetic segment and the outer light-sensing segment (Hong et al.,
2003). The ORF15 (c.1754-3459) includes exon 15 and a portion of intron 15 and encodes
567 amino acids with a highly repetitive purine-rich C terminal domain. It contains a ~
1kb core region that is prone to error and challenging to sequence (c.2184-3162) and
represents a mutational hotspot (Chiang et al., 2018, Tuupanen et al., 2022). The ORF15
region is responsible for two-thirds of all XLRP disease-causing mutations, the majority
of which are out-of-frame deletions that result in shortened proteins (Sharon et al., 2003,
Megaw et al., 2015). To date, over 500 variants have been identified in RPGR, most of
them are frameshift and nonsense while 10% of them are splice site variants (Bhardwaj
etal., 2022).

Another gene implicated in XLRP is retinitis pigmentosa 2 (RP2; OMIM 300757). It
encodes a 350 amino acid protein (Schwahn et al., 1998) that has two domains: the tubulin
folding cofactor C-like domain (TBCC domain) and the nucleoside diphosphate kinase-
like domain (NDPK) (Breuer et al., 2002, Hurd et al., 2010). It is expressed at the basal
body of the photoreceptor connecting cilium (CC) where it regulates protein transport
from the photoreceptor inner segment to the outer segment (Evans et al., 2010).
Biochemically, it also has a potential role in maintaining Golgi cohesion and directing
proteins to the plasma membrane (Patil et al., 2011). Approximately 130 disease-causing
mutations, including missense, splice site variations, nonsense, and insertion/deletion
variants, have been described (Bhardwaj et al., 2022). Mutations in the RP2 gene result
in misfolding of the photoreceptor tubulin isoform, and disrupted protein trafficking
machinery leading to photoreceptor degeneration and blindness (Patil et al., 2011).
Patients with RP2 disease were shown to have severe symptoms, early disease onset,
rapid disease progression, and early macular degeneration (Sharon et al., 2003,

Jayasundera et al., 2010).
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1.6.2 Cone and macular related disorders

There are two categories of inherited disorders leading to cone dysfunction: stationary
and progressive. The stationary cone disorders, also known as the cone dysfunction
syndromes, are congenital and exclusively affect cone photoreceptors. These syndromes
include complete and incomplete achromatopsia (ACHM), blue cone monochromatism,
oligocone trichromacy, bradyopsia, and Bornholm eye disease (Aboshiha et al., 2016).
The progressive disorders, cone dystrophy (COD) and cone rod dystrophy (CORD), on
the other hand, manifest as either a macular disease or a diffuse retinopathy with a
predominance of macular involvement and later onset (in childhood or early adulthood)
(Michaelides et al., 2006, Hamel, 2007). Macular dystrophies (MD) are diagnosed based
on the fundus findings of bilateral, moderately symmetrical abnormalities involving the
macula (Michaelides et al., 2003b). Symptoms of impaired central vision function are
observed in patients with cone and macular related disorders. These conditions show
genetic and clinical heterogeneity, and autosomal dominant, autosomal recessive, X-
linked, and mitochondrial inheritance patterns have been described. They can also present

as non-syndromic and syndromic forms.

Complete Achromatopsia (ACHM) is a rare autosomal recessive disorder that is
characterised by loss of cone function and affects about 1 in 30,000 people. Patients with
ACHM present with pendular nystagmus, poor visual acuity, lack of colour vision, and
photophobia at birth or in the early stages of infancy (Thiadens et al., 2009, Michalakis
et al., 2021). Patients may also demonstrate the so-called Flynn phenomenon, in which
they experience a paradoxical constriction of their pupils when transitioning from light to
darkness (Simon et al., 2004). Electroretinogram (ERG) shows absent cone responses
with normal rod responses and fundus appearance is often normal. However, certain
macular alterations, ranging from RPE abnormalities to atrophy, might be seen. A small
proportion of ACHM patients have an incomplete version of the disease that is associated
with supposedly improved colour vision and higher visual acuity, as well as some residual
cone function on the ERG (Aboshiha et al., 2016). There are six genes associated with
ACHM, including CNGA3, CNGB3, ATF6, GNAT2, PDE6C, and PDE6H. Mutations in
genes CNGA3 (OMIM 600053) and CNGB3 (OMIM 605080) account for up to 90% of
cases of ACHM (Michalakis et al., 2021). All ACHM genes are involved in
phototransduction except for ATF6, which encodes a transmembrane transcription factor
in the endoplasmic reticulum which plays a role in ER homeostasis (Yamamoto et al.,
2007).
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COD and CORD manifest as a diffuse retinopathy with predominant macular
involvement. They are the most common hereditary progressive cone disorders with an
incidence of 1:30,000 to 1:40,000 globally (Berger et al., 2010). Cone photoreceptor loss
is a common feature of both diseases, which are clinically and genetically heterogeneous.
In COD, the functional abnormalities are limited to the photopic system, whereas in
CORD, rod dysfunction becomes widely involved as the disease progresses (Thiadens et
al., 2012).

The mean onset of COD is at adolescence and patients with COD present with central
vision loss, photophobia, and colour vision disturbance. Since the cone function is normal
initially, nystagmus is frequently absent (Roosing et al., 2014). The course of the disease
may vary, and some patients may become legally blind before 50 years of age (Thiadens
et al., 2012). All three axes of colour vision are generally affected, and the hallmark for
COD diagnosis is the reduced cone response in ERG with maintained rod response. Early
nyctalopia caused by early rod involvement or simultaneous cone and rod loss on ERG
distinguishes CORD from COD (Gill et al., 2019). Other clinical symptoms are similar
to those of COD, but they start earlier and progress more rapidly, typically leading to
legal blindness before the age of 40 (Thiadens et al., 2012). Macular abnormalities on
fundoscopy for both COD and CORD can range from no abnormalities to bull's-eye
maculopathy or RPE atrophy, and the optic nerve may exhibit variable degrees of
temporal pallor. However, patients with CORD may also have peripheral pigment

deposits and attenuated retinal vessels (Figure 1.8) (Roosing et al., 2014).

Figure 1.8: Colour image of fundus appearance in a CORD patient. A fundus examination of
a patient with CORD reveals central retinal atrophy and irregularly shaped pigment deposits in

the posterior pole. (Reproduced from (Hamel, 2007) with free license from BioMed Central).
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Autosomal recessive, autosomal dominant, and X-linked inheritance patterns are all
possible for COD and CORD. Currently, COD/CORD is known to be caused by
mutations in 37 genes (RetNet; https://web.sph.uth.edu/RetNet/sum-dis.htm#A-genes).
The majority of cases are recessively inherited, of which about 60% are caused by
variants in ABCA4 (Section 1.6.1.1). Ten genes have variants that are linked to AD
COD/CORD, with GUCY2D, PRPH2, CRX (Chapter 4), and GUCALA accounting for
more than 75% of these variants. Variants in four genes are linked to XL COD/CORD,
with RPGR (Section 1.6.1.3) accounting for 73% of cases. The proteins encoded by these
genes are involved in phototransduction, photoreceptor outer segment morphogenesis,

intraflagellar transport, and neurotransmitter release (Gill et al., 2019).

Macular dystrophies (MDs) are a subset of inherited retinal disorders result in
progressive macular atrophy and severe visual impairment. Although the age of onset
varies, the majority of cases appear in the first two decades of life. Clinical presentations
include reduced central vision function with colour vision abnormalities and reading
difficulties. Stargardt disease (STGD), Best disease (BD), X-linked retinoschisis
(XLRS), autosomal dominant drusen (ADD), adult vitelliform dystrophy (AVMD),
autosomal dominant “bull’s-eye” macular dystrophy, and pattern dystrophy (PD) are the
most prevalent subtypes of MDs. Notably, genetics also plays a role in the aetiology of
age-related macular degeneration (ARMD) and about 20% of the patients have positive
family history (Michaelides et al., 2003b, Rahman et al., 2020). To date, 21 genes have
been linked to MD (RetNet: https://web.sph.uth.edu/RetNet/sum-dis.htm#A-genes).

Stargardt disease (STGD; OMIM 248200) is the most prevalent inherited juvenile MD,
affecting 1:8000 to 1:10,000 individuals globally (Roosing et al., 2014). Patients
frequently retain peripheral vision but exhibit impaired central vision, with decreased
visual acuity, aberrant colour vision, photophobia, and sluggish dark adaption. Retinal
flecks made up of lipofuscin pigment occur in the macula and macular atrophy and can
be seen on fundus autofluorescence (FAF) imaging (Michaelides et al., 2003b). Stargardt
disease is mainly an autosomal recessive disease, though rare dominant forms do exist. It

exhibits a varied phenotype as well as age at onset and severity (Cremers et al., 2020).

In the predominant autosomal recessive disorder (STGD1), disease-causing mutations are
found in the gene encoding the ATP Binding Cassette Subfamily A Member 4 (ABCA4)
(Section 1.6.1.1). ABCAA4 acts as a retinoid transporter, clearing potentially toxic all-trans
retinal (ATR) from photoreceptors after photoexcitation. Defective retinoid transport

caused by ABCA4 mutations results in a build-up of all-trans retinal, which in turn leads
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to formation of lipofuscin and its toxic by-products (A2E) in RPE and photoreceptors,
ultimately causing cell dysfunction and death (Dean, 2005). It has been proposed that the
severity of the disease depends on its onset; adult-onset (foveal sparing STGD) is linked

to missense changes, whereas childhood-onset is linked to more deleterious variants.

Two rare autosomal dominant MDs, STGD3 and STGD4, caused by ELOVL4 and
PROML, respectively, have symptoms that overlap with some of the STGD1 phenotypical

manifestations (including bull’s eye maculopathy) (Rahman et al., 2020).

1.6.3 Leber congenital amaurosis (LCA)

Leber congenital amaurosis (LCA; OMIM 204000), is the earliest and most severe type
of inherited retinal disease and is characterised by blindness and severe visual impairment
from birth. Dr. Theodore Leber first identified it in 1869, describing it as visual
impairment in infants with nystagmus and a defective pupillary light reflex (Leber, 1869,
Perrault et al., 1999). It accounts for at least 5% of all retinal dystrophies and about 20%
of childhood blindness, with a population frequency of between 1/30,000 (Koenekoop,
2004) and 1/81,000 (Stone, 2007).

As early as six weeks of age, patients with LCA start showing symptoms. LCA is
characterised by early and severe vision loss and nystagmus. Visual acuity ranges from
20/200 to light perception only or even non-light perception, and patients with LCA rarely
have visual acuity better than 20/400 (Cremers et al., 2002). Patients may present with
refractive errors as hyperopia in GUCY2D mutations. Other ocular features such as
photophobia, nyctalopia, keratoconus, and juvenile cataracts may also present in LCA
patients. Franceschetti’s oculodigital sign can be a very important feature of LCA. Fundus
appearance can vary from apparently normal to maculopathy, with or without bull’s eye
pattern, macular coloboma, or macular atrophy. The fundus of some LCA patients has
also been reported to show typical RP-like abnormalities, including bone spicule
peripheral pigmentation, vascular attenuation, pseudopapillary oedema, or coats-like
vasculopathy. Amaurotic pupils and a severely reduced to non-detectable electrical signal
on ERG are also typical features for LCA diagnosis (den Hollander et al., 2008, Huang
etal., 2021).
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Figure 1.9: Colour images of fundus appearance in an LCA patient. A. Blonde fundus with
peripheral white flecked lesions and a normal macula in RPE65 - associated LCA. B. CRB1-
associated LCA is characterised by nummular pigmentation, periarteriolar sparing of RPE and
macular atrophy. C. Dense intraretinal pigmentation can be seen along with macular atrophy in
RDH12 - associated LCA. (Adapted from (Kumaran et al., 2017) with free licence from BMJ
publishing group).

LCA is a heterogenous disease and is caused by mutations in 25 different genes (RetNet;
https://web.sph.uth.edu/RetNet/sum-dis.htm#A-genes). The majority of cases are
inherited in an autosomal recessive pattern. However, a small number of dominant cases
caused by CRX, IMPDH1, and OTX1 mutations have been documented (Kondkar and
Abu-Amero, 2019). Some of these genotypes are linked to specific phenotypic features
(Figure 1.9). The most prevalent causes of LCA are mutations in GUCY2D (6-21%),
RPE65 (4-16%), CRB1 (9-17%), CEP290 (15-30%), and RDH12 (3-10%). LCA genes
encode proteins that are essential for phototransduction, the visual cycle, ciliary
transportation, photoreceptor structure and differentiation, and guanine synthesis (Huang
etal., 2021).

1.6.4 Familial exudative vitreoretinopathy (FEVR)

Familial exudative vitreoretinopathy (FEVR) is a rare inherited angiogenesis disorder that
affects the development of retinal blood vessels. It was first described in 1969 (Criswick
and Schepens, 1969) and is characterised by incomplete peripheral retinal vascularization

and poor vascular differentiation. Clinical and genetic variability in FEVR causes wide
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variations in the disease manifestation and severity even within the same family. An
avascular peripheral retina, which might be asymptomatic in the early stages, is the key
feature of FEVR. Patients may experience secondary neovascularization in advanced
stages, which can result in fibrosis, vitreoretinal tension, and retinal detachment (RD),
leading to registered blindness. However, in some cases the disease never progresses
beyond the avascular peripheral retina stage, and therefore carriers remain asymptomatic

throughout their lives, but can still pass on the condition to their children (Gilmour, 2015).

Autosomal dominant, autosomal recessive, and X-linked inheritance patterns have been
reported (Gilmour, 2015, Taugeer and Yonekawa, 2018). The majority of cases of FEVR
are caused by mutations in the genes encoding components of the Norrin-B-catenin
signalling pathway; FZD4, NDP, LRP5, TSPAN12 and CTNNB1 (Chen et al., 1993,
Toomes et al., 2004, Poulter et al., 2010, Collin et al., 2013, Drenser, 2016, Panagiotou
et al., 2017). These genes produce proteins that play a role in eye organogenesis and
angiogenesis by participating in both the canonical Wnt signalling pathway (B-catenin)
and the Norrin signalling pathway (Taugeer and Yonekawa, 2018). Other genes have also
been implicated in rare cases. For example, mutations in KIF11 were found to cause a
FEVR-like syndrome called microcephaly with or without chorioretinopathy,
lymphedema, or mental retardation (MCLMR) (Li et al., 2016b, Robitaille et al., 2014),
while variants in ZNF408 (Collin et al., 2013), ATOH7 (Khan et al., 2012), RCBTB1 (Wu
etal., 2016), JAG1 (Zhang et al., 2020), and ILK (Park et al., 2019) have also been shown
to cause FEVR.

1.6.5 Optic atrophy (OA)

Optic atrophy (OA) is a condition that results in degeneration of retinal ganglion cells and
their axons. Inherited optic neuropathies can be isolated, like Leber's hereditary optic
neuropathy (LHON) and autosomal dominant optic atrophy (ADOA), or syndromic, like
Behr's syndrome. The most frequent non-syndromic hereditary optic neuropathy is
ADOA, with an estimated prevalence of 1:12,000 to 1:50,000 (Lenaers et al., 2012).
Clinically, it manifests as progressive loss of visual fields and colour vision, loss of retinal
ganglion cells and temporal pallor of the optic nerves. It is inherited in an autosomal
dominant pattern and most commonly caused by mutations in the OPAL gene (Yu-Wai-
Man and Chinnery, 2013). 20% of patients who have ADOA may also have additional
systemic manifestations, which is known as ADOA+ (Yu-Wai-Man et al., 2010).
Autosomal dominant OA has also been linked to mutations in the AFG3L2, MFN2,
MIEF1, and NR2F1 genes. Additionally, X-linked (TIMMB8A), and autosomal recessive
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inheritance patterns (ACO2, NBAS, RTN4IP1, and TMEM126A) are both possible for
optic atrophy.

The OPAL gene (OMIM 605290) is localised on 3928-0g29 and encodes a mitochondrial
dynamin-like GTPase family protein which is localised in the mitochondrial
intermembrane space (IMS) (Han et al., 2022). It regulates the stability of mitochondrial
network, mitochondrial bioenergetic output, and the accumulation of proapoptotic
cytochrome c oxidase within the mitochondrial cristae spaces (Yu-Wai-Man et al., 2010).
It is widely expressed, with varied levels of expression in various tissues. It contains five
domains, three of which are highly conserved: the GTPase domain (exons 8-15), a
dynamin central region (exons 16-24), and a C-terminal coiled coil region (GTPase
effector domain (GED), exons 27-28) (Del Dotto et al., 2018). More than 500 disease
causing variants in OPA1 were reported in HGMD (accessed on August 2022) (Stenson
et al., 2017), while the Leiden Open Variation Database (LOVD) for OPAl
(https://www.lovd.nl/OPA1) listed 691 unique public variants. The mutation spectrum of
the OPAL gene includes nonsense, missense, frameshift, and splice variants, small
deletions and insertions and larger structural variants (Delettre et al., 2000, Delettre et al.,
2001, Toomes et al., 2001a, Fuhrmann et al., 2009, Bonifert et al., 2014, Almind et al.,
2011, Weisschuh et al., 2020a). Recessive mutations in OPA1 result in Behr syndrome
(BEHRS) (Schaaf et al., 2011, Bonneau et al., 2014) and mitochondrial DNA depletion
syndrome type 14 (MTDPS-14) (Spiegel et al., 2016), while heterozygous mutations are
linked to ADOA (57-89%) and ADOA+ (Delettre et al., 2000, Toomes et al., 20014,
Shimizu et al., 2003). Patients with Behr syndrome have bi-allelic variants in this gene,
causing arare, severe phenotype (Yu-Wai-Man et al., 2010, Schaaf et al., 2011, Bonneau
etal., 2014, Carelli et al., 2015). There are no reports of patients with biallelic null alleles,
and animal studies have indicated that such a genotype is fatal to embryos (Davies et al.,
2007). The OPA1 gene polymorphisms have also been associated with normal tension
glaucoma (NTG) (Aung et al., 2002).

Solute carrier family 25, member 46 (SLC25A46; OMIM 610826) gene is located on
chromosome 5 and composed of eight exons. It encodes a 418-amino acid mitochondrial
solute carrier protein family member localised to the mitochondrial outer membrane
(MOM). 1t is thought to have a transporter-like role across the inner mitochondrial
membrane. It was found to be a reciprocal match to Ugol (Abrams et al., 2015), which is
a modified mitochondrial solute carrier in the mitochondrial outer membrane in

Saccharomyces cerevisiae, that functions as a mitochondrial fusion factor (Hoppins et al.,
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2009). SLC25A46 interacts with OPAL, MFN2, and mitochondrial contact site and cristae
organising system (MICOS) complex to maintain mitochondrial morphology (Janer et
al., 2016). Mutations in the SLC25A46 gene were reported to cause recessive optic
atrophy, axonal Charcot-Marie-Tooth disease (CMT), and cerebellar atrophy in four
families including missense and indels mutations (Abrams et al., 2015). A homozygous
splice site mutation was also reported in a patient with optic nerve and cerebellar atrophy
(Nguyen et al., 2017). Furthermore, a homozygous missense mutation in SLC25A46 was
detected in a patient with Leigh syndrome, indicating that SLC25A46 plays a role in the
mitochondrial/endoplasmic reticulum pathway and is linked to neurodegenerative

diseases with early onset (Janer et al., 2016).

Clearly many genes have been implicated to date in causing different forms of inherited
retinal diseases providing important insights into disease causation, however, additional

genes still remain to be elucidated.

1.7 Syndromic retinal diseases

The majority of IRD cases are non-syndromic, with the disease only affecting the eyes.
However, over 80 syndromic IRD forms have been identified, with about 200 genes
believed to be involved. Syndromic IRDs can be divided into two main disease categories,
ciliopathies, and inborn errors of metabolism (IEMs). The foremost IEMs forms include
congenital  disorders of  glycosylation, neuronal ceroid lipofuscinoses,
mucopolysaccharidoses, and peroxisomal disorders, which frequently involve a retinal
phenotype as part of a complex syndromic disorder. Ciliopathies are a group of genetic
diseases resulting from mutations in genes involved in the primary cilia structure and
function. The major forms that fall into this group are Usher syndrome (USH), Bardet-
Biedl syndrome (BBS), Joubert syndrome (JBTS), Senior-Lgken syndrome (SLN), and
Alstrom syndrome (ALMS) (Tatour and Ben-Yosef, 2020). In the current study, BBS and
USH syndromes are briefly overviewed.

1.7.1 Usher syndrome (USH)

Usher syndrome (USH; OMIM 276900) is clinically and genetically heterogenous and is
the most common cause of syndromic hearing loss after Pendred syndrome (Castiglione
et al., 2013). It accounts for 50% of individuals under 65 who are both deaf and blind,
with a prevalence of 3.5-16.6 in 100,000 (Blanco-Kelly et al., 2015, Feenstra et al., 2022).
It is a hereditary disorder characterised by sensorineural hearing loss, retinopathy

(retinitis pigmentosa), and vestibular areflexia (Castiglione and Mdller, 2022). Patients
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with USH experience night blindness, then narrowing of the visual field or “tunnel vision”
as a result of the degeneration of the rod cells. This can eventually lead to total blindness
in some cases when the disease progresses to the cone cells (Reiners et al., 2005). USH
is almost always inherited in an autosomal recessive pattern, and variants in genes
involved in USH have also been reported to cause non-syndromic autosomal recessive
RP (NS-ARRP) (McGee et al., 2010, Lenassi et al., 2015). It was revealed that USH genes
such as CDH23, USH2A, MYO7A, ADGRV1, PCDH15, and USH1C can also cause
dominant and recessive non-syndromic hearing loss without RP (Cesca et al., 2020).
Clinically, it is categorised into three subtypes: Usher syndrome type 1 (USH1), Usher
syndrome type 2 (USH2), and Usher syndrome type 3 (USH3) (Table 1.5).

Clinical subtype Clinical features

Usher syndrome type 1 (USH1) e Most severe form
e Congenital, Severe to profound
sensory hearing loss
o Bilateral vestibular areflexia
e Early onset of RP

Usher syndrome type 2 (USH2) e Congenital, moderate-severe but
relatively stable sensory hearing loss
e Normal vestibular function
e RPusually discovered in the second
decade of life

Usher syndrome type 3 (USH3) e Congenital, progressive sensory
hearing loss
e Progressive vestibular loss
e Onset and severity of RP is highly
variable

Table 1.5: Usher syndrome clinical subtypes. (Sources: (Fuster-Garciaetal., 2021, Delmaghani
and El-Amraoui, 2022, Castiglione and Mdller, 2022))

USH can be categorized as a ciliopathy (Fuster-Garcia et al., 2021) since it is caused by
mutations in genes that encode proteins involved in different ciliary cell functions. It is
one of several ciliopathies that impair non-motile or sensory cilia, including some forms
of Bardet-Biedl syndrome, Alstrom syndrome, Meckel syndrome, Joubert syndrome, and
Leber congenital amaurosis (LCA). USH has so far been linked to mutations in 17
different genes (Table 1.6), some of which encode proteins found in the retinal
photoreceptor connecting cilium and hair cells in the inner ear (Castiglione and Mdller,
2022).
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Seven genes were identified for USH1, three for USH2, and two for USH3. Three atypical
USH genes: ABHD12, ARSG, and CEP78 and two modifier genes: PDZD7 and CEP250
were identified in association with USH. However, mutations in the USH2A gene are

responsible for up to 80% of USH2 cases and over 50% of all USH cases (Toualbi et al.,

2020, Feenstra et al., 2022). The penetrance in Usher syndrome is near 100% for all types

(Castiglione and Mdller, 2022).

Gene (OMIM) Usher
syndrome
category

Usher type 1 (35-40%)

CDH23 (605516) USH1D and
DFNB12

CIB2 (605564)  USH1J
ESPN (606351)  USH1M?

and DFNB36
MYO7A USH1B
(276903)
PCDH15 USH1F
(605514)
USHI1C (605242) USH1C
USH1G USH1G
(607696)

Usher type 2 (60-65%0)

ADGVR1/GPR9  USH2C
8 (602851)

WHRN (607928) USH2D and
DFNB31

USH2A (608400) USH2A

Usher type 3 (0-5%0)
CLRN1 (606397) USH3A

HARS1 (142810) USH3B

Atypical USH

ABHD12 Atypical

(613599) USH

ARSG (618144)  Atypical
USH

CEP78 (617236) Atypical
USH

Modifier genes

Protein function

Structural protein: adhesion protein

Intracellular calcium homeostasis

Actin-bundling protein

Myosin/ structural component of cilia and
microvilli

Mediate calcium dependent cell-cell
adhesion

Scaffold protein
Scaffold protein

G-protein coupled transmembrane receptor

PDZ scaffold protein

Maintenance of periciliary membrane
complex/ regulate intracellular protein
transport

Transmembrane protein

Protein coding gene

Functional protein: enzyme involved in

neurotransmission

Functional protein: enzyme (sulfatase)

Centriole-centriole cohesion during
interphase of cell cycle

Frequency

10-20%

Unknown

Unknown

50-70%

5-10%

6-20%

0-5%

5-20%

0-10%

50-80%

90-95%

5-10%

Unknown

Unknown

Unknown
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PDZD7 (612971) USH2? Modifier gene Unknown
CEP250 Atypical Centriole-centriole cohesion during Unknown
(609689) USH? interphase of cell cycle

Table 1.6: Summary of genes implicated in Usher syndrome. Gene involved in each USH
subtype, protein  function, and the estimated frequency. (Sources: RetNet:
https://sph.uth.edu/retnet/sum-dis.htm#A-genes, (Fuster-Garcia et al., 2021, Delmaghani and El-
Amraoui, 2022, Castiglione and Méller, 2022))

1.7.2 Bardet-Biedl syndrome (BBS)

Bardet-Biedl syndrome (BBS, OMIM 209900) is a rare multisystem non-motile
ciliopathy characterized by high genetic and clinical heterogeneity (Florea et al., 2021).
Its estimated prevalence is 1:160,000 in Northern European populations (Forsythe and
Beales, 2013). However, inbred, consanguineous, and isolated communities will often
have a higher prevalence of BBS, such as Kuwait-Bedouin populations (1:17,000) and
the Faroe Islands (1:3700) (Farag and Teebi, 1989, Hjortshgj et al., 2009, Ajmal et al.,
2013, Khan et al., 2016).

It is a pleotropic disorder, with a number of features that include rod cone dystrophy,
central obesity, postaxial polydactyly, cognitive impairment, hypogonadotropic
hypogonadism and/or genitourinary abnormalities and kidney disease. Patients may also
present with developmental delay, speech difficulties, brachydactyly or syndactyly,
dental defects, ataxia, olfactory deficits, diabetes mellitus and congenital heart disease
(Forsythe and Beales, 2013, Novas et al., 2015, Florea et al., 2021, Gupta et al., 2022).
Before the genes for BBS were discovered, the disease was diagnosed based on its
phenotypic manifestations (Forsythe and Beales, 2013, Beales et al., 1999). One of the
most significant features of BBS is rod cone dystrophy, which affects 94-100% of
affected individuals. Patients can experience night blindness, loss of peripheral vision, a

reduction in colour perception, and a decrease in visual acuity.

Variable expressivity and pleiotropy of BBS are caused by a number of factors, including
modifying variants, mutation types, interactions between BBS proteins, and interactions
between BBS proteins and other non-disease-causing proteins (Florea et al., 2021). There
are 26 genes in which mutations contribute to BBS (Table 1.7), each of which encodes a
protein involved in the maintenance of primary cilia function. The BBSome multi-subunit
complex is made up of eight BBS proteins: BBS1, BBS2, BBS4, BBS5, BBS7, TTCS,
BBS9, and BBIPI (Gupta et al., 2022). The most frequently occurring mutations are in the
BBS1 and BBS10 genes, accounting for 23% and 20% of BBS respectively. The formation
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of BBSome complex is facilitated by three genes: BBS6 (MKKS), BBS10, and BBS12,
which produce chaperon-like BBS proteins. The BBS induced by mutations in these
genes has more severe manifestations with earlier onset, higher prevalence of major
diagnostic signs, and some signs of other ciliopathies, such as McKusick-Kaufman

syndrome (MKKS). It should be noted that mutations in chaperonin genes are responsible

for 30% of all BBS cases (Florea et al., 2021, Gupta et al., 2022).

Gene Gene group Gene Gene group

ADIPOR1 Adiponectin receptor CEP19 Centrosomal protein 19

BBS1 BBSome MKS1 B9 domain containing MKS
complex

BBS2 BBSome CEP290 MKS complex

ARLG6 ARF GTPase family WDPCP Ciliogenesis and planar
polarity effector complex

BBS4 BBSome SDCCAG8 microRNA protein coding
host genes

BBS5 BBSome LZTFL1 BBSome

BBS6/MKKS Chaperonin-like protein BBIP1 IFT-B1 complex RAB,
member RAS oncogene
GTPases

BBS7 BBSome IFT27 IFT-B1 complex

TTC8 BBSome IFT74 IFT-B1 complex

BBS9 BBSome C8orf37

BBS10 Chaperonin-like protein SCLT1

TRIM32 Tripartite motif containing NPHP1 NPHP complex

ring finger proteins
BBS12 Chaperonin-like protein SCAPER Zinc fingers C2H2-type

Table 1.7: Bardet-Biedl syndrome genes. (Sources: RetNet: https://sph.uth.edu/retnet/sum-
dis.htm#A-genes, (Forsythe and Beales, 2013, Novas et al., 2015, Florea et al., 2021, Gupta et al.,
2022).

1.8 Pathogenic variants identification through family studies

Many genes with disease-causing variants have been implicated in IRDs either as
functional candidates or through family studies using candidate gene analysis, linkage

analysis or autozygosity mapping.
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1.8.1 Candidate gene analysis

In order to find pathogenic or risk variants linked to a particular disease, candidate gene
studies have been at the forefront of genetic studies. Studies of candidate genes
concentrate on those that have a known function that links them directly to a disease. In
brief, the approach begins with the identification of a potential candidate gene that may
be involved in the pathogenesis of the disease. This is followed by screening patients with
the disease to identify variants in or close to those genes that may have a functional
consequence, either by affecting gene regulation or altering the protein product. If
variants are found in multiple cases and not in controls, this alone may constitute proof
of their involvement in a Mendelian disease. Further proof may be obtained if variants
are seen to segregate with the disease in a family. In multifactorial disease, implicating
variants as risk factors in a disease would involve confirming the frequency of variants in
the population, to determining whether there is a correlation between those variants and
the phenotype using statistical methods (Tabor et al., 2002, Patnala et al., 2013). Such
studies can be extended to interrogate genes agnostic to known functions using for
example genome wide association studies (GWAS), a methodology frequently used for

studies of multifactorial diseases including AMD, among other ocular disorders.

1.8.2 Linkage analysis

Genetic linkage is the tendency of DNA sequences that are adjacent to each other on a
chromosome to be inherited together during the meiosis stage of sexual reproduction. The
nearer two genes are on a chromosome, the lower the chance of recombination between
them, and as a result, the two genetic markers are said to be linked and therefore more
likely to be inherited together (Pulst, 1999). Sturtevant (Sturtevant, 1913) was the first to
define a linkage map, which shows the linear positions of genes or genetic markers based
on the frequencies of recombination between them during crossover of homologous
chromosomes. Two genetic markers are thought to be farther apart the more frequently

they recombine.

Human genetics researchers can use linkage maps to find new genes or genetic markers
by testing for genetic linkage of the already identified markers to a disease or trait in a
family. Genetic linkage analysis was formerly a widely used method for examining the
segregation of traits in pedigrees, by determining whether specific phenotypes tended to
be co-inherited with each other or with certain genetic markers, suggesting that the genes
causing these traits are close to each other in the genome. Linkage analysis was frequently

used to identify the chromosomal region most likely to contain the gene responsible for
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a specific trait by evaluating the status of polymorphic markers. Polymorphic markers
can be single nucleotide polymorphisms (SNPs), short tandem repeats (STRs), or variable
number tandem repeats (VNTRS). Linkage analysis may be either parametric or non-
parametric, with parametric analysis being the type most commonly used for Mendelian
trait analysis. Parametric linkage analysis relies on what we know about the phenotypes
in the families and their segregation through a number of meiosis that are large enough
to achieve statistically significant results. It makes assumptions about how traits are
inherited and calculates a likelihood of linkage based on these assumptions. A statistical
test called the LOD score (logarithm (base 10) of odds) can be used to investigate this. It
measures the likelihood that the inheritance pattern in a particular pedigree in which the
disease and the genetic marker are co-segregating is caused by linkage or by chance. Non-
parametric linkage analysis (allele sharing), by comparison, comes to a result without
assumptions about how the trait will behave in the family, and is more appropriate when,

for example, there is variable penetrance or expression of a disease in a family.

Linkage analysis was used for the identification of loci in various types of inherited retinal
diseases (Blanton et al., 1991, Shastry et al., 1995, Acland et al., 1998, Capeans et al.,
1998). Linkage analysis requires the genotyping of a few markers to identify the specific
chromosomal region shared between the affected individuals, but it cannot find the gene
alone. This is followed by a more expensive targeted sequencing of each gene in the
region. This required what was called positional cloning, before the availability of the
human reference sequence (Pulst, 1999, Teare and Barrett, 2005, Teare and Santibafiez
Koref, 2014).

1.8.3 Autozygosity mapping

Autozygosity mapping, also called homozygosity mapping, is a method used to detect
runs of homozygosity (ROH) in the DNA of individuals in whom recessively inherited
disease have resulted from inheritance of a chromosomal region by descent from a
common ancestor. In such patients the disease-causing mutation is frequently found in
the ROHs in patients, especially if they come from consanguineous families (Quinodoz
et al., 2021). Consanguinity is a social factor that increases the incidence of autosomal
recessive disorders. In such families, both parents are likely to carry the same disease
gene variant that was passed down from a common ancestor, meaning that the children
are autozygous (homozygous inherited by descent) at the disease locus (Kannabiran et
al., 2022). The closer the biological relationship between parents, the higher is the chance

that their children will inherit one or both copies of the recessive gene (Hamamy, 2012).
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1.9 DNA sequencing

Now that next-generation sequencing is available and widely affordable, it is increasingly
possible to analyse a person's genome to find the disease-causing variants without
performing a thorough family investigation. Large cohort studies like the UK 100,000
genome project have been made possible by this method (Turnbull et al., 2018).
Nevertheless, performing segregation studies still helps in interpretation when it is

available.

Exome or genome sequencing is now an important step toward the correlation of
genotypes with phenotypic characters. Since Frederick Sanger first developed dideoxy
sequencing in 1977 (Sanger et al., 1977b), DNA sequencing technologies have rapidly
revolutionised molecular biology, medicine, genomics, and forensic sciences. DNA
sequencing platforms have been developed over time, making sequencing a potent and
practical research tool that can be employed easily in small labs. The advancement of
sequencing can be divided into two stages. First generation sequencing includes Maxam-
Gilbert and Sanger sequencing. More recently, to overcome some of the drawbacks of
Sanger sequencing, several next generation sequencing (NGS) techniques have been
developed. NGS methods can be further subdivided into second- and third-generation

technologies.

1.9.1 First generation sequencing

Until about 25 years after the three-dimensional structure of DNA was discovered
(Watson and Crick, 1953), early attempts to sequence DNA relied on analytical chemistry
techniques that could only determine the composition of nucleotides, not their order
(Holley et al.,, 1961). However, by combining these techniques with selective
ribonuclease treatments, the first whole sequence of ribonucleic acid from
Saccharomyces cerevisiae was produced (Holley et al., 1965). In the mid-1970s, the
Sanger “plus and minus” system and the Maxam-Gilbert chemical cleavage approach
were established. These two protocols were based on a single separation by
polynucleotide length using electrophoresis (Sanger and Coulson, 1975, Maxam and
Gilbert, 1977). Using the “plus and minus” method, the first DNA genome was sequenced
from a bacteriophage (PhiX) (Sanger et al., 1977a).

The Maxam-Gilbert method involved cleaving a radiolabelled DNA chain at specific
bases using chemical reagents and determining the length and location of the nucleotides

by running the cleaved fragments on a polyacrylamide gel. Since it was the first technique
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to gain wider implementation, it might be considered the actual beginning of first-
generation DNA sequencing. However, this technique required the extensive use of

hazardous chemicals, and as a result rapidly fell out of favour.

The development of Sanger's chain termination or dideoxy sequencing in 1977 (Sanger
et al., 1977b), in contrast, represented a major advance that led to a step-change in the
progress of DNA sequencing. This method uses chain-terminating dideoxy nucleotides
(ddNTPs), which are chemical analogues of deoxynucleotides (ANTPs). The ddNTPs are
unable to make bonds with the 5' phosphate of the next dNTP because they lack the 3'
hydroxyl group that is necessary for the DNA chain extension. In the original protocol,
the double stranded DNA was denatured into two single stranded DNA molecules (the
templates), which were then coupled to a complementary primer to begin replicating in
four separate polymerase reactions, each containing all four dNTPs and a small amount
of one type of radiolabelled ddNTP. The products were then run in four lanes on a
polyacrylamide gel and the positions of radioactive bands corresponded to the nucleotide
sequence in the original template. Sanger sequencing underwent a number of
improvements the following years, including the replacement of radiolabelling with
fluorescence labelling, allowing researchers to perform sequencing in one reaction
instead of four (Smith et al., 1985) and detection improvement by capillary-based
electrophoresis (Swerdlow and Gesteland, 1990). Moreover, the innovation of the
polymerase chain reaction (PCR) has also made it much easier to produce pure DNA at
the high concentrations needed for sequencing. This facilitated the development of
sequencing machines that became increasingly automated; the first one was established
in 1991 (Hunkapiller et al., 1991). Sanger sequencing became the most popular technique
for sequencing both small and large genomes, from bacteria and phages to humans. With
a 99.99% base accuracy, it is the gold standard for confirming DNA sequences and can
sequence a fragment of DNA commonly less than 1000 bp in length. It was crucial in
helping researchers understanding the human genome landscape and enabled them to
finish the first human genome sequence in 2004 (Consortium, 2004). However, the
human genome project took over a decade to finish and cost roughly three billion dollars
since it required enormous amounts of time and resources, demonstrating the obvious

need for faster, higher throughput, and cheaper technology (NGS).
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1.9.2 Next-generation sequencing (NGS)

Next-generation sequencing technology first appeared in 2004, offering a quick and
affordable solution. In contrast to Sanger sequencing, NGS libraries are prepared in a cell
free system. Instead of sequencing DNA molecules one by one, NGS facilitates millions
of simultaneous parallel reactions, and the output is evaluated without the use of
electrophoresis (Van Dijk et al.,, 2014). These improvements have enabled NGS
technologies to generate a significant amount of data in less time and at a lower cost. The
ability to generate high throughput data and sequence single-molecule DNA are the core
elements of NGS (Hu et al., 2021). NGS can be further classified into second and third

generation sequencing technologies.

1.9.2.1 Second generation sequencing (SGS)

The hallmark of second-generation "short-read" sequencing methods is the massive
parallel sequencing of short (250-800 bp), clonally amplified DNA molecules (Tucker et
al., 2009). Sequencing and clonal amplification are the two fundamental steps in short
read sequencing techniques. A solid phase is necessary to amplify DNA fragments. This
solid phase can be beads, as used in 454 pyrosequencing (Roche 454), ABI SOLID
technology, and lon Torrent sequencing, or flow cell surfaces, as used in the Illumina
sequencing by synthesis approach. Depending on the sequencing platform, either
emulsion PCR, as in Roche 454 and lon Torrent, or bridging PCR, as in Illumina, is used
to amplify the anchored DNA fragments. The sequencing principle can be based on a
"sequencing by synthesis™ (SBS) method, as used by Illumina, lon Torrent, and Roche
454, or on a "ligation mediated synthesis" method, as used by ABI SOLiD (Mardis, 2013,
Van Dijk et al., 2014, Levy and Myers, 2016).

The first SGS technology was based on pyrosequencing (Nyrén and Lundin, 1985) and
released by 454 Life Sciences (now Roche) (Margulies et al., 2005). In short, it involves
generating light from phosphates by using an enzymatic cascade to yield read length of
400 bases and more than one million reads per run (Vermaetal., 2017). It should be noted
that Roche 454 was discontinued in mid-2016 (Levy and Myers, 2016). Following the
success of Roche 454, a number of parallel sequencing methods emerged, with Illumina

emerging as the most significant (Heather and Chain, 2016).

In this project, whole exome sequencing (WES) was carried out using Illumina NGS
technology (Chapter 3). This technique is based on the "sequencing by synthesis” (SBS)
method, which involves adding nucleotides to the extended DNA chain using DNA

polymerase. After the genomic DNA has been fragmented, adapters are ligated at both
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ends. The adapter tagged DNA molecules are then loaded onto a flow cell containing a
lawn of complementary oligonucleotides to start solid-phase PCR. The other free end of
the bound ssDNA bends over to prime from the next nearby complementary
oligonucleotide in a process called ‘bridge’ amplification or bridging PCR. In each flow
cell channel, repeated solid-phase PCR cycles create millions of dense ‘clusters’ of
dsDNA. These clusters, each containing a single DNA molecule, are then sequenced by
cycle reversible termination using fluorescently labelled nucleotides and reversible
terminators. The amplified fragments are denatured followed by hybridizing a sequencing
primer to a universal sequence in the amplicons. In each cycle, synthesis starts by adding
four fluorescently labelled nucleotides together with DNA polymerase to the flow cell
channel. The 3’ hydroxyl (OH) end is occupied by a fluorophore to block further
addition. The resultant fluorescent signal can be imaged to determine the incorporated
nucleotide (Figure 1.10). Deblocking the 3' OH end by enzymatic removal of the
fluorescent moieties enables the addition of the next labelled nucleotide. This process
repeats multiple times, and the sequence of each cluster is visualised as the wavelength
(colour) of the fluorescence after each cycle (Zhou et al., 2010, Myllykangas et al., 2012,
Heather and Chain, 2016, Verma et al., 2017, Hu et al., 2021).

Due to their capacity to generate highly accurate data at a reasonable price, short read
sequencing technologies have come to dominate the market. Applying whole exome
sequencing (WES), or targeted sequencing of gene or exon panels, has facilitated this
achievement. Gene panels are custom-made panels utilizing SGS to sequence target genes
and regions associated with various diseases. They are a quick and relatively inexpensive
screening procedure but may prove costly if the gene involved is not in the panel,
demanding the creation and testing of multiple gene panels. WES is an efficient and cost-
effective “one size fits all” method that allow us to sequence only the coding regions,
which are only about 1% of the human genome. It can be used to analyze the protein
encoding regions (exons) where 85% of disease-causing mutations are believed to occur
(Efthymiou et al., 2016, Schwarze et al., 2018, Barbitoff et al., 2020). The detection rate
of causative mutations in IRDs using WES and targeted sequencing is low compared to
WGS. Since WES only screens the exons of the genes, it is possible that disease-causing
mutations are in non-coding regions, such as deep intronic variants, variants in regulatory
regions, and variants in genes encoding non-coding RNAs, are missed. Technical issues
with WES, such as biased read depth in high GC regions (Kieleczawa, 2006) and
alignment challenges with highly repetitive regions (Ebbert et al., 2019, Watson et al.,

2021), may also hinder the identification of the underlying genetic causes. Additionally,
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mutations in novel genes, copy number variations (CNVs), and structural variants cannot
be detected using targeted sequencing. Furthermore, some IRD cases may in fact be non-
mendelian in their origin, perhaps because of digenic action, modifier genes,
environmental, or other risk factors. For example, the sex of a patient is known to
influence severity and age at onset for certain variants in the ABCA4 gene in Stargardt
disease (Runhart et al., 2020). Some of these issues can be overcome using WGS, which
covers the entire genome, including both coding and noncoding regions and provides a
greater detection of structural variations, non-coding variants, and variants in GC rich
regions (PCR free WGS) compared to WES and targeted sequencing. Although it has
more consistent and reliable coverage, WGS is generally not applied in everyday routine
diagnostics currently, as it is still relatively expensive and more computationally
demanding to store and analyze (Efthymiou et al., 2016). However, this is changing as
the NHS plans to undertake 500,000 WGS for routine diagnostic care in 2023/2024. WGS
can be used in a cost-effective manner by applying whole gene sequencing (GS), which
enables capturing exonic, intronic, and regulatory regions for the target gene. GS was
used to investigate 1054 unsolved Stargardt disease cases by sequencing the ABCA4 gene
using single-molecule molecular inversion probes (SmMIPs). In 25% of the cases, this
method allowed for the detection of pathogenic structural variations and deep intronic
variants (Khan et al., 2020). Recently, NGS technologies have been globally used to
increase the detection rate of IRD causing mutations. Regardless of the clinical diagnosis,
up to two-thirds of cases with suspected IRDs were diagnosed using targeted sequencing
(Watson et al., 2014, Consugar et al., 2015, Ellingford et al., 2016, Dockery et al., 2017,
Hitti-Malin et al., 2022, Mc Clinton et al., 2023). When targeted sequencing fails to
identify the underlying causal mutations, a broader approach employing WES or WGS is
used (Rieraetal., 2017, Carss et al., 2017, Wang et al., 2018, Zhang et al., 2018, Nash et

al., 2022). Further discussion can be found in Section 6.2.1

However, as read length increases, sequencing accuracy decreases, which restricts these
technologies to short sequence reads (Zhou et al., 2010, Myllykangas et al., 2012). Bias
can arise in the amplification steps of short read sequencing, leading to uneven coverage.
De novo assembly in the absence of a reference sequence, and phasing of haplotypes, are
rarely possible using short-read sequencing. Assembling repetitive sequences can also be
challenging, and some classes of structural variants are more difficult to detect due to the
limited read length (Wenger et al., 2019, Hu et al., 2021). These limitations have led to
the emergence of third generation sequencing technologies.
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Figure 1.10: Second generation sequencing (the lllumina Sequencing by Synthesis method).
A. Library preparation including DNA fragmentation and adapters ligation. B. DNA library
bridge amplification. Multiple solid phase PCR cycles generate millions of amplified clusters. C.
Cycle reversible termination sequencing uses fluorescently labelled nucleotides and reversible
terminators, followed by data collection. D. Alignment and data analysis. (Created with
BioRender.com, Accessed on 19/10/2022).

1.9.2.2 Third generation sequencing

Third generation sequencing, also called long read sequencing technology, was born out
of the need for an approach that could generate long continuous reads (ranging from
kilobases to >1Mb in length) directly from native DNA (Logsdon et al., 2020). It is a
single molecular, amplification free (though the target molecules themselves may have
been amplified), and real time sequencing approach. Two long-read technologies, from
the companies Pacific Bioscience (PacBio) and Oxford Nanopore Technology (ONT),

both of which were used in this study, are discussed briefly below.
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The PacBio long-read platform utilizes single molecule real time technology (SMRT).
PCR is not required for the DNA library preparation since a closed and circular single
stranded DNA (ssDNA) template can be replicated automatically. This template is called
SMRTDbell template and is produced by ligation of hairpin adaptors to both ends of the
dsDNA template. The sequencing reaction occurs in a SMRT cell chip that contains
several tiny pores called zero mode waveguides (ZMW) (Figure 1.11A). In the SMRT
cell, the DNA polymerase along with the SMRTbell template are immobilised at the
bottom of ZMW to start replication. The fluorescently labelled nucleotide is incorporated
into the target template by DNA polymerase during replication, and the light signal is
recorded (Figure 1.11B). Only this nucleotide will produce detectable fluorescence before
the dye is cleaved away and the signal is eliminated for that position. The light signals
can be interpreted in real time, as nucleotide sequence, and the sequence produced via
each ZMW is called a continuous long read (CLR) (Van Dijk et al., 2014, Heather and
Chain, 2016, Xiao and Zhou, 2020). The PacBio sequencer can generate a read length of
around 40 Kb but at 85% accuracy (Ambardar et al., 2016). The accuracy is improved by
generating multiple subreads from a CLR, to give a circular consensus sequence (CCS)
or HiFi. This improvement to the technology was achieved with the Sequel 11 system,
generating highly accurate (up to 99.8% accuracy) long reads. HiFi sequencing generates
shorter reads than traditional PacBio sequencing but reads are more accurate (Wenger et
al., 2019, Logsdon et al., 2020).
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Figure 1.11: The long-read sequencing approach used by PacBio. A. Schematic representation
of SMRT sequencing. The adaptor binds an immobilised polymerase at the bottom of a ZMW,
which replicates an SMRTbell template, with the sequence captured as light excitation and
emission. B. The SMRT sequencing process. When the fluorescently labelled nucleotide is
incorporated into the target template by DNA polymerase, a light pulse is produced. (Reproduced

from (Rhoads and Au, 2015) with permission from Elsevier).



56

Oxford Nanopore Technology (ONT) sequencing is another single molecule real time
sequencing method based on a completely different technology. In this method, there is
no need for PCR amplification or chemical labelling steps (Ambardar et al., 2016). The
basis of ONT sequencing is the passage of a linear single stranded DNA molecule through
a nanopore composed of staphylococcal a-hemolysin (aHL) protein (Clarke et al., 2009).
The flow cell has a polymer membrane with hundreds to thousands of nanopores
embedded init. In order to facilitate strand capture and the loading of a processive enzyme
at the 5'end of one strand, adapters are ligated to both ends of dSDNA prior to sequencing.
This enzyme is utilised to guarantee millisecond-scale unidirectional single nucleotide
displacement along the strand (Jain et al., 2016). The libraries are loaded along with an
applied ion current onto a flow cell, and as each nucleotide passes through the pore, the
sensor detects the disruptions in the ion current (Figure 1.12A). These disruptions are
computationally interpreted using graphical models (Figure 1.12B) to give a sequencing
readout (Jain et al., 2016, Logsdon et al., 2020, Hu et al., 2021).
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Figure 1.12: The sequencing principle used by ONT. A. A single stranded DNA molecule
moves through the embedded nanopore under the pull of an ionic current. The obstruction of the
nanopore by the ssDNA causes a change in the current that is measured by an electronic chip in
the flow cell. B. The current variations are converted back into the original DNA sequence by a

base-calling algorithm. (Created with BioRender.com, Accessed on 19/10/2022).

Long reads can be sequenced without interruption using ONT sequencing technology.
However, it is limited by the need to prepare high molecular weight DNA (Hu et al.,
2021). With reported accuracy of 87-98%, it can provide both long (10-100 Kb) and
ultra-long reads (>100 Kb) (Logsdon et al., 2020). ONT platforms vary in terms of flow
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cell capacity, output, and sequencing run time. Flongle flow cells are compatible with the
standard MinlON machine or the larger GridlON and can be utilised for low throughput
because they only have 126 nanopores and enable rapid sequencing at low cost. MinlON
is a portable, USB-sized device with one flow cell containing 512 channels. Each channel
has four nanopores, giving a total of 2048 nanopores per flow cell. Up to five MinlON-
style flow cells are present in GridlON. PromethlON can accommodate up to 48 flow
cells with 3000 channels and a total of 12,000 nanopores. While PromethlON can produce
50-100 Gb of long read data, Flongle, MinlON, and GridION can only produce 2-20 Gb
of long read data per flow cell (Ambardar et al., 2016, Jain et al., 2016, Van Dijk et al.,
2018, Logsdon et al., 2020, Hu et al., 2021). In this way, ONT technology allows users
greater flexibility to undertake small, medium scale or much larger long-read sequencing

projects and gives access to long-read technology on a relatively low budget.

1.10 Aims

The main aim of this project is to identify new variants involved in inherited retinal
dystrophies, with a particular focus on those which have proved difficult to detect using
current widely available technologies. Three major studies were carried out to accomplish

this aim:

1) Analysing whole exome sequencing data from 24 previously unscreened
individuals affected with different IRDs, to identify new pathogenic variants and
potential causative genes.

2) Identifying new cases of a heterozygous CRX deletion causing late onset macular
disease, characterising existing and new cases, and determining the mutational
and pathobiological mechanisms underlying the disease phenotype in patients.

3) Developing a new approach to identifying new disease-causing variants in the
RPGR-ORF15 mutational hotspot using third generation sequencing (PacBio and
ONT technologies).
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Chapter 2
Materials and Methods

All primers were ordered from Sigma-Aldrich (Gillingham, Dorset, UK) and other
reagents used in this study were purchased from Sigma-Aldrich or Thermofisher

(Waltham, MA, USA), unless recommended otherwise.
The Room Temperature (RT) was in the range of 18-24°C.
All the methods described in this chapter were performed by the author except for:

1- DNA extraction from peripheral blood (Section 2.2.1), which was done by Leeds
Genetics Laboratory, Leeds Teaching Hospitals NHS Trust, St James’s University
Hospital, Leeds, UK.

2- The WES library preparation (Section 2.10.1) was carried out in the Next
Generation Sequencing facility (St James’s University Hospital, Leeds, UK).

3- PacBio sequencing library preparation (Section 2.14.1.1) was performed in the
Next Generation Sequencing facility (St James’s University Hospital, Leeds,
UK).

4- PacBio data analysis (Section 2.14.1.2) was undertaken post run by Dr lan Carr
(Leeds Institute of Medical Research, University of Leeds, St James’s University
Hospital, Leeds, UK).

5- Sanger sequencing for RPGR-ORF15 (Section 2.15) was performed at

Manchester reference laboratory.

2.1 Patients

The affected individuals and their relatives were recruited prospectively at
Ophthalmology clinics in the Eye Department, St James’s University Hospital, Leeds,
and in other UK and international centres collaborating with the Leeds Vision Research
Group. Informed consent was obtained using a protocol which adhered to the tenets of
the Declaration of Helsinki and was approved locally by the Leeds East Research Ethics
committee (Project number 03/362) and by equivalent committees in other centres. The
consent form obtained for historic samples referred only to screening of IRD genes.
Samples recruited after 2017 signed a consent form which included a tick box for whether
to feedback secondary/incidental findings. All participants were examined and

investigated by experienced ophthalmologists or clinical geneticists to confirm their
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clinical diagnosis, and detailed family history was taken. DNA Samples were extracted
from either blood (Section 2.2.1) or saliva (Section 2.2.2) and samples from additional

family members were taken when needed.

2.2 Genomic DNA extraction

Samples from many patients and relatives studied here had already been collected but, in

some cases, patients and relatives were contacted for more samples to do further analysis.

2.2.1 DNA extraction from peripheral blood

DNA from peripheral blood was extracted by Leeds Genetics Laboratory, Leeds
Teaching Hospitals NHS Trust, St James’s University Hospital, Leeds, UK, using either
a standard salt precipitation method or an automated DNA extractor such as the chemagic

360 or chemagic 3601, according to the manufacturer’s protocols.

To extract DNA from fresh non-frozen blood using the salt precipitation method, 9ml of
red blood cell lysis solution [155mM Ammonium Chloride (NH4Cl), 10mM Potassium
Bicarbonate (KHCOs3), and 1mM Ethylenediaminetetraacetic acid (EDTA) (pH 8.0)] was
added to 3ml of whole blood in a polypropylene tube. The solution was mixed by shaking
the tube for 10 minutes at room temperature (RT) and then centrifuged at 2000 x g for 10
minutes. The supernatant was removed and the white cell pellet containing DNA was
resuspended in 3ml white cell lysis solution [25 mM EDTA (pH 8.0), 2% (v/v) Sodium
dodecyl sulfate SDS] by pipetting. 1ml of 10M Ammonium Acetate (a protein
precipitation solution) was added, and the mixture was vortexed for 20 seconds then
centrifuged for 10 minutes at 2000 x g. The supernatant was transferred into a new tube
and 3ml of isopropanol was added to precipitate the DNA. A centrifugation for 10
minutes at 2000 x g was also performed. The pellet was washed in 70% ethanol two times
then left to air dry. 1x TE buffer (10 mM Tris HCI (pH 8.0) and 1 mM EDTA (pH 8.0))
was added to dissolve the precipitated DNA.

2.2.2 DNA extraction from saliva

Saliva samples were collected using the Oragene® DNA sample collection kit (DNA
Genotek Inc., Kanata, Canada) and DNA extraction was done following the
manufacturer’s protocol. In short, the tubes were incubated at 50°C for a minimum of
three hours. 500l of the saliva/sampling mix was transferred to a 1.5ml Eppendorf tube,

20ul of PT-L2P was added and this was incubated on ice for 10 minutes. The tube was



60

then centrifuged at RT for 10 minutes at maximum speed (3500 x g). In a fresh tube,
500ul of supernatant was transferred and 600ul of 100% ethanol was added. The mixture
was inverted 10 times and incubated for 10 minutes at RT. Another centrifugation was
done at RT for 10 minutes at maximum speed. Supernatant was discarded and the pellet
was washed in 500ul of 70% ethanol for one minute at RT. The tube was centrifuged for
5 minutes at maximum speed at RT. Ethanol was removed and the tube left open at RT
for 30 minutes to ensure complete drying. After drying, 50ul of TE buffer was added to

re-dissolve the pellet and stored at -20°C.

2.3 DNA quantification

The concentration of the extracted DNA was quantified using either a Qubit®
Fluorometer (Invitrogen, Carlsbad, CA, USA) or Spectrophotometer (Nano Drop® 2000,
ThermoFisher Scientific, Waltham, MA, USA) or both, according to the manufacturer’s

instructions.

2.3.1 DNA quantification using Qubit® Fluorometer

To measure the purified nucleic acid concentration using the Qubit® Fluorometer, an
appropriate dsDNA broad range (BR) assay kit was used by adding 1-10ul of the sample
to the Qubit dsDNA dilution buffer to make a final volume of 200ul. The samples were
then vortexed and incubated at RT for 2 minutes. The samples were processed after

calibrating the fluorometer using the standards provided by the assay Kkit.

2.3.2 DNA quantification using Nano Drop® 2000

DNA optical densities were measured using a spectrophotometer and 1ul of DNA
samples. The spectrophotometer can be used to quantify and assess the purity of DNA,
RNA, and proteins. It uses a photodetector and a wide spectral range of light stimulation
from ultraviolet to visible light (190-840nm) to measure the sample’s absorbance. The
amount of the absorbed light can be used to identify the concentration of DNA or RNA
in the solution by applying the Beer-Lambert law. This law draws a direct correlation
between absorbance and concentration. DNA has a peak absorbance at 260nm while
protein has a peak at 280nm. Purity ratio (A260/A280) was used to assess the quality of
the DNA, where a ratio below 1.6 indicates high protein contamination while a value of

1.8 indicates low amounts of contamination.
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2.4 Polymerase chain reaction (PCR)

Polymerase chain reaction is a molecular biology technique widely used to perform an in
vitro cloning of DNA fragments. It is a rapid and sensitive method that can amplify even
tiny amounts of DNA. To investigate a particular region of DNA, PCR was performed
using specifically designed primers to amplify the region of interest including the
sequences surrounding it. Initially, a complementary DNA strand is synthesised using
these primers in 5’23’ direction and each newly synthesised strand will be used as a

template for additional reactions to produce millions to billions of copies of DNA.

2.4.1 Primer design

To amplify products of various sizes, oligonucleotide primer pairs were designed using
Primer3 program (http://bioinfo.ut.ee/primer3-0.4.0/). The genomic DNA (gDNA)
sequence for the region of interest (ROI) was obtained from the NCBI
(https://www.ncbi.nlm.mih.gov) and the UCSC genome browser, in FASTA format with
exons in upper case and everything else in lower case. The primer pairs were designed to
amplify the coding regions in addition to a minimum of 70 bp encompassing the 5’ and
3’ exonic regions. For optimal PCR, primer pairs were selected based on the length (range
18-24 bp), the melting temperature (range 57-62°C), and the GC content (<60%)
according to the ROI. The annealing temperature was calculated using the following
equation: melting temperature (Tm) = 2(A+T) + 4(G+C), where (A+T) denotes the total
adenine and thymine residues in the primer sequence, and (G+C) denotes the total number
of guanine and cytosine residues. The annealing temperature used was usually 5°C lower
than the output of the above equation. The primer sequences were checked by running
them through the BLAT tool in the UCSC genome browser (in-silico PCR) to ensure their
specificity and to confirm that they will only anneal the ROI without binding to any other
alternative areas in the genome. The dry primers were re-dissolved in sterile distilled
water at 100uM and stored at -20°C. For working purposes, a 200ul solution of diluted

primers (10uM) was made and stored at 4°C.


http://bioinfo.ut.ee/primer3-0.4.0/
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2.4.2 Routine PCRs: standard PCR

A 10ul reaction was prepared to amplify target DNA from 20-50ng gDNA by adding the
following reagents at optimum concentration: 1ul of 10x PCR reaction buffer (200mM
Tris-HCI (pH 8.4) and 500mM potassium chloride (KCI)) (final concentration 1x)
(Invitrogen, Carlsbad, CA, USA), 0.5ul of 5mM dNTP (final concentration 0.25mM)
(Invitrogen), 0.5ul of 10 uM forward and reverse primers each, 0.5ul (1 unit/ 1ul) Taq
DNA polymerase (Invitrogen), and 0.3ul of 50mM MgCl2 with a final concentration of
1.5mM. A negative control with no gDNA was included in each experiment. The thermal
cycles were started with an initial denaturation of 95°C for two minutes followed by 30
cycles of denaturing at 95°C for 30 seconds, annealing at 55°C for 30 seconds, and
extending at 72°C for 30 seconds. The final extension was carried out at 72°C for 10

minutes.

2.4.3 Modifications required to amplify purine rich/highly repetitive
regions

To amplify purine rich regions, two types of DNA polymerases were used to ensure

robust PCR performance. Including: Phusion® High-Fidelity DNA polymerase (New

England Biolabs, Ipswich, MA, USA; NEB) and LongAmp Taq DNA polymerase (NEB).

Dimethyl sulphoxide (DMSO) was also used at 3% concentration in some instances.

2.4.3.1 Phusion high fidelity PCR for PacBio sequencing

Around 30-50ng gDNA was amplified using Phusion® High-Fidelity DNA polymerase
kit (NEB). The reaction was performed by mixing 4ul of GC buffer (final concentration
1X) (NEB), 0.8ul of 5mM dNTPs (final concentration 200 uM) (Invitrogen), 1ul of each
primer (final concentration 0.5uM each), 0.2ul Phusion High-Fidelity DNA polymerase
(final concentration 0.4 units/20ul PCR reaction) (NEB), and dH20 up to 20ul total
volume. No additives were added. A positive control and a negative control with no
gDNA were included for each pair of barcoded primers. The PCR reactions then were

carried out by applying a touchdown PCR thermal cycle (Table 2.1).
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No. of cycles PCR stage Temperature Time

1 Initial denaturation | 98°C 1 minutes

4 cycles Denaturation 98°C 10 seconds
Annealing 67°C 30 seconds

(Decrease by 0.5°C/ cycle)

Extension 72°C 1 minute
26 cycles Denaturation 98°C 10 seconds
Annealing 65 °C 30 seconds
Extension 72°C 1 minute
1 Final Extension 72°C 5 minutes
1 Hold 4°C o0

Table 2.1: Thermocycling conditions applied in PacBio sequencing PCR.

2.4.3.2 Phusion high fidelity PCR for MinlON sequencing (Pre-indexing)

For Nanopore MinlON sequencing, amplicons were generated using the Phusion® High-
Fidelity DNA Polymerase kit (NEB). A final volume of 20l reaction mix was prepared
by adding 20-50 ng of gDNA to a mixture containing 0.8ul of 5mM dNTPs (final
concentration 200 uM) (Invitrogen), 0.2ul Phusion High-Fidelity DNA polymerase (final
concentration 0.4 units/20ul PCR reaction) (NEB), 4ul of GC buffer (NEB) (final
concentration 1X), 0.6ul DMSO (final concentration 3%), 1ul of each primer (final
concentration 0.5uM each), and 11.4pl of dH20. A negative control with no gDNA was
included in each experiment. This mixture was then placed in the thermal cycler under

the following thermocycling conditions in Table 2.2.

No. of cycles PCR stage Temperature | Time

1 Initial denaturation 98 °C 1 minute

30 cycles Denaturation 98 °C 10 seconds
Annealing 65 °C 30 seconds
Extension 72°C 1 minute.

1 Final extension 72°C 5 minutes.

1 Hold 4°C ©

Table 2.2: Thermocycling conditions applied in MinlON sequencing pre-indexing PCR.
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2.4.3.3 Long range PCR: Long Amp™ Taq 2X Master Mix (Indexing)

100-200 fmol from each pre-indexed DNA sample (amplification product of Section
2.4.3.2) was transferred to a 96-well plate and its volume was adjusted to 24l by adding

nuclease free water. It was then mixed with 25ul Long Amp Tag 2X master mix (NEB)

and 1ul of Oxford Nanopore Barcodes from PCR Barcoding Expansion 1-96 Kit (EXP-
PBC096) (Oxford nanopore technologies, Oxford, UK; ONT), one of BC1 to BC96 at
10uM (final concentration 0.2uM). Each sample has its unique barcode sequence to make
a total volume of 50ul in each well. The mixture was spun down and amplified in the

thermal cycler following the conditions in Table 2.3:

No. of cycles ‘ PCR stage Temperature | Time

1 ‘ Initial denaturation 95°C 3 minutes

30 cycles Denaturation 95 °C 15 seconds
Annealing 62 °C 15 seconds
Extension 65°C 2 minutes.

1 Final extension 65°C 2 minutes.

1 Hold 4°C ©

Table 2.3: Thermocycling conditions applied in MinlON sequencing indexing PCR.
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2.4.4 Hot-shot master mix PCR

PCR reactions were performed by preparing a 10l reaction volume to amplify 30-50ng
of gDNA. Reaction mixes contained 50% hot shot diamond PCR master mix (Clent Life
Science, Stourbridge, UK), 10 picomoles of each primer and dH20 up to 10pl total
volume. No other additives were added. A negative control with no gDNA was included

in each experiment. The PCR thermal settings were then applied based on the amplicon

size through the settings detailed in Table 2.4 and Table 2.5:

No. of cycles PCR stage Temperature | Time

1 Initial denaturation 95°C 2 minutes

40 cycles Denaturation 95°C 30 seconds
Annealing 57°C-63°C 30 seconds
Extension 72°C 30 seconds

1 Final extension 72°C 3 minutes.

1 Hold 12 °C 00

Table 2.4: Thermocycling conditions to confirm identified variants in WES samples

(Chapter 3).

No. of cycles PCR stage Temperature | Time

1 Initial denaturation 94 °C 10 minutes

40 cycles Denaturation 94 °C 30 seconds
Annealing 67 °C 30 seconds
Extension 72°C 1 minute & 20

seconds
1 Final extension 72°C 4 minutes.
1 Hold 12 °C )

Table 2.5: Thermocycling conditions for the CRX deletion samples (Chapter 4).
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2.4.5 Microsatellite marker genotyping

Microsatellite marker genotyping was carried out using hotshot diamond master mix PCR
(Section 2.4.4), with the addition of a 5° -FAM (blue) fluorescent dye-labelled forward
primer. Markers were identified and located using the UCSC genome browser
(https://genome.ucsc.edu/). PCR was carried out using the thermocycling conditions in
Table 2.6:

No. of cycles ‘ PCR stage Temperature ‘ Time

1 ‘ Initial denaturation 98°C ’ 10 minutes

40 cycles Denaturation 94°C 30 seconds
Annealing 56°C 30 seconds
Extension 72°C 30 seconds

1 Final extension 72°C 1 minute.

1 Hold 4°C 00

Table 2.6: Thermocycling conditions applied in microsatellite genotyping.

Amplification then was confirmed by running 5ul of the reaction on a 2% agarose gel.
Based on the strength of the band (band brightness on the gel compared to the marker),
some products were used neat, and some were diluted. 1pl of either neat or diluted product
was then mixed with 0.5u1 ROX-500 size standard (Applied Biosystems, Waltham,
Massachusetts, USA) and 8.5ul Hi-Di formamide (Applied Biosystems). The PCR
fragments were size fractionated on a capillary DNA sequencing machine (ABI3130xI
Genetic Analyzer; Applied Biosystem) and then the data were analysed using

GeneMapper v.4 software (Applied Biosystems)

2.5 Agarose gel electrophoresis

DNA size fractionation was performed using agarose gel electrophoresis. Gels were made
by dissolving between 1 and 3g (according to the band size) of molecular grade agarose
powder (Bioline, London, UK) in 100ml 1 x Tris-acetate-EDTA (TAE) buffer (40 mM
Tris HCI (pH 8.0), 1 mM EDTA (pH 8.0), and 19.4 mM Glacial acetic acid). The solution
was heated in the microwave until it became clear, then cooled to (60-70°C) and mixed
with 3pl DNA advance stain Midori green (Nippon Genetics, Germany). This mixture
was poured into a gel tray with gel combs inserted. Before electrophoresis, 1l of 5x


https://genome.ucsc.edu/
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DNA loading dye was added to 5ul of the PCR product. When the gel had set, samples
were loaded inside the wells alongside either the molecular size standards EasyLadder |
(Bioline, London, UK) or GeneRuler 1kb plus DNA Ladder (ThermoFisher Scientific,
Waltham, MA, USA), depending on the product’s size. The gel was then run at 110 V
until obtaining the desired separation of the fragments. The visualization of DNA bands
was carried out by a Bio-Rad molecular imager Gel Doc under the UV light. The resulting
images were captured and analysed using ImageLab (v.4.0) software (Bio-Rad, Hemel
Hempstead, UK).

2.6 DNA extraction from agarose gel

According to manufacturer’s instructions, DNA bands were excised from agarose gels
and purified using a MinElute gel extraction kit (Qiagen, Hilden, Germany). PCR
products were run on a 2% gel and the bands were visualised using blue/green LED
transilluminator (Nippon Genetics, Germany) and excised using a sterile scalpel. In a
1.5ml Eppendorf tube, three volumes (300ul) of buffer QG (supplied by manufacturer)
were added to one volume of the excised gel containing the DNA fragment (100mg gel
slice). The incubation was performed at 50°C for 10 minutes until the gel was completely
dissolved in the buffer QG. After the gel slice had dissolved entirely, isopropanol was
added in a proportion equal to gel volume (100ul of isopropanol for 100mg gel slice) and
mixed properly. The mixture was placed in a MinElute column in a 2ml collection tube
(provided in the kit) and then centrifuged for 1 minute at room temperature. The flow-
through was discarded and the MinElute column was placed back in the collection tube.
500ul of buffer QG were added to the spin column which then centrifuged for 1 min and
the flow-through was discarded once more. Multiple steps of purification were performed
by adding 750l of buffer PE (supplied by manufacturer) to the MinElute column and
centrifuging for 1 min. The flow-through was discarded and the MinElute column was
centrifuged for an additional 1 min at > 10,000 x g. After removal of impurities, the
MinElute column was placed into a clean 1.5ml microcentrifuge tube. To elute DNA,
10ul of buffer EB (10mM Tris.CL, pH 8.5) was added to the centre of the membrane and
the tube was left to stand for 1 min before being centrifuged for an additional 1 min to
collect the DNA. The collected pure DNA was then stored at -20°C until utilized.
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2.7 Molecular cloning

2.7.1 TOPO TA DNA cloning

50ul PCR reactions for each sample were produced using a HotShot diamond master mix
(Clent Life Science, Stourbridge, UK) following the steps in section 2.4.4. After
extracting the correct band size from the gel (Section 2.6), the TOPO cloning reaction
was performed using a pCR 2.1 TOPO vector (Figure 2.1) (Invitrogen, Carlsbad, CA,
USA). For each sample, 2ul of the PCR product was added to 1pul salt solution (1.2 M
NaCl and 0.06 M MgCl2), 1 ul TOPO vector (supplied by manufacturer as linearized with
single 3’ thymidine (T) overhangs for TA cloning and topoisomerase I covalently bound
to the vector), and 2ul nuclease free water. The reaction was then mixed gently and

incubated at RT for 30 minutes.
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Figure 2.1:Map of the pCR 2.1 TOPO vector and restriction enzymes. (Created by
SnapGene viewer; v.6.1.1).
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2.7.2 Bacterial transformation and culture

The transformation was done by adding 2ul of TOPO cloning reaction (2.7.1) into a vial
of One Shot® chemically competent E. coli (DH50™ -T1R) (Invitrogen, Carlshad, CA,
USA). This mix was incubated on ice for 30 minutes and then heat-shocked for 30
seconds at 42°C. To culture the transformed cells, it was mixed with 250ul of Super
Optimal broth with Catabolite repression (S.0.C.) medium (2% tryptone, 0.5% yeast
extract, 10mM NacCl, 2.5 mM KCI, 10mM MgClz, 10mM MgSO4, and 20mM glucose)
and incubated for one hour at 37°C with shaking at 200 rpm. The cells were then spread
on Luria-Bertani (LB) agar plates supplemented with ampicillin (25pug/ml) and incubated
overnight at 37°C. The isolated colonies were picked using a sterile 1ul loop and added
into a tube containing 5ml of LB broth (10g/L tryptone, 5g/L NaCl, 5g/L yeast extract)
and then incubated at 37°C overnight in the shaker (250 rpm).

2.7.3 Plasmid DNA purification

The purification of plasmid DNA was performed using the QIAprep Spin Miniprep Kit
(Qiagen, Hilden, Germany), following the manufacturer’s instructions. 1.5ml of cultured
bacterial cells was transferred into a 1.5ml microcentrifuge tube and then centrifuged at
4000 x g. The supernatant was discarded, and the pelleted bacterial cells were
resuspended in 250pl buffer containing RNase (buffer P1) (Qiagen) then lysed in 250ul
NaOH/SDS buffer (buffer P2) (Qiagen). The lysate was neutralised by adding 350ul
neutralisation buffer N3 (Qiagen), and centrifuged for 10 minutes at 17,000 x g. The
cellular debris, denatured proteins, chromosomal DNA, and SDS were discarded. The
remaining supernatant containing plasmid DNA was transferred into a QIAprep 2.0 spin
column and centrifuged for 1 min. The flow-through was discarded and the spin column
was washed by adding 500ul buffer PB (Qiagen) then centrifuged for 1 min and the flow-
through was discarded. The spin column was washed again by adding 750ul buffer PE
(Qiagen). The flow-through containing salts and endonucleases was discarded. Finally,
the spin column was placed in a clean 1.5ml microcentrifuge tube and the plasmid DNA
was eluted in 50ul buffer EB (10 mM Tris Cl, pH 8.5) (Qiagen).

2.7.4 Restriction enzyme digestion

To check insert sizes, a restriction enzyme digestion (Promega, Madison, Wisconsin,
USA)) reaction was carried out in a total volume of 20ul by assembling the following

components: 2ul restriction enzyme 10X buffer (Promega), 0.2ul acetylated bovine serum
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albumin (BSA) (10 pg/ ul), 0.5ul restriction enzyme (EcoR1), 5ul DNA, and 12.3ul
nuclease free water. The mixture was then incubated at 37°C for three hours and analysed

by gel electrophoresis (1%) with a GeneRuler 1kb plus ladder as a size marker.

2.8 Bead-based purification

Purification of PCR amplicons was performed using paramagnetic beads (AxyPrep Mag
PCR Clean-up Kit, Axygen, union city, CA, USA). The beads were mixed well before use
by vortex for 1 minute and then added to the PCR reaction in 1:1.8 ratio (reaction volume:
beads ratio). This was mixed by pipetting up and down until it looked homogenous and
then incubated in a rotator mixer for 15 minutes at room temperature. The mixture was
then spun down and placed on a magnetic rack until the solution was clear. Keeping the
tube in the magnetic rack, the supernatant was pipetted off carefully without disturbing
the pellet. The beads pellet was washed twice with 200ul of freshly prepared 80% ethanol
for 30 seconds each time. To remove any residual ethanol, the tube was spun down, placed
back on the magnetic rack, and allowed to dry for ~ 1-2 minutes at room temperature with
the lid off. The tube was removed from the magnetic rack to resuspend the bead pellet in
the desired volume of nuclease free water and incubated for 2 minutes at RT. It was then
placed back on the magnetic rack until the solution was clear and colourless then the

supernatant was removed and placed in a clean 1.5ml Eppendorf tube.
2.9 Sanger sequencing

2.9.1 Enzymatic PCR products clean-up

Before Sanger sequencing, PCR products were treated with Exonuclease | and Shrimp
Alkaline Phosphatase (EXoSAP-IT) (Affymetrix, Santa Clara, CA, USA) to remove the
excess nucleotides and primers. The reaction was carried out by adding 1ul of EX0SAP-
IT to 2.5ul of PCR product and then incubation at 37 ‘C for 15 minutes, followed by an
inactivation at 80 C for 15 minutes.

2.9.2 The sequencing reaction

The sequencing reaction was prepared according to manufacturer’s instructions using the
BigDye Terminator v3.1 kit (Applied Biosystems, Waltham, Massachusetts, USA). The
reaction included 1.5ul 5x BigDye Terminator sequencing buffer (Applied Biosystems),
1ul of the diluted sequencing primer (1.6uM), 0.5ul BigDye Terminator v3.1 (Applied
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Biosystems), 1ul ExoSAP-IT treated PCR product, and nuclease free water up to 10ul

total volume. This reaction was performed for each primer and for each sample.

Sequencing reaction settings used were as follows: Initial denaturation was at 96 C for 1
minute, followed by 25 cycles of denaturing at 96 ‘C for 10 seconds, annealing at 50 C for
5 seconds, and extension at 60 C for 4 minutes. All temperatures were ramped at 1°C/

second.

At the final step, the DNA was precipitated with 60ul 100% Ethanol and Sul 125mM
EDTA (final concentration: 8mM EDTA). The mixture was centrifuged at 3900 rpm
(3000 x g) at 20C for 30 minutes. The supernatant was removed by upending the
sequencing plate on tissue multiple times, then 60l of 70% freshly prepared ethanol were
added and the sequencing reactions were centrifuged at 2000 rpm (800 x g) at 4C for 15
minutes. The plate was upended again on a tissue and then left to air dry at 37 C for 1
minute to remove the ethanol completely. The pellets were re-dissolved in 10ul Hi-Di
formamide loading buffer (Applied Biosystem). An ABI3130xI Genetic analyser
(Applied Biosystem) was used to perform the sequencing and the produced sequences
were analysed on SeqScape (v2.5, Applied Biosystems) and SnapGene Viewer 6.0.4.

Figure 2.2 shows the basic steps of Sanger sequencing.
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Figure 2.2: Basic steps of Sanger sequencing. (Created with BioRender.com, Accessed on
10/06/2022).
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2.10Whole Exome Sequencing (WES)

2.10.1WES library preparation

A Qubit® dsDNA (Broad Range) assay kit (Invitrogen, Carlsbad, CA, USA) was used to
quantify the genomic DNA (gDNA) in each sample (Section 2.3.1). The samples were
then aliquoted at a concentration of ~ 70ng/ul as required by the NGS facility.

All WES reactions were carried out in the Next Generation Sequencing facility (St
James’s University Hospital, Leeds, UK) using the Agilent Technologies SureSelect*"
Human All Exon V6 kit (Agilent Technologies, Santa Clara, CA, USA), following the
manufacturer’s protocol
(https://www.agilent.com/cs/library/usermanuals/Public/G7530-90000.pdf) for 200ng
DNA samples. The reagents used in the library preparation were included in the
SureSelectX™ Library Prep kit ILM, SureSelect*™ Target Enrichment and Herculase |1
Fusion DNA Polymerase Box-1, and SureSelect*™ Target Enrichment Kit ILM Indexing
Hyp Module Box-2.

In a 1.5ml LoBind tube, 200ng of high quality gDNA was diluted in 1X low TE buffer
(10mM Tris HCI (pH 8.0) and 1mM EDTA (pH 8.0)) to a total volume of 50ul followed
by shearing the DNA to form fragments with size range from 150 to 200bp using a
Covaris E220 ultrasonicator. The quality assessment of the samples was done using an
Agilent 2200 TapeStation and D1000 ScreenTape (Agilent Technologies). The generated
electropherogram should show a DNA fragment size peak between 150-200bp.

Next, DNA fragment ends were blunted and 5 phosphorylated using the SureSelectXT
Library Prep Kit ILM (Agilent Technologies) to prepare an end repair mixture. For one
reaction, 35.2ul of nuclease free water was added to 10ul of 10X end repair buffer, 1.6l
dNTP mix, 1ul T4 DNA polymerase, 2ul Klenow DNA polymerase, and 2.2ul of T4
polynucleotide kinase. In each PCR plate well, 52ul of master mix was added to 48ul of
each sheared DNA sample and then incubated in a thermal cycler at 20 C for 30 minutes
with heated lid off. After repairing the ends, bead-based clean-ups were performed using
180ul Agencourt AMPure XP magnetic beads (Beckman Coulter Genomics) (for each
100ul end repaired DNA sample), followed by two steps wash with 200ul freshly
prepared 70% ethanol for each wash, and 32ul nuclease free water to elute the DNA.
Adenylation of the 3’ end of the fragments was performed by preparing a 20ul dA-tailing
master mix by adding 5ul of 10 X Klenow polymerase buffer, 1ul dATP, and 3ul Exo (-


https://www.agilent.com/cs/library/usermanuals/Public/G7530-90000.pdf
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) Klenow to 11pul of nuclease free water. This mixture was then added to the end repaired,
purified DNA samples, and the mix was incubated in the thermal cycler at 37 C for 30
minutes. A purification step was performed again using 90ul Agencourt AMPure XP
magnetic beads (for each 50ul dA-tailed DNA sample), followed by two steps wash with
200ul 70% ethanol for each wash, and finally eluted in 15ul nuclease free water. The
paired-end adaptor was ligated by mixing 13ul of the dA-tailed, purified DNA sample
with a mixture containing 15.5ul nuclease free water, 10ul 5 X T4 DNA ligase buffer,
10ul diluted SureSelect adaptor Oligo mix, and 1.5ul 5 X T4 DNA ligase. The plate was
incubated for 15 minutes at 20 C and the samples were purified with 90ul AMPure XP
beads (for each 50ul adaptor-ligated DNA sample), two steps wash with 200ul freshly

prepared 70% ethanol per wash, and 32ul nuclease free water for the final elution.

A pre-capture PCR amplification step was performed to amplify the adaptor-ligated
libraries by preparing a pre-capture PCR reaction mix consisting of 6ul nuclease free
water, 1.25ul SureSelect primer, 1.25ul SureSelect ILM Indexing Pre-Capture PCR
Reverse primer, 10ul 5% Herculase Il Reaction buffer, 0.5ul 100 mM dNTP mix, and 1pul
Herculase 11 Fusion DNA Polymerase. In a PCR plate, 20ul of the PCR reaction mixture
and 30ul of each purified DNA library sample was added to each well and mixed by

pipetting. Using a thermal cycler, the PCR program was run as shown in Table 2.7.

Segment No. of Cycles Temperature Time

1 1 98T 2 minutes

2 10 98T 30 seconds
65C 30 seconds
72T 1 minute

3 1 72TC 10 minutes

4 1 4C Hold

Table 2.7: Pre-Capture PCR amplification Program.

A final purification step was done as described above (using 90ul AMPure XP beads,
200ul 70% ethanol wash, and 30ul nuclease free water for DNA resuspension). The

quality and quantity of the amplified, purified adaptor tagged libraries were assessed

using an Agilent 2200 TapeStation with a high sensitivity D1000 ScreenTape. The
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generated electropherogram should show a distribution with a DNA fragment size peak
of 225-275bp (Figure 2.3).

All: OA1201

L
G

9000 4

8000

7000

6000

ity [FU)

5000 4

ample [nter

4000 1‘

3000

S

/ .
2000 | 2 / b || \
/ \

1000 ] oo\ / N

Figure 2.3: Pre-Capture quality and quantity assessment of amplified library of Sample
OA1201 using 2200 TapeStation with a high sensitivity D1000 ScreenTape.

2.10.1.1Hybridization and capture

One hybridization and capture were performed for each sample library and the initial
DNA concentration required for the hybridization reaction should be 221ng/ul. To
prepare the hybridization reaction, a hybridization buffer was made by mixing the

components in Table 2.8 at room temperature (RT).

Reagents Volume for 1 reaction
SureSelect Hyb 1 6.63 ul

SureSelect Hyb 2 0.27 ul

SureSelect Hyb 3 2.65 ul

SureSelect Hyb 4 3.45 ul

Total 13 ul

Table 2.8: Components used to prepare Hybridization Buffer.

Next, a SureSelect Block Mix was prepared by mixing 2.5ul SureSelect indexing block
1, 2.5ul SureSelect block 2, and 0.6l SureSelect IML indexing block 3. In each PCR
plate well, 3.4ul of gDNA library sample (221ng/ul) was mixed with 5.6ul of SureSelect

Block Mix then transferred to a thermal cycler and the program was run as follows: 95C
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for 5 minutes then held for at least 5 minutes at 65°C. The appropriate dilution of
SureSelect RNase block and the capture library hybridization mix were prepared based
on the size of the capture library. The capture library hybridization mix was produced by
mixing 13ul of hybridization buffer mixture (Table 2.8), 5ul of 10% RNase block
solution, and 2ul of capture library (size < 3Mb) (2ul of 25% of RNase block solution
and 5ul of capture library (size > 3Mb)). 20l of the capture library hybridization mix
was added to the gDNA library + block mix and then incubated in a thermal cycler at
65T for 24 hours. The hybridized DNA library was then captured using previously
prepared and washed streptavidin coated magnetic beads (Dynabeads MyOne
Streptavidin T, Thermofisher Scientific). The hybridization mixture was transferred into
a plate with 200ul of streptavidin beads and mixed vigorously for 30 minutes at RT then
placed in a magnetic separator to collect the beads and until the solution was clear.
Supernatant was removed and the beads were resuspended in 200ul SureSelect wash
buffer 1, incubated at RT for 15 minutes, and again separated using the magnetic
separator. Using SureSelect wash buffer 2, the beads were washed three times, recovered
with the magnetic separator, and finally the captured DNA library was dissolved in 30ul

of nuclease free water.

2.10.1.2Indexing and sample processing

The captured DNA libraries were PCR-amplified with the appropriate indexing primer
for each sample. To prepare the post-capture PCR reaction, 18.5ul nuclease free water
was mixed with 10ul 5 X Herculase 11 Reaction Buffer, 1ul Herculase 11 Fusion DNA
Polymerase, 0.5ul 100 mM dNTP mix, and 1ul SureSelect ILM Indexing Post-Capture
Forward PCR Primer. 14ul of each sample library was added along with 5ul of the
appropriate indexing primer to 31ul of the post-capture PCR reaction mixture in each

well. The PCR amplification program was then run as shown in Table 2.9.
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Segment No. of Cycles Temperature Time
1 1 98C 2 minutes
2 12 98C 30 seconds
57C 30 seconds
72C 1 minute
1 72C 10 minutes
1 4C Hold

Table 2.9: Post-Capture PCR amplification program.

AMPure XP beads were used to purify the indexed libraries and the library quality was
assessed on an Agilent 2200 TapeStation with a high sensitivity D1000 ScreenTape. The

electropherogram was expected to show a DNA fragment size peak localised between

250 and 350bp (Figure 2.4).
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Figure 2.4: Post-Capture quality and quantity assessment of amplified library of Sample

OA1201 using 2200 TapeStation with a high sensitivity D1000 ScreenTape.

Finally, 13 samples were pooled per lane with a final concentration of 10nM in a final

volume of 50ul. The cluster amplification was carried out at the Leeds Next Generation

Sequencing (NGS) facility using the appropriate Illumina Paired End Cluster generation
kit, with read lengths between 100-150bp, on a single lane of an Illumina HiSeq 3000

Sequencer (Figure 2.5).
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Figure 2.5: SureSelect*™ sample preparation workflow for Illumina paired-end

sequencing. (Created by PowerPoint).

2.10.2 WES data analysis and bioinformatics

The output files from the WES analysis were analysed using in-house PerlScript (UNIX
commands can be found in Appendix A.1). The quality control of the raw sequence data,
the base quality scores, GC content and duplications were checked using the java based
FastQC software (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and
reads with quality less than 20 were eliminated. The quality control was assessed
throughout the NGS analysis in three main stages: raw data, alignment, and variant
calling. To avoid adaptor contamination, Trim  Galore  software
(http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) was used to remove
the sequence adaptors (the first 13 bp by default). Trimmed sequences were then aligned
against the reference genome (hg19/GRCh37) using the Burrows-Wheeler Aligner BWA
(v0.7.12-r1.39) (Li and Durbin, 2009). It should be emphasised that all the analysis
pipelines were built up for hgl19/37 when the work started, thus it has been used
throughout the thesis work even though, if the work had to start over, hg38 would
probably be chosen. The generated SAM files were then converted to BAM files using
SAMtools and then sorted by Picard (sort SAM). The Picard tools (v2.5.0)
(https://broadinstitute.github.io/picard/) were used to mark and remove the PCR
duplicates. Sorted BAM files were recalibrated and realigned locally around the indels

using the Genome Analysis Tool Kit GATK (https://gatk.broadinstitute.org/hc/en-us)



https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
https://gatk.broadinstitute.org/hc/en-us
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(v3.5) (McKennaetal., 2010, DePristo et al., 2011). The aligned data files were visualised
and explored using the Integrative Genomic Viewer (IGV)
(https://www.broadinstitute.org/igv/). Figure 2.6 illustrates the major steps in WES
pipeline.

—

Raw FastQ files

Adapter trimming using TrimGalore l Quality check by FastQC software

Quality checked and Trimmed
FastQ files

l Reads alignment using BWA

™ NGS Data Pre-Processing

Aligned reads to human
reference GRCh37 (hg19)
SAM output

SAM files conversion to BAM using l

SAM tools =
Raw BAM files

l Sort BAM files by Picard (SortSAM)

Sorted RAW BAM files

l Remove PCR duplicates by
Picard (MarkDuplicates)

RAW Sorted BAM files with ~— Variants Discovery

duplicates removed

Realign BAM files
locally around Indels

using GATK Indel realigned, Sorted, RAW BAM
(IndelRealigner) files

Write out reads using
GATK (PrintReads)

Final BAM files

Figure 2.6: Bioinformatic Pipeline for Whole exome sequencing (data alignment). (Created
by PowerPoint).

The HaplotypeCaller function in GATK was used to call the small insertion/deletions
(indels) and single nucleotide variants (SNVs) in genomic variant call format (g.VCF).
The genomic VCF files were converted to raw variant call format (raw.VCF). Hard
filtering and recalibrating for SNVs and indels were performed separately before
combining them to generate a final combined VCF file (Danecek et al., 2011).VCF files
were filtered and annotated with the help of the VCF hacks package available at
(https://github.com/david-a-parry/vcfthacks.git). Filtration of all VCF files was done
using the following databases of known variants:

- The National Centre for Biotechnology Information’s (NCBI) database of genetic
variation (dbSNP 146) (https://www.ncbi.nlm.nih.gov/snp/) (Sherry et al., 2001).


https://www.broadinstitute.org/igv/
https://github.com/david-a-parry/vcfhacks.git
https://www.ncbi.nlm.nih.gov/snp/
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- The Genome Aggregation Database (gnomAD)
(https://gnomad.broadinstitute.org)

For each individual, the variant list was annotated using Variant Effect Predictor (VEP)
software (McLaren et al., 2010). The filtration of the annotated variants was done by
applying the following criteria: removing variants with minor allele frequency (MAF) of
greater than or equal 1% in gnomAD and dbSNP 146 (in dominant and sporadic cases,
variants with MAF > 0.01% were filtered out), eliminating synonymous changes,
selecting only coding DNA variants and variants in splice donor and acceptor sites (+ 2
bp), and selecting variants with depth of coverage greater than 10 reads. The
pathogenicity prediction score for each variant was calculated using Combined
Annotation Dependent Depletion (CADD) (https://cadd.gs.washington.edu) (Kircher et
al., 2014) and only variants with CADD score > 15 were preserved and assessed
additionally by other pathogenicity prediction tools such as: Sorting Intolerant from
Tolerant (SIFT), MutationTaster, PolyPhen-2, and BLOSUM®62 (Section 2.13.4). The
variants with CADD score of 15 or above and predicted to be pathogenic in at least one
of the other tools were retained and prioritised in the final lists. The final variant lists
were initially compared to the existing IRD associated genes in the RetNet database
(https://sph.uth.edu/retnet/) and checked further by investigating manually in gnomAD,
dbSNP 146, Franklin databases and doing literature searches to look for the gene
expression, function, and links with human inherited diseases. The variant detection

pipeline and data filtration criteria is outlined in Figure 2.7.


https://gnomad.broadinstitute.org/
https://cadd.gs.washington.edu/
https://sph.uth.edu/retnet/
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Figure 2.7: Schematic representation of variant detection and prioritisation pipeline.

2.11 ExomeDepth and CNVs calling

The sequencing batches consisted of unrelated samples, which meant that ExomeDepth
(Plagnol et al., 2012) could be used to identify copy number variations (CNVs) that were
too large to be detected by the variant calling protocol described above (Section 2.10.2).
The FASTQ files of all samples were analysed using the pipeline described in section
2.10.2 up to the BAM files indexing. The indexed BAM files were then analysed using
the R package ExomeDepth (https://cran.r-
project.org/web/packages/ExomeDepth/vignettes/ExomeDepth-vignette.pdf) (Plagnol et
al., 2012) (R commands are listed in Appendix A.2). ExomeDepth analysis compares the
read depths of all captured exons of the test sample with the read depths of a reference
set of 5-10 samples. The reference samples and the test sample were all sequenced and
processed in the same sequencing run to avoid confounding batch effects. The output csv.
file was filtered by filtering out the common CNVs (Conrad et al., 2010b) and prioritising
the calls with highest Bayes factor (the log10 of the likelihood ratio of data for the CNV
call divided by that of the normal copy number call) (Plagnol et al., 2012). The zygosity

was described based on the read ratio (RR) as follows:
RR=0 - homozygous deletion
RR= 0.5 - heterozygous deletion

RR=1.5 - heterozygous duplication


https://cran.r-project.org/web/packages/ExomeDepth/vignettes/ExomeDepth-vignette.pdf
https://cran.r-project.org/web/packages/ExomeDepth/vignettes/ExomeDepth-vignette.pdf
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RR=2 - homozygous duplication

2.12Homozygosity mapping

In consanguineous families, homozygosity mapping (Section 1.8.3) is a method used for
mapping recessive traits. Its goal is to find and score consecutive homozygous genotypes,
also known as "runs of homozygosity” (ROH), in a person's genome (Quinodoz et al.,
2021). Children of consanguineous unions have ROHs for DNA regions that were co-
inherited from ancestors who are common to both parents (McQuillan et al., 2008).
Because recessive disease mutations are frequently discovered in ROHs (Wakeling et al.,
2019), homozygosity mapping has been utilised in medical genetics to identify regions
of the genome that should be prioritised for targeted mutational screening. Detection of
homozygous regions from WES data was carried out using AutoMap (Autozygosity
Mapper) (https://automap.iob.ch) (Quinodoz et al., 2021). The homozygosity mapping
was done directly on VCF (Variant Call Format) calls from WES data using this tool,
which is both web-based and downloadable. The output file contains both a PDF file with
a graphical representation of autozygous regions along the autosomes and a text file with
numerical data for the same information, such as the positions of the detected ROHs, their

size, number of variants, and homozygosity percentage.

2.13Bioinformatics

Bioinformatics is an interdisciplinary field that combines biology, computer science,
mathematics, and statistics. It includes methods and software tools to analyse biological
data, and, in this study, it was used to investigate the genes/proteins’ structure and
function, design primers, carry out large-scale analysis of WES, PacBio, and MinlON

sequencing data, and predict the mutation pathogenicity scores.

2.13.1 Online databases for literature searches

Candidate genes, phenotypes, pathogenic mutations, polymorphisms, protocols,
techniques, and bioinformatics were investigated using wide range of online databases
including: PubMed (https://pubmed.ncbi.nlm.nih.gov), Google Scholar
(https://scholar.google.com), RetNet  (https://sph.uth.edu/retnet/), GeneCards
(https://www.genecards.org), the Ensembl Genome Browser
(https://www.ensembl.org/index.html) and NCBI website
(https://lwww.ncbi.nIm.nih.gov). Online Mendelian Inheritance in Man (OMIM) website


https://automap.iob.ch/
https://pubmed.ncbi.nlm.nih.gov/
https://scholar.google.com/
https://sph.uth.edu/retnet/
https://www.genecards.org/
https://www.ensembl.org/index.html
https://www.ncbi.nlm.nih.gov/
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(https://lomim.org) is a comprehensive online reference used to look over human genes

and genetic phenotypes.

2.13.2UCSC Genome Browser

The UCSC genome browser (Kent et al., 2002) is a web-based tool that acts as a multi-
power microscope, allowing researchers to investigate all 23 chromosomes of the human
genome from a full chromosome to a single nucleotide
(https://genome.ucsc.edu/index.html). In an interactive and graphical display, the browser
brings together the work of countless scientists throughout the world, including work
done at UCSC. It also gives users access to the genomes of over a hundred different
organisms. It has custom tracks with lots of items including databases of human genes
and phenotypes such as Online Mendelian Inheritance in Man (OMIM available at
https://omim.org), gene expression and variation such as EXAC, gnomAD, and dbSNP.
Genomic sequence, protein sequence, polymorphism sites and frequencies, and intron-
exon architectures were all explored in depth using this tool. The UCSC genome browser
also offers tools such as BLAT and in silico PCR that were used to determine the

specificity of primer sequences.

2.13.3Bioinformatics comparative tools

BLAST alignment search tool, https://blast.ncbi.nim.nih.gov/Blast.cgi
EMBOSS Matcher, https://www.ebi.ac.uk/Tools/psa/emboss_matcher
DotMatcher, http://www.bioinformatics.nl/cgi-bin/emboss/dotmatcher

EMBOSS stretcher, https://www.ebi.ac.uk/Tools/psa/emboss_stretcher/
2.13.4 Mutation pathogenicity prediction software

2.13.4.1Combined Annotation Dependent Depletion (CADD) score

The CADD score (Kircher et al., 2014) integrates various genomic annotations including
gene model annotations, sequence context, evolutionary constraint, epigenetic
measurements, and functional predictions into a single score using a machine learning
model. It also scores the deleteriousness of any human single nucleotide variant (SNV)
along with insertion/deletion events in the human genome. Most scoring tools and variant
annotations tend to utilise a single information type e.g., conservation, and/or are confined

in one scope e.g., missense changes. CADD therefore is a broadly applicable metric that


https://omim.org/
https://genome.ucsc.edu/index.html
https://omim.org/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://www.ebi.ac.uk/Tools/psa/emboss_matcher
http://www.bioinformatics.nl/cgi-bin/emboss/dotmatcher
https://www.ebi.ac.uk/Tools/psa/emboss_stretcher/
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compares the annotations of fixed or nearly fixed human derived alleles that survived
natural selections with simulated variants. It can prioritize deleterious, and disease
causative variants within the individual genome sequences providing a genome-wide,
data rich, and functional generic estimate of variant effect. The scores are generated in
two forms. Raw scores are the immediate output from the model, giving negative values
for observed variants and positive values for simulated variants. Since the raw scores have
no definite unit, Phred-like scores (scaled C- scores) have been used to simplify the
interpretation. The scaled C- scores range from 1-99. Variants with scores of 10 or higher
are predicted to be the top 10% most deleterious variants in human genome, a score of 20
or more indicates the top 1% most deleterious and 30 or greater indicates the top 0.1%
and so on (Rentzsch et al., 2019).

2.13.4.2SIFT

Sorting Intolerant from Tolerant (https://sift.bii.a-star.edu.sg) is an algorithm that predicts
the potential effect of single amino acid substitutions on protein function based on the
sequence homology of amino acids and their physical properties. It can be used to analyse
both naturally occurring single nucleotide variants (SNVs) and laboratory induced
missense variants. The score ranges from 0.0 to 1.0, where an amino acid substitution
with a score <0.05 is predicted to be damaging and a variant with score > 0.05 is
predicted to be tolerated (Ng and Henikoff, 2001, Kumar et al., 2009).

2.13.4.3PolyPhen-2

To annotate coding nonsynonymous single nucleotide polymorphisms (nsSNPs),
Polymorphism Phenotyping v2 tool was used (http://genetics.bwh.harvard.edu/pph2/)
(Adzhubei et al., 2010). By applying the HumVar trained PolyPhen-2 (for Mendelian
diseases), the damaging impact of missense mutations on the function and structure of
the resulting protein was predicted. The score represents the probability that a mutation
is damaging and ranges from 0.0 (tolerated) to 1.0 (deleterious). It can be interpreted as

follows:
<04 Benign
0.4-0.8 Possibly damaging.

>0.8  Probably damaging.


https://sift.bii.a-star.edu.sg/
http://genetics.bwh.harvard.edu/pph2/
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2.13.4.4MutationTaster2

MutationTaster?2 is a web-based software package used to evaluate the pathogenic impact
of amino acid substitutions as well as intronic and synonymous changes, short insertions
and/or deletions (indels) and splice site variants. It can predict variant pathogenicity based
on all known single nucleotide polymorphisms (SNPs) and indels from 1000 Genomes
project (1000G) (Consortium, 2012), ClinVar (Landrum et al., 2014), HapMap (Gibbs et
al., 2003), and HGMD public (http://www.hgmd.cf.ac.uk/ac/index.php) (Stenson et al.,
2014). Variants found in homozygous state more than four times in 1000G or in HapMap
are considered neutral. Known pathogenic mutations in ClinVar are automatically
predicted to be disease-causing (Schwarz et al., 2014). It ranks an alteration as one of four

possible types:

Disease causing = probably deleterious.

Disease causing automatic - known to be deleterious.
Polymorphism - probably harmless

Polymorphism automatic = known to be harmless.

2.13.4.5BLOSUM62

BLOcks SUbstitution Matrix 62 was developed by analysing the frequencies of amino
acid substitutions in conserved clusters of proteins
(https://www.ncbi.nim.nih.gov/Class/FieldGuide/BLOSUMG62.txt). Investigators
determined the spectrum of normal substitution frequencies based on aligned proteins
from about 2000 aligned sequence segments characterising more than 500 groups of
related proteins (Henikoff and Henikoff, 1992). The BLOSUM®62 scores are log-odds
scores, and they measure the biological probability that a substitution could occur within
the spectrum of normal variation relative to the probability of the substitution is disease
causing. It ranges from +3 to -4, where substitutions with positive scores are more likely

to be benign and those with negative scores are likely to be damaging.

2.13.4.6 Franklin database

It is the world's first open genomic community (https://franklin.genoox.com/clinical-
db/home), founded by Genoox and named after Rosalind Franklin, whose research helped
us understand DNA structure. It is a web-based tool that allows genomic experts to spend

less time looking into variants and answering any genetic questions. It collects data from


http://www.hgmd.cf.ac.uk/ac/index.php
https://franklin.genoox.com/clinical-db/home
https://franklin.genoox.com/clinical-db/home
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several genetic databases to estimate variant pathogenicity and delivers a full assessment.
The input can be a single nucleotide variant (SNV), copy number variation (CNV), or
runs of homozygosity (ROH). For each variant, it provides information about its
pathogenicity predictions, population frequencies, clinical evidence, references, and

much more.

2.13.5 Integrative Genomics Viewer (IGV)

IGV (v.2.11.2) (https://software.broadinstitute.org/software/igv/) (Robinson et al., 2011)
is a high-performance visualisation tool that enables real time exploration of a wide range
of genomic data generated by next generation sequencing, array-based sequencing, and
long read sequencing. It supports loading genomic files in different formats including
nonindexed formats (e.g., GFF, BED, and WIG), aligned and indexed format (e.g., BAM
& Goby), and multiresolution format (e.g., TDF, bigwig, and bigBed). Reads can be
investigated for mutations, copy number variations, depth of coverage, gene expression,

and methylation.

2.13.6 Protein alignment

Homologene (https://www.ncbi.nlm.nih.gov/homologene/) is an automated system for
detecting homologs among annotated proteins in various sequenced eukaryotic genomes.
It was used to examine the level of conservation for the amino acid of interest across
several species by aligning the protein sequences using blasp. It also gives information

about paralogues, orthologues, phenotype, and conserved domains.
2.14 Long read sequencing

2.14.1 PacBio® sequencing

Barcoded amplicons were generated using 48 pairs of 16 bp barcodes that are custom
designed for PacBio system (Appendix D.4.2) by applying the steps in section 2.4.3.1.
The barcoded amplicons were then pooled into a 1.5ml Eppendorf tube to be prepared for

sequencing.

2.14.1.1 Library preparation

All PacBio reactions were carried out at the NGS facility (St James’s University Hospital,
Leeds, UK), and the steps were performed following the Pacific Biosciences Procedure

and Checklist — Amplicon Template Preparation and Sequencing protocol, version 04


https://software.broadinstitute.org/software/igv/
https://www.ncbi.nlm.nih.gov/homologene/
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(June 2018) (https://dnatech.genomecenter.ucdavis.edu/wp-
content/uploads/2018/07/PacBio-Amplicon-Template-Preparation-and-Sequencing-02-

2018.pdf) with some adjustments as outlined below. All PacBio SMRT sequencing
library preparation reactions were prepared using Pacific Bioscience SMRT sequencing
kits (PacBio®, California, USA) following the manufacturer’s instructions. All
incubations were done using the BioRad DNA engine thermal cycler. 1pl of the pooled
amplicons was diluted 1:10 with Qiagen buffer EB, and run on the Tapestation 2200
HSD5000 tapes, Qubit HS dsDNA kit and Nanodrop 8000 to determine the size,
concentration, and purity of the sample. As an essential step prior to SMRTbell library
preparation, pooled samples were purified using AMPure PB beads. The bead
concentration was determined based on the amplicon size (2.272 kb) according to
manufacturer’s instructions and was added at 0.6X relative to the PCR reaction volume.
The bead/DNA solution was mixed thoroughly by shaking the tube in VWR® vortex
mixer at 2000 rpm for 10 minutes at room temperature. The tube was spun down to collect
the beads and then placed in a magnetic bead rack until the solution appeared clear.
Keeping the tube in the rack, the clear supernatant was pipetted off and the beads were
washed twice with 1.5ml of freshly prepared 70% ethanol. The residual ethanol was
removed by allowing the bead pellet to air dry for 60 seconds. A suitable volume of
Qiagen buffer EB was added to the beads and mixed for 2 minutes in Eppedorf MixMate
at 2000 rpm until the solution became homogenous. The tube was then spun down and
placed back to the magnetic bead rack to collect the eluted sample and discard the beads.
1ul of the cleaned pooled amplicons was diluted 1:10 with Qiagen buffer EB, and run on
the Tapestation 2200 HSD5000 tapes, Qubit HS dsDNA kit and Nanodrop 8000 to

determine the size, concentration, and purity of the sample.

To repair any DNA damage, in a 0.2ml PCR tube, the reaction was prepared by adding
the following reagents to a 500ng of sample: 5ul DNA damage repair buffer (final
concentration 1X), 0.5ul NAD™ (nicotinamide adenine dinucleotide) (final concentration
1X), 5pl ATP high (final concentration 1mM), 0.5ul dNTP (final concentration 0.1mM),
dsDNA up to 37ul, and nuclease free water to adjust to 50l total volume. The reaction
was mixed well by flicking the tube and incubated at 37°C for 60 minutes then held at
4°C for one minute. Subsequently, to repair the DNA ends, 2.5ul of end repair mix was
added to the repaired DNA reaction and incubated for 5 minutes at 25°C then at 4°C. The

end repaired reaction was then transferred to a 1.5ml Lo-Bind tube and directly purified


https://dnatech.genomecenter.ucdavis.edu/wp-content/uploads/2018/07/PacBio-Amplicon-Template-Preparation-and-Sequencing-02-2018.pdf
https://dnatech.genomecenter.ucdavis.edu/wp-content/uploads/2018/07/PacBio-Amplicon-Template-Preparation-and-Sequencing-02-2018.pdf
https://dnatech.genomecenter.ucdavis.edu/wp-content/uploads/2018/07/PacBio-Amplicon-Template-Preparation-and-Sequencing-02-2018.pdf
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using AMPure PB beads as explained above, using a 0.6X AMPure PB bead ration and
eluting into 33l of Qiagen buffer EB.

A blunt ligation reaction was then prepared on ice in a 0.2ml PCR tube by mixing the
following components: 31l of end repaired DNA, 2ul blunt adaptor (final concentration
1uM), 4ul template prep buffer (final concentration 1X), 2ul ATP low (final
concentration 0.05mM), 1ul ligase (final concentration 0.75 U/ ul), and nuclease free
water to adjust to 40pl total volume. It was incubated at 25°C for 15 minutes and then at
65°C for 10 minutes to inactivate the ligase. Exonucleases were added as follows: 0.5pl
Exolll and 0.5ul ExoVI1I to the ligated DNA to remove the failed ligation products. After
incubating the mixture for one hour at 37°C, an AMPure PB beads purification step was
performed as explained above to remove all adaptor dimers. Again, using a 0.6X AMPure
PB bead ration, and eluting into 32ul of Qiagen buffer EB. At this stage, a 1:10 dilution
with Qiagen buffer EB of the ligated SMRThbell template was performed, and run on the
Tapestation 2200 HSD5000 tapes, Qubit HS dsDNA kit to determine the size and

concentration.

To ensure that no concatemers were present within the final SMRTbell template, a
BluePippin size selection step was performed using the BluePippin from Sage Science
(Beverly, MA, USA), a 0.75% Agarose Gel, and the 0.75% DF Low Voltage 1-6kb
Marker S1 protocol (https://www.n-genetics.com/products/1275/1023/13318.pdf). A
Broad Range was set to start at 1500bp and 3000bp and the protocol supplied by Sage
Science to check and prepare the 0.75% gels was followed. The external marker S1 was
used for size selection, and 30ul of SMRThbell template was mixed with 10ul of loading
buffer supplied with the BluePippin gels. After the elution was complete, the gel was left
for 45 minutes before removing the 40ul of eluted SMRTbell template to a Lo-Bind 1.5ml
Eppendorf tube, to aid the recovery of long DNA fragments. 40ul of supplied 0.1%
Tween was added to the elution well and left for 1 minute before being recovered to the
same tube as the eluted SMRThbell template. 1:10 dilution with Qiagen buffer EB was
used to check that the correct size had been recovered on the Tapestation 2200 HSD5000
tapes. This was followed by a further AMPure PB clean up, using a 0.6X AMPure PB
bead ration, and eluting into 37ul of Qiagen buffer EB, and an additional repair DNA
damage step as outlined above, without the end repair step. A final two AMPure PB clean
up steps were performed, using a 0.6X AMPure PB bead ration, and eluting into 50ul of
Qiagen buffer EB for the first one, and 10-14pul for the final one. 1ul of the SMRThbell


https://www.n-genetics.com/products/1275/1023/13318.pdf
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template was used to check the size and concentration on the Tapestation 2200 HSD5000
tapes, Qubit HS dsDNA kit. Samples were processed into SMRThbell complexes and then
loaded into the sequel platform. The size and concentration of the SMRTbell Template
was entered into the SMRT Link software
(https://downloads.pacbcloud.com/public/software/installers/smrtlink_10.2.1.143962.zi
p), and the Sequel platform was run for 10-hour movie times. Data analysis was
undertaken post run by Dr lan Carr (Leeds Institute of Medical Research, University of
Leeds, St James’s University Hospital, Leeds, UK) (Section 2.14.1.2).

2.14.1.2 Data analysis and bioinformatics

Sequences from each lane were used to create circular consensus sequences (CCS) and
exported as FASTQ files. Using the bespoke software package ‘PacBioDemultiplexer’,
the locations of sequences homologous to the primers were determined in each CCS and
used to determine if the CCS contained single or multiple copies of the original PCR
amplicon. The indexes linked to each amplicon sequence were determined, and sequences
with index combinations matching known samples exported to sample specific fasta files.
Where necessary the reverse complement of the CCS was determined such that all the
sequences were saved in the same orientation. Next, using a second bespoke application
‘PacBioHomology’, the individual amplicon sequences for each sequence were aligned
to the reference sequence. Sequences with less than 70% homology to the reference
sequence were discounted, with the alignment of the rest ranked by the number of exact
matches found between the reference and amplicon sequences. The best 250 alignments
were retained and used to generate a multiple sequence consensus alignment. This
consensus was then examined to identify common single base variants as well as
insertions and deletions, which were reported along with the number of CCS supporting
the variant in the multiple sequence alignment. The first 100 alignments in the multiple
consensus alignment were also reported to allow the accuracy of each variant reported to
be manually determined by observation of the multiple alignments. An aggregated dataset
of all the variants identified within a set of samples was generated using the python script
p_Combine_Variants_Ref.py, which when provided with the appropriate information is
able to reannotate the variants with respect to specific genomic sequences such as

GenBank accession sequence etc, rather than the amplicon’s sequence.
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2.14.2 Oxford nanopore sequencing

2.14.2.1 Target enrichment and library preparation for MinlON sequencing

Two PCR reactions were performed to generate ORF15 amplification products that were
uniquely indexed on a per-sample basis. A first PCR was carried out using ORF15
specific primers tailed with universal sequencing tags (Section 2.4.3.2). The PCR
amplicons were then subject to a bead-based purification to remove proteins, salts,
dNTPs, and primers using AxyPrep paramagnetic beads (Axygen, Union City, CA,
USA), as described in section 2.8. After cleaning up the amplicons, they were quantified
by Qubit fluorometer (Section 2.3.1) and the molarity was calculated by the
NEBiocalculator (https://nebiocalculator.neb.com/#!/ssdnaamt). To sequence multiple
samples in a single flow cell, a second PCR was performed to incorporate the Oxford
nanopore unique indexing barcodes to 100-200 fmol of each pre-indexed amplicon
(Section 2.4.3.3). The barcoded libraries were purified again using AxyPrep
paramagnetic beads (Section 2.8) and quantified by Qubit Fluorometer applying the steps

in section 2.3.1.

Barcoded amplification products were pooled in equimolar quantities to a total mass of
5ug in a 1.5ml DNA LoBind Eppendorf tube. From this solution, 1ug of DNA was
aliquoted and end-repaired by combining 3.5ul FFPE DNA repair buffer (NEB), 2ul
FFPE DNA repair mix (NEB), 3.5ul Ultra 11 end-prep reaction buffer (NEB), 3ul Ultra
Il end-prep enzyme mix (NEB), made up with nuclease-free H20 in a total reaction
volume of 60ul. Buffers were used as supplied by (NEB). The reaction was incubated at
20 °C for 5 minutes then 65 °C for 5 minutes. The mixture was purified by adding 60pl
AMPure XP beads (Beckman Coulter, Indianapolis, IN), then washed twice with 200ul

of freshly prepared 70% ethanol and redissolved in 61pl nuclease free water.

Next, the sequencing adaptors (supplied by the manufacturer) were ligated to the double
stranded amplimers. The reaction comprised of 60ul of end-prepped PCR amplimers,
25pl ligation buffer (LNB) (ONT), 10l NEBNext Quick T4 DNA ligase (NEB), and 5ul
adaptor mix (AMX) (ONT). The reaction was incubated for 10 minutes at room
temperature then cleaned up using 40ul AMPure XP Beads; the beads were washed twice
with 250ul short fragment buffer (SFB) (ONT). The pellet was eluted in 15ul elution
buffer (ONT) then quantified using a Qubit fluorometer (Section 2.3.1) to enable library

molarity to be calculated.


https://nebiocalculator.neb.com/#!/ssdnaamt
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2.14.2.2 Priming and loading MinlION flow cell

All solutions were supplied by the manufacturer (ONT) and were used according to
instructions. To prepare the MinlON flow cell (R9.4.1 FLO-MIN106D) for loading, the
priming mix was created by adding 30ul of flush tether (FT) to a tube of thawed and
mixed flush buffer (FB). 800l of the priming mix was loaded into the flow cell priming
port with care not to introduce any air bubbles. For loading, 50 fmol of the eluted library
was made up to 12ul using nuclease free water mixed with 37.5ul of sequencing buffer
(SQB) and 25.5ul of loading beads (LB). This mixture was then loaded into the flow cell
via the SpotON port in a dropwise fashion. The MinlON sequencer was run for 72 hours
using MinKNOW software (v.3.6.5; ONT).

2.14.2.3 Use of flow cell wash kit with MinlON sequencing

When ORF15 amplification products were initially sequenced, pores were observed to be
rapidly blocked, resulting in the production of relatively few reads. In subsequent runs a
flow cell wash kit (WSHO003) (ONT) was used to reactivate pores and boost instrument
yields. The sequencer was run as described but paused after 4 hours. The wash mix was
prepared by combining 2pl of wash solution (WMX) (ONT) with 398ul diluent (DIL)
(ONT). The waste liquid was withdrawn from the waste port and discarded before 400ul
of the wash mix was loaded to the priming port and left for 60 minutes. This was then
removed from the waste port, followed by loading further priming mix through the
priming port and more library was loaded into the SpotON port, following the steps in
section 2.14.2.2.

2.14.2.4 Flongle sequencing

Long read sequencing was carried out on two types of nanopore flow cells. To sequence
on Flongle, a separate sequencing library was created for each sample, using half volumes
of the above-described end-prep and ligation reactions (Section 2.14.2.1). A Flongle flow
cell (R.9.4.1) was next prepared for sequencing by loading 120ul priming mix (3ul of
Flush Tether (FT) (ONT) and 117ul of Flush Buffer (FB) (ONT). 3-20 fmol of the library
was then combined with 15ul of sequencing buffer (SQB) (ONT) and 10ul of loading
beads (LB) (ONT) prior to loading onto the flow cell. A 24-hour Flongle sequencing run
was initiated using MinKNOW software (v.3.6.0; ONT).
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2.14.2.5 Data analysis & bioinformatics

Basecalling and sample demultiplexing was performed to convert the raw data from fast5
to FASTQ format using Guppy (v.5.0.16; https://nanoporetech.com). Trimming the
adaptor sequences from the resulting reads was performed using Porechop (v.0.2.4;
https://github.com/rrwick/Porechop).

NanoFilt (v.2.8.0;https://github.com/wdecoster/nanofilt; (De Coster et al., 2018)) was
used to remove low quality reads based on their length and quality (Q score). Filtered
reads were then aligned to the human reference genome (GRCh37/hg19) using Minimap?2
(v.2.18; https://github.com/Ih3/minimap2; (Li, 2018)). NanoPolish (v.0.11.0;
https://nanopolish.readthedocs.io) was used to generate a VCF file, which was then
combined with WhatsHap (v.0.17; https://whatshap.readthedocs.io/; (Martin et al., 2016))
to group individual reads according to their variant-specified haplotype. SAM to BAM
file conversion, read sorting, and BAM file indexing was performed using Samtools
(v.1.12; (Li et al., 2009)). NanoStat (v.1.5; https://github.com/wdecoster/nanostat ; (De
Coster et al., 2018)) was used to calculate read metrics and statistics. BAM files were
visualised using the Integrative Genomics Viewer (IGV; v.2.11.2; Section 2.13.5).

Commands used in MinlON analysis are listed in Appendix A.3.

2.15 Manchester reference laboratory Sanger sequencing of ORF15
(Chapter 5)

Four primer pairs (RPGR_Ex15-1F/ RPGR_Ex15-1R, RPGR_Ex15-2F/ RPGR_Ex15-
2R, RPGR_Ex15-3F/ RPGR_Ex15-3R, and RPGR_Ex15-4F/ RPGR_Ex15-4R) were
used to sequence the ORF15 region of RPGR. The sequence-specific primers are listed in
Appendix A.4. All of the RPGR exon ORF15 primers were tailed with N13 tags (forward:
GTAGCGCGACGGCCAGT and reverse: CAGGGCGCAGCGATGAC). The PCR mix
used for primer pairs RPGR_Ex15-1F/ RPGR_Ex15-1R and RPGR_Ex15-4F/
RPGR_Ex15-4R consisted of 10ul GoTaq master mix (Promega, Madison, Wisconsin,
USA), 2ul primer mix (final concentration 500nM), 2ul of genomic DNA, and 6ul
nuclease free water. The PCR mix used for primer pairs RPGR_Ex15-2F/ RPGR_Ex15-
2R and RPGR_Ex15-3F/ RPGR_Ex15-3R comprised 2ul of 10X PCR buffer minus
MgClz (Invitrogen), 1l of 20 mM dNTP mix, 0.5ul of 50 mM MgClz, 1.20pl primer mix
(final concentration 300nM), 0.20ul Platinum Tag DNA polymerase (Invitrogen), 2ul of
genomic DNA, and 13.10ul nuclease free water. Thermocycling conditions for these PCR

reactions are recorded in Table 2.10. Sanger sequencing reactions are recorded in Table


https://nanoporetech.com/
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2.11. The sequencing run was performed on an ABI 3730 Genetic analyser (Applied

Biosystem) and the sequences produced were analysed on sequence scanner software

(v2.0; Applied Biosystem).

No. of cycles PCR stage Temperature ‘ Time

1 Initial denaturation 95 °C ‘ 5 minutes

35 cycles Denaturation 95°C 30 seconds
Annealing 60 °C 30 seconds
Extension 72°C 2 minutes.

1 Final extension 72°C 5 minutes.

1 Hold 4°C 00

Table 2.10: Thermocycling conditions applied in RPGR-ORF15 PCR for Sanger

sequencing.

Primer RPGR_Ex15-1 F+R | RPGR_Ex15-2 R RPGR_Ex15-4 F+R
RPGR_Ex15-2 F
RPGR_Ex15-3 F+R

Component X1 (ul) X1 (ul) X1 (ul)

Big Dye v3.1 1 4 0.25

Diluent 3 3.75

Nuclease free H,O 3 - 3

Primer 2 2 2

Ampure 1 4 1

Table 2.11: RPGR ORF15 Sanger sequencing reactions.
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Chapter 3

Using Whole Exome Sequencing (WES) to identify pathogenic

variants in previously unscreened IRD individuals

3.1 Introduction

Since the discovery of DNA structure (Watson and Crick, 1953) and the means to
sequence DNA (Sanger et al., 1977b), significant progress has been made in
understanding the complexity and diversity of human genomes in health and disease.
Although technological breakthroughs in instruments and reagents supported the
commencement of the human genome project, the first sequence of the human genome
took about 13 years to be released (Lander et al., 2001). Because of the high cost and low
throughput, more improved technologies were needed to allow scientists to sequence in
less time and at a cheaper cost. With the emergence of next (second) generation
sequencing NGS in 2004 (Pettersson et al., 2009), large-scale sequencing studies can now
be undertaken, the full extent of natural human DNA variations can be quantified and
disease-causing variants can now be identified more quickly and efficiently (Warr et al.,
2015).

To find these variants, researchers can use whole gene sequencing (GS), whole genome
sequencing (WGS), whole exome sequencing (WES) or targeted panels (Custom panels),
as described in Section 1.9.2.1 to sequence the whole gene, the entire genome or a portion
of it (Schwarze et al., 2018). WGS can detect all nucleotides in human genomic DNA and
find variations in any area of the genome, but it needs more sequencing reagents and
generates a big dataset, increasing the time, cost of analysis and data storage. WES, on
the other hand, is a commonly used NGS approach that uses fewer sequencing chemicals
and requires less time for bioinformatic analysis. It is an option to consider as it allows
us to sequence only the coding regions, which are only ~1% of the genome but around
85% of disease-causing mutations are believed to be found in these protein coding regions
(exons) (Choi et al., 2009, Van Dijk et al., 2014). Alternatively, GS can be used to carry
out detailed analysis of a single gene and the surrounding locus, as has been done for
ABCA4 (Khan et al., 2020).

This chapter describes the screening of a cohort of 24 inherited retinal disease (IRD) cases
in an attempt to identify the pathogenic variants in each case. These individuals had been
diagnosed with a variety of IRDs, and some of them had ocular phenotypes that were

accompanied by symptoms in other organs or tissues (Table 3.1). No previous genetic
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screening had been carried out in these patients. Variants identified as likely to be
pathogenic in this study will be reported to the ClinVar database to make them available

to the IRD community.

However, the analyses described here are considered a research based preliminary screen.
NHS genetic screening in the UK is carried out by accredited diagnostic laboratories
using strictly regulated standard operating procedures. As these analyses did not follow
such procedures, they are given to the relevant clinicians as research results, with no
guarantee and with advice that they should be confirmed by a diagnostic laboratory.
Furthermore, these analyses are not considered comprehensive. Filtering strategies used
are deliberately relatively strict, and based on assumptions about inheritance patterns and
clinical information that cannot be considered 100% certain. Where possible, the cases
unsolved herein will be looked at again as analysis pipelines improve, to examine, for
example, synonymous variants to see if they influence splicing, and to look at all variants
rather than focussing on known IRD genes. They may also be subject to WGS for more
comprehensive analyses of intron, promotor, and structural variants. The aim of this study
was to provide an initial screen to identify “low hanging fruit”, so that later analyses could

be more targeted.
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15. 12194201 Male 9 months Arab (Oman) Unknown Microcephaly, vision
problems, Developmental
Delay

16. 8956112 Male 8y Arab (Oman) Unknown Microdeletion syndrome??

17. 5543 Male 60y North European (UK) Unknown CORD

18. 5544 Female 45y African (UK) Unknown CORD

19. 5545 Female 55y North European (UK) Unknown PED with subsequent macular
GA.

20. 5546 Male 55y North European (UK) Unknown AVMD

21. 3558 Male 74y North European (UK) Recessive RP

22, 3727 Male 64y North European (UK) Unknown MD

23. 5582 Female 63y North European (UK) Unknown MD

24, 5583 Female 58y North European (UK) X-linked RP

Table 3.1: Summery of clinical data and sources of 24 cases analysed by WES in search of disease-causing variants. (RP, retinitis pigmentosa; CORD, cone rod
dystrophy; MD, macular dystrophy; FEVR, familial exudative vitreoretinopathy; OA, optic atrophy; LCA, Leber congenital amaurosis; BBS, Bardet-Biedl syndrome;
AVMD, adult vitelliform macular dystrophy; PED, pigment epithelial detachment; GA, geographical atrophy).
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3.2 Results

3.2.1 Whole exome sequencing (WES)

Twenty-four, previously unscreened, IRD cases were analysed by WES to try and identify
their disease-causing variants (Table 3.1). All samples were quantified using Qubit
fluorometer (Section 2.3.1) before undergoing WES by the Leeds University NGS facility
using the SureSelect*™ Human All Exon V6 library capture reagent and Illumina HiSeq
3000 Sequencer (Sections 2.10.1). Samples were pooled and run on two lanes of the

sequencer; the 1t pool included 13 samples while the 2" included 11 samples.

After receiving the sequencing data back from the NGS facility, the raw sequence data
for each sample was checked for quality control, and all passed (Section 2.10.2). Figure

3.1 shows a representative FastQC analysis report from one sample.

The samples were then processed using the bioinformatics pipeline outlined in Section
2.10.2. Variant prioritisation was based on the pipeline outlined in Figure 3.2. Briefly, all
variants with a minor allele frequency (MAF) of greater than or equal to 1%, or in
dominant cases greater than or equal to 0.01%, together with all synonymous variants and
variants outside exons and their splice site regions (within 2bp of a splicing junction)
were excluded from the resulting variants list. Only variants in coding DNA and those in
splice donor and acceptor sites (2 bp) were chosen, and only those with depth of
coverage greater than ten reads and a CADD score of 15 or above were prioritised. Further
filtration was carried out on a family/case specific basis, based on zygosity and likely
mode of inheritance. Several additional pathogenicity prediction tools were used to
further assess the results (Section 2.13.4). In addition, the R package ExomeDepth was

used to look for copy number variations (CNVs) in the samples (Section 2.11).

The final variant lists in each family/case were compared to information on known genes
associated with retinal diseases in the RetNet database (Accessed on February 2022)
(Appendix B.1) in cases with clear IRD diagnosis, and to literature on function of the
encoded protein and phenotypes associated with variants in it via PubMed searches.
Genes and variants were also investigated further in doSNP and gnomAD databases to
check the allele frequency, zygosity in controls and probability of loss-of-function (pLI)
scores. The top candidate variants were finally confirmed by Sanger sequencing (primer

sequences are listed in Appendix B.2).
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Figure 3.1: FastQC analysis report for sample 3800. A. Per base sequence quality. The
central red line is the median value, the yellow box denotes the interquartile range (25-75%), the
upper and lower whiskers represent the 10% and 90% points, and the blue line represents the
mean quality. The Y-axis on the graph shows the quality scores (PHRED), a quality score of 20
means 99% base call accuracy, while a score of 30 means 99.9% accuracy. The background of
the graph is divided into three colours: very good quality calls “green”, reasonable quality calls
“orange” and poor-quality calls “red”. Sample 3800 had very good quality calls with zero poor
quality calls from a total of 29,834,253 sequences. B. Per sequence quality score. Sample 3800
had 39 average quality per sequence. C. Per base sequence content. Sample 3800 had little to
no difference between the different bases of a sequence run. D. Per sequence GC content.

Sample 3800 had normal distribution of GC content over all sequences.
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Figure 3.2: Schematic representation of variants detection and prioritisation pipeline.
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3.2.2 Solved cases- variants identified in genes associated with IRDs

3.2.2.1 WES analysis of sample F1415 identifies a homozygous mutation in
CDHRL1 causing non syndromic IRD

A male patient (F1415) and his sister (F1416) were both reported to have vision reduced
to light perception only, with age at onset said to be school age. They were diagnosed
with inherited retinal dystrophy (IRD) and posterior capsular cataract. Their parents’
clinical data was not reported but both parents were said to be normal. They also have a
female cousin (F1417) who had similar symptoms and whose two male children who
were not checked but showed no symptoms (F1413 & F1414) (Figure 3.3).

1 5
. O O
" W O e

F1415 F1416 F1417

[ ]

F1413 F1414

v

Figure 3.3: Pedigree of case F1415 family. The pedigree shows four generations of the family.
The individuals from whom DNA was available are numbered with the affected individuals
coloured black. (* = DNA was analysed by WES).

A recessive mode of inheritance was considered the most likely explanation in this family
because the parents and affected cousin's offspring are unaffected (Figure 3.3) and
members of this family live on a relatively small Greek island, suggesting possible
endogamy. However, dominant inheritance with incomplete penetrance cannot be
excluded. Homozygous or biallelic variants were prioritised in the VCF file as a first pass
analysis. After screening for potential pathogenic variants in the known IRD genes listed
in RetNet website (https://web.sph.uth.edu/RetNet/sum-dis.htm#A-genes) (Accessed
February 2022), it was noted that there is a homozygous nonsense (stop gained) mutation
(GRCh37, Chr.10: 85971445, NM_033100, ¢.1527T>G, p.Y509%*) in exon 14 of CDHR1


https://web.sph.uth.edu/RetNet/sum-dis.htm#A-genes
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(Cadherin-related family member 1; OMIM 609502)). Mutations in CDHR1 are known
to cause autosomal recessive cone rod dystrophy (CORD) (Bolz et al., 2005, Henderson
etal., 2010, Ostergaard et al., 2010). According to MutationTaster, the variant is predicted
to be disease-causing and has a CADD score of 35, indicating that it is among the top 0.1
percent of the most deleterious mutations in the human genome. It was reported in dbSNP
(rs1477733493) and found in gnomAD at a frequency of 0.0004% (1/251490).

To confirm the mutation and segregate it in the family, primer sequences were selected
(given in Appendix B.2) to PCR across the variant and Sanger sequence five members of
the family (F1413, F1414, F1415, F1416, and F1417). This showed that the CDHR1
variant segregated with the disease phenotype in a manner consistent with recessive
inheritance (Figure 3.3 and Figure 3.4) and revealed that both F1413 and F1414 are
carriers. Furthermore, this nonsense mutation was reported previously in a homozygous
status which strongly suggest that the IRD in this patient is indeed autosomal recessive
(Arno et al., 2016, Carss et al., 2017) and that the CDHR1 mutation is almost certainly
the cause of this family's IRD phenotype.

CDHR1 (NM_033100)

€. 1527 T>G
p. Y509*

Homozygous
F1415, F1416, F1417

\' K ¥ S T Y
r - lf_‘_\r A N T . W “\l ——
GTG/\/\/\T/\TTTCC/\CCT/\T
Heterozygous G
F1413, F1414
\") K ) 5 S T Y

A A L A A A

r r 11 \ T r \r 1
GTGAAATAT T TCCACCTAT

Wild-Type

Figure 3.4: CDHR1 mutation in sample F1415 and other family members. Sanger sequencing
electropherograms for mutant (homozygous), carrier (heterozygous), and wild-type (healthy)
sequences for the CDHR1 variant (NM_033100, c. 1527T>G, p.Y509%).
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3.2.2.2 WES analysis of sample 3869 identifies a heterozygous mutation in RHO

causing autosomal dominant retinitis pigmentosa (ADRP)

A case of autosomal dominant retinitis pigmentosa (ADRP) (3869) was sent from Hull &
East Yorkshire hospital to be investigated further to identify the causal variant.
Heterozygous variants were prioritised and after screening the list obtained for genes
known to be involved in IRDs, as listed in RetNet website
(https://web.sph.uth.edu/RetNet/sum-dis.htm#A-genes) (Accessed February 2022), two
heterozygous variants were identified in two IRDs related genes (Table 3.2).

Chr. | Position Gene | Mutation type Mutation
(GRCh37) (CADD score)

3 129247860 | RHO | Het Missense (25.7) | NM_000539.3: ¢.284T>C, p.L95P

8 10467651 | RP1L1 | Het Frameshift NM_178857.6:
(24.2) €.3956_3957insAAGAAGAGGG,
p.V1320Rfs*10

Table 3.2: List of candidate variants in case 3869 (male) after alignment, variant calling,
filtering, and comparison with genes listed on the RetNet website. Chr. = chromosome, Het =

heterozygous.

A heterozygous missense variant was identified in exon 1 of the RHO gene (GRCh37,
Chr.3: 129247860, NM_000539, ¢.284T>C, p.L95P). Mutations in RHO (Rhodopsin;
OMIM 180380) are a known cause of IRD and are reported to cause ~ 30% of autosomal
dominant RP (McWilliam et al., 1989, Dryja et al., 1990a, Dryja et al., 1990b, Al-
Maghtheh et al., 1993). The mutation is not present in the databases gnomAD (0/282650
(number of alleles for the closest variant)) and dbSNP. It has a CADD score of 25.7 and
is predicted to be pathogenic using five additional pathogenicity prediction tools (Table
3.3). It has been published as disease-causing in a previous study (Roshandel et al., 2019)

and is present in the RHO LOVD database (https://databases.lovd.nl/shared/genes/RHO).

Variant | CADD | SIFT MutationTaster | PolyPhen2 | BLOSUMG62 | Franklin

(Protein | score

change)

€.284T>C | 25.7 Deleterious | Disease causing | Probably -3 Likely

(p.L95P) (0) damaging pathogenic
(0.942)

Table 3.3 : Pathogenic prediction scores for RHO mutation in sample 3869. The scores for
RHO missense variant (NM_000539, ¢.284T>C, p.L95P) from six different pathogenicity
prediction tools are shown.


https://web.sph.uth.edu/RetNet/sum-dis.htm#A-genes
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To assess the evolutionary conservation of the affected amino acid, multiple protein
alignments were made using HomoloGene (https://www.ncbi.nlm.nih.gov/homologene).
The normal amino acid is conserved in all available species apart from chicken and frog
(Figure 3.5).

Human 51 GFPINFLTLYVTVQHKKLRTPLNYILLNLAVADLFMVLGGFTSTLYTSLH 100
Chimpanzee 51 GFPINFLTLYVTVQHKKLRTPLNYILLNLAVADLFMVLGGFTSTLYTSLH 100
Monkey 51 GFPINFLTLYVTVQHKKLRTPLNYILLNLAVADLFMVFGGFTTTLYTSLH 100
Dog 51 GFPINFLTLYVTVQHKKLRTPLNYILLNLAVADLFMVFGGFTTTLYTSLH 100
Cattle 51 GFPINFLTLYVTVQHKKLRTPLNYILLNLAVADLFMVFGGFTTTLYTSLH 100
Mouse 51 GFPINFLTLYVTVQHKKLRTPLNYILLNLAVADLFMVFGGFTTTLYTSLH 100
Norway Rat 51 GFPINFLTLYVTVQHKKLRTPLNYILLNLAVADLFMVFGGFTTTLYTSLH 100
Chicken 51 GFPVNFLTLYVTIQHKKLRTPLNYILLNLVVADLFMVFGGFTTTMYTSMN 100
Zebrafish 51 SFPINALTLYVTVQHKKLRTPLNYILLNLAVADLFMVLGGFTVTLYTALH 100
Frog 51 GFPINFMTLYVTIQHKKLRTPLNYILLNLVFANHFMVLCGFTVTMYTSMH 100

Figure 3.5: Amino acids sequence alignments of human RHO with homologues. Normal
amino acid sequence of RHO in various species (HomoloGene,
https://www.ncbi.nlm.nih.gov/homologene) showing the evolutionary conservation of leucine

residue at position 95 in mammals.

Sanger sequencing validated the mutation in this case (Figure 3.6), but no segregation
study was undertaken due to the lack of DNA from additional family members. Another
heterozygous frameshift variant was identified in the RP1L1 gene. Heterozygous variants
in RP1L1 are known to cause autosomal dominant macular degeneration (Akahori et al.,
2010) while homozygous variants are associated with autosomal recessive RP (Davidson
etal., 2013). However, since the patient here has autosomal dominant RP, it is considered
highly likely that the ADRP in this case is due to the missense variant (NM_000539,
€.284T>C, p.L95P) in the RHO gene.


https://www.ncbi.nlm.nih.gov/homologene
https://www.ncbi.nlm.nih.gov/homologene
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| c.284T>C, p.L9SP

Heterozygous

Wild-type

Figure 3.6: RHO mutation in sample 3869. Sanger sequencing electropherograms for mutant
(heterozygous) and wild-type (healthy) sequences for the RHO missense variant (NM_000539,
€.284T>C, p.L95P).
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3.2.2.3 WES analysis of sample 4211 identifies a heterozygous mutation in

PRPF31 causing autosomal dominant retinitis pigmentosa (ADRP)

Another autosomal dominant retinitis pigmentosa (ADRP) case (4211) was sent from
Hull and East Yorkshire hospital, and the genomic DNA was sequenced by WES to
identify the disease-causing mutation. Heterozygous variants were prioritised and filtered
against the genes listed in RetNet website (https://web.sph.uth.edu/RetNet/sum-
dis.htm#A-genes) (Accessed February 2022). Four candidate genes remained (Table 3.4)
and based on the given inheritance pattern, MYO7A, GRK1, and GRM6 genes were

excluded because they are all known to be implicated in autosomal recessive diseases.

Chr. | Position Gene Mutation type Mutation
(GRCh37) (CADD score)

19 | 54627976 PRPF31 | Het Frameshift | NM_000539.3: ¢.797delC, p.S266*
(32)

11 | 76867967 MYO7A | Het Missense NM_000260.4: c.652G>A, p.D218N
(27.4)

13 114438091 GRK1 Het Missense NM_002929.3: c.1447G>T, p.D483Y
(24.1)

5 178413684 GRM6 Het Missense NM_000843.4: c.1571C>T, p.P524L
(22)

Table 3.4: List of candidate variants in case 4211 (female) after alignment, variant calling,
filtering, and comparison with genes listed on the RetNet website. Chr. = chromosome, Het =

heterozygous.

A heterozygous frameshift mutation (GRCh37, Chr.19: 54627976, NM_015629,
€.797delC, p.S266*) was identified in exon 8 of PRPF31 (Pre-mRNA-Processing Factor
31; OMIM 606419). PRPF3L1 is a gene known to be mutated in patients with ADRP (Al-
Maghtheh et al., 1996, Sullivan et al., 2006b, Venturini et al., 2012). This variant is absent
from dbSNP and gnomAD databases (0/31404 (number of alleles for the closest variant))
and has a CADD score of 32 (top 0.1% of the most deleterious mutations) and predicted

to be disease-causing on MutationTaster.

The presence of the variant was confirmed by Sanger sequencing, but no segregation
analysis was done due to the lack of DNA from other family members (Figure 3.7). This
variant has not been published previously and is absent from the PRPF31 LOVD
database. Further evidence could be obtained by testing for this variant in other family
members to segregate this novel variant, which would also be of clinical benefit to the
family, and it should then be reported to the IRD community. This was not completed

due to lack of time or access to the necessary samples. Nevertheless, given that


https://web.sph.uth.edu/RetNet/sum-dis.htm#A-genes
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heterozygous nonsense mutations in PRPF31 are a well-known cause of dominant RP, it

is considered highly likely that this variant is the cause of disease in this patient.

¢.797delC, p.S266*

FTCGTCTACC GG T GG

Heterozygous

Wild-type

Figure 3.7: PRPF31 mutation in sample 4211. Sanger sequencing electropherograms for
mutant (heterozygous) and wild-type (healthy) sequences for the PRPF31 frameshift variant
(NM_015629, ¢.797delC, p.S266%).



107

3.2.2.4 WES analysis of sample 11335421 identifies a homozygous mutation in
CNGAS causing cone rod dystrophy CORD

A male patient (11335421) was diagnosed with cone rod dystrophy (CORD) when his
vision began to deteriorate at the age of four. In Oman, the diagnosis was made primarily
on the FFERG results, which revealed drastically decreased rod and cone functions. This
patient came from a consanguineous family and had two paternal cousins with similar
symptoms. Other family members' DNA samples and clinical information were

unavailable.

The mode of inheritance was assumed to be recessive based on the known consanguinity
in the family, homozygous variants were prioritised and then filtered against the genes
listed in RetNet website (https://web.sph.uth.edu/RetNet/sum-dis.htm#A-genes)
(Accessed February 2022). There was only one homozygous missense change, in exon 8
of CNGA3 (GRCh37, Chr.2: 99012721, NM_001298, c.1088T>C, p.L363P). Recessive
mutations in CNGAS3 (Cyclic Nucleotide Gated Channel Alpha 3; OMIM 600053) cause
autosomal recessive achromatopsia (Arbour et al., 1997, Nishiguchi et al., 2005), and
autosomal recessive cone rod dystrophy (CORD) (Nishiguchi et al., 2005, Li et al., 2014).
The CNGA3 missense variant identified is not detected in doSNP and gnomAD databases
(07251156 (number of alleles for the closest variant)) and has been reported previously in
homozygous state in patients with achromatopsia (Koeppen et al., 2010). It is predicted
to be pathogenic according to different pathogenicity prediction tools (Table 3.5), with a

CADD score of 25.1 (top 1% most deleterious mutations).

Variant CADD | SIFT MutationTaster | PolyPhen2 | BLOSUM®62 | Franklin
(Protein score
change)
€.1088T>C | 25.1 Deleterious | Disease causing | Probably -3 Likely

0) damaging pathogenic
(p.L363P) (0.998)

Table 3.5: Pathogenicity prediction scores for the CNGAS3 variant in sample 11335421. The
Scores for CNGA3 missense variant (NM_001298, ¢.1088T>C, p.L363P) from six different

pathogenicity prediction tools are shown.

Sanger sequencing (Figure 3.8A) confirmed the mutation, and the multiple protein
alignment website, HomoloGene (https://www.ncbi.nlm.nih.gov/homologene), was used
to determine the evolutionary conservation, with the normal amino acid being entirely
conserved across all available species (Figure 3.8B). This variant was therefore

considered highly likely to be the cause of disease in this case.


https://web.sph.uth.edu/RetNet/sum-dis.htm#A-genes
https://www.ncbi.nlm.nih.gov/homologene
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A ¢.1088T>C, p.L363P
CCTTG ACCIERCE AC CACC
Homozygous
A l ﬁ

AL ” | I/\ \

\ / ! \ |

;U\ [\/| d ‘U

AR i
ACCTTG ACC i AC
Wild-type
B HUMAN 347 RLSRKYIYSLYWSTLTLTTIGETPPPVKDEEYLFVVVDFLVGVLIFATIV 396

Chimpanzee 347 RLSRKYIYSLYWSTLTLTTIGETPPPVKDEEYLFVVIDFLVGVLIFATIV 396
Monkey 347 RLSRKYIYSLYWSTLTLTTIGETPPPVKDEEYLFVVIDFLVGVLIFATIV 396
Wolf 361 RLSRKYIYSLYWSTLTLTTIGETPPPVKDEEYVFVVIDFLVGVLIFATIV 410
Cattle 366 RLSRKYIYSLYWSTLTLTTIGETPPPVKDEEYLFVVIDFLVGVLIFATIV 415
Mouse 326 RLSRKYIYSLYWSTLTLTTIGETPPPVKDEEYLFVVIDFLVGILIFATIV 375
Rat 268 RLSRKYIYSLYWSTLTLTTIGETPPPVKDEEYLFVVIDFLVGVLIFATIV 317
Chicken 389 RLSRKYIYSLYWSTLTLTTIGETPPPVKDEEYLFVVIDFLVGVLIFATIV 438
Zebrafish 420 RLARKYIYCLYWSTLTLTTIGETPPPVRDIEYLFVVMDFLIGVLIFATIV 469
Fly 294 TLORQYIYSFYWSTLTLTTIGETPTPENDVEYLFVVADFLAGVLIFATIV 343
Mosquito 289 TLSRQYIYSFYWSTLTLTTIGETPTPENDAEYLFVVADFLAGVLIFATIV 338
Roundworm 358 TLLRRYVYSFYWSTLILTTIGEVPSPVRNIEYAFVTLDLMCGVLIFATIV 407
Frog 389 RLARKYIYSLYWSTLTLTTIGETPPPVKDIEFLFVVFDFLIGVLIFATIV 438

Figure 3.8: Analysis of CNGA3 mutation in sample 11335421. A. Sanger sequencing
electropherograms for mutant (homozygous) and wild-type (healthy) sequences for the CNGA3
missense variant (NM_001298, ¢.1088T>C, p.L363P). B. Normal amino acid sequence
alignments of CNGA3 (HomoloGene, https://www.ncbi.nlm.nih.gov/homologene) showing the

evolutionary conservation of the leucine residue at position 363.


https://www.ncbi.nlm.nih.gov/homologene
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3.2.2.5 WES analysis of sample 11867145 identifies a homozygous mutation in
BBS10 causing Bardet-Biedl syndrome (BBS)

A female patient (11867145) from a consanguineous family of Omani origin was
recruited from Oman for further investigation. She was one year and eight months old at
the time of the initial assessment and was diagnosed with Bardet-Biedl syndrome. In
addition to her vision problem, she also has dextrocardia, situs inversus, cardiac
abnormalities, echogenic kidney, postaxial polydactyly in both hands and left foot, and
slight developmental delay with no hearing problems. The patient’s cousin (male) from

her mother side had similar symptoms and was diagnosed with Bardet-Biedl syndrome.

The genomic DNA was only available for patient 11867145, and it was analysed using
WES. The variant list was filtered as described in Section 3.2.1. Based on the family
history and phenotype, homozygous variants were prioritised and compared against
known IRDs genes (https://web.sph.uth.edu/RetNet/sum-dis.htm#A-genes) (accessed
February 2022). The patient was found to carry a homozygous frameshift mutation
(GRCh37, Chr.12: 76741033, NM_024685, c.728-731del AAGA, p. K243Ifs*15) in exon
2 of gene BBS10 (also known as C120rf58 (Chromosome 12 Open Reading Frame 58);
OMIM 610148). Mutations in BBS10 (C120rf58) were reported to cause autosomal
recessive Bardet-Biedl syndrome (Stoetzel et al., 2006, White et al., 2007). This mutation
was reported in a homozygous state in 50 black South African families with Bardet-Bied|
syndrome, indicating that BBS is more common in this ethnic group (Fieggen et al.,
2016). The mutation is predicted to be disease-causing by MutationTaster and has a
CADD score of 34 which means that it is in the top 0.1% of the most deleterious mutations
in human genome. It is not present in gnomAD database (0/250484 (number of alleles for
the closest variant)). However, it was found in doSNP database (rs786204671). This
mutation was confirmed by Sanger sequencing (Figure 3.9) and is considered highly

likely to be the cause of disease in this patient.


https://web.sph.uth.edu/RetNet/sum-dis.htm#A-genes
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¢.728-731delAAGA, p.K243Ifs*15

Homozygous

Wild-type

Figure 3.9: BBS10 mutation in sample 11867145. Sanger sequencing electropherograms for
mutant (homozygous) and wild-type (healthy) sequences for the BBS10 frameshift variant
(NM_024685, c.728-731delAAGA, p. K243Ifs*15).

3.2.2.6 WES analysis of sample 11935460 identifies a homozygous mutation in

USH2A causing RP and sensorineural hearing loss

Sample 11935460 is from a male of Omani origin from a consanguineous family. He was
initially assessed as a nine-year-old and diagnosed with retinitis pigmentosa (RP) at a
local eye clinic. Apart from his vision problem, he was also diagnosed with sensorineural
hearing loss and learning difficulties. No family history of similar symptoms was
reported, and his siblings are healthy. Based on the consanguinity in the family,
homozygous variants were prioritised. Two homozygous variants were found in two
genes implicated in IRDs, IFT172 and USH2A (Table 3.6).

A homozygous missense change (GRCh37, Chr.1: 216595427, NM_206933, ¢.252T>G,
p.C84W) in exon 2 of gene USH2A (Usherin; OMIM 608400) was further investigated
since the homozygous mutations in USH2A can cause autosomal recessive retinitis
pigmentosa and recessive Usher syndrome type lla (Seyedahmadi et al., 2004, Gao et al.,
2021).
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Chr. | Position Gene Mutation type | Mutation
(GRCh37) (CADD score)

1 216595427 USH2A | Homo NM_206933.4: ¢.252T>G, p.C84W
Missense
(23.5)

2 27682663 IFT172 | Homo NM_015662.3: ¢.2555A>T, p.E852V
Missense
(23.5)

Table 3.6: List of candidate variants in case 11935460 (male) after alignment, variant
calling, filtering, and comparison against genes listed on the RetNet website. Chr. =

chromosome, Homo = homozygous.

The identified missense mutation in USH2A is not found in dbSNP or gnomAD databases
(0/250894). In all known species, the normal amino acid residue is totally conserved
(Figure 3.10B), and the substitution was predicted to be disease-causing by five separate
prediction tools (Table 3.7).

Variant CADD | SIFT MutationTaster | PolyPhen2 | BLOSUMG62 | Franklin

(Protein score

change)

€.252T>G | 235 Deleterious | Disease causing | Possibly -2 VUS

(p-C84W) 0) damaging (ACMG;
(0.972) PM2, PM1)

Table 3.7: Pathogenic prediction scores for USH2A mutation in sample 11935460. The scores
for USH2A missense variant (NM_206933, ¢.252T>G, p.C84W) from six different pathogenicity

prediction tools are shown. VUS = variant of uncertain significance.

Primers (Appendix B.2) were designed to PCR across the candidate variant and the
amplimer obtained was Sanger sequenced to confirm the presence of the mutation (Figure
3.10A).
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& ¢252T>G, p.C84W |
CGGTTT GGAT CAGG

Homozygous
Wild-type

B HUMAN 51 IVPTQAVCGLPDRSTFCHSSAAAESIQFCTQRFCIQDCPYRSSHPTYTAL 100
Chimpanzee 51 IVPTQAVCGLPDRSTFCHSSAAAESIQFCTQRFCIQDCPYRSSHPTYTAL 100
Monkey 51 IVPTQAVCGLPDRSTFCHSSAAAESIQFCSQRFCIQDCPYRSSHPTYTAL 100
Wolf 51 LVPPQATCG---RSTFCHPSAAAEGLGLCTQRLCIQDCPHRSSPPVYTAL 97
Cattle 51 VVPTQATCGIPAQSTFCQSSATPEGLRVCPQRLCVQDCPYRSSPPTYANL 100
Mouse 50 TVPTHATCGFPGPSTFCRSPVAAEHVQLCTERLCIQDCPYRSASPLYTAL 99
Rat 88 IVPSHATCGYPGPSTFCRSAVAAEHAQLCAERLCIQDCPYRSASPPYTAL 137
Chicken 51 TVPTQATCGLPDRSTFCHSSVAAESIMSCTQRFCVQECPYRSSPPSYRLL 100
Zebrafish 65 TTPARATCGIPERSTFCQAGQVQEDLLTCIQKFCIQECPRRPSTPEYIDV 114

Figure 3.10: Analysis of USH2A mutation in sample 11935460. A. Sanger sequencing
electropherograms for mutant (homozygous) and wild-type (healthy) sequences for the USH2A
missense variant (NM_206933, ¢.252T>G, p.C84W). B. Normal amino acid sequence alignments
of USH2A (HomoloGene, https://www.ncbi.nlm.nih.gov/homologene) showing the evolutionary

conservation of the cysteine residue at position 84.

This patient has sensorineural hearing loss in addition to the RP meaning that he most
probably has Usher syndrome. Based on these findings, the USH2A variant is considered
the more likely of the two variants to be pathogenic in this case, causing RP and
sensorineural hearing loss in this individual. However, since many IRD cases are not clear
cut, and different variants in the same IRD genes can cause different phenotypes, all
options should be considered. The second homozygous missense change (GRCh37,
Chr.2: 27682663, NM_015662.3, ¢.2555A>T, p.E852V) in exon 24 of the IFT172 gene
(Intraflagellar transport 172; OMIM 607386) should therefore also be considered as a

potential causative variant for the phenotype in this patient. It is not found in dbSNP or


https://www.ncbi.nlm.nih.gov/homologene

gnomAD databases (0/281292) and was predicted

prediction tools (Table 3.8).
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to be pathogenic by five separate

Variant CADD | SIFT MutationTaster | PolyPhen2 | BLOSUMG62 | Franklin

(Protein score

change)

C.2555A>T | 23.5 Deleterious | Disease causing | Probably -2 VUS

(p.E852V) (0) damaging (ACMG;
(0.974) PM2)

Table 3.8: Pathogenic prediction scores for IFT172 mutation in sample 11935460. The scores
for IFT172 missense variant (NM_015662.3, c¢.2555A>T, p.E852V) from six different

pathogenicity prediction tools are shown. VUS = variant of uncertain significance.

Mutations in the IFT172 gene are known to cause autosomal recessive RP and Bardet-
Biedl syndrome (Bujakowska et al., 2015). Sanger sequencing should be performed to

confirm this variant, and DNA samples from further family members should be screened

to determine which of the two variants found in this study is the disease-causing variant

in this family. However, this was not completed due to lack of time.
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3.2.2.7 WES analysis of sample OA1201 identifies a homozygous mutation in

SLC25A46 causing autosomal recessive optic atrophy

WES analysis was performed on the genomic DNA from patient OA1201 with presumed
autosomal recessive optic atrophy (as reported by the clinician). After the variants list
was filtered as described in Section 3.2.1 and since the inheritance pattern was recessive,
only homozygous or biallelic variants were kept. The final list was then compared to the
known genes listed in RetNet (https://web.sph.uth.edu/RetNet/sum-dis.htm#A-genes)
(accessed February 2022). Three homozygous variants were identified (Table 3.9).

Chr. | Position Gene Mutation type | Mutation
(GRCh37) (CADD score)

5 110092451 SLC25A46 | Homo NM_138773.4: c.670A>G, p.T224A
Missense
(27.4)

19 | 7440667 ARHGEF18 | Homo NM_001367823.1: ¢.337C>T,
Missense p.R113C
(22.3)

5 89923101 ADGRV1 Homo NM_032119.4: c.746G>A, p.R249K
Missense
(15.07)

Table 3.9: List of candidate variants in case OA1201 (female) after alignment, variant
calling, filtering, and comparison against genes listed on the RetNet website. Chr. =

chromosome, Homo = homozygous.

A homozygous variant in SLC25A46 (Solute Carrier Family 25, Member 46; OMIM
610826), a gene known to be mutated in recessive syndromic optic atrophy (optic atrophy
with variable neurological findings including cerebellar ataxia, motor or sensory
neuropathy, and pontocerebellar hypoplasia) was identified (Abrams et al., 2015, Janer et
al., 2016).

The homozygous missense change (GRCh37, Chr.5: 110092451, NM_138773.4,
€.670A>G, p.T224A) is in exon 7 of gene SLC25A46. It has been reported in dbSNP
database (rs761276607) and found in South Asians at frequency of 0.000014 (3/210630)
in gnomAD. It is predicted to be pathogenic according to the CADD score and another
three different prediction tools (Table 3.10).


https://web.sph.uth.edu/RetNet/sum-dis.htm#A-genes
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Gene Variant CADD | SIFT MutationTaster | PolyPhen2 | BLOSUM®G62 | Franklin
(Protein score
change)
SLC25A46 | c.670A>G | 27.4 Deleterious | Disease causing | Possibly 0 VUS
(p.-T224A) (0) damaging (ACMG;
(0.519) PP3,
PM2)
€.337C>T | 22.3 Tolerated | Polymorphism | Possibly -3 Benign
ARHGEF18| (p.R113C) (0.07) damaging
(0.543)
ADGRV1 | c.746G>A | 15.07 | Tolerated | Polymorphism Benign 2 Benign
(p.R249K) (0.33) (0.007)

Table 3.10: Pathogenic prediction scores for mutations in SLC25A46, ARHGF18, and
ADGRV1 in sample (OA1201). The scores for these mutations from six different pathogenicity

prediction tools are shown. VUS = variant of uncertain significance.

The normal amino acid is fully conserved across all accessible species according to
HomoloGene (https://www.ncbi.nlm.nih.gov/homologene) (Figure 3.11B) and the
variant was confirmed by Sanger sequencing as segregating in the patient’s unaffected
parents (OA1200 and OA1202) in a manner consistent with recessive inheritance (Figure
3.11A).

Since the other two identified variants in genes ARHGEF18 and ADGRV1 were predicted
to be benign by at least three pathogenicity prediction tools (Table 3.10), these findings
suggest that the variant in SLC25A46 is likely to be the pathogenic variant in this family.
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A | ¢.670A>G, p.T224A
ATTGAAGCAGTGCAGGT
Homozygous
0OA1201
Heterozygous
OA1200
Heterozygous
0OA1202
B Human 185 PLPREVLHKWSPKQIGEHLLLKSLTYVVAMPFYSASLIETVQSEIIRD 232
Chimpanzee 185 PLPREVLHKWSPKQIGEHLLLKSLTYVVAMPFYSASLIETVQSEIIRD 232
Monkey 185 PLPREVLHKWSPKQIGEHLLLKSLTYVVAMPFYSASLIETVQSEIIRD 232
Dog 338 PLPREISHKWNPKQIGEHLLLKSLTYMVAMPFYSASLIETVQSEIIRD 385
Cattle 187 PLPREISHKWNPKQIGEHLLLKSLTYIVAMPFYSASLIETVQSEIIRD 234
Mouse 185 PLPREVSHKLNPKQIGEHLLLKCLTYMVAMPFYSASLIETVQSEIIRD 232
Rat 185 PLPREVSQKWNPKQIGEHLLLKCLTYMVAMPFYSASLIETVQSEIIRD 232
Chicken 175 PLPRELSHKWNLKQIGGHLLLKGLTHVIAMPFYSASLIETVQSEIIRD 222
Zebrafish 169 PLPRELSHKWNPKQVVGHLVLKGLTYVVAMPFYSASLIETVQSEIIRD 216
Fruit fly 143 SWPKDVNSRTTLKRFGQHLLLKCISIGLVVPFYAASLVETVQSDIASE 190
Mosquito 160 PWPKEINAKTTVKQFGQHLLLKCISIAAVVPFYSASLVETVQSDIASE 207
Frog 183 HLPRELNHKWNPKQIGGHLLLKGLVYVIVTPFYSASLIETVQSEIIHD 230

Figure 3.11: Analysis of SLC25A46 mutation in sample OA1201. A. Sanger sequencing
electropherograms for mutant (homozygous) sequence from affected individual OA1201 and
heterozygous sequences from two carriers OA1200 and OA1202 for the SLC25A46 missense
variant (NM_138773, ¢.670A>G, p.T224A). B. Normal amino acid sequence alignments of
SLC25A46  (HomoloGene, https://www.ncbi.nlm.nih.gov/homologene)  showing the

evolutionary conservation of threonine residue at position 224.
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3.2.2.8 WES analysis of sample 5543 reveals compound heterozygous mutations in
ABCA4 causing CORD

Patient 5543 was diagnosed with late onset simplex CORD. The patient was
asymptomatic when the condition was discovered by opticians at age 58 years old during
a routine visit. His visual acuity was 6/7.5, with no sign of cystoid macular oedema

(CMO) but upon examination there was foveal atrophy.

Both heterozygous and biallelic variants (homozygous and compound heterozygous)
were retained for analysis since the patient's family history is unknown. When the
resulting list was compared against the known IRD genes in RetNet database
(https://web.sph.uth.edu/RetNet/sum-dis.htm#A-genes) (accessed February 2022), only
three heterozygous variants in two genes were highlighted (Table 3.11).

Chr. | Position Gene Mutation type | Mutation
(GRCh37) (CADD score)

1 94471055 ABCA4 Het Missense | NM_000350.3: ¢.6089G>A,
(34) p.R2030Q

1 94517254 ABCA4 Het Missense | NM_000350.3: ¢.2588G>C, p.G863A
(26.7)

1 110151344 GNAT2 Het Missense | NM_032119.4: ¢.370G>A, p.V124M
(23.4)

Table 3.11: List of candidate variants in case 5543 (male) after alignment, variant calling,
filtering, and comparison against genes listed on the RetNet website. Chr. = chromosome, Het

= heterozygous.

One of these genes was ABCA4 (ATP-Binding Cassette, Subfamily A, Member 4; OMIM
601691), which was found to have presumed compound heterozygous variants, one in
exon 17 (GRCh37, Chr.1:94517254, NM_000350.3, ¢.2588G>C, p.G863A) and another
in exon 44 (GRCh37, Chr.1:94471055, NM_000350.3, ¢.6089G>A, p.R2030Q). Six
pathogenicity prediction tools were used to assess the likely pathogenicity of these
variants and five of them predicted that the missense variants were pathogenic (Table
3.12).
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Variant CADD | SIFT MutationTaster | PolyPhen2 | BLOSUM®62 | Franklin
(Protein score
change)
€.6089G>A | 34 Deleterious | Disease causing | Probably 1 Pathogenic
(p-R2030Q) ()] damaging

(1.000)
€.2588G>C | 26.7 Deleterious | Disease causing | Possibly 0 Pathogenic
(p.G863A) ()] damaging

(0.864)

Table 3.12: Pathogenic prediction scores for ABCA4 mutation in sample (5543). The scores
for two ABCA4 missense variants (NM_000350.3, ¢.2588G>C, p.G863A and c¢.6089G>A,
p.R2030Q) from six different pathogenicity prediction tools are shown.

The frequencies of both alleles were checked in publicly available databases. The variant
€.2588G>C was reported in doSNP (rs76157638) and found at frequency of 0.5%
(601/118484) in EXAC and 0.4% (1214/282648) in gnomAD. Variant ¢.6089G>A was
reported in dbSNP (rs61750641) and found at frequency of 0.03% (47/121404) in EXAC,
and 0.03% (100/282784) in gnomAD. Both variants were reported previously (Birtel et
al., 2018, Bauwens et al., 2019, Weisschuh et al., 2020b) and both are present in ABCA4
LOVD database (https://databases.lovd.nl/shared/genes/ABCA4).

Sanger sequencing confirmed the mutations in the sample (Figure 3.12A), and the normal
amino acid residues in each case were completely conserved across all available species
(Figure 3.12B). However, lack of samples from additional family members meant it was
not possible to test segregation, or to establish phase, meaning that these variants could
be on the same allele. If further time were available, the haplotype phasing could be
established using long read sequencing. Alternatively, it is possible to give a statistical
estimation of the haplotype using the PHASE method, which utilises hidden Markov
model (HMM) (Stephens et al., 2001).

The heterozygous variant in GNAT2 was considered unlikely to cause the disease in this
case because variants in this gene are associated with autosomal recessive achromatopsia
(Kohl et al., 2002) and recessive CORD (Michaelides et al., 2003a), meaning a second
variant is needed for it to be the disease-causing gene. However, the possibility of a
second intronic or promotor variant cannot be excluded as this cannot be detected using
WES.
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Nevertheless, given the phenotype observed, the lack of any other obvious variants to
account for the disease and the likely pathogenicity of these variants, these biallelic
ABCA4 mutations are considered the most likely cause of the CORD phenotype in this

patient.
A ¢.2588G>C, p.G863A ! .6089G>A, p.R2030Q
| ]
TTTTTAGGAGACTATGGA ! CTCACAGGAGEREE G A AC AT
B i
Human 829  TEGDEFSFLLSMOMMLLDAAVYGLLAWYLDQVFPGDYGTPLPWYFLLQES 878 | Human 1993 SGDATVAGKSILTNISEVHQNMGYCPQFDAIDELLTGREHLYLYARLRGY 2042
Chimpanzee 829 TEGDEPSFLLSMQMMLLDAAVYGLLAWYLDQVFPGDYGTPLPWYFLIQES 878 {Chimpanzee 1993  SGVATVAGKSILTNISEVHQNMGYCPQFDAIDELLIGREHLYLYARLRGY 2042
Monkey 901  TEGDEFSFIMSMQMMLLDAAVYGLLAWYLDQVFPGDYGTPLPWYFLLOES 950 |Monkey 2065  SGDATVAGKSILTNISEVHQNMGYCPQFDAIDELLTGREHLYLYARLRGV 2114
Dog 829 MEGDEFSFLMSMKMMLLDMALYGLLAWYLDQVFPGNYGTPLPYFLLOES 878 | Dog 1989 SGDATIAGKSILTNISDVHQSMGYCPQFDAVDDLLTGREHLYLYARLRGY 2038
Cattle 829  MEGDEFSFLMSMKMMLLDAALYGLLAWYLDQVFPGDYGTPLPWYFLLQES 878 !(Cattle 1991  SGDATVAGKSILTNISDVHQSMGYCPQFDAIDDLLTGREHLYLYARLRGV 2040
Mouse 829  LEGDEFSFLLSMKMMLLDAALYGLLAWYLDQUFEGDYGTPLEWYFLLOES 878 {jouse 1992 SGDATVAGKSILTSISDVHQNMGYCPQFDAIDDLLTGREHLYLYARIRGV 2041
Rat 810 LEGDEFSFLLSMKMMLLDAALYGLLAWYLDQUFFGDYGTPLPWYFLLOES 859 |pat 1970  SGDATIAGKSILTNISDVHQNMGYCPQFDAIDDLLTGREHLYLYARIRGV 2019
Chicken 828 LEGDEYSFLFSIKMMLFDAFLYGILSWYLDHVFPGEYGLPQPWYFPLOES 877 |chicken 1985  SGDAVVAGNSILTHISNVHQNMGYCPQFDALDDLLTGREHLYLYARLRGY 2034
Zebrafish 829  LEGDEYSFFTSIRMMLLDAVLYGVLARYLONVEPGQYGIGRPFYFPLOSS 878 !zehrarich 2035  SGELSVAGYSILSNILOVAQNMGYCPQFDAIDELLTGRERLYLYARLRGL 2084
Frog 829 MEGDEYSFLFSIFMMLLDAFIYWILAWYIDHVFEGEYGIPKWYFPFLAT 878 15/, 2068 SGDASVAGYSILQDIADVHQNSGYCPQFDAIDDLLIGREHLQLYGRLRGY 2117

Figure 3.12: ABCA4 mutations in sample 5543. A. ABCA4 (NM 000350.3) Sanger sequencing
electropherograms around the compound heterozygous variants (M1: ¢.2588G>C, p.G863A and
M2: ¢.6089G>A, p.R2030Q) in sample 5543. B. Amino acid sequence alignments of ABCA4
(HomoloGene, https://www.ncbi.nlm.nih.gov/homologene)  showing the evolutionary

conservation of glycine at position 863 and arginine at position 2030.
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3.2.3 Unsolved cases- Candidate variants

3.2.3.1 WES analysis of sample 5544 reveals a heterozygous mutation in OPA1 as
a possible cause of CORD

Patient 5544 was diagnosed with cone rod dystrophy (CORD) and has a sister and brother
in Nigeria who may also be affected. However, the lack of further information means that
inheritance pattern is not clear. The patient had a visual acuity (VA) of 6/60 in one eye
and can recognise only hand movements (HM) in the other eye, central extensive macular
pigmentation with peripheral bone spicules and peripheral avascularity. WES was
performed on the proband’s genomic DNA, and heterozygous and biallelic variants
(homozygous and compound heterozygous) were retained. After filtering against the
known IRD genes in the RetNet database (https://web.sph.uth.edu/RetNet/sum-
dis.htm#A-genes) (accessed February 2022), there were only seven heterozygous variants
in total (Table 3.13) with a variant in OPA1 being one of them (encoding the OPA1
mitochondrial dynamin like GTPase protein; OMIM 605290). The other six variants were
in genes that are known to cause recessive diseases (SAMD11, NBAS, MTTP, LCAD5,
CNGB3, and RBP3), and since no second variants were found in these genes, they were
considered unlikely to be involved in causing the IRD in this patient. However, second
variants in these genes could occur in non-coding regions that WES, the method used in

this study, is unable to identify.
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(20.9)

Chr. | Position Gene Mutation type | Mutation
(GRCh37) (CADD score)

4 100543853 MTTP Het Missense | NM_001386140.1: ¢.2533G>A,
(34) p.E845K

1 865625 SAMD11 Het Missense | NM_001385641.1: c.700G>A,
(26.6) p.D234N

3 193355809 OPA1 Het Missense | NM_130836: ¢.1050A>G, p.1350M
(25.1)

8 87641188 CNGB3 Het Missense | NM_019098.5: ¢.1439G>A, p.R480Q
(24.1)

10 48390460 RBP3 Het Missense | NM_002900.3: c.418G>A, p.G140S
(23.1)

6 80196789 LCA5 Het Missense | NM_001122769.3: ¢.2026G>T,
(22.8) p.D676Y

2 15427245 NBAS Het Missense | NM_015909.4: ¢.5090G>T, p.R1697L

Table 3.13: List of candidate variants in case 5544 (female) after alignment, variant calling,

filtering, and comparison against genes listed on the RetNet website. Chr. = chromosome, Het

= heterozygous.

Heterozygous mutations in OPA1 can cause autosomal dominant optic atrophy (Delettre

et al., 2001, Toomes et al., 2001b). The heterozygous missense mutation ¢.1050A>G,
p.1350M (GRCh37, Chr.3:193355809, NM_130836) is in exon 10 of the OPA1 gene. It
has been detected in heterozygous state in four individuals in gnomAD (African/African
American) at a frequency of 0.000014 (4/282832). It is also found in dbSNP
(rs771817617) at frequency of 0.000008 (1/120892) in EXAC. It has a CADD score of

25.1, the normal amino acid is completely conserved across all species (Figure 3.13B)

and the substitution is predicted to cause disease by four out of six separate prediction

tools (Table 3.14).
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Gene Variant CADD | SIFT MutationTaster | PolyPhen2 | BLOSUMG62 | Franklin
(Protein score
change)
MTTP | ¢.2533G>A | 34 Deleterious | Disease causing | Probably 1 VUS
(p.E845K) (0.04) damaging (ACMG;
(0.994) PM2)
SAMD11| ¢c.700G>A | 26.6 Deleterious | Disease causing | Possibly 1 Likely
(p.D234N) (0) damaging benign
(0.468)
OPA1 €.1050A>G | 25.1 Deleterious | Disease causing | Possibly 1 VUS
(p.1350M) (0) damaging (ACMG;
(0.519) PM2,
PM1,
PP3)
CNGB3 | c.1439G>A | 24.1 Deleterious | Disease causing | Possibly 1 Benign
(p.R480Q) (0.02) damaging
(0.49)
RBP3 c.418G>A | 23.1 Tolerated | Polymorphism Probably 0 Benign
(p.G140S) (0.09) damaging
(0.998)
LCAS €.2026G>T | 22.8 Deleterious | Polymorphism Possibly -3 Likely
(p.D676Y) (0.01) damaging benign
(0.563)
NBAS c.5090G>T | 20.9 Tolerated | Polymorphism Benign (0) | -2 Likely
(p-R1697L) (0.88) benign

Table 3.14: Pathogenic prediction scores for the mutations identified in sample (5544). The
scores from six different pathogenicity prediction tools are shown. VUS = variant of uncertain

significance.

Due to lack of DNA samples from other family members, segregation studies could not
be carried out. Sanger sequencing was performed on the sample, and the mutation was
confirmed (Figure 3.13A).

The remaining ~ 400 exonic/splice variants listed with CADD scores of 15 and above
were also investigated to look for a potential pathogenic variant in other genes. Bam files
were further analysed on IGV to look for a second heterozygous variant in the above-
mentioned recessive genes. Moreover, CNVs detection using ExomeDepth analysis as
described in Section 2.11, did not reveal any significance CNVs. These results led to the
conclusion that this patient's condition may have been caused by the OPA1 mutation,
though it is also important to consider variants in non-coding regions in the other genes

with potentially pathogenic heterozygous variants, as mentioned above. However, the
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fact that the patient was diagnosed with CORD rather than optic atrophy, together with
the lack of segregation, leaves some doubt in this case, meaning that it is considered
unsolved at this stage. The list of top five candidate variants based on CADD score can
be found in Appendix B.4.11.

A ¢.1050A>G, p.I350M

GCTCG GTTCCCAAG

Heterozygous

B

Human 306 SEVLDVLSDYDASYNTQDHLPRVVVVGDQSAGKTSVLEMIAQARIFPRGS 355
Chimpanzee 306 SEVLDVLSDYDASYNTQDHLPRVVVVGDQSAGKTSVLEMIAQARIFPRGS 355
Monkey 306 SEVLDVLSDYDASYNTQDHLPRVVVVGDQSAGKTSVLEMIAQARIFPRGS 355
Dog 324 SEVLDVLSDYDASYNTQDHLPRVVVVGDQSAGKTSVLEMIAQARIFPRGS 373
Cattle 306 SEVLDVLSDYDASYNTQDHLPRVVVVGDQSAGKTSVLEMIAQARIFPRGS 355
Mouse 287 SEVLDVLSDYDASYNTQDHLPRVVVVGDQSAGKTSVLEMIAQARIFPRGS 336
Rat 269 SEVLDVLSDYDASYNTQDHLPRVVVVGDQSAGKTSVLEMIAQARIFPRGS 318
Chicken 286 SEVLDILSDYDASYNTQDHLPRVVVVGDQSAGKTSVLEMIAQARIFPRGS 335

Zebrafish 275 SEVLDILSDYDSNYNTQDHLPRVVVVGDQSAGKTSVLEMIAQARIFPRGS 324
Fruit fly 280 SEVLDELSGYDTGYTMADHLPRVVVVGDQSSGKTSVLESIAKARIFPRGS 329
Mosquito 188 SEVLDELSGYDTSYTTADHLPRVVVVGDQSSGKTSVLESIAQARIFPRGS 237

Frog 70 SEVLDILSDYDANYNTQDHLPRVVVVGDQSAGKTSVLEMIAQARIFPRGS 119

Figure 3.13: Analysis of OPAl1 mutation in sample 5544. A. Sanger sequencing
electropherogram for mutant (heterozygous) sequence from affected individual 5544 for the
OPAL missense variant ¢.1050A>G, p.I1350M (NM_130837). B. Protein sequence alignments of
OPAL1 in various species (HomoloGene, https://www.ncbhi.nlm.nih.gov/homologene) showing the

evolutionary conservation of isoleucine residue at position 350.
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3.2.3.2 WES analysis of sample 5546 reveals a heterozygous mutation in C3 as a
possible cause of AVMD

Patient (5546) was diagnosed with adult vitelliform macular dystrophy (AVMD). He
presented at age 55 with poor near sight vision. On examination, he had a visual acuity
of 6/18 in both eyes, a vitelliform large solid lesion in the right eye, subretinal fibrosis
(SRF) and vitelliform pattern dystrophy in the left eye, with no basal laminar drusen or
vitreomacular traction (VMT) and no central serous chorioretinopathy (CSC) on OCT

scan. Other family members' clinical information and DNA samples were unavailable.

The proband's genomic DNA was subjected to WES. Due to the lack of a family history,
heterozygous and biallelic variants (homozygous and compound heterozygous) with a
CADD score of 15 or above were retained and compared to the known IRD genes in the
RetNet database (https://web.sph.uth.edu/RetNet/sum-dis.htm#A-genes) (accessed
February 2022). Four variants remained after this analysis (Table 3.15), of which three

did not match the reported phenotype.

Chr. | Position Gene Mutation type | Mutation
(GRCh37) (CADD score)

10 | 102782113 PDzZD7 Het Missense | NM_001195263.2: c.572T>A,
(24.6) p.V191E

2 234959642 SPP2 Het Missense | NM_006944.3: ¢.113C>T, p.S38F
(23.9)

19 | 6711203 C3 Het Missense | NM_000064.4: ¢.1274G>T, p.R425L
(23.7)

X 49081230 CACNALF | Hemi NM_001256789.3: ¢.1870G>A,
Missense p.V6241
(21.6)

Table 3.15: List of candidate variants in case 5546 (male) after alignment, variant calling,
filtering, and comparison against genes on the RetNet website. Chr. = chromosome, Het =

heterozygous, and Hemi = hemizygous.

A heterozygous missense variant (GRCh37, Chr.19:6711203, NM_000064.4,
€.1274G>T, p.R425L) was identified in exon 12 of the C3 gene (Complement component
3; OMIM 120700). Variants in the C3 gene were found to be associated with AMD
(Maller etal., 2007, Yates etal., 2007). It was present in gnomAD at frequency of 0.00004
(11/278788) and dbSNP (rs201714568) at frequency of 0.00006 (2/32402). It has a
CADD score of 23.7 and predicted to be pathogenic by four out of six pathogenicity
prediction tools (Table 3.16).


https://web.sph.uth.edu/RetNet/sum-dis.htm#A-genes
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Variant CADD | SIFT MutationTaster | PolyPhen2 | BLOSUMG62 | Franklin
(Protein score
change)
€.1274G>T | 23.7 Deleterious | Polymorphism Probably -2 VUS
(p.R425L) (1)) damaging (ACMG;
(0.987) PM2,
BP4)

Table 3.16: Pathogenic prediction scores for C3 mutation in sample (5546). The scores for
C3 missense variant (NM_130837, ¢.1274G>T, p.R425L) from six different pathogenicity

prediction tools are shown. VUS = variant of uncertain significance.

Sanger confirmation was not performed due to lack of time. Given that mutations in the
same IRD gene can cause different IRD phenotypes, variants in the genes PDZD7, SPP2,
and CACNALF should be considered as potential disease-causing variants in this case.
Because the majority of AVMD cases are not solved by variants in the known genes only,
further investigation was carried out by looking at the remaining ~400 variants to look
for potential new candidate genes. However, based on the phenotype, no significant
variants were highlighted as the possible cause in this case. CNVs analysis was also
performed by ExomeDepth (Section 2.11) and did not reveal any significant CNVs.
Therefore, this case was considered unsolved. The list of top five candidate variants based
on CADD score can be found in Appendix B.4.12.
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3.2.3.3 WES analysis of sample 12565367 reveals a homozygous mutation in

MFSD9 as a possible cause of visual impairment and developmental delay

Sample 12565367 is an Omani female who was initially referred to the genetic clinic in
Oman due to dysmorphic features. She was then seen at a local eye clinic and diagnosed
with a minor squint and visual impairment at the age of 4 months. She started to show
more distinct facial features (frontal bossing, hypertelorism, low set ears, blue sclera,
down slanting eyes and micrognathia) around the age of 20 months, and her mother
noticed that she was developmentally delayed compared to her siblings. Her parents are
first cousins, and she has five healthy siblings with no family history of similar symptoms.
Her genomic DNA was investigated by WES, and since the parents are first cousins, only
homozygous variants were retained. The 26 homozygous variants identified were tested
against the known IRD genes and only one potential gene, MTTP, was found (Table 3.17).
MTTP (Microsomal Triglyceride Transfer Protein; OMIM 157147) can cause
abetalipoproteinemia and retinal pigmentary degeneration (Narcisi et al., 1995), which
does not fit the described phenotype perfectly. The variant was predicted to be tolerated
on MutationTaster, SIFT, and was classed as a variant of unknown significance (VUS) in
Franklin (Section 2.13.4.6).

To prioritise the remaining 25 homozygous variants, homozygous regions were identified
by AutoMap (https://automap.iob.ch) (Quinodoz et al., 2021) (Figure 3.14) using the

VCEF file and only 8 variants were located in the identified regions of homozygosity
(Table 3.17).

Homozygous Regions for $1428
Total = 307.1 Mb (autosomes)

chrd  p—

chr1
chr2
chr3

chrs
chré
chr7
chrg
chr9
chr10
chri2
chri3
chri4
chri5s
chr16
chr17
chri8
chr19
chr20
chr21
chr22

chr11

Figure 3.14: Homozygous regions for WES data from sample 12565367. ldentified
homozygous regions with a size of 307.1 Mb are shown in blue.
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Chr. | Position Gene Mutation  type | Mutation Frequency Associated phenotypes/Gene function
(GRCh37) (CADD score) (gnomAD)
2 103343425 | MFSD9 Stop gained (39) | NM_032718.5:c.306G>A, p.W102* 352/250734 (0.14%) | Potential cause for developmental delay
(Bartnik et al., 2014)
4 96762427 | PDHA2 Missense (28.7) | NM_005390.5:¢.1126C>A, p.R376S 0/251466 Spermatogenic failure (Yildirim et al., 2018)
/Pyruvate metabolism and estrogen receptor
(ESR) mediated signalling
11 | 61908496 | INCENP | Missense (24.9) | NM_001040694.2:¢.1573C>T, 4/249820 (0.0016%) | Nephronophthisis (Braun et al., 2016)/ Inner
p.P525S centromere protein
7 127222316 | GCC1 Missense (23.4) | NM_024523.6:¢.2080C>T, p.R694W | 2/282762 (0.0007%) | Probably involved in maintaining Golgi
structure
1 156526327 | IQGAP3 | Missense (23) NM_178229.5:¢.1288G>C, p.G430R 153/281736 (0.05%) | Predicted to be involved in actin regulation
4 84227441 | HPSE Missense (21.5) | NM_001098540.3:¢.1121G>A, 39/282742 (0.01%) Heparinase activity/ elevated in brain
p.R374Q metastatic breast cancer (Zhang et al., 2011)
4 110222980 | COL25A1 | Missense (21.4) | NM_198721.4:¢.196C>G, p.L66V 21/280942 (0.007%) | Encode a brain specific collagen/ congenital
fibrosis of extraocular muscle (Shinwari etal.,
2015)
4 100496109 | MTTP Missense (18.24) | NM_001386140.1:¢.43T>C, p.Y15H -/31398 Recessive abetalipoproteinemia (Narcisi et

al., 1995)

Table 3.17: List of candidate homozygous variants in case 12565367 after alignment, variant calling and filtering against the homozygous regions identified
by AutoMap using the VCF file of sample 12565367. Chr. = chromosome.
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Based on the syndromic phenotype, which included developmental delay, a stop gained
mutation in MFSD9 (encoding the Major Facilitator Superfamily Domain containing
protein 9) was identified as a variant of interest. Copy number variants in this gene have
previously been reported as a potential cause for developmental delay and dysmorphic
features (Bartnik et al., 2014). The homozygous stop gained mutation (GRCh37,
Chr.2:103343425, NM_032718.5, ¢.306G>A, p.W102*) has a CADD score of 39 and
was predicted to be pathogenic in MutationTaster and SIFT. It is reported in dbSNP
(rs34960597) with allele frequency of 0.07% (201/264690) in TOPMED and 0.14%
(352/250734) in gnomAD. The variant is located in a homozygous region spanning 7.26
Mb in chromosome 2. This mutation was confirmed on Sanger sequencing (Figure 3.15),
but no segregation studies were done due to lack of additional family members’ DNA
samples. This result has been added to GeneMatcher on 21 September 2021
(https://genematcher.org) to see if other researchers have identified variants in this gene,

but as yet none have been reported.

¢.306G>A, p.W102*

Homozygous

Wild-type

Figure 3.15: MFSD9 mutation in sample 12565367. Sanger sequencing electropherograms for
mutant (homozygous) and wild-type (healthy) sequences for the MFSD9 stop gained variant
(NM_032718.5, c.306G>A, p.W102*).
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Variants in other candidates were further investigated by looking at their frequency in
public databases, associated phenotypes, and gene function in the literature, but nothing
significant was identified. CNV analysis was also performed for this sample using
ExomeDepth (Section 2.11) revealing no significant homozygous CNVs over the
homozygous regions identified by AutoMap. This sample was considered unsolved due
to the ambiguous relevance of the variants identified and the lack of data demonstrating
its relationship to the described phenotype. More DNA samples from other family
members are necessary to confirm and segregate the MFSD9 and other variants utilising

Sanger sequencing.

3.2.3.4 WES analysis of sample 11795135 diagnosed with syndromic cardiac and

vision problems

Genomic DNA from an Omani female (11795135) with a cardiac disorder, dysmorphic
features, poorly defined vision problems and developmental delay was analysed by WES.
According to the medical report, three of her relatives have congenital visual
impairments, and her parents are unrelated. Both heterozygous and biallelic variants
(homozygous and compound heterozygous) were examined in light of this unclear family
history and diagnosis. Filtering against known IRD genes in the RetNet database
(https://web.sph.uth.edu/RetNet/sum-dis.htm#A-genes)  (accessed February 2022)
identified nine potential variants, and a heterozygous missense variant (GRCh37,
Chr.16:16286757, NM_001171.6, c.1361C>T, p.T454l) was highlighted in the ABCC6
gene. ABCC6 variants have previously been implicated in an overlapping albeit not
exactly matching phenotype. However, the variant was also classified as a VUS in the
Franklin database, and no further samples from family members were available for
segregation analysis. The other eight variants were found in genes that did not match the
described phenotype. Since this is not a clear IRD, looking at genes that are only
implicated in IRDs is not valid. The variant list was long (over 500 variants), even after
filtration. These variants were investigated further by looking at the variant frequency in
public database, associated phenotype, and gene function in the literature. The top five
candidates based on CADD score are listed in Table 3.18. Moreover, CNVs analysis using
ExomeDepth was also performed for this sample as described in Section 2.11 and did not

reveal any significant CNVs. This case was therefore considered as unsolved.


https://web.sph.uth.edu/RetNet/sum-dis.htm#A-genes
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(22.3)

Chr. | Position Gene Mutation type Mutation Frequency Associated phenotypes/Gene function
(GRCh37) (CADD score) (gnomAD)

17 | 26851779 | FOXN1 Het Missense NM_001369369.1:¢.382C>T, 179/279690 (0.06%) | T-cell immunodeficiency (Bosticardo et al.,
(28.5) p.R128W 2019)

9 139908461 | ABCA2 Het Missense NM_001606.5: ¢.4270G>A, p.G1424S | 10/275590 (0.004%) | Highly expressed in brain tissue, play a role
(27.8) in neural development

6 10529796 | GCNT2 Het Missense NM_145649.5:c.652G>A, p.G218R 3/250520 (0.0011%) | Formation of blood group I antigen
(27.7)

18 | 44104721 | LOXHD1 | Het Missense NM_001384474.1: ¢.1357C>T, 5/157924 (0.003%) Non-syndromic hearing loss / essential for
(27.6) p.L1564F normal hair cell function (Grillet et al., 2009)

16 16286757 | ABCC6 Het Missense NM_001171.6: ¢.1361C>T, p.T454l 99/282628 (0.03%) Pseudoxanthoma elasticum (Bergen et al.,

2000)

Table 3.18: List of top five candidate variants via CADD score in case 11795135 after alignment, variant calling, and filtering. Chr. = chromosome, Het =

heterozygous.
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3.2.3.5 WES analysis of sample F1427 reveals a heterozygous deletion in VCAN as

a possible cause of autosomal dominant FEVR

The genomic DNA from a dominant FEVR case (F1427) was analysed by WES
screening. After filtering, only heterozygous variants were retained given the pattern of
inheritance. Comparison with RetNet (https://web.sph.uth.edu/RetNet/sum-dis.htm#A-
genes) (accessed February 2022) revealed three heterozygous variants in known IRD
genes (IFT27, MERTK, and NBAS), none of which appeared to exactly fit the given
phenotype and the inheritance pattern.

However, CNVs analysis using ExomeDepth (Section 2.11) revealed a heterozygous
deletion (GRCh37, chr5:82832827-82838087) of exon 8 in the VCAN gene (encoding the
protein Versican, also called Chondroitin Sulfate Proteoglycan 2 or CSPG2; OMIM
118661). ExomeDepth estimated that 1241 reads were expected covering exon 8 based
on the control samples, but only 823 reads were observed in sample F1427. The reads
ratio value (RR) was 0.64, suggesting a heterozygous deletion. Heterozygous mutations
in VCAN have been reported to cause autosomal dominant Wagner syndrome (OMIM
143200) (Miyamoto et al., 2005, Rothschild et al., 2013, Burin-des-Roziers et al., 2017).
This syndrome is mainly characterised by an empty vitreous cavity with avascular strands
or veils, chorioretinal atrophy, cataract by the age of 45, and retinal detachment
(Graemiger et al., 1995). In one family reported in the literature, a VCAN variant was
found to segregate with exudative retinal detachment in the context of a severe
uncharacterized familial vitreoretinopathy (Brezin et al., 2011). A heterozygous splice-
site mutation (¢.9265+2T>A) in the VCAN gene was also identified in a family with
FEVR (Panagiotou, 2018). Moreover, deletions overlapping exon 8 were reported as
pathogenic (Burin-des-Roziers et al., 2017). This heterozygous deletion was therefore
considered a possible pathogenic cause in this case and attempts were made to amplify
the breakpoints with three primer sets (Appendix B.3), using long range PCR. Several
technical variations were tried to optimise the PCR conditions, but no PCR product was
observed. The precise breakpoints of this deletion need to be confirmed either by
designing another set of primers or using WGS. Additional DNA samples from other
family members should also be sequenced to determine whether this variant segregates
with the phenotype. At this stage, the case was considered unsolved, but with a potentially

significant variant requiring further investigation.


https://web.sph.uth.edu/RetNet/sum-dis.htm#A-genes
https://web.sph.uth.edu/RetNet/sum-dis.htm#A-genes
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3.2.3.6 WES analysis of sample 3727 diagnosed with macular degeneration

Affected individual 3727 was diagnosed with macular degeneration. After WES analysis
of genomic DNA, due to a lack of information about the patient's family history, both
heterozygous and biallelic variants (homozygous and compound heterozygous) were
evaluated. As putative candidate causal mutation of the disease, a heterozygous missense
variant in TLR3 was identified. The heterozygous mutation in gene TLR3 (Toll-Like
Receptor 3; OMIM 603029) (GRCh37, Chr.4:187003691, NM_003265.3, c.851A>T,
p.N284l) was detected as a possible causative variant in this case based on RetNet
database (https://web.sph.uth.edu/RetNet/sum-dis.htm#A-genes). It has a CADD score of
23.4 and predicted to be pathogenic in four additional pathogenicity prediction tools
(Table 3.19). It is present in gnomAD at frequency of 0.00004 (11/282848) and dbSNP
(rs5743316) at frequency of 0.00006 (17/264690) in TOPMED. Verification by Sanger
sequencing and segregation analysis was not performed due to lack of time for this variant
to be checked.

The remaining ~ 100 exonic/splice variants list with CADD score of 15 and above were
also checked to look for a potential pathogenic variant in other genes and the top five
candidate variants based on CADD score are listed in Appendix B.4.13. Moreover, CNV
analysis using ExomeDepth as described in Section 2.11, did not reveal any significant

CNVs. This case was therefore considered unsolved.

Variant CADD | SIFT MutationTaster | PolyPhen2 | BLOSUM®62 | Franklin

(Protein score

change)

c.851A>T | 234 Deleterious | Disease causing | Probably -3 VUS

(p-N2841) 0) damaging (ACMG;
1) PM2)

Table 3.19: Pathogenic prediction scores for TLR3 mutation in sample 3727. The scores for
TLR3 missense variant (NM_003265.3, ¢.851A>T, p.N284l) from six different pathogenicity
prediction tools are shown.


https://web.sph.uth.edu/RetNet/sum-dis.htm#A-genes
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3.2.3.7 Other unsolved cases

None of the remaining cases (3558, 3800, 4212, 5545, 5582, 5583, OA1203, 12194201,
12642093, and 8956112) were solved in this study. Variant lists were prepared for each
sample as described in Figure 3.2, then for autosomal dominant cases, heterozygous
variants were kept. For recessive cases only biallelic (homozygous or compound
heterozygous) variants were retained and in cases with one heterozygous variant,
eyeballing on IGV was done to look for a second heterozygous variant. The possibility
of second variants in non-coding regions, which are difficult to identify by WES, should

be acknowledged.

For cases with unknown family histories, both heterozygous and biallelic variants
(homozygous or compound heterozygous) were checked. These lists were then manually
compared against the RetNet database (https://web.sph.uth.edu/RetNet/sum-dis.htm#A-
genes), and in cases where the phenotype was poorly defined, genes containing candidate
variants were also scanned against the published literature to look for their protein
function and associated phenotypes. In addition, ExomeDepth was used, as described in

Section 2.11, to identify rare CNVs as further candidate pathogenic variants.

However, in the cases detailed above, no point mutations or CNVs were detected in the
coding regions of the known IRD genes. The most significant variants, namely rare
variants with CADD scores of 15 and above which were found in genes not in RetNet,
were investigated further using bioinformatics (e.g., other pathogenicity prediction tools).
OMIM and PubMed were used to search for potential candidate variants in novel genes
that were informed by the described phenotype and the inheritance pattern. In syndromic
retinal disease cases such as cases 12194201 (a male patient diagnosed with
microcephaly, vision problem, and developmental delay) and 8956112 (a male patient
with a possible diagnosis of microdeletion syndrome), every gene in that list was
examined. Samples 3558 and 5583 (Section 5.2.1.3) were also included in the PacBio
long read sequencing analysis in order to search for a potential pathogenic variant in the
challenging ORF15 region of the RPGR gene because 3558 was a male with recessive
RP and 5583 was a female with X-linked RP, as reported by the clinician. The list of top

five candidate variants for the remaining unsolved cases can be found in Appendix B.4.


https://web.sph.uth.edu/RetNet/sum-dis.htm#A-genes
https://web.sph.uth.edu/RetNet/sum-dis.htm#A-genes
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3.3 Discussion

This chapter describes the use of WES in a cohort of 24 previously unscreened cases from
patients with IRD/low vision. 17 of the individuals investigated had a variety of inherited
retinal disorders (IRDs), two had recessive optic atrophy, one sample was from a patient
with syndromic IRD, and four were from patients with poorly defined syndromes
involving visual impairment. Each sample underwent WES analysis and variant
filtering to identify the pathogenic variants in known IRD genes or in potential novel
genes related to the reported phenotype. The R package, ExomeDepth, was used to detect
CNVs in order to look for any exonic deletions/duplications that WES might have missed.
Additionally, in some cases with recessive inheritance pattern, WES was combined with

homozygosity mapping.

3.3.1 Mutations in genes associated with IRDs

Applying this approach has revealed nine likely pathogenic variants in genes known to
be involved in IRDs (CDHR1, RHO, PRPF31, CNGA3, BBS10, USH2A, SLC25A46, and
ABCA4) in 8 of the 24 cases (33.3%) (Table 3.20). These variants were confirmed by
Sanger sequencing and were predicted to be pathogenic by several pathogenic prediction
tools. The SLC25A46 gene will be further discussed because case OA1201 had non-

syndromic OA and the gene is known to be associated with syndromic OA.

3.3.1.1 SLC25A46

The homozygous missense change found in patient OA1201 (GRCh37, Chr.5:
110092451, NM_138773, c.670A>G, p.T224A) is in the SLC25A46 gene. Homozygous
mutations in SLC25A46 gene have been linked to various neurological diseases with
recessive inheritance, including Leigh syndrome (Janer et al., 2016, Li et al., 2021),
syndromic optic atrophy with axonal Charcot-Marie-Tooth disease (CMT) and cerebellar
atrophy (Abrams et al., 2015) and optic atrophy with progressive myoclonic ataxia
(Charlesworth et al., 2016). It is well documented that mutations in SLC25A46 are
associated with a wide range of clinical features, with optic atrophy and axonal
neuropathy being the most prevalent among all patients thus far. The severity of the
disease, nevertheless, varies and can occasionally be fatal (Abrams et al., 2015, Janer et
al., 2016). Patients with destabilizing mutations, or complete loss of function mutations,
are at the severe end of the spectrum. Conversely, patients who have mutations that

produce intermediate levels of the protein in the body may show mild disease symptoms.
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The mildest form of the disease, with optic atrophy in the first decade of life, was
observed in a patient with the p.G249D variant and a second mutation in trans. This
patient developed spasticity and axonal neuropathy only in the late 40s (Abrams et al.,
2015). Furthermore, the identification of the stable homozygous p.R257Q mutation has
shed light on the clinical diversity of this disease and shown a direct proportion between
the severity and protein levels, with higher levels being associated with a milder
phenotype (Abrams et al., 2018). The age at sampling of the patient reported here was 9
years, therefore the mutation identified in this study may have resulted in intermediate
levels of the protein and the neurological symptoms may appear later. Moreover, no
neurological symptoms had been reported for this patient, so the homozygous SLC25A46
change may cause a non-syndromic optic atrophy as it is not uncommon for a syndromic
disease gene to cause a non-syndromic retinal disease (Estrada-Cuzcano et al., 2012).
Functional analysis of the mutant protein and a thorough study of the phenotype in this
patient is needed to clarify the contribution of this mutation to the disease. For instance,
such studies might involve by introducing the mutation by gene editing into an induced
pluripotent cell line, differentiating this into a neuronal cell type then examining
mitochondrial morphology (Schuettpelz et al., 2023). Follow up in the clinic is also

recommended to predict the prognosis of the disease in this patient.
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Sample Diagnosis | Position Gene Mutation | Mutation
ID (GRCh37) type
(CADD
score)
F1415 Recessive | Chr.10:85971445 | CDHR1 Homo NM_033100: ¢.1527T>G,
IRD + Stop p.Y509*
Cataract gained
(35)
3869 Dominant | Chr.3:129247860 | RHO Het NM_000539: ¢.284T>C,
RP Missense | p.L95P
(25.7)
4211 Dominant | Chr.19:54627976 | PRPF31 Het NM_015629: ¢.797delC,
RP Frameshift | p.5266*
(32)
11335421 | Recessive | Chr.2:99012721 | CNGA3 Homo NM_001298: ¢.1088T>C,
RP Missense | p.L363P
(25.1)
11867145 | Recessive | Chr.12:76741033 | BBS10 Homo NM_024685:
BBS (nggnesr”ﬁ ¢.728-731del AAGA,
p. K243Ifs*15
11935460 | Recessive | Chr.1:216595427 | USH2A Homo NM_206933: ¢.252T>G,
RP Missense | p.C84W
(23.5)
5543 CORD Chr.1:94517254 | ABCA4 C- het NM_000350.3:
Missense | ¢.2588G>C, p.G863A
(26.7 and
Chr.1:94471055 34) NM_000350.3:
€.6089G>A, p.R2030Q
OA1201 | Recessive | Chr.5:110092451 | SLC25A46 | Homo NM_138773: c.670A>G,
OA Missense | p.T224A
(27.4)

Table 3.20: A list of the likely pathogenic variants identified in this study. IRD = inherited

retinal dystrophy, RP = retinitis pigmentosa, BBS = Bardet-Biedl syndrome, CORD = cone rod

dystrophy, OA = optic atrophy, Chr = chromosome, Het = heterozygous, Homo = homozygous,

C- het = compound heterozygous.
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In order to make these findings available to the IRD community they will be made
publicly available via the ClinVar database. In addition, these findings either have been
or will be passed back to the relevant clinician for informed discussion with the families
involved. However, given the tentative nature of these results, and as they have not yet
been verified in an accredited diagnostic setting, they will be given as unconfirmed
provisional findings. Where possible, further work will be undertaken to test additional

family members, again ideally by an accredited NHS genetics laboratory.

3.3.2 Unsolved cases- Candidate variants

Six cases (25%) had candidate variants in genes linked to disorders other than those
initially described (Table 3.21). This means that the initial diagnosis may change after
molecular testing. In retinal diseases, it has been observed that some patients may carry
pathogenic mutations in genes not particularly associated with the initial described
phenotype (Liu et al., 2015, Wang et al., 2016b). Sanger sequencing confirmed the
identified variants in only two cases, due to lack of time. However, further analysis is

needed for all of them to confirm the genotype-phenotype correlations.
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Sample | Diagnosis Position Gene Mutation | Mutation Associated
ID (GRCh37) type phenotypes
(CADD
score)
5544 CORD Chr.3:193355809 | OPA1 | Het NM_130836: | ADOA,
Missense | ¢.1050A>G, ADOA+, Behr
(25.1) p.1350M syndrome,
PHARC, SCAS5,
SPG18, OA1l
5546 AVMD Chr.19:6711203 | C3 Het NM_000064.4: | AMD
Missense | ¢.1274G>T,
(23.7) p.R425L
12565367 | Recessive Chr.2:103343425 | MFSD9 | Homo NM_032718.5: | Developmental
Syndromic Stop €.306G>A, delay/intellectual
minor squint, gained p.W102* disability
visual (39)
impairment,
and
developmental
delay
11795135 | Syndromic Chr.16:16286757 | ABCC6 | Het NM_001171.6: | Pseudoxanthoma
cardiac and Missense | €.1361C>T, elasticum
vision (22.3) p.T4541
problem
F1427 FEVR Chr.5:82832827- | VCAN | Hetexon Wagner’s
82838087 8 deletion disease
3727 MD Chr.4:187003691 | TLR3 Het NM_003265.3: | AMD
Missense | ¢.851A>T,
(23.4) p.N284l|

Table 3.21: A list of candidate variants identified in genes inconsistent with the described

phenotype. CORD = cone rod dystrophy, AVMD = adult vitelliform macular dystrophy, FEVR

= familial exudative vitreoretinopathy, MD = macular dystrophy, AMD = age related macular

dystrophy, ADOA = autosomal dominant optic atrophy, PHARC = polyneuropathy, hearing loss,

retinitis pigmentosa, and cataract, SCA5 = spinocerebellar ataxia 5, SPG18 = spastic paraplegia

18, OAL = ocular albinism type 1, Chr = chromosome, Het = heterozygous, Homo = homozygous.
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3.3.2.1 OPAl

A heterozygous missense mutation (GRCh37, Chr.3:193355809, NM_130836,
€.1050A>G, p.I1350M) in the OPA1 gene (Section 1.6.5) was identified as a potential
cause of the CORD phenotype in patient 5544. It is widely expressed, with varied levels
of expression in various tissues and encodes a protein that regulates mitochondrial
stability and energy output (Yu-Wai-Man et al., 2010). Recessive mutations in OPAl
result in Behr syndrome (BEHRS) (Schaaf et al., 2011, Bonneau et al., 2014) and
mitochondrial DNA depletion syndrome type 14 (MTDPS-14) (Spiegel et al., 2016),
while heterozygous mutations are linked to ADOA (57-89%) and ADOA+ (Delettre et
al., 2000, Toomes et al., 2001b, Shimizu et al., 2003).

In the work described here, the heterozygous missense mutation identified in this patient
was in exon 10 of the OPAL gene, which means it is located in the GTPase domain (exons
8-15). Isoleucine at this position is highly conserved across all species. According to the
OPA1 LOVD database, the majority of variants in exon 10 of OPA1 are missense variants.
It was observed that 50% of pathogenic OPA1 variants are located in GTPase domain and
the GTPase effector (Han et al., 2022). Missense variants are more likely than null alleles
to result in a more severe phenotype (Ham et al., 2019), which may be related to the
dominant negative effect of the partially inactive OPAL alleles. The GTPase activity is
thought to be impaired by this dominant negative effect, which reduces the stability of
the mitochondrial inner membrane structure and causes possible proton leakage (Olichon
et al., 2003, Olichon et al., 2007, Weisschuh et al., 2021). Notably, the above-described
patient was from Nigeria and this mutation was observed in gnomAD in the heterozygous

state in four people worldwide, all of whom were African or African American.

The patient reported here was diagnosed with CORD, therefore a plausible explanation
for these findings is that the ADOA could be mistaken for CORD, particularly if the
diagnosis was given in the early stages of the disease as the proper diagnosis is frequently
discovered in the second decade (Votruba et al., 1998). However, this is not the case here
as the patient was first diagnosed in her 40s by an experienced ophthalmologist. The
OPAL gene is a large gene with many variants, including large rearrangements and
deletions, which the WES approach may overlook (Toomes et al., 2001b). Itis also known
that the penetrance of the OPAL gene varies from 43 to 88%, demonstrating the existence

of unknown modifying factors that contribute to the variety of phenotypic expression
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(Weisschuh et al., 2021). Additionally, the existence of asymptomatic carriers in ADOA
(Cohn et al., 2007, Fuhrmann et al., 2010) may suggest that this patient is an
asymptomatic carrier and could have both conditions, with the CORD masking the OA.
Given that it is a missense variant, the variant described here may be a benign rare variant,
and the disease-causing mutation in this case may be explained by undetected variants in
ABCA4 or another known CORD gene (Al-Khuzaei et al., 2021). These variants may have
occurred in non-coding regions as deep intronic variants (Khan et al., 2020), or were
classified as benign, frequent variants (hypomorphic alleles) that may be pathogenic
under certain conditions (Zernant et al., 2017, Runhart et al., 2018). Structural variants
such as a duplication or a deletion could also occur in non-coding regions (Bauwens et
al., 2019). Monoallelic variants in the other six genes identified in this patient should also
be considered for further analysis, either by looking for a second variant in non-coding
region or segregating these variants by screening additional family members.

Alternatively, this patient could have an unidentified mutation in a new CORD gene.

Mutations in the OPA1 gene were identified in two further cases with RP from the Leeds
cohort (Prof. Chris Inglehearn, personal communication). Additionally, four patients with
phenotypes not listed as associated with the OPAL gene were reported in the OPAl
database (https://databases.lovd.nl/shared/genes/OPAL), including ocular albinism type |
(OA1; OMIM 300500); polyneuropathy, hearing loss, ataxia, retinitis pigmentosa and
cataract (PHARC; OMIM 612674); spinocerebellar ataxia-5 (SCA5; OMIM 600224);
and autosomal recessive spastic paraplegia-18 (SPG18, OMIM 611225) (Le Roux et al.,
2019). Although all of these OPAL variants could be rare benign variants, these findings
potentially suggest phenotypic expansion in which OPAL variations might sporadically
present as pigmentary retinopathies. Hence more research is required to establish the
relationship between mutations in the OPAL gene and pigmentary retinopathies. Further
analysis for this patient will be carried out by the research team if possible, by segregating
the identified OPAL variant in additional family members, investigating the other variants
in the other six genes, and performing WGS on the patient’s DNA and the DNA of other

family members to look for large structural variants and variants in non-coding regions.


https://databases.lovd.nl/shared/genes/OPA1
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3.3.2.2 VCAN

In a case with a diagnosis of FEVR (F1427), copy number variant analysis identified a
heterozygous deletion in exon 8 of the VCAN gene. Heterozygous mutations in this gene
are known to cause an autosomal dominant vitreoretinopathy called Wagner syndrome
(OMIM 143200) (Graemiger et al., 1995, Miyamoto et al., 2005, Rothschild et al., 2013,
Burin-des-Roziers et al., 2017). An optically ‘empty’ vitreous with avascular strands and
veils is the hallmark of this condition. Along with these symptoms, patients with Wagner
syndrome may also exhibit moderate myopia, cataract, an ectopic fovea, chorioretinal

degeneration with atrophy and retinal detachment (Graemiger et al., 1995).

The majority of the mutations that have been reported were found to affect either the
conserved acceptor splice site of intron 7 or the donor splice site of intron 8 (Miyamoto
et al., 2005, Mukhopadhyay et al., 2006, Kloeckener-Gruissem et al., 2006, Ronan et al.,
2009). These splice site mutations cause exon 8 to be skipped, which results in an
imbalanced quantitative ratio of versican transcripts, with isoforms V2 and V3 (which
lack exon 8) upregulated and isoforms VO and V1 downregulated. This demonstrates the
significance of exon 8 in controlling the quantity of chondroitin sulphate chains and,
consequently, the interactions between versican and other extracellular components to
maintain the physiology of the vitreous gel. Based on these data, it was assumed that
imbalanced versican isoforms were the possible molecular mechanism underlying
Wagner syndrome (Brézin et al., 2011, Li et al., 2020). In two families, Wagner disease
was also found to be caused by heterozygous deletions involving VCAN exon 8 (Burin-
des-Roziers et al., 2017), which resulted in an imbalance of mMRNA isoforms similar to
that caused by exon 8 splice mutations (Mukhopadhyay et al., 2006, Kloeckener-
Gruissem et al., 2013).

According to a report (Brézin et al., 2011), a French family had been initially diagnosed
with FEVR but it was later discovered that they carried a pathogenic mutation in the splice
acceptor site of intron 7 of the VCAN gene. Another VCAN heterozygous mutation
(c.9265+2T>A) was identified in a family with FEVR (Panagiotou, 2018) indicating that
VCAN mutations can also cause FEVR, and Wagner syndrome is a vitreoretinopathy that
needs to be considered in the differential diagnosis of FEVR. However, it is necessary to
investigate the phenotype in case F1427 in further depth, and to confirm the detected
heterozygous deletion by designing another set of primers to identify its exact breakpoints
and confirm its segregation by sequencing other family members using WGS. It also

might be possible to investigate the expression profile of the VCAN gene by doing a
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reverse transcription PCR on total RNA which can be extracted from various human
tissues including blood cells. These possibilities are currently being investigated by other

members of the Leeds Vision Research Group.

3.3.2.3 MFSD9

In case 12565367, the patient was described as having a developmental delay with minor
squint and visual impairment, making the MFSD9 gene a plausible candidate gene. The
MFSD9 gene encodes a protein that belongs to the major facilitator superfamily domain
containing proteins family (MFSDs), which comprise the largest group of the solute
carriers (SLCs). It is predicted to enable transmembrane transporter (SLCs) activity to
translocate nutrients, waste, and drugs (Hediger et al., 2004). MFSD proteins are present
in mouse neurons, the CNS vascular system and the brain (Ben-Zvi et al., 2014, Perland
et al., 2016). Plasma and intracellular membranes in humans have both been shown to
contain MFSD proteins (Perland et al., 2017a, Lekholm et al., 2017). The expression
levels of MFSD9 were altered after food deprivation and high fat diet in mouse brain
areas (Perland et al., 2017b). MFSD9 was found to be expressed in both central and
peripheral nervous system in rat (Sreedharan et al., 2011). It is evolutionary conserved

and was identified in several vertebrates including human (Perland et al., 2017b).

In a GWAS study for type 2 diabetes, a SNP (rs2540317) in MFSD9 was found to be
associated with decreased risk of type 2 diabetes in Amish, nominal association in Pima
Indian and Mexican populations (Rampersaud et al., 2007). A whole genome exon-
targeted oligonucleotide array comparative genomic hybridization (array CGH) was used
to study 256 patients with developmental delay and intellectual disability. It has found 15
potential pathogenic CNVs in various genes, one of them was a deletion in MFSD9
(Bartnik et al., 2014). It was not mentioned whether these CNVs are homozygous or
heterozygous. No visual impairment was reported in these patients but since the visual
impairment in the case studied here was poorly defined, it may be mild and may therefore
have been missed in the case (or cases) described by Bartink and colleagues.
Alternatively, cases in the Bartink study may have not undergone any visual testing due
to their intellectual disability. It should be noted that the non-syndromic retinal
dysfunction (Khan et al., 2017) and non-syndromic macular dystrophies (Roosing et al.,
2015b, Xiang etal., 2021, Priluck and Breazzano, 2022) have both been linked to MFSD8,
a member of the same major facilitator superfamily domain containing proteins family
(MFSDs). To determine whether further patients existed with a genetic condition due to

biallelic variants in this gene, this finding was reported in GeneMatcher on 21 September
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2021, but no positive response has yet been reported. Additional genetic and experimental
testing is required to determine whether variants in this gene are a novel cause of

syndromic visual and/or other defects.

3.3.3 Unsolved cases

In the cohort of the current study, another 10 of the 24 cases have not yet been solved.
Since most of the cases in this study were single cases with no known family history, both
heterozygous and biallelic variations (compound heterozygous and homozygous) were
retained in filtering, and homozygous variants were only chosen in cases where reported
consanguinity was present. The variants were prioritized based on CADD score (215)
instead of excluding it based on the pathogenicity prediction scores to avoid excluding
pathogenic variants with low scores. While other scoring tools are limited to a single
information type (e.g., conservation) or are limited in scope (e.g., missense change),
CADD score is based on a range of genomic features and incorporates several annotations
into one score (Section 2.13.4.1) (Kircher et al., 2014, Rentzsch et al., 2019).
Additionally, variants with frequencies of less than 1% for recessive cases and less than
0.01% for dominant cases were retained. It is possible to apply a harder threshold but
doing so may lead to the exclusion of some putative pathogenic variants that may be more
common than expected in the population. It was more challenging to infer the mode of
inheritance or determine whether candidate mutations segregated in a manner that was
consistent with causing the disease phenotype in most of these individuals because they
had no known family history and, for the most part, no DNA samples from extended
family members were available. For some cases, the diagnosis was ambiguous and
uncertain, while for others it was syndromic, meaning that genes not listed on the RetNet
website could be involved, and leaving open the possibility of new disease genes, large
deletions, or structural variants as an alternative possible cause. Analysing additional
genes other than the ones associated with IRDs and using WGS to look for variants in the
entire genome, including introns and upstream promotor regions, will help in identifying
genes not yet known to be involved in IRDs, as well as finding large deletions, structural
variants, and variants in non-coding regions of known IRD genes. Giving a clear clinical
diagnosis helps in identifying the pathogenic variants at the molecular level by allowing
comparison of previous phenotypes associated with variants in this gene to the findings
in the patient and the pattern of inheritance (Best et al., 2022). Sequencing additional
family members' DNA will also help to narrow the list of variants, confirm the causative

mutations, and segregate them with the specified phenotype.
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3.3.4 Lessons learned and future directions

Since the emergence of next-generation sequencing, the IRD diagnosis rate has increased
to 50 -70% (Garcia Bohdrquez et al., 2021). For several years, a variety of NGS-based
approaches, including targeted sequencing (TS), WES and WGS, were used to accurately
genotype the patients with different forms of IRDs (Neveling et al., 2012, Shanks et al.,
2013, Zhao et al., 2015, Wang et al., 2018, Zhang et al., 2018, Ng et al., 2019, Martin-
Sanchez et al., 2020, Nash et al., 2022). Targeted sequencing (TS) is an economical
method that enables the analysis of known IRD genes regardless of clinical diagnosis. It
allows multiplexing many samples in a single run since it only sequences small genomic
regions with adequate coverage. Other cost-saving advantages of TS include smaller file
sizes, which enable cheaper storage and quicker processing. Moreover, employing TS
strategies reduce the risk of identifying secondary or incidental findings. Therefore, it was
an excellent option for the genetic diagnosis of IRD (Ellingford et al., 2016, Dockery et
al., 2017, Hitti-Malin et al., 2022). However, if the newly identified IRD genes are not in

the panel, a panel redesign is required to include them.

On the other hand, WES can capture the protein coding exons, which make up around
1% of the human genome and comprise about 85% of the disease coding variants. It
allows the detection of disease-causing variants in new IRD genes without the
requirement to update the panel. New genotype-phenotype correlations may be possible
as a result, leading to the resolution of a previously unsolved diagnosis. Since most of the
cases included in this study were single cases and some of them had syndromic disease
or an ambiguous diagnosis, WES was chosen to identify the pathogenic variants in these
individuals. The genetic diagnosis was found in 8 cases with a detection rate of 33.3%
which is less than other studies (50-70%) (Riera et al., 2017, Wang et al., 2018, Zhang et
al., 2018). In the current study, WES was unable to solve several cases (66.7%) despite
accurate diagnoses and complete family histories. This may be because the causative
mutations may affect rare novel genes with unidentified roles that require large cohorts
for validation (Tiwari et al., 2016). The mutations may also be located in non-coding
regions, such as splice variants that lie deep in the introns and create pseudoexons and
intronic retention. By incorporating the deep intronic sequences in the TS panel, TS
approaches can be used to identify deep intronic variants (Webb et al., 2012, Khan et al.,
2019b). WES can accurately detect SNPs and small indels but larger structural variations
(SVs) and variants in regulatory regions including the changes in regions that affect the
expression levels of the gene such as topologically associated domains (TADSs) (de Bruijn

etal., 2020), the 5’ or 3° UTRs, promotors and enhancers, are not usually captured so are
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challenging to detect or characterise. Regions with high GC content (e.g., some first
exons) are difficult to sequence at the chemistry level resulting in few or no mappable
reads (Kieleczawa, 2006). Highly repetitive regions such as ORF15 in the RPGR gene
are not sufficiently covered by WES and ambiguous alignments to the reference sequence

can occur, concealing the real pathogenic event (Ebbert et al., 2019, Watson et al., 2021).

Moreover, the identification of copy number variations (CNVs) from WES data has aided
in determining the pathogenesis of the disease in a number of IRD types (Bujakowska et
al., 2017, Ellingford et al., 2018, Zampaglione et al., 2020). A range of tools using depth
of coverage of WES data were developed (Kadalayil et al., 2015) to detect loss or gain in
copy number genes/exons that WES variant calling missed. Additionally, a number of
splicing prediction tools, such as SpliceAl, are available and can be used to predict splice
altering variants but not intronic variants (Jaganathan et al., 2019). The tool used in this
work, ExomeDepth, is a CNV calling method that uses read depth information from WES
data; it was found to perform well compared to other similar tools (Tan et al., 2014).
Although, it has resulted in the detection of pathogenic CNVs in this study and other IRDs
(Ellingford et al., 2018, Zampaglione et al., 2020), it also has a relatively high false
positive rate (Tan et al., 2014). CNV analysis using WES is challenging due to both short
read lengths and GC content bias (Teo et al., 2012). The precise breakpoints may be
challenging to locate if they are outside of the genome's coding regions due to the

discontinuous nature of WES data.

These impediments can be overcome using WGS, which covers the entire genome,
including both coding and noncoding regions and provides a greater detection of
structural variations, non-coding variants, and variants in GC rich regions (PCR free
WGS) compared to WES and targeted sequencing. It was successful in finding missed
variants by WES in IRDs (Nishiguchi et al., 2013, Carss et al., 2017, Nash et al., 2022).
Using WGS can also be of value in identifying modifier loci that may cause variable
expressivity and penetrance of the variants in the major genes. These modifiers can be
hypomorphic alleles such as the ones identified in RPGR-associated RP (Cehajic-
Kapetanovic et al., 2020a) and RDH12-associated CORD (Wang et al., 2022). However,
WGS is expensive and generates a large volume of data which must then be stored for
future analyses. Alternatively, whole gene sequencing (GS), which enables capturing
exonic, intronic, and regulatory regions for the target gene, is particularly effective in
conditions where phenotype is a strong predictor of genotype and could also be used in

the genes with monoallelic variants identified in this study. GS was used to investigate
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1054 unsolved Stargardt disease cases by sequencing the ABCA4 gene using single-
molecule molecular inversion probes (sSmMIPSs). In 25% of the cases, this method allowed
for the detection of pathogenic structural variations and deep intronic variants (Khan et
al., 2020).

Another possible explanation for the unsolved cases reported here is that they may in fact
not be Mendelian inherited retinal dystrophies but could rather be the result of largely
polygenic and multifactorial disease such as age-related macular dystrophy. It is evident
that a number of IRDs can mimic the AMD phenotype, which, for example, has in the
past led to debate about whether cases with ABCA4 variants in AMD cohorts were proof
that ABCA4 variants contributed to AMD, or rather they were misdiagnosed cases of late
onset Stargardts disease (Stone et al., 1998). Alternatively, there have been reports of
digenic inheritance in IRDs, and it is possible that even more genetically complex forms
may exist in a few rare cases. Finally, it remains possible that the IRD seen in these cases
is in fact not genetic in origin, but is, for example, the result of long-term usage of drugs

(Yusuf et al., 2022) or an immunological disorder (DeMaio et al., 2022).

For the unsolved cases reported here, employing WGS or whole gene sequencing may
increase the detection rate (Tiwari et al., 2016). However, WGS may not be able to read
across regions, such as ORF15, and due to its high cost and computational demands, it
cannot be used in everyday routine diagnostics. This shows that a trustworthy, scalable,
and affordable method to sequence across these difficult to sequence regions is required.
In the following chapters, a series of cases with a large CRX deletion that was overlooked
in early NGS studies (Chapter 4) and the use of long read sequencing techniques to read
across a mutational hotspot (ORF15) in the RPGR gene, a region that is both difficult to
sequence and difficult to align (Chapter 5), will be discussed.
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Chapter 4

Late-onset autosomal dominant macular degeneration caused

by deletion of CRX gene

4.1 Introduction

The Cone-Rod homeoboX-containing gene (CRX; OMIM 602225) encodes a
transcription factor with a homeodomain most homologous to those of the orthodenticle
homeobox 1 and 2 (OTX1 and OTX2) transcription factors. It is highly expressed in rod
and cone photoreceptors of the retina and pinealocytes of the pineal glands and is crucial
for the development and survival of photoreceptor cells (Freund et al., 1997, Furukawa
et al., 1997, Furukawa et al., 1999) acting through synergistic interaction with other
transcription factors, notably neural retina-specific leucine zipper protein (NRL), retinal
homeobox protein (RAX) and nuclear receptor subfamily 2 group E member 3 (NR2E3)
(Chen et al., 1997, Kimura et al., 2000, Peng et al., 2005). The CRX gene is located on
chromosome 19q13.33 and comprises four exons, with exon one being non-coding. The
remaining exons encode a 299-amino acid protein, with exon 3 (34-84 aa) covering most
of the DNA-binding homeobox domain (homeodomain) and exon 4 (85-299 aa)
encompassing the remaining >70% of the protein sequence, including a WSP

(tryptophan-serine-proline) motif and OTX tail (Hull et al., 2014).

The CRX locus was first identified in 1994 as a site associated with autosomal dominant
cone-rod dystrophy (CORD) in a single large family (Evans et al., 1994). Subsequently,
CRX mutations have been associated with autosomal dominant CORD (Freund et al.,
1997, Swain et al., 1997), autosomal dominant Retinitis pigmentosa (RP) (Sohocki et al.,
1998), and both dominant and recessive forms of Leber congenital amaurosis (LCA)
(Sohocki et al., 1998). More recently, CRX variants have also been shown to cause an
autosomal dominant form of adult-onset macular dystrophy said to simulate benign
concentric annular macular dystrophy (BCAMD), with a bull's eye macular lesion and
fairly well-preserved visual acuity (VA) (Hull et al., 2014, Griffith et al., 2018, Nasser et
al., 2019, Khan et al., 2019a, Ng et al., 2020).

Pathogenic variants in CRX are rare and most are found in a heterozygous state causing
dominant disease. In total, over 100 disease-causing variants have been reported
(www.lovd.nl/CRX), including missense, premature stop codon and frameshift changes
and multiple exon deletions (Yi etal., 2019). Hull and colleagues reviewed 43 pathogenic

variants (41 heterozygous and two homozygous) and noted that all but 2 consisted of


http://www.lovd.nl/CRX

148
either missense mutations in exon 3, or frameshift and nonsense mutations occurring
beyond the homeodomain in the large terminal exon 4 (Hull et al., 2014). A similar pattern
was also noted in more recent studies (Yi et al., 2019, Nishiguchi et al., 2020). Normally,
premature stop codon or frameshift variants other than those in or close to the last exon
of agene are generally thought to lead to nonsense-mediated decay (NMD) of the affected
transcript, meaning they are effectively null alleles that produce no protein (Chang et al.,
2007). However, premature stop codons caused by variants in or close to the last exon are
protected from NMD by the same mechanism which ensures the normal stop codon does
not elicit NMD. In CRX, since almost all the pathogenic frameshift and premature stop
variants occur in the last exon, they are likely to escape NMD (Kurosaki and Maquat,

2016), meaning that a truncated protein would be produced.

One previous report described homozygosity for a putative null variant, which creates a
premature stop codon in the first coding exon (exon 2), ¢.25insG (p.Pro9fs*9) (GenBank
accession number AF024711), as the cause of LCA in a family (Silva et al., 2000). The
authors proposed since the heterozygous carriers were unaffected that haploinsufficiency
of CRX was not sufficient to cause a retinal disorder. Two more recent reports have also
described putative null variants that appear to be tolerated and cause little discernible
pathology in heterozygous state. The first describes a family with autosomal dominant
CORD carrying a heterozygous deletion of CRX exons 3 and 4 (breakpoints undefined),
that would be predicted to lead to NMD of the mutant CRX transcript. However,
interpretation in this family was complex due to a PRPH2 variant also segregating. One
individual was shown to carry only the CRX deletion and to have a CORD phenotype,
while another with the same genotype did not, suggesting that haploinsufficiency (the
situation when one copy of a gene is inactivated or deleted and the other remaining
functional copy of the gene is insufficient to produce the required gene product to
maintain normal function) may not be sufficient to cause disease in all cases (Jones et al.,
2017). The second reported a consanguineous family with LCA in which there is a
homozygous 56 kb deletion of CRX and the two flanking genes (Ibrahim et al., 2018).
The heterozygous carrier parents were also examined, and two of the four were found to

have subclinical macular abnormalities but no evidence of clinical disease.

The work in this chapter was initiated by Dr Claire Smith (Leeds Institute of Medical
Research, University of Leeds, St James’s University Hospital, Leeds, UK), who
identified a heterozygous deletion encompassing CRX and neighbouring genes TPRX1
(Tetrapeptide repeat homeobox 1; OMIM 611166) and SULT2A1 (Sulfotransferase
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family 2A, dehydroepiandrosterone-preferring member 1; OMIM 125263) in a patient
with late-onset macular dystrophy. This finding led her to re-examine and verify data
generated by Dr James Poulter (Leeds Institute of Medical Research, University of Leeds,
St James’s University Hospital, Leeds, UK), from which a similar finding had been
discounted on the assumption that CRX deletion carriers were asymptomatic so this alone
could not account for disease. She then developed a PCR assay for the deletion and used
it to screen further IRD patients, and also a cohort of patients with Age-related macular
dystrophy (AMD). This led to the identification of a further case with late onset MD and
a case with AMD. At this point Dr Smith moved on to another project and the author

continued the research on this project.

Through collaboration within the UK inherited retinal disease consortium (UK IRDC),
an additional four samples with late-onset MD and CRX deletions were identified. The
presence of a similar deletion in these additional cases was confirmed using the PCR
assay developed by Dr Smith (Section 2.4.4). To determine whether all cases had the
exact same deletion, and to determine the exact location and likely underlying mechanism
of the deletion, PCR products were cloned (Section 2.7) and Sanger sequenced (Section
2.9) in some cases, while in others, Sanger sequencing alone was used to characterise the
breakpoints. Haplotype analysis was performed both by microsatellite genotyping
(Section 2.4.5) and using SNPs in the sequence generated immediately adjacent to the
breakpoint, to discern whether the deletion was due to separate mutation events at a

mutation hotspot or to a founder effect.

The results of these findings were published in the journal Ophthalmology, with the
author as joint first author with Dr Smith (Yahya et al., 2023).



150

4.2 Results

All the genomic coordinates given refer to the GRCh37/hg19 human genome assembly.

4.2.1 Variant identification

The genomic DNA from a female patient who received a diagnosis of CORD with central
macular atrophy in her 50s (patient 4776, Table 4.1, Figure 4.1A) was subjected to WES
and the initial variants list was compared to the genes, in which variants cause IRDs,
listed on RetNet website (https://web.sph.uth.edu/RetNet/sum-dis.htm#A-genes). The
family history in this patient is unknown. She is one of an affected sibling pair, and due
to the late onset of the disease, dominant inheritance was possible but other modes of
inheritance could not be excluded. Only three heterozygous variants with CADD score
of 15 or above in genes CDH23, MERTK, and CDH3 were identified. It appeared unlikely
that these variants were causing the disease because all three genes are known to be
involved in diseases with autosomal recessive inheritance. There is no published evidence
that pathogenic variants in these genes can cause dominant diseases, or that they act in a
digenic fashion to cause disease together, though it was not possible to exclude these
hypotheses. ExomeDepth analysis was performed by comparing the read depth profile of
this sample with nine other control samples sequenced in the same run lane. The read
depth analysis identified a minimum heterozygous deletion of chr19:48,305,033-
48,389,514 (Figure 4.2A), which included the entire coding regions of TPRX1, CRX, and
SULT2AL. In a second female patient who was diagnosed with bull’s-eye maculopathy at
age 78 (patient 3888, Table 4.1, Fig 4.1B), read depth analysis in data generated by
sequencing 108 inherited retinal disease associated genes (Weisschuh et al., 2018)
revealed a heterozygous deletion minimally spanning chrl19:48,337,702-48,343,224
(Figure 4.2B), which covered all CRX exons. It should be emphasised that in neither case
was there a significant second variant found in the CRX gene. A third male individual
who was diagnosed with late-onset MD at age 20 (patient GC16591, Table 4.1, Figure
4.1D), was found to have a heterozygous deletion of the TPRX1, CRX, and SULT2A1
genes in genome sequence generated by the UK 100,000 Genomes Project (Figure 4.2C).
The breakpoints were defined, and the centromeric breakpoint was located at
approximately chr19:48,296,800. The telomeric breakpoint was difficult to place
accurately due the presence of a block of 10 tandem repeats (~ 5.3 kb) containing small
NF-90 associated RNAs (SNARs), spanning approximately chr19:48,407,000-
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48,465,000. Investigation of all coding and non-coding variants in the CRX region and
beyond has been made possible by whole genome sequencing. Functional analysis
through Hidden Markov Models (FATHMM; version 2.3) (Shihab et al., 2013) was used
to predict the consequences of all variants in the region chr19:47,010,944- 49,499,828,
but again no significant second CRX variant was identified. Furthermore, no variants in
the genes indicated above (CDH23, MERTK, and CDH3) were found in these other cases
therefore, it seems far more likely that the CRX deletion alone explains the phenotype in

these cases.
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Lab ID/sex Age at Diagnosis Clinical notes Deletion Breakpoint
onset detected by confirmed in
4776/F 50s Bull’s eye Nyctalopia 2nd decade, reduced central visual acuity (6/60 OD, 6/24 OS) 6th decade. Posterior Exome Sequenced
maculopathy pole staphyloma. Sister affected, same diagnosis sequencing PCR product
3888/F 78 Bull’s eye MIPs Cloned
maculopathy screening amplimer
GC16591/M 20 Bull’s eye Mild photo aversion, normal peripheral fields, no family history. Acuities 6/60 bilaterally, Genome Sequenced
maculopathy symmetrical area of degeneration at posterior pole. Electrophysiology has shown minimal sequencing PCR product
progression in 10 years, generalised retinal dysfunction affecting rods and cones.
5587/F 36 Macular Photophobic, poor accommodation, normal colour vision. MfERG - poor central responses. Targeted ND
dystrophy PERG Extinguished R/L. Snellen visual acuity 6/12 OD, 6/18 OS. sequencing
5588/F 50 Macular Vision never good, sat at front of class at school. Noticed distortion at 50. Pendular nystagmus, Targeted Sequenced
dystrophy not photophobic, no nyctalopia. LogMar visual acuity 0.46 R, 0.64 L. Vitreomacular traction on sequencing PCR product
OCT. MfERG - low amplitude bilaterally, pERG non recordable. Mother of 5587
5581/F Late Macular Father developed rapidly progressive macular degeneration at 52, died at 73 severely sight Targeted PCR
40s dystrophy impaired. No other family members symptomatic sequencing
5598/M 53 Cone rod Visual acuity 20/300 both eyes, vision loss began at 53 yrs. AF with few hyperfluorescent Exome Sequenced
dystrophy lesions (not pisciform). Low photopic flicker on FFERG, MfERG with low foveal waveforms. sequencing PCR product
OCT with foveal atrophy
3258/M Late Wet AMD Presented with poor vision, scar in left eye. Asymptomatic in right eye despite early wet AMD.  PCR Cloned
60s No previous visual problems. Visual acuity 6/18 OD, 3/60 OS amplimer

Table 4.1: Phenotypes and screening method used to detect and characterise the deletion for each patient. (Reused from (Yahya et al., 2023), no

permission needed). AMD = age related macular degeneration, OD = right eye, OS = left eye, MFERG = multifocal electroretinogram, pERG = pattern

electroretinogram, R =right, L = left, AF = autofluorescence imaging, LogMar = logarithm of the minimum angle of resolution, OCT = optical coherence

tomography scan, FFERG = full field electroretinogram, MIPs = molecular inversion probes, PCR = polymerase chain reaction, ND = not done.
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Figure 4.1: Clinical and family information in individuals with CRX deletion. A. Family tree,
fundus autofluorescence image, and OCT for individual 4776. The fundus shows a central area
of reduced autofluorescence with a surrounding ring of increased autofluorescence, consistent
with the bull’s-eye maculopathy seen on clinical examination. On the OCT image, there is central
loss of the outer retinal layers with choroidal hypertransmission. B. Family tree, pseudo-color
fundus photographs, and autofluorescence images and OCT for individual 3888. There is reduced
fundus autofluorescence centrally in both eyes, with a surrounding ring of increased
autofluorescence, consistent with a diagnosis of bull’s-eye maculopathy. The structural OCT
image shows loss of outer retinal lamination centrally. C. Family tree and pseudo-color and
autofluorescence fundus images for individuals 5588 (mother, left images) and 5587 (daughter,
right images). A ring of increased autofluorescence is visible in the mother, whereas in the
daughter patches of increased autofluorescence are also visible in the macular region. D. Pseudo-
color fundus, OCT, and autofluorescence images and family tree for individual GC16591. Bull’s-
eye maculopathy is evident, but there are also changes nasal to the optic disc and a ring of
increased autofluorescence around the central retina and posterior pole. E. Structural OCT images
and family tree for individual 3258. Subretinal hyperreflective material and intraretinal cysts are
evident on the OCT image, indicating a diagnosis of wet age-related macular disease. (Reused

from (Yahya et al., 2023), no permission needed).
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Figure 4.2: Sequence analysis in individuals with CRX deletion. A. ExomeDepth plot of

whole-exome sequencing data across the deleted region in individual 4776, showing the drop in

read depth over TPRX1, CRX, and SULT2A. B. ExomeDepth plot of molecular inversion probes—

generated sequence data from individual 3888, showing a drop in read depth for all exons of the

CRX gene. C. Integrative Genomics Viewer (IGV) image of genomic sequence at each end of the

deletion in individual GC16591. The left-hand image shows a clear drop in read depth across the

deleted region at the centromeric end of the deletion. However, the 5.3 kb tandem repeat cluster

at the telomeric end means sequences align multiple times, giving the false impression of a sudden

increase in read depth at the point where these repeats start, masking the precise end point of the

deletion in the genomic sequence. An increase in read depth at this point is also visible in normal

genomic sequence (not shown). (Reused from (Yahya et al., 2023), no permission needed).
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4.2.2 PCR assay

Primers were designed to confirm the presence of a deletion in the above cases and to
identify the exact breakpoints in each case. Given the repetitive nature of the sequence
adjacent to the deleted region, the common ethnic origin of the subjects, and the fact that
panel and exome sequencing do not define breakpoints, it was hypothesized that the
deletion might be the same or similar in all three cases. Multiple primers were designed
using whole genome sequencing data. Due to the repetitive nature of the region, it was

impossible to design unique PCR primers.

Various primer combinations were tried by Dr Smith and primers CRXhetdel3_F
(CCTCCCATCTCAGCCTCCTA) and CRXhetdel3_R
(CAAGGAGGAATGTGCAGTGG) were the optimum primer combination. The PCR
conditions were then further optimised by the author by testing different annealing
temperatures (61°C, 63°C, 65°C, and 67°C) and the optimum conditions used were as
described in Section 2.4.4. With these conditions in place, these primers should not
amplify any product in normal human genomic DNA,; it amplified a unique product of

approximately 1150 bp only when the deletion was present (Figure 4.3).

12i3::4 | 5,647 8ui9

Figure 4.3: PCR analysis in individuals with CRX deletion. Agarose gel electrophoresis (1.5%)
of the PCR amplification product (~1150 bp; marked by arrow) of primers CRXhetdel3_F and
CRXhetdel3_R. Lane 1 = Bioline EasyLadderl size marker (100, 250, 500, 1000 and 2000 bp),
Lanes 2-6 show PCR amplification products in five individuals with CRX deletion. Lanes 7 and

8 show non-specific amplification products from control individuals. Lane 9 is a no DNA control.

These primers were then used to screen additional cases and found to amplify the same-
sized band in each case, implying the deletion breakpoints were similar in each case
(Section 4.2.3).
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4.2.3 Additional screening

A screen for mutations in 105 genes associated with inherited retinal diseases (Ellingford
et al., 2016), identified a mother (5588) and daughter (5587) who were diagnosed with
MD at ages 50 and 36, respectively, as well as a female patient (5581) who was diagnosed
with MD in her 40s and has a father who developed rapidly progressing MD at age 52.
Read depth analysis identified a heterozygous deletion of chr19:48337702-48389514
encompassing all CRX exons in each of these cases. Patient 5598, a male from the United
States who was diagnosed with CORD at age 53, was found to have a deletion spanning
the CRX gene in a whole exome sequencing-based panel screening for individuals with
inherited eye diseases (Guidugli et al., 2019). PCR amplification with the above primers
(CRXhetdel3_F and CRXhetdel3_R) was performed to confirm the presence of the
deletion in these four individuals. In each case, a band of approximately 1150 bp was
amplified, confirming the presence of the deletion with similar breakpoints to those
described above (Figure 4.4). Screening data and clinical information for these patients

can be found in Table 4.1 and Figure 4.1.

Primers CRXhetdel3_F and CRXhetdel3_R were also utilised to test for the presence of
the same deletion in a cohort of 405 white British patients with exudative (wet) AMD in
order to evaluate the hypothesis that the late-onset macular disease in these individuals
may overlap with AMD. In patient 3258 (Table 4.1, Figure 4.1E), who was diagnosed
with wet AMD in his late 60s, the amplification yielded a band of approximately 1150 bp
(Figure 4.4), confirming the presence of the deletion with similar breakpoints. With these

primers, no product was amplified in the remaining cases.

Moreover, primers CRXhetdel3_F and CRXhetdel3_R were used by Dr Smith to test
whether this deletion is common in the normal population by amplifying 382 white
British control DNA samples, all of which proved negative. These primers were also
employed by Dr Smith to establish that the deletion reported by Ibrahim et al (Ibrahim et
al., 2018) (data not shown), which deleted the same three genes and was claimed to have
caused subclinical foveal abnormalities in two of the four carriers examined, was not the
same deletion as the one described here. The heterozygous deletion carriers identified by
Ibrahim et al. were younger than the individuals studied here (Rob Koenekoop, personal

communication, June 29, 2018) and may thus be at risk of developing MD in later life.
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Figure 4.4: PCR analysis in additional individuals with CRX deletion. Agarose gel
electrophoresis (1.5%) of the PCR amplification (~1150 bp; marked by arrow) of primers
CRXhetdel3_F and CRXhetdel3_R in additional cases. Lane 1 = Bioline EasylLadderl size
marker (100, 250, 500, 1000 and 2000 bp), lane 2 = 3258, lane 3 = 3888, lanes 4 and 5, clinician
consent withdrawn due to reasons outside of the author’s control, lane 6 = 4776, lane 7 = 5588,
lane 8 = GC16591, lane 9 = 5598. Lanes 10-13 show amplification products in other samples with
late-onset macular dystrophy which proved negative on testing, lanes 14 and 15 show non-specific
PCR products from control individuals and lane 16 is a no DNA control. (Reused from (Yahya et

al., 2023), no permission needed).

4.2.4 Sanger sequencing and breakpoint characterisation

To determine the precise breakpoints in each case, the breakpoint PCR products from
patients 3888 and 3258 were cloned and Sanger sequenced. Due to the presence of
nonspecific bands in all cases, the band of interest was gel extracted using MinElute gel
extraction Kit following the steps detailed in Section 2.6 and then purified to get a cleaner
product. Following that, the product was cloned using a pCR 2.1 TOPO vector (the vector
map can be found in Appendix C.1) applying the TA cloning method described in Section
2.7.1. The cloning reaction was then transformed into chemically competent E. coli cells
and plated on LB-agar plates and incubated overnight. To generate eight clones for each
case, the colonies from each sample were picked from the plates and transferred to eight
tubes per sample containing LB-broth to grow the cultures (Section 2.7.2). The plasmid
DNA was then purified using QlAprep spin miniprep kit (Section 2.7.3) and the clones
were digested with EcoR1 restriction enzyme (Section 2.7.4). The insert in the eight

clones was checked by agarose gel electrophoresis (1%) (Figure 4.5).
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Figure 4.5: A test digest of eight colonies obtained by TA cloning. Agarose gel electrophoresis
(1%) showing the insert of eight clones of the CRX deletion in patients 3258 and 3888 digested
out with EcoR1 restriction enzyme. The insert size was ~1200 bp as shown by the arrow. The first
lane is for the GeneRuler 1kb plus DNA ladder (75, 200, 300, 400, 500, 700, 1000, 1500, 2000,
3000, 4000, 5000, 7000, 10000, and 20000 bp). Lanes 2-9 show the insert bands in eight clones

from each case.

Sanger sequencing was then performed on two clones for each case, using six different
internal primers (Appendix C.2). The breakpoints in other four deletion carriers (4776,
5588, GC16591 and 5598) were determined by Sanger sequencing alone using the same
sequencing primers. Utilizing a software called DNA Baser
(https://www.dnabaser.com/), the resulting contigs were assembled and manually
examined to avoid potential mapping errors over repetitive regions. 53 bp at the start of
cloned PCR products were removed using the VecScreen BLAST tool
(https://www.ncbi.nim.nih.gov/tools/vecscreen/) because they were vector sequences.
Figure 4.6 shows the breakpoint sequence generated by Sanger sequencing and Figure
4.7 shows the Sanger sequencing chromatogram in addition to a graphic representation

of the genomic locus and deletion.
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CCTCCCATCTCAGCCTCCTAAGTAGCTGGAATTACAAGTGTGTACCATCATGCTCAGTTAATTTTAATATTTTTATAGAGATGGGGTCTCATTATA
TTGCCCAGACTGGTCTCAAGCAGTCCTCCTGCCTCAGCCTCCCAAAGTTTTTTTTTTGAGACGGAGTCTTGCTCTGTCACCAGGCTGGAGTGCAGT
GGCATGATCTCGGCTCACTGCAACCTCCACCTCCTGGGTTCAAGCAATTCTCCTGCCTCAGCCTCCCAAGTAGCTGGGACTACAGGCATGCACCAC
TACACCCAGCTAATTTTTGTATTTTTAGTAGAGATGAGGTTTCACCATGTTGGCTAGGATGGTCTCGATCTCTTGACCTTGTGATCCACTCGCCTC
GGCCTCCCAAAGTGCTGGGATTTCAGGCGTGAGCCACTGCATGTGGTCCATTTTAGTTTTAATATGCATTTCCCTGATGATTTTTGATGTCATGGG
CTTACTGGCCTTTTTGCATATCTTTTTTTTTTTTTTTTTTTTTTTTTGAGACGGGAGGCTGGCTCTGTCACCCAGGCTGGAGTCAGTGGCACGATC
TTGGTTCACTGCAACCTCCGCCTCCCGGGTTCAAGCGATTCCCCTGCCTCAGCCTCCTGAACAGCTGGGATTACAGGCACCCGTCCCCATGCCCGG
GTAATTTTTGTATATTTAGTAGAGATGGGGTTTTCAGCATGTTGGCCAGGCTGGTCTCGAACTCCTTACCTCAAGTGATCCATCCGCCTCAGCCTC
CCAAAGTGCTGGGATTACAGGCGTGAGCCACTGCGCCCGGCTTCTTGAATTAGTTTCTAGGAGAAGCCAAGAACCCCCCCGGGCTAAGCCTCAATT
TTGGGGCTCGCCTGTGCTGCATCAGCTTCACACCTAGAGAAGAGAGTGAAAGAGAAGGGAGAGCCGTCCTTTTGGGCTGCCTTGAAATAAAGGTTG
ACCCATGGGTTCATGTATTGTCATTCATTCTCATTTTCTCTTCCTCTCTTTCTCTCTCTCCCCTGCCCCTTAAGTTAGCTTTTCTAAACCCTACCT
GGATAAGGATAAGAAATAGAAGGAGGGGACACTTTAGGATGCTACAAAATAAAATACAACAACAACAACAATAAAAGCAGCAGCAACAACAAC

Figure 4.6: Breakpoint sequence. DNA sequence from patient 4776 spanning the breakpoint
PCR (~ 1150bp), with breakpoint assigned by BLAT in bold, underlined and marked in red (CC).
On the centromeric side, the deletion allele was in cis with the C allele of SNP rs11673598 (bold,
underlined and marked in orange), found in 17.4% of Europeans in gnomAD, in all deletion
carriers sequenced. On the telomeric side, the deletion was in cis, again in all deletion carriers
tested, with the A allele of SNP rs879322303 (bold, underlined and marked in orange), which

accounts for 2.5% of Europeans in gnomAD (Table 4.2).
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Figure 4.7: Graphical representation and Sanger sequencing chromatogram of the CRX
deletion. 19913.33 genomic region spanning TPRX1, CRX, SULT2AL, and adjacent genes, with
cut-away showing the deleted region and below that a sequence trace of the breakpoint. Red
arrows indicate the AluSx1 short, interspersed repeats within which the breakpoints occur, and
the black arrows at the distal end of the locus denote small NF-90 associated RNA—containing

tandem 5.3 kb repeats. (Reused from (Yahya et al., 2023), no permission needed).

Using the assembled sequence from Sanger sequencing, breakpoint locations were then
identified using the BLAT function of the UCSC genome browser and the deletion was
the same in each case. However, due to local sequence homology, the precise location of

the breakpoint was ambiguous. Therefore, it was assigned as the most 3-prime base that
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could apply, according to Human Genome Variation Society (HGVS) guidelines. The
centromeric breakpoint was assigned as chr19:48,296,898. The telomeric breakpoint gave
100% alignment within the fourth 5.3 kb small NF-90 associated RNA containing repeat
(SNARS), giving a location of chr19:48,422,892, making this a deletion of 125,995 bp (g.
48,296,898 48,422,892del). However, because of the 5.3 kb repeats, the telomeric
sequence also aligned at 10 additional locations between chr19:48,406,792 and
chr19:48,460,162, with sequence identities ranging from 99.5% to 96.5%.

The sequences adjacent to the breakpoints, obtained either via cloning and sequencing or
from direct sequencing of the PCR product in the six cases listed above, were analysed
using Emboss Matcher (EMBL-EBI,
https://www.ebi.ac.uk/Tools/psa/lemboss_matcher/). This revealed 294 bp of sequences
with 78% homology immediately adjacent to the deletion breakpoints at each end.
Furthermore, the repeat masker function of the UCSC genome browser revealed that these

sequences are AluSx1 sequences.

4.2.5 Haplotype and SNP analysis

To detect whether the deletion is a result of a common ancestral founder or a mutational
hotspot, genotyping was carried out with microsatellite markers spanning the ~3 Mb
(chr19:47,010,944-49,858,428) or approximately 6.5 cM of chromosome 19 between the
microsatellite markers D19S412 and D19S550, containing the TPRX1, CRX and
SULT2AL1 genes (Kong et al., 2002). The genotyping was performed as described in
Section 2.4.5, using five markers spanning the CRX locus, one intragenic (D195902), two
distal and two proximal to the CRX gene. As marker D19S902 is within the deleted
region, the presence of only one allele in every case provides further confirmation that

one of the alleles was deleted.

Haplotype analyses in these cases were restricted because it was not possible to obtain
additional family members, which would have allowed the establishment of allele phase
in each case. Nevertheless, for example, DNA from case 3258 has a genotype of 174/174
for marker D19S606, while individual 5581 has genotype of 180/184 (Figure 4.8) and
individual GC16591 has genotype 176/182. It is therefore obvious that none of the 6
alleles carried by these three individuals carries the same genotype for this marker, so
they cannot share a common haplotype at this marker. Similarly, for each other
microsatellite marker tested it was not possible to identify a single allele shared by all
affected individuals, which would suggest a founder haplotype (Table 4.2). From the
table, it can be concluded that marker D19S606 genotypes show the deletion segregating
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on at least 2 different haplotype backgrounds, whereas marker D19S879 genotypes imply

segregation with at least three different haplotype backgrounds.
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Figure 4.8: Representative electropherograms of marker D19S606 for cases 4776, 5581, and
3258. Case 4776 has a genotype of 174/176 for this marker while case 5581 has genotype of
180/184 for the same marker. It is obvious that these two individuals carry four different alleles
indicating that they do not share a common haplotype at this marker. Cases 4776 and 3258 share
a haplotype of allele 174 and could potentially be related.
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Position

Marker (hgl19) 4776 |3888 |3258 |5581 [5587 5588 |GC165915598 |Control

47010944-

D195412 47011334 192/102 |90/102 |90/92 190/90 [90/92 |ND 99/109 |ND 94/101

47973563-

D195606 47973917 |174/176|180,/184/174/174/180/184{174/180ND 176/182 [ND 176/178

rs11673598 48296505 |C C C ND IND C C C ND

48332028-

D195902  [48332279 [198/- [206/- [208/- [210/- |198/- ND  [198/- IND  [210/212

rs879322303/48423428 |A A A ND ND A A A ND

49515918-

D195879 49516189 |251/253|261/263|251/251)1251/251|255/259ND 255/257 IND 259/263

49858037-

D198550 49858428 |143/156|143/156|143/156/143/156(143/156ND 145/161 [ND 143/143

Table 4.2: Microsatellite genotypes and phased SNP alleles in cis with the deletion in CRX
deletion carriers. D19S412, D19S606 (proximal to the deletion), D19S902 (in CRX intron 1),
D19S879 and D19S550 (telomeric to the deletion) were genotyped in patients 4776, 3888, 3258,
5581 and 5587. These microsatellite markers lie within a 3Mb region centred on the CRX gene.
D19S902 is in intron 1 of the CRX gene. The phased genotypes for SNPs immediately outside the
breakpoints on each side, shown in Figure 4.6, were derived from sequencing of either cloned or
PCR amplified breakpoint containing amplimers. ND = not done. (Reused from (Yahya et al.,

2023), no permission needed).

In addition, the breakpoint PCR product sequences were compared to the hgl19 reference
genome using the BLAT function of the UCSC genome browser. This identified two non-
reference variants relatively rare in the European population which were present in all
breakpoint sequences. The first variant (T>C; rs11673598) is a known SNP and the
patients in this study all carry the rare allele (C) with an allele frequency of 17.4% in
genomAD. The second variant (C>A,; rs879322303) is also a known SNP with allele
frequency of 2.5% in genomAD. Again, all of the deletion carriers studied here had the

rare A allele.

Given that these variants are within the 500 bp immediately adjacent to the breakpoint,
this finding contrasts with the results obtained by the microsatellite markers and may in
fact suggest that this deletion only occurred once and that these alleles form a founder
haplotype. It should be noted that there was a common region of variation between all the
clones, the poly (T) run in the middle of the sequence, with size ranging from 25 to 32.
However, the sizes of these variants were different even between clones from the same

patient, and since only one allele was amplified, this suggests that they were artefacts.



163
Even when using proofreading Taq DNA polymerases, poly (T) runs are a hotspot for
PCR-induced errors (Clarke et al., 2001). Although this poly (T) was noted in dbSNP
(rs59456686), with a size of 25 appearing to be the most common length, there is always

a chance that PCR-induced errors have been uploaded into the databases.

4.3 Discussion

In this study, a heterozygous deletion of the entire coding region of CRX and both flanking
genes has been shown to cause a late-onset dominant macular dystrophy in six apparently
unrelated families, and in one patient with AMD. The deletion was successfully detected
in MIPs sequence, WES and WGS, in three different individuals. Determining the
specific breakpoint position in the NGS data was difficult due to the presence of a block
of 10 tandem repeats that included SNAR repeats. Subsequently though, it was possible
to identify the exact breakpoints by combining the PCR test with cloning and Sanger
sequencing, and this revealed that all eight individuals carry the same heterozygous ~ 126
kb deletion encompassing the TPRX1, CRX, and SULT2AL locus.

It seems unlikely that loss of SULT2A1 and TPRX1 contributes to the phenotype observed
in this patient series. TPRX1 (Tetrapeptide repeat homeobox 1; OMIM 611166) is a
member of the paired-like homeobox gene family of transcription factors, which encodes
a homeodomain protein like CRX and a DNA-binding domain. It is hypothesised to be
involved in the regulation of preimplantation embryo development and embryo genome
activation since it is expressed in early human embryos (Madissoon et al., 2016). Variants
in this gene are not associated with any condition or trait in any species; it is expressed at
very low levels in all tissues except retina and testis (Protein Atlas, version 19.3,
https://www.proteinatlas.org/ENSG00000178928-TPRX1/tissue). The SULT2A1 gene
(Sulfotransferase family 2A, dehydroepiandrosterone-preferring member 1; OMIM
125263) encodes dehydroepiandrosterone sulfotransferase (DHEAST), which is an
enzyme that catalyses a wide variety of steroids in human liver and adrenal tissue and is
responsible for sulfation of bile acids in the human liver (Comer et al., 1993). It is highly
expressed in human liver and adrenal tissues, and variants in it contribute to prostate
cancer risk (Kwon et al., 2012) and promote metastasis in hepatocellular carcinoma (He
etal., 2022).

In contrast, variants in CRX are well documented in patients with macular dystrophies.
Most of the variants reported are heterozygous missense/nonsense, small deletions,
duplications, or insertions. Indeed, patients with heterozygous CRX variants have been

reported to have the same phenotype identified in this study (Hull et al., 2014, Griffith et
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al., 2018, Nasser et al., 2019, Khan et al., 2019a, Ng et al., 2020). We therefore infer that
it is almost certainly the complete loss of one copy of the CRX gene that is the cause of

late onset macular disease in this patient series.

It has been suggested by other researchers that many CRX variants might not be true null
alleles because premature stop or frameshift variants in or close to the large fourth exon
may escape NMD, leading to the production of a truncated protein (Silva et al., 2000,
Hull et al., 2014). In those reports, the authors hypothesised that heterozygosity was
tolerated, indicating that CRX haploinsufficiency is not sufficient to trigger a retinal
disease since the heterozygous carriers were unaffected. Additionally, two recent reports
have described putative null variants that, in the heterozygous condition, seem to be
tolerated and do not appear to have a significant pathological effect (Jones et al., 2017,
Ibrahim et al., 2018). In a consanguineous family with a deletion similar to that reported
here, described by Ibrahim et al (Ibrahim et al., 2018), two of the four adult heterozygous
carriers (aged 38 and 41 years) show subclinical macular abnormalities. This may imply
that these individuals will ultimately progress to the phenotype reported here, or could
alternatively suggest other variants, either in the remaining copy of CRX or in another
gene or genes, or environmental factors, may modify the phenotype such that non-

penetrance is possible.

The variant reported in this study deletes CRX and is an unambiguous CRX null allele
that will almost certainly result in insufficient CRX protein. The finding of a causal link
between this variant and IRD demonstrates that the lack of CRX protein due to
haploinsufficiency, or total loss of function of one allele of the gene, is not asymptomatic
but rather causes a late-onset macular phenotype, with variation in age at onset (20-78
years) and fundus appearance. Cases 4776 (Figure 4.1A) and 3888 (Figure 4.1B) have a
classic bull’s-eye maculopathy with an incomplete ring of central macular atrophy. Cases
5588 and 5587 (Figure 4.1C), in contrast, have a much larger ring of atrophy located
closer to the temporal arcades. Case GC16591 (Figure 4.1D), like 4476 and 3888, has a
bull’s-eye maculopathy, but there are also changes nasal to the optic disc and a ring of
increased autofluorescence around the posterior pole. For cases 5581 and 5598, no
clinical images were available, but diagnoses of CORD and MD and information

available from notes are consistent with the range of phenotypes described above.

The same deletion was also found in case 3258 (Figure 4.1E), who was diagnosed with
wet age-related macular degeneration (AMD) in the late 60s. The existence of the deletion

in this case may indicate that the patient may have an underlying CRX phenotype that
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progressed to AMD. It could also imply that those who carry this deletion may be more
likely to acquire AMD in the future. However, this patient could have other alleles that
increase susceptibility to AMD. The finding of apparently Mendelian alleles in AMD
patients is not without precedent. A study using whole exome sequencing on a cohort of
218 patients with AMD discovered a pathogenic heterozygous variant in PRPH2 causal
for autosomal central areolar choroidal dystrophy (CACD), as well as enrichment of
heterozygous ABCA4 variants. Additionally, it can be challenging to differentiate
between AMD and AMD-mimicking dystrophies based only on fundus examination.
These observations imply a blurring of the boundaries between the largely Mendelian
inherited retinal dystrophies and the largely polygenic and multifactorial age-related
macular dystrophy. It is evident that a number of IRDs can mimic the AMD phenotype,
which, for example, has in the past led to debate about whether cases with ABCA4 variants
in AMD cohorts were proof that ABCA4 variants contributed to AMD, or rather they were
misdiagnosed cases of late onset Stargardts disease (Stone et al., 1998). Therefore,
genetic screening for AMD patients for variants in a number of IRD genes may be useful
to exclude AMD-mimicking dystrophies (Kersten et al., 2018), and these data presented
in this chapter imply that CRX should be included in such screening.

It was difficult to identify the exact positions of breakpoints in the available NGS data
due to the presence of the repetitive elements on the flanking sequences surrounding the
deletion. Structural variations account for more variations between individuals than SNVs
and are the main cause underlying chromosomal rearrangements (Conrad et al., 2010a,
Sudmant et al., 2015, Sanchis-Juan et al., 2018). Mechanisms giving rise to chromosomal
rearrangements such as the one described here include recombination-based processes
such as nonallelic homologous recombination (NAHR) (Lupski, 1998) and replication-
based processes such as microhomology mediated break-induced replication (MMBIR)
or fork stalling and template switching (FoSTes) (Lee et al., 2007, Zhang et al., 2009).
The repetitive nature of the region around the breakpoint potentially facilitates events
leading to structural variations and makes this region more likely to be a mutational
hotspot. The presence of the block of 5.3 kb SNARs, which contain the Alu repeats
immediately adjacent to the deletion breakpoints, provides a substrate for homologous
recombination events which could lead to either duplication or deletion secondary to an
unequal crossover of genomic sequences (Lupski, 1998). In light of that, large stretches
of homology (294 bp) were identified in the sequences surrounding the breakpoint
junctions, indicating that NAHR is the most likely mechanism by which this deletion

arose.
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Microsatellite genotyping revealed that the deletion was segregating on multiple
haplotype backgrounds, but analysis of SNPs immediately adjacent to the breakpoint
suggests it has arisen only once on a single founder allele. The contrast between the single
haplotype detected by single-nucleotide polymorphisms within 500 bp of the breakpoints
and the multiple haplotypes detected by markers 300 kb proximal (D19S606) and 1 Mb
distal (D19S879) suggests that the deletion arose only once but has existed in the
population for many generations. This is plausible because this adult-onset condition
would not be subject to significant negative selection. The late age at onset may also
explain the apparent lack of a family history in most of these individuals because in most

cases parents were deceased.

Previous versions of next-generation sequencing did not look for deletions, and when
coverage is low, more recent screens may fail to detect heterozygous deletions. The
identification of this variant in seven apparently unrelated families with inherited retinal
disease, the theory that it may have first appeared many generations ago, and the existence
of reports indicating that such an allele might be asymptomatic all together imply that this
may turn out to be a relatively common cause of MD that has been overlooked in current
screening. The PCR test described here will facilitate quick, easy, and inexpensive

screening of large patient cohorts and may lead to the identification of further cases.

Screening population controls did not reveal any further deletion carriers. In 13,096
clinical genetics patients with various inherited nonretinal conditions screened by array
comparative genomic hybridisation (CGH) (Leeds Teaching Hospitals NHS Trust, Leeds,
UK), only 1 case was identified with a deletion encompassing CRX. This deletion spanned
3.4 Mb, and the individual also carried an inversion of chromosome 19. At birth this
individual was found to have exomphalos, urogenital sinus, congenital heart defect,
annular pancreas, ductal aneurysm, and bowel atresia. The UCSC genome browser seems
to show 14 copy number variants deleting the CRX gene. Of these, 2 encompassing a
similar region, nsv1066782 and nssv3573812, were identified in a study of 29,084
patients with developmental disorders (Coe et al., 2014), but precise breakpoints are
unclear. The remaining 12 were identified by array CGH in a comparative screen of 30
normal humans and 30 chimpanzees (Perry et al., 2008), but the same study noted that
copy number variant boundaries were likely to be overestimated with the platform used,

and these findings remain unverified.

In a published response to a paper on these results, Mustafi and Chao noted that the

hypothesis of haploinsufficiency being the most likely explanation for the late-onset
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macular phenotype, is contrary to earlier reports implying that heterozygous loss of
function CRX alleles were asymptomatic carriers (Mustafi and Chao, 2022). They
reviewed a number of published cases where hypomorphic alleles in other IRD genes
were found to be involved in late-onset phenotypes in diseases such as RPGR-associated
RP (Cehajic-Kapetanovic et al., 2020a), RDH12-associated CORD (Wang et al., 2022)
and ABCA4-associated macular degenerative disorders (Zernant et al., 2017). In light of
this, they suggested that the CRX results presented might be better explained if the deleted
allele was paired with a functional hypomorphic allele (biallelic variation) which might
be in non-coding regions, including deep-intronic variants, variants in regulatory regions
(e.g., promotors, enhancers, 5° untranslated region (UTR), 3 UTR, and topologically
associated domains (TADSs)) that had been missed during analyses, making this condition

inherited as a recessive disorder.

The group responded (Inglehearn et al., 2022) by noting that the terms hypomorphic,
modifier or variable penetrance allele are often used more or less interchangeably to
describe the behaviour of alleles with a wide range of frequencies and effect sizes. If, by
a hypomorphic allele, Mustafi and Chao meant a rare allele with an almost Mendelian
effect size, such as the RPGR and RDH12 genes they cited, then this hypothesis can be
theoretically possible. However, the proposed mechanism of haploinsufficiency is far
more likely. This is because no second potential disease-causing allele was identified in
seven cases, including one case for which genome sequence was available (the eighth
AMD case was screened only by breakpoint PCR so an additional variant could not be
ruled out in this case). To be more certain that these variants had not been excluded
through filtering, exomes were re-examined in four cases using a more conservative, non-
stringent filtering strategy. No second variant with a MAF below 1% and CADD score
of > 10 was observed, and neither was any single variant found in multiple cases as in the
RDH12 allele. Furthermore, no two cases shared the same haplotype in the trans allele.
However, this more conservative analysis was not carried out on the cases for which
genome sequence was available due to the need to respond quickly to the correspondence
piece, so intronic, regulatory or other none-coding variants meeting these lower filtering

thresholds cannot be excluded.

On the other hand, if Mustafi and Chao were suggesting the action of a relatively common
hypomorphic allele, such as the ABCA4 (p.Asn1868lle) variant they also cited, which is
found in about 7% of people, then this was entirely possible and could not be excluded.

However, such alleles are probably present in many human genes as part of the pool of
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variation that makes each human individual unique. The action of such alleles is only
possible to detect when studying very large cohorts, and it would be impossible to
demonstrate an impact of such an allele in a small patient cohort such as the one available

in this study.

Given that only exome or targeted sequencing data were available for all but one of the
cases described here, it was not possible to rule out the occurrence of either of these
variant types outside the coding region. Expression/splicing quantitative trait loci (eQTLs
and sQTLs) are one class of non-coding variants that have been shown to modify the
penetrance of coding variants in rare disorders (Castel et al., 2018). Therefore, the GTEXx
portal (GTEX locus browser;
https://gtexportal.org/home/locusBrowserPage/ENSG00000105392.15) was examined
for this type of variant at the CRX gene locus. However, no significant eQTLs/ sQTLs
have been characterised for CRX to date.

Mustafi and Chao also recommended using long read sequencing to identify the non-
coding variants (Miller et al., 2021a). The variants most commonly missed by short-read
sequencing are in fact low complexity regions and complex rearrangements, but the
hypomorphic variant examples mentioned by Mustafi and Chao are single nucleotide
polymorphisms, which are easily detected by conventional short-read sequencing.
Therefore, the difficulty in characterising such variants is not in identifying them but
rather in demonstrating their relevance. Moreover, whole genome sequencing can be of
value in identifying variants in non-coding regions. As well as the UK 100,000 Genome
case (patient GC16591), the sister of patient 4776 was subject to WGS at Edinburgh
Genomics and analysed by Dr Claire Smith. This was analysed in the same way as the
WES, with a similar software pipeline, which admittedly was not designed to detect non-
coding variants. Nevertheless, no candidate second variant was identified, in this or the
UK 100,000 Genome case. However, this data was not included in the paper or shown in
this thesis because the ophthalmologist involved (but not the patient) withdrew his
consent for us to work on this patient. In the response, the group therefore concluded that
the strategy employed in this study is valid, and even though Mustafi and Chao's theory
was considered as a potential alternative explanation, haploinsufficiency remains the

most likely cause of the disease in these patients.

In conclusion, this project has identified a heterozygous deletion of CRX as the cause of
retinal disease in six apparently unrelated families with MD and an individual with wet

AMD, confirming that haploinsufficiency for CRX is pathogenic. The deletion seems
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likely to be a relatively old founder mutation caused by non-allelic homologous
recombination due to Alu sequences at each breakpoint. A PCR assay that will facilitate
the rapid screening of large patient cohorts was also described. Publishing these findings
will help others also examine further cohorts of central retinal dystrophy cases to
determine whether this mutation has been overlooked in previous screens and may
therefore prove to be a relatively common cause of late-onset retinal disease. Further
examination of WGS to determine whether a second predisposing allele exists in these

patients would also be beneficial, but there are no plans to do that at this stage.
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Chapter 5

Screening RPGR-ORF15 on long read sequencing

5.1 Introduction

DNA sequencing approaches have advanced significantly since the landmark report of
Sanger sequencing (Sanger et al., 1977b). Next (Second) generation sequencing has
become the dominant technology for determining a molecular diagnosis in patients with
rare genetic diseases (Lu et al., 2016, Lipworth et al., 2020) due to its capability to deliver
large volumes of highly accurate sequence data at relatively low cost. However, short-
read DNA sequencing has several reported limitations (Van Dijk et al., 2018). Generic
enrichment PCR conditions can lead to non-uniform or absent coverage; de-novo
assembly and haplotype phasing is rarely possible; structural variants can prove difficult
to detect; and the alignment of repetitive regions in short-read sequence data remains
challenging. It is likely that these issues underlie many of the approximately half of cases
with a suspected Mendelian disease that remain undiagnosed following whole-exome

sequencing (Frésard and Montgomery, 2018, Wenger et al., 2019, Miller et al., 2021a)

More recently, third generation single molecule sequencing (TGS) platforms such as the
Sequel and Revio instruments (Pacific Biosciences), in addition to the nanopore range of
devices (Oxford Nanopore Technologies; ONT) were born out of the need for a
technology that could sequence larger reads (>10kb) at a faster rate (Lu et al., 2016,
Wenger et al.,, 2019). This is facilitating the investigation of so-called dark and
camouflaged genomic loci, which have remained refractory to short-read analyses either
due to informatic difficulties (e.g., an inability to determine an unambiguous mapping
position) or wet-laboratory processes that relate to their underlying genomic architecture
(e.g., the high-GC content of some first exons). These studies are increasing our
understanding of the frequency and complexity of structural variants and enabling
improved analysis of challenging genomic regions (Kieleczawa, 2006, Huddleston and
Eichler, 2016, Ebbert et al., 2019, Watson et al., 2021).

Most X-linked RP (XLRP) cases are caused by mutations in the Retinitis Pigmentosa
GTPase Regulator (RPGR; OMIM 312610) gene (Section 1.6.1.3), which accounts for
more than 70% of XLRP-affected families (Vervoort et al., 2000, Breuer et al., 2002).
Mutations in another two genes, Retinitis Pigmentosa 2 (RP2) and Oral-Facial-Digital 1
(OFD1), were also found to cause XLRP (Webb et al., 2012, Lyraki et al., 2018), and
three additional loci, RP6, RP24, and RP34, have been proposed to be associated with
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XLRP (https://web.sph.uth.edu/RetNet/sum-dis.htm#A-genes) (Accessed on January
2023). RPGR localizes within the connecting cilium (CC) of photoreceptors and is
thought to maintain photoreceptors by regulating cilia function. It has been suggested that
RPGR protein plays a role in sorting and trafficking rhodopsin to the outer segment
(Pawlyk et al., 2016, Lyraki et al., 2016, Megaw et al., 2017).

There are several isoforms of the RPGR gene, but RPGR-ORF15 (isoform C; NM
001034853.2) is predominantly expressed in the retina and frequently mutated in RP.
Over 60% of all RPGR mutations are clustered in the unique ORF15 exon at the 3’
terminus of the predominant retinal transcript, which is purine-rich and highly repetitive
and encodes a 567-amino acid protein sequence rich in glutamic acid and glycine residues
(Chiang et al., 2018). It contains a ~900 bp core region that has been identified as a
hotspot for disease-causing variations (Vervoort et al., 2000), the most prevalent of which
are frameshift mutations due to small out of frame deletions/duplications (Neidhardt et
al., 2008, Li et al., 2016a, Tuupanen et al., 2022). The occurrence of these mutations is
thought to be due to the slippage of DNA polymerase in the highly repetitive, purine rich
region (Ball et al., 2005). Furthermore, it has been suggested that super helical tension
caused by the repeats in this region of ORF15 leads to the formation of hairpins and other
complex structures that cause instability and polymerase arrest (Holder et al., 2015, De
Bustos et al., 2016).

The susceptibility of the ORF15 repetitive sequence to instability and polymerase
slippage or arrest are thought to underlie the difficulty researchers experience in
sequencing the ORF15 region of RPGR by Sanger sequencing. Attempts to overcome this
issue have used a range of different mutation detection approaches, including direct
Sanger sequencing (Breuer et al., 2002), cloning the PCR product and then Sanger
sequencing (Zhang et al., 2002, Ebenezer et al., 2005), and direct sequencing of the
repetitive part of RPGR-ORF15 with nested sequencing primers (Bader et al., 2003).

However, these approaches remain technically challenging.

It is also well documented that standard short-read NGS captures the outer edges of the
ORF15 exon but is unable to read through the repetitive ~900 bp central region (Wang et
al., 2014, Huang et al., 2015, Li et al., 2016a, Chiang et al., 2018). An NGS-based
approach has been developed using a de novo assembly pipeline, which reportedly
overcomes the limitations of the traditional pipeline but requires considerable
optimisation to reduce the number of false positive calls (Maggi et al., 2020). WES

requires capture of exons by probe hybridisation, and GC-rich probes may form
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thermostable hairpin loops or other secondary structures which would fail to denature
completely and therefore capture targets less effectively than single copy DNA. PCR
amplification of such sequences, a necessary step during library preparation, may also
create bias. Using WGS, the library preparation for which is PCR-free (though cluster
amplification on the flowcell still requires a bridging PCR step), gives improved coverage
in most GC-rich regions (Pipis et al., 2019) and has been found to perform better than
WES (Nash et al., 2022),. However, this is not the case for ORF15 (Figure 5.1). This may
be due to the repetitive nature of the region, together with the presence of common

polymorphic indels, making it difficult to align the sequence.

Per-base mean

depth of coverage |

LGR4 exon 1

Per-base mean
depth of coverage

RPGR exon ORF15

Figure 5.1: Read depth plots generated using data from gnomAD, comparing the mean
depth of coverage between WGS (green) and WES (blue) for two GC-rich regions. A. WGS
gives good depth of coverage for exon 1 of the LGR4 gene, while WES gives at best poor coverage
and at worst no reads at all over much of the region. B. Poor depth of coverage is generated over
the ORF15 exon of the RPGR gene by both WGS and WES.

A scalable, high-throughput, reliable approach is therefore required to screen this exon.
The primary aim of the work described in this chapter was to determine whether either of
the two long-read sequencing methods available in the NGS facility (St. James’s
University Hospital, Leeds, UK) was more effective than conventional Illumina short-
read sequencing for mutation screening in RPGR-ORF15. As a secondary aim, we also

sought to compare two platforms to see which was the more reliable and cost-effective
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approach. Nanopore sequencing (Flongle and MinlON; Oxford Nanopore Technology,
ONT) and PacBio single molecule real time (SMRT) sequencing were assessed as a
screening strategy for the identification of pathogenic mutations in RPGR-ORF15 in

PCR-amplified ORF15 DNA samples from 218 individuals with various retinal diseases.

The 218 DNA samples screened were from affected males, as well as carrier females,
from families with clinical diagnoses of IRD, the majority of whom had RP with a
probable or possible X-linked inheritance pattern. Carrier females were tested in this
investigation because it has been documented that female carriers of X-linked RP exhibit
variable disease expression, ranging from moderate (Chivers et al., 2021) to severe ocular
symptoms (Nanda et al., 2018). Cases with central retinal dystrophies were also included
because it is well documented that variants in RPGR-ORF15 can also cause cone or cone
rod dystrophy, and macular degenerative disorders in addition to RP (Ayyagari et al.,
2002, Ebenezer et al., 2005, Wang et al., 2021, Hadalin et al., 2021). Some of these cases
had been tested previously using different screening methods such as MIPs, whole exome
or clinical exome sequencing but remained unsolved as screening began. Others had no
prior testing. A third group were known carriers of ORF15 pathogenic variants identified
in prior screening, and these were included as positive control samples to validate this
method. These included two males with ¢.3334C>T; p.(Glul112Ter), three females and
one male with ¢.2405 2406delAG; p.(Glu802Glyfs*32), two males with
€.2426 2427delAG; p.(Glu809Glyfs*25), and one male with ¢.2236_2237delGA,;
p.(Glu746Argfs*23). Finally, 27 samples from unaffected male controls were also
examined to assess population variation. All sequence variants are numbered based on
transcript NM_001034853.2. A breakdown of the categories of all individuals screened
is shown in Table 5.1, and clinical details for all the individuals included in this study can

be found in Appendix D.1.
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Category Gender
Male Female
Unsolved peripheral 96 40

retinopathy

Unsolved central 37 36
retinopathy

Known variant 6 3
carriers
Controls 27

Table 5.1: A breakdown of the categories of all individuals screened for ORF15 pathogenic
variants. The four categories of 218 cases and 27 controls screened on either PacBio or nanopore
sequencing or both platforms, for ORF15 pathogenic variants are shown. The number of the

samples in each category is displayed.

For PacBio sequencing, one-step high fidelity PCR using barcoded primers was
performed to produce ORF15 amplimers (Section 2.4.3.1). The library preparation was
performed at the University of Leeds in-house sequencing facility based at St. James’s
University Hospital, following the steps detailed in Section 2.14.1.1, and the libraries

were then sequenced on a PacBio Sequel platform.

For nanopore sequencing, two PCR reactions were performed to generate ORF15
amplification products. A first pre-indexing PCR was performed as detailed in Section
2.4.3.2, and a second indexing PCR was carried out to incorporate the unique indexes on
a per-sample basis (Section 2.4.3.3). Based on the flow cell used, ligation-based library
preparation was carried out by the author, and the samples were sequenced on either
MinlON (2.14.2.1) or Flongle (Section 2.14.2.4) flow cells.
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5.2 Results

5.2.1 Screening RPGR-ORF15 by SMRT PacBio sequencing

In this section, SMRT PacBio sequencing was used to screen 216 of the cases described
in Table 5.1, of which 207 unsolved cases, nine known variant carriers, in addition to all

27 of the controls. These are broken down to their various categories in Table 5.2.

Category Gender
Male Female
Unsolved peripheral 94 40

retinopathy

Unsolved central 37 36
retinopathy

Known variant 6 3
carriers
Controls 27

Table 5.2: A breakdown of the categories of individuals screened on PacBio sequencing for
ORF15 pathogenic variants. The four categories of 216 cases and 27 controls are shown and the

number of the samples in each category is displayed.

5.2.1.1 PCR assay and barcoding

To sequence the entire ORF15 region, a specific primer pair (MA_ORF15 F2 and
MA_ORF15_R) (Appendix D.2) were designed by Dr James Poulter (Leeds Institute of
Medical Research, University of Leeds, St James’s University Hospital, Leeds, UK) in
the adjacent DNA sequence using primer 3. These primers amplified under the PCR
conditions described in Appendix D.2.1, using the Phusion high fidelity DNA polymerase
kit, but proved unreliable when tested on control DNA samples. Several technical
variations were tried to optimise the PCR conditions, including trying different annealing
temperatures (e.g., touchdown 70265, 67>60, 67>63, 67°C and 65°C), increasing
thermal cycle repeats, and using additives such as DMSO (3%) and MgCl.. PCR
conditions were optimised for these primers to generate a ~1.8 kb amplicon spanning the
entire 1.7 kb of ORF15 (Figure 5.2A).
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One run on a PacBio sequencer, performed by the University of Leeds in-house
sequencing facility, cost £1160, but was expected to give a read depth far in excess of
that required for a single sample. Unlike the nanopore sequencing technology, no smaller
device was available giving fewer reads at reduced cost. It was therefore necessary to
design a new set of primers utilising the above primer pair with a number of barcodes
attached to allow demultiplexing of pooled samples, in order to make PacBio analysis
more cost-effective. Amplification using these barcoded primers was performed in a two-
stage PCR. First, ORF15 was amplified using the non-barcoded primer pair
(MA_ORF15 F2 and MA_ORF15_R) as described above, then the PCR product was re-
amplified for a further 35 cycles under the same conditions (Appendix D.2.1) using
different combinations of barcoded primers (Appendix D.2.2). However, this led to the

amplification of multiple bands of unknown origin (Figure 5.2B).

|
-

Figure 5.2: PCR analysis of samples screened for RPGR-ORF15 pathogenic variants. A.
Agarose gel electrophoresis (1.5%) of the PCR amplification product for ORF15 (~1.8 kb;
marked by arrow) of primers MA_ORF15 F2 and MA_ORF15 R. First lane shows Bioline
EasyLadderl size marker (100, 250, 500, 1000, and 2000) bp. Each well displays ORF15 PCR
products from different DNA samples except for the last well which contains a negative control
(No DNA). B. Agarose gel electrophoresis (1.5%) of the PCR products for ORF15 using different
barcoded primer combinations of primer pair MA_ORF15_F2 and MA_ORF15_R. The product
size is ~1.8 kb. The first lane shows Bioline EasyLadderl size marker (100, 250, 500, 1000, and
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2000) bp. Each well is loaded with PCR products from a different DNA sample amplified with a

unique primer combination. Multiple bands of incorrect size and unknown origin can be seen.

To eliminate these bands, a troubleshooting process was applied including, carrying out
the PCR using the barcoded primer directly on the genomic DNA; diluting the PCR
product of the first PCR at 1:10 and at 1:20, then doing the second PCR with barcoded
primers on the diluted products; ExoSAP-IT was used on the first PCR product then re-
PCR with the barcoded primer; finally, an AMPure beads clean-up of the second PCR
product with the barcoded primers was done. However, none of these attempts eliminated

these additional bands of incorrect sizes.

The set of barcoded primers had been designed with additional 5 bp sequences on them
known as padding sequences, added to address concern about unequal ligation
efficiencies. It was thought that these padding sequences may be causing these multiple
bands because they may have the potential to allow the ends to hybridise and form a
circular DNA molecule, or to link up and concatemerize into double or treble circles.
These circles would then run on the gel as open or closed circles rather than linear DNA

molecules, giving the different band sizes seen.

Since the first primer pair (MA_ORF15 F2 and MA_ORF15 R) had worked only
intermittently, another set of primer pairs without barcodes were designed and ordered
(MA_ORF15 F3, MA_ORF15 R3 and MA_ORF15 F4, MA_ORF15 R4, see
Appendix D.3). Different primer combinations (F3/R3, F3/R4, F4/R4, and F4/R3) were
optimised by trying to use different buffers (GC or HF buffers supplied by the Phusion
high fidelity polymerase kit manufacturers), adding DMSO at 3%, and applying different
thermal conditions (touchdown 63°C—>61°C, 65°C—>63°C, and 67°C—>65°C) and cycles
(25 and 30 cycles) (Appendix D.3.1). The most reliable primer pair proved to be
MA_ORF15_F3 and MA_ORF15_R4. Further optimisation steps were applied until the
most accurate and reliable conditions were achieved (described in Section 2.4.3.1). The
validity of these conditions was assessed on several samples using the non-barcoded
primer pair MA_ORF15 F3 and MA_ORF15 R4 to confirm that this produces a 2.272
kb amplicon encompassing the whole ORF15 region in all samples.

A total of 48 PacBio barcodes (16 bp each) were added to the primer set MA_ORF15 F3
and MA_ORF15_ R4 and used to generate different combinations of barcoded samples.

This time the 5 bp padding sequences were not included. This experiment was then
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repeated in the same way as described previously, by attempting to re-PCR from the
previous PCR product in order to add barcodes on, using the same PCR conditions
(Section 2.4.3.1). Again, multiple bands of incorrect size were observed. It was then
decided to try PCR amplifying with the barcoded primers MA_ORF15 F3 and
MA_ORF15 R4 directly from genomic DNA to generate amplicons of barcoded
samples. The optimum option was to use the barcoded primer pair MA_ORF15 F3 and
MA_ORF15_R4 applying the conditions in Section 2.4.3.1. Different combinations of
barcoded primers were tested by PCR amplifying directly from one control genomic DNA
to ensure this approach gave the correct band size and to decide which combinations work
best. The successful combinations of barcoded primers were then used to amplify the
ORF15 region in all samples (Figure 5.3). The sequences of barcoded primers are listed
in Appendix D.3.2.

Figure 5.3: PCR analysis of samples screened for RPGR-ORF15 pathogenic variants.
Agarose gel electrophoresis (1.5%) of the PCR products for ORF15 using four different barcoded
primer combinations of primer pair MA_ORF15_F3 and MA_ORF15_R4. The product size is
2.272 kb. Lane 1 =Bioline EasyLadderl size marker (100, 250, 500, 1000, and 2000) bp. Brackets
2, 3, 4, and 5 represent four different primer pair combinations. For each primer pair combination,
the first well shows the PCR product from the patient’s DNA sample, the second well shows the

PCR product from a positive control and the last well shows a no DNA control.

5.2.1.2 Testing of 46 cases and 27 controls

To test the effectiveness of this approach, 46 DNA samples from patients with peripheral
retinopathy and central retinopathy, selected from the larger set described in Section
5.2.1, were screened for disease causative variants in RPGR-ORF15. Nine of these were
the set of controls with previously known ORF15 pathogenic variants, included as
positive controls. The remaining 37 were unsolved at the time of screening. Finally, the
27 unaffected individuals were included as controls to show the range of polymorphic

variation in ORF15 in the population.
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A 2.272 kb amplicon was generated from each of these samples using a unique
combination of barcode attached to primer pair MA_ORF15 F3and MA_ORF15 R4, as
described in Section 2.4.3.1, then samples were pooled and sent to the University of Leeds
in-house sequencing facility based at St. James’s University Hospital. The library was
prepared by Mrs. Morag Raynor in the sequencing facility, as detailed in Section 2.14.1.1,
and the samples were processed into SMRThbell complexes which were then loaded into
the PacBio Sequel platform. The Sequel platform was run for 10 hours using the SMRT
Link software
(https://downloads.pacbcloud.com/public/software/installers/smrtlink_10.2.1.143962.zi

p). The output files were analysed by Dr lan Carr in the Leeds Institute of Medical
Research, University of Leeds, as outlined in Section 2.14.1.2. Text files containing 100
alignments randomly selected from a larger multiple sequence alignment, composed of
sequences with a quality score of greater than Q20 for 99.5% of positions, were visually
inspected. This analysis confirmed that the PacBio sequencing platform is capable of

reading across the ORF15 region.

The sequence output confirmed the existence of all previously identified variants in the
nine samples with RP included as positive controls. In addition, two previously reported
pathogenic variants were identified in two new cases with RP, ¢.2323 2324delAG;
p.(Arg775Glufs*59) (Carss et al., 2017, Beigi et al., 2021) (ClinVar accession number:
VCV000438144.18) in case 3219 (Figure 5.4) and c.2041 2042delAA;
p.(Lys681Glyfs*2) (ClinVar accession number: VCV000865836.2) in case 3685.The
presence of these variants was confirmed on nanopore long read sequencing using
MinION flow cell. 27 unaffected male controls were also tested to determine the degree
of the normal variations in RPGR-ORF15 in the normal population. No pathogenic
mutations were identified in these control samples or in the eleven obligate negative cases
solved for variants in other IRD genes during this study; however, benign single
nucleotide variants and in-frame deletions and duplications were detected. Twelve of
these control samples with benign variants were also rerun on a MinlON to confirm the

variants observed.

Full details of all cases and controls screened and variants found are given in Appendix
D.1.
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Reference  GGAGGGAGAACGTGAAAAGGAGGAAGGAGAGAGGAAAAAGG
GGAGGGAGAACGTGAAAAGGAGGAAGGAGAG [AARAAGG
GGAGGGAGAACGTGAAAAGGAGGAAGGAGA( CAAAARAGG
GGAGGGAGAACGTGAARAGGAGGAAGGAGAG [AARAAGG
GGAGGGAGAACGTGAAAAGGAGGAAGGAGAG [AARAAGG
GGAGGGAGAACGTGAARAGGAGAAGGGAGAG [AARAAGG
GGAGGGAGAACGTGAARAGGAGGAAGGAGAG [AARAAGG

Representative GGAGGGAGAACGTGAAAAGGAGGAAGGAGAG GAAAAAGG| €.2323_2324delAG

: GGAGGGAGAACGTGAAAAGGAGGAAGGAGAG [AAAAAGG| p.(Arg775Glufs*59)
SMRT-PacBio - GGAGGGAGAACGTGAAAAGGAGGAAGGAGAG [AAAAAGG
sequences GGAGGGAGAACGTGAAAAGGAGGAAGGAGAG [AARAAGG
GGAGGGAGAACGTGAARAGGAGGAAGGAGAG [AARAAGG
GGAGGGAGAACGTGAAAAGGAGGAAGGAGAG [AARAAGG
GGAGGGAGAACGTGAAAAGGAGGAAGGAGAG [AAAAAGG

GGAGGGAGAACGTGAAAAGGAGGAAGGAGAG [AAAAAGG
GGAGGGAGAACGTGAAAAGGAGGAAGGAGAG [AAARAGG
GGAGGGAGAACGTGAAAAGGAGGAAGGAGA( CAAAAAGG
GGAGGGAGAACGTGAAAAGGAGGAAGGAGAG [AAAAAGG
GGAGGGAGAACGTGAAAAGGAGGAAGGAGAG [AAAAAGG
GGAGGGAGAACGTGAAAAGGAGGAAGGAGA( CAAAAAGG
A GGAGGGAGAACGTGAAAAGGAGGAAGGAGAG [AAAAAGG
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Figure 5.4: Sequencing RPGR-ORF15 on two different long-read sequencing platforms. A.
Long-read sequencing alignment at the RPGR-ORF15 locus produced from a 2.272 kb amplimer
using PacBio Sequel instrument, showing the first 20 reads out of 100 alignments randomly
selected from a larger multiple sequence alignment, composed of sequences with a quality score
of greater than Q20 for 99.5% of positions. The sequence shows a hemizygous two base-pair
deletion (c.2323_2324delAG (NM_001034853.2), p.(Arg775Glufs*59)) in a male patient with
RP (3219, identified in this study). B. Long-read sequencing alignment at the RPGR-ORF15 locus
generated from a 1.919 kb amplimer using a nanopore MinlON sequencer, confirming the
absence of the two base-pair sequence at the same location (ChrX:38145933 38145934delCT
(hg19)) in patient 3219.
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5.2.1.3 Scale up and screening of an additional 170 cases

Using this same approach, an additional 170 cases were examined to screen for putative
disease-causing variants in RPGR-ORF15, bringing the total number screened by PacBio
to 216, as detailed in Table 5.2. These included 64 males and 38 females with peripheral

retinopathy and 32 males and 36 females with central retinopathy.

Among 102 DNA samples from patients with peripheral retinopathy who were negative
in previous testing or had not previously been tested, three potential frameshift pathogenic
variants were identified in one male (3558) and three females (3606, 4686, and 5228);
€.2488delG, p.(Glu830Argfs*259);; ¢.2608 2609insG, p.(Glu870Glyfs*209), and
C.2764delG, p.(Glu922Argfs*167). These variants were all located in the centre of the
highly repetitive region of ORF15, are predicted to be likely pathogenic by the Franklin
(Section 2.13.4.6) database and are not present in the databases doSNP, gnomAD, and
ClinVar. However, it is good practise in genetic screening, even in a research setting, to
verify potential pathogenic variants by a second means, to exclude false positives and
reduce the likelihood of sample mix up. Screening these samples by nanopore sequencing
(Flongle) is therefore needed to confirm the authenticity of the detected variants and to
evaluate this method’s sensitivity and specificity. In the remaining 68 patients with
central dystrophies, two males (5225 and 5251) were found to carry the variant
€.2608_2609insG, p.(Glu870Glyfs*209). Two further frameshift variants, c.2971delG,
p.(Glu991Lysfs*98) (in case 5867) and ¢.3317delA, p.(Lys1106Serfs*25) (in cases 4659
and 5242), were detected in patients with peripheral retinopathy. However, the read
percentage of the mutant allele was much lower than the predicted 50% (in females) and
100% (in males), therefore they were considered to be less likely to be pathogenic and
less likely to be disease-causing variants (Table 5.3). This also needs to be confirmed by

nanopore sequencing.
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PATIENT ID GENDER  CLINICAL NUCLEOTIDE PROTEIN CHANGE CATEGORY VALIDATED
DIAGNOSIS CHANGE ON MINION?
(NM_001034853.2)
135 M X-linked RP €.2426_2427delAG p.(Glu809Glyfs*25) Known control Yes
749 F X-linked RP €.2405_2406delAG p.(Glu802Glyfs*32) Known control Yes
752 F X-linked RP €.2405_2406delAG p.(Glu802Glyfs*32) Known control Yes
753 M X-linked RP €.2405_2406delAG p.(Glu802Glyfs*32) Known control Yes
1475 M RP €.2236_2237delGA p.(Glu746Argfs*23) Known control No
1487 F X-linked RP €.2405_2406delAG p.(Glu802Glyfs*32) Known control Yes
3219 M X-linked RP €.2323 2324delAG p.(Arg775Glufs*59) Unsolved case Yes
3558 M AR-RP €.2488delG p.(Glu830Argfs*259) Unsolved case No
3606 F AR-RP €.2608_2609insG p.(Glu870Glyfs*209) Unsolved case No
3685 M X-linked RP €.2041_2042delAA p. (Lys681Glyfs*2) Unsolved case Yes
4659 F AD-RP c.3317delA p.(Lys1106Serfs*25) Unsolved case No
4686 F Multiplex RP €.2608_2609insG p.(Glu870Glyfs*209) Unsolved case No
5156 M X-linked MD €.3334 C>T p.(GIn1112%) Known control Yes
5225 M AR bull’s eye €.2608_2609insG p.(Glu870Glyfs*209) Unsolved case No
maculopathy
5228 F Multiplex RP €.2764delG p.(Glu922Argfs*167) Unsolved case No
5242 F AR? Severe RP c.3317delA p.(Lys1106Serfs*25) Unsolved case No
5251 M Cone dystrophy €.2608_2609insG p.(Glu870Glyfs*209) Unsolved case No
5257 M X-linked RP €.3334 C>T p.(GIn1112*) Known control Yes
5586 M RP €.2426_2427delAG p.(Glu809GIyfs*25) Known control Yes
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5867 M €.2971delG p.(Glu991Lysfs*98) Unsolved case No

Unusual peripheral
retinal degeneration,
LD, obesity

Table 5.3: Summary of pathogenic variants identified in RPGR-ORF15 using PacBio sequencer. This table details all the pathogenic variants identified
across all four runs on PacBio sequencer. M = male, F = female, RP= Retinitis pigmentosa, MD = Macular dystrophy, AR= Autosomal recessive, AD=

Autosomal dominant.
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5.2.1.4 SNVs and in frame deletions and duplications

In both patients and controls, a large number of benign single nucleotide variants (SNVs)
and in-frame deletion/duplication variants (indels) have been found. The number of indels
varies from zero to nine in each individual, and some of these indels were also found in
healthy controls. These in-frame variants were classified as benign, likely benign, or
variants of uncertain significance (VUS). In this cohort, the frequency of in-frame
deletions and duplications was 48% (104/216) in the patient group whereas in the control
group it was 33% (9/27). In this small study, there is therefore no significant difference
in the frequency of in-frame indels between patient and control cohorts. However, in a
previous study the number of in-frame indels was approximately two times higher in
patients than in controls (Li et al., 2016a). Some of the identified benign SNVs and in-
frame deletions and duplications noted in this study are the same benign variants reported
previously (Shu et al., 2008, Li et al., 2016a). They were also observed in both cases and
controls on MinlON sequencing. The identified SNPs and indels in both cases and

controls are listed in Appendix D.4.

5.2.2 Screening RPGR-ORF15 by Nanopore sequencing

In this section, Nanopore sequencing was used to screen 54 samples, of which 35 were
unsolved cases, seven known variant carriers, and 12 controls. All but two are drawn from
samples screened by PacBio (Table 5.2). These are broken down to their various

categories in Table 5.4.

Category Gender

Male Female
Unsolved peripheral 30 1
retinopathy
Unsolved central 4

retinopathy

Known variant 5 2
carriers
Controls 12

Table 5.4: A breakdown of the categories of individuals screened on nanopore sequencing,
for ORF15 pathogenic variants. The four categories of 42 cases and 12 controls are shown and

the number of the samples in each category is displayed.
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5.2.2.1 PCR assay and barcoding

For nanopore long-read sequencing on both Flongle and MinlON flow cells, ORF15 was
amplified using the PacBio non-barcoded primers MA_ORF15 F3 and MA_ORF15 R4
that worked previously. To pool the samples, primers were tailed with nanopore universal
sequencing tags to facilitate attachment of nanopore indexes for demultiplexing. These
primers were amplified using the Phusion high fidelity DNA polymerase kit under the
same PCR conditions used in the PacBio method (outlined in Section 2.4.3.1). However,

they proved to be unreliable when tested on control DNA samples.

To optimize the PCR conditions, a range of technical changes were made. Various
annealing temperatures were tried (at 70°C, touchdown 70°C -67°C, and 70°C -65°C),
as well as use of the additive DMSO (3%) with either GC or HF buffer (supplied by the
Phusion high fidelity polymerase kit manufacturers). None of these attempts worked, so
another set of primers (MinORF15 F1, MIinORF15 R1, MIinORF15 F2,
MinORF15 R2, MIinORF15 F3, MInORF15 R3, MInORF15 F4, MinORF15 R4,
MinORF15_F5, MinORF15_R5, MinORF15 _F6, MinORF15 R6, MinORF15 F7,
MinORF15 R7, MinORF15 F8, MInORF15 R8, MInORF15 F9, MinORF15 R9,
MinORF15_F10, MinORF15 F11) tailed with the universal sequencing tags were
designed and ordered. Different primer combinations were optimised by trying different
buffers (GC or HF buffer), and different annealing temperatures (65°C and 63°C) with
and without adding DMSO at 3%. All primers sequences are listed in Appendix D.5.

MinORF15_F9 and MinORF15_R5 were found to be the most reliable primer pair, and
the most accurate PCR conditions are described in Section 2.4.3.2 (Pre-indexing PCR
protocol). Using the primer pair MinORF15_F9 and MinORF15_R5, the validity of these
conditions was examined in several samples, and it was determined that all samples

generated a 1.919 kb amplicon containing the whole ORF15 region (Figure 5.5).

To sequence multiple samples in a single flow cell, an indexing PCR using Long Amp
Taq 2X master mix (Section 2.4.3.3) was performed. The pre-indexed PCR amplification
products were cleaned up using AxyPrep paramagnetic beads (Section 2.8) then
quantified by Qubit fluorometer (Section 2.3.1). Molarity was calculated using the
NEBiocalculator and the unique indexing barcodes (EXP-PBC096; ONT) were added to

the samples before pooling them in equimolar quantities for library preparation.
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Figure 5.5: PCR analysis of samples screened for RPGR-ORF15 pathogenic variants.
Agarose gel electrophoresis (1.5%) of the pre-indexed PCR amplification products for ORF15
(~1.9 kb; marked by arrow) of primers MinORF15_F9 and MinORF15_R5. First lane shows
Bioline EasyLadderl size marker (100, 250, 500, 1000, and 2000) bp. Lanes 2, 3, 4, 5, and 6
display ORF15 PCR products from five different DNA samples. Lane 7 is a negative control (No
DNA).

5.2.2.2 Testing the method by screening 5 samples on Flongle

Applying the pre-indexing PCR protocol (Section 2.4.3.2), the genomic DNA from five
males (laboratory sample numbers 3217, 3239, 3439, 5231, 5586) with RP was amplified
using Phusion high fidelity DNA polymerase and the primer pair MinORF15_F9 and
MinORF15_R5 tailed with nanopore universal sequencing tags to generate a 1.919 kb
fragment containing ORF15.

One male patient with RP (5586) was known to be hemizygous for the RPGR-ORF15
pathogenic variant ¢.2426_2427delAG, p.(Glu809Glyfs*25) and was included as a
positive control. The remaining four were males with RP who remained unsolved
following previous analysis of targeted or exome enriched NGS datasets. As stated above
(Section 5.1), conventional short-read NGS approaches perform poorly when they are
used to sequence this exon (Wang et al., 2014, Huang et al., 2015, Li et al., 2016a, Chiang
etal., 2018). Figure 5.6A shows an example of a short-read alignment at the ORF15 locus
that was produced using a HiSeq3000 (Illumina, Inc.). While there is sufficient read depth
and coverage at the extremities of the ORF15 exon, there are no alignments spanning the

central ~900 bp repetitive region.

Ligation-based library preparation was performed on ORF15 amplification products, and
the flow cell was prepared as described in Section 2.14.2.4. 3-20 fmol of each library was

loaded on individual Flongle flow cells and the sequencing was run for 24 hours. The
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output data was analysed as detailed in Section 2.14.2.5 and the resultant bam files were
visualised using the IGV (Section 2.13.5).

Visual examination of the aligned sequence reads confirmed that the nanopore workflow
is capable of generating full-length RPGR-ORF15 sequences. Unique sequences flanking
the repeat enabled the long reads to be anchored to the target locus, generating sufficient
read coverage across the highly repetitive ORF15 sequence to enable mutation detection.
Identification of the previously reported ORF15 pathogenic variant c.2426_2427delAG,
p.(Glu809Glyfs*25) is demonstrated in Figure 5.6B. No pathogenic or likely pathogenic
variants were observed in the remaining four individuals. Run yields obtained were
between 9 and 56 Mb, corresponding to read counts of between 6.41K and 34.04K, as
detailed in Table 5.5. The ¢.2426_2427delAG variant was confirmed using Sanger
sequencing by the Manchester reference laboratory (Northwest Genomic Laboratory
Hub, Manchester centre for genomic medicine, St Mary’s Hospital, Manchester, UK)
(Section 2.15) (Figure 5.6C).

Sample ID Runnumber Loading concentration Run yield Read counts
3217 | 1 11.50 fmol 55.65 Mb 34.04 K
5231 | 2 20.00 fmol 29.21 Mb 23.02K
3239 | 3 10.45 fmol 17.57 Mb 17.14 K
3439 | 4 20.00 fmol 8.85 Mb 6.41 K
5586 | 5 22.27 fmol 36.50 Mb 31.96 K

Table 5.5: Flongle Run metrics for RPGR-ORF15 amplicon in five samples.
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Figure 5.6: Sequencing RPGR-ORF15. A. Short-read next generation sequencing at the RPGR-
ORF15 locus. Hybridisation capture enrichment was performed prior to sequencing on an
Illumina HiSeq 3000. Aligned sequence reads were viewed using the Integrative Genomic Viewer
(IGV). There is an absence of mapped reads across the central region. B. Long-read sequencing
alignment at the RPGR-ORF15 locus generated from a 1.919 kb amplimer using a nanopore
Flongle sequencer. Read depth is consistent throughout the ORF15 exon and male RP patient
5586 (a known control) is seen to be hemizygous for the two base-pair deletion
(NM_001034853.2) €.2426_2427delAG, p.(Glu809GIyfs*25) (ChrX:
38145827 _38145828delCT (hgl9). C. Sanger sequencing electropherogram generated by the

Manchester Reference Laboratory confirms the deletion of a two base-pair sequence at the dashed
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vertical line. This analysis was carried out as described in Section 2.15 by NHS diagnostic

laboratory staff.

The hemizygous mutation (c.2426 2427delAG, p.(Glu809Glyfs*25)) should account for
100% of reads, as this is a male patient, but appears heterozygous when zoomed in on
IGV in Figure 5.6B. However, close examination of the cumulative read count plot
reveals that this is actually a function of the basecaller, which designates the deleted bases
as different bases in different reads even though the variant is the same in all, rather than
the aligner. This gives the appearance of a variable deletion rather than a clean 2 bp
deletion (Figure 5.7).

ChrX:38,145,827 ChrX:38,145,828
Total deleted: 40 Total deleted: 37
Total non deleted: 71 Total non deleted: 74
Zoom in 0-180x \ /
Cumulative
read depth /
- - ChrX:38,145,825 = == I
= = - _| Total deleted: 60 L = .
Alllong-read |~ B Total non deleted: 51 — | ChrX:38,145,826 |
sequences = — . — — =— Total deleted: 100
. — | Total non deleted: 11
TCTCTCCTTTCCCCTCCTCTACTTCCCCTCCCTCTACTTCCCCTCCCTCCTCTTTTTCCTCCCCTCTCCCCTCTGT
E G K [4 ) 3 V 3 [4 E vV 3 [4 G E E [3 E 3 R 3 T
RPGR-ORF15
< << << <<<K<<K<<K<<K<K<K<<K<<K<ORF1I5<<<<<<<<<<<<K<<K<<KL<<KL
(NM_001034853.2)

Figure 5.7: Zoom in IGV view in patient 5586 (Figure 5.6B). Zoom in IGV view of the
hemizygous 2 bp deletion in patient 5586 (Figure 5.6B), (NM_001034853.2) c.2426 _2427del AG,
p.(Glu809GIyfs*25) (ChrX: 38145827 38145828delCT (hgl9), showing the total deleted and

non-deleted reads.

While Flongle sequencing of ORF15 was successful, yields were between 1 and 5% of
the conservatively anticipated 1 Gb sequencer-output. Furthermore, it was evident from
cumulative read traces that, by contrast with a normal Flongle sequencing run, throughput
from the flow cell after loading the ORF15 amplimer slowed rapidly, within minutes.

Figure 5.8A shows the cumulative read trace of a sequencing run targeting a non-
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repetitive region spanning 11.5 kb of the ALMS1 gene, with no known difficulty for
conventional DNA sequence analysis. A proportion of pores remained open and able to
generate significant numbers of new reads after 24 hours (Figure 5.8B). In contrast, when
the ORF15 amplimer was sequenced, the cumulative read count plateaued within the first
hour (Figure 5.8C) and pore availability declined rapidly within 35 minutes of loading
(Figure 5.8D).

Several post-amplification clean-up protocols were investigated to determine whether
contaminants were blocking the pores. These included post PCR clean-ups using AMPure
XP beads, manual gel extraction of the PCR product and automated separation using the
Pippin Prep System (Sage Science, Beverly, MA, USA). These protocols in addition to
the re-sequencing were carried out by Dr Christopher Watson, Northeast and Yorkshire
Genomic Laboratory Hub, Central Lab, St. James's University Hospital, Leeds, UK.
However, no improvement was obtained (data not shown). We therefore hypothesised
that the reduced throughput of the ORF15 amplimer may be a consequence of the
formation of secondary structures within the repetitive ORF15 sequence such that these
structures then progressively blocked the flow cell pores until no further reads could be

generated.

5.2.2.3 Use of a nuclease wash Kit to improve yield

To explore the hypothesis that the formation of secondary structures within the repetitive
ORF15 sequence may be the cause of the reduced throughput, a flow cell wash kit
(WSHO003, ONT) containing DNase | was used. Wash kits are intended to facilitate reuse
of MinION flow cells by digesting, and therefore removing, any residual DNA from the
flow cell pores before a different library is loaded. We hypothesised that application of a
nuclease wash treatment would clear the pores and allow reloading of a further aliquot of
the same ORF15 library; thereby increasing yield and cumulative read count at the target
locus. However, the nuclease wash can only be used on the MinlON flow cell, not the
lower-throughput Flongle, because opening and resecuring the Flongle flow cell cover is
not a procedure supported by ONT. At this point, experiments were therefore switched to

use MinlON flow cells.

Ligation-based library preparation was performed on ORF15 amplification products from
the same five samples mentioned above as per Section 2.14.2.1 to test the method, and
the MinlON flow cell was prepared as described in Section 2.14.2.2. 50 fmol of the library
was loaded on a MinlON flow cell and the sequencing was run for 72 hours. The output
data was analysed as described in Section 2.14.2.5. Reads with a length of 1700-2000 bp
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and a quality score of 18 were retained, and the resulting bam files were visualised using
the IGV (Section 2.13.5).

An expected rapid decline in the cumulative read count (Figure 5.8E) and pore availability
(Figure 5.8F), over a period of 2-3 hours was observed. Use of the DNase | wash kit
(Section 2.14.2.3) led to an immediate rebound in cumulative read output and pore
availability, but this declined within a similar timeframe, requiring a further DNase |
nuclease treatment. The resultant output, though still well below the manufacturer’s

expected yield, was considerably increased as a result of washing and reloading.

To establish the likely limit of the rewashing protocol, multiple aliquots of an ORF15
amplimer library from twelve indexed samples were sequenced on a single MinlON flow
cell over a period of three days, washing and reloading nine times. A cumulative read
count trace and pore availability plot for this run are shown in Figures 5.8G and H
respectively. Pore availability continued to rebound after each wash but declined over the
course of the run until little benefit was gained from further reloading. Although long-
range PCR target enrichment has been used in other studies (Chiang et al., 2018),

combining it with the wash kit and long-read nanopore sequencing is a novel approach.
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Figure 5.8: Cumulative read counts and pore availability plots for Flongle and MinION
long-read sequencing of RPGR-ORF15, with and without the use of a flow cell wash kit. A.
Cumulative read count plot for Flongle sequencing of an 11.5 kb PCR amplimer containing the
ALMS1 gene. B. Pore availability over time for the Flongle run plotted in A. The plot shows that
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pores were available over a 24-hour period, with a slow decline over that time. C. Cumulative
read count plot for Flongle sequencing of a 1.9 kb PCR amplimer containing RPGR-ORF15. Pore
availability dropped rapidly within the first hour and reads produced declined to almost none
within three hours. D. Pore availability for the Flongle run shown in C, demonstrating that pores
rapidly became “unavailable” over the first hour of sequencing, resulting in a dramatic decrease
in data acquisition. E. Cumulative read count plot for MinlON sequencing of the same RPGR-
ORF15-containing amplimer in five pooled, tagged samples, with application of flow cell wash
buffer after 3 and 24 hours. After each wash, the rate at which reads were acquired recovered to
near the original starting rate, then rapidly declined again over the first hour. As a result,
throughput was more than doubled from the point of the first wash. F. Pore availability for the
MinION run plotted in E, with two wash treatments. After washing, pores recovered from
“unavailable” to the “single pore” state, increasing the rate of data acquisition, though they then
rapidly dropped over the next hour. G. Cumulative read count plot for MinlON sequencing of the
RPGR-ORF15 amplicon in 12 pooled samples, with nine washing steps over a two-day period.
Throughput rebounds after every washing step but this effect declines progressively over the
course of the run. H. Pore availability for the MinlON sequencing run of exon ORF15 plotted in
G, which included nine treatments to reactivate the pores. After every wash, the pores recovered
from the “unavailable” state to the “single pore” state, increasing the rate of data acquisition. I.
Colour key showing the pore status during sequencing in the nanopore runs shown in B, D, F and
H.

5.2.2.4 Screening the remaining 49 samples listed in Table 5.4

This customised ORF15 workflow was applied to a further 49 individuals, and the initial
five samples were reanalyzed. A breakdown of the 54 screened individuals is shown in
Table 5.4 and full clinical details of each sample can be found in Appendix D.1. All these
individuals also underwent PacBio screening, except for two who underwent MinlON
screening alone. These included 30 males and one female with unsolved peripheral
retinopathy and four males with unsolved central retinopathy. In addition, four males and
two females with RP and one male with macular dystrophy, each carrying known ORF15
pathogenic variants (two with ¢.3334C>T, p.(GIn1112Ter) (Figure 5.11B); two with
€.2426 _2427delAG, p.(Glu809Glyfs*25) (Figure 5.6B); and three with
€.2405_2406delAG, p.(Glu802Glyfs*32)), were included. 12 unaffected individuals were
tested as controls to assess population variation. Figure 5.9 illustrates the variant, ¢.2405
2406delAG, p.(Glu802Glyfs*32) in a male (hemizygous, A and B) and Figure 5.10 shows

the same variant in a female (heterozygous, A and B).
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Figure 5.9: Long-read sequencing alignment at the RPGR-ORF15 locus generated using a
nanopore MinlON sequencer. A. The male RP patient (753, a known control) is hemizygous
for the two base-pair deletion (NM_001034853.2) c.2405 2406delAG, p.(Glu802Glyfs*32)
(ChrX: 38145846_38145847delCT (hg19). B. Zoom in view of the same 2 bp deletion showing
the total deleted and non-deleted reads.
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Figure 5.10: Long-read sequencing alignment at the RPGR-ORF15 locus generated using a
nanopore MinlON sequencer. A. The female RP patient (749, a known control) is heterozygous
for the two base-pair deletion (NM_001034853.2) c.2405 2406delAG, p.(Glu802Glyfs*32)
(ChrX: 38145846 _38145847delCT (hgl9). B. Zoom in view of the same 2 bp deletion showing

the total deleted and non-deleted reads.

Libraries from each DNA sample were indexed as described above and combined in pools
of up to 24 cases, then sequenced on a MinlON flow cell, with multiple nuclease washes
performed. All previously known variants were observed and two new cases of RP were
identified to be caused by the ORF15 (NM_001034853.2) variants ¢.2041_2042delAA,
p.(Lys681Glyfs*2), ChrX:38146210 38146211del (hgl9) (Case 3685; Figure 5.11A),
and c€.2323_2324delAG, p.(Arg775Glufs*59), ChrX:38145933_3814594del (hgl9)
(Carss et al., 2017, Beigi et al., 2021) (Case 3219; Figure 5.4). These variants were also
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identified via PacBio sequencing (Section 5.2.1.2), and both have been previously
reported on the ClinVar database as either likely pathogenic (c.2041 2042delAA;
accession number: VCV000865836.2) or pathogenic (c.2323 2324delAG; accession
number: VCV000438144.18) respectively. In addition, several benign single nucleotide
variants (SNVs) and in frame deletions and duplications were observed, in both cases and

controls. These are listed in Appendix D.4.
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Figure 5.11: Long-read sequencing alignment at the RPGR-ORF15 locus generated using a
nanopore MinlON sequencer. A. The male RP patient (3685) is hemizygous for a new two
base-pair deletion (NM_001034853.2) ¢.2041_2042delAA, p.(Lys681Glyfs*2) (ChrX:
38146210 38146211delTT (hgl9). B. The male RP patient (5156, a known control) is
hemizygous for a published nonsense variant (NM_001034853.2) ¢.3334C>T, p.(GIn1112Ter)
(ChrXx:38144918G>A (hg19).
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5.2.3 Discussion

PCR and Sanger sequencing to amplify the RPGR-ORF15 locus presents a technical
challenge. The sequencing protocol used by the Manchester Reference laboratory and
described in Section 2.15 is able to generate high quality sequence, as shown in Figure
5.6C, but is complex and involves multiple PCRs, each with unique conditions. Other
approaches have worked, but these are difficult and are often unreliable. Sequencing
RPGR-ORF15 using NGS-based methods is also prone to failure (Wang et al., 2014,
Huang et al., 2015, Li et al., 2016a, Chiang et al., 2018, Maggi et al., 2020). Short-read
WES, using sequencing by synthesis chemistry, results in poor depth of coverage over
many highly repetitive and/or GC-rich regions (Wang et al., 2014). This is usually
overcome using WGS, which has no amplification step in the library preparation, but
even this approach fails with ORF15.

In this study, two long read sequencing technologies, PacBio and nanopore sequencing,
were used to determine whether they could generate ORF15 sequence, and which was the
most effective of the two for screening this notoriously hard-to-sequence mutation
hotspot. A total of 218 individuals with peripheral or central retinopathy were screened
either by Pacbio or Minion, with many screened by both methods (Table 5.1). In
particular, where there were significant findings, one platform was used to verify the
results of the other. However, over the course of this project a number of cases from these
groups were solved through other screening going on in parallel within the laboratory.
These are therefore considered to be obligate negative cases in the subsequent analysis
described here (Figure 5.12). Full clinical details for all 218 IRD cases tested across both

platforms in this study are detailed in Appendix D.1.
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Cases screened for ORF15 pathogenic variants on long-read
sequencing

= Known controls

m Solved during this study by other
screening (Obligate negative)

® Unsolved females with peripheral
retinopathy
Usolved males with peripheral
retinopathy

m Unsolved males with central retinopathy

® Unsolved females with central
retinopathy
m Solved or possibly solved in this study

Figure 5.12: A pie chart illustrating the clinical data of 218 cases screened on either PacBio
or nanopore sequencing or both platforms, for ORF15 pathogenic variants. The cases are
categorised into seven categories (legend) and the percentage of the cases in each category is

displayed.

Assingle step of high-fidelity PCR followed by PacBio sequencing was applied to a cohort
of 216 individuals with unsolved peripheral and central retinal dystrophies, as detailed in
Table 5.2. In order to evaluate normal variations in ORF15 in the population, 27
unaffected controls were tested. To amplify this region and pool the samples for cost-
effectiveness, different combinations of barcoded primers were utilized. Despite the
difficulties in determining the optimum PCR conditions, amplifying of ORF15 was

successful and sequencing of pools of up to 130 samples on PacBio was effective.

40 of these same cases screened by PacBio, plus an additional two cases, underwent
further screening using long-range PCR target enrichment together with long read
nanopore sequencing, to validate the PacBio sequencing and compare the performance of
the platforms. In addition, 12 of the same controls screened by PacBio were included in
nanopore sequence analysis, again to evaluate normal variations in ORF15 in the
population on this platform. Thus, a total of 54 samples were screened by nanopore
sequencing, as detailed in Table 5.4. The sequencing of ORF15 was first tried on Flongle,
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which was effective and showed a sufficient coverage over the ORF15 region. However,
during the run, sequencing pores become "unavailable”, possibly due to secondary
structures formed by the ORF15 repetitive sequence. This reduced the number of reads
generated to around 5% of those expected. Therefore, the experiments were switched to
use the MinlON flow cells, which allowed repeated use of a flow cell wash kit containing
DNase I. The target locus was amplified using a two-step PCR which incorporated per-
sample barcodes prior to sequencing on a MinlON flow cell. The DNase | wash kit was
originally designed to allow flow cells to be reused to reduce the per-experiment cost by
digesting any remaining DNA fragments and unclog the pores (Lipworth et al., 2020).
After applying the wash Kit, a further aliquot of the same library, or a freshly prepared
library was reloaded. It has been established that DNase | treatment restores pores to an
"active" state, resulting in higher per-run yields and cumulative read depth at the target
ORF15 locus.

Both approaches were shown to be reliable and able to read across the ORF15 region.
PacBio sequencing was superior in terms of cost and scalability. While sequencing 24
pooled indexed samples on MinlON would cost approximately £40 per sample (MinlON
flow cell ~ £720/24, library prep/run ~ £80, 24 indexes ~ £80, and wash kit ~ £80),
sequencing 130 barcoded pooled samples on PacBio would cost about £8.92 per sample
(E1160 per lane/130 including library prep and sequencing). Furthermore, PacBio
sequencing required fewer steps and less time to prepare the samples for sequencing
compared to MinlON sequencing, which required a two-step PCR and several clean up
steps. However, the Minion has the advantage that it can be used at both small and large
scale, with a Flongle costing around £100, while the PacBio platform as used in this study

required upfront cost for a full lane totaling at least £1160.

In comparison to NGS, both methods allowed screening the entire length of the ORF15
exon and resulted in a depth-of-coverage that allowed detection of the previously verified
variants, and further pathogenic variants in previously unsolved cases. The PacBio
method identified seven probable pathogenic variants in unsolved cases and two of them
(c.2323_2324delAG; p.(Arg775Glufs*59) and ¢.2041_2042delAA; p.(Lys681Glyfs*2))
were confirmed on MinlON nanopore sequencing. It is planned to use Flongle sequencing
to confirm the remaining five newly identified novel pathogenic variants. In comparison
to the healthy control group, the patient cohort had a higher percentage of in-frame
deletions or duplications. This approach offers a useful tool for further research into the

clinical significance of in-frame deletions or duplications.
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Based on previous studies (Li et al., 2016a, Maggi et al., 2020, Tuupanen et al., 2022),
we anticipated that male RP cases would have the highest rate of ORF15 variants
identified. Four unsolved cases out of 96 males with peripheral retinopathy (4.1%) and
two unsolved cases of 37 males with central retinopathy (5.4%) were solved or probably
solved by this approach. In addition, five out of 40 females with unsolved peripheral
retinopathy were solved or probably solved in this study (12.5%). These figures, and
particularly the proportion of males with RP solved, is lower than in other studies. This
might be a consequence of the high level of consanguinity in the Bradford Pakistani
community, which has been linked to an increase in recessive genetic disease inheritance
in Yorkshire over other types of inheritance (Arciero et al., 2021). This in turn may mean
that, in a Yorkshire RP cohort, cases of recessive RP will tend to be overrepresented,
which will in turn reduce the frequency of XLRP cases. Alternatively, this may be a
consequence of Yorkshire ophthalmologists taking up genetic testing for ORF15 at the
Manchester Reference laboratory, and only sending unsolved cases to the research
laboratory after some ORF15 cases have been solved by NHS testing. Further testing and

segregation studies are needed to confirm the significance of the discovered variants.

One recognised limitation of the workflow required for both the PacBio and nanopore
platforms is the requirement to perform PCR-based target-enrichment. This can lead to
polymerase slippage across low-complexity repeats, and biased amplification of parental
alleles (although this concern is mitigated when analysing hemizygous male cases). Two
additional long-read target enrichment strategies are being developed which avoid PCR
amplification. CRISPR/Cas9 workflows enable specific cleavage sites to be generated in
bulk genomic DNA, prior to the ligation of instrument-specific sequencing adapters
(Gilpatrick et al., 2020). This process involves dephosphorylating the DNA, introducing
new cuts with a Cas9-gRNA complex, and binding nanopore sequencing adapters to the
cuts encompassing the region of interest, before loading the sample onto the nanopore
sequencer. ReadUntil sequencing (also known as adaptive sampling) using ReadFish
software package, allows nanopore devices to selectively reject off-target sequences from
the pore, in real-time, by reversing the voltage across individual nanopores (Miller et al.,
20214, Payne et al., 2021). This can be done by applying a signal comparison algorithm
(dynamic time warping (DTW), which compares the signal from the pore with previously
calculated signals for sequences of interest. However, both workflows suffer from
relatively low yield and on-target read depth, which may further exacerbate the already

much reduced run yields obtained from nanopore sequencing of ORF15.
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Although little is known about the mechanism of action of RPGR-ORF15, it has been
observed in animal models that RPGR protein deficiency or abnormal RPGR protein
synthesis results in opsin mis-localization, suggesting that RPGR is crucial for protein
trafficking in the photoreceptor connecting cilia (Shu et al., 2005, Pawlyk et al., 2016).
Through its interaction with other ciliary proteins, it regulates ciliogenesis and maintains
cilia function (Khanna et al., 2005, Patnaik et al., 2015). The ORF15 exon contains a
long, purine-rich, highly repetitive sequence which was found to be essential for correct
subcellular localisation and full function of RPGR. This was demonstrated by delivering
an AAV vector expressing either a long form of the human RPGR-ORF15 gene, which
had 1/3 of the ORF15 repetitive region (126 codons) deleted, or a short form, which had
the majority of ORF15 (314 codons) deleted, to Rpgr null mice. The long form preserved
the RPGR function and provided stability, while the shorter form has failed to rescue the
mouse phenotype (Pawlyk et al., 2016). This shows that the RPGR function was restored
with the benefit of enhanced stability using a moderately shortened RPGR-ORF15
replacement gene, but not a more substantially shortened one.

As well as the benefit to patients from obtaining a confirmed molecular diagnosis, it is
particularly crucial to develop a reliable, scalable, and affordable screening approach for
RPGR-ORF15 in order to offer patients the opportunity to participate in the ongoing
clinical trials. This not only benefits patients but also provides direct support for clinical
trials themselves, giving a larger patient pool in which to test the effectiveness of the
therapy. Two major clinical trials are currently underway regarding gene therapy for X-
linked RP due to variants in RPGR (https://clinicaltrials.gov/). These are led by Oxford-
based biotechnology company MeiraGTx and by US company Applied Genetic
Technologies Corp. The ORF15 repetitive region has proved important in the
development of these gene therapies for this form of RP. An RPGR vector containing an
in-frame deletion of the ORF15 repeat similar to the longer version used by Pawlyk and
colleagues, described above (total deletion 378 base pairs or 126 codons) is now being
tested in human clinical trials by MeiraGTx (NCT03252847). Those experiments prove
that this version does restore some function in the Rpgr knockout mouse. However, some
argue that short length RPGR may not fully restore RPGR function and may lead to
diminished glutamylation, which is required for cone function (Martinez-Fernandez de la
Camara et al., 2022). Meanwhile, Applied Genetic Technologies Corp. (AGTC) are
testing full length RPGR (NCT03316560). They previously showed that when
administering full-length RPGR to RPGR-mutant dogs versus a shorter variant (45 bp
deletion within ORF15), the full-length form was favoured (Song et al., 2020). It is


https://clinicaltrials.gov/
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therefore essential to monitor and compare the outcomes of clinical trials using the

shortened RPGR in order to assess their impact on human.

In conclusion, these novel findings show that long-read sequencing by both PacBio and
nanopore platforms can read through the region of RPGR-ORF15 that is refractory to
analysis by short read NGS. In nanopore sequencing, use of a flow cell wash kit
containing DNase I, unblocks the pores, allowing researchers to increase yield by
reloading further aliquots of the library over a 72-hour period. Both approaches described
here allows the sequencing of indexed pooled libraries. The PacBio sequencer is more
scalable compared to MinlON sequencer since up to 130 barcoded samples can be pooled
and sequenced in a single run at lower price, providing a rapid, cost-effective screening
protocol for this notoriously hard-to-sequence mutation hotspot. However, the Minion
provides the flexibility to do small scale experiments to optimise use of the platform.

Both approaches therefore have some benefits to the user.
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Chapter 6

General discussion and conclusion

6.1 Overview of main findings

The work described in this thesis was mainly focused on using NGS technologies,
including second and third generation platforms, to detect novel variants implicated in
inherited retinal diseases, with an emphasis on those that have proven challenging to
detect.

Chapter three describes the use of WES to analyse 24 previously unscreened individuals
affected with different types of IRDs, including syndromic and non-syndromic types. The
genomic DNA from each sample was sequenced using WES, and the data was then
subject to a first pass analysis to identify the most likely disease-causing variant(s)
associated with the described phenotype. This approach was combined with CNVs
analysis using ExomeDepth tool. Pathogenic or likely pathogenic variants were identified
and then confirmed by Sanger sequencing in eight individuals, including variants in
known IRDs genes CDHR1, RHO, CNGAS3, BBS10, ABCA4, USH2A, PRPF31, and
SLC25A46. Furthermore, it was identified that three genes, OPAL in a patient with
CORD, MFSD9 in a patient with syndromic IRD, and VCAN in a patient with FEVR, all
harbour potential pathogenic variants that are inconsistent with the described phenotypes.
However, about 60% of the cohort studied here remained unsolved, suggesting that there
could be novel genes or variants in non-coding regions that are not detected by the
methods used in this study. This low detection rate might be attributed to the fact that the
filtering strategy used in this study excluded synonymous changes and changes beyond
the immediate 2 bp splice donor and acceptor sites for each exon, which may contribute
to the pathogenesis of IRDs by altering splicing. In addition, the analysis involved
working on single cases, some of whom lacked family history while others had an
ambiguous diagnosis, further complicating the variant filtering process (further discussed

below).

In chapter four of this thesis, genetic analysis was performed on six unrelated families
(Seven patients) with sporadic or multiplex late onset macular degeneration and one
patient with AMD. The seven affected individuals presented with late onset bull’s eye
macular dystrophy, with some also reporting nyctalopia since their teens. These eight
affected individuals were found to carry a heterozygous ~ 126 kb deletion encompassing
CRX and neighbouring genes TPRX1 and SULT2A1. Though initially overlooked, the
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deletion was detected in MIPs, WES, and WGS, in three different individuals and it was
subsequently detected and confirmed in the other individuals by the PCR assay designed
in this study. Combining the PCR assay with cloning and Sanger sequencing enabled the
precise breakpoints in all eight individuals to be identified. Microsatellite genotyping and
SNPs analysis around the breakpoints suggested that this deletion seems likely to be a
relatively old founder mutation caused by non-allelic homologous recombination
(NAHR) due to Alu sequences at each breakpoint. Previous studies suggest that carriers
for a single defective CRX allele had normal ocular phenotype. The findings in this
chapter revealed a novel mutation mechanism and hotspot due to repeat structure at this
locus and confirmed that CRX haploinsufficiency causes a late onset macular dystrophy
phenotype (Yahya et al., 2023). Furthermore, the PCR assay described will expedite the
rapid screening of large patient cohorts. Publishing these findings will help others to
screen further cohorts of central retinal dystrophy cases for this deletion. This publication
(Yahya et al., 2023) led to correspondence with others (Mustafi and Chao, 2022) who
suggested that hypomorphic second alleles missed in our screening could be contributing
to disease in these cases, though we countered (Inglehearn et al., 2022) that alleles of
major effect could be excluded. Further examination of WGS to exclude the possibility
that a second predisposing allele exists in these patients would be beneficial, but there are

no plans to do that at this stage (discussed further in Section 4.3).

Chapter five describes the use of third generation sequencing technologies to identify
disease-causing variants in the hard to sequence mutation hotspot RPGR-ORF15. Both
long read nanopore sequencing (Flongle and MinlON) and SMRT PacBio sequencing
were employed to screen a cohort of 218 affected individuals with either peripheral or
central retinopathy, including nine cases with four known mutations, to test the validity
of the methods. Unaffected controls were also included to assess population variation. A
single step of high-fidelity PCR followed by PacBio sequencing was successful in reading
through the ORF15 region. Nanopore sequencing was first tested using a Flongle flow
cell which was successful in reading through a 2kb PCR-amplified fragment containing
ORF15. However, the yield was less than expected because this G-rich, highly repetitive
region blocks the available sequencing pores. The experiments were then switched to use
MinlON flow cell to allow using a flow cell wash kit containing DNase I. The use of the
DNase | treatment allowed repeated re-loading of the flow cell and increased the number
of reads that were mapped to ORF15 locus. Both methods allowed the sequencing of
indexed pooled samples and thereby the detection of previously verified mutations and

additional pathogenic variants in previously unsolved cases. The detection rate using this



205
approach was lower than in other studies using different approaches, and this may be
explained by the high level of consanguinity in the Bradford Pakistani community, which
has been linked to an increase in recessive genetic disease inheritance in Yorkshire over
other types of inheritance. Although long range PCR target enrichment has been used in
other studies, combining it with long read sequencing is a novel approach. PacBio
sequencer was easier to perform and superior in terms of cost and scalability, providing
a rapid cost-effective protocol. However, the Minion has the advantage that it can be used

at both small and large scale (further discussion can be found in Section 5.3).

6.2 IRDs genetic testing, challenges, and future prospects

Understanding the genetic basis of IRDs is essential for early and accurate diagnosis to
improve the quality of life for patients. Genetic testing can aid in identifying the disease-
causing variant(s), allowing for establishing a clear genetic diagnosis for the affected
individual. Understand the inheritance pattern of the condition allows clinical geneticists
and genetic counsellors to provide patients with a better understanding of the risk and
help them make well-informed decisions about their family planning. Genetic testing is
also a fundamental step for affected individuals to determine their eligibility for clinical

trials and emerging treatments.

6.2.1 NGS (SGS)

Mutation detection in IRDs can be achieved by applying traditional methods of genetic
sequencing such as Sanger sequencing but it is expensive and time consuming to test
every gene associated with retinal diseases. Using the arrayed primer extension reaction
for genotyping on microarrays are also available; however, they can only detect the
known mutations (Jaakson et al., 2003). Recently, NGS technologies have been globally
used to increase the detection rate of IRD causing mutations. Targeted sequencing (TS)
of all known and candidate IRD genes has been developed and widely used in diagnostic
settings (Consugar et al., 2015, Ellingford et al., 2016, Dockery et al., 2017, Hitti-Malin
et al., 2022, Watson et al., 2014). It can yield high diagnostic rates and for up to two-
thirds of cases with IRDs, a genetic explanation can be given (Khan et al., 2020,
Stephenson et al., 2021, Mc Clinton et al., 2023). Regardless of the clinical diagnosis, TS
is a good option to screen known IRDs genes since it enables the sequencing of smaller
genomic regions, including non-coding regions, which improves the coverage of
clinically significant genes (Garcia Bohdrquez et al., 2021). It is an economical method

since multiplexing several samples allows for faster processing, and reduced data storage.
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However, TS approaches cannot be used to detect mutations in novel genes; as a result, a

more comprehensive technique, such as WES or WGS, can be used.

Since the cost of the TS and WES is now nearly equal, WES was chosen to identify the
pathogenic variants in cases included in this thesis (Chapter 3) because they were single
cases and some of them had syndromic disease or an ambiguous diagnosis. Without
having to update the panel, WES allows the discovery of possible new genes by
identifying disease-causing variants in the protein-coding regions of any gene. The
detection rate using WES in diagnosing IRDs ranges from 50-70% (Riera et al., 2017,
Wang et al., 2018, Zhang et al., 2018). However, the detection rate in this study was less
than that (~ 30%). This may be because some of these cases have no family history. The
likelihood of identifying a new pathogenic variant or gene in a single case using WES
alone is low, but a number of strategies can aid in identifying novel genes in WES data.
These include a linkage-based strategy, homozygosity mapping, a double-hit strategy, an
overlap strategy, a de novo strategy and a candidate strategy (Gilissen et al., 2012). Some
of these strategies typically require either sequencing data from multiple family members
(e.g., trio WES) (Wang et al., 2016a) or a large control group (Dewey et al., 2016). Other
possible explanations for missing pathogenic variants include incorrect diagnosis, which
might have negatively impacted the filtering method employed, or clinical heterogeneity,
which might render causative variants in any given gene very rare. Furthermore, multiple
IRD phenotypes can result from mutations in the same IRD gene (Hull et al., 2014,
Georgiou et al., 2021), meaning that a filtering strategy based on phenotype data could
miss unexpected novel phenotype associations. Some cases may present with
phenocopies of retinal degenerations that resemble the clinical signs of inherited retinal
dystrophies. In these cases, the phenocopies may be caused by bacterial or viral
inflammation in addition to immunological causes (Kellner et al., 1996). For example, a
number of conditions may resemble the clinical signs of RP and are categorised as
pseudo-retinitis pigmentosa. It is vital to differentiate them from hereditary RP since they

can be treated and do not have an underlying genetic component (Verbakel et al., 2018).

Nonetheless, in some cases, despite the clear diagnosis and full family history, the
pathogenic mutations were not detected. This could be explained by the fact that the
causative variants may be located in non-coding regions including, deep intronic variants,
variants in regulatory regions, as well as variants in genes encoding non-coding RNAs
(e.g., micro RNAs (miRNAs), small nuclear RNAs (snRNAs), and long non-coding

RNAs). Deep intronic variations can result either in skipping an exon or creating a



207
pseudoexon to induce aberrant splicing. They have been proposed as disease causing
variants in IRDs (Webb et al., 2012, Khan et al., 2019b, Weisschuh et al., 2020c, Qian et
al., 2021). Variations in regulatory regions have an impact on the regulatory elements
(e.g., promotors, enhancers, 5’ untranslated region (UTR), 3> UTR, and topologically
associated domains (TADs)) that regulate the expression of genes and proteins. Non-
coding variations are increasingly being shown to have a significant impact in rare
diseases (Tomaselli et al., 2017, Bauwens et al., 2019, de Bruijn et al., 2020). Moreover,
the filtering process used in this study excluded synonymous variants, therefore including
synonymous changes in variant interpretation may improve the detection rate.
Synonymous changes may contribute to the pathogenesis of human disorders through
various mechanisms such as splicing alterations (Bali and Bebok, 2015, Zhu et al., 2022).
The causative mutations can be complex alleles which have been proposed as disease-
causing variants in Stargardt disease (Salles et al., 2017). Common variants that are
classified as benign variants (hypomorphic alleles) may be pathogenic under certain
conditions, which also have been reported in ABCA4-related diseases (Zernant et al.,
2017, Runhart et al., 2018). All of these possibilities are compounded by the risk in WES
that one allele might be detected but discounted because the second allele is missed in a
gene associated with recessive disease. Additionally, mutations in more than one gene
might be the underlying cause (Garcia Bohdrquez et al., 2021). Modifier alleles in other
genes can cause variable expressivity and penetrance in patients carrying the same
mutation. The phenotype variability can be in age of onset, severity, or degeneration
pattern. For instance, two modifier loci, the CNOT3 gene (a master regulator of global
gene expression) and an MSR1 repeat element in the PRPF31 promoter were found to
affect the disease penetrance in PRPF31-related retinopathy (Section 1.6.1.2)
(McLenachan et al., 2021). It has also been shown that the clinical severity of the disease
and age of onset are correlated with X-inactivation ratios in female carriers of RPGR
pathogenic variants (Fahim et al., 2020b). While analysing a patient's genome, variants
of uncertain significance (VUS) should therefore also be considered. It is challenging to
classify these variants due to the nature of the variant itself (e.g., missense, synonymous
change, in frame deletion/duplication, and non-coding variants), and its association with
the phenotype is unclear (Federici and Soddu, 2020). Reclassification of VUS can be
achieved by segregating the variant within the family, observing the phenotype changes
through functional testing of the mutation effect in vitro, or collecting more cases with
the same VUS and phenotype (lancu et al., 2021). Technical issues with WES, such as
biased read depth in high GC regions (Kieleczawa, 2006) and alignment challenges with
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highly repetitive regions (Ebbert et al., 2019, Watson et al., 2021), may also hinder the

identification of the underlying genetic causes.

These issues might be mitigated to some extent using WGS, which covers the whole
genome and provides a better detection of structural variations, non-coding variants, and
variants in GC rich regions compared to WES. With PCR-free WGS, libraries may be
created without being amplified by PCR, which prevents DNA polymerase errors,
improves coverage of GC-rich regions, and allows for the detection of inversions and
balanced translocations (Pipis et al., 2019). WGS was successful in identifying missed
variants in IRDs (Nishiguchi et al., 2013, Carss et al., 2017, Nash et al., 2022). It should
be noted that some of the unsolved cases described here had ambiguous syndromes that
might be caused by a CNV encompassing multiple adjacent genes, so employing WGS
may improve the detection rate. WGS is more effective for finding CNVs since it has a
greater coverage (98% coverage of the genome) than WES (95% coverage of targeted
exons) does (Lelieveld et al., 2015), and CNVs are known to be involved in IRDs
(Ellingford et al., 2018, Zampaglione et al., 2020). It is challenging to discover
synonymous or non-coding variations using WGS without a candidate gene or region,
since it generates huge volumes of variant data. Hence, it would be beneficial to begin by
working on synonymous or non-coding variations in genes in which variants cause IRDs,
particularly in recessive cases where one allele has been found. Also, sequencing large
cohorts and more family members may be useful in reducing the variant list. When
resources and time are limited, it can be beneficial to prioritise patients based on the
severity of the phenotype and the availability of the DNA samples from other family
members. Furthermore, applying whole gene sequencing (GS), which enables capturing
exonic, intronic, and regulatory regions for the target gene, can be an economical
alternative for WGS. GS was used to investigate 1054 unsolved Stargardt disease cases
by sequencing the ABCA4 gene using single-molecule molecular inversion probes
(smMIPs). This method allowed for the detection of pathogenic structural variations and
deep intronic variants in 25% of the cases (Khan et al., 2020). It would be also helpful to
combine WES or WGS with RNA sequencing to investigate how the identified variant
affects the expression or function of the protein although this will only be effective if the
genes are expressed in the blood or fibroblasts of the patient, which is often not the case
for IRD genes. In 35% of previously undiagnosed probands with a rare muscle condition,
RNA sequencing helped finding the disease-causing splicing variants (Cummings et al.,
2017). The identification of non-coding variants will boost the detection rate and catalyse

the discovery of novel disease mechanisms. This can be achieved following the
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recommendations suggested by Ellingford et al for adaptation of the ACMG guidelines
to improve the clinical interpretation of these variants (Ellingford et al., 2022). However,
WGS is costly due to the high sequencing costs as well as the processing requirements

for computing power, labour hours, and storage.

Of note, ophthalmological imaging has undergone significant advancements to refine the
phenotype in order to make a more accurate diagnosis and prognosis. Machine learning
has been utilised to evaluate fundus and OCT images in AMD patients (Schmidt-Erfurth
et al., 2018, Russakoff et al., 2019) and fundus autofluorescence imaging in patients with
Stargardt disease (Charng et al., 2020). Accurate phenotyping will be made possible by
machine learning, which will advance NGS screening and improve the detection rate
(Dockery et al., 2021). Researchers from Moorfield Eye Hospital have employed an
artificial intelligence system in partnership with DeepMind Health to assess OCT images

and other eye testing and suggest the best option for referral (De Fauw et al., 2018).

It should be noted that the long lists of variants produced by WES or WGS may contain
incidental or secondary findings (SFs) unrelated to the initial sequencing purpose. For the
patient and the clinician, these findings could be useful or of medical value. According to
the American College of Medical Genetics and Genomics (ACMG), 73 genes (SF v3.0)
should be investigated, and the results should be reported to the ordering clinician (Miller
etal., 2021c, Miller et al., 2021b). Of note, the RPEG5 gene was included in this list since
there is now an FDA-approved gene therapy for it. As a result of being notified of a
potentially pathogenic variant in one of these 73 genes, the patient will have a better
chance of receiving an early diagnosis and the benefits of therapeutic intervention. The
ACMG also proposed that patients should have the choice to opt out of SF testing. This
can be done by signing a thorough consent that states what information will and will not
be disclosed, along with receiving pre- and post-test counselling (Dockery et al., 2021).
Applying TS methods reduces the probability of identifying incidental or secondary
findings. In some IRD studies, to reduce the chance of such findings, the whole genome
is sequenced, but only the variants in the genes involved in IRDs are investigated using a

variant filtering with a synthetic gene panel (Carss et al., 2017).

6.22 TGS

Long read sequencing platforms can produce extremely long reads in real time (ranging
from kilobases to > 1Mb in length) directly from native DNA (Logsdon et al., 2020),
enabling the identification of structural variations and de novo assembly, as well as
haplotype phasing (Shi et al., 2016, Wang et al., 2020, Sakamoto et al., 2021). Since it
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does not require PCR amplification, PCR-related difficulties are avoided. It provides a
method for the investigation of so-called "dark and camouflaged" genomic loci that have
remained resistant to short read NGS analysis because of informatic challenges (e.g., the
inability to determine an unambiguous mapping position) or wet-laboratory procedures
related to their underlying genomic architecture (e.g., the high GC content of some first
exons) (Huddleston and Eichler, 2016, Ebbert et al., 2019, Watson et al., 2021). Using
PacBio HiFi and Oxford nanopore ultra-long read sequencing, the truly complete
sequence of human genome (telomere to telomere (T2T CHM13)) was published (Nurk
et al., 2022). The PacBio method is a useful option for identifying DNA modifications
and novel isoforms as it can be used to sequence both RNA and DNA (Chen et al., 2019,
Hu et al., 2021). However, in addition to the large size of these devices, PacBio needs
extensive start-up funding. In contrast, ONT instruments are portable, compact, and
affordable, making them a good choice for low-resource settings and field applications.
These methods have a significant degree of uncertainty, between 2-15% for ONT devices
(Hu et al., 2021) and over 10% for PacBio devices (Quail et al., 2012). To improve the
error rate, several adjustments have been made for PacBio such as combining short read
and PacBio approaches (Berbers et al., 2020) and using HiFi sequencing (up to 99.8%
accuracy). ONT techniques' error rates have decreased by modifying the nanopore protein
to process nucleotides more slowly and utilising better base calling models (McCombie
etal., 2019).

The first- and second-generation sequencing methods were employed in the research
described in this thesis. However, using these techniques has revealed certain
technological difficulties. Therefore, long read sequencing technologies were employed
to find probable disease-causing variants in regions that were difficult to sequence using
traditional methods. ORF15 exon in the RPGR gene, a G-rich, highly repetitive region
that is a mutation hotspot for XLRP (Vervoort et al., 2000), was screened using both
SMRT PacBio sequencing (the Sequel) and nanopore sequencing (Flongle and MinlON;
ONT). Both approaches were effective in reading through the region of the RPGR ORF15
that is refractory to short read NGS analysis. A workflow is described that enables the
sequencing of indexed pooled libraries using a MinlON sequencer (up to 24 individuals
in a single flow cell) and PacBio sequencer (up to 130 individuals per run). This suggests
that PacBio is superior in terms of pricing and scalability. Researchers looking to
sequence other similarly interactable genomic regions will likely find this protocol useful.
This protocol, however, requires PCR-based target enrichment, which might result in

polymerase slippage over low complexity repeats and biased parental allele amplification.
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To avoid PCR amplification, CRISPR/Cas9 enrichment long read sequencing (Gilpatrick
etal., 2020) can be used. CAs9 Targeting of CHromosomal segment (CATCH)-nanopore
sequencing was used to find complex structural rearrangements in ABCA4 that could
result in cryptic splicing. Also, it made it possible to sequence the NGS-interactable
OPN1LW/OPN1MW gene array (Arno et al., 2022). Nanopore devices may use ReadUntil
sequencing, also known as adaptive sampling, to selectively reject off-target sequences
from the pore in real-time by reversing the voltage across individual nanopores (Miller et
al., 2021a, Payne et al., 2021).

Our understanding of the genetic basis of IRDs will improve as a result of TGS
effectiveness in locating novel disease-causing variants that were refractory to NGS
analysis. In addition, applying new and improved in-silico tools to interpret novel variants
identified by sequencing in the lab, together with relevant functional analyses, are
essential in increasing detection rates and determining the impact of these novel variants
on protein function. Human iPSC-derived retinal organoids can be used as in vitro 3D
models because there is no requirement for transient expression of the mutation and
because it provides a more retina-like environment (further discussed in Section 6.3). As
more IRDs genes are found, the rapid enhancements in DNA sequencing technologies,
in-silico tools, and functional analyses will enable further understanding of how the retina
functions. Despite such enhancements, it is likely that the underlying genetic causes in a
small percentage of screened patients will remain unidentified, either because they are
the result of complex multifactorial disease or because they are non-genetic forms of
disease. Understanding in these cases will ultimately come from other areas of retinal

research.

Nevertheless, the continuous improvement in genetic screening methods will increase the
likelihood of providing an absolute molecular diagnosis, aid in the recruitment of patients
into gene therapy clinical trials and improve counselling for them so they may make

knowledgeable choices about their family planning, education, and lifestyle.

6.3 Implications for patients, healthcare professionals, and overview
of gene therapy

Because IRDs are heterogeneous, it is essential that the patient receives a highly specific
clinical and molecular diagnosis along with an exact inheritance pattern through
molecular genetic testing. This will help healthcare professionals provide the patient and

their family with the proper management and counselling. Genetic testing will also give
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prognostic information, which is crucial for identifying infants and young children who
are at risk of developing systemic problems like renal disease to benefit from early
intervention and therapy. Precise genetic diagnosis will permit preimplantation and
prenatal diagnosis in families who decided to undergo genetic testing. In this thesis,
additional genetic testing methods were developed that will assist healthcare
professionals in providing accurate diagnoses quickly and affordably. Among these are a
PCR assay to check a large cohort of patients with macular degeneration for a
heterozygous deletion encompassing CRX (Chapter 4), and a method to screen exon
ORF15 of the RPGR gene using MinlON and PacBio sequencers (Chapter 5). However,
patients are becoming better informed of clinical trials and gene therapy, which is the

main reason they request genetic testing.

The eye is a suitable target for gene therapies due to the blood retina barrier (BRB), which
ensures that the introduction of a foreign antigen like a viral vector would be tolerated
without inducing a severe inflammatory reaction (Kaur et al., 2008). The barrier inhibits
the locally injected vector's undesirable systemic effects, considering that only a small
amount is required to provide a therapeutic response. The eye is easily accessible by
surgery and the disease progression can be monitored using different non-invasive
approaches such as fundus autofluorescence, spectral domain OCT, visual acuity, and
bio-microscopy tests (Liang et al., 2001, Sahel et al., 2015). Several strategies are being
tested to find effective therapies for IRDs, including molecular therapies, stem cell-based

therapies, and retinal prostheses.

Gene augmentation (also known as gene replacement therapy) is a DNA-based molecular
therapy in which a therapeutic vector is used to deliver a normal copy of the mutant gene
into the host cell. Therapeutic vectors can be either viral vectors, such as adeno-associated
viruses (AAVSs), lentiviral vectors (LVs), adenoviruses, or helper dependent
adenoviruses, or non-viral vectors such as nanoparticles (NPs), naked DNA, or
liposomes. AAVs are frequently used in IRDs gene therapies because of their high affinity
for certain retinal cells and minimal immunogenicity. The most advanced molecular
therapeutic strategy is gene augmentation, which was used in developing a gene therapy
for biallelic RPEG5 pathogenic variants in Leber congenital amaurosis (LCA) in humans.
The therapy was approved by the FDA (Voretigene neparvovec, Luxturna™,
SparkTherapeutics) (Russell et al., 2017, Food and Administration, 2017) and the
European Medicines Agency (EMA) in 2018. After subretinal injection of an AAV2
carrying the PRPH2 transgene into the Prph2 knockout Retinal Degeneration Slow
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mouse model, the structural integrity of the photoreceptors was restored (Ali et al., 2000).
The MERTK gene was delivered to the retinas of Mertk knockout RCS rats via AAV
(Smith et al., 2003) and LVs (Tschernutter et al., 2005), and this has improved ERG
performance and saved more photoreceptors. This led to a phase I clinical trial in humans
in Saudi Arabia (NCT01482195), which was initiated using subretinal administration of
rAAV2-VMD2-hMERTK (LaVail et al., 2016). In an Abca4-knockout mouse model of
Stargardt disease, recombinant AAV with an AAV5 capsid (rAAV2/5 serotype) was used
to package the large Abca4 gene (8.9 kb) as the AAV2 cargo capacity is restricted to 4.7
kb. The subretinal injection of rAAV2/5 vector containing Abca4 resulted in decreased
lipofuscin content and improved retinal morphology (Allocca et al., 2008). Additionally,
LV based gene therapy decreased lipofuscin accumulation in mouse Abca4 knockout
models, paving the way to testing the safety of administering the lentivirus-mediated
ABCA4 gene (SAR422459) in a phase I/Il clinical trial in humans (NCT01367444)
(Davis, 2018). The first gene therapy clinical trial for RPGR-associated RP using
AAV8.GRK1.coRPGR-ORF15 vector was initiated in 2017 (NCT03116113; Biogen
Inc.), and the initial results of a dose-escalation interventional study was published in
2020 (Cehajic-Kapetanovic et al., 2020b). A shortened form of the human RPGR-ORF15
gene using the AAV2/5.GRK1.RPGR-ORF15 vector is being tested in patients with
RPGR-ORF15 mutations (NCT04671433; MeiraGTx). Also Applied Genetic
Technologies Corp. is evaluating the safety and efficacy of vector
AAV2tYF.GRK1.coRPGR-ORF15 (NCT04850118) (Martinez-Fernandez de la Camara
et al., 2022). Other gene therapy clinical trials using AAVs, or LVs are being tested in
patients with Usher syndrome (MYO7A gene; NCT02065011, NCT01505062),
choroideremia (CHM gene; NCT01461213, NCT02341807, and NCT03496012), and
achromatopsia (CNGB3 gene; NCT02599922 and NCT03001310).

Gene replacement therapy is costly, time-consuming, and ineffective for autosomal
dominant forms of IRDs. Genome editing is another DNA-based molecular therapy that
offers an alternative promising approach. It can be done in vivo or in patient derived cells
followed by cell transplantation (ex vivo) (Sanjurjo-Soriano and Kalatzis, 2018). The
most advanced system, clustered regularly interspaced short palindromic repeats
(CRISPR)/Cas9, is frequently used in genome editing (Hung et al., 2016, Tabebordbar et
al., 2016). It is based on single guide RNA (sgRNA), which guides the endonuclease Cas9
to target a genomic position where it creates double stranded DNA breaks (DSBs)
upstream of the protospacer adjacent motif (PAM) site. These breaks can be repaired then
by either nonhomologous end-joining (NHEJ) or homology-directed repair (HDR) (Ran
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et al., 2013). NHEJ is an error-prone genome editing mechanism that introduces
insertions or deletions (indels) of various lengths. Therefore, this generates frameshifts
and/or premature stop codons within open reading frames of target genes, leading to
creation of non-functional proteins (Liu et al., 2017). HDR, on the other hand, is a high-
fidelity pathway which requires a homology containing donor DNA template to repair
the cut. HDR mediated genome modification allows for precise introduction of any
required genetic engineering (Ziccardi et al., 2019). Since RPE and photoreceptors lack
a HDR repair mechanism, alternative strategies using the NHEJ mechanism have been
developed (Suzuki et al., 2016). A new Cas9/RecA system was designed based on HDR
and allowed for correcting of the Pde6b mutation in rd1 mice (Cai et al., 2019). A
CRISPR/Cas9 based approach (EDIT-101) was developed to target the splice mutation
€.2991+1655A>G in CEP290 that causes LCA10 and showed promising results in mice
and nonhuman primate models (Maeder et al., 2019). This approach reached a phase I/11
trial (NCT03872479; Editas Medicine/Allergan), making it the first in vivo use of
CRISPR/Cas9 technology in human (Ledford, 2020). However, the company were forced
to shelve the trial after finding that the response obtained was not broad enough. They are
now seeking a new partner and identifying the appropriate patient population, since the
individuals who showed improvement in corrected vision were those who were
homozygous for the mutation. Genome editing can also be achieved using zinc-finger
nucleases (ZFNs) and transcription activator like effector nucleases (TALENS). These
molecules create DSBs, which consequently trigger one of the DNA repair mechanisms
including microhomology-mediated end joining, NHEJ, or HDR. To create the DSBs, a
DNA binding protein domain must guide the nuclease to the target locus. These
approaches are time-consuming and challenging since new guiding proteins need to be
created for each target (Schierling et al.,, 2012, Gaj et al., 2013). Nonetheless, the
development of these approaches and attempts to enhance their safety and efficiency will

contribute to fulfilling the promise in the treatment of IRDs.

Another molecular therapeutic approach depends on the use of antisense oligonucleotides
(AONSs) to modify aberrant splicing. AONSs consist of small DNA or RNA molecules that
can be delivered to their target pre-mRNA either as naked oligonucleotides or expressed
by viral vectors such as AAV (Ziccardi et al., 2019). It is not applicable to all mutations,
but they are effective in restoring normal splicing by eliminating abnormal splicing events
caused by activation of cryptic splicing sites. In patients with compromised immune
systems, Formivirsen was the first AON-based medication authorised to treat
cytomegalovirus retinitis in patients with AIDS (Group, 2002). About 15% of all IRD-
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causing mutations affect splicing and among these is the recurrent deep intronic mutation
in CEP290 (¢.2991+1665A>G) that causes LCA (den Hollander et al., 2006). In both in
vitro and in vivo models, AON-based treatment for CEP290-associated LCA (sepofarsen)
has demonstrated promising outcomes (Collin et al., 2012, Garanto et al., 2016, Duijkers
et al., 2018), leading to a phase I/11 clinical trial (Cideciyan et al., 2019). Unfortunately,
it was revealed in April 2022 that phase I1/111 will not be pursued because it failed to
improve vision in patients with LCA. AON based therapies have also been developed to
correct deep intronic mutations in OPAL (¢c.610+364G>A) that causes optic neuropathies
(Bonifert et al., 2016), CHM (c.315-4587T>A) that causes choroideremia (Garanto et al.,
2018), USH2A (c.7595-2144A>G) that causes Usher syndrome (Slijkerman et al., 2016),
and ABCA4 (c.4539+2001G>A and ¢.4539+2028C>T) that causes Stargardt disease
(Albert et al., 2018). However, there are still some difficulties with the usage of AONSs,
such as delivery, durability, and off-target effects.

Other promising approaches in treating IRDs include stem cell-based therapy, which is
applicable to patients with IRDs who are at an advanced stage of degeneration. It aims to
incorporate the externally injected cells to replace either RPE or photoreceptors and
therefore restore visual function. The major forms of retinal stem cell therapy are human
embryonic stem cells (hESCs) and the induced pluripotent stem cells (iPSCs). Patient
derived somatic cells such as fibroblasts and lymphoblasts can be reprogramed into
iIPSCs, which in turn differentiate into retinal precursor cells (Garcia et al., 2015). These
cells can be delivered to the eye by either intravitreal or subretinal injection. The genome
editing tools can be used to correct the mutations in the patient derived stem cells, to be
eventually transplanted back to the patient (Takahashi et al., 2007). Genetic modification
would not be necessary for the use of hESCs. However, compared to iPSCs generated
from the patient, employing hESC requires ethical consideration and has a larger risk of
immunological rejection following transplant (Vazquez-Dominguez et al., 2019). Using
hESC-derived RPE reported promising outcomes in patients with AMD and Stargardt
disease (Schwartz et al., 2015, Song et al., 2015). Transplantation of iPSC-derived RPE
cells to patients with AMD has also shown success in improving the visual acuity with

no immune response induced (Mandai et al., 2017).

Human iPSC-derived retinal organoids provide a new method for disease modelling in
the investigation of the pathophysiology of inherited retinal diseases. This technique has,
for example, greatly facilitated research into the role of ciliary function in the retina.

Mutations in the CEP290 gene were investigated by looking at the cilia biogenesis and



216

function in iPSC-derived retinal organoids from CEP290-LCA and CEP290-Joubert
syndrome patients (Shimada et al., 2017). For the purpose of studying the morphology
and localization of the photoreceptors, another model of RPGR mutation-specific RP
retinal organoids was developed. CRISPR-Cas9 was used in this study to repair the
mutation, and the results revealed a significant improvement (Deng et al., 2018b).
Additionally, iPSC-derived retinal organoids have been used as an in vitro 3D model for
evaluating the effectiveness of novel therapeutic approaches, including assessing the
protective effects of 4-hydroxytamoxifen and diethylstilbestrol on the health of
photoreceptors (Ito et al., 2017). Retinal organoids can also be used in the investigation
of gene therapies by, for example, evaluating the effectiveness of gene delivery in humans
(Garita-Hernandez et al., 2020). Human iPSC-derived retinal organoids can also serve as
a source of cells for transplantation in therapeutic settings. In June 2020, the first clinical
trial using human iPSC-derived retinal organoids (conducted at Kobe City Eye Hospital
in Japan) was approved (JRCTa050200027) (Sugita et al., 2016).

The therapeutic strategies described above focus primarily in saving existing vision and
preventing disease progression. These approaches will not benefit patients with end-stage
disease, whose retinas have degenerated beyond a point where such therapies will be
effective. Patients with such advanced retinal diseases may benefit from retinal prosthetic
implants. These implants can interact directly with inner retinal neurons, which are still
present in advanced stages of retinal degeneration, bypassing the damaged
photoreceptors. Retinal prosthetic implants contain an image capture device, an image
processor, a stimulator chip, and an electrode array. The light emitted by visible objects
is transformed into microelectrodes and then directed onto the inner and middle retinal
neurons. Numerous devices have been developed, and they are divided into epiretinal,
subretinal, and suprachoroidal prosthesis based on where they are placed anatomically
(Yue et al., 2016, Vazquez-Dominguez et al., 2019). The most popular epiretinal
prosthetic device is Argus I, which has been implanted in over 250 RP patients and has
shown some signs of improving visual performance and function (Da Cruz et al., 2013,
da Cruz et al., 2016, Dagnelie et al., 2017).

As well as the strategies described above, there are other therapeutic approaches being
developed to treat IRDs, and patients are becoming aware of these therapies. It is
important to note that therapeutic strategies such as gene replacement are gene specific,
while strategies such as correcting splicing with an antisense oligonucleotide are mutation

specific. Patients given a treatment that does not work for their particular form of IRD
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will have no therapeutic benefit, and if such patients are enrolled inappropriately onto a
clinical trial, they may prevent the trial from reaching a successful conclusion. This shows
that it is essential for IRD patients and their clinicians to know and understand exactly
which genetic form of IRD they have, not only for the purposes of informed genetic

counselling but also to ensure that they receive the appropriate treatment.

6.4 Wider significance in ophthalmic genetics

Most individuals affected with IRDs will be initially diagnosed by a general
ophthalmologist, paediatric ophthalmologist, or optician. Questions like, "What type of
genetic testing is applicable? Who needs to be tested? What type of clinical care following
testing is appropriate? Who will cover testing costs?" will emerge after the patient has

been diagnosed.

Both understanding the genetic basis of the disease and availability of therapies will help
healthcare professionals to offer a precision medicine programme for each patient.
Precision medicine is a new method of treating and preventing disease that considers a
person's unique genetic background, environmental factors, and lifestyle (Konig et al.,
2017). For precision medicine to succeed, accurate molecular diagnosis should be
established. The cost of genetic testing limits it from being available for every patient.
Insurance companies often will not pay for genetic testing unless there is solid proof that
the results will predict the clinical condition and influence clinical care (Capasso, 2014).
Patients without insurance may engage in research studies or pay for their own testing.
The expense of molecular investigations is a significant impediment to testing. Therefore,

molecular testing will be more widely available as the price declines.

Even though genetic testing has now become more affordable, there is still a critical need
for trained ophthalmologists to interpret the testing results and explain the findings to the
patients and their families. Nowadays, establishing a large international database and
close collaboration between ophthalmologists and clinical geneticists is necessary in
order to provide patients with the proper clinical care and treatment. A number of such
databases do exist, including the various gene specific LOVD databases, the HGMD
database and ClinVar. However, having one comprehensive source dedicated to human
IRDs, hosted perhaps by an organisation such as the European Inherited Disease
Consortium, would greatly simplify variant interpretation. Such a database could also be
informed by the recently published human Pangenome (Liao et al., 2023), which will

improve understanding of normal genetic variation in people of different ethnicity.
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6.5 Concluding remarks

With mutations in over 280 genes, including non-coding and modifying variations, IRDs
are genetically complicated diseases. When modifier loci have been identified in some
IRDs, the difference between Mendelian and multifactorial forms of IRDs has been
blurred, further complicating molecular diagnoses. NGS-based molecular genetic testing
has addressed several challenges, and the advent of long read sequencing has, to some
extent, further improved findings. Many unresolved cases may be solved by using
comprehensive long read whole genome sequencing to look at modifier loci and
variations in non-coding regions. Long read sequencing using PacBio or nanopore
sequencing needs further refinement in terms of bioinformatic analysis and result
interpretation, particularly when used to screen challenging to sequence regions, and
further improvements in the technology will help to bring costs down. The genetic
detection rate in IRDs may also be increased by enhancing in-silico tools and utilising
deep learning technology to deliver an accurate clinical phenotyping. Accurate molecular
diagnosis and prognosis will increase the patients’ benefit from the different therapeutic
approaches once they are approved and available. Once the disease-causing variant(s) are
identified and based on the disease prognosis, the appropriate therapeutic option can be
chosen. However, the safety and efficiency of this treatment should be tested first on
cellular/animal models. We can fight blindness and provide hope and vision for many
visually impaired individuals worldwide only when clinicians, scientists, funding

agencies, and industry collaborate nationally and internationally.
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Appendix A

A.1l List of UNIX commands used in WES analysis

e Trim the adaptors and do quality control
$ trim_galore -q 20 --fastqc_args "--outdir /data/bssy/path/to/outdir” --illumina --gzip -0
/data/bssy/path/to/outdir --length 20 --paired /data/bssy/path/to/file/sample_R1 001.fastq.gz
/data/bssy/path/to/file/sample_R2_001.fastq.gz

e Align the sample to the human genome
$ bwa mem -t 12 -M /home/ref/b37/human_glk_v37.fasta
/pathto/val_files_from_previous_step_R1.gz /pathto/val_files_from_previous_step R2.gz-v 1 -
R
'@RG\tID:Add_sample_ID\tSM:Add_sample_ID\tPL:Illumina\tPU:HiSeq3000\tLB:$Samplena

me_exome\' -M | samtools view -Sb - > /path/sample_bwa.bam

e Next sort the alignment
$ java -Xmx4g -jar /home/picard/picard-tools-2.5.0/picard.jar SortSam
I=/path/sample_bwa.bam O=/path/sample_bwa.sort.obam SO=coordinate
CREATE_INDEX=TRUE

e remove original bam to save space:

$ rm -i /path/sample_bwa.bam

e Mark PCR duplicates
$ java -Xmx4g -jar /nome/picard/picard-tools-2.5.0/picard.jar MarkDuplicates
I=sample_bwa.sort.bam O=sample_bwa.sort.dedup.bam M=sample_bwa.sort.metrics
CREATE_INDEX=TRUE

e Delete pre-deduplicated bam to save space

$ rm -i /path/sample_bwa.sort.bam

e Create indel realigner targets
$ java -Xmx4g -jar /lhome/GATK/GenomeAnalysisTK-3.5-0/GenomeAnalysisTK .jar -T
RealignerTargetCreator -R /home/ref/b37/human_glk_v37.fasta -known
/home/ref/b37/1000G_phasel.indels.b37.vcf -known
/home/ref/b37/Mills_and 1000G_gold_standard.indels.b37.sites.vcf -1

sample_bwa.sort.dedup.bam -o sample_bwa.sort.dedup.intervals
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e Perform indel realignment
$ java -Xmx4g -jar /home/GATK/GenomeAnalysisTK-3.5-0/GenomeAnalysisTK .jar -T
IndelRealigner -R /home/ref/b37/human_glk_v37.fasta -known
/home/ref/b37/1000G_phasel.indels.b37.vcf -known
/home/ref/b37/Mills_and_1000G_gold_standard.indels.b37.sites.vcf -I
sample_bwa.sort.dedup.bam -targetintervals sample_bwa.sort.dedup.intervals -o

sample_bwa.sort.dedup.indelrealn.bam

e Delete pre-indelrealn bam and gzip interval file to save space:

$ rm -i sample_bwa.sort.dedup.bam

$ gzip sample_bwa.sort.dedup.intervals

e Perform base quality recalibration
$ java -Xmx4g -jar /home/GATK/GenomeAnalysisTK-3.5-0/GenomeAnalysisTK .jar -T
BaseRecalibrator -R /home/ref/b37/human_glk v37.fasta -knownSites
/home/ref/b37/1000G_phasel.indels.b37.vcf -knownSites
/home/ref/b37/Mills_and_1000G_gold_standard.indels.b37.sites.vcf -knownSites
/home/ref/b37/dbSnp146.b37.vcf.gz -1 sample_bwa.sort.dedup.indelrealn.bam -o

sample_bwa.sort.dedup.indelrealn.recal.grp -nct 6

e print reads
$ java -Xmx4g -jar /home/GATK/GenomeAnalysisTK-3.5-0/GenomeAnalysisTK .jar -T
PrintReads -R /home/ref/b37/human_glk v37.fasta -1 sample_bwa.sort.dedup.indelrealn.bam -
BQSR sample_bwa.sort.dedup.indelrealn.recal.grp -0

sample_bwa.sort.dedup.indelrealn.recal.bam

e Delete old bam (the non-recal file)

$ rm -i sample_bwa.sort.dedup.indelrealn.bam

e Generate g.vcf file for each sample using Haplotype Caller
$ java -Xmx4g -jar /home/GATK/GenomeAnalysisTK-3.5-0/GenomeAnalysisTK .jar -T
HaplotypeCaller --emitRefConfidence GVCF --variant_index_type LINEAR --
variant_index_parameter 128000 -R /home/ref/b37/human_glk v37.fasta -D
/home/ref/b37/dbSnp146.b37.vcf.gz -stand_call_conf 30 -stand_emit_conf 10 -I
/data/bssy/results/sample_bwa.sort.dedup.indelrealn.recal.bam -o

/data/bssy/results/sample.g.vcf

e Convert the raw.g.vcf to a raw.vcf (for autozygosity)
$ java -Xmx8g -jar /home/GATK/GenomeAnalysisTK-3.5-0/GenomeAnalysisTK .jar -T
GenotypeGVCFs -R /home/ref/b37/human_glk v37.fasta -D
/home/ref/b37/dbSnp146.b37.vcf.gz -stand_call_conf 30 -stand_emit_conf 10 -V
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/data/bssy/results/sample.g.vcf -0 /data/bssy/results/sample.combined.raw.vcf -nda --
showFullBamList -nt 8

e Split Variants SNP

$ java -Xmx4g -jar /home/GATK/GenomeAnalysisTK-3.5-0/GenomeAnalysisTK .jar -T
SelectVariants -R /home/ref/b37/human_glk v37.fasta -selectType SNP --variant
/data/bssy/path/to/file.vcf -o /data/bssy/path/to/file-snps.vcf

e Split Variants INDEL

$ java -Xmx4g -jar /home/GATK/GenomeAnalysisTK-3.5-0/GenomeAnalysisTK .jar -T
SelectVariants -R /home/ref/b37/human_glk v37.fasta --variant /data/bssy/path/to/file.vcf -
selectType INDEL -selectType MNP -o /data/bssy/path/to/file-indels.vcf

e Hard filtering SNP

$ java -Xmx4g -jar /home/GATK/GenomeAnalysisTK-3.5-0/GenomeAnalysisTK .jar -T
VariantFiltration -R /home/ref/b37/human_glk v37.fasta -V /data/bssy/path/to/file-snps.vcf --
filterExpression "QD < 2.0 || FS > 60.0 || MQ < 40.0 || MappingQualityRankSum < -12.5" --
filterName "snp_hard_filter" -o /data/bssy/path/to/file.fltd-snps.vcf

e Hard filtering INDEL

$ java -Xmx4g -jar /nome/GATK/GenomeAnalysisTK-3.5-0/GenomeAnalysisTK.jar -T
VariantFiltration -R /home/ref/b37/human_glk_v37.fasta -V /data/bssy/path/to/file-indels.vcf --
filterExpression "QD < 20 || FS > 200.0 || ReadPosRankSum < -20.0" --filterName
"indel_hard_filter" -o /data/bssy/path/to/file.fltd-indels.vcf

e Combine Filtered Variants

$ java -Xmx4g -jar /lhome/GATK/GenomeAnalysisTK-3.5-0/GenomeAnalysisTK .jar -T
CombineVariants -R /home/ref/b37/human_glk v37.fasta --variant /data/bssy/path/to/file.fltd-
snps.vcf --variant /data/bssy/path/to/file.fltd-indels.vcf -o /data/bssy/path/to/file.fltd-
combined.vcf --genotypemergeoption UNSORTED

e Filter variants in gnomad >/= 1%

$ perl /home/vcfhacks-v0.2.0/filterVcfOnVcf.pl -f
/home/ref/ExAC/gnomad.exomes.r2.0.1.sites.vcf.gz -w -y 0.01 -b -i /data/bssy/path/to/file.fltd-
combined.vcf -o /data/bssy/path/to/file.fltd-combined.gnomAD.vcf
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e Annotate variants with VEP

$ perl /home/variant_effect_predictor/variant_effect_predictor.pl --offline --vcf --everything --
dir_cache /home/variant_effect_predictor/cache_b37 --dir_plugins
/home/variant_effect_predictor/cache_b37/Plugins --plugin SpliceConsensus --fasta
/home/variant_effect_predictor/cache_b37/homo_sapiens/92_GRCh37/Homo_sapiens.GRCh37.
75.dna.primary_assembly.fa.gz -i /data/bssy/path/to/file.fltd-combined.gnomAD.vcf -0
/data/bssy/path/to/file.fltd-combined_gnomad.vep.vcf -fork 6

e For recessive and X-linked cases

e Select Biallelic and X linked variants

$ perl /home/vcthacks-v0.2.0/findBiallelic.pl -i /data/bs16gn/path/to/file.fltd-
combined_gnomad.vep.vcf --x_linked 2 -s sample_ID --consensus_splice_site -n 1 -0

/data/bssy/path/to/file.fltd-combined_AR_gnomad.vep.hom
e Rank on CADD Score

$ perl /home/vcthacks-v0.2.0/rankOnCaddScore.pl -c /data/shared/cadd/v1.3/*.9z -i
/data/bssy/path/to/file.fltd-combined_AR_gnomad.vep.hom -o /data/bssy/path/to/file.fltd-
combined_AR_gnomad.vep.hom.caddl1.3 -n /data/bssy/path/to/file.fltd-
combined_AR_gnomad.vep.hom.cadd1.3_NOTFOUND.tsv --progress -d

e GeneAnnotator_vcfhacks

$ perl /home/vcfhacks-v0.2.0/geneAnnotator.pl -d /home/vcfhacks-
v0.2.0/data/geneAnnotatorDb --i /data/bssy/path/to/file.fltd-
combined_AR_gnomad.vep.hom.cadd1.3 -o /data/bssy/path/to/file.fltd-

combined_AR_gnomad.vep.hom.caddl.3.geneanno
e AnnovcfToSimple vcfhacks xlIsx with -f gives only the functional variants

$ perl /home/vcthacks-v0.2.0/annovcfToSimple.pl -i /data/bssy/path/toffile.fltd-
combined_AR_gnomad.vep.hom.cadd1.3.geneanno --vep --gene_anno --functional -o

/data/bssy/path/to/file.fltd-combined_AR_gnomad.vep.hom.caddl.3.geneanno.simple.xIsx

e AnnovcfToSimple_vcfhacks_xlIsx with -f gives only the functional variants

canonical_only

$ perl /home/vcfhacks-v0.2.0/annovcfToSimple.pl -i /data/bssy/path/to/file.fltd-
combined_AR_gnomad.vep.hom.caddl1.3.geneanno --vep --gene_anno --canonical_only --
functional -o /data/bssy/path/to/file.fltd-

combined_AR_gnomad.vep.hom.cadd1.3.geneanno.simple.canonicalOnly.xlsx
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e For dominant cases

e Select dominant variants

$ perl /home/vcfhacks-v0.2.0/getFunctional Variants.pl -i /data/bssy/path/to/file.fltd-
combined_gnomad.vep.vcf --consensus_splice_site -s sample_ID -o /data/bssy/path/to/file.fltd-

combined_AD_gnomad.vep.hom
e Rank on CADD Score

$ perl /home/vcfhacks-v0.2.0/rankOnCaddScore.pl -c /data/shared/cadd/v1.3/*.9z -i
/data/bssy/path/to/file.fltd-combined_AD_gnomad.vep.hom -o /data/bssy/path/to/file.fltd-
combined_AD_gnomad.vep.hom.cadd1.3 -n /data/bssy/path/to/file.fltd-
combined_AD_gnomad.vep.hom.cadd1.3_NOTFOUND.tsv --progress -d

e GeneAnnotator_vcfhacks

$ perl /home/vcfhacks-v0.2.0/geneAnnotator.pl -d /home/vcfhacks-
v0.2.0/data/geneAnnotatorDb --i /data/bssy/path/to/file.fltd-
combined_AD_gnomad.vep.hom.cadd1.3 -o /data/bssy/path/to/file.fltd-

combined_AD_gnomad.vep.hom.caddl.3.geneanno
e AnnovcfToSimple_vcfhacks_xIsx with only the functional variants

$ perl /home/vcfhacks-v0.2.0/annovcfToSimple.pl -i /data/bssy/path/to/file.fltd-
combined_AD_gnomad.vep.hom.caddl.3.geneanno --vep --gene_anno --functional -o

/data/bssy/path/to/file.fltd-combined_AD_gnomad.vep.hom.cadd1.3.geneanno.simple.xIsx
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A.2 List of R commands used in ExomeDepth analysis

$R

> library(“ExomeDepth”™)

> data(exons.hg19)

> print(head(exons.hg19))

> Samar_bam_files <- ¢(“/path/to/Filel.bam”, “/path/to/File2.bam”,”/path/to/File3.bam”, etc.)

> Samar.counts <- getBamCounts(bed.frame = exons.hg19, bam.files = my_bam_files,

include.chr = FALSE, referenceFasta = "/nobackup/medmela/ref/human_glk_v37.fasta")
> ExomeCount.dafr <- as(Samar.counts[, colnames(Samar.counts)], 'data.frame’)

> print(head(ExomeCount.dafr))

> Samar.test <- Samar.counts$Filel.bam

> Samar.ref.samples <-c(“File2.bam”,”File3.bam”, etc.)

> Samar.reference.set<-as.matrix(ExomeCount.dafr[,Samar.ref.samples])

> Samar.choice<-select.reference.set(test.counts=Samar.test,reference.counts=
Samar.reference.set,bin.length=(ExomeCount.dafr$end -
ExomeCount.dafr$start)/1000,n.bins.reduced=10000)

> print(Samar.choice[[1]])

> Samar.matrix <-as.matrix( ExomeCount.dafr[, Samar.choice$reference.choice, drop =
FALSE])

> Samar.reference.selected<-apply(X= Samar.matrix, MAR=1,FUN=sum)

> all.exons <-new('ExomeDepth',test= Samar.test, reference=

Samar.reference.selected,formula='cbind(test, reference)~1")

> all.exons<-CallCNVs(x=all.exons,transition.probability=10"-
4,chromosome=ExomeCount.dafr$chromosome,start=ExomeCount.dafr$start,end=ExomeCoun

t.dafr$end,name=ExomeCount.dafr$exon)
> head(all.exons@CNV .calls)

> data(Conrad.hg19)

> head(Conrad.hg19.common.CNV5s)

> all.exons<-AnnotateExtra(x=all.exons, reference.annotation=Conrad.hg19.common.CNVs,

min.overlap=0.5, column.name="Conrad.hg19")



286

> print(head(all.exons@CNV .calls))

> exons.hg19.GRanges <-
GenomicRanges::GRanges(seqnames=exons.hg19$chromosome,IRanges::IRanges(start=exons.

hg19$start,end=exons.hg19%end),names=exons.hg19$name)

> all.exons <- AnnotateExtra(x=all.exons, reference.annotation=exons.hg19.GRanges,

min.overlap=0.0001, column.name="exons.hg19")
> all.exons@CNV .calls[3:6,]
> output.file <- 'exome_calls_Filel.csv'

> write.csv(file=output.file,x=all.exons@CNV .calls,row.names=FALSE)
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A.3 List of commands used in MinlON analysis

e Demultiplex using Guppy v.5.0.16

singularity run --nv --bind /nobackup:/nobackup /nobackup/containers/guppy-gpu-5.0.16.simg
guppy_basecaller -x "cuda:0" -q 0 --compress_fastq --trim_barcodes -i
/nobackup/medcmwa/20211005_Run97/Samar_Run2/20211005_1105_MNZ27859 FAR17792_
4b5b04e0/fastb/ -s

/nobackup/medcmwa/20211005_Run97/Samar_Run2/20211005_1105 MN27859 FAR17792_
4b5b04e0/fastq_barcode/ --flowcell FLO-MIN106 --kit SQK-LSK109 --barcode_kits EXP-
PBC096

e Adaptor trimming using Porechop v.0.2.4

porechop -i ${BARCODE_DIR}/${BARCODE_ID}.merged.fastq.gz -0
${BARCODE_DIR}${BARCODE_ID}.adapt_trim.fastq.gz >>
${BARCODE_DIR}/${BARCODE_ID}.porechop.log 2>>
${BARCODE_DIR}/${BARCODE_ID}.porechop.log

e Filtering based on read length using NanoFilt v.2.8.0

gunzip -¢ ${BARCODE_DIR}/${BARCODE_ID}.adapt_trim.fastq.gz | NanoFilt -I
${LEN_MIN} --maxlength ${LEN_MAX} --logfile
${BARCODE_DIR}/${BARCODE_ID}${LEN_MIN} ${LEN_MAX}.nanofilt.length.log 2>
${BARCODE_DIR}/${BARCODE_ID}.${LEN_MIN} ${LEN_MAX}.nanofilt.length.log |
gzip >
${BARCODE_DIR}/${BARCODE_ID}.adapt_trim.${LEN_MIN} ${LEN_MAX} fastq.gz

e Filtering based on read quality using NanoFilt v.2.8.0

gunzip -c

${BARCODE_DIR}${BARCODE_ID}.adapt_trim.${LEN_MIN} ${LEN_MAX}.fastq.gz |
NanoFilt -q ${QUAL_MIN} --logfile
${BARCODE_DIR}/${BARCODE_ID}.Q${QUAL_MIN}.nanofilt.qual.log 2>
${BARCODE_DIR}/${BARCODE_ID}.Q${QUAL_MIN}.nanofilt.qual.log | gzip >
${BARCODE_DIR}${BARCODE_ID}.adapt_trim.${LEN_MIN}_${LEN_MAX}.Q${QUA
L_MIN}.fastq.gz
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e Align filtered read to human refernce genome (GRCh37/hg19) using
Minimap2 v.2.18

minimap2 -ax map-ont -t 4 /nobackup/bssy/resources/hgl9.minimap2.ont
${BARCODE_DIR}/${BARCODE_ID}.adapt_trim.${LEN_MIN} ${LEN_MAX}.Q${QUA
L_MIN}.fastq.gz >
${BARCODE_DIR}${BARCODE_ID}.${LEN_MIN} ${LEN_MAX}.Q${QUAL_MIN}.sa
m 2>>
${BARCODE_DIR}/${BARCODE_ID}.${LEN_MIN} ${LEN_MAX}.Q${QUAL_MIN}.mi
nimap2.log

e Sort the SAM file and output to BAM
samtools view -bh
${BARCODE_DIR}/${BARCODE_ID}.${LEN_MIN} ${LEN_MAX}.Q${QUAL_MIN}.sa
m | samtools sort -0
${BARCODE_DIR}${BARCODE_ID}.${LEN_MIN}_${LEN_MAX}.Q${QUAL_MIN}.sor
t.bam

e Index the BAM file
samtools index
${BARCODE_DIR}${BARCODE_ID}.${LEN_MIN} ${LEN_MAX}.Q${QUAL_MIN}.sor
t.bam

¢ Run NanoStat v.1.5 on raw fastq
NanoStat --fastqg ${BARCODE_DIR}/fastq_run* >>
${BARCODE_DIR}/${BARCODE_ID}.nanostat.RawFq.txt

e Run NanoStat v.1.5 on length filtered fastq
NanoStat --fastq
${BARCODE_DIR}${BARCODE_ID}.adapt_trim.${LEN_MIN} ${LEN_MAX} fastq.gz
>>
${BARCODE_DIR}/${BARCODE_ID}.${LEN_MIN} ${LEN_MAX}.nanostat.LenFiltFq.txt
¢ Run NanoStat v.1.5 on quality filtered fastq
NanoStat --fastq
${BARCODE_DIR}${BARCODE_ID}.adapt_trim.${LEN_MIN} ${LEN_MAX}.Q${QUA
L_MIN}.fastq.gz >>
${BARCODE_DIR}/${BARCODE_ID}.${LEN_MIN}_${LEN_MAX}.Q${QUAL_MIN}.na
nostat.LenFilt_QualFilt_Fg.txt
e Run NanoStat v.1.5 on final BAM
NanoStat --bam
${BARCODE_DIR}${BARCODE_ID}.${LEN_MIN}_${LEN_MAX}.Q${QUAL_MIN}.sor

t.bam >>
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${BARCODE_DIR}/${BARCODE_ID}.${LEN_MIN} ${LEN_MAX}.Q${QUAL_MIN}.na
nostat.BAM.txt

A.4 Sequence-specific primers used in RPGR ORF15 Sanger

sequencing

Primers Primer sequence 5’-3’ Location Fragment
size (bp)

RPGR_Ex15-1F N13-GGTATGGCAGGAAATTGATTG €.1754-102_1754-82

RPGR_Ex15-1R N13-CTACTTCCCCTCCCTCTACTTC €.2437_2458 807

RPGR_Ex15-2F N13-GAAGAAGTGGAGGGAGAACGT €.2284_2304

RPGR_Ex15-2R N13-TCCTCTTCCCCCTCCCA €.2863_2879 >0

RPGR_Ex15-3F N13-GGGAAGAGGAGGAAGGAGAAT €.2843_2863

RPGR_Ex15-3R N13-GTTTGCCATATTTCACAGATCC €.3277_3298 40

RPGR_Ex15-4F N13-AAGGCAGGATGGAGAGGAGT .3234_3253

RPGR_Ex15-4R N13-GCCCGTTATATGCAAGGC C.*47_*64 290

Table A.1: PCR/Sequencing primers used by Manchester reference laboratory in RPGR-

ORF15 Sanger sequencing.
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Appendix B

B.1 List of RetNet genes used in WES data filtration

ABCA4 BBS1 CDH3 CORD1 FHASD | IFT27 MAPKAPK3
ABCC6 BBS10 CDHR1 CORD17 | FLVCR1 | IFT81 MCDR3
ABHD12 BBS12 CEP164 | CORD4 FSCN2 IMPDH1 | MCDR4
ACBD5 BBS2 CEP19 CORDS8 FZD4 IMPG1 MCDRS5
ACO2 BBS4 CEP250 | CRB1 GDF6 IMPG2 MDDC
ADAM9 BBS5 CEP290 | CRX GNAT1 INPP5E MERTK
ADAMTS18 | BBS7 CEP78 CSPP1 GNAT2 INVS MFN2
ADGRV1 BBS9 CERKL CTNNA1 | GNB3 IQCB1 MFRP
ADIPOR1 | BCAMD CFB CYP4v2 | GNPTG |ITM2B MFSD8
AFG3L2 BEST1 CFH DFNB31 | GPR125 | JAG1 MIR204
AGBL5 C120rf65 CHM DHDDS | GPR179 | KCNJ13 MKKS
AHI1 CI1QTNF5 | CIB2 DHX38 GRK1 KCNV2 MKS1
AHR C2 CLN3 DMD GRM6 KIAA1549 | MRST
AIPL1 C2lorf2 CLRN1 DRAM2 GUCA1A | KIF11 MT-ATP6
ALMS1 C2orf71 CLUAP1 | DTHD1 GUCA1B | KIzZ MT-TH
ARHGEF18 | C3 CNGA1 EFEMP1 | GUCY2D | KLHL7 MT-TL1
ARL2BP C8orf37 CNGA3 ELOVL4 | HARS KSS MT-TP
ARL3 CA4 CNGB1 EMC1 HGSNAT | LAMA1 MT-TS2
ARLG CABP4 CNGB3 ERCC6 HK1 LCAS MTTP
ARMS2 CACD CNNM4 | ESPN HMCN1 | LHON MVK
ARSG CACNA2D4 | COD2 EVR3 HMX1 LRAT MYO7A
ASRGL1 CAPN5 CODA1 EXOSC2 | HTRA1 LRIT3 NBAS
ATF6 CC2D2A COL11A1 | EYS IDH3B LRP5 NDP
ATXN7 CCT2 COL2A1 | FAM161A | IFT140 LZTFL1 NEK2
BBIP1 CDH23 COL9A1 | FBLN5 IFT172 MAK NEUROD1
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Cont. List of RetNet genes used in WES data filtration

NMNAT1 PDEGA PRPF6 RP1L1 SPP2 USH1G
NPHP1 PDEGB PRPF8 RP2 TEAD1 USH1H
NPHP3 PDEGC PRPH2 RP22 TIMMBA USH1K
NPHP4 PDEGG PRPS1 RP24 TIMP3 USH2A
NR2E3 PDEGH RAB28 RP29 TLR3 VCAN
NR2F1 PDzD7 RAX2 RP32 TLR4 VRD1
NRL PEX1 RB1 RP34 TMEM126A | WDPCP
NYX PEX2 RBP3 RP6 TMEM216 WDR19
OAT PEX7 RBP4 RP63 TMEM237 WFS1
OFD1 PGK1 RCBTB1 RP9 TOPORS WFS2
OPAl PHYH RCD1 RPE6G5 TREX1 ZNF408
OPA2 PITPNM3 RD3 RPGR TRIM32 ZNF423
OPA3 PLA2G5 RDH11 RPGRIP1 TRNT1 ZNF513
OPA4 PLK4 RDH12 RPGRIP1L | TRPM1

OPA5 PNPLAG RDHS RS1 TSPAN12

OPA6 POC1B REEP6 RTN4IP1 TTC8

OPA8 POC5 RGR SAG TTLLS

OPNI1LW POMGNT1 | RGS9 SAMD11 TTPA

OPN1MW PRCD RGS9BP SDCCAG8 | TUB

OPN1SW PRD RHO SEMA4A TUBGCP4

OTX2 PRDM13 RIMS1 SLC24A1 TUBGCP6

PANK?2 PROM1 RLBP1 SLC25A46 TULP1

PAX2 PRPF3 RNANC SLC7A14 UNC119

PCDH15 PRPF31 ROM1 SNRNP200 | USH1C

PCYT1A PRPF4 RP1 SPATA7 USH1E
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B.2 Sanger sequencing primers

Gene Primers sequences Product size

CDHR1 Forward: TCTCTCCACCAATTTCTCCCC 339 bp

(Exon 14) Reverse: GCCTCTCTCCACTTCTCTTCA

RHO Forward: TCTACGTCACCGTCCAGCAC 248 bp
(Exon 1) Reverse: ACTCTCCCAGACCCCTCCAT
PRPF31 Forward: CCCACCTCTCTGCTTTCTTCT 328 bp
(Exon 8) Reverse: GCTCCTGAGTGCTACCGTCA

SLC25A46 Forward: GCATCCTACGTTACAGATTTCTGA 393 bp

(Exon 7) Reverse: GCAACGTGCGATATAACTGTG

MFSD9 Forward: GGCATCATGGAACTGAGCATC 262 bp
(Exon 4) Reverse: GGACTCTAGCCAGGACAAACA

CNGA3 Forward: TACTGAAGTTTTCCCGGCTCT 421 bp
(Exon 8) Reverse: TCAATCTTGGCCTGGAACTCT

BBS10 Forward: ACTTTTGTGGAAGAGTGGGAAG 326 bp
(Exon 2) Reverse: TGTCTGAAACTGTGCTTCTGA

ABCA4 Forward: ACTCACCTTCACCGCCAAG 225 bp

(c.2588G>C) | Reverse: GGGAGCCTGAGAATAGCCAT

ABCA4 Forward: ACTCCTATGTGGCCACAACA 228 bp
(c.6089G>A) | Reverse: GGTCATCCCTCCACTCCTTG

USH2A Forward: GTCACGAGGTCTTTTCCCAAG 376 bp
(Exon 2) Reverse: CTCAGGTTTCAGCCATACAGC
OPAl Forward: CTCAGAGCAGCATTACAAATAGGT | 270 bp

(Exon 10) Reverse: TCAACACAATGAACAGGTCTCAC

ABCA4 Forward: TCAAAGGGGAAGTGGAGAGAA 428 bp

Reverse: TTGCTATGCTTGGGTGGGGA

SNRNP200 | Forward: GTCTTGTAGGATGCGGTGAAC 404 bp

(Exon 21) Reverse: GTGAAATGATGTCTGCACGGA

Table B.1: PCR/Sequencing primers used to confirm variants identified by WES (Chapter
3)
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B.3 Primers sequences to sequence across VCAN breakpoints

Primer name Forward Reverse Product
size
VCAN_het_dell | AACCACCTCTCATCGACAGG | ATTTTGCAGCGATCAGGTCC | 23555bp
VCAN_het_del2 | CACCTCTCATCGACAGGGAA | ACACTGGTCTCCGCTGTATC | 23640bp
VCAN_het_del3 | GCCAAGGAAACAGAAACCGA | AGGGAAAATGGTGGTGTTGC | 20081bp
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B.4 List of candidate genes for unsolved samples

B.4.1 Sample 3800

Chr. Position (GRCh37) Gene Mutation type (CADD score) Mutation

4 190876277 FRG1 Het Stop gained (39) NM_004477.3: c.403A>T, p.R135*

2 33413889 LTBP1 Het Missense (35) NM_206943.4: ¢.1672C>T, p.R558W
12 80616011 OTOGL Het Missense (35) NM_001378609.3: ¢.475C>T, p.R159W
12 57431758 MYO1A Het Missense (34) NM_005379.4: c.1856G>A, p.R619Q

2 241536279 CAPN10 Het Missense (33) NM_023083.4: ¢.1663C>T, p.R555C

Table B.2: List of top five candidate variants based on CADD score in case 3800 after alignment, variant calling, and filtering. The patient is male with
autosomal dominant retinitis pigmentosa, only heterozygous variants were retained. Het = heterozygous.
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Chr. Position (GRCh37) Gene Mutation type (CADD score) Mutation

9 33466142 NOLG6 Het Missense (35) NM_022917.5: ¢.2291G>A, p.R764H
11 130278465 ADAMTSS Het Missense (35) NM_007037.6: ¢.1993G>A, p.G665S
13 25671210 PABPC3 Het Stop gained (35) NM_030979.3: ¢.874C>T, p.Q292*

16 74425787 NPIPB15 Het Stop gained (35) NM_001306094.1: ¢.1141G>T, p.E381*
17 48628401 SPATA20 Het Missense (34) NM_022827.4: ¢.1426C>T, p.R47T6W

Table B.3: List of top five candidate variants based on CADD score in case 5545 after alignment, variant calling, and filtering. The patient is female with
pigment epithelial detachment with macular geographical atrophy (inheritance pattern is unknown). Heterozygous, biallelic, and homozygous variants were retained.
Het = heterozygous.

B.4.3 Sample 5582

Chr. Position (GRCh37) Gene Mutation type (CADD score) Mutation

19 36297423 PRODH2 Het Stop gained (36) NM_021232.2 ¢.910C>T, p.R304*

11 64323613 SLC22A11 Het Stop gained (35) NM_018484.4: ¢.142C>T, p.R48*

15 90328681 ANPEP Het Missense (35) NM_001150.3: ¢.2803C>T, p.R935W
16 57938727 CNGB1 Het Frameshift (35) NM_001297.5: ¢.2544dup, p.L849Afs*3
1 5934941 NPHP4 Het Missense (33) NM_015102.5: ¢.3037G>A, p.E1013K

Table B.4: List of top five candidate variants based on CADD score in case 5582 after alignment, variant calling, and filtering. The patient is female with
macular dystrophy (inheritance pattern is unknown). Heterozygous, biallelic, and homozygous variants were retained. The frameshift mutation in CNGBL1 is
heterozygous in a gene that causes a recessive disease, hence ExomDepth was investigated for second alleles.
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Chr. Position (GRCh37) Gene Mutation type (CADD score) Mutation

11 72539495 ATG16L2 Het Stop gained (44) NM_033388.2 ¢.1564C>T, p.R522*

7 151962134 KMT2C Het Stop gained (39) NM_170606.3: ¢.1173C>A, p.C391*
13 25671369 PABPC3 Het Stop gained (38) NM_030979.3: ¢.1033G>T, p.E345*

1 149931640 OTuUD7B Het Stop gained (37) NM_020205.4: ¢.808C>T, p.R270*

6 152621820 SYNEL Het Missense (35) NM_182961.4 ¢.17638C>T, p.R5880C

Table B.5: List of top five candidate variants based on CADD score in case OA1203 after alignment, variant calling, and filtering. The patient is female with
autosomal recessive optic atrophy. Both biallelic and homozygous variants were retained.

B.4.5 Sample 12194201

Chr. Position (GRCh37) Gene Mutation type (CADD score) Mutation

17 55193512 AKAP1 Het Stop gained (44) NM_003488.4: ¢.2322G>A, p.W774*
4 103826685 SLC9B1 Het Stop gained (42) NM_139173.4: c.1318A>T, p.K440*

2 32422819 SLC30A6 Het Stop gained (40) NM_017964.5; ¢.709C>T, p.R197*

6 28269139 PGBD1 Het Stop gained (37) NM_032507.4: ¢.1508C>A, p.S503*

9 133057290 HMCN2 Het Missense (37) NM_001291815.2: ¢.769G>T, p.V257F

Table B.6: List of top five candidate variants based on CADD score in case 12194201 after alignment, variant calling, and filtering. The patient is male with
microcephaly, vision problem, and developmental delay (inheritance pattern is unknown). Heterozygous, biallelic, and homozygous variants were retained.
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B.4.6 Sample 12642093

Chr. Position (GRCh37) Gene Mutation type (CADD score) Mutation

16 30953855 FBXL19 Homo Missense (28.6) NM _001382779.1: c.1625C>A, p.P542Q

3 133969435 RYK Homo Frameshift (23.2) NM_002958.4: ¢.57insG, p.R20Qfs*59

3 113376110 USF3 Homo in-frame deletion (17.6) | NM_001009899.4: c.4416_4418del, p.Q1473del

Table B.7: List of top candidate variants based on CADD score in case 12642093 after alignment, variant calling, and filtering. The patient is female with
autosomal recessive Leber congenital amaurosis (with history of consanguinity). Only homozygous variants were retained.

B.4.7 Sample 8956112

Chr. Position (GRCh37) Gene Mutation type (CADD score) Mutation

12 30784844 IPO8 Het Stop gained (42) NM_006390.4: ¢.3001C>T, p.R1001*

1 144921963 PDEA4DIP Het Stop gained (37) NM_001350520.1: ¢.1555C>T, p.E519*
17 48646234 CACNA1LG Het Stop gained (37) NM_018896.5: C.246G>A, p.\W82*

11 17667125 OTOG Het Missense (35) NM_001292063.2: ¢.8476C>T, p.R2826C
16 74425787 NPIPB15 Het Stop gained (35) NM_001306094.1: c.1141G>T, p.E381*

Table B.8: List of top five candidate variants based on CADD score in case 8956112 after alignment, variant calling, and filtering. The patient is male with a
possible microdeletion syndrome (inheritance pattern is unknown). Heterozygous, biallelic, and homozygous variants were retained.
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B.4.8 Sample 3558

Chr. Position (GRCh37) Gene Mutation type (CADD score) Mutation

1 86173649 ZNHIT6 Het Missense (28.8) NM_017953.4: ¢.319G>A, p.V107M

X 2836184 ARSD Hemi Missense (27.2) NM_001669.4: ¢.524G>A, p.G175D

14 70039881 CCDC177 Homo Missense (23.8) NM_001271507.2: ¢.459G>C, p.E153D
11 121458843 SORL1 Het Missense (22.9) NM_003105.6 c. ¢.3929C>T, p.A1310V
1 16901021 NBPF1 Het Stop gained (22.8) NM_017940.6: ¢.2359T>C, p.S787P

Table B.9: List of top five candidate variants based on CADD score in case 3558 after alignment, variant calling, and filtering. The patient is male with
autosomal recessive RP. Both biallelic and homozygous variants were retained. No point mutations or structural variations were detected in known IRDs genes. This
case was included in RPGR-ORF15 screening (Chapter 5).

B.4.9 Sample 5583

Chr. Position (GRCh37) Gene Mutation type (CADD score) Mutation

14 64066363 WDR89 Het Stop gained (35) NM_080666.4: ¢.298C>T, p.R100*

5 236649 SDHA Het Missense (29.4) NM_004168.4: ¢.1367C>T, p.S456L

3 141535879 GRK7 Het Missense (25.5) NM_139209.3: ¢.1649G>A, p.C550Y
14 92547337 ATXN3 Het Missense (25.3) NM_004993.6: c. ¢.844C>T, p.R282W
19 15918201 OR10H1 Het Stop gained (24.8) NM_013940.4: ¢.647T>C>C, p.L216P

Table B.10: List of top five candidate variants based on CADD score in case 5583 after alignment, variant calling, and filtering. The patient is female with X-
linked RP. Both biallelic and homozygous variants were retained. This case was included in RPGR-ORF15 screening (Chapter 5).
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Chr. Position (GRCh37) Gene Mutation type (CADD score) Mutation
13 109610115 MYO16 Het Stop gained (44) NM_001198950.3: ¢.2005C>T, p.R669*
8 86178918 CA13 Het Stop gained (41) NM_198584.3: ¢.436G>T, p.G146*
4 190876277 FRG1 Het Stop gained (39) NM_004477.3: c.403A>T, p.R135*
1 14059374 PRDM2 Het Stop gained (38) NM_012231.4: c.228G>A, p.W76*
8 82439323 FABP12 Het Stop gained (38) NM_001105281.3: ¢.280C>T, p.Q94*
Table B.11: List of top five candidate variants based on CADD score in case 4212 after alignment, variant calling, and filtering. The patient is male with

autosomal dominant RP. Only heterozygous variants were retained.

B.4.11Sample 5544

Chr. Position (GRCh37) Gene Mutation type (CADD score) Mutation
19 1058727 ABCA7 Het Stop gained (42) NM_019112.4: c.5260C>T, p.R1754*
15 68619124 ITGA1l Het Stop gained (41) NM_001004439.2: ¢.2079C>G, p.Y693*
6 39272336 KCNK17 Het Stop gained (38) NM_031460.4: ¢.448C>T, p.R150*
11 65810704 GAL3ST3 Het Stop gained (37) NM_033036.3: ¢.570C>A, p.Y190*
6 46679244 PLA2G7 Het Stop gained (36) NM_005084.4: ¢.652C>T, p.R218*
Table B.12: List of top five candidate variants based on CADD score in case 5544 after alignment, variant calling, and filtering. The patient is female with

CORD (inheritance pattern is not clear). Heterozygous, biallelic, and homozygous variants were retained.
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Chr. Position (GRCh37) Gene Mutation type (CADD score) Mutation
16 31418867 ITGAD Het Stop gained (36) NM_005353.3: ¢.736C>T, p.R246*
8 21768200 DOK?2 Het Missense (35) NM_003974.4: ¢.602G>A, p.R201H
9 33466142 NOL6 Het Missense (35) NM_022917.5: ¢.2291G>A, p.R764H
19 58385479 ZNF814 Het Stop gained (35) NM_001144989.2: ¢.1279C>T, p.Q427*
7 128491324 FLNC Het Missense (34) NM_001458.5: ¢.5578C>T, p.R1860C
Table B.13: List of top five candidate variants based on CADD score in case 5546 after alignment, variant calling, and filtering. The patient is male with AVMD

(inheritance pattern is unknown). Heterozygous, biallelic, and homozygous variants were retained.

B.4.13Sample 3727

Chr. Position (GRCh37) Gene Mutation type (CADD score) Mutation
3 108147680 MYH15 Het Stop gained (37) NM_014981.2: ¢.3421C>T, p.R1141*
4 42545953 ATP8AL Het Missense (35) NM_006095.2: ¢.1703G>A, p.R568Q
3 197408001 RUBCN Het Missense (34) NM_014687.4: ¢.2429G>A, p.R810Q
4 148887925 ARHGAP10 Het Missense (34) NM_024605.4.2: c.1651G>A, p.A551T
5 1879861 IRX4 Het Missense (33) NM_016358.3: ¢.493C>T, p.R165C
Table B.14: List of top five candidate variants based on CADD score in case 3727 after alignment, variant calling, and filtering. The patient is male with MD

(inheritance pattern is unknown). Heterozygous, biallelic, and homozygous variants were retained.
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Appendix C

C.1 Map of pCR 2.1 TOPO vector used in TA cloning for CRX deletion

lacZo ATG
Hind Il 1 Sac| BamHl 1
M13 Reverse Primer | " Kﬂ" 8 ‘?’
CAG GAA ACA GCT ATG ACk ATG ATT ACG CCA AGC TTG GTA CCG AGC TCG GAT CCA CTA
GTC CTT TGT CGA TAC T TAC TAA TGC GST TCG AAC CAT GGC TCG AGC CTA GGT GAT

BsX1 EcoR | Eu?RI

smacsﬁcceocmemlcmsslumcsccmwmmc TGC
CAT TGC CGG CGG TCA CAC GAC CTT AAG CGG GAY TTC CCG CTT AAG ACG

E!lﬂ\f BI‘KI NA‘!I )ﬂ‘ml Nd|I|MuI Apltl
AGA TAT CCA TCA CAC TGG CGG CCG CTIC GAG CAT GCA TCT AGA GGG CCC AAT TCG [CCC TAT
TCT ATR GGT AGT GIG ACC GCC GGC GAG CTC GTA CGT AGA TCT CCC GGG TTA RAGC |GGG ATA

[
T7 Promoter M13 Forward (-20) Primer

AGT GAG TCG TAT TAC AAT TCA (CTG GCC GTC GTT TTA CAA CGT CGT GAC TGG GAA AAC
TCA CTC AGC ATA AT TTA AGT |GAC CGG CAG CAA AAT GIT GCA GCA CTG ACC CTT TTG

Comments for pCR®2.1-TOPO®
3931 nucleotides

LacZa fragment: bases 1-547

M13 reverse priming site: bases 205-221
Multiple cloning site: bases 234-357

T7 promoter/priming site: bases 364-383

M13 Forward (-20) priming site: bases 391-406
f1 origin: bases 548-985

Kanamycin resistance ORF: bases 1319-2113
Ampicillin resistance ORF: bases 2131-2991
pUC origin: bases 3136-3809

C.2 Internal primers used to sequence the breakpoint containing clone

or amplimer in CRX deletion carriers

Primer Name Primer sequence

CRX-del-1F TACAGGCATGCACCACTACA
CRX-del-1R CCCTGCCCCTTAAGTTAGCT
CRX-del-4F TGATGTCATGGGCTTACTGG
CRX-del-4R CCTCCTGAACAGCTGGGATT
CRX-del-5 GTGTGTACCATCATGCTCAGT
CRX-del-7 GAGGCTGGCTCTGTCACC
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Appendix D

D.1 Clinical details and identified variants of 218 individuals included in RPGR-ORF15 screening on both MinlON and

PacBio sequencers

Patient Sex Inheritance Clinical diagnosis Subsequently Category Identified variants Sequenced  Sequenced
ID pattern solved (NM_001034853.2) on minion on pachio
119 F Simplex RP Unsolved case
122 XL RP Unsolved case
135 XL RP Known control €.2426 2427delAG X
p.(Glu809GIyfs*25)
410 F AR MD Unsolved case
415 F Sectoral RP Unsolved case
427 M XL/AR RP Unsolved case
460 F AD RP RP Unsolved case
468 M Sporadic RP Unsolved case
469 F Sporadic RP/RCD Unsolved case
470 Sporadic RP Unsolved case
535 RP Unsolved case
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T
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p.(Glu802Glyfs*32)
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Unsolved case
Unsolved case
Unsolved case
Unsolved case
Unsolved case
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RCD
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p.(Lys1106Serfs*25)

Unsolved case
Unsolved case

Unsolved case



4667

4668

4670

4671

4676

4677

4680

4681

4684

4686

4691

4692

4697

4699

4700

M?

L £ £ £ T L T

Tn

Simplex

AD
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Retinitis punctata
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MD
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CRD
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p.(Glu870Glyfs*209)
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CACD
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MD
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RP
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RCD
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Unsolved case
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Early onset
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Known control

Unsolved case

Unsolved case

Unsolved case

Unsolved case

Unsolved case

Unsolved case

Unsolved case
Unsolved case
Unsolved case

Unsolved case

p.(Glu870Glyfs*209)

€.3334 C>T

p.(GIn1112%)
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Tn

< Z £ £

Multiplex

Simplex

AR

RP

Odd RD, myopia,
pseudostaphyloma,
pigment clumps

Atypical CORD

RP

MD or COD
MD or COD
Stargardts?
Cone dystrophy
MD or COD

Unusual peripheral
retinal
degeneration,

LD, obesity

CORD

ABCA4

PROM1

ABCA4

ABCA4

ABCA4

ABCA4

316

Unsolved case

Unsolved case

Obligate negative
Unsolved case

Known control

Obligate negative
Obligate negative
Obligate negative
Obligate negative
Obligate negative

Unsolved case

Unsolved case

C.2426_2427delAG

p.(Glu809GIyfs*25)

€.2971delG
p.(Glu991Lysfs*98)
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5869 F AR CORD Unsolved case
5870 F AD variable RCD Unsolved case

penetrance or

XL
5871 AD RCD Unsolved case
5872 COD Unsolved case
5873 F MD Unsolved case
5874 M MD Unsolved case
5875 M RP Unsolved case
5972 M LCA/early RP Unsolved case
5974 M LCA/early RP Unsolved case
5977 M LCA/early RP Unsolved case
5980 M Sever early RP Unsolved case

Table D.1: Clinical details and identified variants of all individuals included in RPGR ORF15 screening using both MinlON and PacBio sequencers. The
diagnosis of the patients was either peripheral or central retinopathy. M = male, F = female, RP= Retinitis pigmentosa, MD = Macular dystrophy, RCD = Rod cone
dystrophy, COD = Cone dystrophy, CORD = Cone rod dystrophy, LCA = Leber congenital amaurosis, CACD = Central areolar choroidal dystrophy, LORD = Late
onset retinal degeneration, RD = Retinal detachment, NCMD = North Carolina macular dystrophy, PPRCA = Pigmented paravenous retinochoroidal atrophy, AVMD
= Adult vitelliform macular dystrophy, BCAD = Benign concentric annular dystrophy, CSNB = Congenital stationary night blindness, LD= Learning disabilities,

AR= Autosomal recessive, AD= Autosomal dominant, XL= X-linked.
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D.2 List of non-barcoded PCR primers tested in PacBio sequencing

study
Forward primer (MA_ORF15 F2) Reverse primer (MA_ORF15 R) Product
size
AGAAAGAGGATGATGAAGTGGAAACT | TTTAAATTGTCTGACTGGCCATAATC | 1,892
bp

D.2.1 Workflow of PCR optimisation for primers MA ORF15 F2 and

MA_ORF15 R

First, the optimisation started by trying the Biolab protocol as follows:

Component 20 pl Reaction 50 pl Reaction Final Concentration
Nuclease-free water to 20 pl to 50 ul

5X Phusion HF or GC | 4 ul 10 pl 1X

Buffer

10 mM dNTPs 0.4 ul 1 ul 200 uM

10 uM Forward Primer | 1 pl 2.5 ul 0.5 uM

10 uM Reverse Primer | 1 pl 2.5l 0.5 uM

Template DNA 1 ul 1 ul <250 ng

DMSO (optional) (0.6 ul) (1.5 ul) 3%

Phusion DNA 0.2 ul 0.5 ul 1.0 units/50 pul PCR
Polymerase

Two set of experiment were attempted:

1. GC buffer was used in the first set.

2. HF buffer was used in the second.

And the initial thermocycling conditions were:

No. of cycles PCR stage Temperature | Time

1 Initial denaturation 98 °C 1 minute

30 cycles Denaturation 98 °C 10 seconds
Annealing 70 °C 30 seconds
Extension 72°C 1 minute.

1 Final extension 72°C 5 minutes.

1 Hold 4°C 0
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Then, the variation used were as follows:

1- Touch down the annealing temperature 70°C—->65°C, 67°C->60°C, and
67°C->63°C. When we started to see the correct bands at annealing temperature
67°C—>63°C, we tried two separate annealing temperature 67°C and 65°C.

2- Additives as DMSO 3% and MgCl2 were used.

We found that using the annealing temperature 65°C and using GC buffer with adding

DMSO 3% gave us a correct band size and they were the best conditions to use.

D.2.2 List of barcoded primers of MA_ORF15 F2 and MA_ORF15 R used

in PacBio sequencing study

Forward primer (MA_ORF15_F2)

F1: | GGTAGTCAGACGATGCGTCATAGAAAGAGGATGATGAAGTGGAAACT
F2: | GGTAGCTATACATGACTCTGCAGAAAGAGGATGATGAAGTGGAAACT
F3: | GGTAGTACTAGAGTAGCACTCAGAAAGAGGATGATGAAGTGGAAACT
F4: | GGTAGTGTGTATCAGTACATGAGAAAGAGGATGATGAAGTGGAAACT

F5: | GGTAGACACGCATGACACACTAGAAAGAGGATGATGAAGTGGAAACT
F6: | GGTAGGATCTCTACTATATGCAGAAAGAGGATGATGAAGTGGAAACT

F7: | GGTAGACAGTCTATACTGCTGAGAAAGAGGATGATGAAGTGGAAACT

F8: | GGTAGATGATGTGCTACATCTAGAAAGAGGATGATGAAGTGGAAACT

Reverse primer (MA_ORF15 R)

R1: | CCATCATGACGCATCGTCTGATTTAAATTGTCTGACTGGCCATAATC
R2: | CCATCGCAGAGTCATGTATAGTTTAAATTGTCTGACTGGCCATAATC
R3: | CCATCCAGTGCTACTCTAGTATTTAAATTGTCTGACTGGCCATAATC
R4: | CCATCCATGTACTGATACACATTTAAATTGTCTGACTGGCCATAATC
R5: | CCATCAGTGTGTCATGCGTGTTTAAATTGTCTGACTGGCCATAATC

R6: | CCATCGCATATAGTAGAGATCTTTAAATTGTCTGACTGGCCATAATC
R7: | CCATCCAGCAGTATAGACTGTTTAAATTGTCTGACTGGCCATAATC

Table D.2: Sequences of barcoded primer pair (MA_ORF15 F2 and MA_ORF15_R).

Red: padding sequence (5 bp), Green: barcode sequence, Black: primer sequence.
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D.3 List of newly designed non barcoded primers (MA_ORF15 F3,
MA_ORF15 R3 and MA_ORF15_F4, MA ORF15 R4) tested in

PacBio sequencing study

Primer name Primer sequence

MA ORF15 F3 CAGTAGAAAAGCCAGACAGTTACATG
MA_ORF15 R3 CTATTGTCTTTGGCTCCTTAACACAG
MA_ORF15 F4 CCTGAGGCAATAGAATTTAGTAGTGG
MA_ORF15 R4 GTATATTCCTGTTTCCTAAAGCTGCC

Table D.3: Sequences of different non barcoded primer combinations tested for PCR

amplification of ORF15 region for PacBio sequencing. F = Forward, R = Reverse.
Product size for different combinations:

e F3-R3-2119bp
e F4-R4-> 2198bp
e F4-R3- 2045bp
e F3-R4->2272bp
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D.3.1 Workflow of PCR optimisation for primers MA ORF15 F3,
MA_ORF15 R3 and MA_ORF15 F4, MA ORF15 R4

Four primer combinations were tried (F3/R3, F4/R4, F3/R4, F4/R3) and for each

combination the following steps were performed:

1- GC buffer +/- DMSO 3%
2- HF buffer +/- DMSO 3%

At first these experiments were performed by applying the following

thermocycling conditions:

No. of cycles ‘ PCR stage Temperature Time
1 ’ Initial denaturation | 98°C 1 minutes
4 cycles Denaturation 98°C 10 seconds
Annealing 63°C 30 seconds
(Decrease by 0.5°C/ cycle)
Extension 72°C 1 minute
21 cycles Denaturation 98°C 10 seconds
Annealing 61 °C 30 seconds
Extension 72°C 1 minute
1 Final Extension 72°C 5 minutes
1 Hold 4°C 0

The bands of the correct sizes have appeared only in one primer combination, F3/R4
and that was when using the GC/HF buffer with no addition of DMSO 3%, these bands

were unclear so, we decided to try higher annealing temperature.

1- Touchdown 65°C—>63°C
2- Touchdown 67°C->65°C

We found that applying the annealing temperature (Touchdown 67°C->65°C) and using

the GC buffer with no DMSO added, gave us clear bands and it was the best conditions

to use.
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D.3.2 List of barcoded primers of MA_ORF15 F3 and MA_ORF15 R4 used in PacBio sequencing study

Barcode
1D

Forward primer (MA_ORF15 _F3)

Barcode
1D

Reverse primer (MA_ORF15 R4

F1

GCGCTCTGTGTGCAGCCAGTAGAAAAGCCAGACAGTTACATG

R1

TCATATGTAGTACTCTGTATATTCCTGTTTCCTAAAGCTGCC

F2

TCATGAGTCGACACTACAGTAGAAAAGCCAGACAGTTACATG

R2

GCGATCTATGCACACGGTATATTCCTGTTTCCTAAAGCTGCC

F3

TATCTATCGTATACGCCAGTAGAAAAGCCAGACAGTTACATG

R3

TGCAGTCGAGATACATGTATATTCCTGTTTCCTAAAGCTGCC

F4

ATCACACTGCATCTGACAGTAGAAAAGCCAGACAGTTACATG

R4

GACTCTGCGTCGAGTCGTATATTCCTGTTTCCTAAAGCTGCC

F5

AGAGCATCTCTGTACTCAGTAGAAAAGCCAGACAGTTACATG

RS

TACAGCGACGTCATCGGTATATTCCTGTTTCCTAAAGCTGCC

F6

TGTGAGTCAGTACGCGCAGTAGAAAAGCCAGACAGTTACATG

R6

GCGCAGACTACGTGTGGTATATTCCTGTTTCCTAAAGCTGCC

F7

AGAGACACGATACTCACAGTAGAAAAGCCAGACAGTTACATG

R7

GTCTCTGCGATACAGCGTATATTCCTGTTTCCTAAAGCTGCC

F8

CTGCTAGAGTCTACAGCAGTAGAAAAGCCAGACAGTTACATG

R8

AGTATGAGATAGCTCGGTATATTCCTGTTTCCTAAAGCTGCC

F9

AGCACTCGCGTCAGTGCAGTAGAAAAGCCAGACAGTTACATG

R9

GCGACGAGTACTCATGGTATATTCCTGTTTCCTAAAGCTGCC

F10

TCATGCACGTCTCGCTCAGTAGAAAAGCCAGACAGTTACATG

R10

AGTATCACAGTCGCTGGTATATTCCTGTTTCCTAAAGCTGCC

F11

CGCATCGACTACGCTACAGTAGAAAAGCCAGACAGTTACATG

R11

AGACGTAGATCACAGCGTATATTCCTGTTTCCTAAAGCTGCC

F12

CGTAGCGTGCTATCACCAGTAGAAAAGCCAGACAGTTACATG

R12

CGTGTCATGCTACTCAGTATATTCCTGTTTCCTAAAGCTGCC

F13

ATGCTGATGACTGCGACAGTAGAAAAGCCAGACAGTTACATG

R13

TGTGAGACTGCATGTCGTATATTCCTGTTTCCTAAAGCTGCC

F14

TGCGTGAGCTGTACATCAGTAGAAAAGCCAGACAGTTACATG

R14

GCTCAGTGCGCTACTGGTATATTCCTGTTTCCTAAAGCTGCC

F15

CGATCATCTATAGACACAGTAGAAAAGCCAGACAGTTACATG

R15

ACTATCGCGCACGCAGGTATATTCCTGTTTCCTAAAGCTGCC

F16

CGACGTATCTGACAGTCAGTAGAAAAGCCAGACAGTTACATG

R16

TGACACTCTGCACGCGGTATATTCCTGTTTCCTAAAGCTGCC

F17

CACGTCACTAGAGCGACAGTAGAAAAGCCAGACAGTTACATG

R17

CAGACGTGACTGATATGTATATTCCTGTTTCCTAAAGCTGCC
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F18

TGTCGCAGCTACTAGTCAGTAGAAAAGCCAGACAGTTACATG

R18

GCACTGTAGTGATCGTGTATATTCCTGTTTCCTAAAGCTGCC

F19

CATACGCTGTGTAGCACAGTAGAAAAGCCAGACAGTTACATG

R19

CAGTGCGAGACAGTAGGTATATTCCTGTTTCCTAAAGCTGCC

F20

AGTCGCATGACTGTGTCAGTAGAAAAGCCAGACAGTTACATG

R20

AGTAGTGCTACTCGACGTATATTCCTGTTTCCTAAAGCTGCC

F21

CAGTACTGCACGATCGCAGTAGAAAAGCCAGACAGTTACATG

R21

ATGCGAGATCTGCTCAGTATATTCCTGTTTCCTAAAGCTGCC

F22

GTGCTGAGCATCAGACCAGTAGAAAAGCCAGACAGTTACATG

R22

TGAGACATACTGAGTGGTATATTCCTGTTTCCTAAAGCTGCC

F23

CACTGATCGATATGCACAGTAGAAAAGCCAGACAGTTACATG

R23

ATGTGCACTAGTGTACGTATATTCCTGTTTCCTAAAGCTGCC

F24

TACAGTGTCTGCTGCGCAGTAGAAAAGCCAGACAGTTACATG

R24

TCAGCTGACGATGTGAGTATATTCCTGTTTCCTAAAGCTGCC

F25

TACAGATAGTGTAGCGCAGTAGAAAAGCCAGACAGTTACATG

R25

ACTGATGCGCACATGTGTATATTCCTGTTTCCTAAAGCTGCC

F26

TCGTAGAGCTCGAGACCAGTAGAAAAGCCAGACAGTTACATG

R26

CTACTCTCAGCAGTGAGTATATTCCTGTTTCCTAAAGCTGCC

F27

GAGCTGCGCACTCGATCAGTAGAAAAGCCAGACAGTTACATG

R27

ATCTACATCACGACTCGTATATTCCTGTTTCCTAAAGCTGCC

F28

GCGATGTCGCTATGTGCAGTAGAAAAGCCAGACAGTTACATG

R28

ATATAGTACAGCGTCTGTATATTCCTGTTTCCTAAAGCTGCC

F29

CGAGAGTCAGCGCATACAGTAGAAAAGCCAGACAGTTACATG

R29

GACACGACTAGATCGCGTATATTCCTGTTTCCTAAAGCTGCC

F30

TCACGATGAGCACGTACAGTAGAAAAGCCAGACAGTTACATG

R30

TACGAGTCTGTCATACGTATATTCCTGTTTCCTAAAGCTGCC

F31

GACTGAGATCATGATCCAGTAGAAAAGCCAGACAGTTACATG

R31

ACTCAGCTACATAGTGGTATATTCCTGTTTCCTAAAGCTGCC

F32

ACGACATGATACTGCTCAGTAGAAAAGCCAGACAGTTACATG

R32

ACGTATCATAGTGAGAGTATATTCCTGTTTCCTAAAGCTGCC

F33

ATACAGCACAGATGTGCAGTAGAAAAGCCAGACAGTTACATG

R33

GAGTCGTATCGCTCATGTATATTCCTGTTTCCTAAAGCTGCC

F34

ACAGTCGATATCTCTCCAGTAGAAAAGCCAGACAGTTACATG

R34

GCGATCACGAGTAGACGTATATTCCTGTTTCCTAAAGCTGCC
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F35

GCTCGATCACATGACGCAGTAGAAAAGCCAGACAGTTACATG

R35

CTAGACGTACATGTCGGTATATTCCTGTTTCCTAAAGCTGCC

F36

GTCGTACACGTGCGACCAGTAGAAAAGCCAGACAGTTACATG

R36

TAGCAGTCACTGTGCGGTATATTCCTGTTTCCTAAAGCTGCC

F37

ACTCATATCTAGAGTGCAGTAGAAAAGCCAGACAGTTACATG

R37

CGTCATGCGATAGCTAGTATATTCCTGTTTCCTAAAGCTGCC

F38

ACTGATCTGTCGCGCTCAGTAGAAAAGCCAGACAGTTACATG

R38

GCGCAGTCGTCTGTATGTATATTCCTGTTTCCTAAAGCTGCC

F39

CACTAGCTCTGACTACCAGTAGAAAAGCCAGACAGTTACATG

R39

ATGAGCTACGTACAGAGTATATTCCTGTTTCCTAAAGCTGCC

F40

GCTGTCATGTACTAGCCAGTAGAAAAGCCAGACAGTTACATG

R40

GTCGCGAGTCTATCAGGTATATTCCTGTTTCCTAAAGCTGCC

FA1

TATACATACACGCACTCAGTAGAAAAGCCAGACAGTTACATG

R41

ACATCGATCTGCACTAGTATATTCCTGTTTCCTAAAGCTGCC

F42

TGTGACGACGCGTCTCCAGTAGAAAAGCCAGACAGTTACATG

R42

AGTATAGCATAGACGCGTATATTCCTGTTTCCTAAAGCTGCC

F43

GACGTGAGCATGCACTCAGTAGAAAAGCCAGACAGTTACATG

R43

GTGAGAGCGTGACTCTGTATATTCCTGTTTCCTAAAGCTGCC

F44

CTCGATACGTGTAGCTCAGTAGAAAAGCCAGACAGTTACATG

R44

TGTCAGTAGATGACTCGTATATTCCTGTTTCCTAAAGCTGCC

F45

GTGTCTAGACAGCTGTCAGTAGAAAAGCCAGACAGTTACATG

R45

TCGTACGAGATCGACAGTATATTCCTGTTTCCTAAAGCTGCC

F46

GATGCATGCGTACGCACAGTAGAAAAGCCAGACAGTTACATG

R46

CTACATGTGACTCGAGGTATATTCCTGTTTCCTAAAGCTGCC

F47

TATCAGAGCAGCGATGCAGTAGAAAAGCCAGACAGTTACATG

R47

GCGCTATAGTGCTCGTGTATATTCCTGTTTCCTAAAGCTGCC

F48

TGTCTCGTGCTGAGACCAGTAGAAAAGCCAGACAGTTACATG

R48

CTGTGTAGAGAGCACAGTATATTCCTGTTTCCTAAAGCTGCC

Table D.4: Sequences of barcoded primer pair (MA_ORF15 F3 and MA_ORF15 R4) used in PacBio sequencing study.

Red: barcode sequence (16 bp), Black: primer sequence.
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D.4 SNVs and in frame indels identified by both MinlON and PacBio in
cases and unaffected controls in RPGR ORF15 screening study

No. SNVs No. Indels

1 rs12687163 1 1764268405
N rs12688514 2. rs751710678
3. rs147619484 8. rs200824587
4. (5917557 4. rs199663434
5. 1761510942 5 rs199896738
6. 1756083902 6. 1772859148
I 162636730 7. rs777850798
8. 15917557 8. rs1164395323
9. rs111787313 9. rs201134185
10. 178736275 10.

11. rs151247357 11.

12. 1752979508 12.

13. 1770346168 13.

14. 1755138994 14.

15 rs867319999 15

16. rs750364695 16.

17 1776423695 17

18. rs1328655753 18.

19. 11250133030 19.

20. (777091269 20.

21. rs201131185 21,

22. 1343966503 22

23. 11279895966 23.

24. 1371230592 24.

25. rs1262060159 25.
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26. rs1241379586 26.
27 11441737211 27.
28. 1868119890 28.
29. r$192410099 29.
30. rs187844918 30.
31 11412771722 31.
32 1201655057 32
33 1766376194 33.
34. 11312552676 34.
3. rs1064797363 3.
36. 11341173289 36.
37 1769179127 37.

D.5 List of primer combinations tested in MinlON sequencing study

Primer Primer sequence Product
name size
MIinORF15 | TTTCTGTTGGTGCTGATATTGCAGGGAAAGTTGCAAGCAAGA 2106 bp
F1

MInORF15 | ACTTGCCTGTCGCTCTATCTTCAGTGCCCGTTATATGCAAGG

R1

MInORF15 | TTTCTGTTGGTGCTGATATTGCAAACCCATAATATCCAAATCCA | 1875bp
F2

MInORF15 | ACTTGCCTGTCGCTCTATCTTCAGTGCCCGTTATATGCAAGG

R1

MIinORF15 | TTTCTGTTGGTGCTGATATTGCCGGTATGGCAGGAAATTGAT 1920 bp
F3

MIinORF15 | ACTTGCCTGTCGCTCTATCTTCAGTGCCCGTTATATGCAAGG

R1

MIinORF15 | TTTCTGTTGGTGCTGATATTGCACGCAGCCAGCTACGACTAT 2554 bp

F4
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MinORF15_ | ACTTGCCTGTCGCTCTATCTTCCACAGCTGCATCAGTTGCTT

R2

MIinORF15_ | TTTCTGTTGGTGCTGATATTGCAGGGAAAGTTGCAAGCAAGA | 2784 bp
F1

MinORF15_ | ACTTGCCTGTCGCTCTATCTTCGAAGAAACTGAGGCCCAATG

R3

MinORF15_ | TTTCTGTTGGTGCTGATATTGCCATGGAAGGTGCAAGTGAGA | 2114 bp
F5

MinORF15_ | ACTTGCCTGTCGCTCTATCTTCCACAGCTGCATCAGTTGCTT

R2

MinORF15_ | TTTCTGTTGGTGCTGATATTGCCAGGCTGACACTGATGGAGA | 2526 bp
F6

MIinORF15_ | ACTTGCCTGTCGCTCTATCTTCAGGCCAAAATTTACCAGTGC

R4

MInORF15_ | TTTCTGTTGGTGCTGATATTGCTGGAGGACACAGTCAGAAGG | 2978 bp
F7

MIinORF15_ | ACTTGCCTGTCGCTCTATCTTCGAAGAAACTGAGGCCCAATG

R3

MIinORF15_ | TTTCTGTTGGTGCTGATATTGCAGCAGCCTGAGGCAATAGAA | 1991 bp
F8

MinORF15_ | ACTTGCCTGTCGCTCTATCTTCCACAGCTGCATCAGTTGCTT

R2

MinORF15_ | TTTCTGTTGGTGCTGATATTGCTGATGAAGTGGAAACTGACCA | 1919 bp
F9

MIinORF15_ | ACTTGCCTGTCGCTCTATCTTCTGTCTGACTGGCCATAATCG

R5

MinORF15_ | TTTCTGTTGGTGCTGATATTGCTGAGTCCTTTCTTTGGCAACT | 2214 bp
F10

MIinORF15_ | ACTTGCCTGTCGCTCTATCTTCTGACATAAAATCAATTTAATAA

R6 CACG

MIinORF15_ | TTTCTGTTGGTGCTGATATTGCTGGCAGAAATAGCAGGTATGAA | 2392 bp
F11

MinORF15_ | ACTTGCCTGTCGCTCTATCTTCGGGGGAAATACACGAAAAT

R7
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MIinORF15_ | TTTCTGTTGGTGCTGATATTGCAGGGAAAGTTGCAAGCAAGA 2419 bp
F1

MinORF15_ | ACTTGCCTGTCGCTCTATCTTCCCTTAAGCATCTGTGCCATTT
R8

MinORF15_ | TTTCTGTTGGTGCTGATATTGCAGGGAAAGTTGCAAGCAAGA 2559 bp
F1

MinORF15_ | ACTTGCCTGTCGCTCTATCTTCTTCTTTAAAATGTGAATGCCTCA
R9 A

Table D.5: Sequences of different primer combinations tested for pre-indexing PCR
amplification of ORF15 region for MinlON sequencing. The universal sequencing tags are
underlined. The primer combination worked is orange shaded. F= Forward primer, R= Reverse

primer.
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