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Abstract

Inherited retinal dystrophies (RDs) are a clinically heterogeneous group of eye
diseases that result from mutations in more than 250 genes. Genetic diagnosis of these
diseases has, until recently, been hampeydhelack of suitable technologies to perform
high throughput screening. This thesis describes two different strategies for using next
generation sequencing (NGS) in RD patients to find the pathogenic mutation(s) involved.

In the first results chaptercastomised capture reagent (called Retinome) designed
against the known retinal dystrophy genes (RetNet, June 2010) was used in NGS analysis
of 20 RD families. The diseas@using mutations were identified in 12 of 20 cases (60%).
These included previouslyeported mutations iPABCA4 (c.6088C>T, p.R2030%;
€.5882G>A,p.G1961E) RDH12(c.601T>C,p.C201R; ¢.506G>Ap.R169Q),PROM1
(c.1117C>T, p.R373C), GUCY2D (c.2512C>T, p.R838C), RPGRIP1 (c.3565C>T,
p.R1189%),BBS2(c.1895G>C,p.R632P) andSPATA7(c.253C>T,p.R85*) and new
mutations in CRB1 (c.2832_2842+23del)USH2A (c.12874A>G, p.N4292D), RP2
(c.8841G>T) andABCA4(c.3328+1G>C). In eight cases the causative mutation could
not be unambiguously identified.

In the second results chapter, wheleme NGS was p®rmed on five RD
families that had been peereened with the Retinome reagent. This identified mutations
in three known RD genesyIFSD8 (c.1006G>C,p.E336Q; ¢.1394G>Ap.R465Q),
C80orf37(c.555G>A p.W185*) andT TLL5(c.1627G>Ap.E543K), and mutations in two
potentially new RD gened,ARGE (c.2089G>T, p.V697L) and-DFT1 (c.930C>G,
p.F310L).

In the third results chapter, whedxome NGS was performed, without pre
screening of known genes, in a family with atypical adaet RD vth early macular
involvement. NGS identified a mutation g novel RD gene, DRAM2 (c.140delG,
p.G47Vis*3) Further DRAM2 screening in DNA panels identified a compound
heterozygote case (c.494G>AW165%; c.131G>Ap.S44N). DRAM2 was localised to
the phobreceptor inner segment and retinal pigment epithelium.

The relative merits of each approach are discussed. Identifying the pathogenic
mutation facilitates counselling, carrier testing and may lead to a clearer prognosis. It may

also influence future prospts for these families as new treatments become available.
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Chapter 1- Introduction

6The eyes are surely the most sensiti
possess. They ali&e awindow through which we see the world, and are responsible for
most of the information that reaches the brain, which is why humans depend on their sight

more than any of the othere n s e s 6

1.1 Gross anatomy of the human eye

In simple terms, the eye is m&adp of three layers; an outer fibrous wall, a middle
vascular layer and an inner neuronal laj@assinand Solomon, 1990)he outermost
layer contains collagen and elastin fibreasd consists of the cornea and sclera. The
cornea refracts light, accounting for approximately 70% of the total dioptric powresx of
eye, while thesclera is the protectiveoat that gives the eye its white colour. The middle
layer consists of thehoroidposteriorly, which providesxygenand nouishment to the
innermost layer of the eye, the retina. Anteriorly, the choroid connects wittilitrg

body andris (Figure 1.1).

Ciliary body Sclera

Choroid

Retina

Vitreous humor

Cornea
Fovea centralis

Pupil Optic disk (blind spot)

Optic nerve

Blood vessels E

Figure 1.1. Schematic illustration shovwng the lateral view of a human eyeThe diagram

shows the three main layers of the eye: the cornea and sclera; the iris, choroid and ciliary body;
and the retina (Adapted with a free license from Alila Medical Megiay.alilamedicalmedia

com/).


http://en.wikipedia.org/wiki/Choroid
http://en.wikipedia.org/wiki/Oxygen
http://en.wikipedia.org/wiki/Iris_(anatomy)
http://www.alilamedicalmedia/

Images are made up of light reflected from the objects; this light enters the eye
through the cornea, creating an upsidevn image on the retina. The retina acts like the
film in a camera; images come through the eye's lens and are focused onto the retina
which converts these images into electrical signals and sends them via the optic nerve to
the brain, where the image is translated and perceived in an upright pSitiendon,

2000)

1.2 Embryonic development of the human eye

1.2.1 Overview

The formation of human eyes takes place between the third and the tenth week of
embryonic development. The eye is derived from three key compdAdinadsid Sowden,
2011)(Figure 1.2. First, the neuroepithelium gives rise to the optic vesicle and optic cup
that eventually go on to form the retina, retinal pigment epithelium (RPE), the iris and its
smooth muscles, ciliary body, the optic nerve, andpdrt t he eyeds Vvitreous
Second, the surface ectoderm gives rise to the lens, the corneal epithelium, conjunctiva
and caruncle, the lacrimal apparatus (glands and drainage system) and eyelid skin. Third,
the mesenchyme gives rise to the extraoculasates and the orbital and ocular vascular

endothelium.

1.2.2 Development of the optic cup and lenssicle

The eye begins to form on or about day 22 of embryonic development, when a
progressively deepening groove known as the optic sulcus appears@uthefolds on
both sides of the developing forebrain. As the neural tube closes, these two sulci become
out-pocketings and form optic vesicles that extend toward the surface ectoderm and
attenuate to form optic stalks. Interaction between the ectodetnthanoptic vesicle
induces a thickening of the ectoderm in that g&aaver and Hogan, 200{igure
1.2A). This in turn invaginates, forming the lens placode (Figure 1.2B) and then a fully
enclosed lens vesicle. At the same time, the optic vaamdginates to form a bilayered
optic cup (Figure 1.2C). A groove on the inferior surfaces of the developing optic vesicle
and stalk, known as the optic, or choroidal, fissure, allows blood vessels access to both
the optic cup and the lens vesicle. Thel®d vessels consist of the hyaloid artery and

its accompanying vein. Eventually when this fissure fuses, it encloses these vessels inside
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the optic stalk. As the pregnancy advances, and the lens matures, the distal end of the

hyaloid artery disintegrates/ilst its proximal end forms the central retinal artery.

i i Lens placode
A Surface ectgderg emroepihclinm B P

1" Optic cup

Mesenchyme
Optic stalk

Optic vesicle

c D

~ Lens vesicle

Optic stalk

Bilayered Optic cup »
Photoreceptor cells

Future cornea
Interneurons

Future ciliary

body and iris Ganglion cells

Figure 1.2. Embryonic development of the humanye. The surface ectoderm thickens (A) and
invaginates together with the underlying neuroepithelium of the optic vesicle to produce the lens
placode(B). The inner layer of the bilayered optic cup (C) produces neural retina whilst the outer
layer gives rise tthe retinal pigmented epithelium (RPE). When maturation is reached the neural
retina comprises three cellular layers: photoreceptors, interneurons and retinal ganglion cells (D).
(Adapted with a free license froBrown Lab,https://basicscience.ucdmc.ucdavis.edu/Brown_

Lab/index.htm] The University of California).

1.2.3 Development of theetina

The bilayer of the optic cup differentiates to produce the outer pigment layer that
will eventually form the RPE, whilst the innlayer forms the neural retina of the mature
eye(Eiraku et al., 11) The development of the RPE can be observed shortly after the
fourth week, with melanin granules appearing in the cells within this layer. Two weeks
later, around day 47 of gestation, the cells adjoining the intraretinal space start to

differentiak into the photoreceptors (rods and cori€aw, 2003) This is followed by
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the development of the intenm®ns that form the next layer (horizontal, amacrine and
bipolar cells). Finally, the innermost layer forms the axons of the ganglion cells that will
make up the optic nerve. Also, the cells of the optic cup inner layer generate a range of
glia. The macularegion is thicker than the rest of the retina until the eighth month, when
the macular depression begins to develop. Although cones and rods can be first
distinguished at week 15 of gestation and all of these retinal layers appear fully developed
and digernible by eight months, the macular development especiallyfofega
centralis(the point of maximum optical resolution) is not complete until few months after
birth (Hendrickson and Yuodelis, 1984)

1.2.4 Development of other eye layers

During weeks six and seven, the mesenchyme that surrounds the external surface
of the optic cup condenses into the inner vascular layer, the choroid and the outer fibrous
layer, the sclera. Mesenchyme anterior todbeeloping lens splits into two layers that
form the anterior chamber of the eJée inner layer is continuous with the choroid. The
outer layer produces the stroma, one of the three layers of the cornea. The other two layers
in the cornea, epithelium, drendothelium, develop from surface ectoderm and neural
crest cells respectively. Developing neural and pigmented retinas meet at the outer lips of
the optic cup where they differentiate into the epithelium of the iris and the ciliary body
(Figure 1.2D), while stroma of the iris and the ciliary body develop from neural crest cells
migrating into the aregGraw, 2M3). The amount of melanin distributed in the stroma of
the i1 ris wildl d e (SturmnandhLarssonh 2009 e splinster anol | o u r
dilator pupillae muscles connected to the iris stroma develop from optic cup
neuroectoderm, while the ciliary muscle is formed by invading mesenchyme. Vitreous
humour is also formed initially from mesenchymal cells originating in theat crest.

More of this gellike substance is later added from the neuroectoderm of the optic cup.
The eyelids start forming in week six and are derived partially from neural crest cells and
partially from surface ectoderm just anterior to the corneginBeng as two folds of skin
adhering to each other over the cornea, they later separate in thee2k of

development.



1.3 Retina

The retina is a lighsensitive layer at the back of the eye that covers about 65
percent of t he.Thgretidasonveristightrenenyy intselectricad sigeals
that are carried to the brain by the optic nerve. The retina is a very delicate and
complicated structure csisting of two main layers, the RRIad the neural retina.

1.3.1 Retinal pigmentepithelium (RPE)

The RPE is a pigmented monolayer of cuboidal cells that are in close proximity to
the photoreceptor outer segments. The basal surface of the RPE rests on a prominent
basement membrane called the Br ugyelds memb
or white deposits found in dry agelated macular degeneration (AMD), are located.
Large confluent drusen are a risk factor for progression of AMavis et al., 2005;
Edwards et al., 2005; Klein et al., 2005; Zareparsi et al., 2005; Gald 2006; Yates et
al., 2007; Despriet et al., 2009; Fritsche et al., 20RPE cells serve numerous diverse
functions in the maintenance of retinal homeostasis. They transport ions, water, metabolic
end products and nutrients such as glucose and fatty acids between the photoreceptor
layer and the choriocapillarigizzolo et al., 2011)During the visual cycle (Section
1.4.4) the RPE maintains the photoreceptor excitability by isomerization -tfaalé-
retind to 1l-cisretinal (Baehr et al., 2003; Thompson and Gal, 2008)portantly,
photoreceptor cells undergo a daily renewal process, in which 188 photoreceptor
outer segment (POS) is shed and subsequently phagocytosed by adjacent RPE cells. This
daily phagocytosis and digestion of POS discs protects photoreceptors from the toxic
effects of accumulated phetxidative products over a human lifee (Kevany and
Palczewski, 2010)This renewal of POSs is critical for the maintenance of photoreceptor
structural integrity and functio(LaVail, 1976; Strauss, 20054 failure of any one of
these RPE functions causes degeneration of the retina, loss of visual function and
blindness(Marlhens €al., 1997; Morimura et al., 1998; Gal et al., 2000; Thompson et
al., 2001; Gibbs et al., 2003; Bonilha, 2008; Sparrow et al., 2010a)

1.3.2 Neural retina

The neural layer of the retina is responsible for trapping the incident light rays and

converting their energy into action potentials, whach then transmitted to the brain as
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nerve impulses. The neural layer of the retina contains five kinds of cells. Photoreceptor

cells, rods and cones, are specialized for light absorptigipolar, amacrine
andhorizontal cells receive information frometlphotoreceptors, process it in a variety

of ways and pass this on to ganglion cells winéthy the information to the brain. These

cells have a unique O0invertedd arrangement,
from incident light as light has pass through several inner retinal layers before reaching

the photoreceptors (Figure 1.3A)
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Figure 1.3. The five main cell types in the retinalA) The arrangement of retinal cells is shown

in a cross section. The five cell types in the neural retina are arranged into three layers, the
photoreceptor layer (rods and cones), intermediate layer (bipolar, horizontal and amacrine cells)
and the internal lger of ganglion cells. (B) The structure of the photoreceptors (rods and cones)
consists of three cellular regions: an outer segment, an inner segment and the region of synaptic
terminals. (Adapted frorhivesey and Cé (2001)with the permission of Elsevier Copyright
Clearance Centre, License number: 3926710001545).

1.3.2.1 Photoreceptors

Human retinal photoreceptors consist of two distinct cell types, rods and cones
(Figure 1.3B). Rods are the predominant phateg®rs in the peripheral retinahay

6



operation under dim light conditions but quickly saturate in bright light, and are mainly
responsiblefor night vision, sensing brightness, contrast and mofRadieck and
Rushton, 1976)There are relatively fewones at the retinal periphery but they increase

in density in the central retina. Cones are relatively insensitive to light requiring relatively
high light levels to activate them, and are hence functional in daylight. The cones are

responsible for coloutiscrimination and visual acuifugita and Tasaki, 1988)

Rods and cones differ in their shape, type of pbigiment present, retinal
distribution and pattern of synaptic connecti¢Redieck, 1998; Swaroop et al., 2010)
In terms of their shape, both cell types are elongated, highly polarized and have an inner
and outer segment connected by a riedicilium. The inner segments (I8pntain
numerous elongated mitochondria in addition to endoptareticulum and the Golgi
apparatus. The different architectures of their outer segments (OS) represent a major
distinctive feature of these two cell types. Rods have a slinsliaged OS structure
whilst cones are conicahaped. The OS structures obds are composed of
individualized discs, unconnected to the ciliary plasma membrane, whilst cones have a
shorter OS that is composed of a series of discs that are connected to the membrane of
the cilium(Arikawa et al., 1992)in teems of type of photopigment, rods contain the visual
pigment rhodopsin while cones contain one of the colour opsins. The distribution of rods
to cones is not uniform across the surface oféiea (Figure 1.4). The total number of
rods in the human retn(91 million) far exceeds the number of cones (roughly 4.5
million). As a result, the density of rods is much greater than cones throughout most of
the retina. However, in tHevea, a tiny pit (1.5 mm in diameter) located in the macular
region is resporisle for sharp centralision. This area has an increased cone density of
almost 206fold, with a sharp decline in the density of rods. In fact, the centralndn35
of the fovea, called théoveola, is totally roeree where all of the photoreceptors are

cones(Purves et al., 2001)

The pattern of synaptic connections of rods and cones contributes to the different
characteristics of scotopic (rod) and photopic (cone) vision. Each retinal ganglion cell
receives input from only one cemipolar cell, which in turn, is contacted by only a single
cone. In contrast, each rod bipolar cell is contacted by a number of rods, and many rod
bipolar cells contact a given amacrine cell. More convergence makes the rod system a

better detector of ligt since many rods amplify a small signal to generate a large response
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in the bipolar cell. However, such convergence also reduces the spatial resolution of the
rod system. The on-one relationship of cones to bipolar and ganglion cells is just what

is required to maximize visual acuifiustafi et al., 2009)
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Figure 1.4. Distribution of rods and conesin the humanretina. The graph illustrates that rods

are present at a higher density throughout most of the retina, with a sharp decline in the fovea.
Conversely, cones are present at low density throughout the retina, with a sharp peak in the centre
of the fovea.(Adapted from free sourcd®syc 2, BiologichFoundations http://mikeclaffey.

com/psyc2y

1.3.2.2 Bipolar &lls

Bipolar cells are a type of neuron located in the inner nuclear layer (INL), which
receive information from photoreceptors and horizontal cells to pass on to the ganglion
and amacrine cells through their axons. Bipolar cells receive synaptic input flem eit
rods or cones, but not both, so the cells can be classified on the basis of their synaptic
connections. Morphologically, there are ten distinctisyes of cone bipolar cells in the
mammalian retina, and only one type of rod bipolar cell. Based ontlwreact to
glutamate released by rods or cones, bipolar cells can be further classified into two
different groups, ON and OFF bipolar cgllauler and Schubert, 2019h the dark, the
photoreceptor releases glutamate, which hyperpolarizes (inhibits) the ON bipolar cells
and depolarizes (excites) the OFF bipolar cells. However vitjieinhiits a photoreceptor
cell, the photoreceptor releases less glutamate, and ON bipolar cells respond by

depolarizing while OFF bipolar ite respond by hyperpolarizing.



1.3.2.3 Amacrine and horizontal ells

Amacrine cells are interneurons which are synaptically active in the inner plexiform
layer (IPL) and serve to integrate, modulate and interpose a temporal domain to the visual
message before presentation to the ganglionAslacrine cells are responsilite 70%
of the input to the retinal ganglion ce{lsarsaii and Connaughton, 1999)here are three
types of amacrine cells (monli- or tri-stratified) which contact different types of bipolar
and ganglion cell§Cuenca et al., 2002){orizontal cells are also part of the indirect path
of signals that originate from the photoreceptors and transmit to the ganglion cells.
Horizontal cells are much less numerous than bipolar cells, which tend to dominate the
middle layer of the tna. The horizontal cells smooth the photoreceptor output spatially,
providing a negative feedback (lateral inhibition) in a process that sharpens our perception
of contrast and coloyPark et al., 2003; Jackman et al., 2011)

1.3.2.4 Ganglion ells

Ganglion cells collect visual information in their dendrites from bipolar and
amacrine cells and transmit this to the brain. Based on the dendritic morphologies,
atleast13 distincttypes of retinal ganglion cells havedn identified. All of them vary
significantly in terms of their size, interconnections and responses to visual stimulation
(ON/OFF) (Wassle, 2004)Photosensitive ganglion cellare important for reflexive
responses to bright daylight and play a major mleynchronizing circadian rhythms
(Berson et al., 2002)

1.3.2.5 Muller ells

Muller cells are the principal glial cells extending throughout much ofdtiea.
They form the architectural support structures. The apex of the Miller cell is in the
photoreceptor layer, whereas the basal aspect is at the@tinatsurface. There are ten
million Mdller cells in the mammalian retingsarthy and Ripps, 2001which are
responsible for the homeostaind metabolic support of retinal neurons. They express
numerous voltaggated channels and neurotransmitter receptors, which recognize a
variety of neuronal signals and trigger cell depolarization and intracellular calcium
transport. Recently Miller callhave been implicated in an alternative visual cycle (the

cone visual cycle) (Section 1.4.4).


http://en.wikipedia.org/wiki/Photosensitive_ganglion_cell
http://topics.sciencedirect.com/topics/page/Retinal

1.4 Visual phototransduction

Phototransduction is the process by which light is converted into a neural signal in
rod or cone photoreceptors. The light is fiedisorbed by visual pigments in the
photoreceptor OS, followed by a series of biochemical changes that lead to plasma
membrane hyperpolarisation, in which an electric impulse flows through the retina to the
bipolar and horizontal cells, followed by the amiae andganglioncells. Between each
transfer, organization and processing occurs to the signal, and once a ganglion cell is
activated, itaxoncarries the message through the optic nerve to the (Maidee et al.,

2001) A visual pigment (photopigmentpnsists of two covalelytlinked components.
These are membrane protein moiety, called@sin, and a chromophore. Togsins are

G protein coupled receptors (GPCRs), also knownsasertransmembrand?7TM)
domain receptors, which form a long helix that loops across the mesntifayer seven
times. The chromophore within the looped protein is 2disretinal (1Xcis-
retinaldehyde), which is a derivative of vitamin A, the component that actually absorbs
the light photor(Menon et al., 2001; Filipek et al., 2003; Koyanagi and Terakita, 2014)
All mammals have the same chromophore, but the membrane protethe
photopigments varies in different photoreceptor cell tyjpeods the opsin is rhagsin,
whilst each cone will have one of three classes of opsin, Long-leagth, Medium
wavelength or Short wawength (L, M or S), which divide cones into red sensitive L

cones, green sensitive-bbnes and blue sensitivecBnegOkano et al., 1992)

1.4.1 Activation of the phototransduction cascade

Striking of a photon initiategphotoisomerization of ktisretinal into all-trans

retinal (Figure 1.5A)ollowed by conformational changes in thigsin to make the active

intermediate (Meta Il)The time scale for the formation of tMeta Il is approximately

one milisecond (ms)(Menon et al., 2001)Meta Il then activates transducifa
heterotrimericG-protein composed o6U, Gb, and Go subunits), by prompting the
guanosinediphosphate (GDP)} guanosinet r i phosphate (GTP) exchang
subunit, leading to the dissociation ofthe G und form of GU (GU. GTP)
(Mase et al., 2012)GUGTP in turn stimulatescyclic guanosine monophosphate
phosphodiesterase (cCGMFDE) to lower the cytoplasmic level @iGMP. PDE is

composed of two catalytic subunits (PDEn rods or two copies of PDIE in cones) and
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two inhibitory subunits (two copies of PB& in rods and in conegCote, 2004)
GUGTPacts by binding to an inhibitory subunit and removing its inhibitory influence on
a catalytic subunit. The resulting increase in PDE activity increaleshtydrolysis of
cGMP to 5GMP and closes the cyclic nucleotigated (CNG) channels. Closure of the
cation channels leads tophotoreceptomembranehyperpolarizatiorand reduces the

glutamaterelease from theynaptic terminabf the cell.

1.4.2 Thetermination of phototransduction

Returning to the dark state occurs bypghesphorylatiorof Meta Il by a Gprotein
coupled receptor kinase (GRK) followed by the binding of a protein called arrestin to cap
the activity of Meta Il (Figure 1.5B)Simultaneasly, GU GTP seltdeactivates by its
intrinsic GTPaseactivity, which hydrolyzes the bound GTP to GDP and consequently
returns to its inactive GGDP state to be ready for activation again after reassociating
with Gb qKleuss et al., 1994)The GTPaseactivity of GUGTPis enhanced by PDE
and aGTPaseactivating protein GAP) complex, which consists @égulator of G-
proteinsignalling isoform 9 (RGS9) with its anchor protaiegulator of G protein
signalling 9binding protein (ROAP)xNnd G, anotherG-protein b-subunitlike protein
(Arshavsky, 201B Transducin deactivation acts by restoration of the inhibitory activity
of PDE by its PDE The freecGMP concentration then returns to the dark (high) level
because of ongoing activity of the cGMInthesizing enzymeguanylatecyclase (GC).

In the dark resting state, there is a steady balance between the synthesis and hydrolysis of
cGMP, and a single light flash transiently tips the balance toward hydr{llgsig and

Pugh, 2006)Meta Il eventually decays to an intrinsically inactive state. The pigment then
dissogates intoopsinand free altransretinal, a pocess called bleachingheopsinalso

loses its bound arrestin and is dephosphorylated by a protein phosphatase 2A.
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Figure 1.5. Summary of the phototransduction cascade in rods and con¢a) Activation of

the phototransduction cascade that results in the closure of -¢faMB channels on the plasma

membrane (from dark to light state). (B) Recovery of the phototransduction cascade that results

in the reopening of cGMRyjated channels on the piaa membrane (from light to dark state). R=

rhodopsin (inactive); R*= rhodopsin (active); T= transducin; PDE= phosphodiesterase (inactive);

PDE*= phosphodiesterase (active); NCKX= Na/Ca, K exchanger. IPM= interphotoreceptor

matrix; Rgs9= regulator of G piin signalling protein 9; ROAP=regulator of G protein signalling

9-binding protein (RGS9 anchor protein); GC= guanylatelase; Arr= arrestin; GCAP=

guanylatecyclaseactivating protein. (Adapted with a free license frietn(2010).
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1.4.3 Phototransductioncomponents and negativéeedbackpathways

Rods are more sensitive to light, and have adapted to detect light at lower levels
than coneswhereas cones operate in bright light. Phototransduction for rods and cones
has quantitative differences in the process depending on the nature of each subtype of the
photoreceptor. There are not only quantitative differences in terms of sensitivity to
brightness of light conditions between rod and cone phototransduction processes but there
are also differences in protein isoforms that involved in each process (Table 1.1). Calcium
(C&*) has a critical role in the adaptation of rods or cones to (ifrre et al., 1986)
Closure of the CNG channels stops the*Gaflux, but the C&" efflux through the
exchanger continues, resulting in a decrease in the friée@wmentration in th®S. This
C&* decrease triggers multiptegativefeedbackpathways to regulatghototransduction
by opposing the effect of light, thus producing active adaptation byethtdight. The
main negativdeedback pathway acts on GC to enhance its activity. The activity of GC
is facilitated by guanylatecyclaseactivating proteins (GCAPs), which in turn are
controlled by C# in that they act well when not binding €and p@rly when they bind
Cé&+ (Dizhoor et al., 2010)Thus, in darkness, the GC activity is only moderate because
the high intracellular free Gakeeps the GCRs in check, whereas in the light, the GC
activity is enhanced to oppose light because the GCAPs are more active due to lower free
ca*.

Another pathway is thought to act on the pignmeénasethat phosphorylates Meta
I 1 to gquench vidaCitbmding eroteinsalle cetovevin. It ig/thought
that recoverin in CGa-bound form inhibits the pigmetkinase(Gorczyca etl., 2003)
Thus, in the light, when CGais relatively low and recoverin loses its bound?Ca
thekinasequenches Meta Il quickly to reduce amplification, again opposing light. A third
pathway acts on theéNG channevia calmodulin, which in Ga-bound form redues the
affinity of the channel focGMP (Hsu and Molday, 1993)Thus, in darkness, the €a
calmodulinbinds to theCNG channelnd lowers its probability of opening. In the light,
calmodulin loses its bound €aand dissociates from the channel, as a result of which
the CNG channels more likely to reopen because of its now higher affinitycteMP,
thus opposing the effect of ligl@almodulin, GCAPs, and recoverin are allEkndtype
C&*-binding proteins. Of the three €amediated regulatory pathways, the one acting on

GC is the most important for low and intermediate light levels, abovehvthe one via
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recoverin begins to kick in, becoming increasingly important with still higher light levels.

The regulatory pathway on the channel is weak and of minimal importance.

A. Rod component Gene symbol gr?rt]ilgl Activity/function
Rhodopsin RHO Rho Light receptlon,fzcgtﬂf?gEeFr;ucleotlde exchan
GNAT1 TU Activator of rod phosphodiesterase (PDE)
Transducin GNB1 Tb Binds phosducin
GNGT1 To
PDEGA PDEG®G Cyclic guanosine monophosphate (cGMP)
Phosphodiesterase (PDE) PDE6B PDEG6 hydrolysis
PDEG PDE®G PDE inhibitor
Cation channel g:ggi gsggi cGMP-gated cation channel
Exchanger SLC24A1 NCKX1 Cation Exchanger
Guanylate cyclase 2 GUCY2F GC2 Produces cGMP from guanosine triphosphate (
Arrestin SAG Arr Binds to phosphorylated Rho
GC-activating protein 2 GUCA1B GCAP2 Guanylate cyclases (GC) activator at lowfCa
Blue pigment OPN1SW S-opsin
Green pigment OPN1MW M-opsin Light reception; GEF
Red pigment OPN1LW L-opsin
GNAT2 cTU
Conetransducin GNB3 Gb 3 Activator of cone PDE
GNGT2 cTo
. PDE6C PDEG6 cGMP hydrolysis
Cone phosphodiesterase PDEGH PDEG6 Inhibitor
Cation channel gsggg gsggg cGMP-gated cation channel
Cone exchanger SLC24A2 NCKX2 Cationexchanger
Cone arrestin ARR3 CArr Binds to phosphorylated cone pigments
Cone pigment kinase GPRKY GRK7 Phosphorylates cone pigments
GC-activating protein 3 GUCA1C GCAP3 GC activator at low G4
Guanylate cyclase 1 GUCY2D GC1 Produces cGMP
GC-activating protein 1 GUCA1A GCAP1 Mediates C# sensitivity of GCland GC2
PDE i PDE6D PrBP Prenyl binding proteinchaperone in intracellula
trafficking
Phosducin PDC Pdc Binds to Tho
Rhodopsin Kinase GRK1 GRK1 Phosphorylates Rho
GTPaseactivating protein . .
regulator of G-protein RGS9 RGsg1 Accelerates G(TPGhty‘;ro'y%Sngg’te”(" anseld
signalling
RGS9 anchoring protein ROAP R9AP RGS9 anchoring protein
G-protein b subunit 5 GNB5 Gb5L GTPase activity

Table 1.1. Photoreceptor components involved in visual phototransductiorColumn 1 =
components for rod&\) or cones (B) or shared (C), column 2 = gene symbol, column 3 = protein
symbol, column 4 = activity and/or function of the compongurces: Retbt, https://sph.uth.
edu/retnet/home .htrPurves et al. (2001Karan et al. (2008ndYau and Hardie (2009)
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1.4.4 The visual cycle

The visual cycle describes the pathway that occurs in the RPE and photoreceptors
to recycle altransretinal back to 1Xxisretinal (Figurel.6). Most of the ditansretinal
dissociates from the opsaomplex with phosphatidylethanolamine and is transported to
the cytoplasmic disc surface by the retina specific ATP binding cassette subfamily A,
member 4ABCA4), and released into the cytoplasm agralhs-retinal(Liu et al., 2000;
Sparrow et al., 2010bAll-transretinal in the cytoplasm is reduced to-@mdnsretinol
(Vitamin A) by al-transretinol dehylrogenase (RDH) in a reversible nicotinamide
adenine dinucleotide phosphat¢ADPH)-dependent reactiofPalczewski, 2010)All -
transretinol is bound to the interphotoreceptor retinbidding protein (IRBP)leaves
the photoreceptorand diffuses into the RPHEJin et al., 2009)In the RPE, l&-trans
retinol is bound to cellular retinebinding protein (CRBP)Bridges et al., 1984and
esterified in a reaction catalyzed by lecithin retinol acyl transferase (LR2&3ri and
Bredberg, 1989; Saari et al., 1998Bhese alransretinyl esters are then hydrolysed and
isomerized to l1Tisretinol by the isomerohydrolase retinal pigment epithelium 65
(RPEB65) enzyméCai et al., 2009)Cellular retinaldyhyde binding protein (CRALBP)
delivers the 1icis-retinol to 1%cis-retinol dehydrogenase (4is-RDH) for oxidization
of 11-cisretinol to 1tcis-retinal using NAD as a cofactfiaeseleertal., 2002) Finally
11-cis-retinal is then bound to IRBP and diffuses from the RPE to combine with the opsin

proteins ready for another photoisomerizatieaction.

This visual cycle is known as the classical cycle and it was associated with rods and
is thoughto apply to cones also. However more recently it has become knovivhuthet
cellsalso possess a sabntained chromophomegenerating mechanism exclusive for
the cones. Cones are specialized for functioning in daytime vision where constant light
increases the demand for-tik-retinal. In the proposed cone visual cycletedhsretinol
generated in photoreceptors is transported to Muller cells and isomerizedigerétinol
by an unidentified isomeragé&/ang and Kefalov, 2011 his theoryof the conespecific
retina visual cycle reflects the fact that Muller cells have the ability to generats-11
retinol from alttransretinol (Daset al., 1992; Kanan et al., 2008y addition, Muller
microvilli have visual cycle components such as CRALBP and I@BfRr and Cepko,
2000; BettsObregon et al.,, 2014However the proposed cospecific visual cycle

pathway has not been proven yet.
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Figure 1.6 The visual cycle.The visual cycle between photoreceptors and retinal pigment
epithelium including Bzymatic reactions that recycle the retinoidsctivation of the
chromophorewithin the looped opsin by light leads to the isomerization efi&tetinal to alt
transretinal. All-transretinal is released, transported to the cytoplasm by-BiEing cassette,
subfamily A, member 4 (ABCA4) and modified to -afhnsretinol by alttransretinol
dehydrogenase (aftansRDH). After that, it is transported to the RPE where it is esteritied
all-transretinyle ester by lecithin retinol acyltransferase (LRAT).-tédinsretinyl ester is then
isomerized to 1<Tisretinol by RPE65 and bound wellular retinaldyhyde binding protein
(CRALBP) for oxidation by 1icis-retinol dehydrogenase (&ls-RDH) to 1kcis-retinal. After
transport back to the photoreceptor;cidretinal binds to opsin, rendering it sensitive to light.
Retinoids are transferred from andtte photoreceptors bound iaterstitial retinotbinding
protein (IRBP, also known a&BP3).

1.4.5 Phototransduction, visual cycle and retinal disease.

All the components involved in the phototransducpoocess (Table 1.1) together
with all the binding proteins and enzymes involved in the visual cycle or retinoid
metabolism, have an important role in human visibefects in genes encoding the

proteins that are involved in nearly every step of thesttways are responsible for
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humaninherited retinal dystrophies (IRIR For example mutations BUCA1A(Downes
et al., 20013)GUCY2D(Kitiratschky et al., 2008 GUCA1B(Sato et al., 2005PDE6A
(Dryjaetal., 1999PDE6B(Shen et al., 2014ppPDE6C(Thiadens et al., 20098)DE6G
(Dvir et al., 2010) PDE6H (Piri et al., 2005) CNGB1 (Bareil et al., 2001)CNGB3
(Nishiguchi et al., 2005 CNGAL1 (Dryja et al., 1995)PRPH2(Nakazawa et al., 1994)
RDH12 (Janecke et al., 2004)RAT (Ruiz et al., 2001) RPE65(Bowne et al., 2011a)
RHO (Rosenfeld et al., 19929AG(Nakazawa et al., 1998RBP/RBP3den Hollander
et al., 2009pndABCA4(MartinezMir et al., 1998; Zhang et al., 2015a} all assosiated
with varies types of IRB(Tables 1.2, 1.3, 1.5 and 1.6).

1.5 Inherited retinal dystrophy

Monogenic retinal dystrophies (RDs) represent the most frequearited form of
human visual handicap, affecting approximately 1 in 2000 individuals world®e&tger
et al., 2010) The genetic basis of RDs is extremely heterogeneous. To date, more than
250 genes have been found &wvé pathogenic mutations giving rise to the different forms
of retinal disease htps://sph.uth.edu/retnet/stalis.htm#Agene$ and still new
mutations and novel genes have yet to be discoy@edo et al, 2012a; Tiwari et al.,
2016) The retinal disorders vary in terms of the cell types affected, the age obbnset
visual problems and the inheritance pattern. There is also a wide range of clinical
manifestations for these disorders including mild dysfunctions such as night blindness, to
severe, early onset (congenital) RDs. The main RDs which form the basis sfuthy

are briefly reviewed here

1.6 Retinitis pigmentosaRP)

1.6.1 Overview

Retinitis pigmentosa (RP, OMIM 268000) is the most frequent subtype of inherited
RD with a prevalence of approximatdlyn 3,000 to 1 in 5,000 individuagsdaffecting
approximately 1.5 million people worldwidgdmmann et al., 1965; Berson, 1993; Haim,
2002; Shintani et al., 2009; Bowné a., 2011b) RP is characterized by progressive
degeneration of the photoreceptors vattbsequent degeneration of the RBfaically
starting in the peripheral tiea and advancing towards the macula and fa#zamel,
2006; Hartong et al., 2006)
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At the cellular level the peripheral rod cells are affected first causiod
photoreceptor degeneratiand RP. Later the effect on central cones often prompts
secondary cone degeneration. The photoreceptors die by apoptosis and this is reflected
by a reduced outer nuclearkr thickness within the retirflartong et al., 2006; Marigo,
2007) The bipolar cells in the retina remain intact and healtrgneafter rod cell
apoptosis at the earlgtages of diseas@Baumgartner, 2000)However, these fully
functional bipolar cells try to restablish communication with nerves of the other
photoreceptor subtype (cones) leading to pmapriate signals in the cone cells. These
inappropriate signals, over timead to cone dystrophigohn et al., 2000)t has been
observed that the inner retina is preserved during the course of RRdmtbase model,
as bipolar and harontal cells are functional even after photoreceptor (&teettoi and
Pignatelli, 2000)

1.6.2 Clinical manifestation of RP

Visual problems in patients with RP oftbagin in their early childhood, followed
by severe visual impairment by the ages of 40 to 50 y&#étamura et al., 2012; Wang
et al., 2016h)The firstsymptomis increasing difficulty with night visiom(ght blindness
or nyctdopia), followed by a progressive decrease in the visual fields leading to tunnel
vision. Patients with RP suffer from defective light to dark and dark to light adaptation.
In general, the earlier the age of onset of defective dark adaptation, the nevectsev
course of RRFahim et al., 2013)oss of central visual acuity over time correlates with
the presence of macular lesions early in the course of the digdgse etal., 2001)
Despite the early cone involvement in some cases of RP, the central visuaireloaity
eyesis usually preservetbr years or even decadastil the end stages of the disease
course(El-Asrag et al., 2015; Sergouniotis et al., 20I®)ere is a general correlation
between ageelated visual acuity andnode of inheritance. Xnked RP (XLRP)
represents thevorst prognosidor vision (<20/200), especially for male patients older
than fifty years old. Autosomal dominaRP (adRP) has the best prognosis for vision
(020/ 30) whil e aut osomal recessfiovvsionRP (ar RP)
(Fishman, 1978)

In the earliest staged RP, the fundus appearance appears @bifimllowed by a

fine dustlike intraretinal pigmentation (Figurel.7), generalized retinal arteriolar
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narrowing and loss of pigment from RPEathijssen et al., 2016Pigmentation in the

retina is a sign that ligkgensing rod cells are deteriora@jrso it becomes very difficult

for the patient to see in dim light. With progression of rod photoreceptor degeneration,
there is increasing loss of RPE pigment with intraretinal clumping of melanin, appearing
as coarse clumps in the classic bone spicaldiguration that predominantly exists in

the peripheral retina. Vascular attenuation and waxy pallor of the optic nerve also become
more apparent in individuals with RP at this stéida et al., 2015)Later maifestations

of RP include cataracts, photophobia, and macular oed@atkson et al., 2001)
Moreover, some cases reported a serous retinal detachment and retinal lipid deposition
(Dave et al., 2016)Patients with RP have diminished or absewaae (indicate activity

of photoreceptors) artldwave(derived from ON bipolar cellsj their electoretinograms
(ERGs) (Dolan et al., 2002Hamel, 2006)

A

Figure 1.7.Colour fundus photography of patientswith typical RP symptoms. Photograph
of the right and left eye fundi in a normal individual (A) and affected RP patient (B). The RP
patient fundus has peripheral intraretinal pigment deposits in a-dpotide configuration
(arrows), diffuse mottling of #aretinal pigmented epithelium, attenuated retinal arterioles, waxy

optic discs and a degenerated macula. (Adapted@aoet al. (201610 permission is needed).
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1.6.3 Genetics of RP

RP can be sublassifiedinto juvenile RP and late onset Riecording toage of
onset, while congenital peripheral RD would be classified as Leber congenital amaurosis
(LCA, Section 1.8). RP has also been classified according to the distribution of retinal
involvement such as centrgbericentral, sector, operipheral. The mascommon
classification is based on the modes of inheritance, dividing R ihtiked RP (XLRP),
autosomal recessive RBrRP),autosomal dominarRP (adRP and digenic RPRP can
also be subdivided into nesyndromic and syndromic typeon-syndromic ases are
those in which symptoms and signs amnfined to the eye alon&jithout systemic
abnormalities, and these are inherited as an autosomal domina2&%)0 autosomal
recessive (2B80%), Xlinked recessive (¥25%) or sporadic/simplex trait (300%). 4%
of cases are so early in onset that they are grouped as part of LCA. Rarer forms also exist
such as Xinked dominant, mitochondrial and digenic R&jiwara et al., 1994 RP can
also exist as part & syndromehat affects other organs and tissues in the bivldgt
syndromic cases are inheriteth an autosomal recessive pattfdaiger et al., 2007;
Ferrari et al., 2011andthe most frequent forms include Usher syndrdti8H) (10%)
(Section 1.6.3.5) and BardBtedl syndrom&BBS) (5%) (Section 1.6.3.6).

1.6.3.1 Autosomal recessive RfarRP)

An autosomal recessiymtternof inheritance means both copies of a gene in each
cell have mutations, that these affect men and women equally and that both parents are
carriers. As each parent has a 50% chance of passing on the mutation, together they have
a 25% chance of having offspring who inherit two mutated copies and are therefore
affected(Wang et al., 2005)Consanguinity increases the likelihood that a recessive trait
will be manifested. Parents and offspring who carry one copy of a mutated gene
(heterozygous), typically do not show any signs and symptdrmiiseas¢Ravesh et al.,

2015) arRPis the most frequent inheritance type of RP, with the 57 geRes identified

to date accounting for approximately 20% to 30% of all RP cases. arRP genes encode
proteins with a wide variety of retinal functions including in phototransduction,
photoreceptor maintenance and function, the visual cycle, ciliogemetisll signalling

(Table 1.2).
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Table 1.2. List of genes implicated in autosomal recessive R&RP). Gene name, estimated

frequency (%) of arRP attributed to mutations in this gene and potential function are listed along

Gene Estimated Potential function OMIM |Gene Estimated Potential function OMIM
frequency frequency
N Tissue development &
L 0,
USH2A [|12-20% Cellular structure 613809 [TULP1 [O1 % S — 60228(
ABCA4 [2-5% Visual cycle 601718 |ZNF513 |01 % Transcription factor 613611
PDEG6A 2-5% Phototransduction 613801 |ARL6 01 % Transmembrane prote613574
PDE6B |2-8% Phototransduction 613801 NR2E3  |Rare Transcription factor  61113]
RPE65 |2-5% Visual cycle 613794 MAK 01 % Cellular structure 614181
CNGA1l [1-2% Phototransduction 613756 MERTK |01 % Transmembrane prote613862
AGBLS |01 % Pn%ﬁ?ﬁﬁfﬂ%ﬁhbulin 615900 MVK unknown |Visual cycle /unknown|17590(
Photoreceptor SO —_ d
ARL2BP |Unknown maintenance and functic615407 NEK2 Ol % Cell division 615564
BBS1 [01 % Ciliogenesis 209901 NEUROD10 1 % 606394
N . . N Tissue development &
0, 0,
BBS2 Ol % Ciliogenesis 616562 INRL Ol % maintenance 61375(
BESTL |01 % |Anion channel 613194 [PDE6G |O1 % [Phototransduction  |613583
C2orf71 (01 % Unknown 613428 POMGNT10 1 % Glycosylation 613157
C8orf37 [01 % Unknown 614500 [PRCD [01 % Unknown 61059
CLRN1 [01 % Photoreceptor structure (614180 PROM1 |01 % Cellular structure 612091
CNGB1 (01 % Phototransduction 613767 |RBP3 O1 % |Visual cycle 18029(
CYP4v2 (01 % ;a;gtf‘;;gnf”d steroid l60g614|RGR - 01 % |Visual cycle 61376
DHDDS |01 % Photoreceptor structure 613861 |RHO 01 % Phototransduction 61373
DHX38 |unknown |Splicing 605584 [RLBP1 [01 %  |Visual cycle 60747"
EMC1 [01%  |Unknown 616846 [RP1 019 [/issue development &g o0,
maintenance
. Tissue development & . Tissue development &
0, 0,
FAM161A0 1 % maintenance 613596 RP1L1 |01 % maintenance 608581
GPR125 [01 % Unknown 612303 [SLC7A14 [1-2% Unknown 615721
HGSNAT[O 1 % Unknown 616544/SPATA7 |01 %  [Unknown 60986¢
IDH3B |01 % Citric acid cycle 612572 [TTCS8 O1 % |Transmembrane prote613464
IFT140 (01 % Intraflagellar transport 1614620 [ZNF408 |01 %  [Transcription factor (616464
01% i
north .C°m.m°”
Kiz African el division 616394 [EYS T;;‘(;g/jvi ., (Cell signaling 612424
(Sephardic Spain
Jews) P
. —5 .
IMPG2 |01 % [Cellular structure 613581 |CRB1 [0/ [Tissue development &g 5,
(Spain)  [maintenance
= _A0,
KIAA154 0 nknown ERKL . ell signalin
901 %  |unk 613344 C ?S‘;):m) Cell signaling 608381
N -3% i
IFT172 101 % Intraflagellar transport  |615780 |SAG ias;)ﬁnm Phototransduction 613758
LRAT (01 % _|Visual cycle 613541

with the corresponding OMIM number. (Sources: RetR&ps://sph.uth.edu/retnBtime .htm
OMIM, http: //www.ncbi.nlm.nih.gov/omimRuiz et al. (1998)Klevering et al. (2004)Abd El
Aziz et al. (2007)Avila-Fernandez et al. (201@aiger et al. (2013)Fahim et al. (2013Nash
et al. (2015)

The most prevalent mutant genes in arRP caset)@H2A,the PDEGA and B

genes EYS, ABCA4ndRPEG65. USH2As the most commonly mutated gene in Usher
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syndrome type 2 (USH2Liu et al., 1999; Adato et al., 2000; McGee et al., 2010)
(Section 1.6.3.5), but pathogenic variants in this gene also causd3P@%f non
syndromic arRKRivolta et al., 2000; Xu et al., 2011; Zhao et al., 20W8H2Aencodes

a protein called usherin that represents an important component of basement membranes.
In the human retina, usherin locakz® the connecting cilia of photoreceptors, where it

is likely to be involved in cargo delivery from ti@ to theOS of the photoreceptor cell

(van Wijk et al., 2004; Reiners et al., 2006; Maerker et al., 2008)

More than 36,000 RP cases worldwide are dueldfects in components of
the heterotetrameric PDE complex, estimated to account for approximately4&o of
all diagnosed arRH~érrari et al., 2011 PDE6A, PDE6BandPDE6G, mutations in any
of which cause RRencode proteins important in the photord¢oepisual transduction
cascadd€Tsang et al., 199§Bection 1.4). Th®DE6gene has a similar structure to the
PDE5gene. PDES5 expression is inhibited by silden@éhn and Potter, 200and also
heterozygous carriers 6fDE6 mutations are atisk of losing vision when excessively
inhibiting PDE6 with a commonly used medication for erectile dysfunction such as
sildenafil, tadalafil, or vardenaf{Stockman et al., 2007; Tsang et al., 2008)

Mutations InEYS(eyes shut homolog) appear to be a prevalent cause of RP in
different populatiorbasedstudies. Pathogenic variantskY Sare fairly common in the
Chinese populatiofAbd EI-Aziz et al., 2007)and accounts for 109%0% of Spanish
patients with arRRBarragan et al., 2010EYSis the largest gene that is known to be
expressed in the human eye and is likely to have a role in the modelling of retinal
architecturgZelhof et al., 2006)

ABCA4andRPE65encode proteins that are involved in retinoid metabolism (the
visual cycle) (Section 1.4) and mutations irach of the two gendmve been reported
to account for between2% of arRP cases. Mutations ABCA4also cause Stargardt
disease (STGD) and are responsible for 30 to 60%asés with autosomal recessive
conerod dystrophyCRD) (Section 1.73) (Cidedyan et al., 2009)while theRPE65gene
mutations o account for more than 10% of LCA patients (Section Gg) et al., 1997;
den Hollander et al., 2008)
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1.6.3.2 Autosomal dminant RP (adRP)

Autosomal dominant RP (adR&ffects men and women with equal frequency and
severity and there tends to be a known history of the condititime family, since an
affected parent has a 50% chance of passing the defective gene to the offspring. Most
cases that have been identified show complete penetrance of the mutation. However, great
variation in phenotypes for adRP disease, even withenstime pedigree, has been
reported(Holopigianetal., 1996) adRP is the second most frequently inherited type of
RP, accounting for approximayel5% to 20% of all RP cases, and 29 adRP genes have
been identified to date. Like arRP genes, adRP genes encode proteins with a wide variety
of retinal functions, including phototransduction, photoreceptor OS structure, tissue
development & maintenancesgulation of cell growth and splicing (Table 1.3).

Estimated . . Estimated . .
Gene frequency Potential function OMIM [Gene frequency Potential function |OMIM
RHO 20-30% Phototransduction [61373] PRPF3 01 % Splicing 607301
PRPH2| 5100 | PhotoreceptorOS |ohq1d prpra | unknown Splicing 615921
structure
PRPF31] 5-10% Splicing 60813 PRPF6 Rare Splicing 613983
Tissue development ¢ - . 4
_/0,
RP1 3-4% maintenance 603937 RDH12 Unknown Phototransduction [612712
IMPDH1 2-3% Regulates cell growtt|180105 ROM1 Rare Cellular structure |180721
PRPF8 2-3% Splicing 60730 RP63 One family Unknown 614494
Ubiquitin proteasome 2 -
_20, 1
KLHL7 1-2% protein degeneration 61294 RP9 Rare Splicing 607331
NR2E3 1-2% Transcription factor (61113] RPE65 Rare Visual cycle 613794
- Transport, protein J -
0, -20, q
AIPL1 Ol % trafficking 604392 SNRNP20C 1-2% Splicing 610359
ARL3 | O10 | Transport protein |sn 608  sppo 01 % Unknown  |602637
trafficking
BEST1 Rare Anion channel  [613194 TOPORS 01 % Ublqlfilggs%rotem 609923
0,
CA4 Rare Unknown 11476( GUCA1B ﬁﬁr.‘lsa(:aSn/)o Phototransduction [613827
. Rare (34% | Tissue developmen .
0, [
CRX 1% Transcription factor |60222f SEMA4A in Pakistan)| & maintenance 610283
R % i
HK1 01 % Glucose metabolic |605285 FSCN2 Ra;gé;{; NI Cellular structure |607921
. Tissue development ¢
0,

Table 1.3. List of genes implicated in autosomal dominant RRdRP). Gene name, estimated
frequency (%) of adRRittributed to mutation of this gene and potential function are depicted
along with the corresponding OMIM number. (Sources: RetRN#ps://sph.uth.edu/retnet/
home.htm OMIM, http: //www.ncbi.nim.nih.gov/omimSohocki et al. (2000)Bowne et al.
(2008) Daiger et al. (2008)Davidson et al. (2009Bowne et al. (2011a)lanackovic et al.
(2011) Daiger et al. (2013Fahim et al. (2013)Cvackova et al. (2014ndNash et al. (2015)
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The most prevalent causes of adRP are mutatioRi®, PRPH2 PRPF31land
RP1.RHQ, the first gene found to be mutated in®Pyja et al., 1990; Dryja et al., 1991)
encodes the rod photorecepsmecific rhodopsin. Absorption of a photon by this
transmembrane protein initiates the visual phototransductiondsaé8action 1.4). More
than 100RHO pathogenic mutations have been reported to cause approxima@dy@0
of all adRP casg8Vang et al., 2005While extensive mutational heterogendias been
characterized in humaRHO (Lewin et al.,2014) one common founder mutation
(NM_000539.3c.68C>A, p.Pro23His) among Americans of European origin causes
12%14% of adRP in this populatig®ullivan et al., 2006a)

Mutations inPeripherin2/RDS (PRPH2ndPRPF31lare also common causes of
adRP, each accounting for between-5086 of cases. Peripherin2 is a photoreceptor
specific transmembrane glycoprotein necessary for the proper formation of both rod
and core POS Mutations inPRPH2are associated with a wide range of phenotypes
including adRP, autosomal dominant macular degeneration (adMD) and complex
maculopathiedCheng et al., 1997; Stuck et al., 201BRPF31encodes a protein
involved in premRNA splicing and genomic rearrangements in this gene account for 5
10% of adRP, this form of adRP shows partial penetrance in that is&ifpsrgenerations
(Sullivan et al., 2006b; Villanuey2014)

Known pathogenic varianti® RP1 Retinitis Pigmentosa 1) account ##6-4% of
adRP, with two common founder mutations (NM_006269.1: ¢.2029C>T, p.R677*and
€.2285_2289delTAAAT, p.L762Yfs*17) accounting for 2% of all adRP cases
(Payne eal., 2000; Gamundi et al., 200&udo et al., 20120Fahim et al., 2013RP1 is
a photoreceptor microtububessociated protein that playsessential and synergistic role
with RP1L1 inOS morphogenesis toaintain thegphotosensitivity of rod photorecepso
(Yamashita et al., 2009)

1.6.3.3 Xlinked RP

XLRP is the least frequently inherited type of RP, accounting for only 10% to 15%
of cases. In XLRP, there is no male to male transmission of the abnorreargefemale
carriers have a 50% chance of passing XLRP to their sons, while all female offspring will

have a 50% chance of being a carrier. Males with XLRP are characterized by a severe
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phenotype during the early stages of disease. A milder phenotym®metimes occur
in female carrierdComander et al., 2015probably due to nerandom or skewed
inactivation of one X chromosongEriedrich et al., 1993; Carrel and Willard, 2005)x
loci have been mappexh X-chromosome that are responsible for XLAFHP6, RP23,
RP24, RP34, RPandRPGR, but only threamutated gees have been identified so far.
These are the retinitis pigmentosaTPase regulator RPGRRP3J3, the retinitis
pigmentosa 2RP2 and the retinitis pigmentosa Z3F23 ororal facial digital syndrome
1 (OFDY).

Pathogenic mutations IRPGR(OMIM 312610) are the most common cause of
XLRP accounting for 70 to 75% of all )RP casesnd 1520% of nonsyndromic RP in
North American familiegBreuer etal., 2002; Shu et al., 2007; Churchill et al., 2013)
RPGRhas two major transcriptRPGRex419 that contains 19 exons, encoding 815
amino acids protein, anldPGRORF15that has 15 exons, encoding 1152 amino acids
protein.RPGRORF15shares exons-14 with RPGRex1-19 plus the exon open reading
frame 15 (ORF15) that encodes 567 amino acids with a highly repetitive glycine and
glutamic acidrich domain(Meindl et al., 1996; Vervoort et al., 200PGRmutations
are asociated with XLRP, CRD and MD. Most mutations in this gene are detected in
ORF15 region that represent a mutational hotspot, with a mutatiemf 3660% of all
XLRP casegVervoort et al., 2000; Pusch et al., 2002; Shu et al., 2008; Branham et al.,
2012) RPGRIocalizes to thePOSin human and tghotoreceptor connecting cilia in
mouse(Mavlyutov et al., 2002; Hong et al.,, 200BPGRIis involved in ciliogenes
(Gakovic et al., 2011, Patnaik et al., 20&BY has many interacting partner proteins such
as RPGR interacting protein 1 (RPGRIPREPGRIP1like protein (RPGRP1L), delta
subunit ofphosphodiesterase (PD): structural maintenance of chromosomes (SMC) 1
and SMC3(Linari et al., 1999; Hong et al., 2001; Khanna et al., 200B¢ role of the
RPGR in ciliogenesis was supporteddanetic studies whel@onchiectasis, respiratory
tract infections andensorineural hearing loss, were associated with XLRP caused by an
RPGR mutatios with variable penetrancgannaccone et al., 2003; Koenekoop et al.,
2003; Zito et al., 2003; Moore et al., 2008hterestingly, mutations causing syndromic
XLRP, to date, are restricted to exond4, suggesting mutations in ORF15 may not be

a cause of extraocular phenotyése et al., 2016)

Approximately 1015% of XLRP patients have mutat®m theRP2gene (OMIM

312600). The amineterminal domain of RP2 has a cofactord@main that share
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homology withtubulin-specific chaperone protein, essential component in tubulin folding
(Evans et al., 2006)RP2 has a potential role for in maintaining Golgi cohesion and
targeting of proteins to plasma membrgkeans et al., 2010Mutationsin this gene
cause incorrect folding of the photoreceptor or newmercific tubulin isoforms followed

by progressive retinal degenerati{@artolini et al., 2002; Patil et al., 201OQFD1/RP23
(OMIM 311200) is a more recently identified causative gene for X(Webb et al.,
2012) OFD1 plays a role in controlling photoreceptor cilium length and number, and
protects the photoreceptor from oxidative stress and apogivsing et al., 2016a)
Mutations inOFD1 also cause a group of ciliopathy relawidorders. These include
Joubert syndrome (OMINA00804)(Wentzensen et al., 201@hich is characterised as a
neurodevelopmental disorder, with brain abnormalities called the molar tooth sign,
respiratory problems in infancy and RD, and oral facial digital type 1 syndrome (OMIM
311200)(Ferrante et al., 200IThauvirRobinet et al., 2006; Tsurusaki et al., 2013)
which is an Xlinked dominant condition with lethality in males in the first or second
trimester pregnancy and is characterized by facial anomalies, abnormalities in oral
tissues, digits, brain, and kidney.

1.6.3.4 Digenic and mitochondriaRP

Other rare modes of RP inheritance include digenic RP which was reported as
heterozygous mutations IARPH2 and ROM1 (Kajiwara et al., 1994; Goldberg and
Molday, 1996; Dyja et al., 1997)Also mitochondrial inheritance was reported in RP
(Mansergh et al., 19990 which mitochondrial DNAdefects were transmitted through

maternal transmission.

1.6.3.5 Usher syndromgUSH)

Usher syndrome (USH) (OMIM 2769#¥6902) is an autosomal recessive genetic
disease characterized by hearing loss, RP and in some cases vestibular dysfunction
(balance problems). The syndrome is the most frequent cause cbliddakss,
accounting for mar than 50% of individuals who are both deaf and blind. It has a
prevalence in the range ofdlper 25,000 people, and Usher cases represent between 10
15% of all autosomal recessive RP ca&sughman et al., 1983; Hartong et al., 2006;
Kimberling et al., 2010; Millan et al., 2011; Mathur and Ya2@5) Usher syndrome is
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genetically and clinically heterogeneous and caniwideatl into three clinical subtypes
based on severity of hearing loss and-afgenset of retinal dysfunction.
1 Usher syndrome type 1. Congenital, seuerprofound deafness, lack of

development of speech, vestibular areflexia and onset of slowly progrd?B
within the first decade of life.

1 Usher syndrome type 2. Congenital modetatsevere hearing impairment, normal
vestibular responses and onset of RP within the second decade of life.

1 Usher syndrome type 3. Variable hearing loss, vestityafunction and RP are
sporadic and slowly progressive.

RP in USH patients causeght-blindness and loss of peripheral vision due to rod
photoreceptor degeneration. As the degeneration of the retina progresses, cone
photoreceptors also degenerate andecdensity can decrease by nearly 38% before
visual acuity becomes abnorn{8un et al., 2016)Loss of central vision results in USH
patients becoming legally blind, and there is no known @uagetWolfrum et al., 2014)

To date, sixteen loci have been associated with USH: nine are involved in USH1, three
in USH2, two in USH3 ath two are not specified (Table ).&eats and Corey, 1999;
Ebermann et al., 2010; Puffenberger et al., 2012; Khateb et al., 2014; Mathur and Yang,
2015) From these loci, thirteen genes have been identified. ifbkide six USH1, three
USH2, two USH3, one USH modifiePDZD7) and one dypical USH geneGEP25(.

USH typeflocus Gene Potential function Estimated frequency
USH1B/DFNB2/DFNAJMYO7A Actin-based motor protein 53%-63%
USH1C/DFNB18 USH1C PDZ scaffold protein 1%-15%
USH1D/DFNB12 CDH23 Cell adhesion 7%-20%
USH1E unknown Unknown unknown

USH1 [USH1F/DFNB23 PDCH15 Cell adhesion 7%-12%
USH1G USH1G Scaffold protein 0%-4%
USH1H unknown Unknown unknown
USH1J CiB2 Ca2+ and integrin binding unknown
USH1K unknown Unknown unknown
USH2A/RP USH2A Cell adhesion 57%79%
USH2 [USH2C GPR98/ ADGRV|G-protein coupled receptor 6.6%-19%
USH2D/DFNB31 DNFB31/WHRN |PDZ scaffold protein 0%-9.5%
USH3 USH3A CLRN1 Auxiliary subunit of ion channels [unknown
USH3B HARS Synthesis of histidytransfer RNA [unknown
unknown |UNKNOwN PDZD7 PDZ scaffold protein unknown
unknown |UNKNOwWN CEP250 Centrosomal activity unknown

Table 1.4. Genetics of Usher syndrome (USH). USH loci, genes, potential function and
proportion of each USH subtype attributed to pathogenic vatiatiiss gene(Sources: RetNet,
https://sph.uth.edu/retnet/ home .htrantz and Keats (1993d)entz and Keats (1993Hpaiger
et al. (2013)Mathur and Yang, (2015).
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1.6.3.6 BardetBiedl syndrome(BBS)

BardetBiedl syndrome (BBS) (OMIM 209900) is an autosomal recessive
multisystemic genetic disorder characterised by heterogeneous clinical manifestations.
These include primary features of the disease (obesity, renal anomalies, polydactyly,
retinal degenettion, learning difficulties and hypogenitalism) and secondary features
(speech deficit, hearing loss, developmental delay, cardiovascular anomalies, dental
defects, hypertension, olfactory deficit and diabetes mellMdlamdi et al., 2014;

Khan et al., 2016b; Suspitsin and Imyanitov, 20T&j)e severity of BBS varies greatly
even among individuals within the same family and symptoms may not be present at birth
but usually develop in the first decade otlirhe retinal degeneration in BBS patients is
typically rod-cone dystrophy (RCD), which is reported to affectl®@®% of BBS patients
(Suspitsin and Imyanitov, 201@jundus photographs of BBS patients usually show mid
peripheral bone spicule formation with early macular atrophy involve(eaims et al.,

2007) Night blindness is usually evident by ag8 years and most patients are legally
blind by the second or third decateon et al., 2005; Azari et al., 2006)

BBS is a rare autosomal recessive genetic disorder with estimated frequency
1:100,000 in the European and North America popula{ibassythe and Beales, 2013)
Unusual higher incidence has been reported in isolated populations, such as 1:3,700 in
Faroe IslandéHjortshoj et al., 2009)1:18,000 in Newfoundlan@loore et al., 2005nd
1:13,500 in some Bedouin communities at Middle Haatag and Teebi, 1989; M'Hamdi
et d., 2011) This is likely to reflect the presence of localifoler mutations or a high

level of cousiAmarriage in these populations.

Twenty BBS genes have been identified sq$arspitsin ad Imyanitov, 2016)and

all of them are involved in primary cilia functioning. 23% of BBS morbidity has been
attributed toBBS1(Muller et al., 201) 8% to BBS2(Fattahi et al., 2014)0.4% to
BBS3/ARLGFan et al., 2004R2% toBBS4(Mykytyn et al., 2001,)0.4%BBS5(Li et al.,
2004) 6% toBBS6/MKKYSlavotinek et al., 20002% toBBS7(Badano et al., 2003)
1% toBBS8/TTC8Ansley et al., 2003)6% toBBS9/ B1(Nishimura et al.2005) 20%

to BBS10 /C120rf58Stoetzel et al., 2006).1% toBBS11/TRIM32Chiang et al., 2006)

5% toBBS12/C4orf24Stoetzel et al., 2007%1.5%BBS13 /MKSXLeitch et al., 2008)

1% toBBS14/CEP29(Leitch et al., 2008)1% toBBS15/ C20rf8§Kim et al., 2010)
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1% toBBS16 /SDCCAGREIllingsley et al., 2012and unknown proportiato BBS17/
LZTFL1(Schaefer et al., 2014BBS18/BBIP1Scheidecker et al., 2018BBS19/IFT27
(Aldahmesh et al., 2014andBBS20/IFT174Schaefer et al., 2016)

1.7 Macular and cone related disorders.

1.7.1 Overview

Inherited macular and cone related disorders are agrawg of inheritedeye
diseases of the cone, or cone and rod photoreceptors, or RPE, that are associated with
various forms of stationary or progressive visual impairment. Cone related degeneration
is a clinically heterogeneous disease category within which the cone pleptorscare
primarily affected Macular dystrophy (MD) is a diagnosis based on the anatomical area
of the retina affected. Patients show a localised abnormality of the neuro retina at the
macula whereas the retinal periphery is spared. In contrast, camnepthys(COD) and
conerod dystrophy (CRD) affect a particular category of photoreceptor throughout the
retina. All patients with these diseases suffer from difficulties in detecting colour vision,
facial recognition and reading (Hamel, 2007). These désea® commonly divided into
sub groups of retinal dystrophy, including achroma@p&CHM), COD, CRD, MDand
other cone related disorders. All modes of Mendelian inheritance, i.e. autosomal recessive
(AR), autosomal dominant (AD) and-Mked (XL) formsexist, and the disease can
present as neayndromic and syndromic forms. An AR inheritance pattern represents the
main mode of inheritance, accounting for more than two third of all cases. AD inheritance
accounts for 225% of all cases while Hnked inheitance represents only-3 %
(Roosing et al., 2014)

1.7.2 Achromatopsia (ACHM)

Achromatopsia ign inherited retinal disease characterized by severely impaired or
complete colour blindness. Patients present with significantly reduced visual acuity
(<20/200), nystagmus and severe photoph@badinger et al., 2015; Kohl et al., 2016)
Most affected individuals with ACHM shomormal rod responses beampleteabsence
of cone responses on fiikld electroretinography (ffERGY)ometimes the phetype is
described as incomplete ACHM with milder symptoms since residual cone function can

bedemonstrated by residual cone responses on ffl®6I et al., 2000; Thiadens et al.,
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2009b) ACHM was thought to be a congenital and stationary disorder, but a progressive
form of the disease has been repdrivith a changing maculappearancever time
ranging from no apparent abnormalities to atrophic lesjdhgmdens et al., 2010; Kohl

et al., 2012)

The estimated prevalence of ACHM is 1:40,000 individuals and it is exclusively
inherited in an AR manner. To date, six gehase been shown to be associated with
ACHM. Five genes encode proteins that are involved in cone phototransduction,
including 2 subunits of the cone cyclic guanosine monophosphegelated cation
channel CNGA3andCNGB3 (Kohl et al., 1998; Sundin et al., 2000; Chen et al., 2015;
Liang et al., 2015)the alpha subunit of the cespecific Gprotein transducinGNAT2
(Kohl et al., 2002; Ouechtati et al., 20,Lahd the active and inhibitooy s u ofuthei t s
conespecfic phosphodiesterasEDE6C and PDE6H, respectively(Thiadens et al.,
2009c; Kohl et al., 2012 he sixth ACHM gene i8TF6 which encodes a transcription
factor that acts as a key regulatdr the unfolded protein responsand cellular
endoplasmic reticulurhomeostasigAnsar et al., 2015; Kohl et al., 201B)jutations in
CNGB3repregnt the most common cause of ARHM, accounting for more than 40%
of all cases, mainly owing to a single frameshift mutation (c.1148delC), which is found
in approximately 70% of alCNGB3 diseasecausing allelegkohl et al., 2005)CNGA3
is mutated in about 25% of ACHM cases. Mutation&MNAT2, PDE6C PDE6GH and
ATF6are rargGrau et al., 2011)

1.7.3 Cone and coneod dystrophies (COD and CRD)

1.7.3.1 Overview

COD and CRD have an estimated worldwide prevalence of 1:30.000 to 1:40.000,
display all types of Mendelian inheritance and are characterized by predominantly retinal
pigmentdeposits to the macular regi@vlichaelides et al., 2004; Roosing et al., 2013)
Patients with CODOhave normal cone function at birth, but develop progressive loss of
cones and central vision during the first or second decade dPlitgophobia may also
be observed but because the cone function is initially normal in COD, nystagmus does
not usually eist. Fundus appearance varies from normal to a bull's eye maculopathy and
the optic nerve may have variable degrees of temporal p@knrault et al., 1998)
Reduced cone responses with preserved rod responses on &RGimportant clinical
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hallmark for the diagnosis of COI[Michaelides et al., 2006)Both diseases are
characterized by loss of cone photoreceptors and a progressive visual decline, but CRD
can be distinguistd from COD by subsequent or simultaneous loss of rod photoreceptors
(Roosing et al., 2014)

An RD would thus be called a CRD in a patient who experienced a progressive
inherited retinal disorder characterized by a primary loss of cone photoreceptors followed
by involvement of rod photoreceptors. This is distinguished from COD by loss of both
cones ad rods on ERGScholl andKremers, 2003)Symptoms resemble those of COD
but patients with CRD also may experience nyctalopia caused bysadction. Fundus
appearancen patients with CRD showsetinal vascular attenuation and peripheral
pigment depositsThe course of CRDsi generally more severe than COD. Disease
symptoms usually become apparent in childhood with a rapid decline of the visual
function to legal blindness before the age ofGOD and CRD arelinically overlapping
diseases and often difficult to distinguishthe advanced stage, and indeed CRD might
be difficult to differentiate from RP based on clinical signs alone, but conipietihess
is a more frequent occurrence in CRD than (RRiadens et al., 2012; Yokochi et al.,
2012)

Figure 1.8. Colour fundus photography of CRD patient. Fundus changes with macular
dystrophies show pigment deposits in the central macular area (arrow) and attenuated retinal
arteries. (Adapted frolHuang et al. (2012)ith the permission of Elsevier Copyright Clearance
Centre, License number: 3940440860754).
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1.73.2Genetics of @D and CRD

Unlike ACHM, in which mutations in only six genes can explain the majority of
the casesMendelian mutations iB3 genes are known to cause COD/CRD. 21 of these
genes account for autosomal recessive COD/CRD, while 10 genes amesiiefgpfor
autosomal dominant disease. In addition, two genes have been found to be responsible
for X-linked COD/CRD (Table 1.5). CRD@D genes encode proteins that are involved
in multiple functions, including phototransduction, the visual cycle, cilia function and
protein trafficking. The four major genes involved in the pathogenesis of COD/CRD are
ABCA4in AR COD/CRD,GUCY2DandCRXin AD COD/CRD andRPGRIin X-linked
CODI/CRD (Hamel, 2007).

Gene Inheritance Potential function OMIM
PDE6C Recessive Phototransduction 600827
PDEG6H Recessive Phototransduction 601190
CNGB3 Recessive Phototransduction 605080
ABCA4 Recessive Visual cycle 601691

RDH5 Recessive Visual cycle 601617

RAX2 Recessive Transcription 610362

RPGRIP1 Recessive Interacts with RPGR 605446
ADAM9 Recessive Cell/matrix interaction 602713
TTLL5 Recessive Cilia function 612268
CACNA2D4 Recessive lon channel 608171
KCNV2 Recessive lon channel subunit 607604
CDHR1 Recessive Cellular structure 609502
C21orf2 Recessive Unknown 603191
C8orf37 Recessive Unknown 614477
CNNM4 Recessive Unknown 607805
RAB28 Recessive Unknown 612994
CERKL Recessive Cell signaling 608381

ATF6 Recessive Transcription factors 605537
CNGA3 Recessive Phototransduction 600053
GNAT2 Recessive Phototransduction 139340
POC1B Recessive Centriole duplication and/or maintenance 614784
PROM1 Dominant Cellular structure 604365

GUCAI1A Dominant Phototransduction 600364
GUCY2D Dominant Phototransduction 600179
PRPH2 Dominant Phototransduction 179605
CRX Dominant Transcription factor 602225
AIPL1 Dominant Transport, protein trafficking 604392
HRG4 Dominant Neurotransmitter release 604011
RIMS1 Dominant Neurotransmitter release 606629
PITPNM3 Dominant Transport 608921
SEMA4A Dominant Axon guidance 607292

RPGR X-Linked Intraflagellar transport 312610
CACNALF X-Linked Calcium channel 300110

Table 1.5. List of genes implicatedn cone or conerod dystrophy (COD/CRD). Gene name,
mode of inheritance and potential function are depicted along with the corresponding OMIM
number. (Sources: RetNétitps://sph.uth.edu/retnet/home.ht@MIM, http://www.ncbi.nlm
nih.gov/omim).
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The ABCA4 gene encodes an ATiinding cassette (ABC) superfamily
transmembrane protein that is expressed exclusively in retinal photoreceptors and is
involved in retinoid metabolism (Section 1.4.4). Mutations ABCA4 causeSTGD
disease and are responsible for 30 to 60% of the cases with AR CODHaRI2I, 2007;

Cideciyanet al., 2009)

GUCY2D(LCA1) encodes retinal guanylate cyclase 1 (RetGGnhich isone of
a group of proteins that are important in determining how rods and cones can return to
the resting state after being stimulated by light (Figure 1TsBle 1.} (Perrault et al.,
2000; Tucker et al., 2004pefects in this gene leave the eye unable to respond to light,
which ultimately leads to RD. Biallelic mutatisnn GUCY2Dare themost common
cause of arLCA, accounting 2% of all disease cases, while monoallelic mutations are
a common cause of COD/CRD/MD. Mutations3ICY 2Daccount for more than a third
of cases with dominant form of COD/CRD/MD. Pathogenidards inGUCY2Dhave
been associated with RD characterized by photophobia, high hyperopia and poor but
stable vision with no visual improvemg(ferrault et al., 1999; Hanein et al., 2Q04)r
the GUCY2DBLCA phenotype, more than half of the mutations identified in patients are
truncating mutations that cause complete loss of ret@@talytic activity and lead to
loss of the outer nuclear layer and abnormal inner retinal asgsgorganizatioRozet
et al., 2001; Milam et al., 2003Jor the GUCY2DCOD/CRD/MD phenotype, the
majority of the pathogenic missense mutations map in the catalytic domain of the protein

causing dramatic consequences on jmaetivity (Jiang et al., 2015; Lazar et al., 2015)

The CRX gene encodes the coned homeobox protein, a transcription factor
expressed in rod and cone photoreceptors in the retina and pinealocytes in tfehemin
et al., 1997; Furukawa et al., 1997RX plays an essential role in the development and
maintenance of functional mammalian rod and cone photorecgptangkawa et al.,
1999) It interacts with transcription eeegulators including the respecific tanscription
factors NRL, NR2E3 and general-aotivator proteins GCN5, CBP and p300 to control
photoreceptor gene expression anduce rhodopsin promoter activifitton et al.,
2000; Peng et al., 2005; Roduit et al.,, 2009; Nichols et al., 20RBdtoreceptors in
homozygousCrx knock-out mice Crx' /)'fail to form POS(Sanyal and Jansen, 1981;

Humphries et al., 1997; Furukawa et al., 1998ading toprogressive degeneration
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(Blackshaw et al., 2001; Morrow et ,al2005; Hsiau et al., 2007Mutations in
humanCRXhave been associated with adLCA, adCRD, adRdParLCA with different
ages of onset and sever{fgohocki et al., 1998; Dharmaraj et al., 2000; Rivolta et al.,
2001; Nichols et al., 2010//alia et al., 2010; Huang et al., 201®)iseasecausing
humanCRXmutations can be divided into two groups. One group is mostly monoallelic
frameshift mutations or amino acid stihgions within the DNA binding homeodomain.
This group of mutations shows a domirasgative effect on the wHt/pe allele activity
(Mitton et al., 2000; Peng et al., 2005; Roduit et al., 2009; Nichols et al.,, 20Dleads

to a severe dominant reéil phenotype adCRD/adLC{ohocki et al., 1998; Paunescu

et al., 2007; Wang et al., 2007; den Hollander et al., 2008; Huang et al., Poa 2ther
group of mutations also demonstrate a reduced ability of CRX to bind to the targeted
protein(Nichols et al., 2010)ut these mutations appear to represent hypomorphic alleles
and are more likelyo be associated with either autosomal recedsaleer congenital
amaurosis I(CA) or lesssevere forms of dominanERXas®ciated disease adRP
(Swaroop et al., 1999)

1.8 Leber congenital amaurosis (LCA)

1.8.1 Overview

Leber congenital amaurosis (LCA; OMIM 204000), first described by Theodor
Leber in 1869(Leber, 1869) represents the most severed earliest form of IRDs
causing blindness in infants and childr@errault et al., 1999) CA is a rare disease
with a population frequency between 1 in 30,000 to 1 in 81()66nekoop, 2004; Stone,
2007) although the condition is more frequent in consanguineous popslatigsolated
communitiegSherwin et al., 2008).CA represents almost 5% of all retinal dystrophies
and 20% of children with visual impairment in special sch@i¢étenekoop et al., 200.

This dystrophy is highly heterogeneous, has complex genetic and clinical features and
overlaps with the more severe forms of RP and COD/QfD Hollander et al., 2008)

1.8.2 Clinical manifestationof LCA

For the LCA infant, although blind at birth, the features usually first manifest at
around the age of 6 weeks, when the parent

(nystagmus)Zahn, 1978) LCA is charaatrized by sewe and early visual impairment
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and visual acuity among LCpatients ranges from 20/200 to perception of light only or
no perception of light. Generally patients with LCA do not achieve visual acuity better
than 20/40@Cremers et al., 2002¥luggish or neaabsent pupillary responses reflecting
severe retinal dysfustion and &sence of electrical signals on ERf®e also clinical
hallmarks for LCA (Franceschetti and Dieterle, 1954; Chung and Traboulsi, 2009)
The appearancef the fundus is extremely variable in patients. Tétgna may initially
appear normal, but fundus abnormalities are frequently present later in life (Figure 1.9)
including white dots at the level of the RPE, retinal vascular attenuatiorsspange
pigment migration, macular coloboma or maculopathyrdéie errors, photophobia
and nyctalopia are also commonly detectddn Hollander et al., 2008; Chung and
Traboulsi, 2009; Hull et al., 2014; ChaeGamacho and Zenteno, 2015)

GUCY2D

RPGRIP1

Figure 1.9. Colour fundus photography of LCA patients with known genotypesLCA
associated with @EP290mutation has marked choroidal sclerosis, pale optic discs, barely visible
retinal vessels and relative preservation of the posterior glxassociated CA manifests as

a prominenmaculopathywith relatively normal appearing vessels and optic disc. The fundus in
CRBZtassociated CA reveals greserved pararteriolar RPE (PPRPE) and nummular pigment
changesGUCY2Dassociated LCA patientgwve a relatively normal retinal appearance including
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retinal colour, retinal vessel calibre, and optic disc appear&Rie65associated CA leads to

RPE translucency but with relatively normal vessel calibre and a normal optic disc appearance.
RDH12asociatedLCA is characterised by nystagmus, nyctalopia and a prominent maculopathy.
RPGRIPlassociated.CA patients have aetinal pigmentepithelium degeneration with bone
spicules and vesbtdragging. (Adapted from den Hollander et al. (2008) with the permission of
Elsevier Copyright Clearance Centre, License number: 3926710489180).

1.8.3 Genetics of LCA

LCA is geneticallyheterogeneous and can result from mutations in 24 genes (Table
1.6). In most cases, LCA is inherited in an autosomal recessive manner and LCA genes
encode proteins that play a variety of roles in the development and functiorretiriae
such as normal development of photoreceptors, phototransdundiramal function of the

cilia and protein trafficking.

. . . . Estimated

Locus Gene inheritance Potential function frequency OMIM
LCA1 | GUCY2D Recessive Phototransduction 12-21% 601777
LCA2 RPEG65 Recessive Visual cycle 3-16% (20410
LCA3 SPATA7 Recessive Unknown 2-4% 60986¢
LCA4 AIPL1 Recessive Transport, protein trafficking 4-8% 604393
LCA5 LCA5 Recessive Centrosome protein with ciliary functiol 1-7% 611408
LCA6 | RPGRIP1 Recessive Interacts with RPGR 4-6% 61382€
LCA7 CRX Dominant & Recessiv, Transcription factor 2-3% 61382¢
LCA 8 CRB1 Recessive Tissue development and maintenant 9-13% (613835
LCA9 | NMNAT1 Recessive Photoreceptor maintenance 5% 60870(
LCA 10| CEP290 Recessive Centrosomal & ciliary protein 20-25% |611755
LCA 11| IMPDH1 Dominant Regulates cell growth Rare 613837
LCA12 RD3 Recessive Splicing Rare 610617
LCA13 RDH12 Recessive Phototransduction 4% 612712
LCA 14 LRAT Recessive Retinal metabolism 01 % (613341
LCA 15| TULP1 Recessive Tissue development & maintenance 1-2% 613843
LCA 16| KCNJ13 Recessive Potassium channel Unknown 614186
LCA 17 GDF6 Recessive Growth factor Unknown [61536(
LCA18 P/FEQTDI-ISZ/ Recessive Phototransduction Unknown |179605
CABP4 Recessive Unknown Cell signalling610427
-—- 1QCB1 Recessive Interacts with RPGR & connecting cilig Unknown | 09254
IFT140 Recessive Intraflagellar transport 01 % |61462(
CLUAP1 Recessive Ciliogenesis Unknown |616787
DTHD1 Recessive Unknown Unknown |61697¢
OTX2 Dominant Transcription factor Rare 600037

Table 1.6. List of genes implicated in Lebecongenital amaurosiJLCA) . Locus, gene name,

mode of inheritance and potential function and estimated frequency are depicted along with the
corresponding OMIM number 6Sources: Ret Net
http: //www.ncbi.nlm .nih.g@/omim; Weleber et al. (2013Nash et al. (2015)
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Mutations in theCEP290,CRB1,GUCY2DandRPE65genes are the most common
causes of the disorder and only three gebBX,IMPDH1 and OTX2 cause adLCA.

Mutations in the other genes generally account for a smaller percentagesf ca

CEP290is the most frequently mutad gene in LCA and accounts #20-25% of
all cases(den Hollander et al., 2006; Perrault et al., 2007; piziprs et al., 2010a)
CEP29Cencodes a centrosomal protein that is thought to play an important robéaimp
trafficking and ciliogenesis in many different cell types including retinal photoreceptor
cells(Chang et al., 2006; Sayer et al., 2006; Craige et al., 2bité)estingly, one intronic
mutation (c.2991+1655A>G) accounts for up to 15% of all LCA cases in some European
and NorthRAmerican populationgden Hollander et al., 2006; Coppieters et al., 2010a)
This deepintronic CEP290mutation creates a splice donor site that allows the insertion
of a 128bp cryptic exon to approximately 50% of t6&P290transcripts resulting in a
premature termination of protein synthe&ien Hollander et al., 2006; Collin et al.,
2012) Mutations inthe CEP290gene have also been associated with a wide range of
ciliopathies including Joubert syndrome (JBTS5, OMIM 610188), Sdmmden
syndrome (SLSN6, OMIM: 610189), Meckel syndrome (MKS4, OMIM 611134) and
Bardet Biedl syndome (BBS14, 615991Baala et al., 2007; Brancati et al., 2007; Helou
et al., 2007; Leitch et al., 2008; Coppieters et al., 20IDg majority of the repcetl
CEP290mutations are truncating in all phenotypes with only a few missense mutations
reported(Valente et al., 2006; Tory et al., 200Mloreover there appears to be no
genotypepherotype correlation fortCEP290mutations leading to all these different
diseases. The only genotypbenotype correlation observed is with the common founder
mutation (c.2991+1655A>G) which so far has only been seen in patients with isolated
LCA (den Hollander et al., 2006; Perrault et al., 2007)

RPEG65(retinal pigment epithelium 65) encodes a retinoid isomerohydrolase with
an essential role in the visual cycle (Figure YMpiseyev et al., 2005)RPEG65 is
essential for the conversion of activatedtedhsretinal to 1cisiretinal, the universal
chramophore of the visual pigments in both cone and rod photorec¢ptmtson 1.4.4).

More than 70 different point mutations RPE65are associated with severe earhset
retinal dystrophies LCA (36%), RP (25%) and aproximately 11% of early onsBCD
(Gu et al., 1997; Marlhens et al., 1997; Thompson et al., 2000; den Hollander et al., 2008;

Bowne et al., 2011a; Hull et al., 2018)I patientswith RPE65mutationshadreduced
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central visionat infancy or early childhood with nyctalopia as a prominent feature and
varying degrees of nystagrs. Thefundus appearance is usually normal in infancy but
small subretinal white dots might appear later in childhood, possibly as a result of
abnormal accumulation of retinyl estékerenz et al., 2000; Galvin et al., 2005; Weleber

et al., 2011)Thinning of the outer nuclear layer on optical coherence tomography (OCT)
and low signal on fundus autofluorescence (FAFe also common in patients with
RPEG5 mutations (Lorenz et al., 2004; Jacobson et al., 2008Bectrophysiology
demonstrates absent rod function but there may be residual cone function in childhood
(Jacobson et al., 20Q9)his may reflect the alternative source ofclgretinol that cones
obtain from Muller cell{Kaylor et al., 2014)Mice lacking RPE65 (Rpe6%)' cannot
synthesize 1tis-retinoland alltransretinyl esters oveaccumulate in the RPE, whereas
11-cisretinyl esters are absent. As a result, photoreceptors in these mice lose sensitivity
to light (Redmond et al., 1998; Cottet et al., 2006; Fan et al., 2008 éts et al., 2008)

CRB1lis a human homologue of tirosophila melanogastegene coding for the
protein crumbs (Crb)CRB1is expressed in the retina and the brain, and is involved in
photoreceptor morphogenesden Hollander et al., 1999utations in theCRB1gene
are associated with variable RD phenotypes, ranging from congenital blindness in LCA
to earlyonset progressivestial impairnent in early onset retinal dystrop(sfORD) and
early onset RP (EORRBooIj et al., 2005; Yzer et al., 2006; Vallesptrag, 2007a; Tosi
et al., 2009; Henderson et al., 2011; Bujakowska et al., 2@2png arLCA genes,
CRB1mutations represent one of the most frequenises, accounting for between 9
13% of all LCA case¢den Hollander et al., 200den Hollander et al., 2008; Benayoun
et al., 2009) LCA and RP resulting fron€RB1 mutations may be accompanied by
specific fundus features. These include preservatitime paraarteriolar retinal pigment
epithelium (PPRPE), which is a relative preservation of RPE adjacent to the retinal
arterioles despite a panretinal RPE degenerafibleckenlively, 1982) retinal
telangiectasia/Coalgke vasculopathy, a condition in which abnormally permeable blood
vessels lead to exudation and retinal detachif@attill et al., 2001; deHollander et al.,
2001)and an increased retina thickness with altered laminar organiZadtoabson et
al., 2003)

IMPDH1 (inosine5-monophosphate dehydrogenase 1) is a housekpggne

encoding aprotein subunit that forms active homotetramers and catalyzes the rate
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limiting step inde novoguanine synthesis. IMPDH1 performs this by converting inosine
monophosphate (IMP) to xanthosine monophosphate (XMP) with the reduction of NAD
(Senda and Natsumeda, 1994; Hedstrom, 1998DH1 levels are higher in the retina

than in any other tissue and the protein is localized to the photoreceptor IS at synaptic
terminals(Bowne et al., 2006)Mutations inIMPDH1 cause adRP or adLCA due to
photoreceptor degeneration as reducedymse activity leads to reduced guanine

nucleotide concentrations in the retiBowne et al., 2002; Coussa et al., 2015)

OTX2(orthodenticle homeobox 2) encodes a transcription factor that is critical for
the development of the forebrain and eyés Bxpressed in the neuroepithelium of most
of the forebrain and midbrain, including the eye dom@&@meone et al., 1993 he
proteinplays a critical role inatinal photoreceptor development and maintenance, and is
required for the development of the RP#artinezMorales et al., 2003; Rath et al.,
2007) Mutations inOTX2have been reported to cause adLCA and adVibcent et al.,
2014) In mice, homozygous mutant®txZ /) are embryonically lethal. Heterozygous
mice show a wid@henotypic variability, including craniofacial malformation, known as
otocephalyMatsuo et al., 1995; Hide et al., 2002)

1.9 Autozygosity mapping and genetic markers

A consanguineous marriage is a union between twwithls who are related by
a common ancestor. It can be a deeply rooted social trend Widelg practiced in some
countries for economic benefit and for cultural reafolsa ber et al . | 199
al., 2014) Individuals from consangneous marriages are at increased risk of developing
a recessive conditiofHamamy, 2012; Shawky et al., 2013; Salway et al., 2006
phenomena was first observed in children from a first cousin marriage who had
alkaptonuria and albinisim(Garrod, 1902) Garrodos observatio
homozygosityby-descent by William Bateson in 1902. Using modern genetics analyses,
affected patients in such families have been shown to have an increased frequency of
uninterrupted homozygous segments in tgemome. Such chromosomal segments come
about as both segments have been passed down through separate branches of the family
but are derived from a common ancestor and come togettier children, meaning these
autozygoussegments are identical by desc@®D) from a common ancestor (Figure
1.10). As the mutation and immediate surrounding DNA passes through successive
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gererations without recombinatiofBD regions around a diseasausing allele can be
used to map the mutation that causes recessive diseagamily(Lander and Botstein,
1987) This was first demonstratedl liLeeds, by Prof. Bob Mueller who used autozygosity
mapping to identify diseassausing genes in local consanguineous Pakistani families
(Mueller and Bishop, 1993)
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Figure 1.10. Principle of autozygosity mappingkirst-cousin consanguineous pedigsb®wing

the inheritance of a disease allele (red) through the generations. Affected children (IV.1 and 1V.2)
have inherited disease alleles and the surrounding haplotype from a common ancestor (1.2).
Mapping of the disease locus can be achieved by locditengomozygous region shared by all
affected individuals in the family.

Before the human genome sequence became available, linkage maps were
fundamental tools for many genetic studies. These had been created over the years using
various types of polymotpc markers, since their conception by Sturte\&turtevant,

1913) Genetic linkage maps determine the linear position of genes or markers on a
chromosome and can be used to search for IBD loci. As knowledge of the human genome
sequence became availalfleander et al., 2001 a wide range of molecular markers have
been used in studies. Before the completion of the human genome, gyejestic maps

were made using Random Amplified Polymorphic DNA (RAPDSs), Restriction Fragment
Length Polymorphisms (RFLPs), Amplified Fragment Length Polymorphisms (AFLPS)

and microsatellites, also known as short tandem repeats (STRs). With accedsdb the
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human genome sequence, more detailed maps were based on single nucleotide

polymorphisms (SNPs).

The three criteria considered essential for the development of linkage maps were
ensuring a spread of markers across the genome, for the markerggiolyppdlymorphic
and having a low genotyping error rate. STRs and SNPs are the markers most commonly
used for the identification of loci for autosomal recessiveadisg in consanguineous
families (Acland et al., 1998; Bellingham et al., 1998; Aligianis et al., 2002; Ball et al.,
2010; Sagib et al., 2015¥licrosatellites, which are ditri-, or tetra nucleotide tandem
repeats, areariable in populations of DNA and within the alleles of an individual. They
were until recently the genetic markers of choice as they are highly polymorphic and
interspersed throughout the entire gendifian et al., 2008; Pemberton et al., 2009)
However, despite being informative, STR genotyping is relatively complicated, time
consuming, expensive, and can involve problematic PCRs which mayddauman
errors in sizing the alleles. Furthermore, microsatellites account for about 3% of the
genome and cannot be used for high resolution magfitegren, 2004) Advances in
high-throughput DNA sequencing and bioinformatics, have led to the emergence of SNPs
as genetic marke(Sachidanandam et al., 2001; Heaton et al., 2@Xpite the biallelic
nature of SNPs that provide relatiyéess informativity, SNPs have a genetic stability,
higher density, simpler nomenclature and can be suitably automated for data analysis and
interpretation(Slate et al., 2009; Ball et al., 2010; Fernandez et al., 204&)over,
modern SNP genotyping émost fully automated and error rates tend to be much lower.
Platforms such as the Affymetrix SNP Array 6.0 are now used, which includes more than
906,600 SNPs to law high-resolution genotyping.

1.10 Sequence of the DNAegjuencing

Over the course of six decades, large amounts of time and resources have been
invested in developing and improving the technologies that underpin genetic research.
DNA sequencing is one method that has seen a vast improvement over the years. When
considemg the history of this technique, researchers have gone from being able to
sequence only a short oligonucleotide of a single gene to the whole genome sequencing
(WGS) that is available novDNA sequencing can be summarised in two generations
from the gends of this field to thestarting time of this study.
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1.10.1 Firstgeneration DNA sequencing

Over two decades elapsed from the discovery of the double helix structure of DNA
(Watson and Crick, 1953p the introduction of severahfluential DNA sequencing
protocols. Initial efforts at sequencingre met with limited success since thethods
employed could only determine thecleotide compositiobut were not powerful enough
to determine therder of the nucleotidgdolley et al., 1961)However, the miedl970s
represent t hegerneearlatsitoanrdt [DoNA Osfeigrusetnci ng by
and minus anthechemical cleavage technigu&anger and Coulson, 1975; Maxam and
Gilbert, 1977) This methodused radidabelled DNA treated with chemicals designed to
cleave fragments of the chain at specific bases, followed by migrating the labelled
fragments through a polyacrylamide geldetermine thdength and position of the

nucleotides.

Sanger “tserontihnaaitn on 6 o (Sander ed &.,dS7ygprésentett ni g u e
the most significant development amongst the first generation of DNA sequencing
methods. This teclque used polymeradeased copying of singistranded DNA, but
included a small proportion of radiabelled chemical analogues of the nucleotides,
chainterminating dideoxynucleotides (ddNTPs), in each of four parallel reactions. The
products were then nuin adjacent lanes on a polyacrylamide gel to produce radioactive
bands in the lanes, the positions of which corresponded to the sequence of nucleotides.
Over time further improvements were made to this technique. FluoresceliSdyds et
al., 1986)were used instead of radioactive labelling to tag the different chain terminating
analogues, allowing all four nucleotides to be resolved in a single laa@lla®y
electrophoresis instead of a polyacrylamide gels, together with the use of laser induced
fluorescence detection, allowed longer reads and avoided the need to cast few gels
each sequencéRuiz-Martinez et al., 1993; Hebenbrock et al., 399 he polymerase
chain reaction (PCR) replaced DNA cloning from libraries as the main method to generate
the sequencing templatéSaiki et al., 1985; Saiki et al., 1988hd automatedSanger
sequencindy capillary electrophoresis was establisfiddnkapiller et al., 1991)This
allowed 5001000bp of DNA sample to be sequencediiB Bours.This method is the
gold-standard DNA sequencing technique that is still used in laboratmiey to

sequence short pieces of DNA.
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1.10.2 Secondjeneration DNA sequencing

The emergence of a new technique known as pyrosequerRaohpd GS FLX)
paved the -gvalyef@atri eamexéquenci ngdahroighpatS) t e
sequencing. In this method, @&mzymatic reaction occurs in which ATP sulfurgas
converts pyrophosphate into ATP, which subsequently serves as the substrate for
luciferase, meaning that the light produced is proportional to the amount of
pyrophosphatéNyrén and Lundin, 1985)The amount of incorporation is monitored by
luminometric detection of the quantity of pyrophosphate releasezhch nucleotide is
washed through the system in turn over the template DNA affixed to a solid phase. This
signal is then used to infer DNA sequen¢elyman, 1988) The weakness with this
technique though, is thatrers can be caused by midging the length of homopolymer
runs in this process, which may result in false shbgise insertions or deletions (indels)
in the DNA sequencezadoutRonaghi et i, 1998)

The sequencing machines developed by different companies during the first decade
of the new millennium dramatically increased the amount of DNA that could be
sequenced, ranging frofive hundred million bases of raw sequence (Roche) t@bdli
of bases in a single run (lllumina, ABI SOLID technology). These machines relied on
performing massive numbers of parallel sequencing reactions on a micrometer scale on
clonal beads (Roche and ABI SOLID) or clonal bridges (lllumif@hendure and Ji,
2008) Over the last decade, these three platforms are commercially leading second
generation NGS platform{®areek et al., 2011)

Here at Leeds the NGS facility (a partnership between the Univefdigeds and
the Leeds Teaching Hospitals NHS Trust) uses the Illlumina NGS platform. For the
lllumina Genome Analyser, sample preparation involves fragmentation of the DNA
sample, enzymatically repairing the staggered ends, adding adenines (A)-tntlse8
the DNA fragments and ligating adapters, followed by library amplification
(Myllykangas et al., 2012)Solidphase amplification is used to produce randomly
distributed, clonally amplified clusters from fragments or npate templates on a glass
slide. The sequencing library is immobilised on the surface of a flow cell onto which a
Al awn o0 -density forwagdhand reverse primers has been covalently attached to the

slide to create an ulttdense primer field. The primer functionalised flow cell surface
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serves as a support for amplification of the immobilised sequencing librarpiocess

al so knownP CaRso A Brri Agdidneeeesultingbridged doubtdgrand DNA

is freed using a denaturing reagent. Repeated reagent flush cycles generate groups of
thousands of DNA mol ecul es, al so BNAown as fic
clusters are then unbound from the complementary DNA strand (linearization), followed

by bl oc ki regds oftheclusterseard hybhdising a sequencing primer.

A ®9c ® 9. 0 Ogc 04 o
Sample preparation Incorporate all
DNA (Spg) four nucleotides,
each label with a
different dye
Template

+ ANTPs&
°, polymerase
<

@ m
'\ A .:.‘7. y= @ @
"

Cleavedye &
terminating groups,
wash

Cluster
growth

100-200 million molecular clusters cO A0 Top: CATCGT
@ cO Bottom: CCCCCC

Figure 1.11. lllumina solidphase amplification and fourcolour cyclic reversible
termination sequencing methodlllumina solidphase amplification (A) is achieved through two
basic steps, these being initial priming and extending of the single strandednsitegbele
template, followed by bridge amplification of the immdated template with immediately
adjacent primers to form clusters. The faoftour cyclic reversible termination (B) uses

I 1 1 u mi-Qrazidometh$l Kgversible terminator chemistry on splidiseamplified template
clusters. Following incorporation, a cleaye step removes the fluorescent dyes and regenerates
t h eOH3yMup using the reducing agent Triscéboxyethyl) phosphine. (C) The fecwlour
images highlight the sequencing data from two clonally amplified templates. (Adapted from
Metzker (2010with the permission of Elsevier Copyright Clearance Centre, License number:
3940451410070).
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Cyclic reversible termination is the method employed by lllumina for sequencing
by-synthesis. Firstly, a DNA polymerase bound to the primed template incorpoistes
one fluorescently modified nucleotide, which represents the complement of the template
base. Following incorporation, the remaining unincorporated nucleotides are washed
away (Figure 1.11B) Secondly the four colours of the four nucleotides are deatdny
total internal reflection fluorescendenaging using two laseréFigure 1.11C).The
synchronous extension of the sequencing strand by one nucleotide per cycle ensures that
homopolymer stretches can be accurately sequenced. However, failure to rizieogpo
nucleotide during a sequencing cycle results in aplodsing effect, and as the sequence
extends, gradually more and more molecules lag behind in the extension so that the
generalised signal derived from each cluster deteriorates over many dywesfore,
lllumina sequencing accuracy declines as the read length increases, which limits this

technology to short sequence refldyllykangas et al., 2012)

1.11 Aims

There were two aims for this research project, both of which involved finding and
characterising new mutations and genes involved in inherited retinal dystrophigs usin
NGS technologies.

The first approach described the Retinome project, which used targeted exome
sequencing against all the known retinal dystrophy genes to attempt to identify the
pathogenic mutation in twenty multiplex families with various differehenited retinal
dystrophies. This approach identified mutations in known retinal dystrophy genes but also
highlighted families in whom the pathogenic mutation could not be identified, suggesting
that their Mendelian cause of retinal dystrophy may be iere ghat has not yet been
implicated.

The second approach used whole exome next generation sequencing from affected
members in six families, each with a different inherited retinal disease, to identify the

pathogenic mutation.
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Chapter 2 - Materials and Methods

2.1 Patient ascertainment

Affected patients and their relatives were recruited in the ophthalmology clinics of
the Eye Department, St. Jamesod0s University Ho
consent using a process that adhered to the tenets of the Declaration of Hetbinsa
approved by the Leeds East Research Ethics committee (Project number 03/362). The
patients underwent an eye examination by an experienced ophthalmologist to confirm
their diagnosis of retinal dystrophy and the full clinical family history was taken.
Peripheral blood or saliva was collected from the patient and where possible from

additional family members for DNA extraction (Section 2.2).

2.2 Genomic DNA &traction

DNA was extracted from peripheral blood or saliva according to the following

methods.

2.2.1Extraction of DNA from blood using phenokchloroform extraction

To extract DNA froma blood sample, 9ml of red cell lysis buffer [LOmM/mI
Potassium Bicarbonate HCOz), 155mM/ml Ammonium Chloride (NKC1) and
1mM/ml Ethylenediaminetetraacetic acid (EDTA)] was added to 3ml of whole blood and
mixed by inversion for 10 minutes. The sample was centrifuged at 2,000 x g for 15
minutes. After removing the supernatant, Slogficell lysis buffer [20ug/m1 RNAase A,
0.25% [v/v] SDS, 10mM/ml Tris pH 8.0 and 100mM/ml EDTA] was added to the white
cell pellet and incubated at 37 for one hour. Proteinase K was then added at a final
concentration of 100ug/ml and the sample waslated at 58 for one hourAn equal
volume of phenethloroform (phenol: chloroform: isoamyl alcohol, 25: 24: 1) was added
to the sample and mixed vigorously for 1 minute until an emulsion was produced. The
agueous and organic phases were then sepdratedntrifugation at 14,000 x g for 1
minute. The upper agueous phase was transferred to a new test tube and an equal volume
of chloroform (chloroform: isoamyl alcohol, 24:1) was added. The nucleic acid in the

upper aqueous phase was then precipitatedtfiersolution by the addition of 0.1 volume
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of 0.3M sodium chloride and 2.5 volumes of 100% ethanol. After mixing, the precipitated
material was collected by centrifugation at 3,000 x g for 15 minutes. The ethanol
supernatant was discarded and the nuelait pellet was washed with 70% ethanol. After
centrifugation, the ethanol wash was removed and the pellet waseairfor 5 minutes
before redissolving in 3650ul of 1 xTris-EDTA (TE) buffer[LOmM/ml Hydroxymethyl
aminomethane hydrochloride (T4#4Cl) (pH 7.5) and 1mM/ml EDTA].

2.2.2Extraction of DNA from blood using salt precipitation technique

A salt precipitation technique was performed to extract DNA from fresHroaen
blood samples. Briefly, 3ml of whole blood was aliquoted into a polypropytigbe and
9ml of red cell lysis solution added. The samples were then mixed for 10 mintdesat
temperaturéRT) and then centrifuged at 2,000 x g for 10 minutes. The supernatant was
removed and the remaining white cell pellet wasuspended in 3nwhite cell lysis
solution by pipetting. To remove any contaminating protein, 1ml of protein precipitation
solution (10M ammonium acetate) was added, and samples were vortexed for 20 seconds
then centrifuged at 2,000 x g for 10 minutes. The supernataritamaserred into a fresh
tube and the DNA was precipitated using 3m1 of isopropanol, followed by centrifugation
for 10 minutes at 2,000 x g. The pellet was then washed twice in 70% ethanol and left to
air dry. The precipitated DNA was dissolved in 1x TEéu

2.2.3 Extraction of DNA from saliva

Saliva samples were collected using Oragene® DNA sample collection kits (DNA
Genotek Inc.) and the DNA extractBeetly, accor
30ul of PT-L2P reagent (provided with kits) wadaed to 750ul of saliva and incubated
on ice for 10 minutes. The sample was then centrifuged at RT for 10 minutes at 3500 x g.
600l of the supernatant was transferred to a fresh tube and 720ul of 100% ethanol was
added. The mix was inverted 10 times. Bheples were then incubated for 10 minutes
at RT and centrifuged for 10 minutes at 3500 x g. The pellet was washed in 500ul of 70%
ethanol for 1 minute at RT. After drying, the pellet waslissolved in 50ul TE buffer
then stored a20°C.
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2.3 Determining the concentration of purified nucleic acid

The concentration of purified nucleic acids was measured using a®Qubit
Fluorometer (Invitrogen) and the appropriate dsDNA/RNA assay kits according to the
manufactureros i AlLeul of usanipie wemes addedBto ithe fQubyt ,
dsDNA/RNA dilution reagent to make a final volume of 200ul and samples were
vortexedand incubatedfor 2 minutes at RT. The Qulgit Fluorometer was calibrated
using standards provided in each assay kit and the samples prodedsadoDrop
spectrophotometer (Thermo Scientific) was also used for measuring optical densities of
DNA/RNA samples at 260/280 nm ratioAgfv2g9.

2.4 The polymerase chaineaction (PCR)

2.4.1 Primer design for standard PCR analysis

Oligonucleotide primer pes were designed to amplify products of base
pairs (bp) in size. The genomic DNA sequence for the region of interest (ROI) was
obtained from Ensembl h{tp://www.ensembl.ofg and UCSC Genome Browser
(http://genome.ucsc.eduin the FASTA format with all exons in upper case and
everything else in lower case. The primers were designed using the Primer3 program
(http://bioinfo.ut.ee/primerd®.4.0) with length of 20 bp (range 187 bp), a primer
melting temperature of 60°C (range-63°C) and GC% between 20% and 80%. Primer
sequences were checked using the BLAT tool in the UCSC Genome Browser in order to
check for unjue primergor speciesspecific regions and to avoid known SNPs over the
binding site. Primers used for FACR were designed using the same methods described
above, but in this case mMRNA sequence was used as template and gesigned to

span an exo®xon junction.

For gene screening, the primers were designed to amplify the exonic region and at
least 50 bp from the intreexon boundary using the automated ExonPrimer tool
(https://ihg.helmholtzmuenchen.de/cdiin/primer/ExonPrimerUCSC.pl?db=hg19&acc
=uc009wfy.3 with the following settings: minimal distance between primer and exon
(50-bp), primer region (Abp), maximal target size (5a4p), overlap for large exon (50
bp), annealing temperature (60°C), GC content (50%), primer sizR@}-27bp) and
maximum length of mononucleotide repeat).
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2.4.2 Primer design for Gatewa§ cloning

Cloning PCR primers were designed according to the guidelines provided by the
Gateway Technology protocol (Invitrogen) to amplify the full coding sequence of genes
of interest, and to add gatewaitBl andattB2 r estr i cti on enzyme
and 306 ends of a gene fragment. The Kozal
expres i on . For @Bl gequencee was addel, dollowed by the Kozak
sequence including ATG initiation codon, ther28nucleotides at the start of the gene.
For 30 p atiB2n seguencet wag added, followed by-2P8 genespecific
nucleotides, wie the stop codon was removed to allow aframe read with thattB2
sequence (@erminal fusion). The GC content, GC clamp and melting temperature (TM)
of genespecific nucleotides for gatewattB primers was adjusted using an online
oligonucleotide poperties calculator (http://biotools.nubic. northwestern. edu/ Oligo
Calc.html) (Kibbe, 2007) Finally for the 3" primer, the revse complement of the
sequence was used (http://www.bioinformatics.org/sms2/rev _comp.html).

2.4.3 Standard PCR

PCR was typically performed in 25ul volumes containingbP@g genomic DNA
(gDNA) with the following reagents at the specified concentratibn®CR reaction
buffer 20mM Ammonium sulphatéNH4)>SQs), 20mM TrisHCL (pH 8.4), 0.01% [v/V]
Tween20 and 1.5 mM Magnesium chloride (Mgl 10 picomoles of each of the
F(forward) and R(reverse) primers, 200uM of each dATP, dGTP, dCTP and dTTP
nucleotides and 1 unit Tag DNA polymerase (Invitrogen Ltd., Renfrew, UK). Thermal
cycling was performed on this mixture with an initial denaturing step at 96°C for 3
minutes, followed by 35 cycles of 92°C for 30 seconds (denaturingd5%5 for 30
secondgannealing) and 72°C for 30 seconds (extension). The final extension step was

performed at 72°C for 10 minutes.

2.4.4 HotShot master mix PCR

20-50ng ofgDNA was amplified in 40 pl reaction volume, containing 50% [v/v]
Hotshot Diamond PCR Master Mix kgt Life Science, Stourbridge, UK3;10% [v/v]
dimethyl sulphoxide (DMSO) ant0 picomoles of each primer. Touchdown PCR cycle
was then performed on the mixture through the following ten steps:
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95°C for 10.00 mingnitial denaturing)

95°C for 0.30 mins (denaturing)

67.5°C for 0.30 mins (annealing)Decr ease by 0.
72°C for 0.30 mins (extension)

Go to step 2, repeat 13 times

95°C for 0.30 mins (denaturing)

60 or 65°C for 0.30 mins (annealing)

72°C for0.30 mins (extension)

Go to step 6, repeat 29 times

'72°C for 7.00 mins (final extension)

2.4.5 Cloning PCR

For cloning purposes, PCR reactions were performed with the designed cloning
primers using platinum Pfx DNA polymerase (Invitrogen). The reactions were typically
carried out on 60ng template DNA in a 50¢el fi
PixDNA pol ymer ase, b5¢l of 10 x Pfx amplificati
reverse primer mix, 1.5 sanagnesiumsulphatMgSONT Ps, 1¢l
and 1l¢l of DNA templ at e. I niti al denaturati c
followed by 30 gcles of three steps: denaturation at 94°C for 15 seconds, annealing at
58°C for 30 seconds and the extension step at 68°C for 5 minutes. A final extension was

performed at 68°C for 10 minutes.

2.5 Agarose gel lectrophoresis

Agarose gel electrophoresigas used to analyse the presence and size of PCR
products from the samples. Gels usually contained between 1.0% and 1.5% [w/v} of ultra
pure agarose (Fisher Scientific). To prepare a gel, the desired amount of agarose was first
dissolved in 0.5 x TBE buffd44.5 mM Hydroxymethyl aminomethane (Tris), 44.5 mM
Boric acid (HBOs) and 1.25 mM EDTA (pH 8.0)§ process that was hastened by heating
in a microwave oven. The solution was cooled to 55°C, mixed with ethidium bromide
(final concentration 0.5ug/ml), dnthen poured into a gel tray with gel combs inserted,
to a depth of between 5 and 8 mm. When solidified, the gel was submerged under 0.5 x

TBE buffer, in an electrophoresis tank. The combs were removed to create wells. Wells
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within the gel were next fillé with 2ul PCR product that had been mixed with 8ul of 1 x

DNA loading dye 0.01% w/v Xylene cyanol, 0.01% w/v Bromophenol blue, 10% v/v
Glycerol and 2x TBE bufferDNA molecular weight markers (Bioline) were also loaded
alongside the samples. The gel wen run at 120 V for 30 minutes. Ethidium bromide
stained DNA within the gel and was visual
Rad Life Science) under UV light (wavelength 320 nm). The image was analysed using

| mage LabE sRadLlifevBaiene®. ( Bi o

2.6 DNA extraction from agarose gls

DNA bands of the <correct Size were ex
QIAquick Gel Extraction kit protocol. Briefly, a DNA band was excised with a clean
scalpel under long wavength UV light using aMineralight UVGL-58 lamp. Gel
fragments were subsequently weighed and melted in QG buffer at 37°C for 15 minutes.
The mixture containing DNA was centrifuged using a QIAquick column, following a
wash with PE buffer, containing 70% ethanol. Finally, the DS redissolved in 1 x
TE buffer.

2.7 Genotyping

2.7.1 Microsatellite marker genotyping

Microsatellite markers were used for genotyping by standard PCR with the addition
of -BAMYue) fluorescent dye on the forward primers. The markers were selected
and their genetic locations within given regions were identified using the UCSC Genome
Browser (http://genome.ucsc.edu/) or NCBI Map Viewer (http://www.ncbi.nlm.nih.gov
I map view/). PCR was performed according
fluorescently labelled forward primer. PCR products were visualised on a 1.5% agarose
gel. 1pl diluted product was then added to a mixture of 0.5ul 0X size standard
(Applied Biosystems) and 8.5ul Hii formamide (Applied Biosystems). Fragments were
resolved and separated via electrophoresis on an ABI3130x| Genetic Analyzer (Applied
Biosystems) using a 36¢cm array, POP7 polymer and the Fragment Analysis 36_pop7_1
module (Applied Biosystems). Sizing of the microsatellite alleles was performed using

Gene Mapper v.4 software (Applied Biosystems).
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2.7.2 Affymetrix SNP chip genotyping

Patient samples were SNP genotyped using the commercial service providers
GeneService (London, UK) or AROS Applied Biotechnology (Denmark). -Low
resolution genotyping (250,00INEs) was undertaken by sending 500ng of gDNA at a
concentration of 50ngl to GeneService for genotyping using a 250K Affymetrix SNP
chip. For highresolution genotyping (1 million SNPs), 1ug gDNA was sent to AROS for
hybridization to the Affymetrix 6.0 ap.

The resulting Affymetrix SNP chip genotyping data were returned as CEL files,
which were annotated hysing Affymetrix Genotyping Console Softwat&tp://www.
affymetrix.com/estore/browse/level_seven_software_products_only.jsp?productld=131
535#1)into Microsoft Excel files containing SNP ID, chromosome, physoaltion and
resulting allele call for each SNP assayed. Annotated genotype data was then analysed to
identify potential autozygous regions using either AutoSNPa soft@arre et al., 2006)
IBDfinder softwargCarr et al., 20099r SNP Viewer (http://snpviewer.sourceforge.net/)
software usinghe default settings. Homozygous regions were exported to Microsoft
Excel/Word for manual analysis. To visualise the SNP data at the genome level, or to
combine the SNP chip genotyping data with SNP data generated from WES data (Section
2.12), eitheiAgileMultildeogram(http:// dna.leeds.ac.uk/ agile/AgileMultildeogram/) or
Autoldeogram (http://dna.leeds.ac.uk/Autoldeograsofjware were used.

2.8 Sanger squencing

2.8.1 PCR product preparation prior to sequencing

Prior to performing the sequencing reaction, PCR products were either purified
using Qi agenods Ql AQui ck PCR PurifdTcati on C
(Affymetrix, Santa Clara, USA) consisting of Exonuclease | and Shrimp Alkaline
Phosphatase for the remal of unincorporated dNTPs and primers. Each elgan
reaction of 7ul (2ul ExXoSART and 5ul PCR product) lasted for 45 minutes (30 minutes

at 37 °C for treatment and 15 minutes at 80 °C for inactivation).
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2.8.2 Dye terminator sequencing on the AB130&| Genetic Analyser

Purified PCR products were sequenced using the Bi§Dierminator Cycle
Sequencingit v3.1 (Applied Biosystems). Each sequencing reaction contained 1pl of
purified PCR product, 0.5l of BigD§derminator v3.1 (Applied Biosystems)5jl 5 x
BigDye® terminator sequencing buffer (Applied Biosystems), 6ul distilled water and 1l
(1.6 picomoles) of the sequencing primer, giving a final reaction volume of 10pl. The
sequencing reaction mixture was denatured initially for 1 minute at S@if@yéd by 25
cycles of 96°C for 30 seconds, 50°C for 5 seconds, and 60°C for 4 minutes, with all
temperatures ramped at 1°C/second. DNA was then ethanol precipitated by adding 5pl of
125mM EDTA and 60pul 100% ethanol to the sequencing product. Samplesmixect
and underwent centrifugation for 30 minutes at 3,000 x g at 22°C, followed by an inverted
spin for 40 seconds at 200 x g. Next, 60ul of freshly prepared 70% ethanol was added,
and samples were centrifuged for 15 minutes at 800 x g at 4°C. Fimaltweated spin
was performed for 40 seconds at 200 x g and samples were left to air dry at RT for 15
minutes. Pellets were 4dissolved in 10ul of HDi formamide loading buffer (Applied
Biosystems) and resolved at 60°C using a 36¢cm array; Piymer ad the default
RapidSeq 36 POP7 module on an ABI3130xl Genetic Analyser (Applied Biosystems).
The sequences produced were analysed using the Sequence Analysis v5.2 and SeqScape
v2.5 software packages (Applied Biosystems).

2.9 Whole genome mplification (W GA)

WGA of gDNA was carried out using the GenomiPhi V2 kit (GE Healthcare, USA)
according to the manufactureros guidelin
were used. 0.5pl of the DNA sample was mixed with 4.5ul of the sample buffer followed
by denaturation for 3 minutes at 95°C. On ice, 4.5ul of reaction buffer and 0.5ul of the
enzyme mix was added to each sample followed by incubation at 30°C for two hours. The
enzyme was then inactivated at 65°C for 10 minutes. Amplified samples were diluted 1
in 50 in distilled water and 2 ul from each sample was amplified in subsequent PCR

reactions.
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2.10 Whole exomeeguencing (WES)

2.10.1 Library preparation

WES was carried out using commercial kits from Agilent Technologies: SureSelect
XT Library Premration kit ILM, SureSelect Target Enrichment and Herculase Il Fusion
DNA Polymerase, SureSelect XT Human All Exon V4 Capture or SureSelect XT Human
Al | Exon V5 Capture Libraries. The standard
Enrichment System for llumina PaireeE n d Sequencing Li braryo W
(available  from http://www.agilent.com/cs/library/usermanuals/  Public/G7#530
90000_SureSelect_llluminaXTMultiplexed_1.8.pdBriefly, each DNA sample was
guantified using the Qubit@sDNA (BroadRange)Asay( | nvi t rogen) ( Secti on
of gDNA was diluted inl x TE buffer to a final volume a2 5 0 ¢ | and added to a
labelled T630 glass tube (Covaris, USA). The DNA was then sheared in a water bath at
20°C to fragment sizes @60 to 200 bjsing he Covaris system (Covaris S220 Sonicator
and Sonolite software). This sheared DNA sample was then purified using Agencourt
AMPure XP magnetic beaqBeckman Coulter Genomics, South Plainfield, J%Ad
analysed using a DNA 1000 Bioanaly?ér(Agilent Tectologies) to assess the
distribution of DNA fragment sizes betwe&&0-200 bp.

The creation of bluaénded fragments and@hosphorylation of the ends were the
next steps48ul of the purified sample was mixed wi8b.2ul of nucleaséree water,
10ul of 10 x end repair buffer, 1.6l of ANTP mix, 1pl of T4 DNA polymerase, 2.2l of
T4 Polynucleotide Kinase, and 2 pl Klenow DNA Polymerase. This mixture was
incubated in a thermal cycler for 30 minutes at 20°C, then k& ibagments were again
purified using Agencourt AMPure XP magnetic beads. After the fragment ends were
repaired, adenosine over han-gsoverhang® byadded t o
incubation of 3@l of the sample witt8 pl of Exo¢) Klenow, 5ul of 10 xKlenow

polymerase buffer, 11l of nucleaBee water and 1pl dATP f@0 minutes at 37°C.

The sample was then purified a third time using the magnetic .bBaidsd-end
adaptors were ligated on by addingil.54 DNA Ligase, 10ul of 5 x T4 DNA ligase
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buffer, 10ul of diluted SureSelect adaptor oligo mix and 15.5ul of nuclrasewater to
13¢l of the DNA ircubatipglfoel5 minueks &t Bw Medtt, the gample
was purified using the magnetic beads again and the adigjatexd library was aplified

ina5& PCRcontainingl 5l of DNA sampl e, 1.25061 of

capture PCR reverse primer, 1. 250l Sur eSe
buffer, 1 el of Hercul ase || fusi oand DNA
21¢l o f -free watdr. i@ BGR mix was loaded into a thermal cycler with the

following program:98°C for 2 minutesdenaturation) and 6 cycles 68°C for 30
seconds, 65°C for 30 seconds and 72°C for 1 minute, followed by a final extension step
of 72°C for 10 minutes. Thamplified librarywas purified using the magnetic beads and
analysed using a DNA 1000 Bioanaly?ér assay. Only samples withan
electropherogram reading showing a single peak around 250 to 275 bp were taken through

to the hybridisation steps

Each amplified library was quantifieging the PicoGreen@ouble stranded DNA
(dsDNA)quantitation assay (lnvitrogen) acco.l
The library was then hybridizeshd the exome was captured indivilyiprior to addition
of the indexing tag. For each hybridizat.i
5. 6¢l of SureSel ectachclooacdki nmi xt owerhee pmaenpuaf
750ngof the library DNA with a maximum volume & . 4 als wdded to 5.

prepared SureSelect block mix then incubated for 5 minutes at 95°C. In a PCR plate

mai nt ai ned at 65AC, t he prepared Il i brar
hybridizati on buffer and 7 ¢l of RSATreSel
oligonucl eotide probes (5¢l of SureSel ect

RNase block), followed by incubation for 24 hours at 65°C theamal cycler with a
heated lid at 105°C. The captured library was fished out using streptavilied
magretic beads (Dynabeads MyOne Streptavidin T1, Invitrogen) on a magnetic separator
according to the protocol guidelines. Subsequently, index tags were added to the captured

library by posthy br i di zati on amplificati on. 14¢l
appropriate index PCR primer were mixed wi
5 x Herculase |1 reaction buffer, lel of

100mM dAdNTP mix, -RRPeé&eceiwabér naoctdeadask of Sul
postcapture forward PCR primer), followed by loading into a thermal cycler for 2 minutes

at 98°C, then 12 cycles of 30 seconds at 98°C, 30 seconds at 57°C and 1 minute at 72°C.
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Final extension was at 72°C for 10 minutes. The samples were then purified using
Agencourt AMPure XP beads and analysed using the 2100 Bioad¥ljigh sensitivity

DNA assay (Agilent Technologies) which was expected to achieve a normal distribution
around a peak ranging from approximately 300 to 400 bp. Six samples were pooled
togethe i n a final volume of 50¢l, with each
Finally, the cluster amplification was performed at the N&S8ity (University of Leeds),

followed by NGSusing paireeend 100 bp reads on an lllumina 2500 HiSeq sequence
(Mlumina Inc. UK).

2.10.2 Analysis of WES data.

The computational analysis of the WES data was performed using Unix console

commands (Appendix 1) and a wide range of online servers. The quality of the raw data
coming from the Illlumina high throughpwgguencing was determined by using FASTQC
tools run on the Galaxy platforigBlankenberg et al., 2010Quality scores across all
bases, GC content per sequence, sequence length distribution and duplication levels were
evaluated before any further anasyAfter sequence quality monitoring, the sequencing
data was aligned against the reference genome (hg19/GRCh37) using either the Bowtie2
program(Langmead and Salzberg, 20X8)NovoAlign software ffttp://www.novocraft
.com/ products/novoalign/). NovoAlign was preferred in exome depth and fishing CNV
analysis or filtering the sample againshiouse samples that had been analysed using the
same alfjner. Otherwise the Bowtie2 aligner was more widely used. The aligned files
were sorted, indexed and processed in SAM/BAM format using the SAMtools suite of
programs(Li et al., 2009) (http://samtools. sourceforge.net/). PCR duplicates were
removed by Picard tools (http://broadingttugithub.io/ picard/). The mean depth of
reads per base was observed and the variants were then realigned locally and recalibrated
using the Genome Analysis Toolkit (GATK) (https://www. broadinstitute. org/gatk,
version 3.20). Indel and single nucleogdvariants were called in the variant call format
(VCF) format using the Unified Genotyper function of GATBePristo et al., 2011)
The Integrative Genomics Viewer (IGV) (https://www. broadinstitute.org/igv/)
(Robinson et al., 2011Wwas used for visualization and interactive exploration of the
aligned data filesThe variant list of each individual was annotated using ANNOVAR
software (http://annovar. openbioinformatics.org/en/latestiyl filtered using the

following criteria: selecting only DNA variants in coding regions, splice donor and
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acceptor sites (x2 bpjemoving synonymous changes, selecting variants with a greater
than depth of coverage of 10 reads, filtering out exome variants that have a minor allele
frequency (MAF) of greater than 1% in either dbSNP 138 (http://www.ncbi.
nim.nih.gov/SNP/), the 100BenomegAbecasis et al., 2012)he exome variant server
(EVS) orthe Exome Aggregation Consortium (EXAC) databgSestion 2.14). For

VCF files of patients of Pakistani origin, an additional filtering step was used to filter out
all variants with MAF greater than 5% in a cohort of 3222 exomes of British Pakistani
addts (Narasimhan et al., 201@http://www.genesandhealth.org/research/scientific
datadownloads), this step was used through a perl script (Appdhdieveloped by Dr

David Parry, University of Leeds. The final iant lists were initially compared to the
known retinal dystrophy genes in the RetNet database (URL: https://sph.uth. edu/retnet/).
The pathogenicity of variants was also assessed using a number of software either
integrated in the ANNOVAR or used sepahatSection 2.12).

2.11 Targeted apture NGS

2.11.1 Target design and library construction

In order to enrich for specific targets from patient gDNA, a liephdse reagent
comprising O6SureSelect Target Enri chment
against regions of interest using the Agilent Technologies eArray platform
(http://www.genomics.agilent.com) (Agilent Technologies UK Limited, Wokingham,
UK). For the library preparation, gDNA from each patient was sheared using the Covaris
S220 sonicatorApplied Biosystems). lllumina sequencing adapters, containing 6 bp
sequence tags were ligated to the samples, with each DNA sample being ligated to a
different tag. The tagged DNA libraries were then captured using the SureSelect custom
baits.Hybridization reaction, poshybridization amplification, indexing and purification
and pooling were done as previously descried (Section 2.10.1). The cluster amplification
was performed at the NG&cility (University of Leeds) followed by NG8sing single
end 80 bpeads on an lllumina GAllx Sequencer (lllumina Inc. UK).

2.11.2 Targeted sequencingnalysis and variant detection

Sequence data were generated in gseq fc

tag using NovoSort (http://www.novocraft.com/). Outputadavere aligned to the
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reference human genome sequence, hgl9, dngAlign software(v2.08.01)(http://
www. novocraft.com/products/novoalignfrollowing realignment around indels using
the GATK (v2.0.34) (https://www.broadinstitute.org/gatk, versidh0-34). Unified
GenotypelDePristo et al., 2011yas used for variant calling. The output VCF files were
annotated usingNNOVAR software (htp://annovar.openbioinformaticgg/en/latest/)
Analysis of read depth was performed using BED Tools1&P) http://bedtools.
readthedocs.io/en/latest/and the GATK Count Reads walkemhttps://software.
broadinstitute.org/gatk/gatkdocs/org_broadinstitute_gatk tools_walkers_qc_CountRead
s.php. VCF file filtration was carried out as mentioned above (Sec2d0.2).Unix
console commands used for the targeted sequencing analysis can be fAppdridix

1

2.12 Homozygosity mapping using WES data

Detection of homozygous regions from NGS data was performed using
AgileGenotypelCarr et al., 2013)The genome annotation file and exome SNP database
were downbaded from AgileGenotyperhitp//dna.leeds.ac.uk/agile/AgileGenotyper/
download.phpand then loaded with the aligned sequence data file of the sample to the
software. Exported genotype data in text format was analysed using AutoSNPa software
(Carr et al., 2006)and the locations of homozygous regions were aygal by using
either Autoldeogram I(ttp://dna.leeds.ac.uk/Autoldeogrgmadr AgileMultildeogram
(http:/[dna.leeds.ac.uk/agile/AgileMultildeogram/) software.

2.13 Detection of copy number variation (CNV) using WES

data

Fishing CNV was used to compare thstdbution of the depth of coverage between
the sample and a large batch of control samples that sequenced in different sequencing
run according to method described®lyi and Majewski (2013 Briefly the fastq file of
the sample was processed asaiked above (Section 2.1).%vithout duplicates
removings ep by Picard. The sample indexed Bam f
Depth Of Coverage command with a minimum 10 value as base quality. Reads per
kilobase per million mapped reads (RPKM) files were generated for the sample and

seventy eight pooled contrebmples. The analysis was then performed on R package
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FishingCNV (http://sourceforge.net/projects/fishingcnv/). False discovery rate (FDR)
adjusted Pvalue of 0.05 was used as the threshold of detection and smaller values

indicative of more confident call

ExomeDepth analysis was to compare the read depths between the sample and a
small batch of control samples that sequenced in the same sequencing run with the same
version of the SureSelect Human All Exon capture reagent according to method described
by Plagnol et al. (2012)he fastq files of all samples were processed as described for
fishing CNV method up to indexing of the Bam file then analysed using the R package
ExomeDepth (https://cranproject.org/web/packages/ExomeDepth/index.html). The
output csv file prioritised according the highest Bayes factor (the 1og10 of the likelihood
ratio of data for the CNV call divided by that of the normal copy number call). The read
ratios of 0, 1, 1.5 and 2 indicated a homozygous deletidreterozygous ddlen, a
heterozygous duplicatiomnd a homozygous duplication respectively. Unix and R

commands used for detection of CNV using WES data can be found in Appendix 2.

2.14 Bioinformatics and computational lology

The fields of bioinformatics and computational biology were widely used to
investigate questions about biological composition, structure and function of gene/protein
involved in this study. These approaches allow lagge analysis (such as WES and
targeged NGS analysisSections 2.10.2 and 2.2), designing (such as primer design,
Section 2.4.1), prediction (suchsastware for predicting mutation pathogenicBgction
2.14.2) and obtaining data from many disciplines. The list of bioinformatics tead in

this study are listed below.

2.14.1 Genetic, phenotypic and functionadata sources

The basic information about the candidate genes including genomic sequence,
intronrexon structure, location of polymorphisms and amino acid conservation was
obtaired using the UCSC Genome Browdet{://genome.ucsc.eduivhile information
about disease phenotypes was collected using Online Mendelian Inheritance in Man
database (OMIM - http://www.ncbi.nlm.nih. av/omim). Literature searches of
techniques, genes and proteins were carried out using PubMed (http://www.ncbi.nlm.
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nih.gov/pubmed), Genecardshttp://www.genecards.org/ the Ensembl Genome
Browser (http://www.erambl.org/index.htmland NCBI site (http://www.nclm.nih.
gov/genel/).

2.14.2 Software for predicting mutation pathogenicity

A large number ofn-silico tools have been developedgwedictthe effect of an
unclassified variant on the protein functiofhese software toolplay a keyrole in

prioritizing the causative mutatiarandidates. Some of thete®lsare discussed below.

2.14.2.1 Polymorphismphenotyping v2 (PolyPher2)

PolyPhenr2 is a freely available, webased programised to predict the possible
impact of a nonrsynonymous variant on the stability and function of the protein
(http://genetics.bwh.harvard.edu/pph2 /index.shtml). This tool integrates the indexes of
UCSC Genome Browser s human ithgteerWertegateannot at i ¢
Genome AnnotatiofVEGA) database. The software estimates the probability score
based on a combination of structural properties, comparative evolutionary profiles, the
differences between all functionally known damaging alleles withd@anaging and the
differences present between human and vertebrate ortholodydsubei et al., 2010)

The differences between human diseeagsing mutations ithe UniProt knowledgebase
(UniProtkB) (http//www.uniprot.org/help/uniprotkb and common human nen
synonymous single nucleotide polymorphisms (nsSNPs) with MAF>1% and no disease
associated annotation are also considered in the prediction. PolgRberes between 0
and 1.00 are interpreted to giepialitative predictions as follows: <0.15 = benign
substitution prediction, 0.16.85 = possibly damaging, and 0:8®0 = probably

damaging

2.14.2.2 Sorting intolerant from blerant (SIFT)

SIFT is a wekbased program that classifies the amino acid gubshs adolerated
or deleteriousH(ttp://sift.jcvi.org). The probability matrix is calculated according to the
degree of conservation of amino acid residues in multiple sequence alignments collected
from homologue with similar functions using PHLAST (PositionSpecific Iterative

Basic Local Alignment Search Tool). The software has a defauitfttitreshold of 0.05.
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SNPs with SIFT scores higher than this threshold are regarded as tol@&gtead
Henikoff, 2003)

2.14.2.3 TheBLOSUM®62 matrix

The BLOSUM®62 substitution matrix can scotethe possible exchanges of one
amino acid with another (http://www.ncbi.nlm.nih.gov/Class/FieldGuide/BLOSUM62
.txt). The matrix is derived from about 2,000 blocks of aligned sequence segments
characterizing more than 500 groups of related proteins. [Essiftcation of protein
patterns into families depends mainly on the regions thought to be important to protein
function (motifs) in addition to how often the amino acid is substituted within the block
of human rel atedr peot skranges frolmd & e3i fertnanr
synonymous amino acid substitutions. A scorglaheans a big change in property when
switching from one of the two amino acids in question to the other, which would be likely
to alter protein function, so the amino acid sithtion is highly unlikely to be benign.
Conversely, a score of +3 means the substitution is between two amino acids with very
similar properties, and is therefore likely to be benign. The Blosum62 substitution matrix
should be used alongside other pagtmcity prediction tools because the data upon
which it is based is restricted to a subset of conserved dofiengoff and Henikoff,

1992)

2.14.2.4 AlignGVGD program

The AlignGVGD program (AlignGranthamVariation andGrantham Deviation)
is a web server that can locaizhemissense substitutions in genes of interest into a
spectrum ranging from enriched neutral to enriched deleterious (http://agvgd.iarc.fr/
index.php). The program works on the combination of protein multiple sequence
alignments (in FASTA format) andehbiophysical characteristics of amino acids. The
biophysical variation at each alignment position is converteal ®antham Variation
score.The prediction classes form a spectrum (CO, C15, C25, C35, C45, C55 and
C65)with C65 most likely to affect therptein function and CO least like(ffavtigian et
al., 2006)
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2.14.2.5 MAPP program

Multivariate Analysis of ProteifPolymorphism (MAPP)s one of themissense
prediction tools that can be downloaded and run locally (http://mendel.
stanford.edu/SidowLab/downloads/MAPP/index.html). This application can be used to
predict if theeffect of the mutation will have a good or bad effect on the physicochemical
properties of the protein including polarity, volume and hydropé8tgne and Sidow,
2005)

2.14.2.6 Mutation taster

Mutation tster is a fast webased programh(tp://www.mutationtaster.ojgused
to evaluate different types of DNA mutations: synonymo@s;Synonymous, honsense
and frameshift. The software integrates various data sources such as HapMap, Ensembl,
dbSNP and SwissProt/UniProt. For this study, the scripts were downloaded and integrated
into ANNOVAR software to run locally on a Unixased sysim. A prediction is given
as eithenausddingdave O6pol ymorphismd al ong with

of the prediction (with 1 being most secug®rhwarz et al., 2014)

2.14.27 CADD score

Combined Annotatioibependent Depletion (CADD) is a novel functional meta
annotation tool (http://cadd.gs.washington.edu/) that can evaluate and score the
deleteriousness of a large number of single ntidecsubstitutions and indel variants
(Kircher et al., 2014)CADD works as a framework that integrates data from 63 existing
tools into one calculated metric score called thec@e of the variant. Unlike other
annotation tools, CADD does natly solely on the conservation information of the amino
acid residues but also on the functional genomic data subiNase lhypersensitivity
and transcription factor binding; protdevel scores such as PolyPhen, SIFT and Align
GVGD; expression levelsy commonly studied cell lines and exorron boundaries
determined by transcript datEhe Gscore is calculated according to a combination of all
of these data. A scaled CADD score of 10 means that a variant is amongst the top 10% of
deleterious variastin the human genome. A scaled CADD score of 20 means that the
variant is in the top 1%. A scaled CADD score of 30 means that the variant is in the top
0.1%.
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2.14.3 Splice site predictiondols

In-silico splice prediction tools were used for the interpretation of intronic and
exonic mutations that can lead to splicing defects. Two web based programs were used,
Berkeley Drosophila Genome Projetttp://www.fruitfly.org/seq_tools /splice.htinl
and NetGeneZhttp://www.cbs.dtu.dk/services/NetGeneZFlebsgaard et al., 1996;
Reese et al., 1997Fhese tools work as neural network based progr® find possible
5"and 3' splice sites. For each variant, two data sheets of reference and variant sequences
including the surrounding genomic sequence of two or more exons were uploaded
separately to the program. The output data of the possible aptieptor and splice donor
sites with the confidence scores were compared between the reference and variant

sequences.

2.14.4 db SNP, 1000 Genomes, the EVS Server and EXAC database

The single nucleotide polymorphism database (dbSNP) is a fldhain achive
for a broad collection of simple genetic polymorphisms for a variety of organisms,
maintained at the National Center for Biotechnology Information (NCBI) (http://www.
ncbi.nim.nih.gov/ SNP/). Th&000 genomes projee a public catalogue of human
variation and genotype data of over 1,000 unidentified individuals from around the world
(US, UK, China and Germany) (http://www.1000genomes.org/). The Exome Variant
Server (EVS) [ittp://evs.gs.washington.efivS/) and Exome Aggregation
Consortium (ExXAC) (http://exac.broadinstitute.ofghare two different databases that
collect frequencies of variants in poptigas from multiple studies. EVS based on WES
data of 6503 welphenotyped individuals from various ethnicities, while EXAC includes
a larger cohort of 60,706nrelated individuals sequenced as part of various disease
specific and population genetic stuslieThe data of individuals affected by severe
paediatric disease has been removed from ExAC shared datasets, so these have been
frequently used as a control population for calculating allele frequencies and filtering out
potential benign variants observatla relatively common frequency in the databases
(Song et a].2016)
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2.14.5 Protein bioinformatics bols

Interactive protein analysis servers were used to perform basic bioinformatics
analysis on any candidate protein. ExXPASy translate tool is an online tool
(http://web.expasy.org/translatethat was used for translating a nucleotide sequence
(DNA/RNA) to a protein sequence. ClustalWhttp://www.ebi.ac.uk/Tools/msa
[clustalw2) and Clustal Omegdnttp://www.ebi.ac.uk/Tools/msa/clustal@re fast web
based programs that were used for multiple sequence alignments of amino acids in a
protein. NCBI reference sequences of interest and orthologotsirps®equences in
FASTA format were pasted into this software. The output of multiple sequence alignment
was arranged from top to bottom according to the degree of similarity indicating the
conservation of an amino acid of interest and of the surroundimgoaacid residues.
Finally, the Protter tool was wused for visualization of proteoforms
(http://wlab.ethz.ch/protter/startand predicting protein sequence featu@masits et
al., 2014)

2.14.6 Linkage analysis

Two-point linkage analysis was carried out using Superlimitp(//bioinfo.cs
technion.ac.il/superlirdonline/) (Silberstein et al., 2006 his method uses a Bayesian
network model to compute the likelihood scores for complex pedigrees, asich
consanguineous pedigrees with multiple inbreeding loops. The software requires a
pedigree (ped) file, describing the details and genotyping results of the individuals to be
analysed in each pedigree, and a data (dat) file, describing the type ofsareajygred
and allele frequencie3he resulting data is given as the logarithm of the odds (LOD)

Score.

2.15 RNA extraction

Total RNA was extracted using the TRIzol RNA extraction kit (Invitrogen)
according to the manuf ac tthe eqeipnerd wadarilzdedr uct i ons .
by treatmentith 3% hydrogen peroxidsolution H20.) for 30 minutes prior to use. The
deionized water wasreated with 0.1% [v/vHiethyl pyrocarbonatéDEPC) (Sigma) for
at least 16 hours and then autoclaveak. tissues, the sample was homogenizet a

pellet pestle motoin the presence of the 1MRIzol/100mg tissue until the tissue was
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completely dissolved in solution. For cellsnl TRIzol per 10crhof the culture dish was

used tdyse the cells, followed by incubation at RT for 5 minutes. Homogenised tissue or
lysed cells were then transferred to a microfuge tube and 200ul chlorofasnaaded

per 1ml of TRIzol reagent. Samples were then vortexed for 5 seconds followed by
incubation for 3 minutes at RT, and then spun at 12,000 x g for 15 minutes at 4°C. The
agueous phase was then transferred to a fresh tube and the RNA was pretipitated
adding 500pl isopropanol per 1ml of TRIzol. Samples were incubated at RT for 10
minutes, then centrifuged at 12,000 x g for 10 minutes at 4°C. The RNA pellet was then
washed with 1ml 75% ethanol per 1ml TRIzol used, and centrifuged at 7500 x g for 5
minutes at 4°C. The atlried RNA pellet was reissolved in DEP@reated water. Total
human RNA from adult and fetal tissues was purchased from ClonTathldg No.
636643 Mountain View, USA.

2.16 Reversetranscriptase PCR (RT-PCR) for first strand
cDNA synthesis

Complementary DNA (cDNA) was synthesised from total RNA using Moloney
Murine Leukemia Virus reverse transcriptase (MMLV RT) (Invitrogen). 1ul (100ng) of
random primers (Invitrogen) was incubated with 0.5ug of total RNA and 10ul of BEPC
treated weer at 70°C for 10 minutes, followed by chilling on ice. 4ul 5 x MMLV RT
buffer (Invitrogen), 2ul 10mM dNTPs (Invitrogen), 2ul 0.1M DTT (dithiothreitol)
(Invitrogen) and 10U (0.25pl) of RNAsin (Promega, USA) were then added to each
reaction which was incuabed at 37°C for a further 2 minutes. 0.5ul (100U) MMLV RT
was added to each sample followed by incubation at 37°C for 1 hour then denaturation of
the enzyme at 95°C for 5 minutes. Finally, samples were stored in the free2@tGat

until required for PCRxmplification with specific primers.

2.17 Histology and immunestaining

2.17.1 Harvesting mouse eyes and embryos

The most humane way to euthanize male and pregnant female mice, as defined in
schedule 1 of the Animal Scientific Procedures Act, 1986, vgasl to obtain mouse
embryos and adults for histology and immust@ining. Embryos at E11.5 or later

embryonic stages were dissected from theuterusand yolk sac in cold 1 x phosphate
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buffered saline (PBSphePBS tablet (Sigm#ldrich)/200mI ddHO]. Adult mouse eyes
were carefully dissected using micseissors and 45 degree forceps under a dissecting

microscope $ection 2.18

2.17.2 Preparation of frozen sections

Whole embryos and eyes were transferred to fixative solution 0.4% [w/V]
paraformaldeide (PFA) in 1 x PBS for -24 hours, followed by cryoprotection
incubation in 30% [w/v] sucrose in 1 x PBS for two hours. Using round cork discs,
embryos and eyes were embedded in "Optimum Cutting Temperature (&ayjiond
A Lamb Limited, UK solution fdlowed by snap freezing in isopentane
supercooledver liquid nitrogen. The tissues were sectioned at 5um thickness using a
CM30505 cryostat (Leica). The specimen temperature of the cryostat was24ef3tC.

Thin sections were placed onto SuperFross @lides (Menzel Glaser, Germany) and
stored at80°C until required.

2.17.3 Preparation of paraffin sections

Dissected embryos and mouse eyes were fixed by overnight immersion in 4% [w/V]
PFA in 1 x PBS at 4°C. Following three washes in 1 x PBS solutfi@ntissues were
processed using an automated system. The tissues were initially dehydrated by immersion
in 70%, 90% and 100% ethanol; each three times for 30 minutes at RT followed by three
immersions in xylene for 20 minutes each at RT. The tissues then embedded in
paraffinwax (5860 °C), two change4,.5 hour each. The blocks of paraffin embedded
tissues were sliced at 4um thickness using an RM2255 microtome (Leica). These tissue
sections were placed onto SuperFrost plus slides (Menzel Glasera®g and allowed
to dry overnight at RT. The sections were later stored either at RT or ferdongtorage
at 28°C.

2.17.4 Haematoxylin and eosin (H&E) staining

Hematoxylineosin (H&E) staining was used for a proper evaluation of paraffin
embeddedr frozen tissue sections. For paraffin sectionsgiaed slides weranitially
placed directly on &ot plate at 60°C for 15 minutes, followed by phraffinization 4

times in freshxylene for 3 minutes each. The slides were rehydrated by immersion in a
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series of descending dilutions of ethanol (100%, 75% [v/v], 50% [v/v] and 25% [v/V]).
Each was immersed twice for 3 minutes per immersion and then finally washed under
running tap water for 2 minutes. The slides were stained with Mayer's haematoxglin stai
[0.05g/ml Aluminum potassium sulphate, 0.001g/ml Hematoxylin, 0.0002g/ml Sodium
iodate and 2%[v/v] Glacial acetic acidy 2 minutes and washed under running tap water

for 2 minutes. They were then immersed in Scott's tap Wk 8) containing 0.2%

[v/v] sodium bicarbonate (NaHCGPand 1% [v/v] MgSQ for a few seconds, followed

by immersion in tap water for a further minute, then stained in eosin for 2 minutes and
washed in tap water for 2 minutes. The tissue sections were dehydrated in ascending
grades of ethanol, each twice for 3 minutes and finally immersed three times in xylene, 3
mi nutes per i mmersion. For frozen tissue
haematoxylin to the staining of eosin were performed. The slide containing taape

was protected under a coverslipsing DPX mounting media (Solmedia Itd,
Shrewsbury,UK) which was allowed to dry at RT before examining under light

microscopgSection 2.18

2.17.5 Immunohistochemistry (IHC)

Immunohistochemical staining on slidemtaining paraffirembedded tissues was
carried out using the Novolink TM Max Polymer Detection system (Leica) according to
t he manufacturerds gui del rwaedusingkyleeetlep ec i n
rehydrated in decreasing concentrations thfaeol as described previous(gection
2.17.4). Antigen retrieval préreatment was performed in a pressure cooker by boiling
slides in a solution containing 1mM EDTA in distilled water for 2 minutes at 121°C and
maximum pressure at 15psi (103.4kPa). Sldeswere then allowed to cool down for
an additional 2 minutes in tap water pritw continuingthe staining procedure. In a
humidity chamber, the endogenous peroxidase activity was blocked by incubating each
slide for 5 minutes with 100 pl (2 drops) &% hydrogen peroxide @d2) provided with
the kit. This was followed by three washes in 1 x Tris buffered saline ({B$Y.5)
[50mM Tris, 0.8% [w/v] Sodium chloride (NaCl), 0.02% [w/v] Potassium chloride (KCI)
and 6.0M Hydrochloric acid (HCIjpr 3 minutes each. 1Q0 (2 drops) of protein blocker
[0.4% [w/v] Casein, 0.2% [w/v] Bronidox and 1x PB®hs added to each slide for 5
minutes to block the nespecific antigenic sites, followed by three washes in 1 x TBS

for 3 minutes eachrhe slidesvere then incubated for 2 hours at 4°C in primary antibody
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diluted to the recommended concentration in antibody diluent soliz&mg bovine

serum albumin (BSA), 50 ml 1x TBS and 0.01% NjaNThe antibodies that were used in
these experiments are listedTable 2.1. Following incubation, three washes in 1 x-TBS
Tween[1x TBST (pH 7.5)and 0.1% [v/v] of Tween20pere performed for 5 minutes
each, before a 30 minute incubation was carried out with 100l (2 drops) of "Post Primary
Block" provided with thekit (10% [v/v] animal serum in TBS/0.9% ProClih950) to
facilitate the penetration of the subsequent polymer reagent. A further three washes in 1
x TBS-Tween were performed for 5 minutes each.

Next, sections were incubated for 30 minutes with 100dr{tbs) of NovoLink
Polymer (Antigoat/rabbit IgGpoly-HRP, 8.0ug/m1) provided with the kit and specific
to the species of animal the primary antibody was raised in. This was followed by three
washes in 1 x TBSween, for 5 minutes each. A higensitivity diaminobenzidine
(DAB) substratechromagen system (Nonvocastra DAB chromogen and NovoLink DAB
substrate) was prepared according to the manufacturer's instructions for the brewn end
product at the site of the targeted antigen. 100ul of prepared DAB wagesstide,
followed by incubation for 5 minutes, thémree washes it x TBSeach for 3 minutes.
Counterstaining was performed in Mayer's haematoxylin for 2 mird@eseconds
followed by dehydration in increasing concentrations of ethanol (25%, 50% aiA8%
100%) for 3 minutes each followed by three rounds of 3 minute washes in xylene. DAB
stained sections were mounted by a coverslip using DPX mounting media (Sigma) and

left to air dry overnight before examining under the light micros¢8eetion 2.18
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Dilution used (1/x)

Antibody name Raised in Recommended for Incubation times Source
IF WB IHC
DRAM2 (M -12) Goat Mouse and Rat 100 - 50 2 hours Santa Cruz Biotechnology
DRAM2 Rabbit Human - 200 - 16 hours Novus Biologicals
MFSD8 (S14) Goat Mouse, Rat and Humai 100 - - 16 hours Santa Cruz Biotechnology
LARGE (Y -14) Goat Mouse’cﬁ?é'ksr‘fma“ an g - - 16hours Santa CruBiotechnology
Rhodopsin Rabbit Mouse, Rat and Humai 300 500 - 2-16 hours SigmaAldrich
Alexa Fluor 568-conjugated | Donkey | Goat immunoglobulins 500 - - 1 hour Molecular Probes Incorporation
Alexa Fluor 488-conjugated | Chicken | Rabbit immunoglobuling 500 - - 1 hour SigmaAldrich
Rabbit Irr}mgrllac))globulins Rabbit Goat immunoglobulins - 2,000 - 1 hour Dako Cytomation
Goat Imzr_iugg)globulins Goat Rabbit immunoglobuling - - 2,000 1 hour Dako Cytomation

Table 2.1. List of antibodies used in this studyNames of antibodies, species in which they were raised, species recommended for, used dilutions for

immunofluorescence (IFestern blotting (WB% immunohistochemistry (IHG)ncubation times and the commercial source.
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2.17.6 Immunofluorescent (IF) staining on frozen tissue sections

Before commencing the IF protocol, frozen tissue sections were thawed for 20
minutes at RT, then washed twicePBS for5 minutes each. Slides were fixed either in
ice-cold methanol for Sninutes or 2% paraformaldehyde (PFA) at RT for 20 minutes.
They were then incubated in a humidity chamber with blocking solution (1% w/v Marvel
(nonfat milk) powder in PBST) [1xPBSand 0.1% [v/v] of Tween20for one hour at
RT. At the same time, primargnd secondary antibodies were prepared in the same
blocking solution according to the recommended dilutions and centrifuged at 10,000 x g
for 5 minutes. Following blocking, slides were incubated with the primary antibody
(100ul per slide) for 2 hours at @; then washed three times in RBSor 5 minutes
each. A solution of fluorophore conjugated secondary antibody was used to detect the
primary antibody, whilst 4';@iamidino2-phenylindole (DAPI) at a final concentration
of 1eg/ ml was anihg Afer ohedour ohincebhtienarra dark chamber,
the slides were washed three times in 1 x HBfor 5 minutes each, followed by
mounting the slide with a coverslip and MowWiel88 mounting medium (Calbioch&m
Hertfordshire, UK). Slides were lefd tiry in a dark chamber at RT for at least 18 hours

before examination under the confocal microscope (Secti@). 2.1

2.17.7 Immunofluorescent (IF) staining on paraffinembedded tissues

This method of immunofluorescence labelling was carried out usingagrim
antibodies that were recommended for work with formakad paraffirembedded
(FFPE) tissues. Slides containing sections of the paraiffinedded tissue were placed
on a hot plate at 60°C for 15 minutes, deparaffinized in fresh xylene and rehymyrated
immersion in a series of descending grades of ethanol as previously described (Section
2.17.4). Heat induced retrieval of antigen was performed as previously described (Section
2.17.5). Slides were then incubated in a humidity chamber with blockingiol(1%

w/v Marvel (nonfat milk) powder in PBST) for 60 minutes at RT. The incubation steps

for primary and secondary antibodies were performed as described above (Section
2.17.6), excepthat the incubation time for the primary antibodies wag8@&ous. After
mounting the coverslip as described above (Sectioh®).fhe slides were examined by

confocal microscopy (Section B)1
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2.17.8 The blocking peptide competition assay (BPCA)

The Blocking Peptide Competition Assay (BPCA) was used to shovpdadisity
of the primary antibody binding to the antigen. Primary antibodies were diluted to the
recommended working concentration in the blocking solution. A master mix solution of
1 to 20 molar ratio of antibody to peptide was incubated overnight otator at 4°C.
The prepared solutions were then used for staining as described previously.

2.18 Microscopy

2.18.1 Light microscopy

Investigation and imaging of stained sections by immunohistochemistry (IHC) and

H&E eosin were performed using a Nikaelipse TE2000E light microscope.

2.18.2 Confocal microscopy

IF stained tissue sections were visualized using a Nikon Eclip&eifverted
microscopes. Slides were first viewed using whedd epifluorescence with the DAPI
blue filter (346380nm exciation, 400nm emission), FITC green filter (4600nm
excitation, 505nm emission) and TRITC red filter (888nm excitation, 565nm
emission). Image capturing angtacks were done using scanning confocal microscopy
with 408nm BD (briIIian'? blue dye), 488m Ar (argon) and 543nm heliumeon (G
HeNe) lasers and 515/30 (blue), 540/50 (green) and 650LP (red) spectral detectors.
Confocal images were processed using Nikor(Z3.50 software.

2.18.3 Dissecting microscop

A Zeiss Stemi 200 stereo microscopeupplied with a 10X/23 focusing eyepiece
and auxiliary objectives was used for dissection of the mouse eye and isofatten

whole retina from thenouse eyg€Section 2.19).
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2.19 Isolation of mouse/cow retina and protein extraction

2.19.1 Isolaton of the mouse/cow retina

Dissected adult mouse eyes were washed twice in PBS (Silginaeh) before
proceeding to extract the retina. Under the dissecting microscope, a small hole in the
posterior of the limbus was made by an 18 gauge needle. Afterupagcthe limbus,
tissue at the circumference of the limbus was cut and the cornea, iris, lens and sclera were
removed using autoclaved miescissors and forceps. Next, the vitreous humour was
extracted and the retina was carefully separated from theigyesing two autoclaved
micro-forceps. Snap frorecow eyes provided by Mr Mikeh8es University of Leeds
Eyes were left at RT to defrost, then washed twice in PBS. The cow retina was then
extracted using a similar method to the one described abovpteakee the dissecting

microscope was not required.

2.19.2 Preparation of the protein extract from the mouse/cow retina

Total protein from either the mouse or the cow retina was prepared by adding 2 ml
of protein lysis buffef20mM HEPES, 150mM NaCl, 1ImMEDTA, 1x Protease inhibitor
cocktail and 10% [W/V] Dodecylmaltoside (DMjo each extracted retina. The tissue
solution was homogenised with a pellet pestle motor and then incubated on an overhead
shaker for 30 minutes at 4°C. The solution was then cegédf at 16,000 x g for 10
minutes at 4°C to pellet cell debris. The resultgernatant was transferredanew
eppendortube. The protein concentration was determined using Bradford (&sszion
2.193) and samples were used for western blot arsal($ection2.20 and pultdown

assaygSections 2.211

2.19.3 Measuring protein concentration

The amount of extracted protein was quantified using the Bradford Assay (DC
protein assay, Biovad). Before starting the assay, the following reagents wererptepa
using either the protein lysis buffer described befoBecfion 2.12) or radio
immunoprecipitation assay (RIPA) buffer [S0mM FHEI pH 8, 150mM NaCl, 1% NP
40, 0.5% Sodium deoxycholate, 0.1% SDS, 5mM EDTA and 1x Protease inhibitor
cocktail]. Reagets of 10% protein lysis/RIPA bufferinddB®, 2 ¢ g /sollitionBnS A
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10% protein lysis/RIPA buffer and seven different BSA standards as a dilution series

ranging from 0.1 to 2¢gg/ ¢l prepared in 10029

Using a flat bottomed 9%ellp | a t ef 10%%motein lysis/RIPA was added once

as a blank to correct the background absor

triplicate to the plate and 5¢l of protei
20¢l of Readadedtt & Wmamk af Reagent A, then
added to each well. Then 200c¢l of Reagent

incubated for 15 minutes on a shaker at RT, and then the absorbance at 690nm was read
using a multiscan microplkareader (TitertelBerthold®, Germany). Absorbance readings

were analysed in Microsoft Excel by interpolation on a complete standard curve and
consideration of the dilution factor to calculate volumes required for western blotting and

pull-down assays.

2.20 Western botting

Approximately 20ug of total protein was denatured by incubating at 95°C for 5
minutes with 2 x Sodium Dodecyl Sulph&&DS) western loading bufft00mM Tris
HCL ( pH 6. 8nercapt@eth@noiN0%][v/v] glycerol and §84v] SDS] After
denaturating, the samples were loaded onto a NuPA@Edient (412%) BisTris
PAGE gel (Invitrogen) alongside a SeeBlue Plus2-gaéhed protein marker
(Invitrogen). The gel was run in an&ell SureLock electrophoresis tank filled with a 1
x NuPAGE® MES-SDS running buffer (Invitrogen) at 120V for 90 minutes. An
Invitrolon polyvinylidene difluoride (PVDF) membrane (Invitrogen) was activated by
soaking in 100% methanol for 30 seconds followed by submerging in 1 x NUPAGE
transfer buffer (Invitrogencontaining 10% methanol for 5 minutes. In theCxHll
SureLock Blot module (Invitrogen), the SEPFRAGE gel and the activated PVDF
membrane were sandwiched between blotting paper and a number of sponges soaked in
1 x NuPAGP transfer buffer (Invitrogen) cdaining 10% [v/v] methanol. The module
was filled with | x transferring buffer whilst the surrounding tank was filled with cold
distilled water, and the transfer was run at 30V fe@60ninutes. Following transfer, the
membrane was rinsed with PES thenthe membrane was incubated with western
blocking solution (5% [w/v] Marvel dried nefat milk powder in PBST) for between 1
and 18 hours at 4°C with gentle agitation. The membrane was then incubated on a tube
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roller with the primary antibody (diluted iblocking solution) for 218 hours at 4°C
depending on the antibody used (Table 2.1). This was followed by three washes of PBS
T of 5 minutes each. Next the membrane was incubated with the HRP conjugated
secondary antibody (diluted in blocking solution) fohour at RT with agitation. After
three washes of 5 minutes each in PB$he membrane was then placed on an acetate

sheet and incubated with Femto Super Signal West reagent® (Thermo Scientific)

according to the manuf actimmueapdsisive gands.del i nes

Membr anes were visualised on the Chemi DocE M

(Bio-Rad Life Science). If the membrane was to baged, it was first stripped in 0.2M
sodium hydroxide prepared in distilled water for 5 minutes theptbtocol was started

again from the blocking step.

2.21 Pull down a&say

The pulling down of protein complexes out of solution was attempted using Protein
A plus agarose beads (Thermo Fisher Scient#ipproximately 1 mg of the protein was
incubated o a rotating mixer with 2.5ug of the antibody and 600ul of
immunoprecipitation (IP) washing buffet50mM NaC| 1% [v/v] NP40, 50 mM Tris
HCI pH8.0, 10% [v/v] glycerol and 2mM EDTA®r 2 hours at 4°C. Meanwhil&0ul of
the beads were washed three timegth the first wash inl x TBS followed by
centrifugation at 1,000 x g for 1 minute at 4°C, and the second and third washes were
performed by adding 500l of IP washing buffer followed by centrifugation at 1,000 x g
for 1 minute each at 4°C. 25ul of the steed beads were added to the antiboabtein
solution and then incubated overnight on the rotating mixer at 4°C. 60ul Neutralisation
buffer (1M Tris, pH8) was added to the mixture before eluting three times in MicroSpin
G-25 columns (GE Healthcare Life i8aces) using 200ul Elution buffer (200mM
glycine, pH 2.5) for 20 minutes each at 4°C. The solution was then neutralized using the
Neutralization buffer. Before the protgimecipitationstep, the sample was checked by
silver staining(Section 2.2p Proten precipitation was achieved using a methanol
(MeOH)/chloroform (CHG) mixture. 800ul MeOH was added to the sample which was
then vortexed, followed by centrifugation at 9,000x g for 30 seconds, then 200us CHCI
was added to the pellet and it was vorteagain, followed by centrifugation at 9,000x g
for 30 second. The supernatant was carefully discarded, then 600ul of MeOH was added
to the pellet, followed by vortexing and centrifugation at 16,000 x g for 2 minutes. Finally
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the pellet was dried at RT f&rminutes. The sample was then ready falysis by mass

spectrometry

2.22 Silver gaining

Prior to silver stainingof proteins in polyacrylamide gels, the protein was
denatured, loaded onto a NuPA®GEel and run at 120V for 1.5 hours dsscribed
previously(Section 2.2D The gel was then fixed in a solution containing 50% [v/v]
methanol and 5% [v/v] acetic acid for 20 minutes, washed in 50% methanol for 10
minutes then washed in douldestilled water(ddHO) for 10 minutes. For sensitizing,
the gel was incubated with 0.02% [v/v] sodium thiosulphate for 1 minute, followed by
rinsing twice in ddHO for 1 minute per rinse. For the silver reaction, the gel was
submerged in 0.1% [v/v] silver nitrate for 20 minutes, followed by two rinses in@dH
for 1 minute each. For developing, the gel was incubated with 2% [v/v] sodium carbonate
with 0.04% [v/v] formalin until the desired intensity of staining was produced. The
developer solution was replaced with fresh solution when it turned yellow. The staining
was terminated in 5% [v/v] acetic acid for 10 minutes. The gel was then washed twice in
ddH0, 5 minutes per wash, and imaged using an Olympt@7D digital camera which

reflected light from a cold light source.

2.23 Gateway cloning technology

The DNAfragment of interest was cloned into the plasmid vectel p€ GW332
(Figure 2.1) provided byProf. Colin Johnsonusing theGatewa§ cloning system
(Invitrogen). Briefly, cloning PCR primers were designed to add gateway attB restriction
enzyme sequencest t he 56 and 306 (Sectibs2.4@RfThe®CRveas e f r a
carried out to amplify the full coding sequence of the gene of interest using Pl&ixum
DNA polymerasgSection 2.4.5 The PCR product was run on a 1.5% agarose gel and
the DNA bandswver e exci sed from the agarose gel
Ql Aqui ck Gel Extraction kit protocol ( Sec
recommendations. The entry clone was createid-bijtro recombinatiorreaction using
the enzyméP Clonas® (Invitrogen). This entrglone was then used in an LR Clorfase
reaction (Invitrogen) withthe destination vector (pGAP GW332) to create the desired
expression clone (Eg. pPDRAMR-TAP).

75



(7279) SgrDI  BgIII (12)
Mfel (161)

‘ A Nrul (208)
(6728) Pvul / ’ Mlul (228)

(/' Ndel (484)

- - SnaBI (590)
HindIII (889)

Acc65I (895)

— KpnI (899)

SacII (954)

NotI (1088)
BspEI (1404)

(6358) AhdI

BsmBI (1632)
~ PaslI - PfIMI* (1640)

(5465) Pcil

BbvCI (2133)

Srfl (2279)
(4889) Pfol BmgBI (2313)

(4796) BStBI -
(4630) RsrII

(4232) PFIFI - Tth111I
(4117) PIuTI
(4115) Sfol-
(4114) Narl

\ Nhel (2767)
N\ BmtI (2771)
\ PaeR7I - PspXI - TIiI - XhoI (2806)
PspOMI (2824)
\ Apal (2828)

(4113) KasI BbsI
/ sI (3066
(3904) Avril ( )
(3903) Stul Dralll (3380)

(3671) SexAI*

Figure 2.1. Map of the GTAP GW332 plasmid.

2.24 Bacterialtransformation and cell aulture

10-40ng of plasmid DNA was transfected in@ne Shot®ccdB Sur vi val E
2T1R ChemicallyCompetent Cells (Invitrogen) using heat shock. The DNA was added
into a vial of defrosted One Shot® cells and mixed gently, followed mpatton on ice
for 30 minutes. The cells were hesditocked for 30 seconds at 42°C without shaking, then
pl aced on i ce f or-waBmedrSupmeuQptrsl Broth &ith Catabalitt pr e
repression (SOC) medium (Invitrogen) was added to each vial faldyehorizontal
shaking at 37AC for 1 hour at 225 rpm. After
was then spread onto LB agar plates containing the appropriate antibiotic and incubated
overnight at 37C. A single colony was picked from the agar plaing a sterile 1pl loop
and inoculated with 5ml of LuriBertani (LB) broth [Tryptone Yeast Extract Sodium
Chloride (NacCl), 1.5% [w/v] agar and 50mg/ml Ampicillin] containing the appropriate
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amount of desired antibiotic. The bacterial culture was tHeweadl to grow for 16 hours
at 377C with 225 rpm shaking. Only 1.5 ml of the culture was used for Miniprep plasmid

DNA isolation, whilst the remaining culture was stored’& #or any further use.

2.25 Plasmid DNA isolation and purification

The Qiagen @\prep® miniprep kit was used for smadkale plasmid DNA
i solation and purification according to
bacterial culture were pelleted by centrifugation at 3220 x g then resuspended in neutral
buffer containing RIAse A, followed by mixing with equal volume of alkaline lysis
buffer. The lysis was then neutralized by addition of high salt neutralization buffer.
Lysates containing DNA in a high salt solution were applied to a spin column and
centrifuged at 3220 x g-he DNA was then washed by an ethanol buffer and eluted in
50ul by bufferddH:O.
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Chapter 3. Screening for variants causing inherited
retinal dystrophy using customized targeted capture

and nextgeneration sequencing

3.1 Introduction

According to current knowledge, hereditary retinal dystrophies (RDs) are the most
genetically heterogeneous group of diseases in humans. The genetic screening of patients
with inherited retinal dystrophies is particularly challenging since all modes of
inheritance argossible and conditions such as LCA, COD/CRD, RP andddi be
caused by mutations in any one of more than 250 genes (see Rétidéet/sph.uth.tmc
edu/retned. The genetic causes of mamgreditary cases remain unkno{kiang et al.,

2005; Daiger et al., 2010; Per€arro et al., 208; Weisschuh et al., 2016Jhe large
number of genes implicated in RD means that mutation detection by Sanger sequencing

of individual genes is highly labour intensive and inefficient.

In the last six years, the introduction of ngeneration sequencinfNGS)
technologies has madit possible to simultaneously sequence multiple genes in one
experiment. The work described in this chapter was initist¢he early days of applying
NGS tofind the pathogenic mutations in inherited eye diseases. A customised SureSelect
solutionbasedtargeted capture reagent was designed by a colleague, Dr David Parry
(Section of Genetics, University of Leeds), which is hereafter referred to as the
AReti nomed reagent. This reagent simultaneo
splice site junctios of the 162 genes that had been shown to harbour mutations causing
RD at the time of design, based on the RetNet database in July 2010. The full list of genes
that were selected is shown in Append@iatient genomic DNA was sheared, tagged
and pooled bfere hybridisation to the targeted reagent (Section 2.11). Probes could not
be designed against 9 exoffsppendix 4 that have highly repetitive and purine rich
sequences. The captured DNA from the qolalvn experiment was analyseg next

generation sequeing.

This customised targeted reagent was first tested by Dr Parry on a cohort of four

RD patients with known causative mutations in order to validate the capture reagent and
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establish the pipeline for variant detection. The results confirmed thaipiiene used

to identify pathogenic mutations was robust (AppejibAfter validation of the capture

reagent, libraries were prepared from genomic DNA of 20 patients selected from 20
unrelated families diagnosed with various retinal degenerations for which no mutation

had yet been identified. The familie@gere recruitedoy Dr Martin McKibbin (Eye
Depart ment, St . J a mthe library pyeparatian wasidong byHDo s p i t
Christopher Watson (Yorkshire Regional Ge
while thefamilies analysed were chosen by Prof Chris Inglehdar Carmel Toomes

and Dr Manir Ali (Section of Ophthalmology & Neuroscience, University of Leeds).
These libraries were then pooled in pools of four samples, each with its own unique tag

for later deconvolution, then this mix was hybridized to the Retim capture reagent.

The DNA captured was then subjectedNtGS (Section 2.11.1). The 20 families included

in this study, the diagnoses of the affected cases, possible inheritance patterns, ethnicity
and summary information regarding numbers of affectsgand members available

for sampling are recorded in Table 3.1.

The output data from this experiment was analysed by the author as described in
Section 2.11.2 and the list of candidate gene variants from each family was filtered on
the basis of variantype (deletion, insertion, nonsense, missense;sgoonymous/
synonymous), population frequency, conservation, pathogenicity prediction and
phenotype matchlhe major steps in the pipeline and the data filtration critesied in
the Retinome project aitustrated in Figure 3.1. Primers were designed against plausible
candidate variants (Section 2.4.1), and these were PCR amplified (Sections 2.4.3 and
2.4.4) and Sanger sequenced (Section 2.8) to confirm presence of the variants in the
original samplesrad assess segregation in additional family members. The primer pairs
used in this study are listed in Appendix 6. The results of these findings are presented in
this chapter and contributed to publicatidatson et al., 201d4ndShevach et al., 2015.
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ID Ethnicity Diagnosis Inheritance pattern Number of affected cases NUTIEES @ Gl e CREEs MEITIEES G UrEliesiz

sampled cases Sampled
MA12 Asian LCA Recessive 4 2 0
MA22 Asian CRD Recessive /Dominant 5 3 0
MA32 Asian RP Recessive 3 2 0
MA42 Asian RP Recessive 2 2 0
MAS European CRD/MD Dominant 2 2 0
MAG 2 Asian RP Recessive 2 1 0
MA7 European CRD Dominant 12 8 4
MAS8 European RP with Maculopathy Dominant /xlinked 10 9 5
MA9 European CRD/MD Dominant 18 12 2
MA102 Asian CRD Recessive 6 6 1
MA112 European RP Recessive 2 2 0
MA122 Asian CRD Recessive 9 6 9
MA132 Asian RP Recessive 2 2 4
MA142 Asian RP Recessive 2 2 0
MA152 Asian CRD Recessive 4 4 7
MA162 Asian LCA Recessive 2 2 0
MA172 Asian RCD Recessive 2 2 0
MA18 Asian CRD Recessive 3 3 4
MA192 Asian RCD Recessive 8 3 3
MA202 Asian RP Recessive 2 2 5

Table 3.1. Summary of specific details of families that we studied in the Retinome project. The family ID, diagnosis, ethnicity, inheritance pattern,
number of cases and numbers sampled are siioweonsanguineoummily, LCA = Leber congenital amaurosis, CRD = cood dystrophy, RP = retinitis
pigmentosa, MD = macular dystrophy and RCD =code dystrophy. (Adapted from Watson et al., 2014).
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Figure 3.1. Schematicrepresentation of the targeted NGSand variant detection data
pipeline used in theRetinome project described in chapter 3 The flowchart illustrates the
major steps of the pipeline, beginning with NGS library preparation (A) (Modified from
http://www.genomics.agilent.com/article.jsp?pageld=3083) and ending with informatics for

variant eetecton, filtering and selection (B).
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3.2 Results

3.2.1 Inherited retinal dystrophy families in whom the pathogenic

mutation was found using the retinome reagent.

3.2.1.1 Genetic analysis of family MA1

For family MA1, the affected cases were diagnosed with LCA, while the family
structure suggested recessive inheritance caused by an autozygous mutation (Figure
3.2A). Based on the zygosity, the filtered variant list generated from the analysis of
patient 306 (Table 3.2) highlighted three homozygous variantsMCN1, CRBland
TRPM1and three compound heterozygous mutatioridSiH2A GPR98andTOPORS
A novel homozygous deletion of 23 base pairs including part of exon GR&1
(NM_201253.2:¢.2832_2842+ 280l (Figure 3.2B) was the only candidate variant that
was consistent with the diagnosis (LCA) in the family. Sanger sequencing of this
truncatingCRB1 mutation in the other affected case from whom DNA was available

(2907) provided further confirmation thte mutation is the pathogenic cause of disease.

I MA1 CRBI (N\M_201253.2)
B ¢.2832_2842+23del

CTCACGGAGCCCAGTGCC AGCCGGTGCTTCATCTCACCAGTTAAGT
— —

—{]

El 2906

e RLT:

1\Y
2907 2906 Control
M/M M/M

GTGCTTCAAGGATTTGAATGTAGGTAGAGTTCAAACCTACCATCTCA

Figure 3.2. Molecular analysis of family MA1.(A) The pedigree of family MAL. Individuals

from whom DNA was available are numbered and the proband is indicated by an arrow. (B)
Sanger DNA sequencing chromatograms of a control subject and an affected family member
(2906) with theCRB1mutation (Adapted from Watson et al., 2014)
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Chr : Position : Gene %?._%2? cDNA change Protein change BLOSSZUM AC(:;I\a/\ SsD preSdIi':::rI;on pr'r;‘;:zn Zygosity: Protein Domain : Segregated
1 18601025t HMCNL1 | missense NM_031935.2:c.6286A>G p.lle2096Val 3 Co Tolerated good Homo | Immunoglobulin tset

1 :19739874: CRB1 : frameshift NM_201253.2:c.2832_2842+23c p.? NA NA NA NA Homo YES
1 :21582099: USH2A | missense NM_206933.2:¢c.14662A>T p.Thr4888Ser 1 Co Tolerated good Het Fibronectin, type 11l

1 21640536 USH2A | missense NM_206933.2:¢.2920G>A p.Asp974Asn 1 C15 Deleterious  bad Het EGFlike, laminin

1 :21649692¢ USH2A | missense NM_206933.2:c.1437C>A p.Phe479Leu 0 C15 Deleterious  bad Het | Laminin, Nterminal

3 163981343 ATXN7 | missense; NM_001177387.1:c.1845C>G; p.Ser615Arg -1 Co Tolerated | good Het

4 112276684t BBS7 | missense NM_176824.2:¢c.1043A>G p.Glu348Gly -2 C65 | Deleterious bad Het BBS7 protein

5 189925326 GPR98 | missense NM_032119.3:c.1809C>A p.Phe603Leu 0 C15 Deleterious  bad Het

5 190149261 GPR98 | missense; NM_032119.3:c.17365A>G p.Lys5789Glu 1 Co Tolerated | good Het

7 133545217 BBS9 | missense NM_198428.2:c.2258A>T p.Glu753Val -2 Cco Deleterious  bad Het

7 192140266 PEX1 | missense NM_000466.2:c.1579A>G p.Thr527Ala 0 Co Tolerated | good Het

8 38869207 ADAM9 = missense.  NM_003816.2:c.226G>A p.GIu76Lys 1 CO  Tolerated good = Het Pegtrigszgﬁ'\é';z&

9 132542056 TOPORS missense NM_005802.4:¢c.2467A>G p.Ser823Gly 0 Co Tolerated good Het

9 132542166 TOPORS missense NM_005802.4:c.2357G>A p.Arg786GIn 1 Co Tolerated good Het

10 150669416 ERCC6 | missense NM_000124.2:¢.3965G>T p.Gly1322Val -3 C65 Deleterious  bad Het

10 173573082 CDH23 | missense NM_022124.5:c.9715T>C p.Ser3239Pro -1 Co Deleterious  bad Het

15 131342673 TRPM1 | missense NM_002420.4:¢c.1310G>T p.Gly437Val -3 Co Deleterious  bad Homo

X | 49076224CACNAIF In-frame NM—005183'€$gé39—2444d“p_p'G'USZSEG'US% NA NA NA NA Het

Table 3.2. List of candidate variants after alignment, variant calling and filtering for patient 2906 (female) for family MA1The likely causative variant

is orange shaded. Chr = chromosome, NA = not annotated, Homo = homozygous and Het = hete(Azwago@isirom Watson et al., 2014).
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The identification of this mutation was also consistent with linkage analysis data
previously generated by Dr Ali for this family through Affymetrix 6.0 SNP homozygosity
mapping on patients (2906 and 2907). This genotyping showed that there were four
regions of homozygosity greater than 5 Mb shared between the two affected individuals;
chrl:174,370,60203,208,400 (28.8Mb), chr12:15,094,230,477,660 (9.4Mb, hgl9),
chr12:57,021,12®2,472,930 (35.5Mb, hgl19) and chrl5:69,828,;89(825,460
(20.0Mb, hg19)CRB1(chr1:197,237,33497,447,585; hg 19% locaed in the second
largest region.

3.2.1.2 Genetic analysis of family MA2

For family MA2, the pedigree structure, with both parents unaffected and in a
consanguineous marriage, suggested a recessive mode of inheritance (Figure 3.3A). The
clinical history and examination of the affected cases indicated CRD. Based on the
zygosity,the variant list after nexgeneration sequencing analysis (Table 3.3) and Sanger
sequencing of patient 2844 highlighted only one homozygous mutatigxB@A4
(NM_000350.2:¢.6088C>T, p.R2030*) (Figure 3.3B). Segregation analysis revealed this
nonsense mation in a heterozygous form in the affected offspring 2843 and 2845,
suggesting that they both had another unidentéiB€A4mutation on the other allele,
which they had inherited from their mother. The ¢.6088C>T, p.R2030* mutation was
previously reporté in a family with affected cases that had eamget norsyndromic
RD (Singh efal., 2006)

I MA2 [}———20 ABCA4 ("M _0003502)
A B ¢.6088C>T, p.R2030*
1I I
2844 )l
J. !.0& A.\J"\M\_.;.\:j.h \L:.._.-' &\[m,{\
II1 GCTGCTCACAGGATGAGAACATC TTT
IVO /2344 E’ G( IG( I( \(”\‘GG\IG\G\\( \I(III
MM

e Control | f'f\UU\ o

Z\T.ts 2\81‘.‘_3_ G( TGCTCACAGGACGAGAACATCTLT

Figure 3.3. Molecular analysis of family MA2.(A) The pedigree of family MA2. Individuals
from whom DNA wasavailable are numbered and the proband is indicated by an arrow. (B)
Sanger DNA sequencing chromatograms of a control subject and affected family sx@&ér

and 2845with the ABCA4mutation. (Adapted from Watson et al., 2014).
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3.2.13 Genetic analysis of family MA3

For family MA3, the family history suggested RP in the affected cases with a
recessive mode of inheritance (Figure 3.4A). Targeted capture andjereation
sequence analysis on the index case 2908 identified only oreziigous variant (Table
3.4). This variant was a novel homozygous missense mutatig®Hi2 A(NM_206933.2:
€.12874A%, p.N4292D) (Figure 3.4B) which had a high pathogenicity profile with C15
class by AGVGD, predicted to have a severe effect on the physicochemical of the protein
by MAPP software and to be a deleterious mutation by SIFT. The amino acid residues
are evolubnarily fully conserved from human to zebrafish (Figure 3.4C) and Sanger
sequencing confirmed the mutation in both affected cases 2908 and 2909 from whom
DNA was available.

I MA3 D_ _0 USH2A (NM 206933.2)
A B c.quS74A>G, p.N4292D
II 2908 f-l ‘W |I |
oA
|Ii”-\ I‘L II.‘ [ I‘l .JI[.II l‘l i“ I \| | 'U
SANSUERNSUNERNE LN .A_A.MJAL AV
- CCAGAACAGTCTGATGGTATTATCCAGTCCTATAGG

i

Control / ¢ [t

2908 2909 CC —XG —L—XC AGTCTAATGGTATTATCCAGTCCTATAGG
MM MM
C x
Human PPVISYVSMNPOKLLISWIPPEQSNGIIQSYRLQRNEMLYPFSFDPVTFNYTDEELLPFSTYSYA NP 996816.2
Mutant PPVISYVSMNPOKLLISWIPPEQSDGIIQSYRLORNEMLYPFSFDPVTENYTDEELLPFSTYSYA NP 996816.2

Rhesus macaquePPVISYVSMNPQKLLISWIPPEQSNGIIQSYRLORNETLYPFSFDAVTENYTDEELLPFSTYSYA XP 002801987.1
Chimpanzee PPVISYVSMNPQKLLISWIPPEQSNGIIQSYRLQRNEMLYPFSFDPVTENYTDEELLPFSTYSYA XP 514197.2

Cattle PPEVAQVSVNPPKVLISWVPPEQPNGIIQSYRLORNGVLYPFSFDAVTENYTDEKLLPFSTYSYG NP_001178354.1
Dog PPGIAGVSVSPPRLLISWTPPERPNGIIQSYRLRRNGALYPFSFDAVTENYTDEDLLPFSTYSYA XP 545710.2
Rat PPEVSYVSTSPLQLLISWFAPRHTNGVIQSYRLORNGVFAAASFNSSTFSYTDGQLLPFTTYSYA NP 001231686.1
Mouse PPEISYVSMSPLQLLISWLPPRHSNGVIQGYRLORDGVLPALNFNASTFSYMDSQLLPFSTYSYA NP_067383.3
Chicken APRLSLESVNPRKVLVSWDAPAQPNGILQSYRLLKNDVLYPFSFDAATFNYMDEDLLPYSMYRYA XP 419417.3

Zebrafish PPSVSHIEGKPNEVFVAWTPPLEPNGVLLTYRIQRDNIGFHFSFDSSVENYTDVDLNAYTLYSYA XP 697435.5

Figure 3.4. Molecular analysis of family MA3.(A) The pedigree of family MA3. Individuals

from whom DNA was available are numbered and the proband is indicated by an arrow. (B)
SangerDNA sequencing chromatograms of a control subject and an affected family member
(2908) with the USH2A mutation are shen. (Adapted from Watson et al., 2014). (C)
Evolutionary conservation of the part of the USH2A polypeptide that contains the missense
mutation p.N4292D.
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Chr

oA N PR R PP

10
12
12

Position

5925272
9447105¢
18612046
21591475
96950322
1555487¢
65596607
73405717
7674013¢
88480262

Gene

NPHP4
ABCA4
HMCN1
USH2A
SNRNP20
CC2D2A
EYS
CDH23
BBS10
CEP290

Coding Effect

missense
nonsense
missense
missense
missense
missense
missense
missense
missense

missense

cDNA change

NM_015102.3:c.3706G>A
NM_000350.2:¢c.6088C>T
NM_031935.2:¢c.14738C>A
NM_206933.2:c.11677C>A
NM_014014.4:c.4165G>A
NM_001080522.2:¢.2431G>/
NM_001142800.1:¢.2975G>"
NM_022124.5:c.1270G>A
NM_024685.3:c.1631A>G

NM_025114.3:c.4208G>C

Protein change

p.Vall236Met
p.Arg2030*
p.Thr4913Asn
p.Pro3893Thr
p.Val1389lle
p.Glu8llLys
p.Cys992Phe
p.Val424Met
p.Asn544Ser
p.Arg1403Thr

BLOSUM

62
1

NA

~ hss. preticton prediction /9951
CO Deleteriou; bad Het
NA NA NA Homo
CO Deleteriou; bad Het
C35 Deleteriou: bad Het
CO ' Tolerated: good Het
CO Deleteriou; unknown; Het
CO Deleteriou; unknown; Het
CO Deleteriou; bad Het
CO : Tolerated: good Het
CO | Tolerated good Het

Protein Domain

ABC transporter -like
G2 nidogen/fibulin G2F
Fibronectin, type IlI

DEAD/DEAH box type, Nterminal

Epidermal growth factelike, type &

Cadherin

Segregate

YES

Table 3.3. List of candidate variants after alignment, variant calling and filtering for patient 2844 (male) for family MA2The likely causative variant

is orange shaded. Chr = chromosome, NA = not annotated, Homo = homozygous and Het = hete(dzpagoed.from Watson et al., 2014).

Chr

O O O =B P

10
11
16
X

Position

6891031¢
21584837
13719333
12047518
13933356
7353744¢
66291004
5653666(

1377474¢

Gene Coding Effect
RPE65: missense
USH2A: missense
PEX7 | splicing?
TLR4 missense
INPP5E! missense
CDH23: missense
BBS1 | missense
BBS2 | missense
OFD1 | missense

cDNA change

NM_000329.2:¢c.394G>A
NM_206933.2:¢c.12874A>G
NM_000288.3:c.74&dupT

NM_138554.3:c.779T>C

NM_019892.3:¢.304GP

NM_022124.5:c.4858G>A

NM_024649.4:¢c.908T>C

NM_031885.3:c.865A>G

NM_003611.2:c.1271A>G

Protein change

p.Alal32Thr
p.Asn4292Asp
p.?
p.Leu260Pro
p.Aspl02Tyr
p.Vall620Met
p.Val303Ala
p.lle289Val
p.Asn424Ser

BLOSUM :AGVGD: SIFT MAPP
62 class :prediction prediction
0 CO : Tolerated: good
1 C15 Deleterious bad
NA NA NA NA
-3 C25 Deleterious bad
-3 CO Deleterious good
1 C15 Deleterious bad
0 C25 Deleterious good
3 CO | Tolerated: good
1 CO Deleterious good

Zygosity
Het
Homo
Het
Het
Het
Het
Het
Het
Het

Protein Domain

Carotenoid oxygenase
Fibronectin, type IlI

Toll-like receptor
Cadherin

WDA40 repeatike domain
BBS2 protein

Segregate

YES

Table 3.4. List of candidate variants after alignment, variant callingand filtering for patient 2908 (female) for family MA3. The likely causative variant

is orange shaded. Chr = chromosome, NA = not annotated, Homo = homozygous and Het = hetefadggpied.from Watson et al., 2014).
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3.2.1.4 Genetianalysis of family MA6

For family MAG, the family history suggested recessive inheritance of RP caused
by an autozygous mutation (Figure 3.5A). Targeted capture andgee&tation
sequencing of case 2771 (Table 3.5) highlighted two homozygous varidPiRCON 1
andRDH12. PROMMas a splice variant that is not predicted to cause defective splicing
using software described in Section £31 However, both variant were test for
segregation by confirmatory Sanger sequencing. This excludd&tRO&1variant al
instead highlighted the missense mutation in exon fiv&RDH12 (NM_152443.2:
€.601T>C, p.C201R) (Figure 3.5B). This homozygous mutation was previously reported
by (Sun et al., 2007)n a family with LCA. Bioinformatics analysis of this mutation
revealed a high pathogenicity profile wit8, CO, 0.03 and bad prediction scores in
BLOSUMG62, AGVGD, SIFT and MAPP respectively.

I D__O RDHI12 (NM_1524432)

MAG6

A B c. 601T>C p.C201R
II —_|
g) 2271 MN\A

GGGTTTTGCCTATCGCCACAGCAAGCTGGCC: \ \

II1

2773

AM/H+
IV DNA ; DNA
‘:°“"°'!Q!!M¥JHK!UY!!R! /F“‘l“!& !& ﬂ!! i&“!“&lh!“
7 2771 2772

M/M M/M GGGTTTTGCCTATTGCCACAGCAAGCTGGCCAA

Figure 3.5. Molecular analysis of family MAG6.(A) The pedigree of family MAG6. Individuals

from whom DNA was available are numbered and the proband is indicated by an arrow. (B)
SangerDNA sequencing chromatograms of a control subject and an affected family member
(2271) with theRDH12mutation.(Adapted from Watson et al., 2014).

3.2.1.5 Genetic analysis of family MA7

For family MA7, the pedigree structure suggested dominant inheritance with
affected members being diagnosed with CRD (Figure 3.6A). Targeted capture and next
generation sequencing anaty®f patient 114 identified four candidate heterozygous
mutations; three pathogenic missense variantMERTK PROM1, GRM6and one
possible splicing variant if£YS (Table 3.6). Based on the available literature, the
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heterozygous missense mutation RROM1 (NM_006017.2: ¢.1117C>T, p.R373C)
(Figure 3.6B) was the only variant consistent with the phenotype and mode of inheritance.
This substitution was previously identified in patients with disease symptoms of adCRD
(Yang et al., 2008; Michaelides et al., 20110}s predicted to be pathogenic withscore

for BLOSUMG62, CO for AGVGD, 0.03 (deleterious) for SIFT and bad for MAPP. Sanger
sequence validation of the mutation confirmsebregaon with the diseasein the

members from whom DNA was availabl

PROMI (M _006017.2)
¢.1117C>T, p.R373C

B _ﬁ yﬁ 1
pa oA A

1".!\_.,1’ " i LA sl
114 i VAN A L N Y 'lﬂ \'
,\[+ +/+ 114 J l | \‘ | ','”i_' 4r|| in] UI“.’:llf‘ '-'l\ T

ix, f\ LA L L
D“i DNA DNA TACCTGACACAGTACIATGECARACCACGACT
108 110 111 117
++  MA+ M/+ ‘[+ M/+ A * 0

™ i _J‘ , NI I
O . il ! AT ||r| IL;‘ J
Control i 1 ‘ WA

{ i | \/ ‘I
109 -'-,.A' "J'““" e ',LLLC&_,'J_J

M/+ .\I+ TACCTGAC -\G&GT-‘;( AACGCCAAACCACGACT

I MAT O0—o

Figure 3.6. Molecular analysis of family MA7.(A) The pedigree of family MA7. Individuals

from whom DNA was available are numbered and the proband is indicated by an arrow. (B)
SangerDNA sequencing chromatograms of a control subject and an affected family member
(114) with thePROM1mutation.(Adaptal from Watson et al., 2014).

3.2.1.6 Genetic analysis of family MA8

For family MAS, all affected members had RP with macular involvement and the
family structure suggested a dominant otinked mode of inheritance (Figure 3.7A).
The final variant list produced from targeted capture and-gemération sequence
analysis opatient 40 included 11 variants (Table 3.7). Three candidate varidRE2in
NR2E3and RPGRwere consistent with the phenotype and mode of the inheritance
observed the family. Segregation analysis on genomic DNA from eight affected and three
unaffected &amily members showed that only the novel splicing variantRP2
(NM_006915.2:¢.884.G>T) (Figure 3.7B) followed disease symptoms as expected for

an X-linked dominant condition.
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Chr: Position

1 18600799

15:73029831

4 115982165 PROM1
82836537
10:8600870C
14:6819385C RDH12

Gene Coding Effect
HMCN1: missense
splicing?
VCAN missense
RGR missense
missense
BBS4 | missense

cDNA change Protein chang(BI‘O682LWIA((':;l\a/l SSD presdli'(:::;on pr'\éléoi‘;imZygosity
NM_031935.2:¢.5888G>T p.Gly1963Val -3 CO | Tolerated: good Het
NM_006017.2:¢c.2374dupC p.? NA NA NA NA Homo
NM_004385.4:¢c.7715C>T p.Ser2572Let. -2 C65 Deleterious bad Het
NM_002921.3:c.271G>A: p.Gly91Ser 0 C55 :Deleterious good Het
NM_152443.2:c.601T>C: p.Cys201Arg -3 CO Deleterious bad Homo
NM_033028.3:c.1463C>A p.Thr488Lys -1 CO | Tolerated: good Het

Protein Domain

Immunoglobulin tset

GPCR, rhodopsinlike, 7TM

Shortchain dehydrogenase/reductase SDF

Segregate

No

YES

Table 3.5. List of candidate variants after alignment, variant calling and filtering for patient 2771 (male) for family MA6.The likely causative variant
is orange shaded. Chr = chromosome, NA = not annotated, Homo = homozygous and Het = hete(dzwagoed.from Watson et al., 2014).

Chr: Position

71134
11272280
1601492z
17841368
6606334¢
1653692694

o o B NN

Gene

ALMS1
MERTK
PROM1
GRM6
EYS
RPGRIP1|

Coding Effect

missense
missense
missense
missense
splicing?

missense

cDNA change

NM_015120.4:c.5362A>G
NM_006343.2:c.791C>G
NM_006017.2:c.1117C>T
NM_000843.3:c.1571C>T

NM_001142800.1:¢c.1459+5C:

NM_015272.2:c.1340T>C

Protein change

p.Asn1788Asy
p.Ala264Gly
p.Arg373Cys
p.Pro524Leu
p.?
p.Leud47Ser

BLOSUMAGVGD: SIFT

62 class | prediction
1 CO | Tolerated
0 C55 iDeleteriou
-3 CO Deleterious
-3 C65 :Deleteriou

NA NA NA

-2 CO0 : Tolerated

precicton Y9051

unknown; Het
bad Het
bad Het
bad Het
NA Het
good Het

Protein Domain

Immunoglobulinlike

Prominin

GPCR, family 3, nine cysteines domain

Segregate

YES

Table 3.6. List of candidate variants after alignment, variant calling and filtering for patient 114 (male) fofamily MA7. The likely causative variant is

orange shaded. Chr = chromosome, NA = not annotated and Het = hetero@dapsed from Watson et al., 2014).
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I MAS RP2 (N\M_006915.2)
¢.884-1G>T
A

I o 0 B ¥
40 /W w’\’\"}[ VWUH

III "“‘ "\\I I D“&]"\ \[J—‘I "\'\[J—‘I o GGTTTGCTTATATGTCCTGITATTGCCTTG

37 42 43 44 45
+ Y +/Y +/Y M/+

I {}\ﬁ "“* "“ﬁ "“‘ o Control [\/ f\‘ﬁ‘.!,\ N\ J

38 39 ’40 41 46 47
M/Y MY MY  M/+ M/Y M/Y GGTTTGCTTATAGGTCCIGTITATTGCCTTG

Figure 3.7. Molecular analysis of family MA8 (A) The pedigree of family MA8. Individuals

from whom DNA was available are numbered and the proband is indicated by an arrow. (B)
SangeDNA sequencing chromatograms of a control subject and an affected family member (40)
with the RP2mutation.(Adapted fom Watson et al., 2014).

3.2.1.7 Genetic analysis of family MA9

For MA9, diagnosis of the affected family members and family history revealed a
macular dystrophy phenotype with a dominant mode of inheritance (Figure 3.8A). The
variant list derived from analysis of genomic DNA from patient 530 included seven
variants (ble 3.8), from which two heterozygous variant$diMCN1 and GUCY2D
were highlighted as possible candidate variants consistent with the phenotype and mode
of inheritance. Segregation analysis usaalglitional family members from whom DNA
was available exadded theHMCNL1 variant as a cause of adMD in this family, but
confirmed segregation of the previously repor@dCY2D mutation (c.2512C>T,
p.R838C) (Figure 3.8B)Van Ghelue et al., 2000; Wilkie et al., 20Q@}h the disease
phenotype.
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I MA9 GUCY2D (~M_000180.3)
A B

i | ] ] 4‘ ¢.2512C>T, p.R838C
DNA NA DNA
I (O @& [ [

529 526 528
2 2 T g
" - - — A Ak o i 1
DNA L DNAL DNA DNA £ DNA TGATC CGGGAGTGCACGGAGGAGC TGGA
I D——‘ ‘ i—O ﬁ ‘ (5

523 )’530 527 525 530
M+ M+ M+ M+ M+

S 5y ™ Al
L A W 5N Al A
IVHE TGATC CGGGAGCGCACGGAGGAGC TGGA

Figure 3.8. Molecular analysis of family MA9.(A) The pedigree of family MA9. Individuals

=

from whom DNA was available are numbered and the proband is indicated by an arrow. (B)
SangerDNA sequencing chromatograms of a control subject and an affected family member
(530) with theGUCY 2Dmutation.(Adapted from Watson et al., 2014).

3.2.1.8 Genetic analysis of family MA10

Family MA10 is a large consanguineous family with six affected members
diagnosed with autosomal recessive CRD (Figure 3.9A). After analyzing patient 1857,
the filtered vcf file that was generated highlighted only one homozygous candidate
variant (Table 3.9 a null variant ilRPGRIP1(NM_020366.3:¢.3565C>T, p.R1189%).

This mutation had previously been reported as a pathogenic cause of the [@bease
Safieh et al., 2013nd segregation analysis on seven family members for whom DNA
was available confirmed this mutation as the cause of disease symptoms in this family
(Figure 3.9B).

MA10 O———]
I RPGRIPI (N\M_020366.3)
I ¢.3565C>T, p.R1189*
11 1857
1855
Mt
DNA DNA DNA AGGAGCAGCAAGGCTGAAGGCGGTITCTIGTTICGACATG
v
1856  M1857 1858 l
M/M M/M M/M
Control
DNA DNA DNA
A4 1859 1860 1861 AGGAGCAGCAAGGCCGAAGGCGGTITCTGTTCGACATG

M/M M/M M/M

Figure 3.9. Molecular analysis of family MA10 (A) The pedigree of family MA10. Individuals

from whom DNA was available are numbered and the proband is indicated by an arrow. (B)
SangerDNA sequencing chromatograms of a control subject and an affected family member
(1857) with theRPGRIP1Imutation.(Adapted from Watson et al., 2014).
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L Coding . BLOSUM AGVGD: SIFT MAPP . . . i
Chr : Position | Gene Effect cDNA change Protein change 62 class prediction prediction Zygosity Protein Domain Segregates
1 :10340066¢ COL11Almissens: NM_080629.2:c.3475G>A p.Gly1159Ser 0 C55 Deleteriou: good Het
1 121584437: USH2A imissensi NM_206933.2:c.14074G>£  p.Gly4692Arg -2 C65 Deleteriou; bad Het Fibronectin, type IlI
4 115982163 PROML1 splicing” NM_006017.2:¢c.2374dupG p.? NA NA NA NA Het
5 18996988C GPR9S missens NM_032119.3:c.4939A>G  p.lle1647Val 3 CO | Tolerated good @ Het | N&Ca excg‘:tgge” integr
10 13320305 PHYH | in-frame\M_006214.3:c.1010_1012 p.Asn337_Leu338ir NA NA NA Het
pGAT His
11 111921662¢ MFRP missensi NM_031433.2:c.283G>A p.Ala95Thr 0 CO : Tolerated: good Het
15 131294158 TRPM1 missensi NM_002420.4:c.4678G>A: p.Vall560Met 1 CO Deleteriou: good Het
15 6267 | NR2E3 nonsens NM_014249.2:c.300C>A p.Cys100* NA NA NA NA Het Zinc finger, nuclear NO
hormone receptetype
X 11867477C RS1 :splicing? NM_000330.3:c.184+3G>1 p.? NA NA NA NA Het A
. ) . Regulator of chromosom
38182144 RPGR :missensi NM_001034853.1:¢.209G>, p.Gly70Glu -2 CO Deleteriou: bad Het condensation, RCC1 A
X 146736939 RP2 :splicing: NM_006915.2:c.8841G>T p.? NA NA NA NA Hemi YES

Table 3.7. List of candidate variants after alignment, variant calling and filtering for patient 40 (male) for family MA8.The likely causative variant is
orange shaded. Chr = chromosome, NA =argtotated. Hemi= hemizygous, Het = heterozygous and A = ar{@dapted from Watson et al., 2014).

Chr: Position : Gene Coding Effect cDNA change Protein changeBL%SZ"JM'A‘cél\‘,:1 SSD presdliltzzgon prl\e/l(ﬁzliz)n Zygosity Protein Domain Segregate
1 18614121 HMCN1: missense | NM_031935.2:c.15764T>( p.lle5255Thr -1 C65 Deleterious bad Het EGFlike calciumbinding NO

1 21617225; USH2A i missense | NM_206933.2:c.6628C>C p.Pro2210Ala -1 C25 :Deleterious bad Het Fibronectin, type IlI

4 :1598216% PROM1: splicing? NM_006017.2:c.2374dupC p.? NA NA NA NA Homo

16 :5365300ERPGRIP1I missense | NM_015272.2:¢.3548C>C p.Alal183Gly 0 CO Deleterious bad Het

16 :53683031RPGRIP1i splicing? :NM_015272.2:¢c.2153G>C p.? NA NA NA NA Het

17: 7918018 GUCY2D: missense : NM_000180.3:c.2512C>T: p.Arg838Cys -3 C65 Deleterious bad Het Haem NO binding associated YES
20:1039343¢ MKKS missense | NM_170784.1:c.724G>T: p.Ala242Ser 1 C15 :Deleterious good Het Chaperonin Cpn60/TGR

Table 3.8. List of candidate variants afteralignment, variant calling and filtering for patient 530 (female) for family MA9. The likely causative variant

is orange shaded. Chr = chromosome, NA = not annotated, Homoaozygmus and Het = heterozygousdépted from Watson et al., 2014)
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Chr

O© O N P

10
11
12
14
15
16
17

Position

21596015
21606230
9694292¢
8283555(
13932627
73337684
1753105¢

2022196
2181330¢
7302829¢
5369890¢
79503621

Gene

USH2A
USH2A
SNRNP20t
VCAN
INPPSE
CDH23
USH1C
CACNA2D:
RPGRIP1
BBS4
RPGRIP1L
FSCN2

Coding Effect

missense
missense
missense
missense
missense
missense
missense
missense
nonsense
missense

missense

missense

cDNA change

NM_206933.2:¢c.10246T>C
NM_206933.2:¢c.7685T>C
NM_014014.4:c.5983G>A
NM_004385.4:c.6728C>G
NM_019892.3:c.1547A>G
NM_022124.5:c.767G>A
NM_153676.3:c.1858C>T
NM_172364.4:c.419C>G
NM_020366.3:¢.3565C>T
NM_033028.3:c.1236A>T
NM_015272.2:c.1120C>T

NM_001077182.2:c.1151C=

Protein change

p.Cys3416Gly
p.Val2562Ala
p.Alal995Thr
p.Thr2243Arg
p.Lys516Arg
p.Arg256His
p.Arg620Cys
p.Alal40Gly
p.Arg1189*
p.Glu412Asp
p.His374Tyr

p.Ala384Glu

BLOSUM

62
-3

AGVGD

class
Cc65

Cco
co
Cco
Cco
Cco
Cco
Cco
NA
Cco
C15
Cco

SIFT
prediction

Deleteriou
Tolerated
Tolerated
Tolerated
Tolerated

Deleteriou

Deleteriou

Deleteriou

NA
Tolerated
Deleteriou
Not score

MAPP
prediction

bad
good
good
good
good

bad

unknown

good

NA
good
good

unknown

Zygosity.
Het
Het
Het
Het
Het
Het
Het
Het

Homo
Het
Het

Het

Protein Domain

Fibronectin, type 11l
Fibronectin, type IlI

Sec63 domain

Endo/Exo-nuclease phosphatast

Cadherin

Segregate

YES

Table 3.9. List of candidate variants after alignment, variant calling and filteringfor patient 1857 (female) for family MA10. The probable causative

variant is orange shaded. Chr = chromosome, NA = not annotated, Homo = homozygous and Het = hetéAdgygmasfrom Watson et al., 2014).
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3.2.1.9 Genetic analysisf family MA11

For MA1l, family history suggested recessive inheritance of RP with an
autozygous mutation (Figure 3.10A). The variant list derived from analysing the index
case 1267 included only one homozygous missense variant BB52
(NM_031885.3:¢.18956C, p.R632P) (Table 3.10), which was considered the most
likely causative variant based on mode of inheritance of the family. Sanger sequencing
confirmed the presence of the mutation in the second affected family member 2093 for
whom DNA was available (Fige 3.10B). This mutation is likely to be pathogenic as it
is predicted to have a deleterious effect on the protein by MAPP, it s@uas the
BLOSUM®62 matrix and C15 for AGVGD. Furthermore the amino acid residues are

conserved through evolution from hamto brown algae.

I MA11[

—O
A %7 B (1895G>C, p.R632P
I — ] t

™ b

it GCTGAGGATGCTCCTCTGATGAGGGACATGTGAGT

DNA DNA i
IV Control

BBS2 N\ _031885.3)

/

2039 1267

MM M/M GCTGAGGATGCTCGICTGATGAGGGACATGIGAGT
C

|

Human DHSNLIRSLLVGAED? R LMRDMKTMKSRYMELYDLNRDLLNGYKIRCNNH NP_114091.3
Mutant DHSNLIRSLLVGAEDZ.PLMRDMKTMKSRYMELYDLNRDLLNGYKIRCNNH NP_114091.3
Rhesus macaque DHSNLIRSLLVGAED2R LMRDMKTMKSRYMELYDLNRDLLNGYKIRSNNH AFT34449.1
Mouse DNSNLIRSLLVRAEDZ R LIMRDMKTMKSRYMELYDLNEDLLNGYKIRCNNH AaK28553. 1
Rat DNSNLIRSLLVRAEDZ R LMRDMKTMKTRYMELYDLNKDLLNGYKIRCNNH AAK28554. 1
cat DNSNLIRSLLVRAEDZR LMRDMKTMKNRYMELYDLNKDLLNGYKIRCNNH XP_003998101. 1
Dog DNSNLIRSLLVRAEDZ? RLMRDMKTMKNRYMELYDLNRDLLNGYKIRCNNH Xp 535296. 3
Cattle DNSNLIRSLLVQAED? R LMRDMKTMENRYKELYDLNEDLLNGYKIRCNNH NP_001033245.1
Zebra fish DHSNYIRNMLVQAEDZ R, LMGDWRNMKKRYIELYDLNRDLVNEYKIRSNNH AAK28555 . 1

Brown algae DSSQRVKAYVVRAEDZ R LLGDMPLVREKMYAELNNLNRRLVGEYAKRANNH CBN77528. 1

Figure 3.10. Molecular analysis of family MA1l.(A) The pedigree of family MA11.
Individuals from whom DNA was available are numbered and the proband is indicated by an
arrow. (B) Sanger DNA sequencing chromatograms of a controlcsudbjd an affected family
member (1267) with thBBS2mutation. (Adapted from Watson et al., 2014). (C) Evolutionary

conservation of the part of tlBBS2 polypeptide that contains the missense mutation p.R632P.

94



Chr

© o o b~ PR P R

11
12

16
16

Position
6012898
9446754¢&
21601144;
1607734¢
42153428
8062645€

2718127

12047658:

76883864
1908849

5368678¢

56530894
49082958

Gene
NPHP4
ABCA4
USH2A
PROM1
GUCA1B
ELOVL4

KCNV2

TLR4

MYO7A
CACNA2D4

RPGRIP1L

BBS2
CACNALF

Coding
Effect

splicing
missens:
missens:
missens:
missenst

missens:

missenst

missens:

missenst

missens:
missens:

missenst

missens:

cDNA change
NM_015102.3:c.67RA>G
NM_000350.2:¢.6148G>(
NM_206933.2:¢c.9262G>/4
NM_006017.2:c.181A>G
NM_002098.5:¢c.465G>T.
NM_022726.3:¢c.814G>C

NM_133497.3:c.388A>C

NM_138554.3:c.2177G>1

NM_000260.3:c.1868G>/
NM_172364.4:c.2987T>C

NM_015272.2:c.1810G>/

NM_031885.3:¢.1895G>C
NM_005183.2:¢.1409T>C

Protein
change

p.?
p.Val2050LeL
p.Glu3088Lys

p.lle6lval
p.Glul55Asp
p.Glu272GIn

p.Thr130Pro

p.Gly726Val

p.Arg623His
p.Phe996Sel

p.Glu604Lys

p.Arg632Pro
p.Leud70Pro

BLOSUM
62

NA

N N W P

AGVGD
class

NA

C25

C55
Cco
Cco
Co

Cco

C65

Cco
Cco

Co

C15
Co

SIFT
prediction

NA
Deleterious
Deleterious

Tolerated
Tolerated

Tolerated

Deleterious

Deleterious

Deleterious
Tolerated

Deleterious

Tolerated

Deleterious

MAPP
prediction

NA
bad
bad
good
good
good

bad

bad
good

unknown
bad

bad
bad

Zygosity
Het
Het
Het
Het
Het
Het

Het

Het

Het
Het

Het

Homo
Het

Protein Domain

ABC transportedike
Fibronectin, type IlI
Prominin
EFRHAND 2

GNS1/SUR4 membrane prote

Potassium channel, voltage
dependent, Kv, tetramerisatic
Toll/interleukin-1 receptor
homology domain

Myosin head, motor domain

Protein of unknown function
DUF3250

BBS2 protein

Segregates

YES

Table 3.10. List of candidate variants after alignment, variant calling and filtering for patient 1267 (female) for family MA1. The likely causative

variant is orange shaded. Chr = chromosome, NA = not annotated, Homo = homozygous, Het = hetemdyyeuartefacttAdapted from Watson et al.,

2014).
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This result was consistent with the homozygosity mapping that was previously
carried by Dr Ali on both affected individuals (1267 and 2093). That analysis revealed
thatBBS2(chr16:56,518,25%6,554,008, hgl9) localizes in the largest of three shared
homozygous regions detected; one on chromosome 11:%85l6Vib, for a total of 9.8
Mb, hgl9) and two on chromosome 16 (2281 Mb, for a total of 7.1 Mb, hgl9 and
54.273.8 Mb, fora total of 19.6 Mb, hg19).

These data represent for the first time the association between missense mutations
in theBBS2gene angbartially penetranRP. Family patients and their dlial notes were
re-examinedby Mr McKibbin in light of these findings. The index case (1267) first
presented in an ophthalmic clinic with high myopia and poor visual acuity (VA) of 0.5 at
five years of age. The VA deteriorated gradually to 0.25 at the age of 37 and 0.1 by the
age of 45. Aong with the abnormal retinal pigmentation, polydactyly in one hand
(removed in childhood) and some learning difficulties were also reported. The second
patient (2039) had only a mild ocular phenotype with bone spik@gigmentation but
VA continued 6 gradually deteriorate over time, being 1.0, 0.3 and 0.01 by the age of
39, 50 and 56 years respectively.

3.2.1.10 Genetic analysis of family MA15

For MA15, family structure suggested a consanguineous recessive mode of
inheritance, with three affected members diagnosed with CRD (Figure 3.11A).The
variant list generated from targeted sequencing of patient 3283 (Table 3.11) included 16
variants. Basean the zygosity and phenotype observed in the family, the candidate
variants ofVCAN, GPR98, EYS, MYOWere excluded, while the a nonsense mutation
in SPATA7(NM_018418.4:¢.253C>T, p.R85*) (Figure 3.11B) was the most likely
candidate. This homozygous taating mutation segregated with the disease symptoms
in the three affected family members and was heterozygous in eight unaffected family
members for whom DNA was available. This homozygous mutation was previously
reported in a family with LCA byMackay et al., 2011b)
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I MA15 [} SPATA7 (NM_018418.9)
A B ¢.253C>T, p.R85*

S T

TTAGATGCAGACCAACAATGAAGAGAGAAACTCAAAAA

DNA DNA DNA DNA
I

3281 3280 3287 3284 -
M/+ M/+ M/+ M/+ TTAGATGCAGACCAACAATGAAGAGAGAAACTCAAAAA

13“;‘.!) D\Aﬁnukp\%mﬁm%amm] H MW ﬂ ln nM ”ﬂ

3282 3279 3285 3283 3286 3288 3289
MM M4+ M+ MM M+ M-+ MM TTAGATGCAGACCAACAACGAAGAGAGAAACTCAAAAA

Figure 3.11. Molecular analysis of family MA15.(A) The pedigree of the family MA15.
Individuals from whom DNA was available are numbered and the proband is indicated by an
arrow. (B) Sanger DNA sequencing chromatograms of a control subject, an affected (3283) and
carrier (3280) family members with i Ar A7 mutation.(Adapted from Watson et al., 2014).

3.2.1.11 Genetic analysis of family MA16

The diagnosis in two members of family MA16 was LCA, and the presence of a
consanguinity loop suggested a recessive mode of inheritance (Figure 3.12A). 18 variants
were included in the final list produced after targeted sequencing, alignment, variant
calling and filtering in the index case 3341 (Table 3.12). Based on the zygosity and
phenotype, a homozygous missense mutation was identified in exon fRB12
(NM_152443.2:¢c.506G>A, p.R169Q), as described previous(ilagkay et al., 2011a)

This mutation was also present in the second affected member 3340 for whom DNA was
available (Figure 3.12B). It is almost certainly pathogenic as it has been published before
as a cause of arLCA, segregates with the diseatieei family and is predicted to be
deleterious (zero score) by SIFT, bad by MAPP, C35 by AGVGD and scores +1 for
BLOSUM®62.
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@)
=)

©O© ©O© o o o O U

11
11
11
11
12
14
17
20

Position
94473807
8281731%
8994818¢
64431505
6530016(
5553882(
11726667
13933340
6629127¢
6811567¢
76891457
7689146(

1906632
8888306¢
63221207
110622214

Gene
ABCA4
VCAN
GPR98
EYS
EYS
RP1
DFNB31
INPP5E
BBS1
LRP5
MYO7A
MYO7A
CACNA2D:
SPATA7
RGS9
JAG1

Coding Effect
missense
missense
missense
missense
missense
missense
missense
missense
missense
missense
missense
missense
missense
nonsense
missense

missense

cDNA change
NM_000350.2:¢c.5882G>A
NM_004385.4:¢.3188T>C
NM_032119.3:¢c.3443G>A
NM_001142800.1:¢.8422G>/
NM_001142800.1:¢c.5600C>"
NM_006269.1:¢c.2378G>T
NM_015404.3:¢c.409G>C
NM_019892.3:c.469G>T
NM_024649.4:c.1036G>A
NM_002335.2:¢c.452A>C
NM_000260.3:¢c.2624C>G
NM_000260.3:c.2627A>G
NM_172364.4:c.3065C>T
NM_018418.4:¢c.253C>T
NM_003835.3:¢.1495T>C
NM_000214.2:c.2810G>A

Protein change
p.Gly1961Glu
p.Leul063Prc
p.Gly1148Asp
p.Ala2808Thr
p.Serl867Phe
p.Arg793lle
p.Glul37GIn
p.Glyl57Trp
p.Val346lle
p.Aspl51Ala
p.Ala875Gly
p.Glu876Gly
p.Pro1022LeL
p.Arg85*
p.Ser499Pro
p.Arg937GIn

BLOSUM
62

AGVGD
class
C65

co
C65
Cco
Co
C15
Co
Cco
C25
C65
Cco
Cco
co
NA
co
co

SIFT
prediction
Deleterious

Deleteriou
Deleterious
Deleterious
Deleterious
Deleterious
Tolerated
Tolerated
Deleterious
Deleterious
Tolerated
Deleterious
Tolerated
NA
Deleterious

Tolerated

MAPP
prediction
bad

bad
bad
unknown
unknown
bad
good
good
bad
bad
bad
bad
unknown
NA
unknown

good

Zygosity.
Het
Homo
Homo
Het
Het
Het
Het
Het
Het
Het
Het
Het
Het
Homo
Het
Het

Protein Domain

ABC transportetike

Laminin G, subdomain 2

WDA40 repeatike-containing domair
LDLR class B repeat

Segregate

YES

Table 3.11. List of candidate variants after alignment, variant calling and filtering for patient 3283 (male) for family MA15The probable causative

variant is orange shaded. Chr = chromosdi#e= not annotated, Homo = homozygous and Het = heterozy@sdapted from Watson et al., 2014).
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1 MA16 [0 RDHI2 (NM_1524432)
¢.506G>A, p.R169Q

-

GGTGTCTGCCCCTGCACGGGTGGTTAATGTGTCCTCGG

Figure 3.12. Molecular analysis of family MA16 (A) The pedigree of family MAL16.
Individuals from whom DNA was available are numbered and the proband is indicated by an
arrow. (B) SangeDNA sequencing chromatograms of a control subject and an affected family
member with thd&RDH12mutation.(Adapted fran Watson et al., 2014).

3.2.1.12 Genetic analysis of family MA18

Affected members of family MA18 were diagnosed with CRD and the family
history suggested recessive inheritance, though there was no evidence of consanguinity
(Figure 3.13A). Based on the zygosity, analysis of the variant list of patient 1484 (Table
3.13) hghlighted compound heterozygous variants in two gekiB€A4andRBP3.Even
though RBP3did not appear to fit the observed phenotype well, both variants were
segregated in the three affected and four unaffected family members for whom DNA was
available. $gregation analysis excludedRBP3 and confirmed the ABCA4
(NM_000350.2) compound heterozygous mutations. The first was a novel splicing
mutation that alters the splice donor site of exon 25 (¢.3328+1G>C), while the second
mutation was a previously reportadssense change (c.5882 G>A, p.G1961E) (Figure
3.13B)(Cella et al., 2009; Burke et al., 201Zhe missense variant was predicted to be
pathogenic [SIFT (damaging, zero score), BLOSUM&2, MAPP (bad) and AGVGD
(C65)].
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=)

N o o g w W NN P

10

10

11
14

15
16
17
20

Position

18607264t
110187
169521
12151821
13242311«
90149261

17841855!
64431505
92157661

38880817
95400223

95405722

76891457
68193755

3132513C
16295863
63221207

10389422

Gene

HMCN1
ALMS1
ALMS1
IQCB1
NPHP3
GPR98

GRM6
EYS
PEX1

ADAM9
PDEGC

PDE6GC

MYO7A
RDH12

TRPM1
ABCC6
RGS9
MKKS

Coding
Effect

missense
missense
missense
missense
missense

missense
missense
missense

missense

missense

missense
missense

missense
missense

missense
missense

missense

missense

cDNA change

NM_031935.2:c.10618G>A
NM_015120.4:c.8983G>A
NM_015120.4:c.9917A>G

NM_001023570.2:¢.598C>;
NM_153240.4:c.1452A>G
NM_032119.3:c.17365A>C

NM_000843.3:c.727G>T
NM_001142800.1:¢c.8422G>
NM_000466.2:c.89A>C

NM_003816.2:c.887G>A
NM_006204.3:c.1646T>C

NM_006204.3:c.1853C>T

NM_000260.3:¢c.2624C>G
NM_152443.2:c.506G>A

NM_002420.4:c.2648A>G
NM_001171.5:c.1171A>G
NM_003835.3:¢.1495T>C

NM_170784.1:c.1015A>G

Protein
change

p.Val3540lle
p.Val2995lle
p.Asn3306Se
p.Leu200lle
p.lle484Met
p.Lys5789GIL

p.Val243Phe
p-Ala2808Thr
p.His30Pro

p.Arg296GIn
p.Met549Thr

p.Thr618Met

p.Ala875Gly
p.-Arg169GIn

p.Glu883Gly
p.Arg391Gly
p.Ser499Pro

p.lle339Vval

BLOSUM
62

P P NP W W

AGVGD
class

C25
Cco
co
Cco
Cco
Cco

Cco
Cco
Cco

Cco
C45

Cco

Co
C35

Cco
Cco
Cco
co

SIFT
prediction

Deleterious
Tolerated
Deleterious
Tolerated
Deleterious
Tolerated

Tolerated
Deleterious

Tolerated

Tolerated

Deleterious
Tolerated

Tolerated
Deleterious

Deleterious
Deleterious
Deleterious

Tolerated

MAPP
prediction

bad
unknown
unknown
good
good
good
good

unknown

bad

good
bad

good

bad
bad

bad
bad
unknown

good

Zygosity.
Het
Het
Het
Het
Het
Het

Het
Het
Het

Het
Het

Het

Het
Homo
Het
Het

Het
Het

Protein Domain

Immunoglobulin tset

Extracellular liganebinding
receptor
Laminin G, subdomain 2
Peroxisome biogenesis factor
alpha/beta
Peptidase M12B,
ADAM/reprolysin

3&Geyclic nucleotide
phosphodiesterase, catalytit
domain

Short-chain
dehydrogenase/reductase SD

lon transport

transmembrane domain

Chaperonin Cpn60/TGR

Segregates

YES

Table 3.12. List of candidate variants aftelignment, variant calling and filtering for patient 3341 (male) for family MA16. The likely causative variant

is orange shaded. Chr = chromosome, Homo = homozygous and Het = heteraddppted from Watson et al., 2014).
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\ DNA DNA

mMa1is [ ]

1481 1479
M1/+ M2/+
DNA \___, D.\'A‘ DNA } D.\'AD DNA }
Val
1478 1480 1482 1483 1484
M1/+ M1/M2 M1/M2 M2/+ M1/M2
ABCA4 (N\M_000350.2)
¢.3328+1G>C c. 5S882G>A, p.G1961E
1484
CCTGAAGTATCGCTCAGCTAACAGCTGCTGC AGTGGACAGGCTGTGTGTCGAAGTTCGCCCT
Control

L \ ?
CCTGAAGTATCGCTCAGGTAACAGCTGCTIGC AGTGGACAGGCTGTGTIGTCGGAGTTICGCCCT

Figure 3.13. Molecular analysis of family MA18.(A) The pedigree of family MA18.
Individuals from whom DNA was available are numbered and the proband is indicated by an
arrow. (B) Sanger DNA sequencing chromatograms of a control subject and an affected family
member (1484) with thABCA4mutation.(Adaped from Watson et al., 2014).

3.2.2 Inherited retinal dystrophy families in whom variants of unknown

significance were found

3.2.2.1 Genetic analysis of family MA4

For family MA4, the diagnosis of the affected patients was RP and the presence of
consanginity suggests a recessive inheritance pattern (Figure 3.14A). Targeted capture
and nextgeneration sequence analysis of case 2833 (Table 3.14) identified a variant list
with two homozygous missense variants BYS (NM_001142800.1: c.75584G
p.F2520L &c.334C>T, p.V112l) as possible candidates. Sanger sequencing validation
in the other affected case 2910 confirmed the presence ofEd#variants in the

homozygous state.

However both variants gave low pathogenicity profile scores with unknown effects
on protein function by MAPP and zero seein BLOSUMG62, SIFT and AGVGD uBlic
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Chr: Position: Gene Coding Effect
1 16007259 NPHP4 : missense
1 :6890466( RPE65 : missense
1 :19450831¢ ABCA4 splicing

1 94473807 ABCA4 : missense
2 19695032:SNRNP2C missense
4 11598216 PROM1 = splicing?

6 | 14945 c2 missense
10:4838947¢ RBP3 missense
10:4838984: RBP3 missense
10:7355103¢ CDH23 | missense
127674211« BBS10 | missense
12:8850895. CEP290: frameshift
1489307227 TTC8 missense
15:3131840¢ TRPM1 : missense
176329946 AIPL1 missense
20§ 1039343t MKKS missense
X 131462606 DMD | missense
X %15341853 OPNI1LW: missense

cDNA change

NM_015102.3:¢.1024C>T
NM_000329.2:¢.963T>G
NM_000350.2:¢.3328+1G>
NM_000350.2:¢.5882G>A
NM_014014.4:c.4165G>A
NM_006017.2:c.2374idupC
NM_000063.4:c.1103G>A
NM_002900.2:c.1399C>T
NM_002900.2:c.1037G>A
NM_022124.5:c.6197G>A
NM_024685.3:¢.25G>T

NM_025114.3:c.1833delA
NM_144596.2:c.284A>G
NM_002420.4:c.3497A>T
NM_014336.3:c.773G>A
NM_170784.1:c.725C>T
NM_004006.2:¢.9076C>T
NM_020061.4:c.532A>G

Protein change

p.Arg342Cys
p.Asn321Lys
p.?
p.Gly1961Glu
p.Val1389lle
p.?
p.Arg368GIn
p.Pro467Ser
p.Arg346His
p.Arg2066GIn
p.Gly9Trp
p.Leu612Phefs*
p.Lys95Arg
p.His1166Leu
p.Arg258GIn
p.Ala242Val
p.Leu3026Phe
p.llel78Val

BLOSUMAGVGD
62 class
-3 (6{0]
0 co
NA NA
-2 C65

3 co
NA NA
1 C35
-1 co
0 Cco
co
-2 Cco
NA NA
2 co
-3 co
1 co
0 (0{0]
0 (0{0]
3 (0{0]

SIFT
prediction

Deleterious
Deleterious
NA
Deleterious
Tolerated
NA
Deleteriout
Deleterious
Deleteriout
Tolerated
Tolerated
NA
Tolerated
Tolerated
Tolerated
Tolerated
Deleteriout

Tolerated

MAPP
prediction

bad
good
NA
bad
good
NA
bad
bad
bad
good
unknown
NA
good
good
good
good
good
good

Zygosity.
Het
Het
Het
Het
Het
Het
Het
Het
Het
Het
Het
Het
Het
Het
Het
Het
Het

Homo

Protein Domain

Carotenoid oxygenase

ABC transporter -like
DEAD/DEAH box type, Nterminal

von Willebrand factor, type A
Interphotoreceptor retinddinding

Cadherin

Tetratricopeptide repe@bntaining
Chaperonin Cpn60/TGR
Spectrin repeat
GPCR, rhodopsitike, 7TM

Segregate

YES
YES

No
No

Table 3.13. List of candidate variants after alignment, variant calling and filtering for patient 1484 (female) for family MA8. The probable causative

variants are orange shaded. Chr = chromosome, NA ammattated, Homo = homozygous and Het = heterozygAdapted from Watson et al., 2014).



variant databases were checked to determine the frequerfcigstio alleles (Section
2.14.4).The variant.7558\>G was found at a frequency ©f1% (556008)in dbSNP142
(rs52748691) a frequency of A% (5/5000) in 1000 Genomes and at a frequency of
0.1623% (3521568 in the EXAC database including (34/786Q1326%) in the suth
Asian population with only one reportedhomozygous stat The second variant
c.334C>Twas found at a frequency of 0.859% @&(B38)in dbSNP1421511260990%

a frequency 0f0.86% (43/5000) in 1000 Genomes andt a frequency 00.86 %
(1048121363 in the EXAC databas@cluding 63416512 3.32%) in the suth Asian
population withtenhomozygouslleles. Moreover, dack of amino acid conservation of

the F2520 and V112 residues in vertebrates suggests that these variants may be benign.

Sanger sequencing of the terminal exorEdfS,which was not covered by the
capture reagent, failed to identify any other variants in the genomic DNA of the affected
case However, it was noted that one ofENé&variants (c.7558A>Cp.F2520L) disrupts
the second laminin G subdomain which is essefaratormal protein functioKhan et
al., 2010) Furthermore, previously generated Affymetrix 6.0 SNP chip analysis showed
that there were two large regions of homozygosity shared between the two affected
individuals (2833 and 2910): chr6: 47,001,6188,893,510 in hgl9, with a size of 41.9
Mb and chrl6: 31,656,08048,554,250 in hgl9, with a size of 16.9 NEX Swas in the
largest region spanning chr6:64,429,&%531,616 in hgl9, suggesting that one or both
of theseEY Svariants may be the pathegjc cause of disease in these cases. These results

were considered to be uncertain and remain to be proven.
I OO
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Figure 3.14. Redigree of family MA4. Individuals from whom DNA was available are numbered

and the proband is indicated by an arr@daptedfrom Watson et al., 2014).
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Chr: Position : Gene :Coding Effect cDNA change4 Protein change BLOSSZUM Acc;l\a/\ SSD presdli'(::-tI;m prl\élgtt)ti)n Zygosity Protein Domain Segregate
1 5969225 NPHP4; missense | NM_015102.3:c.1490C>G: p.Pro497Arg -2 CO Deleterious bad Het

1 194544183 ABCA4: missense | NM_000350.2:c.1319A>G: p.Tyr440Cys -2 C15 | Tolerated: good Het Rim ABC transporter

1 119729796 CRB1: missense NM_201253.2:c.484G>A | p.Vall62Met 1 CO | Tolerated: good Het EGF

1 121584864 USH2A. missense | NM_206933.2:c.12608A>G p.GIn4203Arg 1 CO | Tolerated; good Het Fibronectin, type IlI

4 :12366304¢ BBS12: start loss NM_152618.2:c.1A>C p.? NA NA NA NA Het

4 :118711869:CYP4VZ missense NM_207352.3:c.6106A p.Ala204Thr 0 CO Deleterious bad Het Cytochrome P450

6 | 64498971 EYS missense NM_001142800.1:c.7558>G: p.Phe2520Leu 0 CO Tolerated : unknown: Homo Laminin G, subdomain 2 YES
6 66204970 EYS missense | NM_001142800.1:c.334C>1 p.Valll2lle 3 CO :Tolerated: good Homo YES
6 113572608¢ AHI1 frameshift NM_017651.4:c.2988delT:p.Val997Serfs*2(  NA NA NA NA Het

8 187645092 CNGB3: missense | NM_019098.4:c.1208G>A: p.Arg403GIn 1 CO Deleterious bad Het

9 110305923: INVS missense | NM_014425.2:c.2819G>A: p.Arg940GIn 1 CO  Tolerated: good Het 1Q motif, EF-hand binding site

10: 73537449 CDH23: missense | NM_022124.5:c.4858G>A: p.Vall620Met 1 C15 :Deleteriou¢ bad Het Cadherin

11: 76893481 MYO7A missense | NM_000260.3:c.3121G>T: p.Vall041Phe -1 CO .Deleterious good Het MyTH4 domain
12:48371141COL2A1 missense | NM_001844.4:c.3235G>A: p.Alal079Thr 0 CO | Tolerated: good Het

15! 12084 :NR2E3: missense | NM_014249.2:c.1186G>A: p.Gly396Arg -2 C65 Deleterious unknown: Het Retinoid X receptor
1763221207 RGS9: missense NM_003835.3:c.1495T>C: p.Ser499Pro -1 CO :Deleterious unknown: Het

1772916365 USH1G: missense NM_173477.2:c.566G>A | p.Arg1l89GIn 1 CO | Tolerated: good Het

1779502218 FSCN2: missense | NM_001077182.2:c.967G>¢ p.Ala323Thr 0 CO | Tolerated: good Het Fascin domain

X 132509447 DMD missense NM_004006.2:¢c.2569C>T: p.Pro857Ser -1 CO | Tolerated: good Hemi Spectrin repeat

Table 3.14. List of candidate variants after alignment, variant calling and filtering for patient 2833 (male) for family MA4Teasted variants afncertain
significanceare orange shade@hr = chromosome, NA = not annotated, Homo = homozygous, Het = heterozygous and Hemi = henfiggptes] from
Watson et al., 2014).
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3.2.2.2 Genetic analysis of family MA5

For family MAS5, the hisbry suggests dominant inheritance of a CRD phenotype
(Figure 3.15) but Xinked inheritance is also possible. The filtered variant list following
analysis of patient 2278 included six variants (Table 3.15). Based on the phenotype and
mode of inheritance,ame were highlighted as possible causative variants for CRD in this
family. However, all variants were tested for segregation and all were either shown to be
sequencing artefacts or they did not segregate with the disease phenotype in the family.

MAS DNA
I
/'2278

DNA

II

2249

Figure 3.15. Redigree of family MAS. Individuals from whom DNA was available are numbered

and the proband is indicated by an arr@dapted from Watson et al., 2014)

3.2.2.3 Genetic analysis of family MA12

For family MA12, the family history suggested consanguineous recessive
inheritance and affected individuals were diagnosed with CRD (Figure 3.16). According
to the zygosity of variants generated from targeted sequencing of case 1024 (Table 3.16),
one homoygous splice variant iPROM1and two heterozygous missense variants in
CDH23werehighlighted as possible candidate causative variants for the disease. Neither
though are a perfect fit for the phenotype. Recessive mutatid?R@M1lcause severe
RP with macular involvemeniZhang et al., 2007and recessive mutations @DH23
usualy cause USHBork et al., 2001) The absence of segregation in other family
members suggested that these variants were not the pathogenic cause of disease in this
family.

MAI12

DNA DNA

I (=0

1051 1689

1092 1645 1046 1047 1024

Figure 3.16. Redigree of family MA12. Individuals from whom DNA was available are

numbered and the proband is indicated by an argdslapted from Watson et al., 2014).
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Chr: Position : Gene (Coding Effect cDNA change Protein changeBl‘oeszl‘"\/I Acgl\a/‘ SGSD presdli'(::-tI;m pr'\éléoi‘;imZygosity Protein Domain Segregate
1 21584437; USH2A | missense NM_206933.2:¢c.14074G>A | p.Gly4692Arg -2 C65 Deleteriou: bad Het Fibronectin, type IlI No
2 19694297¢SNRNP20  missense NM_014014.4:c.5933G>C | p.Gly1978Ala 0 CO | Tolerated good Het Sec63domain No
10:1333648¢ PHYH missense NM_006214.3:c.356C>T p.Thr119Met -1 CO Deleteriou: bad Het PhytanoylCoA dioxygenase No
16:1628410: ABCC6 | missense NM_001171.5:c.1553G>A p.Arg518GIn 1 CO | Tolerated good Het transmembrane domain No
16 :53653005RPGRIP1l missense NM_015272.2:¢.3548C>G | p.Alal183Gly 0 CO Deleteriou; bad Homo No
X 349076224 CACNALF In-frame NM_005183.2:c.2442_2444dupT¢ p.Glu825dup: NA NA NA NA Het A

Table 3.15. List of candidate variants after alignment, variant calling and filtering forpatient 2278 (female) for family MA5.Chr = chromosome, NA =
not annotated. Homo = homozygous. Het = heterozygous and A = aif&tiagited from Watson et al., 2014).

Chr : Position : Gene :Coding Effect cDNA changel2 Protein change: BL0682UM ACSI\; SSD presdli'z-tI;m prhélcﬁcpti)n Zygosity Protein Domain Segregates

15982162 PROM1: splicing? | NM_006017.2:c.2374dupG p.? NA NA NA NA Homo NO
5304 CFB missense NM_001710.5:c.26 T>A p.Leu9His -3 CO Deleteriou bad Het Complement B/C2

9 | 2718127 KCNV2 missense | NM_133497.3:c.388A>C = p.Thr130Pro 1 CO Deleteriou; bad Het d:;;ﬁ;ﬂ;‘{f‘;ﬁggg’r'n‘ggaa%

10 : 73553052 CDH23: missense | NM_022124.5:c.6367G>A; p.Gly2123Arg -2 C65 Deleteriou bad Het Cadherin NO

10 : 73563067 CDH23: missense | NM_022124.5:c.7762G>C: p.Glu2588GIn 2 CO | Tolerated: good Het Cadherin NO

12 176740134 BBS10: missense | NM_024685.3:c.1631A>G: p.Asn544Ser 1 CO | Tolerated: good Het

12 188454728 CEP29C missense NM_025114.3:c.6401T>C: p.lle2134Thr -1 CO Deleteriou bad Het

16 156534761 BBS2 splicing? | NM_031885.3:¢.1397+5C>t p.? NA NA NA NA Het

17 163221207 RGS9: missense | NM_003835.3:c.1495T>C: p.Ser499Pro -1 CO Deleteriou; unknown: Het

17 172916338 USH1G: missense NM_173477.2:c.593A>C | p.His198Pro -2 CO ' Tolerated: bad Het

20 :1062583C JAG1 missense NM_000214.2:c.2188A>G: p.Met730Val 1 Co Tolerated bad Het EGF, extracellular

Table 3.16. List of candidate variants after alignment, variant calling and filtering for patient 1024 (male) for family MA12Chr =chromosome, NA =

not annotated, Homo = homozygous and Het = heterozy@ddapted from Watson et al., 2014).
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3.2.2.4 Genetic analysis of family MA13

For MA13, family history suggedderecessive inheritance of RAd&re 3.17). On
the basis of zygosity and assumed recessive inheritance, the variant list generated from
case 863 (Table 3.17) identified missense variantSRR98and MYO7Aas the best
candidates, though mutations in these genes usually cause recess@resihdrome
(Jacobson et al., 2008&egregation analysis confirmed that these variants were not the
cause of disease symptoms in this family.

MA13 I

IT

DNA

II

9206
DNA DNA DNA DNA DNA
v O
/' 863 208 207 9205 904

Figure 3.17. Redigree of family MAL3. Individuals from whom DNA was available are

numbered and the proband is indicated by an arslapted from Watson et al., 2014).

3.2.2.5 Genetic analysis of family MA14

For MA14, family history suggested RP with recessive inheritance due to an
autozygous mutation in each case (Figure 3.18). The variant lists for patient 1518 (Table
3.18) identified two heterozygous variantsBBS12and one inFSCN2as possible
candidatesthough neither option appeared to fit the observed phenotype perfectly.
Following analysis of the other affected sibling (1527) these variants were shown to be
either sequencing artefacts or they did not segregate with the disease phenotype and so
were urikely to be the pathogenic cause of disease in this family.

MA14 I

II

III

1517

DNA DNA

v ,1518 1527
Figure 3.18. Redigree of family MA14. Individuals from whom DNA was available are

numbered and the proband is indicated by an argdslapted from Watson et al., 2014).
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Chr : Position : Gene %223'2? cDNA change Zr](;tsg; BLO682UM Acc;l\all SSD preSdIi'(::-tI;on pr'r;‘;:zn Zygosity Protein Domain Segregate
4 110050313t MTTP :missenst NM_000253.2:c.136C>G p.Arg46Gly -2 CO ' Tolerated: good Het Lipid transport protein, Nermina

5 189924514 GPR98 :missenst NM_032119.3:¢c.1374T>A p.Phe458Let 0 C15 Deleteriou: bad Het No

5 190149261 GPR98 missenstNM_032119.3:¢.17365A>(p.Lys5789Gl CO ' Tolerated: good Het A

9 | 2718127) KCNV2 missenst NM_133497.3:c.388A>C. p.Thr130Pre -1 CO Deleteriou  bad Het KCha””tee'ir;ﬂﬁ?zeaﬁgﬁe”dem’

9 111726694: DFNB31:missens: NM_015404.3:c.140C>A: p.Thr47Asn CO ' Tolerated: good Het

11 176891457 MYOT7A :missensi NM_000260.3:¢c.2624C>(C p.Ala875Gly CO | Tolerated: bad Het No
11 :7691063C MYOTA missens¢ NM_000260.3:c.4619C>1p.Alal540Va CO : Tolerated: unknown Het FERM domain No

Table 3.17. List of candidate variants afterlignment, variant calling and filtering for patient 863 (female) for family MA13. Chr = chromosomeHet =

heterozygous and A = artefa@Adapted from Watson et al., 2014).

Chr : Position : Gene %?._%'2? cDNA changel4 Z:c:negé BL%SZUM AC(-:‘I\all SSD presdli'f::[I;m prl\élc'joi‘(':at:z)n Zygosity Protein Domain Segregate
4 115517532 CC2D2A: missenseNM_001080522.2:¢.922T>p.Phe308Le! 0 Co Tolerated good Het
4 112366471t BBS12 : missense NM_152618.2:c.1663G>£ p.Glu555Lys 1 Co Tolerated good Het ChaperonirCpn60/TCP1 A
4 112366506; BBS12 : missense NM_152618.2:c.2014G>£ p.Ala672Thr 0 C55 | Deleterious bad Het No
5 178418541 GRM6 ' missense NM_000843.3:c.733A>G p.lle245Val 3 C15  Tolerated .  bad Homo Ex”ace”‘;fcre'ir?t‘;‘?ebi”di”g
6 72892192 RIMS1 | missense NM_014989.4:¢c.1019C>1 p.Ala340Val 0 Co Tolerated good Het
6 113719333; PEX7 | splicing?: NM_000288.3:c.74&dupT p.? NA NA NA NA Het
9 | 2718127 KCNV2 | missense NM_133497.3:c.388A>C p.Thr130Prc 1 CO  Deleterious bad Het KCha””ti't'r;ﬂﬁ?faﬁgﬁe”dem
11 16628302C BBS1 : missense NM_024649.4:c.442G>Ap.Aspl48Ast 1 Co Tolerated good Het
11 111921633¢ MFRP | missense NM_031433.2:c.433G>A p.Glyl45Arg -2 C25 | Deleterious bad Het CuB
16 | 53705492RPGRIP1l missense NM_015272.2:¢.1033C>£ p.GIn345Lys 1 Co Tolerated good Het
17 163221207 RGS9 ' missense NM_003835.3:c.1495T>C p.Ser499Prc -1 CO ' Deleterious unknown Het
17 179495853 FSCN2 : missenseNM_001077182.2:c.296G> p.Arg99Leu -2 CO | Deleterious bad Het Fascin domain A

Table 3.18. List ofcandidate variants after alignment, variant calling and filtering for patient 1518 (female) for family MA14.Chr = chromosome, NA

= not annotated, Homo = homozygous, Het = heterozygous and A = al&éiagited from Watson et al., 2014).
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3.2.2.6 Genetic analysis of family MA17

For family MA17, the family history suggested recessive inheritance of RCD
caused by an autozygous mutation (Figure 3.19). Based on the zygosity, no obvious
candidates could be identified frohmetfinal variant list of patient 3347 (Table 3.19).

MA17
I (I

R
i o N
e

/' 3347 3348

Figure 3.19. Redigree of family MAL7. Individuals from whom DNA was available are

numbered and the proband is indicated by an arslapted from Watson et al., 2014).

3.2.2.7 Genetic analysis damily MA19

For family MA19, the family history suggested recessive inheritance of RCD with
an autozygous mutation (Figure 3.20). The variant list of patient 1885 (Table 3.20)
identified compound heterozygous variant€D2D2AandPCDH15as well as a vaaint
in WFS1with a high pathogenicity profile as possible candidates although none of the
options appeared to fit the observed phenotype perfectly. Analysis of family members
from whom DNA was available confirmed three of the putative variants were &stefac
and the remaining ones in CC2D2A and WFS1 did not segregate with disease.
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Figure 3.20. Redigree of family MA19. Individuals from whom DNA was available are

numbered and the prabd is indicated by an arronAdapted from Watson et al., 2014).
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24365231
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90024663
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Gene

NPHP4
HMCN1
USH2A
SDCCAG¢
VCAN
GPR98
PEX1

KCNV2
TLR4
PAX2

FzZD4
CEP290
OFD1

Coding
Effect

missens:
missens:
missens:
missens:
missens:
missens:

missens:
missens:
missens:
missens:

missens:
missens:

missens:

cDNA changel7

NM_015102.3:c.1490C>G
NM_031935.2:¢.4515C>G
NM_206933.2:c.4412G>C
NM_006642.3:c.1986G>T
NM_004385.4:c.2628T>A

NM_032119.3:c.10339G>A

NM_000466.2:c.686A>G
NM_133497.3:c.388A>C
NM_138554.3:c.722A>G

ENST00000370296.1:¢.914C:

NM_012193.3:c.1455G>T
NM_025114.3:¢.5237G>A
NM_003611.2:c.781G>A

Protein change

p.Pro497Arg
p.Aspl505Glu
p.Argl471Thr
p.Arg662Ser
p.His876GIn
p.Glu3447Lys
p.Asn229Ser

p.Thr130Pro
p.Asn241Ser
p.Ser305Leu

p.Leu485Phe
p.Argl746GIn
p.Val26llle

BLOSUM
62

AGVGD
class

co
Cco
co
Cco
Co
Cco
Cco

Cco
Cco
Co

Co
Co
Co

SIFT
prediction

Deleterious
Tolerated
Tolerated

Deleterious

Deleterious
Tolerated
Tolerated

Deleterious
Tolerated
Tolerated

Deleterious
Tolerated
Tolerated

MAPP
prediction

bad
good
good
bad
bad
good
unknown
bad
good
good

bad
good
good

Zygosity
Het
Het
Het
Het
Het
Het
Het

Het
Het
Het

Het
Het

Hemi

Protein Domain

Immunoglobulin tset

EAR

K channel, voltage
dependent, K tetramerizati

Toll-like receptor

Pairedbox protein 2 €
terminal

Frizzled protein

Segregates

Table 3.19. List of candidate variants after alignmentyariant calling and filtering for patient 3347 (male) for family MA17. Chr = chromosome, Hemi

= hemizygous and Het = heterozygo{#sdapted from Watson et al., 2014).
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Chr : Position : Gene CEoﬁdégtg cDNA changel9 Protein change BLOSSZUM Ail\all SSD preSdIi':::rI;on pr'r;‘;:zn Zygosity Protein Domain Segregated
1 121627042; USH2A : splicing?: NM_206933.2:c.4758+3A>C p.? NA NA NA NA Het

4 15982162 PROML | splicing?! NM_006017.2:c.2374dupG p.? NA NA NA NA Het

4 : 6303810; WFS1 | missense NM_006005.3:c.2288A>C p.His763Pro -2 C15 Deleteriou bad Het NO
4 15513014 CC2D2A  in-frame '\"-001080522.2:6085. 087, Gpoadel | A NA NA NA Het NO
4 115539735 CC2D2A: missense NM_001080522.2:¢.1978G>  p.Val660Leu 1 Co Tolerated good Het A
4 :12366506; BBS12 : missense NM_152618.2:c.2014G>A: p.Ala672Thr 0 C55 Deleteriou bad Het

5 190149261 GPR98 | missense NM_032119.3:c.17365A>G p.Lys5789Glu 1 Co Tolerated good Het

6 :13578729: AHI1  missense NM_017651.4:c.404A>C p.GIn135Pro -1 CO Tolerated: unknown Het

8 187645092 CNGB3 | missense NM_019098.4:c.1208G>A: p.Arg403GIn 1 CO  Deleteriou bad Het

9 12047657 TLR4 | missense NM_138554.3:c.2164A>G  p.lle722Val 3 C25 Deleterioui  bad Het To"’ri]r;tr‘f]g%;;ralorrsgﬁpto

10 : 55582584 PCDH15 ;frameshift NM_001142763.1:c.4923del p.Glu1642Argfs*5.  NA NA NA NA Het A
10 :5572160C PCDH15: missense NM_001142763.1:c.2936A>  p.Tyr979Ser -2 CO  Deleteriou good Het Cadherin A
12 176740134 BBS10 | missense NM_024685.3:c.1631A>G p.Asn544Ser 1 Co Tolerated good Het

X 13185485€¢ DMD | missense NM_004006.2:c.7179A>C: p.Lys2393Asn 0 CO  Deleteriou bad Het Dystrophin/utrophin A

Table 3.20. List of candidate variants after alignment, variant calling and filtering for patient 1885 (male) for family MA19Chr = chromosome, NA =

not annotated, Het = heterozygous and A= artefAdapted from Watson et al., 2014).
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3.2.2.8 Genetic analysis of family MA20

For family MA20, the history suggested RP with recessive inheritance due to an
autozygous mutation (Figure 3.21). The variant list of case 472 (Table 3.21) identified a
single homozygous missense variantTiRPM1 as well as compound heterozygous
variants h CEP290and a variant irCA4,though none of these candidates appeared to
exactly fit the observed phenotype. As suspected, these variants were either artefacts or
failed to segregate with disease in this family, suggesting that the pathogenic cause of

disease has yet to be identified.
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Figure 3.21. Redigree of family MAZ20. Individuals from whom DNA was available are

numbered and the grand is indicated by an arropAdapted from Watson et al., 2014).

112



Chr ; Position Gene %‘#22? cDNA change20 Protein change BLOGSZUM ACé‘l\all SsD presdlilczz-tI;m pr'gl('joi\clzjtli?)n Zygosity Protein Domain Segregates
2 111090441t NPHP1 splicingz NM_000272.3:c.1438C>T p.? NA NA NA NA Het

2 196955677 SNRNP20C missens: NM_014014.4:c.2800A>G: p.Thr934Ala 0 Co Tolerated good Het

5 190149261 GPR98 :missensi NM_032119.3:¢.17365A>C p.Lys5789Glu 1 Co Tolerated good Het

6 142689868 PRPH2 :missensi NM_000322.4:c.205G>T: p.Val69Leu 1 Cco Tolerated good Het Tetraspanin

6 13577694t AHI1 missens: NM_017651.4:c.1270A>G; p.lle424Val 3 Cco Tolerated good Het

11 176891457 MYOTA :missensi NM_000260.3:c.2624C>G p.Ala875Gly 0 Co Tolerated bad Het

12 18847299€¢ CEP290 :missenst NM_025114.3:c.5237G>A p.Argl746GIn 1 Co Tolerated good Het A
12 18851903¢ CEP290 :missens: NM_025114.3:c.1173G>T: p.Glu391Asp 2 Co Tolerated good Het A
15 131318408 TRPM1 :missenst NM_002420.4:c.3497A>T: p.His1l166Leu -3 Co Tolerated good Homo NO
17 :5823396€ CA4 missenst NM_000717.3:c.158C>T : p.Pro53Leu -3 C65 | Deleterious bad Het :Alpha carboni@nhydrase A
17 163221207 RGS9 missenst NM_003835.3:c.1495T>C: p.Ser499Pro -1 Co Deleterious unknown Het

X 132459412 DMD missens: NM_004006.2:¢c.3805C>A: p.His1269Asn 1 Cco Tolerated good Het Spectrin/alphactinin

X 38163895 RPGR missensi NM_001034853.1:c.927G> p.Leu309Phe 0 CO  Deleterious  good Het Refgjr:‘éfrzsogﬂ‘;hrff’ggéoln

Table 3.21. List of candidate variants after alignment, variant calling and filtering for patient 472 (male) for family MA20Chr = chromosome, NA =

not annotated, Homo = homozygous, Het = heterozygous and A = art&tiaqtted from Watson et al., 2014).



3.3 Discussion

In the work described in this chapter, the genetic basis of retinal dystrophy was
investigated in twenty families using targeted capture enrichment anehertation
sequencing technologyiKkely pathogenic mutations were identified in 12 out of 20 cases
(60%). A list of these mutations is highlighted in Tabl223The mutations consisted of
previously reported mutations of clinical significanc&ABCA4(c.6088C>T, p.R2030* and
€.5882G>A, p.G1961ERDH12(c.601T>C, p.C201R and c.506G>A, p.R169RPROM1
(c.1117C>T, p.R373C),GUCY2D (c.2512C>T, p.R838C),RPGRIP1 (c.3565C>T,
p.R1189%), BBS2(c.1895G>C, p.R632P) an8PATA7(c.253C>T, p.R85* ); and new
mutations inCRB1(c.2832_2842+23del)JSH2A(c.12874A>G, p.N4292DRP2(c.884
1G>T) andABCA4(c.3328+1G>C). In eight cases the pathogenic mutation could not be

unambguouslyidentified

3.3.1. How useful was the targeted capture reagent?

The approachused in this study iffered from previously described methods
(Harakalova et al., 201which usually pool the samples after the hybridization step to
multiplex onto ondane of the sequencer. Instead the samples were tagged and pooled in
batches of four prior to enrichment. This approach refined the use of the targeted capture
technology, facilitating the enrichment of exons from pooled samples using a single aliquot
of capture reagent. This technology contributes to the development of a RD diagnostic
screening method that might benefit RD patients by reducing costs associated with using a
single aliquot of capture reagent to successfully analyse up to four samplesnglea si

experiment.

The strategy used in this chapter succeeded in detecting the causative mutations in
60% (12/20) of the patients tested. The mutations included single nucleotide (missense,
nonsense and splice site mutations) and indel (insertion and deletion) changeistibain
homozygous or heterozygous (dominant and compound heterozygous) forms. The use of
targeted nexgeneration sequencing for retinal disease diagnosis has been previously
described, using a range of target enrichment methods. Studies detailimgea afa

approaches are listed in Table 3.23.
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Coding Protein AGVGD SIFT MAPP

Inheritance

|D) Diagnosis Chr Position Gene BLOSUM62 Zygosity

Pattern effect change class prediction prediction

MA1 LCA Rec. 1 197398744 CRB1 FS NM—201253'2'(:'2832—284%23 p.? NA NA NA NA Homo

MA2 CRD Rec/Dom 1 94471056 ABCA4 NS NM_000350.2:c.6088C>T p.Arg2030* NA NA NA NA Homo

MA3 RP Rec. 1 215848379 USH2A MS NM_206933.2:c.12874A>G p.Asn4292As; 1 C15 Deleterious bad Homo

MA4 RP Rec. None confirmed

MA5S CRD/MD Dom. None confirmed

MAG6 RP Rec. 14 68193850 RDH12 MS NM_152443.2:c.601T>C  p.Cys201Arg -3 CO  Deleterious bad Homo

MA7 CRD Dom. 4 16014922 PROM1 MS NM_006017.2:c.1117C>T p.Arg373Cys -3 CO0 Deleterious bad Het

mag  RPwith - Dom/ X 46736939 RP2  SP  NM_006915.2:c.884G>T p.? NA NA NA NA  Homo

Maculopathy X-linked

MA9 CRDMD Dom. 17 7918018 GUCY2D MS NM_000180.3:c.2512C>T  p.Arg838Cys -3 C65 Deleterious bad Het

MA10 CRD Rec. 14 21813304 RPGRIP1 NS NM_020366.3:¢c.3565C>T p.Arg1189* NA NA NA NA Homo

MA11 RP Rec. 16 56530894 BBS2 MS NM_031885.3:c.1895G>C  p.Arg632Pro -2 C15 Tolerated bad Homo

MA12 CRD Rec. None confirmed

MA13 RP Rec. None confirmed

MA14 RP Rec. None confirmed

MA15 CRD Rec. 14 88883069 SPATA7 NS NM_018418.4:c.253C>T p.Arg85* NA NA NA NA Homo

MA16 LCA Rec. 14 68193755 RDH12 MS NM_152443.2:c.506G>A p.Arg169GIn 1 C35 Deleterious bad Homo

MA17 RCD Rec. None confirmed

MALS CRD Rec. 1 94508316 ABCA4 SP NM_000350.2:¢.3328+1G>C p.? NA NA NA. NA Het
94473807 ABCA4 MS NM_000350.2:c.5882G>A p.Gly1961Glu -2 C65 Deleterious bad Het

MA19 RCD Rec. None confirmed

MA20 RP Rec. None confirmed

Table 3.22. List of confirmed likely pathogenic mutations in the 20 patients studylhe family ID and diagnosis of the cases studied as well as the
chromosome and position of the mutation according to the human genome assembly hg19, gene, coding effect, cDNA andegmol&iurapBLOSUMG62,
AGVGD class, SIFT prediction, MAPP predicticand zygosity are showRec.= recessive, Dom.= dominaN#\ = not annotatedJomo = homozygous, Het

= heterozygous, FS = frameshift. NS = nonsense, MS = missense and SP = gptieipted from Watson et al., 2014).
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5 . Library preparation Number of Pathogenic
etecting
Authors

e O NGS instrument independent mutation
. P Method samples tested | identified (%)

454GS FLX Titanium (Roche)

(Bowne et al., 2011b) adRP 46 PCR amplicons GAIlx (lllumina) 21 5 (24%)
(Simpson et al., 2011) RP 45 Solid phase ctomised capture array (NimbleGel GAlIx (lllumina) 5 3 (60%)
(Shanks et al., 2013) RP & CRD 73 Solid phase customised capture array (NimbleG 454GS FLX Titanium (Roche] 36 9 (25%)
(Neveling et al., 2012) RP 111 Solid phase customised capture array (NimbleG 454GS FLX Titanium (Roche] 100 36 (36%)
(O'Sullivan et al., 2012) RDs 105 Liquid phase targeted SureSelect capture (Agile SOLID 4 (Life Technologies) 50 21 (42%)
(Audo et al., 2012a) RDs 254 Liquid phase targeted SureSelect capture (Agile GAlIx (lllumina) 13 7 (54%)
(Coppieters et al., 2012) LCA 16 PCR amplicons GAlIx (lllumina) 17 3 (18%)
Retinome project N ] . 0
(Watson et al., 2014) RDs 162 Liquid phase targeted SureSelect capture (Agilen GAlIx (Illumina) 20 12 (60%)
(Fernande®an Jose et al., 20! adRP 73 Liquid phase targeted SureSelect capture (Agile lllumina MiSeq 59 27% (16/59)
(Oishi et al., 2016) COD & CRD 193 Liquid phase targeted SureSelect capture (Agile lllumina HiSeq 2500 43 12 (27.9%)
(PerezCarro et al., 2016) RP 75 Liquid phase targeted SureSelect capture (Agile lllumina MiSeq a7 27(57.4%)

Table 3.23. Comparison of the methodological approaches in key recent publications that have used targeted high through@s for retinal disease
diagnosis.Retinome project is orange shadadRP = autosomal dominant retinitis pigmentosa=R&initis pigmentosa, CRD = comed dystrophy, ©D

= cone dystrophy, LCA = Leber congenital amaurosis ang=Ri@tinal dystrophies.
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Theseprevious studies includesblid phase capture arrag@impson et al., 2011;
Neveling et al., 2012; Shanks et al., 20@B)iquid phase capture arrag&udo et al.,
2012a; O'Sullivan et al., 201EernandesSan Jose et al., 2015; Oishi et al., 2016; Rerez
Carro et al., 2016 PCR amplicorbased approach€Bowne et al., 2011b; Coppieters et
al., 2012)have also been used. These methods are followed by sequencing on various
machines including the ABI SOLIBO'Sullivan et al.,, 2012)the [lumina Genome
Analyser (Simpson et al., 201Bowne et al., 2011b; Audo et al., 2012a; Coppieters et
al., 2012; Fernande3anJose et al., 2015; Oishi et al., 2016; PeZazro et al., 2016)r
the Roche 45{Bowne et al., 2011b; Neveling et al., 2012; Shanks et al., 2018)ese
studies of RD screening, the success rate in identifying the pathogenic mutation has varied
from 18% (3 out of 17 cases studi€@pppieters et al., 20129 60% (3 out of 5 cases
studied) (Simpson et al., 2011) with no correlation between the identification of the
pathogenic mutation rates and the library preparation methods or machines used for these

studies.

A 60% success rate (12 out of 20 cases studied) places the Retirupece girthe
higher end of mutation rate detection (Table 3.23). One possible reason felatgly
high mutation rate detection may be that the retinome project focused on studying families
with multiple affected members rather than single cases matfamily history. This
allowed us to assess the pathogenicity of candidate disaasmg variants by following
the transmission of the mutation with the disease phenotype. It is interesting to note when
studying isolated cases that several examplesdeofnovo mutations have been
demonstrated to be the cause of disddsveling et al., 2012; Shanks et al., 2013)
Another possible reason for the increased detection rate in this study is the high number
of consanguineous cases in the local Yorkshire population, which allows filtering on the

basis of zygosity.

Although the targeted capture approach is often used, it has a several limitations.
These include suboptimal capturing efficiency at repetitive regions due to binding
interference of the target DNA to homologous sequences, and lack of flexibility if new
regions need to be captur@dhou et al., 2010; Raca et al., 201@)the current reamt,

9 exons, including th@ PGRORF15that is known to be a hot spot for RD mutations

(Pusch et al., 2002; Yang et al., 200&)uld not be covered because of repetitive nature
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of the sequence, suggesting that these exons may have to be analysed using alternative
methods. In terms of data analysis, we observed a number of sequencing artefacts that
may be due to low coverage agault of pooling the DNA samples, low sequence quality

or inaccurate variant calling. In order to reduce the number of false negative results, the
stringency of variant calling algorithms was relaged the use of hard variant calibration

and filteringwas avoided This conservative approach to capture all possible variants
inevitably meant that there were also a number of false positives in the annotated variant
lists. Moreoverwith the rapid evolution of next generation sequencing technologies and
the costs coming down, the customized targeted approach described in this chapter is no

longer a cost effective method compared to WES.

3.3.2. The genes in which a pathogenic mutation was identified in the

families following cusbmized targeted capture andNGS

3.3.2.1. ACRB1 mutation was identified in family MA1 with a diagnosis of
LCA

A novel frameshift (deletion) mutation (c.2832_2842+23delCRB1gene was
identified as the likely causative mutation for LCA in family MAIRBL1is one of three
human homimgues of thédrosophilatransmembrane protein Crumfaien Hollander et
al., 1999) DrosophilaCrumbs is required for the maintewarof apicebasal cell polarity
and the adherens junction in embryonic ectodeapihelia and has a similar function in
adult fly retina(Tepass et al., 2001; Izaddoost et al., 20@RB1 is named after its
function in the fly since a homozygous lasfsfunction mutation in the gene causes a
failure in cuticle development rdsu i ng i n only a few fAcrumbso
Drosophilaembryo(Tepass and Knust, 1990) humansCRBL1is located on the long
arm of chromosome 1 (1g31.1). It encodes a 140H@ acid transmembrane protein
with a predicted size of 154 kDa and includes a short intracellular component as well as
a transmembrane domain and a long extracellular component that contains a signal
peptide, 19 EGHke domains and three laminin A-lixe domains. The Nnked
glycosylation motifs in the extracellular domain of CRB1 are responsibleNfor

glycosylation(Kantardzhieva et al., 2005; Gosens et al., 2008)
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CRBL1 protein is expressed exclusively in the brain and réderaHollander et al.,
2002)and required for appropriate photoreceptor morphogenesis. Mouse mutant models
of CRB1show disruptions in the outer limiting membrane and loss of adhesion between
photoreceptors and Muller cells. This leads to the displacement of photoreceptors and
progressive retinal degenerati@deman et al., 2011Crb1' / mice also have an irregular
number ad size of Muller glia cell villivan de Pavert et al., 2007he existence of
genetic modifiers is strongly suspecteddRB1mutant mice where the photoreceptor
degeneration varies strongly according to the genetic backg(dleidhlow et al., 2003)

This might explain why mutations in this single gdrave been associated with a wide
range of retinal phenotypes that have been described including ECRD, RP and
autosomal recessive familial foveal retinoschisis (arFFR). No clear gernatgoetype
relationship has been establishe€RB1diseas€éden Hollander et al., 2004; Elmtgerg

et al., 2013)For example, p.Cys948Tyr and p.Arg764Cysarats have been previously
associated with LCA, EORD, RP and arFFR in both homozygous and compound
heterozygous forms in patients of different ethnici{fésn Hollander et al., 1999; den
Hollander et al., 2001; Lotery et al., 2001; Booij et al.,, 2005; Tosi et al., 2009;
Bujakowska et al., 2012; Srilekha et al., 2015; Vincent et al., 20163 suggests that
genetic and/or environmental factors modify the expression oCRB1 phenotype.
However, increased retinal thickss with loss of lamination is a relatively constant
feature ofCRBZrelated human diseasgkcobsoret al., 2003; Henderson et al., 2011)

Here a novel frameshift mutation is reported as causing LCA in family MAL.
Among the LCA geng CRBL1is one of the most frequently mutated gemepresenting
9-13% of all LCA caseqden Hollander et al., 200§ able 1.6) Almost all CRB1
mutations that cause LCA, including the one reported here, occur in the long extracellular
component of the protein; 17 mutations occur in the #ikk~domains, 17 in the laminin
G-like domains, while only 2 are outside of these reg{des Hollander et al., 2004; den
Hollander et al., 2008; Vincent et al., 2016¢e the public domaimyww.uniprot.org,
while the intracellular domain forms complexes with intracellular proteins that result in

the Crumbs protein compléKantardzhieva et al., 2005; Bulgakova and Knust, 2009)
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3.3.2.2.ABCA4 mutations were identified in families MA2 and MA18 with a
diagnosis of CRD

Screening of families MA2 and MA18 diagnosed with CRD showedAB&1A4
was the causative gene for these cases. ABEA4 gene encodes the ATnding
cassette sublamily A member 4, a membrane transpotterated in the outer segment
disc membranes of rods and co(ésg et al,, 1997; Molday et al., 2000T he structure
of ABCA4 consists of two transmembrane domains (TMDs), two large glycosylated
extracellular domains (ECD) and two internal nuclechbdeling domains (NBDs)
(Linton and Higgins, 2007)ABCAA4 plays a significantale in visual phototransduction,
it prevents accumulation of the toxic retinoid derivatid-retinylidene
phosphatidyleth@olamine N-retinylidenePE) inside the disks by transporting it across
the photoreceptayuter segment disk membranes into the cytosol where it can dissociate,
allowing the released aftansretinal to enter the visual cyd{8ection 1.4.4§Beharry et
al., 2004; Tsybovsky et al., 2010)

Mutations in the gene encodiA CA4represent the most common cause of CRD,
accountirg for 30% of all reported casé@dlaugeri et al., 2000; Burke and Tsang, 2011)
More than 800 mutations in tiRBCA4gene have been implicated in three autosomal
recessive retinal phenotypes, CRD, STGD &t It is also associated with AMD
(Allikmets et al., 1997a; Cremers et d1998; MartinezMir et al., 1998; Fishman et al.,
2003; Molday, 2015) Thereis no clear genotype phenotype correlationABCA4
mutations. However the clinical manifestations ABCA4 mutation usually arRP or
arCRD with severe mutations, STGD with two mild or moderate mutations and AMD
with one milder heterozygous mutati@itozet et al., 1998; Cideciyan et al., 2004; Lorenz
and Preising, 2005; Valverde et al., 2007; Burke and Tsang, 2011; Rirea@z et al.,
2013) Here a homozygous nonsense mutation (p.R2030*) in one family, and compound
heterozygous mutations consist of a novel splicing mutation (c.3328+1G>C) and a
missense mutation (p.G1961E) were identified as the likely cause of CRD in families
MA2 and MA18 respectely. The grading system oRBCA4 retinopathy seems
consistent withthe results reported here. p.R2030* is located in the second nucleotide
binding domain of the ABCA4 protein and is predicted to either lead to inactive protein
or instability of the messger RNA due to nonsenseediated mRNA decafSingh et
al., 2006) while the G1961E allele is associated with macular atrophy and a trend to
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delayed onset of symptoms, relative to otftmanifestations oABCA4mutations(Cella
et al., 2009)

3.3.2.3. AnUSH2A mutation was identified in family MA3 with a diagnosis of
RP

A novel missense mutation IWWSH2Awas identified agausing an RP phenotype
in family MA3. Located on chromosome 1g41SH2Ahas two alternatively spliced
isoforms. The shot)SH2Aisoform a consists of 21 exons and theg USH2Aisoform
b consists of 51 addUSHZAE&udgndtal.e19298)hhe pratein t h e
usherin, encoded HySH2Aisoform b, is a transmembrane protein of 5,202 amino acids
(van Wijk et al., 2004). Usherin is expressed in the developing cochlear hair cells and the
photoreceptor @annecting cilium between the inner and outer segments where it is

required for the maintenance of retinal photoreceftotset al., 2007)

Mutations in theUSH2A gene were frequently reported in patients with Usher
syndrome type llA that is one of the subtypes of Usher syndrome, an autosomal recessive
condition in which patients have both RP and sensorineural héass(Sectiori.6.3.5.

More than 300 mutations including more than 70 different null alleles and several
different missense mutations have been identified in the two isoformsl@&tH2Agene

in patients withUSH2 (http://www.umd.be/ USH2A/gene. shtm(iBaux et al., 2007,
Dreyer et al., 2008)TheUSH2Agene appears to be the major cause of USH2, accounting
for approximately 50% to 75% of W& cases. Furthermore, 12% to%0of non
syndromic RP patients carry mutationsUSH2A making it alsothe most frequently
mutated genes in recessive RFNcGee et al., 2010)The genotypigphenotype
correlations ha@ not been very distinct in patients witltSH2Amutations. However,
certain mutations itJSH2A such as p.Glu767Serfs*21, have been associated mainly
with the syndromic phenotype, while p.Cys759Phe has been linked witbyndnomic

RP (Le Quesne Stabej et al., 2012; Blaikally et al., 2015; Lenassi et al., 2015)

The reason why some mutationsUSH2Alead to Usher syndrome type IIA and
others to nonsyndromic RP remains unknown. Among all the mutations that have been
identified, only one common mutatigp. Glu767Serfs*21) has been reported frequently

in several populations and has been found to have been derived from a common ancestor
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(Dreyer et al., 2001)while the majority are unique pathogenic mutations obdenmy

in one family (McGee et al.,, 2010)In addition, most patients have compound
heterozygous mutations and in some cases, the affected siblings have the same phenotype
with differences in the severity of the disedkenassi et al., 2015)his suggests that

each phenotype may be caused by a distinct set of genotypes.

3.3.2.4.RDH12 mutations were identified infamilies MA6 and MA16 with a
diagnosis of RP and LCA respectively

RDH12 located on chromosome 14923, has 7 exons and encodes an NADPH
dependent retinal reductase, belonging to afaohly of retinol dehydrogenases that
metabolize both alransretinal and 1ZXcis retinal to their corresponding retinols
(Haeseleerteal., 2002) They are also involved in the metabolism of other-regimoid
alcohols/aldehydeelyaeva et al., 2005RDH12 localizes to the inner segment of rod
and cone photoreceptdiidaeda et al., 2006)where it plays thisritical role in the visual
cycle (Haeseleer et al., 2002; Kurth et al., 20(5¢ction 1.44). Mutations in this gene
increase susceptibility to liglhduced photoreceptor apoptosis, leading to severe forms
of visual impairment such as LCA13 and EORIanecke et al., 2004; Perrault et al.,
2004; Maeda et al., 2006; ChaeGamacho et al2013; Kuniyoshi et al., 2014patients
with RDH12mutations shaed severe loss of VA at an early age and severe reductions
in ffERG amplitudes, whileRDH12" mice showed decreasing RDH activity, slowing in
the kinetics of altransretinal reduction, delaying dark adaptation and loss of the
photoreceptor outer segntaiter intense lighfMaeda et al., 2006; Swat al., 2007)

Five recessive mutations RDH12 were first reported in patients with EORD
(Janecke et al., 2004tlosely followed by identification of eleven distinRDH12
recessive mutations in patients with LGRerrault et al., 2004)To date, over than 60
differentRDH12mutations have been identified accounting for approximateryaof
autosomal recessive RD cag&hompson et al., 2005; Fingert et al., 2008; Valverde et
al., 2009; Mackay et al., 2011a; Yuédlmaz et al., 2014) These have been reported
predominantly in LCA patientglanecke et al., 2004; Perrault et al., 2004; Schuster et al.,
2007; Valverde et al., 2009; Avilgernanez et al., 2010; Walia et al., 2010; Chacon
Camacho et al., 2013; Beryozkin et al., 2014; Yaaehaz et al., 2014)ut also in
EORD (Janecke et al., 2@0 Valverde et al., 2009; Walia et al., 2010; Mackay et al.,
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2011a; Beryozkin et al., 2014; Katagiri et al., 20i4families with autosomal recessive
inheritance pattern and in a family with autosomal dominan{R®ert et al., 2008)

with no evidence for genotype/phenotype correlation in this dermelr study, we found

two missense mutations that had been described previously; one in the exon five of
RDH12(p.C201R)Sun et al., 2007ausng RP in family MA6 and the other in the same
exon (p.R169QjMackay et al., 2011ajausing LCA in family MA16.

3.3.2.5. APROM1 mutation was identified in family MA7 with a diagnosis of
CRD

In family MA7 with affected members that have CRD a previously reported
missense mutation iIRROM1(p.R373C)(Yang et al., 2008; Michaelides et al., 2010)
was identified to be the pathogenic cause of disease. The promiRRQMYJ) gene
encodes ai@ransmembrane domain protein containing 2 large, highly glycosylated
extracellular loops and a cytoplasmic {@lorbeil & al., 2001) PROM1localizes at the
base of the photoreceptor outer segment and interacts with protoca2th@Pi@DH21)
and with actin filaments, bothf which play critical roles in photoreceptor disc membrane
morphogenesi§yang et al., 2008)In addition to family MA7 reported here, five other
familieswith a heterozygous p.R373C mutation in BiRROM1gene have been identified
in previous studiegKkniazeva et al., 1999; Michaelides et al., 2003; Yang et al., 2008;
Michaelides et al., 2010)n all of these families, the p.R373C mutation produces an
autosomal dominant, fully penetrant retinopathy characterized by the consistent finding
of bull'seye maclopathy. There have also been cases of variable rod ecorue
dysfunction associated with this mutation, displaying marked-i@na interfamilial
variability, where the phenotypes ranged from isolated maculopathy without generalized

photoreceptor dysfiction to a very seve rodcone dysfunction and MD.

3.3.2.6. ARP2mutation was identified in family MA8 with a diagnosis of RP

A novel splicing variant irRP2 causes RP with macular involvement in family
MA8. The RP2gene encodes a polypeptide of 350raracids with a tubulin binding
cofactor C (TBCC) homology domain and aéfminal nucleoside diphosphate kinase
(NDK) homology domain(Schwahn et al., 1998; Chapple et al., 20RP2 has a
potentially distinct functional relevance in maintaining Golgi cohesion, targets proteins

to the plasma membrane and acts as a GTPase activating protéi f@ARL3, to
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control protein trafficking to the primary cil{&vans et al., 2006; Evans et al., 2010; Patil
et al., 2011; Schwarz et al., 2012)

Mutations in RP2 cause XLRP with an early age of onset and rapid disease
progression (Section 1.6.3.3). Mutations in RRGRgene are the most common cause
of XLRP, accounting for over 70% of all cas@gervoort et al., 2000; Breuer et al., 2002;
Branham et al., 2012jhile mutations in th&®P2gene account for approximately-15
20% of XLRP casefHardcastle et al., 1999; Breuer et al., 2002; Branham et al.,.2012)
Patients withRP2 mutations developed night blindness as an early symptom of the
disease, followed by peripheral retindegeneration and, eventually, loss of central
vision. Moreover, females can be affected as severely as their male counterparts
(Jayasundera et al., 2010; Churchill et al., 2013; Misky et al., 2Qllke RPGR
diseasecausing mutations iRP2are found to be spread more uniformly throughout the
gene, than those that are caused by mutationRAGRORF15. The majority of
pathogenidRP2mutations are null mutations, and it is likely that the novel splice matatio
found in this study is also a null mutation. Most of the missense mutations foRR2in
are in the TBCC homology domain and a pathogenic missense mutation in NDK domain
has been also report@dardcastle et al., 1999; Sharon et al., 2003; Pelletier et al., 2007;
Churchill et al., 2013)Mutations inRP2gene have been associated with only ocular
phenotypes, however RP2 is ubiquitously expressed in human tissues. This suggests that
RP2 has either a unique isofespecific funtion in the retina or a redundant role in other
tissueqEvans et al., 2006)

3.3.2.7. AGUCY2D mutation was identified in family MA9 with a diagnosis
of MD

A previously reportedsUCY2D mutation (p.R838C)Van Ghelue et al., 2000;
Wilkie et al., 2000)has been identified as causing dominant MD in family MA9. The
GUCY2Dgene(Section 1.7.4¢omprises 18 coding exons, that encode a 1103 amino acid
(120kD) membrane guanylate cyclase RetGetinal guanylyl cyclasé). This enzyme
and its associated activator proteins (GCAPS) are involved in the cGMP resynthesis that
is required for the rec@vy of the dark state after phototransduc{®eaction 1.4]Kelsell
et al., 1998; Hunt et al., 201@UCY2Dis expressed specifically in the retina where it

localizes to the nuclei and inner segments of rod and cone photoreceptors, but its
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expression is much higher in cones than in (@ighoor et al., 1994; Liu et al., 1994)
RetGG1 knockout (GC1ko) mice develop a cone dystroPfgng et al., 1999; Boye et
al., 2010)

To date, more than 130 mutations of (BECY2Dgene have been identified as
being responsible for retinal degeneratigislisell et al., 1998; Gregoigvans et al.,
2000; WeigellWeber et al., 2000; Downes et al., 2001b; Payne et al., 2001; Cremers et
al., 2002; Udar et al., 2003; Ito et al., 20044, Ito et al., 2004b; Yoshida et al., 2006; Smith
et al., 2007; den Halhder et al., 2008; Kitiratschky et al., 2008; AAlexandre et al.,

2009; Ugur Iseri et al., 2010; Gardtoyos et al., 2011; Xiao et al., 2011; Xu et al., 2013;
Zhao et al., 2013b; Jiang et al., 2015; Lazar et al., 2015; Oishi et al., Bl@béyzygous

or compound heterozygous mutations of @éCY2Dgene are one of the most frequent
causes of recessive LCA, accounting for 12 to 21% of this disorder, depending on the
population studiedCremers et al., 2002; den Hollander et al., 2008;-Alexandre et

al., 2009) Some recessiveUCY2Dmissense mutations in the catalytic domain such as
p.Pro858Ser and p.Leu954Pro, surprisingly shoiwedtro a dominannegative effect

in heterozygous carriers, indicating by a severe reduction in guanylyl cyclase activities
(Tucker et al., 2004 HeterozygoussUCY2Dmutations are one ohé major causes of
dominant CODCRD/MD, and over 35% of patients with these types of dystrophies have
mutations in this gen@ayne et al., 2001; Kitiratschky et al., 2008)

LCA-associate@UCY2Dmutations are scattered across@uéCY2Dgene, while
almost all thenmutations detecteid COD/ICRD/MD are located in exon 1(&elsell et al.,
1998; Gregoryevans et al., 2000; Van Ghelue et al., 2000; Wel&dber et al., 2000;
Downes et al., 2001b; Payne et al., 200dar et al., 2003; Ito et al., 2004b; Yoshida et
al., 2006; Kitiratschky et al., 2008; Hunt et al., 2010; Gartigos et al., 2011; Xiao et
al., 2011; Xu et al., 2013; Zhao et al., 2013b; Jiang et al., 2015; Lazar et al., D@d5)
only dominant CRD causing mutations that are not located in exon 13 are a complex
mutation p.1915T/p.G917R in exon 1#o et al., 2004apnd a homozygous mutation
p.1949T in exon 1§Ugur Iseri et al., 2010Moreover, the majority of the mutations in
exon 13 are clustered at codon 838 in whi
have been identifie(Kelsell et al, 1998; GregorjEvans et al., 2000; Van Ghelue et al.,
2000; WeigeHWeber et al., 2000; Wilkie et al., 2000; Downes et al., 2001b; Payne et al.,
2001; Udar et al., 2003; Ito et al., 2004b; Yoshida et al., 2006; Smith et al., 2007,
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Kitiratschky et al., 208; Hunt et al., 2010; Garcidoyos et al., 2011; Xiao et al., 2011,
Xuetal., 2013; Jiang et al., 2015; Lazar et al., 20H&plotype analysis has shown codon
838 to be a mutation hot sp@®ayne et al., 2001; Kitiratschky et al., 20@8)d the
mutatian that has been identified for MA9 (p.R838C) in this study is also located in this
hot spot.

3.3.2.8 A RPGRIP1mutation was identified in family MA10 with a diagnosis
of CRD

In family MA10, the affected members with CRD harbored a previously reported
norsense mutation IRPGRIP1(p.R1189*) (Abu-Safieh et al., 2013)Patients with
RPGRIPImutations develops a degeneration of both rod and cone photoreceptors with a
severe loss of central VA and nystagreasly in life(Dryja et al., 2001)The RP GTPase
regulator interacting protein 1, encoded®iyGRIP1 has differensplice variantwith
the largest encoding a protein of 1259 amino acids with a predmadéecular weight of
144 kDa [u and Ferreira, 2@). RPGRIP1contains twecoiled coildomains that are
homologous to those found in proteins involved in vesicular trafficking (Hong et al.,
2001). The central region &PGRIP1contains two C2 domains. Most LE#ssociated
missense mutations RPGRIP1are located in the segmehtt encodeshese twaCa*
binding C2 domaingRoepman et al., 2005RPGRIP1binds diretly to the RPGRwith
its Cterminal RPGR interacting domain (RID) (Boylan and Wright, 20RDGRis
mutated in the mayity of patients with XIRP and diseasassociated missense mutations
in the RCC1like domain of RPGR disrupt the interaction betwee®RRNARPGRIP1,
suggesting that this defect underlies the pathogenesis ¢RBEpman et al., 2000)

Previous studiefRoepman et al., 2000; Hong et al., 2001; Mavlyutov et al., 2002;
Lu and Ferreira, 2005; Shu et al., 200@ve shown a prominent localization of both
RPGRand RPGRIP1proteins in the ciliary structure that connects the inner and outer
segments of rod and cone photoreceptors. Studies of the retiR®®RIP1 ’dnd
RPGR / mice showed thaRPGRIP1prominently localized to the connecting cilium
(CC) without RPGR, but that the opposite was not the case, BIRER is absent in the
CC of photoreceptors lacking RPGR]ihdicating that RPGR is dependent on RPGRIP1
to be anchored to the connectinguaii (Zhao et al., 2003)This expression pattern of

RPGRIP1explains why mutations in the ubiquitously expressed RPGR only cause a
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photoreceptospecific phenotype (Hong et al., 2001). Missense mutations in the RID of
RPGRIP1 could lead to a gaiar lossof-binding to RPGRLu et al., 2005)Recessive
truncating mutations iIRPGRIP1such as the nonsense mutation that has been found in
this study in family MA10, are the most common mutatitoren that cause LCA6 and
account for 4% to 6% dhe total LCA patient populatiofLi, 2015).

3.3.2.9. ABBS2 mutation was identified in family MA11 with a diagnosis of
RP

A homozygous missense mutation in B&S2gene was identified in family MA11,
linking mutations in thd8BS2gene withpartially penetranRP. Recessive mutations in
BBS2havepreviously been associated with BBS (Section 1.6(B.6)sythe and Beales,
1993; Fattahi et al., 2014; Bee et al., 20BBS2is one of thewenty BBS genes that
have been identified and the majority of them are essential for the function of the
BBSome, the stable core of a protein complex involved in transporting membrane
proteins into and from ciliNachury et al.2007; Aldahmesh et al., 2014; Scheidecker et
al., 2014) Mutations in the BBS genes can account for more than 80% of BBS patients
while 20% of them still lack a molecular diagnogtedin et al., 2012)

Mutations inBBS2were identified in 2001 as a cause of B@8shimura et al.,
2001) Since then, more than 25 mutations have been identified as causing BBS.
Interestingly, specificBBS2 mutatons were reported to be involved in triallelic
inheritance with the presence of three mutant alleles inBB82andBBS6in affected
individuals in four BBS familiegKatsanis et al., 2001)n the same study, two individuals
who carried twdBBS2mutations but not 8BS6mutation were phenotypically normal,
suggesting thaBBS2may act as a modifier in contributing to complex disease. It is
interesting to note that one of the patients (AR171) reported in the previous study
(Katsanis et al., 2001yvas a compound heterozygote BBS2for p.D104A andthe
mutation that we found here, p.R632P (mistakenly reported as p.R634P by Katsanis et
al., 2001). This individual had also exhibited some of the clinical features of BBS
including obesity and polydactyly. The p.R632P mutation reported here produced
polydactyly in only one patient while the second has only RP, a result that further
demonstrates the complexity of thB@BSZ2related phenotypes and the probable

involvement of modifier genes. It is knowimat mutations in five BBS genean cause
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nontsyndromicor partially penetrantetinal degeneratiorBBS1mutations cause a wide
spectrum of phenotypes ranging from rgymdromic RP to BBEEstradaCuzcano et al.,
2012a) aBBS3missense mutation was reported to causesyodromic RP in a single
family (Aldahmesh et al., 2009& splicesite BBS8mutation was reported to cause non
syndromic RP in a single fami§Riazuddin et al., 2010 nonsens8BS12mutation
was reported to cause lataset retinal dysfunction with postaxial polyddgty a single
family (Pawlik et al., 2010and CEP290mutations can also cause reyndromic LCA
(den Hollander et al., 2006; Vallespin et al., 2007Tihe results reported here highlighted
BBS2as a sixth BBS gene that can capaetially penetrantetinal degeneration when

mutated.

3.3.2.10 A SPATA7mutation was identified in family MA15 with a diagnosis
of CRD

In family MA15, affected members with CRD had a previously described nonsense
mutation iNnSPATA7(p.R85*%) (Mackay et al., 2011b)The spermatogenesassociated
protein 7 SPATATis located on chromosome 14 at the LCA3 Igdang et al., 2009b)
and encodes to a protein expressed in the retina, brain and many other tissues, and
especially in the testes where it was first identiffgtlang et al., 2003)Despite the
apparent importance &PATA7N human eye disease, it has only one conserved protein
domain for a predicted coiletbil domain at amino ads 4977 (SMART: http://smart
emblheidelberg.de; ID=Q6FI63_HUMAN).

SPATA7Y directly interacts with the coilembil domain of RPGRIP1 at the
connecting cilium of photoreceptor cells where both ciliary proteins atecatized. In
the homozygous knockoututant mice $pata? /)'the level ofRPRGIP1in the retina is
greatly reduced at the connecting cilium and mislocalized to the inner segment followed
by mislocalization of the RHO and apoptotic photoreceptor cell dédilmit et al.,
2015). This functional interaction between SPATA7 and R plays a key role in
RPGRIPImediated protein trafficking across the connecting cilium between the inner
and outer segment of photoreceptor cells. The apoptotic degeneration of these cells
triggered by protein mislocalization is the most likely mecsianf disease pathogenesis
associated witlsPATA7mutations(Eblimit et al., 2015)
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Recessive mutations in tH8PATA7gene are associated with many types of
inherited RDs including LCA3, CRD and juvenile RP, accounting for about 1.7 to 4.6%
of LCA patients in British and Chinese populations respecti{dyrault et al., 2010; Li
et al.,, 2011; Mackay et al., 2011b; Kannabiran et2411,2; Matsui et al., 2016)he
mutation idenfied here inNSPATA7has been reported previously in six subjects from
three consanguineous families of Pakistani and Bangladeshi origin diagnosed with LCA
or severe autosomal recessive flackay et al., 2011bAll the patients who have this
mutation including the patients of MA15 family hate onset of sympins before six
years of agesuggesting that, this nonsense mutation may be associated with the early

onset of the disease.

3.3.3. What of the negative cases after cushized targeted capture and
NGS

The work described in this chapter leaves a residual cohort of patients andsamili
with RD that could not be resolved using the methods described. The mutations causing
RD in these patients may be in the RD genes known in 2010 when the retinome reagent
was made, but within regions that were not targeted, such as the regulatory or deep
intronic regions or one of the 9 exons of repetitive sequence not coveredreirtbme
reagent. Alspthe mutation may be a cryptic splice site created by one of the synonymous
variants that were removed during filtering. Alternatively,iingationmay be in one of
the 89additional genes that have been added to RetNet since the capturing reagent was
manufactured, or it may be in a new gene that has never been implicalRid. in
Nevertheless, this cohort serves as a powerful resource for furtheidgetiication
studies. Following WES of genomic DNA samples from these patients, several examples
of the latter two possibilities are described in the next chapter.
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Chapter 4. Using whole exome sequencing to find the
pathogenic mutations in prescreened inherited retinal
dystrophy families

4.1 Introduction

The introduction of NGS has enabled large scale sequencing experiments to be
undertaken in individual institutes. Although it took an international consortium 13 years
to generate the first drafeguence of the human genome, it is now possible to generate
the same amount of data in a matter of days at a fraction of the cost. This development in
sequencing technology has revolutionized gene identification studies as it is now possible
to identify muations by sequencing the exome or genome of affected patients. Although
commercial sequencing providers now prowti&S services, it remains a considerable
bioinformatic challenge to annotate all the remling data that is generated, and in
particular tofilter variants of potential significance from the huge amount of sequence
variation carried by each individual. Thus, the slightly cheaper option of sequencing only
the encoding parts of the genome, WHS a widely used research tool in gene
identificaion projects. The technology used for this is the same as that used in the
Retinome project (Chapter 3) but the capture array reagent targets all the exons in the
genome, as well as other regions of interest such as microRNAs, rather than just a subset
of genes known to be involved in inherited RDs. This chapter describes how this
technology was used successfully to identify the pathogeuatations causing inherited
RDs.

The work in this chapter focuses on analysing those families in which the causative
pathogenic mutation(s) was not identified by the targeted NGS strategy used in the
Retinome project (Chapter 3). Unfortunately, there was insufficient DNA for any of the
paients from family MA20 to allow further testing. Furthermore, the pedigree structure
of family MA12 (Figure 3.16 Chapter 3) looks like Minked inheritance and possibly a
mutation in ORF15 could account for the disease in this family. The exon ORF15 of
RPGRIs a nutational hot spot for XRP and one form of cone dystrophi&&rvoort et
al., 2000; Breuer et al., 2002; Pusch et al., 2002; Sharon et al., 2003; Branham et al.,
2012) However, ORF15 is difficult to sequence using traditional Sanger methods due to

130



a large segment of highly repetitive purine rich sequences in this exon. NGS technologies
are also currently unable to generate reliable sequentted@xon, which is why ORF15

was not tegeted in the Retinome projeé&{pendix 4). Due to these technical difficulties,

it was decided to leave family MA12 to one side. Families MA12 and MA20 were

therefore excluded from this study.

One or more affectemembers from each of the five remaining unsolved families
(MA5, MA13, MA14, MA17 and MA19) were screened using WES. Prior to screening,
microsatellite genotyping was performed to verify the pedigree structure of each family
using the methods described Bection 2.7.1. The WES library preparation was
performed following the methods described in Section 2. ¥0r&presentative exampsle
of the bioanalyser analysis after sansggleearing, and before and after hybridisation steps
are illustrated in Appendix. The WES analyses were carried out according the steps
described in Sectio2.10.2 andhemajor steps in the pipeline and the WES data filtration
criteria are illustrated in Figure 4.1. Genomic D®&m one affected member of MA14
and MA17 was also setd AROS Applied Biotechnology (Denmark) for hybridization
to Affymetrix 6.0 SNP chips. The genotype data obtained from this was analysed as
described in Section 2.7.2.
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Figure 4.1. Schematiaepresentation of the WES and variant detection data pipeline used
in chapter 4. The flowchart illustrates the major steps in the pipeline including (A) WES library
preparationmodified from http://www.genomics.agilent.com/article.jsp?pageld=3a84d)(B)

the informatics for variant detection, filtering and selection.
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4.2 Results

4.2.1 WES analysis of family MA5 identifies compound heterozygous

mutations in MFSD8 causing norsyndromic retinal disease

4.2.1.1 Clinical features of the affected members in family MA5

Family MAS is a norconsanguineous Caucasian family with three affected siblings
(two males and one female) who have been diagnosed with MD (Figure 4.2). A summary
of the clinical featureseported is shown in Table 4.1. All three patients had experienced
a progressive decline in visual acuity (VA) by the third or fourth decade of life, followed
by discomfort in bright light and delayed adaptation to dark. Night vision was reported to
be nomal. Electrophysiological testing identified localisedcuar dysfunction with a
normal ffERG(n=2). None of the individuals reported or displayed signs of neurological
symptoms. Fundus examination revealed centralraatinal atrophy, confirmed by
OCT, with a normal periphery in all cases (Figure 4B)F was reduced in the central
macula surrounded by a rim of increased autofluorescence. Examination findings for all

siblings were consistent with a clinical diagnosis of presumed autosomal redéBsive

I —0 O 0

m & o WM

1278 749 nn
MIM2 MI/M2 MIM2

Figure 4.2. Pedigreeof family MA5. The pedigree shows three generations of the family, with
three affected children in the lower generation born to unrelated, unaffected parents of Caucasian
origin. Individuals from whom DNA was available are numbetedfamily members for whom

DNA was amlysed by WESM1= ¢.1394G>A, p.R465and M2= ¢.1006G>C, p.E336Q
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Patient 2278 2749 2277
Ethnicity Caucasian

Age of onset 30 | 28 Early 30s

Symptoms at onset Gradual binocular reduction in visuatuity
Visual Acit BCVA (6/18 BE); final BCVA (6/24 BE); (Isg\égéRLEEGé?éS)Evﬁ{%S)i;anrT;Iel'Bﬁﬂ\éAé ( Final BCVA (6/60 BE); MSE

y MSE (-1D BE) ' P : (RE-3D, LE-3.5D)
1D BE)
Neurological symptoms None
: Electrophy§|o|ogy Central macular dysfunction only Central macular dysfunction only ND
(Slit lamp biomicroscopy)
Working diagnosis

Recessive macular dystrophy

BE: ill-demarcated area of central macu

BE: Well demarcated circular
Fundus photograph atrophy (31.5 DD) with paracentral aree ND area with a golden sheen
of hyperpigmentation. measuring 1.2 DD
OCT ND BE: Outer retinal atrophy at macula
Smaller circular (RE) and larger oval (LE .

Fundus autofluorescence ND shaped areas of decreased FAF surrour: FBE' C'rCUIﬁr area of rgdg‘ffq
(FAF) by halos of increased FAF towards the .AF centrally surrounded by
periphery ring of increased FAF on edge

Table 4.1. Summary of clinical data from the three patients 2278, 2749 and 2277 from family MABCVA = bestcorrected visual acuity, MSE =

meanspherical equivalent, RE = right eye, LE = left eye, BE = both eyes, DD = disc diameters, OCT = optical coherence torRédiapliyndus
autofluorescence, ERGetectroretinogram and ND= not done.
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Figure 4.3. Retinal imaging of patients 2278 (A), 2749 (B) & 2277 (C) from family MA%-or

2278 (A), colour photographs of the fundus for right eye (RE, al) and for left eye (LE, a2) show
ill-demarcated areas of central macular atrophy with a paracentral area of hyperpigmentation. For
2749(B), fundus autofluorescence (FAF) imagd®w smaller circular (RE, b1) and larger eval
shaped (LE, b2) areas of decreased FAF surrounded by halosredised FAF towards the
periphery. For2277 (C), colour photographs of fundus (RE, c1 and LE, chowed wel
demarcated circular area with a golden sheen, wtlémages (RE, ¢3 and LE, c4) showad
circular area of reduced FAF centrally surrounded bpgof increased FAF on edge3ptical
coherence tomography (OCT) for 2749 (RE, b3 and LE, b4) and 2277 (RE, c5 anddtifveé)l

outer retinal atrophy at the maculaages courtesy of Mr Martin McKibbin (St James Hospital,
Leeds).
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4.2.1.2 Genetic analysis of family MA5

Genomic DNA from two affected family members (subjects 2278 and 2749, Figure
4.2) was analysed by WES. The library preparation was performed using the
SureSelectXT Human All Exon reagent version 5 as describ&gdtion 2.10.1The
WES analysis of both individuals was carried out independently according to methods
described in 2.10.2. The quality of the output data was determined using FastQC tools on
the Galaxy platform. A representative example of the qualityrobreport for sample
2278 is shown in Figure 4.4. After quality control monitoring, the sequencing data was
aligned against the reference genome (hgl19/GRQIdiiy the Bowtie 2 program. The
data was then processed in SAM/BAM format using SAMtools ai@kG and a mean
depth of 56.43 and 59.68 reads per base was observed for subjects 2278 and 2749

respectively.

After annotation by ANNOVARS5 %6 1 @d6 J 5 variants were detected for
patients 2278 and 2749 respectively, including both heterozygous andzygous
changes. Filtration of variant lists was done according to the strategy described in Figure
4.1. For subject 2278, a total of 20,259 variants were detected in the exonic/splice (x2bp)
regions, but only 9,508 were nsgnonymous or indel variantsié only 827 of these
were found t @intb8NP442aEVSI20B0 Geriomes and EXAC databases.
The same filtering criteria were applied to the list of variants for subject 2749, producing
a total of2 0 , Wafki&gnts in the exonic/splice (x2bp) regipnscluding 9,751 non
synonymous and indel wvariants ®%fThe®ADDch 926 we
pathogenicity score was determined for each variant listed, and 121 and 201 candidate
variants with a CADD score >10 were identified respectively ireptt 2278 and 2749.

None of these variants occurred in genes that had previously been listed in the RetNet
database (accessed February 2015). Assuming a recessive mode of inheritance from the
pedigree structure, there were 15 homozygous variants ande$ geth compound
heterozygous variants that were shared between both these individuals. It was noted that
one of these genes wdFSD8 (encoding theMajor Facilitator Superfamily Domain
containing protein8) that was previously reported to have caused-syoromic
recessive MD in two familieRoosing et al.2015) MFSD8therefore became the top
candidate in this family.
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Figure 4.4. FastQC quality analysis report for sample 2278 from family MASA shows an
overview of the range of quality values across all bases at each position in the FastQC file. A box
whiskertype plot is drawn for each position. Red lines show the median value, yellow boxes
represent the integuartile range (255%), upper and lower whiskers indicate 10% and 90%
points, and the blue line represents the mean quality. -Bxésyon thegraph showshe quality

scores. The higher the score, the better the base call. The coloured zones on the graph divide the
y-axis into very good quality calls (green), reasonable quality calls (orange) and poor quality calls
(red). B shows the average tjtyaper read. C shows the sequence content of each base position
in a file for which each of the four normal DNA bases have been called. D shows the GC content
across the whole length of each sequence in a file and compares it to a modelled normal
distribution of GC contentSample 2278 represented hereVery good quality calls (green zone)

with zero flagged as poor quality from a total of 143,313,139 sequences , 39 ayebiyeper

read, little to no difference between the different bases of a segueun and a normal GC
distribution curve over all sequences.
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The compound heterozygous variants MFSDS8 identified in MA5 were
€.1006G>C, p.E336Q in exon 11 and ¢.1394G>A, p.R465Q in exon 13. To determine if
the variants were likely to be pathogenic ytheere assessed using five different
pathogert prediction tools (Section 2.12). Four out of five tools predicted that the
missense variants were probably damaging (Table MeXxt, public variant databases
were checked to determine the frequenciesotii lalleles (Section 2414). The variant
€.1006G>C was found at a frequency of 0.04% (2/5008) in doSNP142 (rs150418024), a
frequency of 0.19% (25/12981) in EVS, a frequency of 0.04% (2/5000) in 1000 Genomes
and at a frequency of 0.25% (287/115508) in V@&t from 60,706 unrelated individuals
in the EXAC database, while no ¢.1394G>A alleles were found in any of these databases.

Both alleles are therefore rare, compatible with a role in recessive disease.

Variant PolyPhen2 MutationTaster SIFT Blosum62* | CADD**
Probably damaging Disease causing Damaging Scaled €
p.E336Q o N Score +2
(score 1.000) (prediction probability 0.9999: (score 0.00) score = 35
Probably damaging Disease causing Damaging Scaled G
p.R465Q o . Score +1
(score 0.892) (prediction probability 0.9921: (score0.03) score = 33

Table 4.2. Pathogenic prediction scores for MFSD8 identified in family MA5The scores for

five different prediction software tools are shown for the tMBSD8 missense variants.

*Blosum62 scores range from +3 18 and negative scores are more likely to be damaging

substitutions. **CADD scores are reported as scalsd€Cor es and values O 20 rep

most deleterious changes predicted in the human genome

To confirm the mutations and to segregate them in the family, primer pairs were
designed to PCR across the candidate variants (Sections 2.4.1)Seci®n2.4.3),
agarose gel electrophoresis (Section 2.5) and Sanger sequencing (Section 2.8) showed
that theMFSD8variants segregated with the disease phenotype in a recessive manner in
the three family members tested (Figures 4.2 and 4.B#9.evolutionary coservation
of the mutated amino acids was assessed using ClustalW alignment (Section 2.14.5) and
the normal amino acid residues were fully conserved from human to mosqtitpes
4.5B). These results indicate that thelg-SD8 mutations are the cause dfet MD
phenotype in family MAS.
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A

M1 ¢.1006G>C, p.E336Q M2 ¢.1394G>A, p.R465Q

CAGGATTGGCCAGCGTGCTATTCTACT AAGTGGAGCCEARAIGATTCTTGCGGGCCTA
2278 2278

jﬁ“ :“”a ’J“ \
.M,A.A/\- R AARSRRRARLAANAS

AAGTGGAGCCCGGATTCTTGGGCCTA

‘Wild-type
:"\‘ ”x./\v" ;“‘w (1‘
2 8 i ’.,M_‘L\ ‘,.\L.l

Wild-type

g

Human ERAI -LLGGLIVVWVGFFILLPWG.........GPKPQGVYMGWLTASGSGARILGPMFISQVYAHWG NP_689991. 1
Mutant FLGVKLLSKKIGOR2 -LLGGLIWWVGFFILLPWG..............,GPKPQGVYMGWLTASGSGAQEILGPHFISQVYAHWGNP_689991.1
Rhesus macaque FVGVKLLSKKIGERAI-LLGGLIVVWVGFFILLPWG. GPKPQGVYMGWLTASGSGARILGPMFISQVYAHWG XP_002804236. 1
Chimpanzee FLGVKLLSKKIGERAI -LLGGLIVVWVGFFILLPWG. .GPKPQGVYMGWLTASGSGARILGPMFISQVYAHWG XP_526685. 2

Cattle FMGIKLLSKKIGERA
Dog FMGIKLLSKKIGERA
Mouse FMGVKLLSKKIGERA
Chicken FMVVKTLSKKTGERA

-LLGGLIIIWVGFFVLLPWG. .GPNPQGVYMGWLTASGSAARTLGPVFISQVYTAWG NP_001192752.1
-LLGGFIVVWVGFFILLPWG. .GPKPQGVYMGWLTASGSAARILGPVFISQVYTSHG XP_533294.3
-LLGGFVVVWVGFFILLPWG. .GPKPQGIYMGWLTTSGSAARILGPVFISHVYTYLG NP_082416.2
-LHGGLLIILIGFFILLPWG.........GPKPQGVYMGWLTASGSGARILGPVFVSQIYTHLG XP_004941064.1
Clawed frog  FLAVKILSKKTGER VL-LLGGLVIIWFGFFVLLPWG...A.,..,......GPKPQGLYMGWLTAAGSAARF.’LGPVFVSQIYTHI.G XP 002932088.1
Zebrafish FLVVKVVSARVGDRPL-LLGGLILIFVGFFMLLPWG. GPKPQGVYMGWLTASGSGAR*I’LGPVFVSHFYTILG NP_001038513.1
Fruit fly FVLIEPMCKIIAERYVLIWGGFSLMFLGRVLFVPWG. .GPRPQGVHMGWHI‘GSGCL#RVLGPVFVGS IYTRLGNP 648107.3
Mosquito FLMIDPLCKRFEE IHGGF!’IHVLGRAVYIPHS........‘..,..,GPRPQGMGIHTGSGCLQEELGPVFLSTIYTKYG XP 320177.4

Figure 4.5. Mutations in MFSD8 identified in family MA5. A. Electropherograms dfiIFSD8
(NM_152778) sequence around the compound heterozygous mutatiovi$ @f.1006G>C,
p.E336Q) andV2 (c.1394GA, p.R465Q) in patient 2278 from family MA5 and a wild type
control. B. Clustalw alignment of the normal amino acid sequenc#f$D8 showing
evolutionary conservation of the glutamic acid and arginine residues at positions 336 and 465
respectively.

4.2.1.3 Immunofluorescent localization of MFSD&n the retina

In light of the recent findings that mutationsNtFSD8can cause nesyndromic
retinal disease, the localization of MFSDS8 ie tletina was investigated usingdfaining
and confocal microscgpon mouse retinal sagittal sections. Mouse eyes from adult age
P30 wildtype mice were harvested, cryosections were prepared and IF staining
performed as @viously described (Section 2)17The primary antibody of a goat
polyclonal aniMFSD8was used & final dilution of 1:100 followed by the secondary
antibody, Alexa Fluor 568onjugated donkey amngjoat immunoglobulin at a final

dilution of 1:500. The nuclei were counterstained with DAPI at a final dilution of 1:1000.
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In addition, an independent sect was stained with secondary antibody only. Confocal
images were analysed using-EZ 3.50 (Nikon) softwareSection 2.18 The results

show that MFSD8s predominantly localized to the outer plexiform layer (OPL) in the
mouse retina (Figure 4.6T.he secondary antibody control showed that the labelling

observed was not due to nepecific binding of the secondary antibody.
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Figure 4.6.Immuno-localisation of MFSD8 to the mouse retinalmmunofluorescence and confocal microscopy images of mouse mtans showing

that MFSD8 is predominantly localized to the outer plexiform [&§étL) in the retinaPhotomicrographs of P30 s mouse retinal sections stained for MFSD8
(red) antibody are shown in separate channels and merged images (A, B & C) campagadive control (secondary antibody (Ab) only) (BF.E= retinal
pigment epitheliumPL = photoreceptor layelONL = outer nuclear layetNL = inner nuclear layeidPL = inner plexiform layer anCL = ganglion cell

layer. Scale bar = 50uM.
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4.2.2 WES analysis of family MA13 identifies a novel homozygous

C8orf37 mutation causingRP

4.2.2.1 Clinical features of the affected members of family MA13

Family MA13 is a consanguineous UK family of Pakistani origin with &ffected
(one male and one female) and three unaffected (one male and two females) siblings.
These subjects were recruited through the ey
Leeds, UK. The pedigree structure is depicted in Figure 4.7. The patigats12 to 27
years old at the time of the initial examination, were diagnosed with RP after ophthalmic
assessment by Mr McKibbin. Apart from problems with their vision they had no other
obvious abnormalitiesPeripheral blood was collected from the akecpatients, one of
their parents, and unaffected siblirgsd genomic DNA was extracted from peripheral
blood leukocytes (Section 2.2).

I O

IT
IT1
906
M/+
oK
v O
863 908 907 905 904
MM M+ M/+ M/M M/+

Figure 4.7. Pedigree ofamily MA13. The pedigree shows a fegeneration consanguineous
family with two affected members born to unaffected parents of Pakistani origin. Individuals from
whom DNA was available are numberédz= Family member from whom DNA was exome
sequenced; = wild type allele andvl = ¢.555G>A, p.W185*.
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4.2.2.2 Genetic analysis of family MA13

In family MA13, genomic DNA from the proband 863 was analyzed using WES
(Section 2.10)the library preparation was performed using using the SureSelectXT
Human All Exon reagent version #he output files were processed to generate 47,391
variants, all has a minimum read depth of 10. According to strategy described in Figure
4.1, these varras were filtered to exclude those not within exons or the conserved two
base pair flanking spliece i t e j uncti ons, and intheopsbéic t hat
DNA databasesdpSNP 142, EVS and 1000 Genomeésjer synonymous variants were
excluded, 73 honrygous variants remained in the filtered list. One of these variants was
a null allele in exon 6 a€80rf37(c.555G>A, p.W185%*), a gerreviously implicated in
RD (EstradaCuzcano et al., 2012bJhis mutation was therefore highly likely to et
cause of the RP phenotype in this figgnThe mutation was confirmed using Sanger
sequencingFigure 4.8) and shown to segregate in a recessive manner with the disease in
the family (Figure 4.7)Public variant databases were checked for the alleleti®ec
2.14.4) and it was not reported BVS, dbSNP137 and 1000 genomes, witile/as
reported once in EXAC (121316) which included6488unrelated subjects of South

Asian origin.

C8orf37 (NM_177965)
¢.555G>A, p.W185*

S * R T I E E V
( AGTGTAGC TG AAGAACTATTGAAGAAGTG

U\ M /\ LMY M

C S W R T E E V
C. \GTGT AGCTGGAGAACT. \TTG AAGAAGTG

Wil

Figure 4.8. Mutation in C8orf37 identified in family MA13. Electropherograms af8orf37
(NM_177965) sequence around the homozygous ¢.555G>A, p.W185* mutation in patient 863

Control

from family MA13 and a wild type control.
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In order to identify the size of the homozygous region in whiclC®erf37gene
mapped, the WES data of subject 863 was analysed as described in Section 2.12 to locate
the homozygous regions at the genome level using Autoldeogram (Figure 4.9). The
homozygous intervals with a minimum threshold of 1 Mbp are shown in Tehléhe
results showed th&8orf37(chr8:96,257,1496,281,462, hg19) maps within the second
largest homozygous region (~27.2 Mbp) of the patient.

1 T o T o I )
2 O e e (T T T T T T ]
hn:u:-IMu o R T o T T o 1T
E:EEI:III:-ZIZI:-HIW [T Tl T Ty T[T 7 W T T 1)

;5@:-::-:11111:-::-]1:-:1::1:]:-:@

1o CHET T T D T T ]
|
I T T

P00 D N R B0 % %0 M 10 10 1 1 %0 10 e 190 20 20 20 2 M

Figure 4.9. Homozygous regions in the WES data from subject 863 of family MA1Betected
homozygousegions areshown in blue. Yaxisshows the chromosome number@2land the x

axisshows the genomic size in mega base pairs (Mbp)C8orf37gene location
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Chromosome Start End Length (bp)

13 41495924 73650117 32154193
8 69104521 96300181 27195660
5 32058115 57750267 25692152
15 35149008 60678328 25529320
3 73437112 98536571 25099459
10 68040325 90771829 22731504
6 133827354 153332926 19505572
22 30927975 50018069 19090094
21 27326859 41165566 13838707
2 71297982 84771480 13473498
2 43015719 56411817 13396098
6 155750035 165693624 9943589
3 386247 8667896 8281649
20 56186884 62905090 6718206
5 174937193 180687428 5750235
5 163260 5200281 5037021
10 282897 5260812 4977915
12 128900005 133778796 4878791
8 21984650 24811064 2826414
2 208986385 211481257 2494872
8 123964431 126445544 2481113
1 247150740 249110906 1960166
7 128371206 130021488 1650282
12 20801855 22354921 1553066
11 63313644 64598944 1285300

Table 4.3.Homozygous intervals in the WES data from subject 863 of family MA13The
homozygous intervaldJCSC version hgl9re arranged according to the length in base pairs
(bp). TheCB8orf37gene is located athr8:96,257,14P6,281,462, hgl9 which maps withireth

second largest homozygous region in the patient (shaded orange).

4.2.3 WES analysis of family MA14 identifies a homozygous mutation in

LARGE as the potentialcause of norsyndromic retinal dystrophy.

4.2.3.1 Clinical features of the affected members iimmily MA14

Family MA14 is a large consanguineous UK family of Pakistani origin with seven
family members recruited for this study by Mr Martin McKibbin (Figure 4.10). The
affected individuals were diagnosed with RP and apart from problems with theim visi
they had no other obvious abnormalities based on family history and assessmeiat in clin
Retinal imaging of patient 15Zhowedperipheral retinal atrophy with perifoveal loss of

the photoreceptors and RPEgure 4.11)
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Figure 4.10. Pedigree of family MA14The pedigree shows a sjeneration consanguineous
family with multiple affected members by arRP. Individuals from whom DNA was avaiéabl

numbered* = family members from whom DNA was exome sequented,family member
whose DNA was SNP chipped = wild type allele and/l = ¢.2089G>T, p.V697L.

Figure 4.11. Retinal imaging of patient 1527 from family MA14A. Fundusautofluorescence
(FAF) image of the left eye (LEBhowsintensive peripheral retinal atrophy willecreasing FAF
in the peripheral retinaB. Optical coherence tomography (OCT) of sBowsthat most of the
outer retina has been lost, with perifoveal losthe photoreceptors amPE Images courtesy of

Mr Martin McKibbin (St James Hospital, Leeds).
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4.2.3.2 Genetic analysis of family MA14

WES was performed on the proband, individual 1527, in family MA14. The
genomic DNA was sequenced using the SureS¢€leetluman All Exon reagent version
4 following the standard protocol (Figure 4.1, Section 2.10). Novoalign V2 program was
used for the data alignment against the reference genome (hg1l9/GRCh37). Individual
1527 contained a total of 6,118 variants with a MAF%lin doSNP 142, EVS, 1000
Genomes and the EXAC databages d M A%in a@ohbrt of 3222 exomes of British
Pakistani adults. 227 were exonic or within the two base pair conserved splice
donor/acceptor sites, and were fgymonymous or indels with a minimum depth of
coverage 10. Based on consanguinity in the family andehasguming a recessive mode
of inheritance and autozygosity, only 43 variants were homozygous. When this variant
list was compared to the RD genes in the RetNet database (accessed February 2015), none
were contained within known RD genes. The genomic DN Aatient 1518 in family
MA14 was analysed by SNP genotyping using the Affymetrix 6.0 chips (Section 2.7.2).
The locations of the homozygous regions are displayed by a Multildeogram (Figure 4.12)

and the intervals described in Table 4.4.

Figure 4.12. Autozygosity mapping in family MA14. All detectedautozygous regions from
SNP data of patient 1518 and WES data of patient 1527 were visualized from outside to the centre
respectively. The homozygous regions observed in each individugii@sa in blue. The shared

autozugousegions are shown in red.
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Chromosome Start End Length (bp)
6 37287936 124427719 87139783
10 30264550 71338247 41073697
5 157777400 180692833 22915433
22 16055171 37117055 21061884
4 164560459 179961720 15401261
10 99868961 114742835 14873874
9 118957282 132150041 13192759
11 198510 12566917 12368407
12 91429973 103248017 11818044
15 79462776 89415247 9952471
4 53169664 62771716 9602052
16 78700674 85820521 7119847
14 59554796 66553683 6998887
8 16663961 23179226 6515265
8 63106536 69524413 6417877
7 50335232 56559512 6224280
19 51374047 57258916 5884869
2 137148547 142978639 5830092
6 203249 5391286 5188037
15 54570348 59694505 5124157
1 244273096 249198692 4925596
1 90559712 95202007 4642295
3 193277513 197856433 4578920
13 26611827 31158331 4546504
11 15887004 19921293 4034289
17 2899292 6872983 3973691
12 116263512 119857079 3593567
7 110429011 113995296 3566285
20 59347665 62912463 3564798
13 44538352 48049494 3511142
18 57451692 60840128 3388436
22 45457915 48824664 3366749
18 11543 316863 3157094
2 4162616 6958384 2795768
2 15703 2424495 2408792

Table 4.4. Autozygosity mapping in family MA14 The homozygous interva{§)CSC version
hg19) detected from SNP data of patient 1518. Shargdzygousregions detected from
combining SNP data of patient 1518 with WES data of patient 1527 are shaded orange.

Of the 43 rare homozygous variants that were identified in subject ®8B8715
were located in regions of homozygosity listed in Table 4.4 generated from sibling 1518
(Table 4.5). When these were limited to the homozygous regions identified from the
WES-SNP dateof individual 1527, only nine variants remained making thesentost
promising candidates for potentially causing RP in this family (Table 4.5). The WES of
individual 1527 was manually inspected using IGV (Section 2.10.1) around the remaining
6 variants to confirm the presence of heterozygous alleles. Thismedfine exclusion
of 6 alleles. MoreoverCNV detection using Fishing CNV and ExomeDepth analysis
according to methods described in Section 2.13 using WES data from individual 1527 did

148




not reveal any significance homozygous CNV over the homozygous regionsiede
from the SNP data of patient 1518.

However, given the porous nature of the WES SNP data, primer pairs (Appendix
6) were designed to PCR across all the fifteen variants to confirm and segregate them in
the available family members using Sanger sequencing (Section 2.8). The only variant
which segregated in a recessive manner with the disease phenotype was the missense
mutation in exon 15 of theARGEgene (NM_133642: ¢.2089G>T, p.V697L) (Figures
4.13A and 4.10)LARGEgene (chr22: 33,669,0624,316,416, hgl9)as located in ime
of the sharedutawygousregionspatients 1518 and 1527 that was 21.06 Mbp in size
(Table 4.4) Identified missense variant iIBARGEwas not reported in dbSNP, EVS,
EXAC or 1000 Genomes databases. The normal amino acid residue was fully conserved
from human to roundworr({Figure 4.13B), whilst the substitution was predicted to be

pathogenic by several prediction programs (Figure 4.13C).

Position (hg19) AAChange.refGene

1 94057835 BCAR3 ns SNV NM_001261410:exon2:c.G200A:p.R67H

3 195501121 MUC4 fs Del NM_138297:exon2:c.138delG:p.R46fs

5 179331789 TBC1D9B ns SNV NM_015043:exon2:c.G142A:p.V48M,

6 38906708 DNAHS ns SNV NM_001206927:exon79:c.A11951T:p.K3984M
6 47251773 TNFRSF21 sg SNV NM_014452:exon3:c.C1144T:p.Q382X

6 56422262 DST ns SNV NM_015548:exon40:c.A6626G:p.E2209G
6 76023033 FILIP1 ns SNV NM_015687:exon5:¢.C2515T:p.R839W

6 110636619 METTL24 sg SNV NM_001123364:exon3:c.G483A:p.W161X
8 17814914 PCM1 ns SNV NM_006197:exon12:c.C1788G:p.N596K

8 21978365 HR ns SNV NM_005144:exonl1l:c.G2474A:p.R825H
10 103871253 LDB1 ns SNV NM_001113407:exon2:c.G66T:p.E22D

19 52448349 ZNF613 ns SNV NM_001031721:exon6:c.T1213C:p.C405R
19 54758804 LILRB5 ns SNV NM_001081443:exon5:c.T749G:p.I1250R
19 55527078 GP6 ns SNV NM_001256017:exon6:c.A694C:p.S232R
22 33670595 LARGE ns SNV NM_133642:exon15:c.G2089T:p.V697L

Table 4.5.List of 15 candidate genes for MA1415 candidate variants generated after filtering

of the WES data of patient 1527 against the homozygous regemsied by SNP genotyping

of patient 1518. Only 9 variants (bold) from the list were limited to the homozygous regions
identified from the WESSNP data of individual 1527. Chr = chromosome number, nsSNV =
nonsynonymous single nucleotide variant, sgVSdstop gain sigle nucleotide variant and fs

Del = frameshift deletion.
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Figure 4.13. Analysis of the missense variant c.2089G>T, p.V697LLARGE that identified

in family MA14. A. Sangersequence chromatograms from an affected family member (1527)
and a normal unaffected control subject. B. ClustalW alignment of the normal amino acid
sequence dtARGE showing evolutionary conservation of the valine residue at position 697. C.

Summary of informatic analyses to predict pathogenicity of the variahAiIRGE
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