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Abstract
Inherited retinal dystrophies (IRD) are a remarkably genetically and
phenotypically heterogeneous group of inherited eye diseases, with over 190
causative genes identified to date. In the highly consanguineous Saudi
population, autosomal recessive forms of IRD are thought to account for the
overwhelming majority of cases. Consanguinity is known to increase the
frequency of recessive disorders since it increases the coefficient of
inbreeding, which is a measure of the percentage of the genome that is
identical by descent. Homozygosity mapping, targeted candidate gene
analysis and whole exome sequencing were used to identify the causes of
IRD in the Saudi population. Retinitis pigmentosa (RP) is the most common
form of IRD, and mutations in the RP1 gene cause both recessive and
dominant RP. Mutations in RP1 were found to be a common cause of
recessive RP in the Saudi population. Novel and previously identified
homozygous mutations in the KCNV2 gene were identified in a cohort of
patients with a distinct recessive retinal disorder, ‘cone dystrophy with
supranormal rod response,’ demonstrating phenotype/genotype correlation. In
addition, a founder homozygous CABP4 mutation was identified in four
consanguineous Saudi families with clinical features including congenital
nystagmus, stable low vision, photophobia and a normal or near-normal
fundus appearance, and no symptom of night blindness. Causative
homozygous mutations were also found in the IRD genes RBP3, RDH12,
CRB1, BBS4, CNGA3, CNGB1, EYS, RLBP1, ABCA4 and PCDH12 in Saudi
patients. Four novel candidate genes for retinal degeneration were identified
in this study. Potentially pathogenic homozygous variants were identified in
EMC1 (c.G430A, p.A144T), KIAA1549 (c.2399_2400insAA, p.T800fs809X),
GPR125 (c.C2504G, p.S835C) and DHX29 (c.C2738T, p.A913V). In the
majority of cases (31 families) the genetic cause of IRD was identified,
demonstrating the power of homozygosity mapping and whole exome
sequencing. In four families (3 multiplex and 1 simplex case), however, no
potentially pathogenic homozygous variants were identified, indicating that
other novel loci and genes may be implicated as causing IRD in the Saudi
population.
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arRP-F43.
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Figure 6.13

Mutation Segregation analysis for family arRP-F043.
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Figure 6.14

Genotyping Console GTC analysis for family arRP-F026.
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Figure 6.15

The Loss of Heterozygosity (LOH) Algorithm in Genotyping
Console.
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Figure 6.16

AutoSNPa analysis for locus on chromosome 8 for family
arRP-F084.
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Figure 6.17

A novel homozygous frameshift mutation in exon 4 of the RP1
gene (NM_006269.1:c.3428delA; p.N1143IfsX25) in family
arRP-F84.
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Figure 6.18

Mutation Segregation analysis for family arRP-F084.
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Figure 6.19

AutoSNPa analysis for locus on chromosome 8 for family
arRP-F101.
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Figure 6.20

A novel homozygous frameshift mutation in exon 4 of the RP1
gene (NM_006269.1:c.3677_3678dupA; p.E1227MfsX29) in
family arRP-F101.
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Figure 6.21

Mutation Segregation analysis for family arRP-F101.
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Figure 6.22

A novel homozygous nonsense mutation in exon 4 of the RP1
gene (NM_006269.1:c.33396G>A; p.W1131X).
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The location of RP1 in the connecting cilia.
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Figure 7.2

Sequence chromatogram of the EMC1 gene mutation in the
simplex case 08DG00038, and 10DG0133 from the
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Figure 7.3

Multiple alignment of EMC1 in 46 species showing
conservation of amino acid A144.

216

Figure 7.4

Expression of the novel candidate genes in normal human
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Figure 7.5

Whole exome sequencing results for the simplex case
08DG00459.
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Figure 7.6

Sequence chromatogram of the GPR125 gene mutation in the
simplex case 08DG00459.
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Figure 7.7

Multiple alignment of GPR125 in 46 species showing
conservation of amino acid S835.
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Figure 7.8

Whole exome sequencing results for the simplex case
08DG00172.
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Figure 7.9

Sequence chromatogram of the KIAA1549 gene mutation in
the simplex case 08DG00172.
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Figure 7.10

Whole exome sequencing results for the simplex case
09DG00133.
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Figure 7.11

Sequence chromatogram of the DHX29 gene mutation in the
simplex case 09DG00133.
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Figure 7.12

Multiple alignment of DHX29 in 46 species showing
conservation of amino acid A913.
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Figure 8.1

Pie chart summarising the gene mutation spectrum among
IRD cases.
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Figure 8.2

Mutation detection rate by a homozygosity mapping
approach.
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Figure 8.3

Mutation detection rate by WES.
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Abbreviation
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Amino Acid

ABI

Applied Biosystems

ACHM

Achromatopsia
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Autosomal Recessive Retinitis Pigmentosa
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cDNA
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CSNB

Congenital Stationary Night Blindness
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ERG

Electroretinogram
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mRNA
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Introduction

Human inherited retinal dystrophies are a common group of retinal diseases
that are genetically heterogeneous, and show significant clinical overlap between
the different types of the disease. Inherited retinal dystrophies are characterized
by dysfunction or death of photoreceptor cells, which eventually leads to vision
loss.

The majority of retinal dystrophies are lifelong problems and presently

irreversible. Over the past ten to fifteen years, our understanding of the genetic
causes of these conditions has significantly increased, and potential therapies for
inherited retinal dystrophies are in clinical trial.

1.1 The eye

1.1.1 Anatomy of the eye
The human eye is one of the highly specialized organs of the body.
Anatomically the human eye can be divided into three distinguishable layers
(Figure 1.1). The first layer is the outer layer which consists of the sclera and the
cornea. The cornea protects the eye against structural damage to the deeper
parts of the eye and infection, and it is also responsible for the refraction and
transmission of light to the lens and the retina. The sclera maintains the shape of
the eye and forms a coat consisting of connective tissue that protects it from
external and internal forces. The limbus is the site where the cornea and the
sclera are connected. The second layer is the intermediate highly vascular uveal
layer, which consists of the iris, the ciliary body and the choroid. The highly
pigmented iris is the division between the anterior and posterior chamber and the
ciliary body is responsible for focusing light on to the retina by altering the shape
of the lens. The choroid is a heavily pigmented vascular membrane, containing
large pigment cells, that lies between the retina and the sclera providing the
retina with nutritive support. The third layer is the inner photosensitive neural
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multilayered retina and the non-neural retina which is composed of a single layer
of retinal pigment epithelium (RPE) which nourish and support the light sensitive
photoreceptor cells and neural retina (Kolb 2003; Kolb 2005a).

Figure 1.1. Gross anatomy of the eye. A cross-sectional drawing of the eye
shows the three different layers; the external layer, formed by the sclera and
cornea, The intermediate layer divided into two parts: anterior (iris and ciliary
body) and posterior (choroid), and the internal layer or the sensory part of the
eye the retina. Adapted from web vision, http://webvision.med.utah.edu.
1.2 The retina
1.2.1 Anatomy of the retina

In order to understand retinal dystrophies one needs to study the structure
and function of the retina. The retina is about half a millimeter thick, consists of a
highly specialized, multiple layers of neuronal tissue with the unique function of
light perception and initial signal processing (Figure 1.2). The retina consists of
three layers of neural cell bodies and two synapse layers (Figure 1.2). The outer
nuclear layer (ONL) of the retina consists of rod and cone photoreceptor nuclei.
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The inner nuclear layer (INL) contains the horizontal, bipolar, and amacrine cells,
which are responsible for signal processing, trophic support, and signal
transmission to the ganglion cell layer. The ganglion cell layer (GCL) contains the
ganglion cells and amacrine cells that are displaced. The synaptic contacts occur
in the neurons that are located between these nerve cell layers (Purves 2012;
Wu 1994). The outer plexiform layer (OPL) is the site of connection of rod and
cones photoreceptor cells to the bipolar and horizontal cells. The next neuropil of
the retina is the inner plexiform layer (IPL), and it acts as a communication point
for the bipolar cells to connect to ganglion cells. Additionally, both horizontal and
vertical amacrine cells interact in further networks to control and incorporate the
ganglion cell signals. All the neuronal messages relating to the visual image are
transmitted through ganglion cells to the brain all along the optic nerve (Kolb
2003; Kolb 2005a). The retinal pigment epithelium (RPE) is a non-neural single
layer of cells which have a fundamental function in photoreceptor outer segment
disc shedding and retinoid recycling.
1.2.1.1 Neural retina

The human neural retina consists of six distinguishable types of neural
cells including photoreceptors, amacrine, horizontal, bipolar and ganglion cells, in
addition to the supportive Müller cells. All neuronal cell types are localized in
specific layer within the retina (figure 1.2) (Kolb et al. 2001). Rod photoreceptor
cells are dominant in human retina with about 125 million rod cells and 4.6 million
cone photoreceptor cells (Curcio et al. 1990). The rod photoreceptor cells are
responsible for vision in dim light whereas cone photoreceptor cells are
responsible for color and daylight vision. The Cone cells are conical-shaped
structures which have their cell bodies beneath the outer limiting membrane
(OLM) and their inner and outer segments extending towards the retinal pigment
epithelium (Figure 1.2). Cone cells are concentrated in the fovea (Mustafi et al.
2009). Rod cells on the other hand, are absent from the fovea and are more
prolific in the peripheral retina. They are slim rod-shaped structures with their cell
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bodies filling the outer nuclear layer ONL below the cone cell bodies.
Photoreceptor cells can be divided into outer and inner segments. The outer
segment is packed with stacks of membranous discs containing the visual
pigment molecules (Kolb 2005b). The different architectures of rod and cone cells
outer segments (OS) represent an important distinctive feature of these two cell
types. Rod cells have longer OS and discs separated from the ciliary plasma
membrane densely packed with rod opsin to maximize their sensitivity. Cone
cells feature shorter OS and discs that are connected to the plasma membrane
and open to the extracellular matrix, forming a large surface area for the rapid
exchange of substances between the interior and exterior parts of the cell (Burns
and Arshavsky 2005; Kolb 2005b). The continuous and open structure of cone
outer segments is believed to facilitate the fast reactions of phototransduction
and metabolism in cones (Yau 1994). The macula of the human eye consists of
predominantly of cone photoreceptor cells and it covers less than 4% of the
entire retinal area yet it is responsible for almost 10% of the total visual field. The
fovea is located in the center of the macula and cones are packed at high density
(Provis et al. 2005).

1.2.1.2 Retinal pigment epithelium (RPE)

In the human eye the RPE is located between the outer segments of the
photoreceptors and blood supply of the choroid (Burke 2008). It consists of a
monolayer of hexagonally packed tight-junction cuboidal cells, containing
pigment granules and organelles for digestion of photoreceptor outer segment
membranes. The apical and basolateral membrane of the RPE are characterized
by different protein and lipid composition, and act as physical barriers (GonzalezFernandez and Healy 1990; Uehara et al. 1990). The apical membranes of the
RPE project specialized microvilli which reach into the interphotoreceptor matrix
IPM to make direct contact with photoreceptor outer segments, which is
important for the maintaining of retinal adhesion (Binder et al. 2007).
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The RPE and the neural retina have the same embryological origin but they codifferentiate during development of the eye (Araki et al. 1998).

Figure 1.2. The structure of the retina. A diagramatic section of the human
retina showing the distinguishable layers; outer nuclear layer (ONL), inner
nuclear layer (INL), ganglion cell layer (GCL), outer plexiform layer (OPL) , and
inner
plexiform
layer
(IPL)
(adapted
from
webvision,
http://webvision.med.utah.edu) (Kolb 2005a).
1.3 Phototransduction
The processing of visual signals starts in the retina with the detection of
light by photoreceptor cells. Two specialized types of photoreceptors (rod and
cone cells) detect light in different conditions. Rod photoreceptor cells are highly
sensitive and responsible for vision in dim light, on the other hand cone
photoreceptor cells are responsible for vision in bright light and mediate both
color vision and high acuity. Color vision starts with signals from three types of
cone cells that combine antagonistically to form blue-yellow and red-green
opponent pathways (Dacey 1996). The photosensitive entities in photoreceptor
cells are the visual pigments which consist of an apoprotein, opsin, and a
chromophore, 11-cis retinal, which is attached to the opsin by a Schiff’s base
bond (Moiseyev et al. 2005). The first stage of the amplification of light signal
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(Figure 1.3) starts with isomerization of 11-cis retinal by photon, followed by the
activation of rhodopsin (R*), after that the accelerating guanine nucleotide
exchange on it’s αt subunit to form αt*-GTP activates transducin. The second
stage of signal amplification starts with the binding of each activated transducin
(αt*-GTP) to phosphodiesterase (PDE) resulting in a rapid decline in the
cytoplasmic cGMP levels in the rod photoreceptor cell outer segment,

that

causes closure of cGMP-gated ion channels, that leads to a decrease in
intracellular Ca2+ and causes

hyper-polarization of the cell membrane. This

Change in Ca2+ concentrations contribute to as a minimum of three feedback
processes that serve to regulate the recovery of a photoresponse (Arshavsky et
al. 2002; Cote 2004; Pugh 2000).

Figure 1.3. Phototransduction cascade. R (Rhodopsin), R* (active
rhodopsin),T (transducin), T* (active transducin), α*( accelerating guanine
nucleotide
α
subunit),
P
(phosphodiesterase).
Adapted
from
(http://www.cote.unh.edu/research/outline/IIC.html)
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1.4 The visual cycle
For light to be detected, both rod and cone photoreceptor cells utilize the
unique properties of 11-cis retinal. Isomerohydrolase enzyme is the visual cycle
enzyme that is responsible for the isomerization and hydrolysis of all-trans retinyl
ester to 11-cis retinol (a photosensitive derivative of vitamin A) in the RPE
(Figure 1.4). The visual pigment molecule is formed by covalent bonding
between 11-cis retinal and opsin in photoreceptor cells. Isomerization of 11-cis
retinal to all-trans retinal occurs in the presence of light, which leads to the
activation of opsin (Figure 1.4). The all-trans-retinol is then transported to the
RPE (Hubbard 1956) where it is processed and recycled back into 11-cis-retinal
and transported back to the photoreceptors (Bok 1990; Rando 2001).

Figure 1.4. Chemistry of the visual cycle. In the first step of vision,
photoreceptor cells are activated when light stimulates the isomerization of
11-cis retinal to all-trans retinal.11-cis Retinal is the light-sensitive elements of
rod and cone photoreceptor cells.
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1.5 Inherited retinal dystrophies (IRD)

Defects in photoreceptor cell function and RPE cell function have been
associated with a large number of retinal dystrophies. Inherited retinal
dystrophies are genetically extremely heterogeneous, and phenotypically
heterogeneous with significant clinical overlap between sub-types. IRD such as,
congenital onset Leber’s congenital amaurosis (LCA), adult onset retinitis
pigmentosa (RP), congenital stationary night blindness (CSNB), and complete
achromatopsia (ACHM), and currently not treatable.
1.5.1 Leber’s congenital amaurosis (LCA)

Leber congenital amaurosis (LCA, MIM 204000) is the most severe
disorder in the IRD spectrum with poor visual prognosis (Schappert-Kimmijser et
al. 1959). Affected individuals usually show symptoms early in life (after one
month of age) with profound blindness; poor vision, nystagmus, poor fixation, a
non-detectable ERG and a spectrum of retinal manifestations ranging from
normal looking fundus to a evidence of degeneration with pigmentary changes
(Cremers et al. 2002; Koenekoop 2004). LCA is inherited an an autosomal
recessive condition (Cremers et al. 2002). To date, at least ten genes have been
identified as a cause LCA (RetNet, http://www.sph.uth.tmc.edu/RetNet/) (Daiger
1998).

1.5.2 Retinitis pigmentosa (RP)

Retinitis pigmentosa (RP) (RP, MIM 268000) is the most common form of
IRD and it primarily affects rod photoreceptor cell function, although cone cells
function is invariably lost in advanced cases (Hamel 2006). RP can be inherited
as an autosomal dominant (ADRP), dominant partially penetrant, autosomal
recessive (ARRP) or an X-linked trait (XLRP). The age of onset is also vary
variable with X-linked forms being the most severe and some autosomal forms
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presenting late in adulthood (Tsujikawa et al. 2008). The prevalence of retinitis
pigmentosa is about 1 in 4000 (different populations have differing prevalence)
with a total of more than 1 million affected individuals worldwide. The ocular
changes include attenuated retinal vessels, optic disc pallor, and diffuse
pigmentary changes. The symptoms of RP usually start with night vision loss
during adolescence, followed by peripheral visual loss in young adulthood, and
lastly central visual loss and total blindness after mid life as the disease
progresses (Chen Lj 2010). With more than 40 genes known to be involved in the
pathogenesis

of

autosomal

recessive

form

of

RP

(Table

1.2)

(RetNet,http://www.sph.uth.tmc.edu/RetNet/) (Daiger 1998), the delineation of
the underlying genetic defect is a daunting task, which discourages many
ophthalmologists from the pursuit of a molecular diagnosis for these patients.
However, identifying the mutation is a critical step towards prevention through the
opportunity for prenatal diagnosis and preimplantation genetic diagnosis.
Furthermore, with the recent advances in gene therapy for some cases of RP
(Bainbridge et al. 2008; Tan et al. 2009), there is increasing interest from patients
to know their mutation to explore their eligibility for ongoing and future clinical
trials that may be relevant to their specific gene mutation (Aldahmesh et al.
2009b).

1.5.3 Achromatopsia (cone dystrophy)

Cone dystrophies are a sub-set of IRDs that primarily affect cone
photoreceptor cells in the retina. Aberrant cone cell function can result in reduced
color vision, decreased central vision, and sensitivity to bright lights. Cone
dystrophies can be stationary (e.g. Blue Cone Monochramacy) or progressive
(cone dystrophy, cone-rod dystrophy and macular dystrophy) and can be
inherited as autosomal dominant, autosomal recessive or X-linked traits
(Michaelides et al. 2006).
Achromatopsia (ACHM, MIM *600827) is an early-onset stationary cone
dystrophy, with an autosomal recessive inheritance, and is characterized by
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complete inability to differentiate between colours, photophobia, reduced visual
acuity and nystagmus. The Electroretinographic recordings of patients with
Achromatopsia show that rod photoreceptor function is normal, whereas cone
photoreceptor responses are absent (Kohl et al. 1998). There are two types of
ACHM: complete and incomplete. In cases with complete ACHM patients have
no cone function on electroretinogram (ERG) and incomplete ACHM cases have
residual cone function (Kohl et al. 1998). To date six genes have been implicated
in ACHM: CNGA3, CNGB3, GNAT2, PDE6C, PDE6H, and ACHM1 (Aligianis et
al. 2002; Chang et al. 2009; Kohl et al. 2000; Kohl et al. 1998; Thiadens et al.
2009a) . Mutations in these genes explain the majority of ACHM cases, but about
20% of cases still remain unsolved (Kohl et al. 2002; Kohl et al. 2005; Thiadens
et al. 2009b; Wissinger et al. 2001) .
1.5.4 Congenital stationary night blindness (CSNB)

Congenital Stationary Night Blindness (CSNB) consists of a genetically
heterogeneous

sub-set

of

non-progressive

stationary

retinal

disorders.

Symptoms of CSNB include night blindness from birth, high refractive error,
nystagmus, abnormal dark adaptation and decreased visual acuity (Heon E.
1994). These symptoms are a result of defective signal transmission between rod
photoreceptor cells and bipolar cells, and as a result of this defect, the standard
flash electroretinogram (ERG) is electronegative which means a normal a-wave
and absent b-wave. X-linked forms of CSNB (XLCSNB) can be divided into two
types: complete CSNB (CSNB, MIM 310500) and incomplete CSNB (CSNB2,
MIM 300710) according to the differences in electroretinogram (ERG) (Miyake et
al. 1986). CSNB can also be inherited as an autosomal dominant (ad) or
autosomal recessive (ar) trait. To date, twelve genes are associated with CSNB
(RetNet,http://www.sph.uth.tmc.edu/RetNet/) (Daiger 1998): RHO (ad) (Dryja et
al. 1993), PDE6B (ad) (Gal et al. 1994) GNAT1 (ad) (Dryja et al. 1996),
CACNA1F (xl) (Bech-Hansen et al. 1998; Boycott et al. 2000), NYX (xl) (BechHansen et al. 2000; Pusch et al. 2000), GRM6 (ar) (Dryja et al. 2005; Zeitz et al.
2005), CABP4 (ar) (Littink et al. 2009; Zeitz et al. 2006), TRPM1 (ar) (Audo et al.
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2009; Li et al. 2009; Van Genderen et al. 2009), , GPR179 (ar) (Audo et al.
2012a), and LRIT3 (ar) (Zeitz et al. 2013).

1.6 Genetics of IRD

The genetic and clinical diversity of IRD is remarkable, with more than 242
chromosomal loci that have been identified harboring retinal dystrophy genes
and

over

202

of

these

genes

have

now

been

identified

(RetNet,

http://www.sph.uth.tmc.edu/RetNet/) (Daiger 1998). In addition, the discovery of
retinal disease genes

has

guided new understanding of the disease

mechanisms, which in turn have led to cautious optimism about potential
therapies including retinal cell rescue (Koenekoop et al. 2007 65).
Historically, IRD genes were identified first by linkage studies, followed by
positional cloning. The first gene location identified was a locus for XLRP by
linkage analysis (Bhattacharya et al. 1984). The possible candidacy of a retinal
gene depends on several factors such as; its known retinal function, expression
in the retina, similarity to a gene known to cause retinal disease, functional
properties, or because it has been implicated in retinal disease in an animal
model (Daiger et al. 2007). More recently, homozygosity mapping has proved a
powerful tool for the identification of recessive IRD genes, especially with the
advent of high throughput massively paralleled next generation sequencing
technologies (Metzker 2010).
Up to now, 63 genes have been identified which cause ADRP, ARRP, and
XLRP (table 1.1). (RetNet, http://www.sph.uth.tmc.edu/RetNet/) (Daiger 1998)
About 50–60% of reported retinitis pigmentosa cases are autosomal recessive,
about 30–40% of cases are autosoaml dominant mode, and 5–15% of RP cases
are X-linked (Bunker et al. 1984). Importantly, about half of all RP patients have
no identified family history and are for that reason classified as having simplex
RP (SRP) (Van Soest et al. 1999)( van Soest S, 1999). These proportions for
inheritance patterns presuppose that all isolated cases i.e. patients with no other
affected members of the family, are in fact autosomal recessive, although a few
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might represent new or de-novo dominant mutations, cases of uniparental
isodisomy (Rivolta et al. 2002), or X-linked mutations. Non-Mendelian inheritance
patterns, such as digenic inheritance and mitochondrial (maternal) inheritance
have also been reported, but only account for a small proportion of cases
(Mansergh et al. 1999).
The function of the encoded proteins responsible for IRD is highly variable, and is
a reflection of the complex retina structure, function and metabolic demands of
vision. To illustrate the broad range of disease proteins, using recessive
conditions as an example, function can be assigned to seven different categories
as described in table 1.2.
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Table 1.1 Loci and genes identified for ADRP, ARRP, and XLRP.
Gene/
locus
DHDDS
RPE65
ABCA4

ChromMode of
Location
osome
inheritance
1p36.11
arRP
1p31.2
arRP
1p22.1
arRP
1p21.2RP32
arRP
p13.3
1
PRPF3
1q21.2
adRP
SEMA4A
1q22
arRP
CRB1
1q31.3
arRP
FLVCR1
1q32.3
arRP
USH2A
1q41
arRP
ZNF513
2p23.3
arRP
C2orf71
2p23.2
arRP
FAM161A
2p15
arRP
SNRNP200
2
2q11.2
adRP
MERTK
2q13
arRP
CERKL
2q31.3
arRP
SAG
2q37.1
arRP
IMPG2
3q12.3
arRP
RHO
3
3q22.1 arRP/adRP
CLRN1
3q25.1
arRP
PDE6B
4p16.3
arRP
CC2D2A
4p15.33
arRP
PROM1
4p15.32
arRP
4
CNGA1
4p12
arRP
RP29
LRAT

4q32-q34
4q32.1

arRP
arRP

Gene/ ChromMode of
Location
locus osome
inheritance
PDE6A
5
5q33.1
arRP
MAK
6p24.2
arRP
TULP1
6p21.31
adRP

Gene/
locus
PRPF8
CA4
PRCD

PRPH2

FSCN2

GUCA1B
EYS
RP63
KLHL7
RP9
IMPDH1
RP1
TTPA
C8orf37
TOPORS
RBP3
RGR
ROM1
MVK
NRL
RLBP1
ARL2BP
GNPTG
RP22
CNGB1

6

7

8
9
10
11
12
14
15

16

6p21.1

adRP

6p21.1
arRP
PDE6G
6q12
adRP
CRX
6q23
adRP
PRPF31
7p15.3
adRP
IDH3B
7p14.3
adRP
PRPF6
7q32.1 arRP/adRP
RP6
8q12.1
arRP
RPGR
8q12.3
arRP
RP2
8q22.1
adRP
RP24
9p21.1
arRP
RP34
10q11.22
arRP
10q23.1
adRP
11q12.3
arRP
12q24.11
arRP
14q11.2
arRP
15q26.1
arRP
16p13.3
arRP
16p13.3
arRP
16p12.3arRP
p12.1
16q13
adRP
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Chromosome

17

19

20

X

17p13.3
17q23.2
17q25.1

Mode of
inheritance
arRP
adRP
adRP

17q25.3

arRP

17q25.3
19q13.32
19q13.42
20p13
20q13.33
Xp21.3-p21.2
Xp11.4
Xp11.23
Xq26-q27
Xq28-qter

adRP
adRP
adRP
arRP
adRP
xlLRP
xlLRP
xlLRP
xlLRP
xlLRP

Location
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Table 1.2 : Functional categories for autosomal recessive retinal dystrophy proteins.
Function

Gene
RHO, rhodopsin (G-protein coupled photon receptor)
PDE6A, rod cGMP-phosphodiesterase α subunit (G-protein
effector enzyme)
PDE6B, rod cGMP-phosphodiesterase β subunit (G-protein
Phototransduction effector enzyme)
cascade
CNGA1, rod cGMP-gated cation channel α subunit

References
(Hargrave 2001)
(Fung et al. 1990;
Koutalos et al. 1995)
(Fung et al. 1990;
Koutalos et al. 1995)
(Dhallan et al. 1992)

CNGB1, rod cGMP-gated cation channel β subunit118–120

Vitamin A
metabolism

Structural or
cytoskeletal

(Bareil et al. 2001)
(Palczewski et al. 1989)
SAG, arrestin (rhodopsin deactivation)
Palczewski et al. 1989)
ABCA4, ATP-binding cassette protein A4 (photoreceptor disc (Sun and Nathans 2001;
Weng et al. 1999)
membrane flippase for vitamin A)
RLBP1, retinaldehyde binding protein (11-cis retinaldehyde
(Saari et al. 2001)
carrier)
(Moiseyev et al. 2005;
RPE65, (vitamin A trans-cis isomerase)
Xue et al. 2004)
LRAT, lecithin retinol acetyltransferase (synthesizes vitamin A
(Xue et al. 2004)
esters)
RGR, RPE-vitamin A G-protein coupled receptor (photon
(Chen et al. 2001)
receptor in RPE)
(Connell et al. 1991;
RDS, peripherin (outer disc segment membrane protein)
Travis et al. 1991)
ROM1, rod outer segment protein
(Clarke et al. 2000)
TULP1, tubby-like protein 1
CRB1, crumbs homologue (transmembrane protein, adherent
junctions)
RP1, microtubule-associated protein (microtubule formation and
stabilization)
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(Xi et al. 2005)
(Pellikka et al. 2002)
(Liu et al. 2004)
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CDH23, cadherin 23 (adhesion receptor).
Signaling,
cell-cell
interaction, or
synaptic
interaction

Trafficking of
intracellular
proteins

PCDH15, protocadherin 15 (adhesion receptor)
USH1C, Usher’s syndrome type 1C (integrating scaffold protein
harmonin)
USH2A, Usher’s syndrome type IIA (Usher’s network protein)
MASS1, monogenic audiogenic seizure susceptibility 1 (Usher’s
network protein)
USH3A, Usher’s syndrome type IIIA (transmembrane protein
clarin 1)
MYO7A, myosin 7A (melanosome motility protein)
USH1G, scaffold protein containing ankyrin repeats and SAM
domain (Usher’s type I protein traffic regulator)
BBS1, Bardet-Biedl syndrome 1
BBS2, Bardet-Biedl syndrome 2
ARL6, ADP-ribosylation factor like 6

Maintenance of
cilia/ciliated cells
(possible role in
intracellular
trafficking)

BBS4, Bardet-Biedl syndrome 4
BBS5, Bardet-Biedl syndrome 5
MKKS, McKusick-Kaufman syndrome
BBS7, Bardet-Biedl syndrome 7
TTC8, tetratricopeptide repeat domain 8

Phagocytosis

PTHB1, parathyroid hormone-responsive B1 gene
MERTK, mer tyrosine kinase proto-oncogene (RPE receptor
involved in outer segment phagocytosis)161
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(Boeda et al. 2002;
Siemens et al. 2002)
(Ahmed et al. 2003)
(Reiners et al. 2005)
(Reiners et al. 2005)
(Reiners et al. 2005)
(Adato et al. 2002)
(Gibbs et al. 2004)
(Adato et al. 2005)
(Yen et al. 2006)
(Mykytyn et al. 2004;
Yen et al. 2006)
(Yen et al. 2006)
(Kim et al. 2004; Yen et
al. 2006)
(Li et al. 2004; Yen et al.
2006)
(Fath et al. 2005; Yen et
al. 2006)
(Blacque et al. 2004;
Yen et al. 2006)
(Ansley et al. 2003;
Blacque et al. 2004; Yen
et al. 2006)
(Yen et al. 2006)
(Gal et al. 2000)
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1.7 Consanguinity and IRD

Consanguinity is known to increase the frequency of recessive disorders
since it increases the coefficient of inbreeding which is a measure of the
percentage of the genome that shows identity by descent (Modell and Darr 2002;
Teebi and Teebi 2005). Inheritance of an autosomal recessive mutation from two
carriers who are common ancestors means that the mutation (identical in both
carriers) is present in two copies, which is usually sufficient to cause the disease.
Since autosomal recessive forms account for the overwhelming majority of IRD in
the highly consanguineous Saudi population, with a population average of 56%
(El Mouzan et al. 2008), homozygosity mapping was a powerful and high
throughput approach to identify genes and mutations causing IRD (Aldahmesh et
al. 2009b).

1.8 Approaches for mutation detection and gene identification

Subsequent to the completion of the human genome project (HGP) April
2003

(Ihgsc

2004),

recent

genomic

technologies

have

extended

the

understanding of many genes or genomic regions implicated in the pathogenesis
of human disorders (Novelli 2010). The advance in high throughput genomic
technologies, for example microarray technologies, has resulted in huge success
for genetic linkage studies, genome wide association studies, homozygosity
mapping, DNA copy number, and gene expression analysis. (Daly 2010), New
genomic technologies such as next-generation sequencing (NGS), also known
as massively parallel sequencing has now been established as an alternative
approach to more conventional methods for rapid and cost effective approaches
to determine the genetic basis of human disease (Shendure 2011).
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1.8.1 Homozygosity mapping

The impact of consanguinity on the frequency of autosomal recessive
conditions has been well established (Becker et al. 2001; Jaber et al. 1992;
Rittler et al. 2001) and this phenomenon increases the probability of diseasecausing mutations to exist in blocks of homozygosity. Homozygosity mapping is
an approach that narrows down the location of a gene underlying a phenotype by
looking for regions of the genome in which both chromosomal segments are
inherited identically by-descent (IBD). Previously the only practical way to scan
the genome for blocks of homozygosity was through the use of numerous
microsatellite markers, but with the advent of high-density SNP arrays (for
example Gene Chip Mapping Assay or Axiom® Genome-Wide Population
Optimized Human Arrays) homozygous mapping at high resolution was possible.
Homozygosity mapping has recently proved to be a very powerful approach for
the identification of causative mutations (Aldahmesh et al. 2009b; Collin et al.
2011; Littink et al. 2010; Siemiatkowska et al. 2011; Siemiatkowska et al. 2012)
in addition to the discovery of novel genes for IRD (Bandah-Rozenfeld et al.
2010; Ostergaard et al. 2010; Parry et al. 2009; Thiadens et al. 2009a; Wu et al.
2006).
1.8.2 Next Generation Sequencing (NGS)

Next

generation

sequencing,

also

known

as

massively

parallel

sequencing, is a technology that has allowed investigators to acquire variant
information to single-base resolution in a fast, high-throughput way on the scale
of the whole human genome. Advances in these technologies have made it
increasingly practical to generate large amounts of sequence data costeffectively (Metzker 2010).

In general, the principle behind next generation

platforms is to construct a DNA library by randomly fragmenting DNA. DNA
libraries are then sequenced at very high coverage and the sequenced reads are
then mapped against the reference human genome. Investigators can
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subsequently identify the genetic variant in the sample genome, as well as
quantifying the number of reads mapping to each exon or mRNA for
transcriptional profiling. Modifications and improvements in these technologies
means that sequence reads can also be assembled de novo (De Magalhaes et
al. 2010).

1.8.2.1 Applications of NGS

Next-generation sequencing has been successfully applied to address a
range of goals (Turner et al. 2009). Some of the key applications of NGS are
listed below;
(i)

Genome resequencing; exome sequencing or whole genome sequencing.

(ii) Mapping Structural rearrangements, for example copy number variation,
chromosomal inversions and balanced translocation breakpoints.
(iii) Transcriptional profiling such as ‘RNA-Seq’ and serial analysis of gene
expression (SAGE).
(iv) Sequencing the epigenome; large-scale analysis of DNA methylation, by
deep sequencing of bisulfite-treated DNA.
(v) DNA–protein interactions: ChIP-Seq; genome-wide mapping of DNA-protein
interactions, and localization of histone modifications and transcription factor
binding sites (Barski et al. 2007).

1.8.3 Whole exome sequencing (WES)

Whole-exome sequencing (WES) has recently been established for targeted
enrichment and sequencing of protein-coding exons of nearly all genes in the
genome (Ng et al. 2009). With approximately 98% of the human genome
consisting of non-protein-coding sequences, repeats and intergenic sequences
(Hodges et al. 2007) focus on sequencing ‘functional’ genomic regions such as
protein-coding exons has proven to be an effective approach. About 85% of
currently identified disease-causative mutations in Mendelian disorders have
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been identified in protein-coding regions, even though these regions constitute
only approximately 1-2% of the human genome (Teer and Mullikin 2010). WES
analysis is now a method of choice for the identification of genetic variation within
the protein coding portion of the human genome at a base-pair resolution.
However, one major problem is the interpretation of this type of sequence data
(Ng et al. 2010). WES has already had huge impact on disease-gene
identification, and has been successfully applied to identify mutations causing
IRD (Avila-Fernandez et al. 2012; Davidson et al. 2013; Khateb et al. 2012) as
well as for the identification of novel IRD genes (Audo et al. 2012a; Ozgul et al.
2011; Peluso et al. 2013; Roosing et al. 2013; Zeitz et al. 2013).

1.9 Therapeutic approaches for IRD

There are no standardised and effective treatments for IRDs. However,
animal model studies have shown that IRD can be significantly improved with
several therapeutic approaches such as, gene replacement therapy (Acland et al.
2001; Ali et al. 2000), pharmacological intervention (Van Hooser et al. 2000)
(Maeda et al. 2009), nanoparticle delivery (Cai et al. 2008; Han et al. 2012),
retinal transplantation (Maclaren et al. 2006; West et al. 2012) or electronic
prosthesis (Barry and Dagnelie 2012; Zrenner et al. 2011). All these
achievements would not be possible without the development of advanced
technology, gene identification, and an enhanced understanding of the
underlying pathophysiology of retinal diseases. Many of the potential therapies
for IRD currently under investigation are gene directed and based on the genetic
diagnosis. For example, the successful and yet safe treatment of LCA caused by
mutations in the RPE65 gene by viral-mediated normal gene transfer (Bainbridge
et al. 2008; Maguire et al. 2008; Cideciyan et al. 2009). Although preliminary
trials for gene therapy involved only adults, the promising results have
encouraged children to be enrolled in the hope of avoiding progressive and
irreversible vision loss. No doubt a gene therapy approach will be used in future
trials for other retinal disorders (Traboulsi 2013).
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1.10 Work flow

(*) 5 unsolved cases from homozygosity mapping candidate gene sequencing in addition to 5 new cases.
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1.11 Specific Aims

1- To identify the molecular basis of autosomal recessive retinal dystrophies
in the Saudi population.
Hypothesis: Autosomal recessive (ar) retinitis pigmentosa (RP) is
caused by single gene mutations that can be easily identified in the
consanguineous population of Saudi Arabia.

2- To understand if there are one or more founder mutations in the Saudi
population causing inherited retinal dystrophies and identify novel genes or
novel alleles of known genes.
Hypothesis: Mutations identified in novel or known inherited retinal
dystrophy genes may be due to a common ancestor and consanguinity.

3- To further understand the mechanisms leading to retinal degeneration and
phenotype/genotype correlation.
Hypothesis: Certain gene mutations may lead to distinctive clinical
outcomes

and Genotype/phenotype correlation

may be possible

sufficient genotypic and phenotypic details are available.
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Materials and Methods

2.1 Human Subjects
Patients with RP were identified using established ophthalmological
criteria that are based on the gross appearance of the retina as well as
detailed functional assessment (Richard 2005). Patients were only enrolled in
the study if they had a consanguineous family history and were diagnosed
with autosomal recessive RP. Single affecteds with a consanguineous family
history were also recruited and these samples formed the simplex panel.
Only patients who met these criteria were enrolled in the study after they
signed a consent form.

Blood samples were obtained from the affected

patients and their relatives as dictated by the nature of the family history but
included at a minimum the parents and the unaffected siblings. Careful family
history and pedigrees were obtained from all patients who were accordingly
categorized as sporadic or familial cases. Patients were enrolled mainly from
King Faisal Specialist Hospital and Research Center (KFSHRC), and King
Khalid Specialist Eye Hospital (KKESH) in Riyadh, Saudi Arabia.

2.2 DNA Extraction
Blood was collected in EDTA tubes from all affected members. DNA
extraction was carried out using the Gentra DNA Extraction Kit (Qiagen,
Germantown, MD) in accordance with the protocol provided by the
manufacturer (Table 2.1).
2.3 NanoDrop 1000 Spectrophotometer
The Thermo Scientific NanoDrop™ 1000 Spectrophotometer is a
trademark of Thermo Fisher Scientific (Thermo Fisher Scientific Inc © 2008), it
measures 1 µl samples with high accuracy and reproducibility. DNA should
have an absorbance peak centered at a wavelength of 260 nm (A260). The
ratio A260/A280 should be ~1.95. The presence of organic solvents (e.g.
phenol) may lead to a spuriously high A260/A280 ratio (> 2).
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Table 2.1. Purification of genomic DNA from human whole blood
Purification of Genomic DNA from Human Whole Blood Collected into
EDTA Blood DNA Tubes
1

Pour all the blood (approx. 3 ml) from one EDTA Blood DNA Tube into a
Processing Tube containing 9 ml lysis buffer. Close the tube. Mix by
inverting the tube 10 times.

2

Incubate 5 min at room temperature (15–25°C). Invert at least once
during the incubation.

3

Centrifuge for 2 min at 2000 x g to pellet the white blood cells.

4

Carefully discard the supernatant by pipetting or pouring, leaving
approximately 200 μl of the residual liquid and the white blood cell pellet.

5

Vortex the tube vigorously to resuspend the pellet in the residual liquid.

6

Add 3 ml Cell Lysis Solution, and pipet up and down to lyse the cells or
vortex vigorously for 10 s.

7

Optional: If RNA-free DNA is required, add 15 μl RNase A Solution, and
mix by inverting 25 times. Incubate for 15 min at 37°C. Then incubate for
3 min on ice to quickly cool the sample.

8
9

10
11
12
13
14
15

Add 1 ml Protein Precipitation Solution, and vortex vigorously for 20 s at
high speed.
Centrifuge for 5 min at 2000 x g. The precipitated proteins should form a
tight, dark brown pellet. If the protein pellet is not tight, incubate on ice
for 5 min and repeat the centrifugation.
Pipet 3 ml isopropanol into a clean 15 ml tube into a clean 50 ml tube
and add the supernatant from the previous step by pouring carefully. Be
sure the protein pellet is not dislodged during pouring
Mix by inverting gently 50 times until the DNA is visible as threads or a
clump.
Centrifuge for 3 min at 2000 x g. The DNA may be visible as a small
white pellet.
Carefully discard the supernatant, and drain the tube by inverting on a
clean piece of absorbent paper, taking care that the pellet remains in the
tube.
Add 3 ml of 70% ethanol and invert several times to wash the DNA
pellet.
Centrifuge for 1 min at 2000 x g.

16

Carefully discard the supernatant. Drain the tube on a clean piece of
absorbent paper, taking care that the pellet remains in the tube. Air dry
the pellet for 5–10 min.

17

Add 300 μl DNA Hydration Solution and vortex for 5 s at medium speed
to mix. And Incubate at 65°C for 1 h to dissolve the DNA.

18

Incubate at room temperature overnight with gentle shaking. Ensure
tube cap is tightly closed to avoid leakage. Samples can then be
centrifuged briefly and transferred to a storage tube.
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2.4 The Polymerase Chain Reaction (PCR)
The polymerase chain reaction (PCR) is a technique used to amplify a
piece of DNA acros several orders of magnitude, generating thousands to
millions of copies of a particular DNA sequence. PCR employs a heat-stable
DNA polymerase, Taq polymerase, an enzyme originally isolated from the
bacterium

Thermus

aquaticus.

This

DNA

polymerase

enzymatically

assembles a new DNA strand from DNA building blocks, the four
deoxynucleoside triphosphate dNTPs (dATP, dCTP, dGTP, dTTP), by using
single-stranded DNA as a template and DNA oligonucleotides (DNA primers),
which are required for initiation of DNA synthesis. The PCR method relies on
thermal cycling i.e., alternately heating and cooling the PCR sample to a
defined series of temperature steps. These thermal cycling steps are
necessary first to physically separate the two strands in a DNA double helix at
a high temperature in a process called denaturation. At a lower temperature,
each strand is then used as the template in DNA synthesis by the DNA
polymerase to selectively amplify the target DNA (Table 2.3).
Coding exons were amplified by PCR from patient and control samples
in a total volume of 25 μl using the protocol in table 2.2.
Table 2.2. PCR protocol
Reagent

volume

Final concentration

dNTPs

2.5 μl

25 μM of each dNTP

PCR buffer, Contains: Tris·Cl, KCl,
(NH4)2SO 4, 15 mM MgCl2; ph 8.7 (20°C).

2.5 μl

10x

Forward + Reverse primer mixed

2 μl

0.5 μM per primer

Genomic DNA

2 μl

10-20 ng/μl

Hot star taq polymerase enzyme
(Qiagen)

0.2 μl

1.5 units/reaction

Distilled water

15.8 μl

Final volume

25 μl

50

Chapter 2
For templates that were difficult to amplify, Platinum® Blue PCR Super Mix
was used in a 20 ul reaction containing the following:
•

16 ul of Platinum Blue (22 U/ml complexed recombinant Taq DNA
polymerase with Platinum® Taq Antibody, 220 μM dGTP, 220 μM
dATP, 220 μM dTTP, 220 μM dCTP, 22 mM Tris-HCl (ph 8.4), 55
mM KCl, 1.65 mM MgCl2, Stabilizers, glycerol, and blue tracking
dye)

•

2 ul DNA (10-20 ng/µl)

•

2 ul of forward and reverse primer (0.5 μM per primer)

PCR amplification was performed on a thermocycler (DNA Engine Tetrad,
MJResearch, and INC.USA). The cycling conditions are described in table
2.4.

Table 2.3. Cycling conditions for PCR
Cycling condition for PCR
Temperature

Time

Initial denaturation

95ºC

15 sec.

Denaturation

95ºC

30 sec.

Dependent on

35

the optimal
Annealing

annealing

30 sec

temperature of
the primer
polymerization

72ºC

30 sec

Final extension

72ºC

10 min.
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2.4.1 Primer design
Primers are used to determine the DNA fragment to be amplified by the
PCR process. The length of primers is usually not more than 30 (usually 1824) nucleotides (Stock Patricia S. 2009), and (Metzker 2010) they need to
match the beginning and the end of the DNA fragment to be amplified. These
primers are designed to have a sequence which is the reverse complement of
a region of template or target DNA to which we wish the primer to anneal.
Pairs of primers should have similar melting temperatures since annealing in
a PCR occurs simultaneously for both primers. A primer with a melting
temperature

(Tm)

significantly

higher

than

the

reaction's

annealing

temperature may mishybridize and extend at an incorrect location along the
DNA sequence, while Tm significantly lower than the annealing temperature
may fail to anneal and extend at all. The formula for calculating primer T m is
as follows:
Tm = 4°C x (number of G’s and C’s in the primer) + 2°C x (number of A’s and
T’s in the primer)
Primers were designed (appendix A) using the UCSC Human Genome
Browser (http://genome.ucsc.edu/index.html) as the reference sequence, and
the

primer3

program

(Rozen

and

Skaletsky

2000)

(http://primer3.sourceforge.net/) to covers the entire coding sequence as well
as the flanking intronic sequences, using the parameters listed in table 2.4.
Primer sequences were chosen to uniquely select a region of DNA, avoiding
the possibility of mishybridization to a similar sequence. The in-silico PCR
program available on the UCSC Human Genome Browser website was used
to ensure that the regions to which a primer may bind are specific for the DNA
region of interest.
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Table 2.4. Parameters for Primer Pair Design.
Minimal distance between primer and

100 bp

exon/intron boundary
Maximal target (exon) size. Exons larger

500 bp

than 'maximal target size' will be divided.

Overlap 150 bp

Annealing temperature

60ºC

Primer size

17-27 bp

G+C base composition

50-60%

Melting temperature Tm

55-72oC
Random base distribution,

Complementary primer sequences

to avoid inter-primer
homology
Preferably C or G anchor

3' end sequences

rather that A or T

2.4.2 Agarose gel electrophoresis
PCR products were separated on a 2% agarose gel; 2 grams of
agarose powder was mixed with 100 ml electrophoresis TBE buffer (45mM
Tris-borate, 1 mM EDTA, pH 8.0), then heated in a microwave oven until
completely melted. 5µl Ethidium bromide was added to the gel (final
concentration 0.5 µg/ml), the latter intercalates within the structure of nucleic
acids and they fluoresce under a UV light. After cooling the solution to about
600C, it was poured into a casting tray containing a sample comb and allowed
to solidify at room temperature. After the gel had solidified, the comb was
removed, using care not to rip the bottom of the wells. The gel, still in its
plastic tray, was inserted horizontally into the electrophoresis chamber and
just covered with electrophoresis buffer (1X TBE). For patient 25 µl DNA PCR
product, 5µl of PCR product was mixed with 2 µl orange 6X gel loading dye
and loaded into the well, the lid and power leads are placed on the apparatus,
and a current is applied.
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DNA migrates towards the positive electrode. A DNA Molecular Weight
Marker XIV (100 bp ladder) from Roche Applied Science simplified accurate
molecular weight determination of DNA fragments generated by PCR.
2.5 Reverse transcription polymerase chain reaction (RT-PCR)

Reverse-transcription PCR (RT-PCR) is a variant of the polymerase
chain reaction (PCR). It is a technique where an RNA strand is reverse
transcribed into its DNA complement (complementary DNA, or cDNA) using
the enzyme reverse transcriptase, which was discovered by Howard Temin at
the University of Wisconsin–Madison in RSV virions (Temin and Mizutani
1970) and independently isolated by David Baltimore in 1970 at MIT from two
RNA tumor viruses (Baltimore et al. 1970).

Figure 2.1. DNA Molecular Weight Marker XIV (100 bp ladder): Ladder of
100, 200, 300, 400, 500, 600, 700, 800, 900, 1000, 1100, 1200, 1300, 1400,
and 1500 bp, plus an additional 2642 bp fragment (16 fragments total).To
make the marker easy to identify, the 500 and 1000 bp bands are two to
three times more concentrated than the other size products in the ladder
(Roche Applied Science).
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2.5.1 cDNA synthesis
First strand cDNA synthesis was performed on 2 μg of total RNA, using
HotStarTaq® DNA Polymerase, contained in the QIAGEN OneStep RT-PCR
Enzyme Mix with gene-specific primers at a final concentration of 0.6 μM.,
according to the manufacturer’s protocol in table 2.5. A reaction containing no
reverse transcriptase was also prepared for each RNA sample as a control.
GAPDH (glyceraldehyde-3-phosphate dehydrogenase), like ß-actin, is a
standard housekeeping gene which is ubiquitously expressed and was used
as a positive control for RT-PCR, it is generally used as a control for
measuring cDNA synthesis efficiency by reverse transcription and as a control
for mRNA (cDNA) quantitative expression studies.
Table 2.5. Reaction setup for one-step RT-PCR
Volume/
Component
Final concentration
reaction
QIAGEN® OneStep RT-PCR Buffer, 5x

10 μl

1x; 2.5 mM Mg2+

dNTP mix (10 mM each)

2 μl

400 μM of each
dNTP

Forward primer

3 μl

0.6 μM

Reverse primer

3 μl

0.6 μM

30 μl

RNase-free water
QIAGEN
Mix

®

OneStep RT-PCR Enzyme

2 μl
50 μl

Total volume

The thermal cycler was programmed according to the manufacturer’s
instructions, using the conditions outlined in Table 2.6. For maximum yield
and specificity, temperatures and cycling times were optimized for each new
target and primer pair. After amplification, samples were stored overnight at
2–8°C, or at –20°C for longer storage.
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Table 2.6. Cycling conditions for one-step RT-PCR
Step
Time
Temperature Comment
The reaction temperature may
Reverse
be increased up to 60°C if
30 min
50°C
transcription
satisfactory results are not
obtained at 50°C.
This heating step activates
HotStarTaq DNA Polymerase,
Initial PCR
inactivates Omniscript®
15 min
95°C
activation
and Sensiscript® Reverse
Transcriptases, and denatures
the cDNA template.
3-step cycling:
0.5–1
Do not exceed this
Denaturation
94°C
min
temperature.
0.5–1
Approximately 5°C below Tm of
Annealing
50–68°C
min
primers.
For RT-PCR products of 1–2
Extension
1 min
72°C
kb, increase the extension time
by 30–60 s.
The optimal cycle number
depends on the amount of
Number of
25–40
template RNA and the
cycles
abundance of the target
transcript.
Final extension 10 min
72°C
2.5.2 RT-PCR primer design
To avoid amplification of contaminating genomic DNA, primers for RTPCR were designed so that one half of the primer hybridizes to the 3' end of
one exon and the other half to the 5' end of the adjacent exon. Such primers
will anneal to cDNA synthesized from spliced mRNAs, but not to genomic
DNA.
To detect amplification of contaminating DNA, RT-PCR primers were
designed to flank a region that contains at least one intron. Products amplified
from cDNA (no introns) will be smaller than those amplified from genomic
DNA (containing introns).
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2.6 Microsatellite markers
To confirm, and narrow down the homozygosity region(s) identified, a list
of microsatellite markers spanning the region(s) of interest were ordered using
the UCSC Human Genome Browser. Markers were designed to cover the
entire region of interest; a universal tail (5-carboxyfluorescein) FamTM was
added to the 5' end of the forward primer of all microsatellite marker primer
pairs. PCR products were analysed using the ABI 3700XL DNA Analyzer.
Data generated were analyzed using Peak Scanner™ Software (Applied
Biosystems, Carlsbad, CA).

2.7 Automated DNA sequencing
PCR amplicons were sequenced at the department core facility using
Amersham

ET

Dye

Terminator

Cycle

Sequencing

Kit

(Amersham

Biosciences; Piscataway, NJ) following the manufacturer’s instructions.
DYEnamic ET Terminator Cycle Sequencing Kits are based on a modification
of traditional dideoxynucleotide chain termination chemistry (Sanger et al.
1977) in which terminators are labeled with fluorescent dyes for automated
detection (Prober et al. 1987) (Lee et al. 1992) . In this case, however, each of
the four dideoxy terminators ddG, ddA, ddT and ddC is labeled with two dyes,
fluorescein and one of four different rhodamine dyes rather than a single dye.
Fluorescein has a large extinction coefficient at the wavelength (488 nm) of
the argon ion laser used in the sequencing instrument. Acting as the donor
dye, fluorescein absorbs energy from incident laser light and transfers it to the
rhodamine acceptor dye on the same terminator molecule. Each acceptor dye
then emits light at its characteristic wavelength for detection and subsequent
identification of the nucleotide causing the chain termination event. This
energy transfer format (Ju et al. 1995) provides more efficient excitation of the
acceptor dyes than direct excitation by the laser, resulting in a sequencing
method that is very sensitive and robust. Sequence data analysis was
performed using the SeqManII module of the Lasergene (DNA Star Inc. WI)
software package using reference sequence downloaded from UCSC Human
Genome Browser (http://genome.ucsc.edu/index.html) (Kent et al. 2002b) for
comparison.
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2.8 SNP Genotyping
For genotyping, 250 ng DNA samples were genotyped at the
department core facility following the instructions provided by Affymetrix for
their Gene Chip Human Mapping 250K Arrays, or Affymetrix Axiom®
(Affymetrix, Santa Clara, CA).

2.8.1

GeneChip® Mapping Assay

The GeneChip® Mapping Assay for the Mapping 2 X 250K Array Set
(500K) is consist of two arrays, both capable of genotyping on average
250,000 SNPs. One array uses the Nsp I restriction enzyme (~262,000
SNPs), whereas the second uses Sty I (~238,000 SNPs). Together, the family
of GeneChip Mapping products offers genotyping 10,000, 50,000, 100,000,
250,000, or 500,000 SNPs for a range of applications, such as linkage, and
association studies, as well as population genetics. Total genomic DNA (250
ng) is digested with a restriction enzyme (Nsp I or Sty I) and ligated to
adaptors that recognize the cohesive four base-pair (bp) overhangs. All
fragments resulting from restriction enzyme digestion, regardless of size, are
substrates for adaptor ligation. A generic primer that recognizes the adaptor
sequence is used to amplify adaptor-ligated DNA fragments. PCR conditions
have been optimized to preferentially amplify fragments in the 200 to 1,100 bp
size range. The amplified DNA is then fragmented, labeled, and hybridized to
a GeneChip Human Mapping 250K Array.
The GeneChip Human Mapping 2 X 250K (500K) Array Set was used
in combination with GeneChip® Genotyping Analysis Software (GTYPE),
which uses an automated, model-based genotype-calling algorithm that
presents a confidence score for each individual genotype. The Dynamic
Model algorithm (DM), (Di et al. 2005) produces a Quality Control (QC) call
rate for each array. A call rate of greater than or equal to 93 percent (at a DM
confidence threshold of 0.33), while using good quality DNA, was used to
determine whether a sample should be repeated or used for downstream
analysis.
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2.8.2

Axiom® Genome-Wide Population Optimized Human Arrays

Axiom® array plates are designed to maximize whole-genome
coverage of common and rare alleles, including SNPs within 10 kb of genes.
Both array plate were designed to accomplish

~90% genomic coverage

(r2 >0.8) in each target population, while covering markers with MAF of 1-5%
in areas such as, Critical biological categories (e.g., coding SNPs), Common
and rare SNPs, and insertions/deletions (indels) from the International
HapMap Project, 1000 Genomes Project, and published disease associations.

2.9 Homozygosity mapping

In homozygosity mapping analysis there is no perfect cutoff value, and
care needs to be implemented in interpreting homozygous intervals based on
size alone (Alkuraya 2012). The use of 2Mb as a size cutoff was used as an
initial step when mapping the autozygome of offspring of first cousin parents.
In simplex cases, we first considered the four largest runs of homozygosity
(ROH), where as in multiplex cases, we considered all ROH that are
exclusively shared by the affected members of a given sibship.

2.9.1 Affymetrix®

Homozygosity mapping was carried out using both the Affymetrix®
Genotyping Console™ (Affymetrix, Santa Clara, CA) and CNAG software that
uses SNP genotypes generated by a DM algorithm for the detection of copy
number changes and blocks of homozygosity (Yamamoto et al. 2007).

2.9.2 autoSNPa

Autozygome analysis for axiom array genotyping was performed using
autoSNPa software (Carr et al. 2006) . this software presents Affymetrix SNP
data, in a graphical colour-coded fashion that allows the fast identification of
autozygous chromosomal regions. In addition it also aids in the identification
of regions identity by descent (IBD) in inbred families, by visually presenting
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colour-coded SNP genotype data ordered by physical or genetic distance
(Http://Dna.Leeds.Ac.Uk/Autozygosity/)
2.10 Genome-wide scan – Multi-point linkage analysis
Genetic linkage is a term which describes the tendency of certain loci
or alleles to be inherited together. Genetic loci on the same chromosome are
physically close to one another and tend to stay together during meiosis, and
are thus genetically linked. This is called autosomal linkage.
Multipoint linkage analysis for general pedigrees of moderate size, and
involving many markers, was made practical in 1996 with the introduction of
the program Genehunter (Kruglyak et al. 1996). The linkage analysis of
programs such as Allegro and Genehunter involves three steps. Firstly,
determination of single point probabilities of individual inheritance vectors ,
secondly multipoint calculation, where genotype information on neighboring
markers is taken into account, and thirdly score calculation.
Allegro uses the fast Fourier transform (FFT) methodology of Kruglyak and
Lander (1998) to calculate multipoint probabilities of individual inheritance
vectors (Kruglyak and Lander 1998). Due to the algorithmic improvements,
Allegro runs much faster than Genehunter. Typically the speed-up is 20–40
folds, but may in some cases be as high as 100-fold (Gudbjartsson et al.
2000).
Linkage analysis using the SNP genotypes run on easyLINKAGE software
(Hoffmann and Lindner 2005) was performed on families with three or more
affected individuals The method, briefly, works as follows:
1. Establish a pedigree
2. Set up the parameters:


Linkage analysis program: Allegro v1.2 c two-/multipoint para/non parametric linkage analysis.



Chromosome interval to analyze: marker every 0.2 cM.



Genetic marker map: Affy 500k SLM1(NCBI36.1, April 6, 2007)



Allele frequency algorithm: Codominant.



Scoring function: HOMOZ.
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Frequency of disease allele: 0.0001



Inheritance mode: Recessive



Marker per set: 100, 120, 75 markers for 3 different runs.

3. Run easylinkage program.
4. The estimate with the highest LOD score will be considered the best
estimate.
Positive LOD scores favor the presence of linkage, whereas negative LOD
scores indicate that linkage is less likely. The test was developed by Newton
E. Morton (Morton 1955) . Computerized LOD score analysis is a simple way
to analyze complex family pedigrees in order to determine the linkage
between Mendelian traits (or between a trait and a marker, or two markers).
The LOD score is calculated as follows:

NR: denotes the number of non-recombinant offspring.
R: denotes the number of recombinant offspring.
The reason 0.5 is used in the denominator is that any alleles that are
completely unlinked (e.g. alleles on separate chromosomes) have a 50%
chance of recombination, due to independent assortment.
Theta is the recombinant fraction, it is equal to R / (NR + R)
A LOD score greater than 3.0 is considered significant evidence for linkage. A
LOD score of +3 indicates 1000 to 1 odds that the linkage being observed did
not occur by chance. On the other hand, a LOD score less than -2.0 is
considered evidence to exclude linkage. Although it is very unlikely that a
LOD score of 3 would be obtained from a single small pedigree, the
mathematical properties of the test allow data from a number of pedigrees to
be combined by summing the LOD scores. It is important to keep in mind that
this traditional cutoff of LOD>+3 is an arbitrary one and that the difference
between certain types of linkage studies, particularly analyses of complex
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genetic traits with hundreds of markers, these criteria should probably be
modified to a somewhat higher cutoff (Strachan Tom 2010).
2.11 Exome capture
Exome capture was performed commercially using a TruSeq Exome
Enrichment kit (Illumina) following the manufacturer’s protocol. Samples were
prepared as an Illumina sequencing library, and in the second step, the
sequencing libraries were enriched for the desired target using the Illumina
Exome Enrichment protocol. The captured libraries were sequenced using
Illumina HiSeq2000 Sequencer. The reads were mapped against UCSC hg19
(http://genome.ucsc.edu/)(Kent et al. 2002b) by the Burrows-Wheeler Aligner
(BWA, http://bio-bwa.sourceforge.net/)(Li and Durbin 2009a). SNPs and
indels

were

detected

by

the

program

SAMTOOLS

(http://samtools.sourceforge.net/)(Li et al. 2009b). For subsequent analysis of
the exome data, two approaches were preformed and detailed below.

2.11.1

Analysis of exome capture data
2.11.1.1 Analysis of variant in known RD genes

A database was created of all genes reported to date that cause’s
retinal degeneration/dystrophy. Patient exome sequence was interrogated for
homozygous,

heterozygous,

hemizygous

and

compound

heterozygous

changes in these known retinal degeneration/dystrophy genes that were likely
to be pathogenic i.e. coding (excluding synonymous unless they affect splice
site) or splice-site variants that were not present in 160 in-house control Saudi
exomes (no retinal degeneration phenotype).

It is important to all dbSNP

variants in these genes were checked against the Human Genome Mutation
Database since a lot of previously reported pathogenic mutations were listed
in dbSNP.
2.11.1.2 Analysis of variant within a homozygous region
The next step in the analysis pipeline was only employed when no
such changes were identified in known genes. Subsequent analysis of
sequence variants followed the filtering scheme outlined in figure 2.2.
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autozygome filter refers to variants present within the four largest blocks of
homozygosity in simplex cases and all blocks of shared homozygosity in
multiplex cases.

Figure 2.2. Next generation sequence data filtering scheme.

2.12 Gene expression in human retina
A human retinal cDNA library (Dr. Alison Hardcastle, IOO, UCL) was
used to test the expression of candidate novel genes. The cDNA library was
constructed from normal human donor neural retina (not including the RPE
cell layer) cloned into a vector and then size selected.
Retina cDNA library PCR reactions were performed using GoTaq® Hot Start
Polymerase enzyme (trademark of Promega Corporation), and an aliquot of
the human retinal cDNA library (size > 1 Kb), according to the protocol in table
2.8. GoTaq® Hot Start Green Master Mix is a premixed ready-to-use solution
containing GoTaq® Hot Start Polymerase, dNTPs, MgCl2 and reaction buffers
at optimal concentrations for efficient amplification of DNA templates by PCR.
Gene-specific primers were designed to exon sequences to flank a region that
contains at least one intron. The PCR cycling parameters (Table 2.7)
consisted of an initial denaturation step at 95 °C for 2 min, followed by 35
63

Chapter 2
cycles of denaturation at 95 °C for 30 s, annealing at primer melting
temperature minus 3°C for 30 s and extension at 72 °C for 30 s, followed by a
final extension step at 72 °C for 5 min. PCR products were separated on a
1.5% agarose gel and visualized using ethidium bromide.
Table 2.7: PCR Protocol for amplification of the human retinal library
Reagent
volume
Final concentration
GoTaq® Hot Start Master Mix
(Buffer (pH 8.5), 400μM dATP,
400μM dGTP, 400μM dCTP,

12.5 μl

400μM dTTP and 4mM
MgCl2)
Forward primer

3 μl

0.5 μM per primer

Reverse primer

3 μl

0.5 μM per primer

human retinal cDNA library

2 μl

10-20 ng/ul

Distilled water

4.5 μl

Final volume

25 μl

2.13 Bioinformatics

2.13.1 UCSC Human Genome Browser (http://genome.ucsc.edu/)

The UCSC (University of California, Santa Cruz) genome browser
(Kent et al. 2002b) was used to display all the known and predicted genes in
the candidate region, and as

the source gene information, location,

microsatellite markers mapping information, and Primer design.

2.13.2 DNA Star computational software (DNAStar,Inc.,USA)
Patient DNA sequences were analysed using DNAStar computational
software. Sequencing data obtained from PCR products was analysed using
SeqMan, by alignment to the reference genomic sequence downloaded from
Ensemble genome browser. EditSeq was used to determine whether any
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DNA sequence changes identified in patients caused any alterations in the
normal protein sequence.

2.13.3 Ensemble genome browser (http://www.ensembl.org/)
Ensembl genome browser was used as the source of the reference
sequences. Coding exons and approximately 40-60 base pairs of intronic
sequence either side of the exons were downloaded into DNAStar, for
alignment and comparison with patient sequence. This browser was also used
for protein-coding and non-coding genes, splice variants, cDNA and protein
sequences, non-coding RNAs, and to check for SNPs, Short sequence
variants and longer structural variants; disease and other phenotypes. Also it
is helpful in whole genome alignments across multiple species.

2.13.4 ToppGene (http://toppgene.cchmc.org/)
ToppGene (Chen et al. 2009) was used for candidate gene
prioritization. Prioritizing or ranking candidate genes based on functional
similarity to a training gene list, which in this case was a list of all known
retinal dystrophy genes.
2.13.5 Fruitfly splice site prediction (http://www.fruitfly.org/)
The effect of intronic mutations identified was tested using the Fruitfly
splice site prediction tool (Reese et al. 1997).

2.13.6 PolyPhen (Polymorphism Phenotyping)
(http://genetics.bwh.harvard.edu/pph/)
PolyPhen (Adzhubei et al. 2010) was used as a tool for the prediction
of the effect of non-synonymous SNPs on the structure and function of a
human protein.
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2.13.7 Mutalyzer 2.0.beta-21 (https://mutalyzer.nl/index)
This program suite was used to support checks of sequence variant
nomenclature according to the guidelines of the Human Genome Variation
Society (Wildeman et al. 2008).

2.13.8 Exome Variant Server (http://evs.gs.washington.edu/EVS/)
Exome variant server (Nhlbi Go Exome Sequencing Project (Esp)
2011) was used to aid in the identification of disease causing variants from
the next generation sequencing data, by excluding variants that appear to be
a SNP in EVS.

2.13.9 RetNet, the Retinal Information Network
(http://www.sph.uth.tmc.edu/RetNet/)
RetNet (Daiger 1998) provides tables of genes and loci causing
inherited retinal diseases, such as retinitis pigmentosa, macular degeneration
and Usher syndrome, and related information.

2.13.10 The 1000 Genomes browser (http://www.1000genomes.org/)
The 1000 Genomes Project is an international research effort
coordinated by a consortium of 75 companies and organizations to establish
the most detailed catalogue of human genetic variation (Consortium 2010).
This browser was used to search for disease causing variant, by checking all
the variants in our regions of interest if it’s a SNP or previously reported
mutation.

2.13.11 Integrative Genomic Viewer (IGV)
(www.broadinstitute.org/software/igv/home)
The IGV is a high performance visualization tool for interactive
exploration of larger integrated genomic data sets. It support a variety of data
types, including array-based and next-generation sequence data, and
genomic annotation (Thorvaldsdottir et al. 2013).
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2.13.12 SIFT (sorts intolerant from tolerant) (http://sift.jcvi.org/)
SIFT is a sequence homology-based tool that sorts intolerant from
tolerant amino acid substitutions and predicts whether an amino acid
substitution in a protein will have a phenotypic effect. SIFT prediction is based
on the degree of conservation of amino acid residues in sequence alignments
derived from closely related sequences, collected through PSI-BLAST. SIFT
can be applied to naturally occurring nonsynonymous polymorphisms or
laboratory-induced missense mutations.
2.1 Condel (CONsensus DELeteriousness score of missense SNVs)
Condel is a method to evaluate the outcome of nonsynonymous SNVs
using a consensus deleteriousness score that combines various tools for
example SIFT and Polyphen2 (Gonzalez-Perez and Lopez-Bigas 2011).

67

Chapter 3

Chapter 3
Homozygosity mapping as a tool for disease gene
identification

3.1 Introduction
Mapping of all the autozygous blocks in an individual (autozygome) at
high resolution was made possible with high-density SNP arrays that have
largely replaced microsatellite markers for the purpose of homozygosity
mapping (Alkuraya 2012).
The high rate of consanguinity in the Saudi population, with one-eighth of the
genome of first cousins being shared on average (identical by descent)
(Khalak et al. 2012), makes it highly likely that the causative mutation for a
familial recessive disease will exist in shared genome segments. Therefore,
the study of autozygous genomic intervals (autozygome) of the offspring of
first cousin unions is very useful in identifying the underlying causative
homozygous mutation.
Autozygome guided candidate gene sequencing in retinal dystrophy
(RD) patients from such consanguines populations has proved to be a
powerful approach to identify the underlying causative RD mutation and as an
effective method to identify novel RD genes (Bandah-Rozenfeld et al. 2010;
Collin et al. 2008; Henderson et al. 2010). This approach is an alternative to
the extensive sequencing that is usually required to screen all known RD
genes to make the molecular diagnosis in patients with this genetically
heterogeneous disorder. Homozygous mutations have also been identified in
patients of nonconsanguineous unions (Littink et al. 2010), and on the basis of
several genetic studies it was estimated that 35% of patients with autosomal
recessive diseases from Western European countries carry homozygous
mutations (Roux et al. 2006; Yzer et al. 2006b). Even in the absence of family
history, Saudi RD patients are still likely to have an autosomal recessive form
of the disease (Aldahmesh et al. 2009b). The detection of homozygous
mutations in both consanguineous and nonconsanguineous families makes
autozygosity mapping a particularly appealing approach.
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Although it is possible to identify disease causative mutation in novel
disease

genes within the critical autozygome locus (loci) in autosomal

recessive disorders based on known biology, sequencing of a number of
candidate genes in anticipation of identifying the true underlying cause is
often required; this was previously a major bottleneck in the identification of
new disease genes. However, the recent availability of next-generation
sequencing has had a major impact on the rate at which rare recessive
mutations are identified by circumventing the need to prioritize genes for
sequencing within candidate autozygous loci (Alkuraya 2012). Nextgeneration sequencing (NGS) permits massively parallel sequencing at an
exceptional scale, both in output and cost, and has proved invaluable in
retinal dystrophy genetics (Audo et al. 2012; Neveling et al. 2012). Whole
exome sequencing (WES) is one of the NGS applications where the majority
of the protein-coding exons of all annotated genes can be captured, followed
by high throughput sequencing.
In this chapter, autozygome guided candidate gene sequencing and
whole exome sequencing were both evaluated for their usefulness in
identifying the underlying genetic cause of RD in Saudi cases.
3.2 Results
3.2.1 Familial (multiplex) cases

For all the families discussed below, DNA samples that were available
(stared symbols in the pedigrees) were genotyped using the Affymetrix Gene
Chip Human Mapping 250K Arrays (Affymetrix, Santa Clara, CA) (Section
2.8). In addition genome-wide scan using Easylinkage Multi-point analysis
(section 2.10) was performed. Homozygosity mapping was done using the
programs CNAG and GTC (Section 2.9) to search for blocks of homozygosity
those are shared between all affected individuals but not the unaffected
individuals. Primers for candidate genes (Appendix A) within the homozygous
regions were designed (Section 2.4.1) and all exons were amplified Using the
Hot star taq polymerase enzyme PCR protocol described (Section 2.4), and
detected by agarose gel electrophoresis (Section 2.4.2).
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3.2.1.1 Homozygosity mapping guided candidate gene analysis

3.2.1.1.1 BBS4 mutation (Family arRP-F026)
This family with 4 affecteds (Figure 3.1) was diagnosed with autosomal
recessive retinitis pigmentosa. Genome-wide scan using Easylinkage Multipoint analysis (Section 2.10) showed 2 peaks with a significant LOD score of
3 on chromosome 11 and chromosome 15 (Figure 3.2).

Figure 3.1: Pedigree drawing of family arRP-F026. Squares are males,
circles are females, filled symbols are affected individuals, star indicates
DNA sample available, double line between individuals indicates
consanguinity.
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Figure 3.2. Easylinkage analysis for family arRP-F026, showing 2 peaks
with a significant LOD score of 3 on chromosome 11, and chromosome 15,
using these parameters: equal distribution of allels, ressesive inheritance, and
Computation in sets of 100 markers, spacing 0.2000 cM.

Homozygosity mapping analysis revealed a 10.5 Mb homozygous
block on chromosome 15 (genomic region is between 66.39-76.87 Mb)
(Figure 3.3). This homozygous block on Chr 15q24.1 contains two known IRD
genes NR2E3 (Photoreceptor-specific nuclear receptor), and BBS4 (BardetBiedl Syndrome 4) (Figure 3.4). Homozygosity analysis confirmed the region
on chr15 and excluded the region on chromosome 11.
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Figure 3.3. Homozygosity mapping analysis for family arRP-F026. A) CNAG analysis B) Genotyping Console GTC analysis,
showing a homozygous block shared by all affecteds on chromosome 15. boxed interval is the inteval with the highest LOD score
(genomic region is between 66.39-76.87 Mb).
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Figure 3.4. Genes within the homozygous block on Chr 15. UCSC
genome browser hg19 build showing all genes contained within the
homozygous block, genes circled in red are known retinal dystrophy genes.

All 8 coding exons of NR2E3, and 16 coding exons (Appendix A) of
BBS4 were successfully amplified (Figure 3.5, and Figure 3.6) in one affected,
as detected by agarose gel electrophoresis (Section 2.4.2).

Figure 3.5. NR2E3 PCR products. Agrose gel showing successful
amplification of all 8 coding exons of the NR2E3 gene in an affected
individual.
By direct sequencing (Section 2.7) of the NR2E3 and BBS4 genes in
one affected, no mutation was detected in NR2E3, but a homozygous splice
site mutation in intron 4 of the BBS4 gene (c.178-2A>G) (Figure 3.7) was
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identified, which is predicted to result in exon skipping as previously reported
(Alkuraya 2012) .

Figure 3.6. BBS4 PCR products. Agrose gel showing successful amplification
of all 16 coding exons of the BBS4 gene in an affected individual.

Figure 3.7. Sequence chromatogram of the BBS4 gene in affected IV:1
from family arRP-F026 showing a splice site mutation in intron 4 of the BBS4
gene (c.178-2A>G).
Unfortunately, DNA for the parents was not available; however, all 4 affecteds
were homozygous for this mutation (Figure 3.8).

Figure 3.8. BBS4 mutation segregation analysis for family arRP-F026.
Sequence chromatogram of the BBS4 gene showing a homozygous splice
site mutation in intron 4 of the BBS4 gene (c.178-2A>G) that segregates in all
affected individuals.
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The BBS4 gene consists of 16 exons and spans approximately 52 Kb
(Mykytyn et al. 2001). BBS4 is 1 of 7 BBS proteins that form the stable core of
a protein complex required for ciliogenesis (Nachury et al. 2007). To date 29
mutations in the BBS4 gene have been identified and are always associated
with Bardet-Biedl Syndrome (Stenson et al. 2003) (HGMD® - Human Gene
Mutation

Database

http://www.biobase-international.com/).

family arRP-F026 was diagnosed with RP, not BBS.

Interestingly,

The fact that a

homozygous splice site mutation was identified in this family prompted a reevaluation of the phenotype in this family. Upon reexamination, all 4 affected
were found to have additional BBS features that include polydactyly and
obesity.
3.2.1.1.2

CDHR1 mutation (Family arRP-F034)

This consanguineous family had 3 affected siblings (Figure 3.9), all
diagnosed with autosomal recessive retinitis pigmentosa.

Genome-wide scan

using easylinkage Multi-point analysis (Section 2.10) showed 3 peaks with a
maximum LOD score of 2.51 on chromosome 10, and 11, and a LOD score of
2.53 on chromosome 1 (Figure 3.10).

Figure 3.9. Pedigree drawing of family arRP-F034. Squares are males,
circles are females, filled symbols are affected individuals, star indicates DNA
sample available, double line between individuals indicates consanguinity.
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Figure 3.10. Easylinkage analysis for family arRP-F034, showing 3 peaks
with a maximum LOD score of 2.51 on chromosome 10, and 11, and a LOD
score of 2.53 on chromosome 1 using these parameters: equal distribution of
alleles, recessive inheritance,and Computation in sets of 75 markers, spacing
0.2000 cM.

Homozygosity mapping analysis of the locus on chromosome 1
revealed a 19 Mb homozygous block shared by all 3 affecteds, but not the
unaffecteds (genomic region between 234-243 Mb) (Figure 3.11). This
homozygous block does not contain any of the known IRD genes, and the
total number of annotated genes in the region was 18 according to the Human
Genome Browser hg19 build (Kent et al. 2002b).
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Figure 3.11. Homozygosity mapping analysis for the locus on chr 1 (family arRP-F034). A) CNAG analysis. B) Genotyping
Console GTC analysis, showing a homozygous block shared by all affecteds on chromosome 1, but not the unaffecteds (genomic
region is between 234-243 Mb). Red box is the interval giving the highest LOD score, Red colour represents affected individuals and
black colour represents unaffected individuals.
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Further homozygosity mapping analysis of the locus on chromosome
11 revealed a 10 MB homozygous block shared by all 3 affecteds, but not the
unaffecteds (genomic region between 76-86 MB) (Figure 3.12). Two known
IRD genes were contained within the homozygous region: TMEM126A
(transmembrane protein 126A) consists of 4 coding exons and spans 8.5 kb
(Hanein et al. 2009), mutations in this gene cause recessive non-syndromic
optic atrophy. MYO7A (Myosin VIIA) mutations cause Usher Syndrome Type
IB (Weil et al. 1995) an autosomal recessive condition characterized by
profound congenital hearing impairment with unintelligible speech, early
retinitis pigmentosa (usually evident within the first decade), and constant
vestibular dysfunction.
On the other hand, the homozygosity mapping analysis of the locus on
chromosome 10 revealed a 43 Mb homozygous block shared by all 3
affecteds, but not the unaffecteds (Figure 3.13). This homozygous block is the
largest among the 3 homozygous blocks (chr1, chr10 and chr11) identified by
homozygosity mapping. Three known IRD genes were contained within the
homozygous region on chr. 10 (Figure 3.14). The RGR gene (retinal G protein
coupled receptor) is an arRP gene, CDH23 (cadherin-related 23) mutations
are known to cause Usher syndrome 1D (deafness with retinitis pigmentosa)
and nonsyndromic autosomal recessive deafness, and PCDH21 (CDHR1)
protocadherin 21 precursor is a recently identified
2005).

78

arRP gene (Bolz et al.

Chapter 3

Figure 3.12. Homozygosity mapping analysis for the locus on chr 11 (family arRP-F034). A) CNAG analysis. B) Genotyping
Console GTC analysis, showing homozygous block shared by all affecteds, but not the unaffecteds on chromosome 11 (genomic
region is between 76-86 Mb). Red box (Blue box in GTC) is the interval giving the highest LOD score, Red color represents
affected individuals and black color represents unaffected individuals.
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Figure 3.13. Homozygosity mapping analysis for the locus on chr 10 (family arRP-F034). A) CNAG analysis. B) Genotyping
Console GTC analysis, showing homozygous block shared by all affecteds, but not the unaffecteds on chromosome 10 (genomic
region is between 69.7-113.2 Mb). Red box (Blue box in GTC) is the interval giving the highest LOD score, Red color represents
affected individuals and black color represents unaffected individuals.
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Figure 3.14. Genes located in the homozygous block on chr 10 (Family
arRP-F034). GTC analysis showing the known retinal dystrophy genes
contained within the homozygous block that is shared between all 3 affected
individuals.
Both the RGR and CDHR1 are candidate genes since mutations in
these genes are responsible arRP.
All 7 coding exons of the RGR gene and 17 coding exons of the
CDHR1 gene were successfully amplified (Figure 3.15, figure 3.16) in one
affected, as these were visualized by agarose gel electrophoresis (Section
2.4.2).

Figure 3.15. RGR PCR products. Agarose gel showing, successful
amplification of all 7 coding exons of the RGR gene in an affected individual.
81

Chapter 3

Figure 3.16. CDHR1 PCR products. Agarose gel showing successful
amplification of all 17 coding exons of the CDHR1 gene in an affected
individual.
Direct sequencing (Section 2.7) of the CDHR1 gene in one affected
revealed a novel homozygous nonsense mutation in exon 9 c.838 C>G,
p.R80X (Figure 3.17). This mutation is predicted to result in truncation of the
protein at position p.80 instead of producing a 859 amino acid protein.
Segregation analysis showed that this homozygous mutation segregates in all
affected individuals, and the 2 unaffecteds were heterozygous (Figure 3.18).

Figure 3.17. Sequence chromatogram of the CDHR1 gene in affected IV:1
from family arRP-F034 showing a novel homozygous nonsense mutation in
exon 9 c.838 C>G, p.R80X.
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Figure 3.18. CDHR1 mutation segregation analysis for family arRP-F034.
Sequence chromatogram of the CDHR1 gene showing a novel homozygous
nonsense mutation in exon 9 c.838 C>G, p.R80X that segregates in all
affected individuals, and the 2 unaffecteds were heterozygous.

The CDHR1 gene, Cadherin-related family member 1 (CDHR1; OMIM
*609502), previously known as protocadherin 21 (PCDH21), consists of 17
exons and encodes a protein of 859 amino acids. The novel c.838 C>G:
p.R80X nonsense variant is located in exon 9 of CDHR1 and alters cytosine
at position 80 to a stop codon (Figure 3.19). This mutation is predicted to
cause premature truncation of the protein, resulting in the loss of 779 Cterminal amino acids of the CDHR1 protein. This nonsense mutation may also
result in nonsense-mediated decay of the transcript, resulting in loss of the
protein.
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Figure 3.19. CDHR1 gene structure and schematic of CDHR1 protein. (A)
illustration of CDHR1 gene structure adapted from ensembl: the exons are
colored according to domain structure, and, as illustrated in Panel B the star
indicates the location of the novel mutation c.838 C>G in exon 4. (B) a
schematic of the cellular domain structure of the Protocadherin-21 (PCDH21)
protein adapted from (Henderson et al. 2010) with the amino acid numbers
corresponding to each of the structural domains, the yellow star indicates the
location of the novel mutation p.R80X.
CDHR1 is a member of the cadherin family that localizes to the base of
the photoreceptor outer segment (OS) at the connection between the inner
segments (ISs) and the outer segments (OS)s (Rattner et al. 2004; Rattner et
al. 2001). It is highly expressed in the retina (Nakajima et al. 2001), however
CDHR1 expression is very low or absent in heart, kidney, liver, lung, spleen,
testis and skeletal muscle (Rattner et al. 2004). A CDHR1 knockout mouse
had an abnormal cone and rod function but this dysfunction was not as severe
as expected from the degree of disorganization of the OS (Ostergaard et al.
2010).
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3.2.1.1.3 CRB1 mutation (Family arRP-F073)
This consanguineous family had 5 affected members (Figure 3.20), all
diagnosed with autosomal recessive retinitis pigmentosa. Homozygosity
mapping revealed a homozygous region on chromosome 1 (genomic region is
between 89-201Mb) (Figure 3.21). This homozygous block contains a known
retinal dystrophy gene CRB1 crumbs homolog 1 (MIM# 604210). Mutations in
human CRB1 (also known as RP12) are responsible for neurodegenerative
diseases of the retina, including retinitis pigmentosa and Leber congenital
amaurosis (Azam et al. 2011; Benayoun et al. 2009; Bernal et al. 2003; Booij
et al. 2005; Clark et al. 2010; Coppieters et al. 2010; Den Hollander et al.
2004; Den Hollander et al. 2001a; Den Hollander et al. 2007; Den Hollander
et al. 1999; Galvin et al. 2005; Gerber et al. 2002; Hanein et al. 2004;
Henderson et al. 2011; Henderson et al. 2007; Jacobson et al. 2003; Khaliq et
al. 2003; Li et al. 2011; Lotery et al. 2001a; Lotery et al. 2001b; RiveiroAlvarez et al. 2008; Seong et al. 2008; Siemiatkowska et al. 2011; Simonelli et
al. 2007; Tosi et al. 2009; Vallespin et al. 2007; Walia et al. 2010; Yzer et al.
2006a; Yzer et al. 2006b; Zernant et al. 2005).

Figure 3.20. Pedigree drawing of family arRP-F073. Squares are males,
circles are females, filled symbols are affected individuals, star indicates DNA
sample available, diamond represent number of siblings, and double line
between individuals indicates consanguinity.
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All 12 coding exons of the CRB1 gene were successfully amplified (Figure
3.22) in one affected, as these were visualized by agarose gel electrophoresis
(Section 2.4.2).
Direct sequencing (section 2.7) of the CRB1 gene in one affected
revealed a homozygous missense mutation in exon 2 c.G80T:p.C27F (Figure
3.23), which was previously reported to cause arRP in an unrelated Saudi
family (Aldahmesh et al. 2009b). The mutation affects a highly conserved
amino acid residue (Figure 3.25). The mutation was found in the homozygous
state in both affected siblings, and their affected parents. Unfortunately, DNA
was not available for all family members; however, all 4 affecteds were
homozygous for this mutation (figure 3.24). Bioinformatic prediction analyses
of this mutation revealed a deleterious effect with a score of 1.000 using the
SIFT software (Kumar et al. 2009), and probably damaging with a score of
3.5 using the Polymorphism Phenotyping v2 PolyPhen-2 software (Adzhubei
et al. 2010).

Figure 3.21. AutoSNPa analysis for the locus on chromosome 1 (arRPF073 family), red box represents the homozygous block shared by all
affected individuals on chromosome 1 (genomic region is between 89201Mb).
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Figure 3.22. CRB1 PCR products. Agrose gel showing successful
amplification of all 12 coding exons of the CRB1 gene in an affected individual.

Figure 3.23. Sequence chromatogram of the CRB1 gene in affected
individual IV:1 from family arRP-F073 showing a homozygous missense
mutation in exon 2 c.G80T:p.C27F.

Figure 3.24. CRB1 mutation segregation analysis for arRP-F073.
Sequence chromatogram of the CRB1 gene showing a homozygous
missense mutation in exon 2 c.G80T:p.C27F that segregates in the affected
individuals
The CRB1 gene is

a human homologue of the Drosophila

melanogaster gene, located in 1q31, and contains 12 exons. The gene codes
for the protein crumbs (CRB), and it exhibits alternative splicing at the 3’ end,
yielding two different isoforms of 1,376 and 1,406 amino acids (Den Hollander
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et al. 2001a). Both proteins contain a signal peptide sequence, 19 epidermal
growth factor (EGF)-like domains, three laminin A globular (AG)-like domains,
additionally the longer isoform includes transmembrane and cytoplasmatic
domains (Den Hollander et al. 2001a; Gosens et al. 2008). The missense
mutation (c.G80T:p.C27F) is located in the EFG-LIKE domain 1, and was also
previously reported to cause arRP in an unrelated Saudi patient (Aldahmesh
et al. 2009a). Another missense mutation causing arRP, p.C45W, has been
reported in the same domain (Clark et al. 2010).

Figure 3.25. Multiple alignment of CRB in 43 species showing
conservation of amino acid C27. Alignment was generated using the multiz
alignment
tool
from
the
human
genome
browser
(http://genome.ucsc.edu/.)(Kent 2002a).
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3.2.1.2 Homozygosity mapping guided whole exome sequencing
For families discussed in this section, all the DNA samples that were
available (starred symbols in the pedigrees) were genotyped using the Axiom
Gene Chip or the Affymetrix Gene Chip Human Mapping 250K Arrays
(Section 2.8). Homozygosity mapping was carried out using the AutoSNPa
program (Section 2.9.2) to search for blocks of homozygosity those are
shared between all affected individuals, but not the unaffected.

Whole

exome sequencing

Exome

was

done commercially using

a TruSeq

Enrichment kit (Illumina) (Section 2.11). The reads were mapped against
UCSC hg19 (http://genome.ucsc.edu/) using the Burrows-Wheeler Aligner
(BWA, http://bio-bwa.sourceforge.net/) (Li and Durbin 2009a). SNPs and
indels

were

detected

by

the

program

SAMTOOLS

(http://samtools.sourceforge.net/) (Li et al. 2009b). For subsequent analysis,
a

database

was

created

of

all

genes

reported

to

cause

retinal

degeneration/dystrophy (Section 2.11.1). Patient whole exome sequence
was analysed for homozygous, heterozygous, hemizygous and compound
heterozygous changes in these known IRD genes that were likely to be
pathogenic i.e. coding (excluding synonymous unless they affect splice site)
or splice-site variants that were not present in 160 in-house control Saudi
exomes (no retinal degeneration phenotype). All dbSNP variants in these
genes were checked against the Human Genome Mutation Database since
some previously reported pathogenic mutations are now listed in dbSNP e.g.
pathogenic mutation in CNGA3 gene entered in the data base with rs ID
(http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs= rs104893612).
Primers for candidate genes were designed (Section 2.4.1) (Appendix
A) and all exons were amplified using the Hotstar taq polymerase enzyme
PCR protocol described (Section 2.4) and visualized by agarose gel
electrophoresis (Section 2.4.2).
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3.2.1.2.1 RLBP1 mutation (Family arRP-F069)
This consanguineous family had 4 affected siblings (Figure 3.26)
diagnosed with autosomal recessive retinitis pigmentosa. DNA samples for all
affected individuals and one unaffected sister were genotyped using the
Axiom Gene Chip (Section 2.8). Homozygosity mapping was carried out using
the AutoSNPa program (Section 2.9.2) to search for blocks of homozygosity
shared between the 4 affected individuals. Homozygosity mapping revealed a
21 Mb homozygous regions on chr15 (genomic region 66,188,40587,008,233) (Figure 3.27).

Figure 3.26. Pedigree drawing of family arRP-F069. Squares are males,
circles are females, filled symbols are affected individuals, star indicates DNA
sample available, double line between individuals indicates consanguinity.

90

Chapter 3

Figure 3.27. AutoSNPa analysis for the locus on chromosome 15 (arRPF069 family), red box rpresents the homozygous block shared by all affected
individuals on chromosome 15 (genomic region is between 66-87Mb).
The homozygous region on chromosome 15 did not contain any known
RD genes indicating a potential novel locus. Therefore whole exome
sequencing was performed to identify the causative mutation.
The whole exome sequencing analysis for the affected (IV:1) revealed
a homozygous nonsense mutation in the RLBP1 (retinaldehyde binding
protein 1) gene, exon 6 NM_000326.1: c.C466T: p.R156X, which was
previously reported to cause fundus albipunctatus (FA) (Naz et al. 2011).
Primers for the RLBP1 gene were designed (Section 2.4.1) to amplify and
sequence all 6 coding exons (Appendix A). All exons were successfully
amplified (Figure 3.28) in one affected, as detected by agarose gel
electrophoresis (Section 2.4.2).
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Figure 3.28. RLBP1 PCR products. Agarose gel showing successful
amplification of all 6 coding exons of the RLBP1 gene in an affceted individual.
Direct sequencing (Section 2.7) of the RLBP1 gene in one affected
confirmed the homozygous missense mutation in exon 6 NM_000326.1:
c.C466T:p.R156X (Figure 3.29), that is predicted to cause premature
termination of the protein. This variation segregated with the disease
phenotype in the family. Unfortunately, DNA was not available for all family
members; however, all 4 affecteds were homozygous for this mutation,
whereas the unaffected sister was homozygous for the wild type allele (Figure
5.30).

Figure 3.29. Sequence chromatogram of the RLBP1 gene in affected IV:1
from family arRP-F069 showing a homozygous nonsense mutation in exon 6
c.C466T:p.R156X.
The

homozygous

NM_000326.1:

c.C466T:

nonsense
p.R156X,

mutation
was

in

previously

the

RLBP1

reported

gene
in

two

consanguineous Pakistani families (Naz et al. 2011) to cause fundus
albipunctatus (FA),

a rare form of stationary night blindness that is

characterised by the presence of symmetrical round white dots in the fundus
with a greater concentration in the midperiphery yet the retinal arterioles, disc
and visual fields are normal (Hajali et al. 2009). However the four affected
siblings who were homozygous for the RLBP1 mutation were diagnosed with
arRP.
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Figure 3.30. RLBP1 mutation segregation analysis for arRP-F069.
Sequence chromatogram of the RLBP1 gene showing a homozygous
nonsense mutation in exon 6 c.C466T:p.R156X that segregates in the 4
affected individuals, and the unaffected was homozygous for the wild type
allele.
Fundus images for one affected individual (Figure 3.31), showed
typical RP changes that include retinal arteriolar attenuation and diffuse
pigmentary changes.

Different mutations in RLBP1 gene have been

associated with retinitis punctata albescens (Gonzalez-Fernandez et al.
1999), Fundus albipunctatus (Eichers et al. 2002), and autosomal recessive
retinitis pigmentosa (Maw et al. 1997).
The mutation was initially missed by the homozygosity guided
candidate gene sequencing approach because the RLBP1 gene (89,753,099)
mutation was located in a region where the unaffected sibling (IV:5)

had

overlapping autozygosity with her four affected siblings (genomic region
87,128,020-89,764,922).

However

this

homozygous

region

was

initially

dismissed (blue box in figure 3.32) and the focus was on the homozygous
area boxed in red (figure 3.32). On the other hand, as shown in figure 3.32,
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the Region Of Homozygosity (ROH) shared with the unaffected sibling (IV:5)
was in fact identical-by- state (IBS)

since haplotype analysis (figure 3.32)

demonstrated the same haplotype was shared between the unaffected sister
and her 4 affected siblings.

Figure 3.31. fundus photographs of the proband (IV:1) from family arRPF069. showing typical RP changes - Retinal arteriolar attenuation and diffuse
pigmentery changes.
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Figure 3.32. Haplotype analysis for family arRP-F069. (A) autoSNPa homozygosity analysis shows a homozygous region
shared between the unaffected individual (IV:5) and her 4 affected siblings (genomic region 87,128,020-89,764,922 (blue box) (B)
haplotype analysis shows that the unaffected individual (IV:5) and her 4 affected siblings (IV:1, IV:2, IV:3, IV:4) shared the same
haplotype, and the homozygous region in (B) was in fact identical by state.
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3.2.1.2.2 Genetic heterogeneity within the same pedigree (BBS, RP)
(Family arRP-D02)
This consanguineous family had 5 affected members (Figure 3.33), all
diagnosed with autosomal

recessive retinitis pigmentosa. Homozygosity

mapping revealed no homozygous region shared between all affected
individuals, therefore whole exome sequencing was performed to identify the
disease causative mutation.

Figure 3.33. Pedigree drawing of family arRP-D02. Squares are males,
circles are females, filled symbols are affected individuals, star indicates DNA
sample available, double line between individuals indicates consanguinity, red
box represent the two branches of the family.
The whole exome sequence analyses for the affected individual (IV: 9)
revealed a homozygous splice site mutation in intron 10 of the BBS1 gene
NM_024649.1: c.951+58C>T; p.G318VfsX61, which was previously reported
and predicted to result in a frameshift due to inclusion of intron 10 (Abu Safieh
et al. 2010). Mutations in the BBS1 gene have been observed in patients with
the major form (type 1) of Bardet-Biedl syndrome (Mykytyn et al. 2002).
Based on the previous reports of rare cases in which BBS presents as
nonsyndromic RP (Abu-Safieh et al. 2012; Abu Safieh et al. 2010),
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segregation analysis was done for both branches of this family. All 17 exons
were successfully amplified (Figure 3.34) in one affected, as these were
visualized by agarose gel electrophoresis (Section 2.4.2).

Figure 3.34. BBS1 PCR products. Agarose gel showing successful
amplification of all 17 coding exons of the BBS1 gene in an affected.
Direct sequencing (Section 2.7) of the BBS1 gene in one affected
confirmed the homozygous splicing mutation in intron 10 NM_024649.1:
c.951+58C>T; p.G318VfsX61 (Figure 3.35), which was previously reported to
cause inclusion of 58 nucleotides of BBS1 intron 10 (Abu Safieh et al. 2010).
This variation segregated with the disease phenotype in the first branch of the
family (Figure 3.36). Additionally the affected infant (V:1) from the second
branch (Branch 2 Figure 3.33) was also homozygous for the BBS1 mutation,
whereas the two affected siblings in branch 2 (IV:1, IV:2) were heterozygous.

Figure 3.35. Sequence chromatogram of the BBS1 gene in affected IV:1
from family arRP-D02 showing a homozygous splicing mutation in intron 10
c.951+58C>T; p.G318VfsX61.
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Figure 3.36. BBS1 mutation segregation analysis for branch 1 of family
arRP-D02. Sequence chromatogram of the BBS1 gene showing a
homozygous splicing mutation in intron 10 c.951+58C>T; p.G318VfsX61 that
segregates as the unaffected parents and siblings were hetrozygous for the
mutation.
Since there was no homozygous region shared between the two
branches in the initial analysis, the homozygous regions shared between the
two affected siblings (IV:1 and IV:2) in branch 2 with the exclusion of branch
1, and the affected infant (V:1) were re-analysed. Homozygosity analysis
revealed three homozygous regions shared between the two affected siblings
(IV:1 and IV:2) yet not the unaffected individuals from the same branch. The
two homozygous regions on chromosome 1 (genomic region 213,500,000231,400,000), and chromosome 11 (genomic region 0-11,052,070), contained
no known RD genes, whereas the homozygous region on chromosome 8
(genomic region 50,000,000-81,600,000) contained four known RD genes
RP1, TTPA, PXMP3, and RLBP1L1. Since RP1 was shown to be the major
cause of arRP in this population (Chapter 6), primers for RP1 were designed
(See Chapter 6), and direct sequencing of the RP1 gene (Section 2.7) in one
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affected revealed a homozygous missense variant in exon 4, c.5008G>A;
p.A1670T (Figure 3.37). Although this missense variant segregated with the
phenotype in this branch (Figure 3.37), the amino acid at residue 1670 was
not fully conserved (Figure 3.38), and the variant has been reported to be a
polymorphism (Jacobson et al. 2000) SNP rs446227.

Segregation analysis for this variant (Figure 3.37) showed that it
segregated with the phenotype in the second branch (Branch 2 Figure 3.33)
of the family except for the affected infant (V:1) who was homozygous for the
BBS1 mutation. However, further clinical examination of all affected
individuals revealed additional BBS features in the first branch (IV:8, and IV:9)
as well as the affected infant (V:1) of branch 2. On the other hand, clinical
examination of the two affected siblings from branch 2 (IV:1 and IV:2)
confirmed a nonsyndromic RP. In conclusion, autozygome analysis and
exome sequencing confirmed that the apparent clinical heterogeneity in this
family was, in fact, the result of independent segregation of two different
diseases: BBS due to a BBS1 mutation and RP caused by mutation in an as
yet unidentified gene (Figure 3.39). Further sequencing of the remaining
genes within the homozygous region, such as RLBP1L1 or PXMP3, should
reveal the mutation and gene causing an RP phenotype in this family.
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Figure 3.37. RP1 variant segregation analysis for branch 2 of family
arRP-D02. Sequence chromatogram of the RP1 gene showing a homozygous
missense polymorphism in exon 4 c.5008G>A; p.A1670T that segregates in
the affected siblings, and the unaffected parents were hetrozygous for the
mutation.
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Figure 3.38. Multiple alignment of RP1 in 43 species showing that amino
acid A1670 is not fully conserved. Alignment was generated using the
multiz
alignment
tool
from
the
human
genome
browser
(http://genome.ucsc.edu/.).
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Figure 3.39. Detailed pedigree of family arRP-D02. Showing the heterogeneity in this family as a result of independent
segregation of two different diseases: BBS due to a BBS1 mutation and RP caused by mutation in an as yet unidentified
gene
.
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3.2.2 Simplex cases
3.2.2.1 Homozygosity mapping guided candidate gene analysis
Ten simplex RP patients were the product of consanguineous
marriages. Each individual DNA was subjected to genome wide SNP 250K
Array genotyping using the Affymetrix Gene Chip (Section 2.8). Multiple
homozygous blocks were seen in each patient using the program GTC
(Section 2.9) for homozygous analysis, these blocks were shown to overlap
with known retinal dystrophy genes. The number of known autosomal
recessive RP genes suggested by homozygosity mapping ranged from 1-6
per patient with an average of three genes per patient that was consistent with
the finding of Aldahmesh and colleagues (Aldahmesh et al. 2009b). Table 3.1
shows the list of the known RP genes contained within homozygous blocks for
each patient.
Primers were designed (Section 2.4.1, Appendix 1) to amplify and
sequence all coding exons of all RP genes listed in table 3.1. Using the Hot
star taq polymerase enzyme PCR protocol described (Section 2.4) all exons
were successfully amplified in one affected, as detected by agarose gel
electrophoresis (Section 2.4.2). Direct sequencing of all of these genes was
performed. The strategy was to first screen all known arRP genes and then
sequence the other retinal dystrophy genes contained within these
homozygous blocks.
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Table 3.1. A list of the simplex cases and mutations detected by
homozygosity guided candidate gene analysis. All known arRP genes
contained within the homozygous regions for each simplex RP case is shown,
and where identified, the homozygous mutation detected by direct sequencing.
Size of
genes
Homozygous Mutation revealed
ID
Phenotype
References
sequenced ROH
by direct sequencing
(Mb)
RBP3
20
CNGA3
10
NM_002900.2
08DG00170
arRP
BBS3
Novel
7
RBP3 :c.1162C>T; p.(Arg388*)
AIPL1
6.5
TTPA
2
RHO
47
TULP1
35
Cone rod
NM_152443.2
09DG00113
RDH12
Novel
23 RDH12:c.178G>C; p.(Ala60Pro)
dystrophy
CRX
15
CEP290
2

09DG00257

arRP

08DG00235

arRP

08DG00238

arRP

08DG00038

arRP

TTPA
RP1
PRCD

3

CRB1

28

CRB1
CNGB3
RPE65
CERKL
EYS

09DG00133

08DG00172

arRP

arRP

ALMS1

20

RP1

11

RDH12
BBS4
Chr7

2
2
5

Chr10

2.5

Chr15

2
12

CNGB3
08DG00493

arRP

NR2E3

Novel

NM_201253.2
(Aldahmesh et
CRB1 :c.80G>T; p.(Cys27Phe)
al. 2009b)

4

BBS4

RGR

NM_006269.1
RP1:c.3396G>A; p.(Trp1131*)

33
NM_201253.2
(Den Hollander
CRB1:c.2234C>T;
p.(Thr745Met)
et al. 2004)
14
106
45
13
No mutation detected
10

30
14
3

PROM1
arRP

16

NR2E3
BBS4

TULP1
NR2E3
BBS4
09DG00459

66

No mutation detected

No mutation detected

No mutation detected

No mutation detected

3

BBS4
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Chr10 (15-17,5Mb)
Chr15 (41-43Mb)
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Two homozygous missense mutations in the CRB1 gene were
identified in two simplex cases 08DG00235 (c.80G>T; p.Cys27Phe) (Figure
3.40), and 08DG00238 (c.2234C>T; p.Thr745Met) (Figure 3.41) which were
previously reported to be pathogenic (Aldahmesh et al. 2009b; Den Hollander
et al. 1999).

Figure 3.40. Sequence chromatogram of the CRB1 gene mutation in the
simplex case 08DG00235 showing a homozygous missense mutation
c.80G>T; p.(Cys27Phe).

Figure 3.41. Sequence chromatogram of the CRB1 gene mutation in the
simplex case 08DG00238 showing a homozygous missense mutation
c.2234C>T; p.(Thr745Met).
A novel homozygous nonsense mutation was identified in the RBP3
gene (retinol binding protein 3) c.1162C>T; p.Arg388X (Figure 3.42) in
simplex case 08DG00170. This mutation is predicted to cause premature
truncation of the protein, resulting in the loss of 859 C-terminal amino acids of
the RBP3 protein. This nonsense mutation may also cause nonsensemediated decay of the transcript, resulting in loss of the protein. RBP3
encoding the interphotoreceptor retinoid binding protein 3, is a retinal-specific
protein which transports all-trans retinol from photoreceptors to the RPE and
11-cis retinal from the RPE to photoreceptors (Chen et al. 1993). To date,
only one homozygous missense mutation has been reported in the RBP3
gene that was responsible for arRP (Den Hollander et al. 2009).
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Figure 3.42. Sequence chromatogram of the RBP3 gene mutation in the
simplex case 08DG00170 showing a novel homozygous nonsense mutation
c.1162C>T; p.Arg388X.
In addition a novel missense mutation was identified in the RDH12
(retinol dehydrogenase 12) gene in simplex case 09DG00113 c.178G>C;
p.Ala60Pro (Figure 3.43). Mutations in the RDH12 gene were first identified to
cause childhood-onset severe retinal dystrophy in 2004 (Janecke et al. 2004).
The missense variant was not found in 100 ethnically matched Saudi controls,
and was predicted to be damaging with a score of (2.449) using the
Polymorphism Phenotyping v2 PolyPhen-2 software (Adzhubei et al. 2010).
The amino acid at residue 60 was found to be fully conserved (Figure 3.44).

Figure 3.43. Sequence chromatogram of the RDH12 gene mutation in the
simplex case 09DG00113 showing a novel homozygous missense mutation
c.178G>C;p.Ala60Pro.

106

Chapter 3

Figure 3.44. Multiple alignment of RDH12 in 44 species showing
conservation of amino acid A60. Alignment was generated using the multiz
alignment tool from the human genome browser (http://genome.ucsc.edu/.)
(Kent 2002a).
In contrast, the five remaining cases (Table 3.1) revealed no mutations
after sequencing all the arRP genes that were contained within the
homozygous regions. For the simplex case 08DG00172 three homozygous
regions on chromosomes Chr7 (134-139Mb), Chr10:(15-17,5Mb), and Chr15:
(41-43Mb) did not harbour any known RP genes. Further analysis of these
cases was done using whole exome sequencing (see Section 5.2.2.2) to
identify the causative mutation.

3.2.2.2 Whole exome sequence analysis
Whole exome sequencing (WES) was performed on five simplex cases
(Table 3.2) in addition to the five negative cases remaining from the
autozygome candidate gene sequencing analysis (Section 3.2.2.1). Whole
exome sequencing was done commercially using a TruSeq Exome
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Enrichment kit (Illumina) (Section 2.11) as described previously (Section
3.2.1.2). The first step in the analysis was to filter for all variants in the known
RD genes by using a database that was created of all genes reported to
cause retinal dystrophy (Section 2.11.1). The WES data was analysed for
homozygous, heterozygous, hemizygous and compound heterozygous
changes in these known retinal dystrophy genes that were likely to be
pathogenic or splice-site variants that were not present in 160 in-house
control Saudi exomes (no retinal degeneration phenotype). Additionally all
dbSNP variants in these genes were also checked against the Human
Genome Mutation Database since some previously reported pathogenic
mutations are now listed in dbSNP.

Table 3.2. Simplex cases and mutations detected by whole exome
sequencing analysis. All known arRP genes contained within the
homozygous regions for each simplex RP case are shown, and the
homozygous mutation detected by WES.

ID

Phenotype

Size of
arRP genes
ROH
within ROHs
(Mb)
ALMS1

08DG00039 Achromatopsia

08DG00171

08DG00487

09DG00114

09DG00134

RP

RP

RP

RP

CNGA3

42

RDH12

3

CNGB1

40

RLBP1

10

RBP3

10

PROM1

10

EYS
RP1
TTPA
EYS
MERTK
RPE65

4

Gene

Homozygous
Mutation revealed by
Reference
whole exome
sequencing

CNGA3

NM_001298.2
(Kohl et al.
CNGA3:c.488C>T;
1998)
p.(Pro163Leu)

CNGB1

NM_001297.1
(Simpson
CNGB1:c.2957A>T;
et al.
p.(Lys986Met)
2011)

50
35
30
3

RLBP1
NR2E3
BBS4

12

PRCD
ABCA4
CNGA3

4
29
15

GNAT1

5

108

EYS

RLBP1

ABCA4

NM_001142800.1
EYS:c.6050G>T;
p.(Gly2017Val)

(Barragan
et al.
2010)

NM_000326.4
(Maw et al.
RLBP1:c.452G>A;
1997)
p.(Arg151Gln)
NM_000350.2
ABCA4:
c.5391_5392del
p.(Ala1798X).
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Mutations were identified in all five simplex cases in known RP genes
using the first step in the whole exome sequencing data analysis, filtering for
all variants in the known RD genes. Primers for the five genes listed in table
3.2 were designed (Section 2.4.1, Appendix 1) to amplify and sequence all
coding exons. Using the Hot star taq polymerase enzyme PCR protocol
described (Section 2.4) all exons were successfully amplified. Direct
sequencing of all these genes was done to confirm the variant identified by
WES.
A missense mutation was identified in the CNGA3 (cyclic nucleotide
gated channel alpha 3) gene in simplex case 08DG00039. This missense
mutation

was

previously

reported

to

cause

autosomal

recessive

Achromatopsia (ACHM) (Kohl et al. 1998). ACHM is a congenital autosomal
recessive cone disorder characterized by severe colour vision defects, low
visual acuity, nystagmus, photophobia, and a presumably normal macular
appearance (Michaelides et al. 2006). Direct sequencing (Section 2.7) of the
CNGA3

gene

confirmed

the

homozygous

missense

mutation

NM_001298.2:c.488C>T; p.(Pro163Leu) (Figure 3.45). A CNGA3 knockout–
mouse model showed complete absence of cone function, and decrease in
cone cell number (Biel et al. 1999). It was later confirmed that patient
08DG00039 has a phenotype consistent with achromatopsia.

Figure 3.45. Sequence chromatogram of the CNGA3 gene mutation in
the simplex case 08DG00039. showing a homozygous missense mutation in
exon 6 c.488C>T; p.(Pro163Leu).
Another missense mutation was identified in the CNGB1 (cyclic
nucleotide gated channel beta 1) gene in the simplex case 08DG00171.
Direct sequencing (Section 2.7) of the CNGB1 gene confirmed the
homozygous missense mutation NM_001297.1:c.2957A>T; p.(Lys986Met)
(Figure 3.46) which was previously reported to be pathogenic (Simpson et al.
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2011). A mutation in CNGB1 was first identified by Bareil and colleagues in a
consanguineous French family diagnosed with arRP (Bareil et al. 2001).

Figure 3.46. Sequence chromatogram of the CNGB1 gene mutation in
the simplex case 08DG00171. showing a homozygous missense mutation in
exon 29 c.2957A>T; p.(Lys986Met).
A missense mutation was identified in the EYS (eyes shut homolog
Drosophila) gene in simplex case 08DG00487, this missense mutation was
previously reported to cause arRP (Barragan et al. 2010). Direct sequencing
(Section 2.7) of the EYS gene confirmed the homozygous missense mutation
NM_001142800.1:c.6050G>T; p.(Gly2017Val) (Figure 3.47). The association
of mutation in the EYS gene with arRP was first identified in 2008 (Abd ElAziz et al. 2008; Collin et al. 2008) , EYS gene is one of the largest human
genes, and it is by far the largest retinal dystrophy gene with a size of 2 Mb
(Collin et al. 2008).

Figure 3.47. Sequence chromatogram of the EYS gene mutation in the
simplex case 08DG00487. showing a homozygous missense mutation in
exon 29 c.6050G>T; p.(Gly2017Val).
An additional missense mutation was identified in the RLBP1
(retinaldehyde binding protein 1) gene in simplex case 09DG00114, this
missense mutation was previously reported to cause arRP (Maw et al. 1997).
Direct sequencing (Section 2.7) of the RLBP1 gene confirmed the
homozygous missense mutation NM_000326.4:c.452G>A; p.(Arg151Gln)
(Figure 3.48).
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Figure 3.48. Sequence chromatogram of the RLBP1 gene mutation in the
simplex case 09DG00114. showing a homozygous missense mutation in
exon 6 c.452G>A; p.(Arg151Gln).
A novel frameshift deletion was identified in the ABCA4 (ATP-binding
cassette, sub-family A) gene in the simplex case 09DG00134. Direct
sequencing (Section 2.7) of the ABCA4 gene confirmed the homozygous
frameshift deletion in exon 38, NM_000350:c.5391_5392del: p.(Ala1798X)
(Figure 3.49). This novel frameshift mutation is predicted to result in a
premature stop codon in exon 38 (p.A1798X) possibly leading to premature
degradation of the mRNA by nonsense-mediated decay (NMD) or a truncated
protein product.

Figure 3.49. Sequence chromatogram of the ABCA4 gene mutation in
the simplex case 09DG00134. showing a homozygous frameshift deletion in
exon 38 c.5391_5392del p.(Ala1798X).
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3.2.3 Unsolved cases

3.2.3.1 Family arRP-F048
This consanguineous family had 5 affected siblings with autosomal
recessive retinitis pigmentosa (Figure 3.50), and was recruited as part of a
large vision impairment project at the developmental genetics unit at
KFSHRC. Initially the scientist that was assigned for this project, Dr Abu
Safieh, mapped this family to two genomic regions using Easylinkage Multipoint analysis resulting in two linkage regions one on chromosome 3 (LOD
score of 3.6), and one on chromosome 5 (LOD score of 3.4) (Figure 3.51).

Figure 3.50. Pedigree drawing of family arRP-F048. Squares are males,
circles are females, filled symbols are affected individuals, star indicates DNA
sample available, double line between individuals indicates consanguinity.
Further analysis of the loci on chromosome 3 and 5 using the programs
CNAG and GTC (Section 2.9) to search for blocks of homozygosity shared
between affecteds revealed no homozygous region shared between all the
affected individuals on chromosome 5, (Figure 3.52). On the other hand, a 19
Mb homozygous block shared between all affecteds, but not the unaffected,
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was identified on chromosome 3 (genomic region 88.3-106.9Mb) (Figure
3.52). The only known RD gene identified to that date in the chromosome 3
homozygous block was the Bardet-Biedl BBS3 (ARL6) gene.

However

previous reports showed that mutations in this gene can lead to nonsyndromic RP, rather than BBS-related RP (Abu Safieh et al. 2010) .
This gene was excluded on the genomic level as no mutation was found by
direct sequencing of the BBS3 gene, and RNA analysis showed no apparent
aberrant transcript using RT-PCR and sequencing (RT-PCR was performed
by Dr.Abusafieh).
This indicated that a potential novel locus may be causing disease in
this family, therefore whole exome sequencing was performed to identify the
causative mutation.

Figure 3.51. Easylinkage analysis for family arRP-F048, showing 2 peaks
with a LOD score of 3.6 on chromosome 3, and a LOD score of 3.4 on
chromosome 5 using these parameters: equal distribution of alleles, recessive
inheritance, and spacing 0.2000 cM.
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Figure 3.52. GTC homozygosity mapping for family arRP-F048. A) Homozygosity mapping for the locus on chromosome 5
showing no ROH shared between all 5 affected individuals. B) Homozygosity mapping for the locus on chr3 showing a 19 Mb
homozygous block that is shared between all affecteds (red) on chromosome 3, but not the unaffected (black) (genomic region
88.3-106.9
Mb)
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However during the process of exome sequencing a new RP gene
IMPG2 was identified in the homozygous region (Bandah-Rozenfeld et al.
2010), therefore primers for the IMPG2 gene were designed (Section 2.4.1) to
amplify and sequence all 19 coding exons (Appendix A). All exons were
successfully amplified (Figure 3.53) in one affected, as these were visualizes
by agarose gel electrophoresis (Section 2.4.2). Nevertheless, no genomic
mutation was identified by direct sequencing (Section 2.7) of the IMPG2 gene
in one affected individual.

Figure 3.53. IMPG2 PCR products. Agarose gel showing successful
amplification of all 19 exons of the IMPG2 gene in an affected individual.
Whole exome sequencing for the affected (IV:1) resulted in a total of
87538 variants, the first step in the analysis was to exclude all variants in the
known IRD genes by using a database that was created of all genes reported
to cause IRD (Section 2.11.1). The data were analysed for homozygous,
heterozygous, hemizygous and compound heterozygous changes in these
known IRD genes that were likely to be pathogenic or splice-site variants that
were not present in 160 in-house control Saudi exomes (no retinal
degeneration phenotype).

Additionally all dbSNP variants in these genes

were also checked against the Human Genome Mutation Database since
some previously reported pathogenic mutations are now listed in dbSNP, no
variants were detected.
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The second filtration step applied (Section 2.11.2) was done to detect
any variants within the homozygous regions on chromosome 3. The filtration
criteria was developed to identify homozygous variants which were absent in
dbSNP, and likely to be pathogenic i.e. coding (excluding synonymous unless
they affect splice site) or splice-site variants that were not present in 160 inhouse control Saudi exomes (no retinal degeneration phenotype) and the
exome variant server, EVS. No variants were detected (Figure 3.54).
This data indicates that the region on chromosome 3 (genomic region 88107Mb) is likely to be a novel locus for arRP in an as yet unidentified gene.

Figure 3.54. Whole exome sequencing results for family arRP-F048.
Showing the second filtration step used to detect any variants within the
homozygous regions on chromosome 3 (genomic region 88-107Mb).
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3.2.3.2 Family arRP-F074
This consanguineous family had 4 affected individuals, 3 affected
siblings and 1 affected cousin (Figure 3.55) diagnosed with autosomal
recessive retinitis pigmentosa. Homozygosity mapping revealed a 26 Mb
homozygous region on chromosome 8 (genomic region 75,496,496101,893,872) (Figure 3.56).

Figure 3.55. Pedigree drawing of family arRP-F074. Squares are males,
circles are females, filled symbols are affected individuals, star indicates DNA
sample available, double line between individuals indicates consanguinity.
This shared homozygous region on chromosome 8 contained two known IRD
genes PXMP3 (peroxisomal membrane protein 3) and CNGB3 (Cyclic
nucleotide gated channel beta 3). Mutation in the PXMP3 gene are known to
cause Zellweger syndrome, which is a peroxisomal disorder of branchedchain lipid metabolism, with progressive RP, peripheral neuropathy, cerebellar
ataxia (Gartner et al. 1992).
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Figure 3.56. AutoSNPa analysis for the locus on chromosome 8 for
family arRP-F074 family, red box represents the homozygous block shared
by all 5 affected individuals on chromosome 8 (genomic region is between 75
-101Mb).the blue box represents the homozygous block shared only between
4 affected sibling (III:3, III:4, and III:5), and not the affected cousin (IV:1).
Primers for the PXMP3 gene were designed (Section 2.4.1) to amplify
and sequence all exons (coding and non-coding) (Appendix A). All exons
were successfully amplified (Figure 3.57) in one affected, as these were
visualized by agarose gel electrophoresis (Section 2.4.2). Nevertheless, no
mutation was identified by direct sequencing (Section 2.7) of the PXMP3 gene
in one affected individual.
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Figure 3.57. PXMP3 PCR products. Agarose gel showing successful
amplification of all 4 exons of the PXMP3 gene in an affceted individual.
On the other hand, mutations in the CNGA3 gene were previously
reported to cause recessive Pingelapese achromatopsia (PA), which is an
autosomal recessive disease characterized by total colour blindness (Kohl et
al. 2000). Primers for the CNGA3 gene were designed (Section 2.4.1)
(Appendix A) and all exons were successfully amplified (Figure 3.58) in one
affected, as these were visualized by agarose gel electrophoresis (section
2.4.2). No mutation was identified by direct sequencing (section 2.7) of the
CNGA3 gene in one affected individual.

Figure 3.58. CNGB3 PCR products. Agarose gel showing successful
amplification of all 18 exons of the CNGB3 gene in an affceted individual.
Although neither gene has been reported to cause arRP, sequence
analyses for both genes were performed as they were the only IRD genes in
the shared homozygous region between all affected individuals in this family.
Based on the previous experience with family arRP-D02 (Section 5.2.1.2.2)
where the cousins were found to have a different phenotype from the nuclear
family, sequence analysis was preformed for the two genes (RP1, and
ADAM9) that were contained within a homozygous region shared only
between the three affected siblings (III:3, III:4, and III:5), and not the affected
cousin (IV:1) (blue box in Figure 3.56). Primers for both genes were designed
(Section 2.4.1) to amplify and sequence all coding exons for RP1 (see
Chapter 6), and ADAM9 (Appendix A), all exons were successfully amplified
for the RP1 (see chapter 6), and ADAM9 genes (Figure 3.59) in one affected,
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as these were visualized by agarose gel electrophoresis (Section 2.4.2). No
mutation was identified by direct sequencing (Section 2.7) of both RP1 and
ADAM9 in one affected individual.

Figure 3.59. ADAM9 PCR products. Agarose gel showing successful
amplification of all 22 coding exons of the ADAM9 gene in an affceted
individual.

Since no mutation was detected in the four candidate genes within the
homozygous regions in this family, a potential novel locus was indicated,
therefore exome sequencing was performed to identify the causative
mutation. Whole exome sequencing was done commercially as discussed
previously (Section 3.2.1.2), and resulted in a total of 23839 variants. The first
step in the analysis was to exclude all variants in the known RD genes by
using a database that was created of all genes reported to cause retinal
dystrophy (section 2.11.1). The data were analysed for homozygous,
heterozygous, hemizygous and compound heterozygous changes in these
known retinal dystrophy genes that were likely to be pathogenic or splice-site
variants that were not present in 160 in-house control Saudi exomes (no
retinal degeneration phenotype).

Additionally all dbSNP variants in these

genes were also checked against the Human Genome Mutation Database
since some previously reported pathogenic mutations are now listed in
dbSNP, no variants were detected.
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The second filtration step applied (section 2.11.2) was done to detect
any variants within the homozygous regions on chromosome 8. The filtration
criteria was developed to identify homozygous variants which were absent in
dbSNP, and likely to be pathogenic i.e. coding (excluding synonymous unless
they affect splice site) or splice-site variants that were not present in 160 inhouse control Saudi exomes (no retinal degeneration phenotype) and the
exome variant server, EVS. No variants were detected (Figure 3.60).

Figure 3.60. Whole exome sequencing results for family arRP-F074.
Showing the second filtration step used to detect any variants within the
homozygous regions on chromosome 8 (genomic region 75-101Mb).
This data indicates that the region on chromosome 8 (genomic region
75-101Mb) in family arRP-F074 is likely to be a new locus for arRP, this
region was previously reported to contain a locus for optic atrophy (OPA6)
(genomic region 83-95Mb) (Barbet et al. 2003).
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3.2.3.3 Family arRP-F017
This consanguineous family with two affected siblings (Figure 3.61)
was diagnosed with autosomal recessive retinitis pigmentosa. The number of
affecteds from this family was too small to perform linkage analysis; however
the two affecteds were genotyped using the 250K Affymetrix Gene Chip
(Section 2.8). Homozygosity analysis revealed multiple homozygous regions
on chromosome 6, 11, and 14. One of the largest regions of homozygosity
was on Chromosome 6 and found to be overlapping with 2 previously
reported RP genes TULP1 (tubby like protein 1 ) and LCA5 (Leber congenital
amaurosis 5 ) (Figure 3.62).

Figure 3.61. Pedigree drawing of family arRP-F017. Squares are males,
circles are females, filled symbols are affected individuals, star indicates DNA
sample available, double line between individuals indicates consanguinity.

On the other hand the homozygous region on chromosome 11 (genomic
region 27-76 Mb) that was shared between the two affected siblings (Figure
3.63) contained a known IRD gene ROM1. Mutations in ROM1 gene are
reported to cause dominant

retinitis

pigmentosa and

pigmentosa with PRPH2 (Dryja et al. 1997).
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Further analysis of the homozygous region on chromosome 14 revealed a 9
Mb (genomic region 84,5-93Mb) region that contained a previously reported
IRD gene SPATA7 (Figure 3.62). Mutations in SPATA7 are reported to cause
LCA and arRP (Wang et al. 2009).

Figure 3.62. GTC homozygosity mapping for family arRP-F017.
Homozygosity mapping analysis showing the shared ROH between the two
affected siblings A) on chromosome 6 (genomic region is between 6-82 Mb)
this region contained 2 known RP genes TULP1 and LCA5. B) on
chromosome 11 (genomic region is between 27-76 Mb) this region contained
a known RP genes ROM1.C) on chromosome 11 (genomic region is between
84.5-93 Mb) this region contained a known RP genes SPATA7 .
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Primers for candidate genes within the shared ROHs were designed (Section
2.4.1) (Appendix A) and all exons were successfully amplified for TULP1
(Figure 3.63), LCA5 (Figure 3.64), ROM1 (Figure 3.65), and SPATA7 (Figure
3.66) in one affected, as these were visualized by agarose gel electrophoresis
(Section 2.4.2). However, no mutation was identified by direct sequencing
(Section 2.7).

Figure 3.63. TULP1 PCR products. Agrose gel showing successful
amplification of all 13 coding exons of the TULP1 geneI n an affceted
individual.

Figure 3.64. LCA5 PCR products. Agrose gel showing successful
amplification of all 8 coding exons of the LCA5 gene in an affceted individual.

Figure 3.65. ROM1 PCR products. Agrose gel showing successful
amplification of all 3 coding exons of the ROM1 gene in an affceted individual.
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Figure 3.66. SPATA7 PCR products. Agrose gel showing successful
amplification of all 12 coding exons of the SPATA7 gene in an affceted
individual.
Since there was no mutation detected in the RD candidate genes
within the homozygous regions in this family, whole exome sequencing was
done commercially as discussed previously in this chapter, and resulted in a
total of 82168 variants. The first step in the analysis was to exclude all
variants in the known RD genes (Section 2.11.1). The WES data was
analysed for homozygous, heterozygous, hemizygous and compound
heterozygous changes in these known retinal dystrophy genes that were likely
to be pathogenic or splice-site variants that were not present in 160 in-house
control Saudi exomes (no retinal degeneration phenotype). Additionally all
dbSNP variants in these genes were also checked against the Human
Genome Mutation Database since some previously reported pathogenic
mutations are now listed in dbSNP, no variants were detected. The TTC8
gene which was reported to cause arRP (Riazuddin et al. 2010) mapped
within the homozygous region shared between all affecteds on chromosome
14 and was not manually sequenced, but no variant was detected by exome
sequencing.
The second filtration step applied (Section 2.11.2) was done to detect
any variants within the homozygous regions on chromosome 8. The filtration
criteria was developed to identify homozygous variants which were absent in
dbSNP, and likely to be pathogenic i.e. coding (excluding synonymous unless
they affect splice site) or splice-site variants that were not present in 160 inhouse control Saudi exomes (no retinal degeneration phenotype) and the
exome variant server, EVS (Figure 3.67).
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Figure 3.67. Whole exome sequencing results for family arRP-F017.
Showing the second filtration step used to detect any variants within the
homozygous regions on chromosome 6, 11, and 14. Three variants were
detected.
Whole exome sequencing for the affected (IV:2) resulted in 3 missense
variants (Table5.1) that were not identified in the 160 in-house control Saudi
exomes (no retinal degeneration phenotype) and the exome variant server
(EVS)

except

for

the

variant

(OR4C16

NM_001004701:

exon1

c.A106T:p.T36S) that was found in EVS with a minor-allele frequency of
0.0077% in all populations (A>G). Primers were designed for the OR4C6
gene (Section 2.4.1) (Appendix A), and direct sequencing (Section 2.7) of the
OR4C6 gene coding exon confirmed the c.A106T rare variant, but although
this missense variant was predicted to be possibly damaging using the
Polymorphism Phenotyping v2 PolyPhen-2 software with a score of 0.858
(Adzhubei et al. 2010), it appear to be tolerated using the SIFT prediction
software with a score of 0.07 (0 being damaging, 1 being neutral) (Kumar et
al. 2009) and it did not segregate with the phenotype in the family.
Furthermore the missense variant in EXT2: NM_001178083: exon5
c.C770G:p.S257C, was predicted to be probably damaging using the
Polymorphism Phenotyping v2 PolyPhen-2 software with a score of 0.999
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(Adzhubei et al. 2010), and deleterious using the SIFT software with a score
of 0.02 (0 being damaging, 1 being neutral) (Kumar et al. 2009), therefore
primers were designed for the EXT2 gene (section 2.4.1) (Appendix A), and
direct sequencing (Section 2.7) confirmed the c.C770G variant. This missense
variant was predicted to be probably damaging and deleterious but it did not
segregate with the phenotype in the family.
The third missense variant in HIVEP1: NM_002114: exon4 c.C5155G:
p.L1719V, was not found in 160 in-house control Saudi exomes (no retinal
degeneration phenotype) or the exome variant server (EVS), and was
predicted to be benign using the Polymorphism Phenotyping v2 PolyPhen-2
software (Adzhubei et al. 2010), with a score of 0.001 and tolerated using the
SIFT software(Kumar et al. 2009) with a score of 0.51 (0 being damaging, 1
being neutral). Segregation of this variant in the family should now be
performed to check if the variant is associated with disease.
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Table 3.3. Whole exome sequencing results for family arRP-F017. Three missense variant were detcted after the secound
filtration step.

Chromosome Position

Chr.6

Chr.11

Chr.11

12125183

44146365

Gene

Annotation

HIVEP1

HIVEP1:
NM_002114: exon4
c.C5155G:p.L1719V

EXT2

EXT2:
NM_001178083: exon5
c.C770G:p.S257C

55339709 OR4C16

OR4C16:
NM_001004701:exon1
c.A106T:p.T36S

Other Saudi
EVS
exomes

Prediction

Notes

Not found

Not
found

Polyphen= benign(0.001)
Condel= neutral(0.009)
SIFT=tolerated(0.51)

Not found

Not
found

Polyphen=probably
damaging(0.999)
Condel=deleterious(0.873)
SIFT= deleterious (0.02)

Does not
segregate with
the phenotype
in the family

Not found

Not
found

Polyphen=probably
damaging(0.858)
Condel=deleterious(0.650)
SIFT= deleterious (0.07)

Does not
segregate with
the phenotype
in the family
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3.2.3.4 Simplex case 08DG00493
No potentially pathogenic homozygous or compound heterozygous
variant in known IRD genes were detected in the simplex case 08DG00493
after applying the first filtration step of WES data analysis (Section 2.11.1).
Further analysis of the WES data using the second filtration step (Section
2.11.2) to detect any variants within the homozygous regions which were
absent in dbSNP, and likely to be pathogenic i.e. coding (initially excluding
synonymous) or splice-site variants that were not present in 160 in-house
control Saudi exomes (no retinal degeneration phenotype) and the exome
variant server EVS revealed no variant (Figure 3.68). The fact that no variants
were detected in this case might be because of (a) the exclusion of compound
heterozygous variants, or (b) that not all exons are fully covered by WES, or
(c) that a copy number variation, such as a homozygous deletion of a whole
exon, would not be detecetd efficiently using these methods.

Figure 3.68. Whole exome sequencing results for the simplex case
08DG00493. Showing the filtration steps used to detect any variants within
the homozygous regions. No variants were detected.
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3.3

Discussion
In this chapter two approaches were used for the detection of the

disease causative mutations; autozygome guided candidate gene sequencing
and whole exome sequencing. Fifteen mutations were identified; four were
novel mutations in known RD genes and (Table 3.4).

Table 3.4. List of mutations identified in this chapter.
ID

# of
Mutation revealed by direct
Phenotype
Affected
sequencing

Comments

Method
Homozygosity
mapping and
targeted gene
sequencing
Homozygosity
mapping and
targeted gene
sequencing
Homozygosity
mapping and
targeted gene
sequencing
Homozygosity
mapping and
targeted gene
sequencing

08DG00170

1

arRP

RBP3
NM_002900.2:c.1162C>T;
p.(Arg388X)

08DG00113

1

arCD

RDH12
NM_152443.2:c.178G>C;
p.(Ala60Pro)

Novel

09DG00257

1

arRP

RP1
NM_006269.1:c.3396G>A;
p.(Trp1131X)

Novel

arRP-F034

3

arCD

PCDH21
NM_033100.1:c.383C>G;
p.(Arg80X)

Novel

09DG00134

1

arRP

ABCA4
NM_000350.1:c.5391_5392del:
p.(Ala1798X)

Novel

WES

Previously
reported
(Aldahmesh
et al. 2009b)
Previously
reported
(Aldahmesh
et al. 2009b)
Previously
reported
(Den
Hollander et
al. 1999)
Previously
reported
(Aldahmesh
et al. 2010)
previously
reported (Abu
Safieh et al.
2010)
Previously
reported
(Maw et al.
1997)

Homozygosity
mapping and
targeted gene
sequencing
Homozygosity
mapping and
targeted gene
sequencing

08DG00235

1

arRP

CRB1
NM_201253.2:c.80G>T;
p.(Cys27Phe)

arRP-F073

5

arRP

CRB1
NM_201253.2:c.80G>T;
p.(Cys27Phe)

arRP

CRB1
NM_201253.2:c.2234C>T;
p.(Thr745Met)

08DG00238

1

arRP-F025

3

arCCRSD

CABP4
NM_145200.3:c.81_82insA;
p.(Pro28ThrfsX4)

arRP-F026

4

arBBS

BBS4
NM_033028.3:c.157-2A>G,
p.(Ala53HisfsX2)

09DG00114

1

arRP

RLBP1
NM_000326.4:c.452G>A;
p.(Arg151Gln)
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08DG00487

1

arRP

08DG00171

1

arRP

08DG00039

1

arACHM

arRP-FD02

5

arRP

Previously
EYS
reported
NM_001142800.1: c.6050G>T;
(Barragan et
p.(Gly2017Val)
al. 2010)
Previously
CNGB1
reported
NM_001297.1:c.2957A>T;
(Simpson et
p.(Lys986Met)
al. 2011)
Previously
CNGA3
reported
NM_001298.2:c.488C>T;
(Kohl et al.
p.(Pro163Leu)
1998)
Previously
BBS1
reported
NM_024649.1: c.951+58C>T;
(Abu Safieh et
p.(Gly318VfsX61)
al. 2010)

WES

WES

WES

WES

3.3.1 Homozygosity mapping as a powerful tool for mutation
detection
Autozygome guided candidate gene sequencing was pursued in both
simplex and multiplex cases because of the previous experience of the very
high rate of homozygous mutations in the Saudi population, even in the
absence of consanguinity or positive family history (Aldahmesh et al. 2009b).
Autozygome candidate gene sequencing revealed eight novel mutations and
five previously reported mutations in known RD genes. The yield was only
slightly lower in simplex (n=11) compared with multiplex cases (n=14) (55%
vs. 62%) (Figure 3.69). On average, three genes were sequenced per case
(range 1–6). The results of autozygome-guided candidate gene sequencing
are summarized in table 3.5.
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Figure 3.69. Mutation detection rate by homozygosity-guided candidate
gene sequencing approach. Pie charts show the percentage of mutationpositive cases (red) among simplex and multiplex cases using the
autozygome-guided candidate gene sequencing approach.
Table 3.5. Summary of the results of the homozygosity-guided candidate
RD gene sequencing.
ID

08DG00170

#
# genes Mutation revealed by
Phenotype
Comments Reference
Affected
sequenced direct sequencing

1

RP

7

NM_002900.2 RBP3
:c.1162C>T; p. Arg388X

Novel

This
chapter

Novel,
atypical
phenotype
for RDH12

This
chapter

08DG00113

1

CD

8

NM_152443.2
RDH12:c.178G>C;
p.Ala60Pro

09DG00257

1

RP

7

NM_006269.1
RP1:c.3396G>A;
p.Trp1131X

Novel
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08DG00235

1

RP

4

NM_201253.2 CRB1
c.80G>T; p.Cys27Phe

Previously
reported

(Aldahmesh
et al.
2009b)

08DG00238

1

RP

6

NM_201253.2
CRB1:c.2234C>T;
p.Thr745Met
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arRP-F025

3

RP

3

NM_145200.3 CABP4
(Aldahmesh
Previously
:c.81_82insA;
et al.
reported
p.Pro28ThrfsX4
2009b)
Family was
originally
recruited as
nonsyndromic
RP but
based on
(Abu Safieh
the BBS4
et al. 2010)
mutation
was rephenotyped
and found
to have
features of
BBS

arRP-F026

4

RP

2

NM_033028.3
BBS4 :c.157-2A>G,
p.Ala53HisfsX2

arPR-F028

4

RP

1

NM_006269.1
RP1:c.4552A>T; p.
Lys1518X

Novel

Chapter 6

arRP-F034

3

CD

3

NM_033100.1
PCDH21:c.383C>G;
p.Arg80X

Novel

This
chapter

arRP-F043

4

RP

1

arRP-F073

9 (4)

CRD

1

arRP-F084

4

RP

1

NM_006269.1
RP1: c.3428 del A;
p.Asn1143Ilefs*25

Novel
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arRP-F101

4

RP

2

NM_006269.1
RP1:c.3677_3678dupA;
p.Glu1227Metfs*29

Novel
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NM_006269.1
RP1:
c.3428 del A;
Novel
Chapter 6
p.Asn1143Ilefs*25
NM_201253.2
(Aldahmesh
Previously
CRB1:c.80G>T,
et al.
reported
p.Cys27Phe
2009b)

3.3.2 Novel mutations in known RD genes

Five out of eight novel mutations were in the RP1 gene which is
discussed in more details in chapter 6. A novel nonsense mutation p.Arg388X
was identified in the retinal-specific gene RBP3 which transports all-trans
retinol from photoreceptors to RPE and 11-cis retinal from RPE to
photoreceptors (Chen et al. 1993), it is only the second mutation reported so
far in the RBP3 gene to be responsible for arRP. The RBP3 gene is
approximately 9.5 kbp in length and consists of four exons. The 1247 amino
acid sequence of IRBP (encoded by RBP3) is divided into four contiguous
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homology domains with 33-38% identity (Fong et al. 1990). The novel
p.Arg388X nonsense mutation is located in exon 1 which is 3,180 base pairs
long and encodes the first three IRBP repeat modules and part of the fourth,
the rest of the fourth domain is encoded by the last three exons. The first
reported missense mutation was identified in exon 2 of the RBP3 gene (Den
Hollander et al. 1999). The knockout Rbp3-/- mice showed a mild
degeneration of photoreceptors, with more severe cone than rod degeneration
(Jin et al. 2009; Parker et al. 2009). With only two mutations reported in the
RBP3 gene so far, it is clear that mutations in RBP3 are rare in retinal
dystrophies.
A novel missense mutation p.Ala60Pro was identified in the RDH12
(retinol dehydrogenase 12) gene in a simplex case diagnosed with cone rod
dystrophy; it is an atypical phenotype for RDH12 since mutations in the
RDH12 gene are known to cause congenital Leber congenital amaurosis and
early-onset retinal dystrophy (Mackay et al. 2011), but age of onset in our
patient was later at 5 years. To date, approximately 26 mutations in the
RDH12 gene have been identified (Figure 3.70).

Figure 3.70. RDH12 gene structure showing the locations of the
mutations identified to date (Fingert et al. 2008; Janecke et al. 2004;
Mackay et al. 2011; Perrault et al. 2004). The novel mutation is shown in red.
A novel homozygous nonsense mutation in exon 9 (p.R80X) was
identified in the Cadherin-related family member 1 (CDHR1; OMIM: 609502)
gene, previously known as the protocadherin 21 (PCDH21) gene, in a
134

Chapter 3
consanguineous family with three affected siblings. This mutation is predicted
to cause premature truncation of the protein, resulting in the loss of 779 Cterminal amino acids of the CDHR1 protein (Figure 3.19). This nonsense
mutation may also undergo nonsense-mediated decay of the transcript,
resulting in loss of the protein. To date five mutations in this gene have been
reported to be responsible for recessive retinal dystrophy (Table 3.6).
Table 3.6. Summary of mutations identified in the CDHR1 gene to date.
Homozygous
Nucleotide
change

Homozygous
amino
acid change

c.634G>A

p.A212T

Retinal dystrophy

(Bolz et al. 2005)

c.1594C>G

p.P532A

Retinal dystrophy

(Bolz et al. 2005)

c.338delG

p.G113AfsX1

Retinal dystrophy

c.15463delG

p.G487GfsX20

Retinal dystrophy

c.524dupA

p.Q175QfsX47

Cone-rod dystrophy

Phenotype

Reference

(Henderson et
2010)
(Henderson et
2010)
(Ostergaard et
2010)

al.
al.
al.

3.3.3 Whole exome sequencing
WES approach was pursued in 15 simplex and 7 multiplex cases and
mutations were identified in 14 simplex and 5 multiplex cases. In all these
cases, the pathogenic mutation was homozygous, and by examining these
mutations against the autozygome data generated for this purpose, it was
clear that all these changes could have been identified by autozygome-guided
targeted RD gene sequencing because they were either contained within one
of the largest four runs of homozygosity (ROH) (in simplex cases) (Table 3.1)
or in an ROH that was exclusively shared by the affected members of a
particular family (in multiplex cases). Nevertheless, there is a considerable
time and money difference in favor of whole exome sequencing. Notably, a
typical turnaround time for identifying the causative mutation by WES was 8
weeks in contrast to 15 weeks for autozygome-guided candidate gene
analysis. In addition, WES revealed mutations in two multiplex cases that
were missed by the homozygosity-guided candidate gene sequencing
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approach because these mutations were in homozygous regions which were
shared with an unaffected individual (Section 3.2.1.2.1), yet the apparently
shared ROH was clearly IBS (identical-by-state), and one was complicated
because of a highly unusual pedigree structure (section 3.2.1.2.2).
3.3.4 Unsolved cases
In the majority of cases a molecular diagnosis was achieved using the
techniques described demonstrating the power of homozygosity mapping and
WES, however in four families (3 multiplex and 1 simplex cases), no novel
variants were identified after applying the various filters

(Table 3.7).

Interestingly, linkage analysis in two of these families showed one single peak
each Chr3: 83,157,375-107,875,119 in arRP-F048 (Section 3.2.3.1), and
Chr8: 75,000,000-110,000,000 in arRPF074 (Section 3.2.3.2). In family arRPF017, ROH analysis could not narrow the search to a single locus, so several
ROHs were used in the filtration of the data (Section 3.2.3.3). Potentially
pathogenic homozygous or compound heterozygous variants in known RD
genes were not found, nor were any variants within the homozygous regions
detected in the simplex case 08DG00493 (Section 3.2.3.4). The inability to
identify the causative mutations in these cases might be explained by a
number of limiting factors of the approach used;
(a) Inadequate coverage of the region that contains a causal variant (poor
capture or poor sequencing), often the first GC rich exons of genes,
and GC rich single exon genes such as transcription factors are not
well covered.
(b) The causal variant is covered yet not accurately called. The presence
of a small but complex indel may not be accurately detected, a
different alignment program could be used to align the sequence reads
to reference sequence to see if this improves or alters the sequence
variant calls.
(c) The causative variants are affecting transcription of the gene, but not
the coding sequence of the gene. An upstream promoter or enhancer
or deep intronic variant causing aberrant transcription of a gene would
not be identified by WES.
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(d) Variants in a gene are missed because of mismapped reads or errors
in the alignment. This can occur when, for example, 2 genes in the
genome have virtually identical sequence, an example of this is the
HYDIN gene recently shown to cause primary ciliary dyskinesia
(Bamshad et al. 2011).
(e) Although all heterozygous changes within ROHs were checked for
potential

compound

heterozygous

variants,

some

compound

heterozygous variants may have been missed.
(f) The causative gene is a novel un-annotated gene that was not
captured.
(g) A copy number variation such as a duplication would not be detected
using WES, in addition, a homozygous deletion of a whole exon or
gene would be also be missed as it would not be revealed as a
sequence variant.
(h) The causative gene lies in a small region of homozygosity that was not
analysed, or mutations in more than one gene (digenic) are causing
the condition.

Re-analysis and re-alignment of the current WES data using a different
algorithm should reveal which regions were not adequately covered, and
could address some of the other short-falls. WES could be repeated using a
different capture technique as they are continually improving to cover more of
the human genome thought to be transcriptionally active. Additional family
members could also be analysed using W ES to add more power to the
analysis.
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Table 3.7. Summary of the filtration strategy used to detect pathogenic mutations in the unsolved cases.

ID

ROH

Filtration Strategy
Coding
Absent in
total
Absent
/splicing
Within the
EVS &
exome Homozygous in
(exclusion of autozygome other Saudi
variants
dbSNP
synonymous)
exomes

mutation
TNFRSF1B:NM_001066:
c.C680T: p.Thr227Met

Chr1: 1-109,850,000

08DG00038

Chr3: 1-52,900,000

80432

39037

1938

131

13

5

Chr17: 12,900,00068,600,000

Chr6: 2,500,00087,000,000
Chr2:79,000,000152,000,000

09DG00459

Chr3: 69,000,000100,000,000

08DG00172

09DG00133

Chr7: 134,000,000139,000,000
Chr10: 15,000,00017,500,000
Chr15: 41,000,00043,000,000
Chr5: 48,000,00067,000,000
Chr2: 63,000,00075,000,000
Chr6: 148,500,000160,000,000
Chr17: 54,500,00063,000,000

Pathogenic

DOCK7:NM_033407:
c.A4291G:p.Arg1431Gly

Benign

Absent in Saudi
controls

LGALS9B:
Absent in Saudi
NM_001042685:c.6_7ins
controls
TGGC:p.Ala2fs68*
KRTAP411:NM_033059: c.A67T:
Benign
p.Thr23Ser
MFSD9:NM_032718:
Benign
c.G61A:p.Glu21Lys,
Found in Saudi
PDZRN3:NM_015009c.T
Pathogenic
2705C:p.Leu902Pro,
controls
GPR125:NM_145290:e
Absent in Saudi
xon17:c.C2504G:p.Ser8 Pathogenic
controls
35Cys

34145

1569

107

14

3

97343

34247

1621

114

1

1

KIAAI54:NM_00116466
5:c.2399_2400insAA:
p.Thr800fs809*

84681

33646

1549

92

5

1

DHX29: NM_019030:
c.C2738T: p.Ala913Val
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Benign

KIAA0090:NM_015047:
c.G430A: p.Ala144Thr

83826

Chr4: 5,000,00025,000,000

Prediction Remarks

Absent in Saudi
controls

Benign

Absent in Saudi
controls,
conserved
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Chapter 4
Specific phenotype of ‘Cone dystrophy with supranormal rod
response’ in children aids mutation detection

4.1 Introduction
4.1.1 Cone dystrophy with supranormal rod electroretinogram
(CDSRR)
Cone dystrophy with supranormal rod electroretinogram (ERG) (CDSRR;
MIM #610356) is a recessively inherited progressive retinal disorder, that was
first described in1983 in a Hispanic family (Gouras et al. 1983), and later
reported in other populations (Alexander and Fishman 1984; Foerster et al.
1990; Hood et al. 1996; Kato et al. 1993; Michaelides et al. 2005; Rosenberg
and Simonsen 1993; Sandberg et al. 1990; Yagasaki et al. 1986). Cone
dystrophy with supernormal rod electroretinogram is diagnosed usually within
the first two decades of life with symptoms of reduction of distant vision,
photophobia and nyctalopia in about 50% of cases (Michaelides et al. 2005;
Robson et al. 2010; Thiagalingam et al. 2007; Wissinger et al. 2008).
Additionally symptoms such as myopia, deficits in color vision, and central
scotoma are commonly observed (Friedburg et al. 2011; Michaelides et al.
2005; Robson et al. 2010; Wissinger et al. 2008). Fundus findings frequently
show macular retinal pigment epithelial (RPE) changes or atrophy in adults,
whereas these findings are usually unremarkable in children (Ben Salah et al.
2008; Friedburg et al. 2011; Gouras et al. 1983; Michaelides et al. 2005;
Robson et al. 2010; Thiagalingam et al. 2007; Wissinger et al. 2008). The
most unique characteristic of this rare disease is the full-field ‘‘supernormal
rod responses’’ electroretinogram (ERG) (Gouras et al. 1983).

4.1.2 The identification of mutations in the KCNV2 gene
The KCNV2 gene, which encodes a member of voltage gated
potassium channels, was first linked to cone dystrophy with supernormal rod
response in 2006 by Wu et al (Wu et al. 2006). The association of mutations
in the KCNV2 gene and CDSRR was initially identified in a consanguineous
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Middle Eastern family were the affected individuals harbored a homozygous
nonsense mutation in exon 1 c.427G>T; p. E143X (Wu et al. 2006). The
KCNV2 gene is predominantly expressed in retinal rod and cone
photoreceptors (Czirjak et al. 2007). It encodes a silent subunit (Kv8.2), which
is a member of voltage gated potassium channels (Kv channels). This silent
subunit (Kv8.2) is able to co-assemble with Kv2.1 to constitute functional
heteromeric channels (Czirjak et al. 2007). To date over 48 different mutations
in the KCNV2 gene have been reported, mostly small indel mutations or point
mutations that form protein truncation mutations and amino acid substitutions
(Ben Salah et al. 2008; Thiagalingam et al. 2007; Wissinger et al. 2008; Wu et
al. 2006). Recently, several large deletions within or encompassing the
KCNV2 gene of up to 237 kb in size have been described (Wissinger et al.
2008).
4.2 Results
4.2.1 Family 1 (Patients 1 and 2
This family consisted of two affected daughters whose parents were
first cousins. Patient 1 was a girl first diagnosed at 2 years of age with Cone
dystrophy with supernormal rod response (CDSRR; Mendelian Inheritance in
Man (MIM) #610356). Clinically this patient was noted to have head shaking,
shaking eyes and an abnormal head position (AHP) since early infancy. The
patient favored a moderate right head tilt, slight chin depression and slight left
face turn. There was almost constant head shaking in the horizontal plane
and low-amplitude high-frequency horizontal pendular nystagmus but no
strabismus. The nystagmus and AHP continued until 4 years of age, but the
head shaking occurred only when the child was concentrating on a visual
stimulus. The child had no head shaking, AHP or overt nystagmus by 7 years
of age. Fundus exam was normal. Electroretinograms ERG showed delayed
and decreased photopic responses, delayed scotopic responses, and
decreased scotopic a-waves with a broad rather than a tapered a-wave
trough, but normal scotopic b-wave responses to bright flash (Figure 4.1,
Table 4.1).
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Figure 4.1 Electroretinogram of patient 1. A. ERG shows delayed scotopic
responses and decreased scotopic a-waves with a broad rather than a
tapered a-wave trough, yet normal scotopic b-wave amplitudes The extra two
tracings above the main scotopic response represent blue (0.5 Cd/m 2.s) and
red (3.0 Cd/m2.s) stimuli, respectively. B. delayed and decreased photopic
responses. Chloral hydrate sedation was used. Each horizontal box
represents 20 ms horizontally, and 100μV vertically. OD: right eye; OS: left
eye.

Patient 2 was a 5 year old girl, the sister of patient#1. Clinical symptoms of
this patient included occasional outward eye deviation since infancy, and an
intermittent exotropia of up to 30 prism dioptres with alternate fixation, yet no
nystagmus or AHP. Fundus examination was noteworthy for a slight
discoloration to the fovea in both eyes. There was a constant 20 prism dioptre
exotropia and bull’s-eye maculopathy in both eyes at 12 years of age (Figure
4.2). ERG for this patient showed cone delayed scotopic responses, but
supranormal scotopic b-wave responses to bright flash (Figure 4.3, Table
4.1). Electroretinograms for both patients1 and 2 are representative for the
selected cohort and showed delayed and decreased photopic responses,
delayed scotopic responses and decreased scotopic a-waves, but normal
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(patient 1), high-normal (patients 5 and 6), or supranormal (patients 2, 3, 4, 7,
8 and 9) scotopic b-wave amplitudes with a broad rather than a tapered awave trough to bright flash scotopic condition except for patient 8, who had a
trough tapered a-wave. ERG details are shown in table 4.1.

Figure 4.2: Fundus photographs of Patient 2. At 12 years of age, there is a
bull’s eye maculopathy in both the right eye (A) and the left eye (B) with some
flecks visible in the left eye. (C) Fundus autofluorescence imaging revealed a
perifoveal ring of high intensity in both eyes (the left eye is shown).

Figure 4.3. Electroretinogram for patient 2. A. ERG shows delayed
scotopic responses and decreased scotopic a-waves, but supranormal
scotopic b-wave amplitudes with a broad rather than a tapered a-wave trough.
B. ERG shows delayed and decreased photopic responses. Each horizontal
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box represents 25 ms horizontally, and 100 μV vertically. OD: right eye; OS:
left eye.
Table 4.1. Scotopic and photopic ERGs in patients 1, and 2. For each
electroretinogram (ERG), values are for right eye- left eye are shown. For
normal values ranges resemble a Gaussian distribution and averages are in
parentheses. Times are in milliseconds and amplitudes are in microvolts
.

Primers for the KCNV2 gene were designed using the genomic
structure in the UCSC human genome browser (Section 2.4.1), and the
primer3 program to cover the entire coding sequence as well as the flanking
intronic sequences (Appendix A). Using the parameters listed in table 2.5, all
exons were successfully amplified (Figure 4.4), as these were observed by
agarose gel electrophoresis (Section 2.4.2).
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Figure 4.4.

KCNV2 PCR products. Agarose gel showing successful
amplification of all coding exons of the KCNV2 gene following the protocol
described (section 2.4).
Patient genomic DNA was extracted from venous EDTA-blood samples
according to standard procedures (Section 2.2). Genetic testing for mutations
was performed by PCR amplification (Section 2.4) and subsequent Sanger
sequencing as described in section 2.7 of both coding exons and flanking
intronic sequences of the KCNV2 gene.
Direct sequencing of the KCNV2 gene revealed a novel homozygous
nonsense mutation in both sisters (NM_133497: c.159 C>G; p.Y53X) (Figure
4.5).

Figure 4.5. Sequence analysis of the KCNV2 gene for Patient 1 and
Patient 2. Sequence electropherogram of patient 1 and patient 2 showing a
novel homozygous nonsense mutation in exon 1 (NM_133497: c.159 C>G;
p.Y53X).
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4.2.2 Patient 3
Patient 3 was the daughter of consanguineous parents, first diagnosed
at 2 years of age. Clinical examination of this patient revealed inward eye
deviation since 1 year of age, and an esotropia of 45 prism dioptres, right eye
preference and moderate hyperopia for which she was prescribed glasses.
There was no nystagmus or AHP, esotropia had decreased to 20 prism
dioptresb the age of 8 years, and hyperopia to approximately plano, and the
fundus exam remained normal. ERG for this patient showed delayed and
decreased photopic responses, delayed scotopic responses and decreased
scotopic a-waves, but supranormal scotopic b-wave amplitudes with a broad
rather than a tapered a-wave trough to bright flash scotopic condition.
The KCNV2 gene was screened for a mutation as described in section 4.2.1.
Direct sequencing of the KCNV2 gene revealed homozygous nonsense
mutation (NM_133497: c.427G>T; p.E143X) (Figure 4.6) previously reported
to cause CDSRR (Wu et al. 2006).

Figure 4.6. Sequence analysis of the KCNV2 gene for Patient 3.
Sequence electropherogram of patient 3; showing a homozygous nonsense
mutation in exon 1 (NM_133497: c.427G>T; p.E143X) previously reported to
cause CDSRR (Wu et al. 2006).
4.2.3 Family 2 (Patient 4 and 5)
This family consisted of two affected daughters whose parents were
first cousins. Patient 4 was a girl first diagnosed at 4 years of age with Cone
dystrophy with supranormal rod response. Clinically this patient had head
shaking, AHP, and shaking eyes since early infancy. There was continuous
head shaking in the horizontal plane and low-amplitude high frequency
horizontal pendular nystagmus but no strabismus. Head shaking and
nystagmus had disappeared at 6 years of age, and the fundus exam
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remained normal. ERG showed delayed and decreased photopic responses,
delayed

scotopic

responses

and

decreased

scotopic

a-waves,

but

supranormal scotopic b-wave amplitudes with a broad rather than a tapered
a-wave trough to bright flash scotopic condition.
Patient 5 is the sister of patient 4, first examined at 5 years of age. Clinical
symptoms of this patient included head shaking, AHP, and shaking eyes since
early infancy. There was constant head shaking in the horizontal plan and
low-amplitude high-frequency horizontal pendular nystagmus, a preference for
a moderate left head tilt, but no strabismus. The head shaking had stopped at
7 years of age, and nystagmus had disappeared, but occasional short bursts
of high-frequency low amplitude pendular nystagmus were observed. The
child still preferred a moderate left head tilt without any evidence for
strabismus. The fundus exam remained normal. ERG for this patient showed
delayed and decreased photopic responses, delayed scotopic responses and
decreased scotopic a-waves, but high-normal scotopic b-wave amplitudes
with a broad rather than a tapered a-wave trough to bright flash scotopic
condition.
The KCNV2 gene was screened for a mutation as described in section
4.2.1. Direct sequencing revealed a homozygous nonsense mutation
(NM_133497: c.427G>T; p.E143X) (Figure 4.7) previously reported to cause
CDSRR (Wu et al. 2006).

Figure 4.7. Sequence analysis of the KCNV2 gene for Patient 4 and
Patient 5. Sequence electropherogram of both patients; showing a
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homozygous nonsense mutation in exon 1 (NM_133497: c.427G>T; p.E143X)
previously reported to cause CDSRR (Wu et al. 2006).
4.2.4 Patient 6
Patient 6, the daughter of consanguineous parents, was first assumed
to have glaucoma at age 1 year. The girl had low-amplitude high-frequency
nystagmus, large clear corneas (horizontal corneal diameters 13 mm), but no
strabismus, AHP, or head shaking. Intraocular pressures and optic nerve
head appearances were normal. The patient had a significant cycloplegic
refraction for myopia with astigmatism, and the fundus exam was normal.
ERG showed delayed and decreased photopic responses, delayed scotopic
responses and decreased scotopic a-waves, but high-normal scotopic b-wave
amplitudes with a broad rather than a tapered a-wave trough to bright flash
scotopic condition.

The KCNV2 gene was screened for a mutation as described in section 4.2.1.
Direct

sequencing

revealed

a

homozygous

nonsense

mutation

(NM_133497.1: c.427G>T; p.E143X) (Figure 4.8) previously reported to cause
CDSRR (Wu et al. 2006).

Figure 4.8. Sequence analysis of the KCNV2 gene for Patient 6.
Sequence electropherogram patient 6; showing a homozygous nonsense
mutation in exon 1 (NM_133497: c.427G>T; p.E143X) previously reported to
cause CDSRR (Wu et al. 2006).
4.2.5 Patient 7
Patient 7, the daughter of consanguineous parents, was a girl seen in
clinic at age 8, who had inward eye deviation noted since 1 year of age. This
patient had a flick esotropia in primary position, an exotropia of 15 prism
dioptres in upgaze, and an esotropia of 15 prism dioptres in downgaze. There
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was moderate overaction in the field of the inferior oblique and underaction in
the field of the superior oblique bilaterally. The patient showed no AHP or
nystagmus. At 11 years of age, there was a 6-prism-dioptre intermittent
exotropia in primary position that increased to 16 prism dioptres in upgaze
and became an esotropia of 20 prism dioptres in downgaze. The fundus exam
was normal. ERG showed delayed and decreased photopic responses,
delayed

scotopic

responses

and

decreased

scotopic

a-waves,

but

supranormal scotopic b-wave amplitudes with a broad rather than a tapered
a-wave trough to bright flash scotopic condition.
The KCNV2 gene was screened for a mutation as described in section 4.2.1.
Direct sequencing of the KCNV2 gene revealed a homozygous nonsense
mutation (NM_133497.1: c.427G>T; p.E143X) (Figure 4.9) previously
reported to cause CDSRR (Wu et al. 2006).

Figure 4.9. Sequence analysis of the KCNV2 gene for Patient 7.
Sequence electropherogram patient 7; showing a homozygous nonsense
mutation in exon 1 (NM_133497: c.427G>T; p.E143X) previously reported to
cause CDSRR (Wu et al. 2006).
4.2.6 Patient 8
Patient 8, the son of consanguineous parents, was first diagnosed at
age 8, who complained of decreasing near vision over the previous few years.
There was no nystagmus, AHP, or strabismus. At 9 years of age Goldmann
visual-field testing demonstrated central scotomas in both eyes, and a fundus
exam revealed macular retinal pigment epithelium atrophy in both eyes
(Figure 4.10).
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Figure 4.10. Fundus photographs of Patient 8. At 9 years of age, there is a
foveal discoloration that can be seen in both the right (A) and the left (B) eyes.
ERG showed delayed and decreased photopic responses, delayed scotopic
responses and decreased scotopic a-waves, but supranormal scotopic bwave amplitudes with a trough tapered a-wave to bright flash scotopic
condition.
The KCNV2 gene was screened for a mutation as described in section 4.2.1.
Direct sequencing revealed a novel missense mutation (NM_133497.1: c.240
G>T; p.E80D) (Figure 4.11). This missense variant was not found in the
database of the 1000 Genomes Project Consortium (Altshuler 2010), and was
not found in 100 ethnically matched normal controls. The Polyphen program
(provided by the Division of Genetics, Brigham and Women’s Hospital,
Harvard Medical School, Boston, MA)(Sunyaev et al. 2001) predicted these
substitutions to be benign with a score of 0.141, in addition a SIFT software
prediction (provided by the Fred Hutchinson Cancer Research Center,
Seattle, WA)(Ng and Henikoff 2006) returned a score of 0.36 (0 being
damaging, 1 being neutral), for this amino-acid-substitution.
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Figure 4.11. Sequence analysis of the KCNV2 gene for Patient 8.
Sequence electropherogram of patient 8; showing a novel homozygous
missense mutation in exon 1 (NM_133497.1: c.240 G>T; p.E80D).
4.2.7 Patient 9
Patient 9, the daughter of consanguineous parents, was first diagnosed
age 3 years, who had shaking eyes soon after birth, and multidirectional
pendular low amplitude high-frequency nystagmus, but no strabismus or AHP.
Nystagmus had decreased at 10 years of age. Goldmann visual field testing
showed central scotomas in both eyes. The fundus examination was within
normal limits. ERG showed delayed and decreased photopic responses,
delayed

scotopic

responses

and

decreased

scotopic

a-waves,

but

supranormal scotopic b-wave amplitudes with a broad rather than a tapered
a-wave trough to bright flash scotopic condition.
The KCNV2 gene was screened for a mutation as described in section 4.2.1.
Direct sequencing revealed a homozygous nonsense mutation (NM_133497:
c.427G>T; p.E143X) (Figure 4.12) previously reported to cause CDSRR (Wu
et al. 2006).

Figure 4.12. Sequence analysis of the KCNV2 gene for Patient 9.
Sequence electropherogram patient 9; showing a homozygous nonsense
mutation in exon 1 (NM_133497: c.427G>T; p.E143X) previously reported to
cause CDSRR (Wu et al. 2006).
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4.3 Discussion
The aim of work presented in this chapter was to describe the clinical
presentation of children with ‘cone dystrophy with supranormal rod response,’
a distinct retinal disorder associated with recessive KCNV2 mutations, and to
improve the understanding of this genotype-phenotype correlation. To
address this objective direct sequencing of the KCNV2 gene in nine patients
diagnosed with cone dystrophy with supranormal rod response was
preformed. The outcomes generated by this study are discussed below.

4.3.1 Phenotype-genotype correlation
In all patients diagnosed with CDSRR a pathogenic mutation in KCNV2
was found, further confirming phenotype-genotype correlation of the
supranormal rod response with aberrant KCNV2 function. In the seven
families studied (9 patients) the majority (6 patients from 5 unrelated families)
were found to harbor a previously described nonsense mutation, p.E143X,
which is the most commonly reported mutation to date (Ben Salah et al. 2008;
Wissinger et al. 2008; Wu et al. 2006).
In addition, two novel mutations were identified including a novel nonsense
mutation in 2 patients from one family, p.Y53X, and a missense mutation
(p.E80D) in an isolated male.
Patients were initially examined from 1 to 8 years of age and were diagnosed
with CDSRR, the most common clinical appearance was abnormal head
position, nystagmus, and head shaking (Carl et al. 1985) that with time
decreased or resolved (Table 4.2). It was specifically noted by Kato and
colleagues that nystagmus in CDSRR can be improved with time, and that
this had occurred in 11 previously reported CDSRR cases (Kato et al. 1993).
In addition, Wissinger and colleagues also recognized that most of their
patients (11/16) had early faint horizontal nystagmus which had improved
over time (Wissinger et al. 2008).
Although macular findings are common in adult patients, only two of the nine
children (patient 2, and patient 8) had an abnormal fundus (foveal)
appearance (Figure 4.2, Figure 4.10). Visual acuities for these two patients
were not the worst in the cohort (Table 4.2). The majority of the 9 children
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were hyperopic; although most adult patients have been described as myopic
(Vincent et al. 2012). Regarding the two myopic patients (patient 6 and patient
9), one was noted to have infantile nystagmus, while the other had coexisting
megalocornea, which may have been a reason in her refractive error. With
time, patients 1, 3, 4, 5, 6, 7, and 9 with normal fundus examinations and
hyperopia may develop macular findings and myopia after a period of time.
The variable early clinical presentation of children with CDSRR probably leads
to late diagnosis. Late diagnosis or under diagnosis may take place even
when a standard ERG is obtained at an early age for the reason that the flash
scotopic b-wave ERG response can be within normal rather than supranormal
and consequently can be unnoticed (Littink et al. 2010; Robson et al. 2010).
On the other hand, three of the nine patients (patient 1, 5, and 6) did not have
supranormal flash scotopic b-wave ERG responses, yet all three of these
patients did have a broad a-wave trough, which is an added helpful ERG
finding that can aid in making the specific diagnosis in cases with normal flash
scotopic b-wave ERG responses (Robson et al. 2010). Additionally, testing
further than the International Society for Clinical Electrophysiology of Vision
minimal guidelines (Marmor et al. 2009) can aid in the specific diagnosis,
mainly by using a broad range of flash strengths scotopically (Robson et al.
2010). In contrast, excessively rapid increases in b-wave amplitude are noted
as a result of small increases in stimulus intensity in CDSRR during dim
intensities in scotopic conditions (Robson et al. 2010). Moreover, the
distinguished broadened shape to the a-wave trough is occasionally most
clearly seen when flash intensities are higher than standard International
Society for Clinical Electrophysiology of Vision settings (Robson et al. 2010).
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Table 4.2. Patient summary. Clinical and genetic findings of the nine patients.
patient
Age Sex Clinical symptoms Nyctalopia
ID
F
1

AHP, head shaking,
nystagmus

2

F
2

5

Intermittent
exotropia

Mutation

No

c.159C>G
(p.Y53X)

Yes

c.159C>G
(p.Y53X)

F
3

2

4

4

F

Esotropia noted at
1y

No

c.427G>T
(p.E143X)

AHP, head shaking,
nystagmus

No

c.427G>T
(p.E143X)

No

c.427G>T
(p.E143X)

Suspected
Glaucoma &
nystagmus

No

c.427G>T
(p.E143X)

V-pattern esotropia
& decreased
vision since 2 y

Yes

c.427G>T
(p.E143X)

F
5

AHP, head shaking,
nystagmus

5
F

6

1

7

8

F

M
8

9

8

3

F

Complaining of
decreased near
vision since 5 y

No

Infantile nystagmus
(no AHP or head
shaking)

No

Normal

Autofluorescence
(AF)
Normal (7y)

Normal

Normal (7y)

Fundus

RPE foveal perifoveal increased
disturbance
AF ring (12y)
RPE foveal perifoveal increased
disturbance
AF ring (12y)
Normal
Normal (8y)

+3.00

Early
BCVA
N/A

+3.00

N/A

+4.00

4/30 (7y)

+4.00

4/30 (7y)

+4.00

4/30 (4y)

Retinoscopy

Normal

Normal (8y)

+4.00

4/30 (4y)

Normal

N/A

+1.25-1.75x180

N/A

Normal

N/A

+1.25-1.75x180

N/A

Normal

N/A

+4.00-3.00x180

N/A

Normal

N/A

+4.00-3.00x180

N/A

Normal

N/A

-2.75-6.00x045

N/A

Normal

N/A

-2.75-4.00x160

N/A

Normal

Normal

Normal

Normal

Macular
c.240 G>T RPE atrophy
(p.E80 D)
Macular
RPE atrophy
c.427G>T
Normal
(p.E143X)
Normal
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Comments
At age 7y: AHP & head
shaking & nystagmus gone;
20/200 OU; fine foveal
granularity OU but AF
Normal
At age 12y: 20/200 OU;
bulls-eye maculopathy and
perifoveal AF ring OU; sister
of patient 1
At age 8y: 20/200 OU;
fundus exam Normal;
retinoscopy approximately
plano OU
At age 6y: AHP & head
shaking & nystagmus gone;
20/200 OU
At age 7y: head shaking
gone; AHP & nystagmus
less; 4/30 OU sister of
patient 4
Megalocornea (13mm
horizontal corneal
diameters) but no glaucoma;
likes to stare at light

+3.00-1.50x180 20/70 (8y) At age 11y: 20/70 OD &
+3.00-1.50x180 20/50 (8y) 20/100 OS

N/A

+1.00-1.50x180 20/40 (7y)

N/A

+1.00-1.50x180 20/70 (7y)

N/A

-7.00 (10y)

N/A

-7.00 (10y)

At age 9yr: 20/100 OU;
small central scotoma OU

20/400(10y) At age 10y: nystagmus less;
small central scotoma OU
20/400(10y)
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4.3.2 KCNV2 protein
The protein encoded by KCNV2 is an electrically silent subunit Kv8.2,
which acts together with other potassium-channel components, such as Kv2.1
to form a functional voltage-gated heterotetramer with unique dynamic
responsive properties in the inner segment of human photoreceptors (Czirjak
et al. 2007; Wu et al. 2006). KCNV2 mutant subunits likely result in abolition
or disruption of the potassium circuit, which is located in rod photoreceptors
and which usually deactivate gradually when the cell is hyperpolarized
(Czirjak et al. 2007; Wu et al. 2006).
The expression of high-level of Kv8.2 (together with Kv2.1) in the retina
and its electrophysiological properties propose that Kv2.1/Kv8.2 may
contribute to the production of the K + current responsible for the dynamic
signal amplification of photoreceptor cells (Czirjak et al. 2007).
KCNV2 protein structure contains six transmembrane domains (S1-S6)
(Figure 4.13) with cytoplasmic COOH and NH2 termini; a voltage domain S1S4, including S4 segment which is probably the voltage-sensor and is
characterized by a series of positively charged amino acids at every third
position; and a pore domain, between segments 5 and 6, including the K +
channel signature GlyTyrGly, that forms the selectivity filter (Smith et al.
2012). The amino-terminal A and B box (NAB) or tetramerization domain (T1)
encodes molecular determinants for subfamily specific assembly (Gutman et
al. 2005; Yellen 2002) (Figure 4.13).
KCNV2 in situ hybridization with a KCNV2 antisense riboprobe showed
mRNA within the outer nuclear layer of the retina in rodents (Czirjak et al.
2007) and inner segment of both cone and rod photoreceptors, in humans
(Thiagalingam et al. 2007; Wu et al. 2006).

On the other hand

immunohistochemistry showed that (Kv2.1) subunits that form elements of the
channel assembly have been localized to the photoreceptor inner segment in
mouse retina (Klumpp et al. 1995), generally conforming to the dysfunction
suggested by human electroretinography. It has been suggested that mutant
KCNV2 subunits may probably result in disruption of the potassium current,

154

Chapter 4
which is present in rod photoreceptors and which usually deactivates slowly
when the cell is hyperpolarized (Czirjak et al. 2007; Thiagalingam et al. 2007).
The quick increase in b-wave amplitude over a short array of stimulus
intensity in extended ERG testing conditions, and the typical broad a-wave
trough after scotopic bright flash suggest that KCNV2 mutations cause
dysfunction after phototransduction but before b-wave generation in the inner
retina (Robson et al. 2010). Since rod phototransduction is intact, there is a
fixed delay of the responses, which suggests alteration in the synapse or in
postreceptoral signaling pathway (Zobor et al. 2012).

Figure 4.13. Schematic representation of the potassium channel subunit
KCNV2 drawn from the KCNV2 sequence deposited in GenBank #NM133497
and from the structure of Kv channels (Cai et al. 2007), showing the Nterminal A and B boxes (NAB, in blue), the six transmembrane segments of
the protein (S1 through S6), and the P-loop (in red), which forms the channel
pore (Ben Salah et al. 2008). Small numbers indicate the amino acid
positions. The positions of the three mutations found are indicated, in black for
the previously reported nonsense mutation and in red for novel mutations.
4.3.3 KCNV2 mutations
It was initially hypothesized that the principal mechanism for CDSRR
was an increase in cyclic GMP levels from mutations in the PDE6H gene that
was involved in the cyclic GMP pathway, which encodes an inhibitory subunit
of cone phosphodiesterase (Gouras et al. 1983; Piri et al. 2005). In contrast,
the PDE6H mutation identified in one CDSRR family did not segregate in the
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expected autosomal recessive mode of inheritance (Piri et al. 2005), and has
not been reported since (Wissinger et al. 2008; Wu et al. 2006). In 2006,
homozygous mutations in KCNV2 were found to segregate with the
phenotype in a consanguineous family, in addition to unrelated affected
individuals (Wu et al. 2006). Mutations in the KCNV2 gene were subsequently
confirmed to cause the phenotype in more studies of other patients from
different populations (Carl et al. 1985; Robson et al. 2010; Thiagalingam et al.
2007; Wissinger et al. 2008).
Currently, over 62 mutations in KCNV2 gene have been identified,
mostly amino acid substitutions (Table 4.3) or point mutations (Table 4.4) that
form protein truncation mutations and small indel mutations (Table 4.5) (Ben
Salah et al. 2008; Sergouniotis et al. 2012; Thiadens et al. 2012;
Thiagalingam et al. 2007; Wissinger et al. 2008; Wu et al. 2006). Additionally,
compound heterozygous mutations in KCNV2 gene have been reported in
different populations (Ben Salah et al. 2008; Wissinger et al. 2008; Wissinger
et al. 2011; Zobor et al. 2012). Recently, several large deletions within or
encompassing the KCNV2 gene of up to 237 kb in size have been described
(Wissinger et al. 2011).
So far most of these mutations, which were previously reported in adult
patients (mostly missense and nonsense), did not show obvious phenotypegenotype correlations beyond the diagnostic ERG (Littink et al. 2010; Robson
et al. 2010; Wissinger et al. 2008; Wu et al. 2006). Specific mutations did not
predict nystagmus, macular

findings

or best-corrected

visual acuity.

Additionally, macular changes did not predict the poorest vision or the
incidence of nystagmus.
In the nine children described here, two novel mutations were
identified (p.Y53X, and p.E80D) (figure 4.13), and one previously reported
mutation p.E143X (figure 4.13) (Wu et al. 2006). These mutations occur in the
N-terminal A and B box (NAB) or T1 intracellular domain. The N-terminal
segment of voltage-gated potassium channels contains conserved sequence
motifs called NAB: N-terminal A and B box domain (Figure 4.13) which is
important for homomeric as well as heteromeric channel recognition and
assembly with the α-subunits of the Kv2 family (Smith et al. 2012). Although
the missense mutation identified here (E80D) lies just outside this domain, it is
156

Chapter 4
possible it may disrupt assembly of the channel subunits. This has recently
been demonstrated for missense mutations found in the NAB domain
(Thiadens et al. 2012; Wissinger et al. 2011). Other missense changes have
been found in the N-terminal fragment of the protein, which includes the A and
B boxes, indicating the importance of this region for the function of KCNV2.
So far most identified KCNV2 mutations are located in the intracellular aminoterminal region, and in the pore domain (Ben Salah et al. 2008; Thiagalingam
et al. 2007; Wissinger et al. 2008; Wu et al. 2006). Ten of these mutations
result in the creation of a stop codon (Table 4.4) that would end translation
before the first transmembrane spanning segment (S1). However, two of the
initially identified missense mutations , L126Q and W188C, lie within the Nterminal A and B box (NAB) or T1 domain (Bixby et al. 1999).
The two nonsense mutations (p.Y53X, and p.E143X), would result in
truncated or largely altered proteins lacking important functional domains of
KCNV2, particularly the 6 transmembrane helices and the channel pore.
Furthermore, those mutant transcripts may undergo non-sense mediated
decay prior to actually being translated. Therefore these mutations most likely
represent functionally null alleles in the cellular context.
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Table 4.3. Missense mutation in KCNV2. All missense mutations identified to
date (Stenson et al. 2003), pink shaded mutations are all located N-terminal A
and B box (NAB) or T1 intracellular domain.
Codon
change

Amino acid
change

Nucleotide Residual
change
change

GGC-GAC

Gly88Asp

c.263G>A

p.G88D

CTG-CAG

Leu126Gln

c.377T>A

p.L126Q

TTC-GTC

Phe151Val

c.451T>G

p.F151V

TTC-TGC

Phe158Cys

c.473T>G

p.F158C

TTC-TCC

Phe164Ser

c.491T>C

p.F164S

CCG-CTG

Pro178Leu

c.533C>T

p.P178L

GAG-AAG

Glu184Lys

c.550G>A

p.E184K

GAG-GTG

Glu184Val

c.551A>T

p.E184V

GGG-TGC Trp188Cys

c.564G>C

p.W188C

TGC-AGC

Cys198Ser

c.592T>A

p.C198S

CGG-CCG Arg213Pro

c.638G>C

p.R213P

ATC-ACC

Ile216Thr

c.647T>C

p.I216T

CGG-TGG Arg243Trp

c.727C>T

p.R243W

TCG-TGG

Ser256Trp

c.767C>G

p.S256W

GCC-GTC

Ala259Val

c.776C>T

p.A259V

GCC-GAC Ala261Asp

c.782C>A

p.A261D
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Phenotype
Cone dystrophy,
autosomal
recessive
Cone dystrophy
with supernormal
rod ERG
Cone dystrophy
with supernormal
rod ERG
Cone dystrophy
with supernormal
rod ERG
Cone dystrophy
with supernormal
rod ERG
Cone dystrophy
with supernormal
rod ERG
Cone dystrophy
with supernormal
rod ERG
Cone dystrophy
with supernormal
rod ERG
Cone dystrophy
with supernormal
rod ERG
Cone dystrophy
with supernormal
rod ERG
Cone dystrophy
with supernormal
rod ERG
Cone dystrophy,
autosomal
recessive
Cone dystrophy
with supernormal
rod ERG
Cone dystrophy
with supernormal
rod ERG
Cone dystrophy
with supernormal
rod ERG
Cone dystrophy
with supernormal
rod ERG

Reference
(Thiadens et al.
2012)
(Wu et al. 2006)
(Robson et al.
2010)
(Thiagalingam
et al. 2007)
(Wissinger et
al. 2011)
(Thiagalingam
et al. 2007)
(Wissinger et
al. 2008)
(Wissinger et
al. 2008)
(Wu et al. 2006)
(Thiagalingam
et al. 2007)
(Thiagalingam
et al. 2007)
(Thiadens et al.
2012)
(Wissinger et
al. 2011)
(Wu et al. 2006)

(Wu et al. 2006)
(Wissinger et
al. 2011)
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GCC-CCC

Ala322Pro

c.964G>C

p.A322P

TTC-TCC

Phe330Ser

c.989T>C

p.F330S

GTG-ATG

Val375Met

c.1123G>A

p.V375M

GTC-ATC

Val378Ile

c.1132G>A

p.V378I

CTG-CCG

Leu404Pro

c.1211T>C

p.L404P

ACC-ATC

Thr439Ile

c.1316C>T

p.T439I

TGG-AGG

Trp450Arg

c.1348T>A

p.W450R

TGG-GGG Trp450Gly

c.1348T>G

p.W450G

GGC-GAC Gly459Asp

c.1376G>A

p.G459D

TAG-CAG Term546Gln

c.1636T>C

p.X546Q

TAG-TAT

c.1638G>T

p.X546Y

Term546Tyr
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Cone dystrophy
with supernormal
rod ERG
Cone dystrophy
with supernormal
rod ERG
Cone dystrophy,
autosomal
recessive
Cone dystrophy,
autosomal
recessive
Cone dystrophy
with supernormal
rod ERG
Cone dystrophy
with supernormal
rod ERG
Cone dystrophy
with supernormal
rod ERG
Cone dystrophy
with supernormal
rod ERG
Cone dystrophy
with supernormal
rod ERG
Cone dystrophy
with supernormal
rod ERG
Cone dystrophy
with supernormal
rod ERG

(Sergouniotis et
al. 2012)
(Wissinger et
al. 2011)
(Thiadens et al.
2012)
(Thiadens et al.
2012)
(Wissinger et
al. 2011)
(Sergouniotis et
al. 2012)
(Wissinger et
al. 2011)
(Thiagalingam
et al. 2007)
(Wu et al. 2006)
(Thiagalingam
et al. 2007)
(Robson et al.
2010)
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Table 4.4. Nonsense mutation in KCNV2. All nonsense mutations identified
to date (Stenson et al. 2003), pink shaded mutations are all located N-terminal
A and B box (NAB) or T1 intracellular domain HGMD accessed 10-02-2013.
Codon
change

Amino acid
change

Nucleotide Residual
change
change

AAA-TAA

Lys3Term

c.7A>T

p.K3X

TAC-TAA

Tyr54Term

c.162C>A

p.Y54X

GAA-TAA Glu73Term

c.217G>T

p.E73X

CAG-TAG Gln76Term

c.226C>T

p.Q76X

CAG-TAG Gln109Term

c.325C>T

p.Q109X

TGC-TGA Cys113Term

c.339C>A

p.C113X

GAG-TAG Glu143Term

c.427G>T

p.E143X

CAG-TAG Gln145Term

c.433C>T

p.Q145X

GAA-TAA Glu148Term

c.442G>T

p.E148X

TGG-TAG Trp188Term

c.563G>A

p.W188X

AAG-TAG Lys260Term

c.778A>T

p.K260X

CAG-TAG Gln287Term

c.859C>T

p.Q287X

GAG-TAG Glu306Term

c.916G>T

p.E306X
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Phenotype

Reference

Cone dystrophy
(Wu et al.
with supernormal
2006)
rod ERG
Cone dystrophy
(Littink et al.
with supernormal
2010)
rod ERG
Cone dystrophy
(Wissinger et
with supernormal
al. 2008)
rod ERG
Cone dystrophy
(Wissinger et
with supernormal
al. 2008)
rod ERG
Cone dystrophy
(Wu et al.
with supernormal
2006)
rod ERG
Cone dystrophy,
(Thiadens et
autosomal
al. 2012)
recessive
Cone dystrophy
(Wu et al.
with supernormal
2006)
rod ERG
Cone dystrophy
(Wu et al.
with supernormal
2006)
rod ERG
Cone dystrophy
(Wissinger et
with supernormal
al. 2008)
rod ERG
Cone dystrophy,
(Thiadens et
autosomal
al. 2012)
recessive
Cone dystrophy
(Thiagalingam
with supernormal
et al. 2007)
rod ERG
Cone dystrophy
(Wissinger et
with supernormal
al. 2008)
rod ERG
Cone dystrophy
(Wu et al.
with supernormal
2006)
rod ERG
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Chapter 5
Phenotypes associated with CABP4 mutations
5.1 Introduction
Calcium binding protein 4 (CABP4) is a member of the CABP family of
neuronal Ca+2 binding proteins, the specific location of this protein in the
photoreceptor synaptic terminals enables CABP4 to modulate photoreceptor
Ca+2 channels and transmitter release (Haeseleer et al. 2004; Maeda et al.
2005). The phenotype– genotype correlation of CABP4 mutations is limited
because of few reported patients that harbour mutations in CABP4 (Aldahmesh
et al. 2010; Littink et al. 2009; Zeitz et al. 2006). However, reported mutations
result in very different clinical outcomes; recessive Leber congenital amaurosislike (one family) (Aldahmesh et al. 2010), recessive congenital cone-rod synaptic
disorder (one family) (Littink et al. 2009), and recessive incomplete congenital
stationary night blindness (CSNB; two families) (Zeitz et al. 2006). This chapter
describes identification of CABP4 mutations in the Saudi families and the
associated phenotype.
5.2 Results
5.2.1 Family arRP-F025
This consanguineous family, with 3 affected siblings and an affected
cousin (Figure 5.1), were all diagnosed with autosomal recessive early-onset
retinal dysfunction. Individuals for whom DNA samples were available (stared
symbols in figure 5.1) were genotyped using the Affymetrix Gene Chip Human
Mapping 250K Arrays and the Axiom® Genome-Wide Population Optimized
Human Array (Affymetrix, Santa Clara, CA) (Section 2.8). Homozygosity mapping
was carried out using the AutoSNPa program (Section 2.9.2) to search for blocks
of homozygosity shared between all affected individuals.
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Figure 5.1. Pedigree drawing of family arRP-F025. Squares are males, circles
are females, black filled symbols are affected individuals, red filled symbol was
thought to be an affected individual, star indicates DNA sample available, double
line between individuals indicates consanguinity.
Homozygosity mapping revealed no homozygous region shared between
all 3 affected individuals (V:1, V:2 and V:4) for whom samples were initially
available. Analysis of only two affected siblings (V:1 and V:2) and their affected
cousin (V:4) revealed one shared homozygous region between these three
affected individuals on chromosome 6 (genomic region between 138-155 Mb)
(Figure 5.2). The 17 Mb homozygous block on chromosome 6 did not contain
any known arRP genes indicating a potential novel locus. Microsatellite marker
analysis was performed to refine and confirm the region using 23 microsatellite
markers (Section 2.6) however, only 13 markers were informative and a sample
for affected individual V:3 was not available at this time (Table 5.1). According to
the results of the microsatellite markers, it appeared that the cousin (V:4),
although homozygous, did not share the same haplotype as the two affected
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siblings, apart from D6S1564 and DS1687 (Table 5.1). Because of the results of
the microsatellite haplotype analysis, the clinical status of the affected cousin
(V:4, 3 years old) was questioned.

Figure 5.2. AutoSNPa first analysis for a locus on chromosome 6 (arRPF025 family), red box represents the homozygous block shared by 2 affected
siblings (V:1 and V:2) and their affected cousin (V:4) (genomic region is between
138-155 Mb).
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Table 5.1. Microsatellite marker analysis for family arRP-F025. Markers covered the homozygous region shared
between 2 affected siblings (V:1 and V:2) and one affected cousin (V:4) on chromosome 6. Cells highli ghted with red
represent the affected individuals, green color highlights homozygous alleles, pink heterozygous, and yellow highlighted
cells indicate a different haplotype.
1st Branch
2nd Branch
1V:1
V:1
V:2
V:4
V:5
IV:4
IV:3
Location
Marker
unaffected affected affected
affected unaffected unaffected unaffected
138463259
D6S1587
221-221 221-221 221-221
221-221
221-221
221-221
221-221
139095364
D6S1569
121-131 121-123 121-123
131-131
131-131
131-135
129-131
140049946
D6S1675
223-227 227-227 227-227
223-223
223-223
223-225
223-223
141298258
D6S308
197-199 197-197 197-197
199-199
193-199
195-199
193-199
142143923
D6S310
166-168 166-166 166-166
168-168
164-168
150-168
0-0
143558943
D6S409
163-163
0-0
0-0
163-163
161-163
163-167
161-163
144635924
D6S1003
306-306 306-306 306-306
306-306
294-306
306-309
294-306
146059485
D6S1703
151-153 155-155 155-155
151-151
0-0
138-151
0-0
148731406
D6S311
226-252 252-252 252-252
226-226
226-252
222-226
226-252
148873965
D6S1637
235-237 233-235 233-235
235-237
235-237
235-237
235-237
149230070
D6S1564
232-234 234-234 234-234
232-232
232-234
226-232
232-234
149621040
D6S1654
272-272 272-272 272-272
272-272
270-272
270-272
272-272
149812623
D6S1553
236-236 236-236 236-236
236-236
236-236
236-244
236-236
151065184
D6S1687
129-131 129-131 129-131
129-131
131-131
129-131
129-131
152374790
D6S440
0-0
0-0
0-0
0-0
0-0
0-0
270-272
152547271
D6S2420
151-155 155-155 155-155
151-151
151-155
151-155
151-155
153012309
D6S2442
105-113 105-105 105-105
113-113
105-113
105-113
105-113
153125946
D6S290
254-258 258-258 258-258
254-254
254-258
254-258
254-258
153581613
D6S1454
211-211 211-211 211-211
211-211
211-211
211-211
211-211
154685149
D6S425
145-145 145-145 145-145
144-145
144-145
144-145
145-145
155474023
D6S1577
143-157 143-143 143-143
143-157
143-157
143-157
143-157
156096083 HUMRPT28A 173-173 173-173 173-173
173-173
173-173
173-173
173-173
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Another analysis was then performed excluding the affected cousin (V:4)
because of inconsistencies in the genotype, and now with the addition of a newly
sampled affected sibling (V:3). This revealed 2 homozygous regions that were
shared between the three affected siblings (V:1, V:2, V:3) but not the affected
cousin or the unaffected individuals. A homozygous region on chromosome 6
(genomic region between 154-170 Mb) (Figure 5.3), contained no known IRD
genes, whereas a 40 Mb homozygous region on chromosome 11 (genomic
region is between 34-76Mb) (Figure 5.4) contained a known IRD gene, CABP4.

Figure 5.3. AutoSNPa analysis for a locus on chromosome 11 (arRP-F025
family), red box represents the homozygous block shared by 3 affected siblings,
but not the affected cousin (V:4) (genomic region is between 34-75Mb).
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Figure 5.4. AutoSNPa second analysis for a locus on chromosome 6 (arRPF025 family), red box represents the homozygous block shared by 3 affeted
siblings, but not the affected cousin (V:4) (genomic region is between 154170Mb).
Primers for the CABP4 gene were designed (Section 2.4.1) to amplify and
sequence all 6 coding exons (Appendix A). Using the Hotstar taq polymerase
enzyme PCR protocol described (Section 2.4) all exons were successfully
amplified (Figure 5.5) in one affected, as detected by agarose gel electrophoresis
(Section 2.4.2).
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Figure 5.5. CABP4 PCR products. Agarose gel showing amplification of all 6
coding exons of the CABP4 gene in an affected individual.
Direct sequencing (Section 2.7) of the CABP4 gene in one affected
revealed

a

homozygous

frameshift

mutation

p.Pro28ThrfsX4 (Figure 5.6), which was

in

exon

1

c.81_82insA;

previously reported, and predicted to

cause premature termination the protein. Segregation analysis showed that this
mutation was homozygous in all affected siblings (V:1, V:2, V:3) and their
unaffected mother was heterozygous (Figure 5.7). Individual V:4 who was initially
thought to be affected, was homozygous for the normal allele (Figure 5.7) and
was subsequently clinically reclassified as unaffected. This explains the lack of
homozygosity in the initial analysis.

Figure 5.6. Sequence chromatogram of CABP4 gene in affected individual
V:1 from family arRP-F025. Showing a homozygous frameshift mutation in exon
1 c.81_82insA; p.Pro28ThrfsX4.
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Figure 5.7. CABP4 mutation segregation analysis for family arRP-F025.
Sequence chromatogram showing a homozygous frameshift mutation in exon 1
c.81_82insA; p.Pro28ThrfsX4 present in all affected siblings, their unaffected
mother (IV:1) was heterozygous, and individual V:4 who was initially thought to
be affected was homozygous for the normal allele.

5.2.2 Family Cone-Rod-10
This consanguineous family consisted of 2 affected siblings and an
affected mother (Figure 5.8), with a diagnosis of cone rod dystrophy that
appeared to segregate as autosomal pseudodominant. DNA samples for all 3
affected individuals, and the unaffected father and unaffected sibling IV:2 were
genotyped using the Axiom® Genome-Wide Population Optimized Human Array
(Affymetrix, Santa Clara, CA) (Section 2.8).
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Figure 5.8. Pedigree drawing of family Cone-Rod-10. Squares are males,
circles are females, filled symbols are affected individuals, star indicates DNA
sample available, double line between individuals indicates consanguinity.

Homozygosity mapping was carried out using the AutoSNPa program
(Section 2.9.2) to search for blocks of homozygosity shared between all affected
individuals, with the assumption that this was a recessive condition. A
homozygous region (35,030,285-45,249,314) on chromosome 11 was shared
between all affecteds but not the unaffected individuals (Figure 5.9).
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Figure 5.9. AutoSNPa analysis for a locus on chromosome 11 for family
Cone-Rod-10, red box represents the homozygous block on chromosome 11
shared by all affecteds, but not the unaffecteds (genomic region is between
35.0-52.2 Mb).
No known IRD genes were found within the homozygous region on chromosome
11. This indicated that a potential novel locus may be causing disease in this
family, therefore whole exome sequencing was performed on one affected
individual to identify the causative mutation. Whole exome sequencing was
performed commercially using a TruSeq Exome Enrichment kit (Illumina)
(Section

2.11).

The

reads

were

mapped

against

UCSC

hg19

(http://genome.ucsc.edu/) (Kent et al. 2002b) by the Burrows-Wheeler Aligner
(BWA, http://bio-bwa.sourceforge.net/) (Li and Durbin 2009a). SNPs and indels
were detected by the program SAMTOOLS (http://samtools.sourceforge.net/) (Li
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et al. 2009b). The first step in the analysis was to exclude all variants in known
IRD genes by using a database that was created of all genes reported to cause
IRD (Section 2.11.1). The data were analysed for homozygous, heterozygous,
hemizygous and compound heterozygous changes in these known IRD genes
that were likely to be pathogenic (including splice-site variants) that were not
present in 160 in-house control Saudi exomes (no retinal degeneration
phenotype). Additionally all dbSNP variants in these genes were also checked
against the Human Genome Mutation Database since some previously reported
pathogenic mutations are now listed in dbSNP. The WES analysis for affected
individual IV:1 revealed a homozygous frameshift mutation in exon 1 of CABP4
gene, c.81_82insA; p.Pro28ThrfsX4. CABP4 (67,222,818-67,229,245) is located
in a 2 Mb homozygous region (Figure 5.10) which was partially shared with the
unaffected father, the mutation was missed by homozygosity mapping because it
was located in a small homozygous region after a stretch of heterozygosity
(Figure

5.10).

The

homozygous

frameshift

mutation

c.81_82insA;

p.Pro28ThrfsX4 segregated with the phenotype in this family (Figure 5.11) and is
identical to the mutation found in family arRP-F025.
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Figure 5.10. AutoSNPa analysis for family Cone-Rod-10 showing the
location of CABP4, red box represents the 18 Mb homozygous blocks shared
by all affecteds that was used for the initial analysis; blue box represents the 1.8
Mb homozygous block that contained the CABP4 mutation.

172

Chapter 5

Figure 5.11. CABP4 mutation segregation analysis for family Cone-Rod-10.
Sequence chromatogram of the CABP4 gene showing a homozygous frameshift
mutation in exon 1 c.81_82insA; p.Pro28ThrfsX4 in all affected individuals, and
the unaffeted sister was heterozygous.

5.2.3 Isolated case 09DG2258
This 11 yr old male was diagnosed with autosomal recessive cone-rod
synaptic disorder and DNA from this affected individual was directly tested for a
CABP4 mutation, because the clinical picture of this patient resembles the
clinical symptoms of a previously reported Saudi family with a CABP4 mutation
(Aldahmesh et al. 2010) and the two families described above (arRP-F025 and
Cone-Rod-10).
Direct sequencing of the CABP4 gene using the primers listed in Table6.32
revealed a homozygous frameshift mutation c.81_82insA; p.Pro28ThrfsX4
(Figure 5.12), which is identical to the mutation found in families arRP-F025 and
Cone-Rod-10.
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Figure 5.12. Sequence chromatogram of CABP4 gene in the isolated case
09DG2258. Showing a homozygous frameshift mutation in exon 1 c.81_82insA;
p.Pro28ThrfsX4
5.3 Discussion

The

homozygous

p.Pro28ThrfsX4

frameshift

CABP4

mutation

c.81_82insA;

segregated with congenital retinal dysfunction in the three

consanguineous families described above, and in a previously reported Saudi
family with four affected siblings (Aldahmesh et al. 2010). Haplotype analysis for
all four families confirmed a shared haplotype surrounding the mutation (Table
5.3).
So far, two other mutations in the CABP4 gene (NM_145200.3) have been
reported in a Swiss family (c.800_801del2; p.Glu267fs92), and a Dutch family
(c.646C>T; p.Arg216X).
Clinical features of these reported patients were found to be similar to all affected
individuals described in this chapter. The phenotypes are summarized in Table
5.4, and include: congenital nystagmus, low vision that was considered stable,
photophobia, no night blindness, normal or near normal fundus appearance.
The findings in the seven cases described in this chapter and review of the
previously described cases (including the Swiss and Dutch families and
previously reported Saudi family) defines the phenotype associated with CAPB4
mutations. Homozygous loss-of-function CAPB4 mutations cause a relatively
stable congenital cone-rod dysfunction with congenital nystagmus and no
complaint of night blindness with a normal or near-normal fundus appearance.
Affected individuals are usually hyperopic. The ERG when recordable showed an
electronegative response to scotopic flash indicative of cone-rod dysfunction.
The only exception was night blindness in one patient of Swiss origin (Zeitz et al.
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2006). Interestingly, this patient is the only compound heterozygote described to
date with one missense mutation and one frameshift mutation.
It was considered that most accurate term for this phenotype is congenital
cone-rod synaptic disorder, as has been previously suggested by Littink and
colleagues (Littink et al. 2009; Zeitz et al. 2006). The homozygous c.81_82insA
CABP4 mutation appears to be a founder mutation in the Saudi population.
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Table 5.3. Haplotype analysis for the four Saudi families with an identical
CABP4 mutation. Showing a shared haplotype surrounding the mutation for all
affected individuals.
arRP-25
Affected

dbSNP RS
ID
RS11227376
RS11227408
RS1203747
RS12290898
RS10791859
RS1671063
RS11227596
RS11601241
RS10750790
RS11227624
RS10791895
RS11227740
RS12288048
RS11227771
RS12421867
RS12272021
RS11227881
RS11600121
RS12802641
RS11603259
RS11538783
RS10896298
RS11823062
RS1114399
RS11228150
RS11228158
RS1619377
RS11606508
RS10896334
RS11228270
RS11602403
RS12804775
RS11228294
RS12796977
RS10896362
RS12365850
RS10896380
RS12291142
RS11228487
RS10896438
RS1011176
RS10896441

Physical
V:2 V:3 V:4
Position
BB BB BB
65,533,012
AA AA AA
65,625,547
BB BB BB
65,673,727
AA AA AA
65,697,299
AA AA AA
65,735,029
AA AA AA
66,028,718
AA AA AA
66,307,692
AA AA AA
66,336,148
AA AA AA
66,338,786
AA AA AA
66,439,436
BB BB BB
66,444,676
BB BB BB
66,742,220
AA AA AA
66,768,341
AA AA AA
66,860,178
BB BB BB
66,999,906
BB BB BB
67,208,212
AA AA AA
67,219,125
CABP4
AA AA AA
67,289,643
BB BB BB
67,292,237
BB BB BB
67,413,437
AA AA AA
67,577,703
AA AA AA
67,688,035
AA AA AA
67,689,137
BB BB BB
67,690,218
AA AA AA
67,696,149
AA AA AA
67,724,707
AA AA AA
67,748,900
BB BB BB
67,813,346
AA AA AA
68,038,070
BB BB BB
68,047,692
BB BB BB
68,066,733
BB BB BB
68,088,239
BB BB BB
68,145,143
BB BB BB
68,203,444
BB BB BB
68,249,819
BB BB BB
68,351,865
BB BB BB
68,438,978
BB BB BB
68,490,797
BB BB BB
68,613,797
AA AA AA
68,663,146
AA AA AA
68,690,473
AA AA AA
68,710,484

Previously
reported family
A

Cone-rod-10

Unaffected

Affected

Unaffected Affected

Unaffected Affected

IV:1 III:2 III:2 IV:1 IV:3 III:1 IV:2 6 7

unaffected 09sibling
DG2258

BB
AA
BB
AA
AA
ab
AA
ab
ab
ab
ab
BB
AA
AA
BB
BB
ab
ab
BB
ab
AA
AA
AA
BB
AA
AA
AA
ab
ab
BB
BB
BB
ab
BB
BB
BB
ab
BB
BB
AA
AA
AA

AB
AB
AB
AB
AA
NoCall
AA
AB
AB
AB
NoCall
BB
AB
AB
AB
BB
AB
AB
AB
NoCall
NoCall
AB
AB
AB
AA
NoCall
AB
NoCall
AA
AB
AB
AB
NoCall
AB
AB
NoCall
AB
NoCall
AB
AB
AB
NoCall

BB
AA
AA
AA
BB
AA
AA
AA
AA
AA
BB
BB
BB
AA
BB
BB
ab
AA
BB
BB
AA
ab
AA
BB
AA
AA
AA
BB
AA
BB
BB
BB
AA
BB
ab
BB
AA
BB
BB
AA
BB
ab

176

BB
AA
ab
AA
ab
AA
AA
AA
AA
AA
BB
BB
AA
AA
BB
BB
AA
AA
BB
BB
AA
AA
AA
BB
AA
AA
AA
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
AA
AA

BB
AA
ab
AA
ab
AA
AA
AA
AA
AA
BB
BB
AA
AA
BB
BB
AA
AA
BB
BB
AA
AA
AA
BB
AA
AA
AA
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
ab
AA
AA

BB
AA
BB
AA
AA
AA
AA
AA
AA
AA
BB
BB
AA
AA
BB
BB
AA
AA
BB
BB
AA
AA
AA
BB
AA
AA
AA
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
ab
AA
AA

BB
AA
BB
AA
AA
ab
AA
AA
ab
ab
BB
BB
ab
AA
BB
BB
AA
AA
BB
BB
AA
AA
AA
BB
AA
AA
AA
BB
ab
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
AA
AA
AA

BB
AA
ab
AA
ab
ab
AA
AA
ab
AA
BB
BB
ab
AA
BB
BB
AA
AA
BB
BB
AA
AA
AA
BB
AA
AA
AA
BB
ab
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
ab
AA
AA

BB BB
AA AA
BB BB
AA AA
AA AA
AA AA
AA AA
AA AA
AA AA
AA AB
BB BB
BB BB
AA AA
AA AA
BB BB
BB BB
AA AA
AA AA
BB BB
BB BB
AA AA
AA AA
BB BB
AA AA
AA AA
AA AA
BB BB
AA AA
BB BB
BB BB
BB BB
BB BB
BB BB
BB BB
BB BB
BB BB
BB BB
BB BB
BB BB
AA AA
AB AB
AB AA

BB
AA
BB
AA
AA
AA
AA
AA
AA
AA
BB
BB
AA
AA
BB
BB
AA
AA
BB
BB
AA
AA
AA
BB
AA
AA
BB
AA
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
AA
AA
AA
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Table 5.4. Summary of the clinical symptoms of CABP4 cases. All patients had normal or near-normal fundus
examination, nystagmus, photophobia and no night blindness with the exception of patient 3 (Family 2), the only compound
heterozygote. BCVA, best-corrected visual acuity; CF, count fingers; CRSD, cone-rod synaptic disorder; CSM, central
steady maintained; CSNB, congenital stationary night blindness; ID, patient identification number; LCA, Leber congenital
amaurosis; NA, not available
Family

ID

Clinical Age
Ethnicity
diagnosis yrs

CABP4
mutation

BCVA Refraction

Flash
Isolated rod
scotopic/photopic
Electronegative/
delayed and
depressed
Electronegative/
delayed and
depressed

20/200
1

CSNB

45

Swiss

c.800_801del2

Swiss 1

20/200
2

Swiss 2

20/400

NA

CSNB

39

Swiss

c.800_801del3

Compound
heterozygous 20/30
mutation
c.800_801del4
20/30
c.370C>T

3

CSNB

15

Swiss

4

CSNB

12

Dutch

c.646C>T

5

CSNB

10

Dutch

c.646C>T

6

LCA-like

16

Saudi

c.81_82insA

7

LCA-like

15

Saudi

c.81_82insA

Dutch

Saudi A
8

LCA-like

12

Saudi

c.81_82insA

9

LCA-like

6

Saudi

c.81_82insA

20/200

NA

NA

20/200
20/200
20/200

+5.00
+5.50
+4.50

20/400
20/400
20/400

+4.50
+1.00
+2.50

20/400

+7.50

20/400

+7.50

20/400

+7.50

CF

+7.50

20/400

+4.50

20/400

+5.00
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Comments

Reference

NA

NA

Electronegative/
delayed and
depressed

NA

Electronegative/
depressed

Near normal

Electronegative/
depressed

Depressed

Unrecordable/
unrecordable

Unrecordable

Unrecordable/
unrecordable

Unrecordable

Electronegative/
delayed and
depressed

Borderline

Unrecordable/
unrecordable

Unrecordable

Absent foveal
reflexes

(Littink et
al. 2009)

Only patient with
night blindness,
(Zeitz et
worsening vision, al. 2006)
and no nystagmus

(Zeitz et
al. 2006)

(Littink et
al. 2009)
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09DG2258 10

CSNB

11

Saudi

+2.00

20/200

+2.00

c.81_82insA

V:1

CSNB

18

Saudi

c.81_82insA

V:2

CSNB

14

Saudi

c.81_82insA

V:3

CSNB

2

Saudi

c.81_82insA

III:2

CSNB

26

Saudi

c.81_82insA

IV:1

CSNB

7

Saudi

c.81_82insA

1V:
3

CSNB

5

Saudi

c.81_82insA

arRP-F025

Cone-Rod10

20/200

Mild delay and
electronegative/dela Delayed and
yed and
depressed
depressed

−4.00
Electronegative/dela
Had head shaking,
–3.00×010
yed and
Depressed less apparent with
−4.50
depressed
time
20/200
–3.00×010
Mild delay and
20/300
+4.75
electronegative/dela Delayed and
yed and
depressed
20/300
+4.75
depressed
−2.50
CSM
–2.00×180
NA
NA
−2.50
CSM
–2.00×180
+2.00
Mild delay and
20/80
–3.75×010 electronegative/dela Delayed and
+3.00
yed and
depressed
20/80
–3.00×170
depressed
+8.25
20/400
Electronegative
Affected mother
–2.00×180
/delayed
Depressed
and carrier father
+8.25
and depressed
(pseudodominant)
20/400
–2.00×180
+8.00
20/200
–2.00×180
NA
NA
+7.50
20/200
–2.00×180

This
chapter

20/200
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Chapter 6
RP1 mutation spectrum in the Saudi population
6.1 Introduction

6.1.1 The identification of the retinitis pigmentosa 1 gene (RP1)
The RP1 locus was initially mapped in a large adRP family originating
from southeastern Kentucky (USA) by a linkage study (Blanton et al. 1991).
RP1 gene (RP1, OMIM 603937) is located on chromosome 8q12 and consists
of four exons with an open reading frame of 6468 bp, encoding a protein of
2156 amino acids, mostly by exon 4 (788–6468 bp). The RP1 locus was the
fourth dominant RP gene to be identified (Guillonneau et al. 1999; Pierce et
al. 1999; Sullivan et al. 1999), after RHO, RDS, and NRL, which encode
rhodopsin, peripherin/RDS, and NRL, respectively (Bessant et al. 1999; Dryja
et al. 1990; Kajiwara et al. 1991).
6.1.2 RP1 mutations associated with RP
Mutations in RP1 are responsible for approximately 5.5% of adRP and
1% of arRP (Hartong et al. 2006). Previous studies have revealed that
mutations in RP1 can cause both autosomal dominant and recessive forms of
RP, although the mechanism behind this dual mutational effect is unclear
(Khaliq et al. 2005; Riazuddin et al. 2005; Richard 2005). To date, at least 52
RP1 mutations were reported that are causative for RP according to the
human gene mutation database HGMD (http://www.hgmd.cf.ac.uk) (Stenson
et al. 2009). Most of these mutations are truncation mutations that are located
in exon 4 (Figure 6.1) (Aldahmesh et al. 2009b; Audo et al. 2012b; Berson et
al. 2001; Bowne et al. 1999; Chen et al. 2010; Collin et al. 2011; Dietrich et al.
2002; Gamundi et al. 2006; Jacobson et al. 2000; Kawamura et al. 2004;
Khaliq et al. 2005; Neveling et al. 2012; Payne et al. 2000; Pierce et al. 1999;
Riazuddin et al. 2005; Roberts et al. 2006; Singh et al. 2009; Sohocki et al.
2001; Sullivan et al. 1999; Zhang et al. 2010; Ziviello et al. 2005), however a

179

Chapter 6
few missense mutations have been identified that are responsible for both
autosomal dominant and recessive forms of RP (Table 6.1).
6.1.3 RP1 protein
The RP1 protein (2156 aa, 240 kDa) is localized in the region of the
connecting cilium and axoneme of photoreceptor sensory cilia (Pierce et al.
1999) (Figure 6.2). It is a photoreceptor-specific microtubule associated
protein MAP, which is necessary for the normal organization of membrane
discs in the light-sensitive outer segments of rod and cone cells, and the
regulation of the length and stability of the photoreceptors axoneme mediated
by the two recognized doublecortin domains at the N-terminus of RP1 (Liu et
al. 2002). The microtubule binding domains in the N-terminal of RP1 protein
interacts with the axoneme, and on the other hand the C-terminal portion of
the protein is hypothesized to interact with other proteins to assist mediate the
organization of outer segment discs (Gao et al. 2002; Liu et al. 2003; Liu et al.
2004). Furthermore, a region of the RP1 protein shares some homology with
the Drosophila melanogaster bifocal protein (BIF) between codons 486 and
635, this bifocal protein is required for normal photoreceptor morphogenesis
in the fruit fly (Pierce et al. 1999).
Table 6.1: List of RP1 missense mutations identified to date
Codon
change

Amino
acid
change

Nucleotide
change

Residual
change

Phenotype

Refrence

1

CTG-CGG Leu172Arg

c.515T>G

p.L172R

autosomal
recessive RP

(Neveling et al.
2012)

2

GAC-GAA Asp202Glu

c.606C>A

p.D202E

autosomal
recessive RP

3

ATG-ATT

Met479Ile

c.1437G>T

p.M479I

autosomal
dominant RP

4

AAG-AAT Lys663Asn

c.1989G>T

p.K663N

5

GCC-ACC

Ala669Thr

c.2005G>A

p.A669T

autosomal
dominant RP
autosomal
recessive RP

(Aldahmesh et al.
2009b)
(Baum et al.
2001; Xiaoli et al.
2002)
(Bowne et al.
1999)
(Khaliq et al.
2005)

6

GAT-GGT Asp984Gly

c.2951A>G

p.D984G

autosomal
dominant RP

(Wang et al.
2005)

7

CGC-CTC Arg1652Leu c.4955G>T

p.R1652L

8

CTG-CCG Leu1808Pro c.5423T>C

p.L1808P

autosomal
dominant RP
autosomal
dominant RP

(Zhang et al.
2010)
(Bowne et al.
1999)
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Figure 6.1: The RP1 gene structure showing the locations of pathogenic truncation mutations to date
(http://www.hgmd.cf.ac.uk). Mutations are annotated at the protein level using a reference sequence from Ensembl
(ENST00000220676). The mutations above the schematic are mutations that are responsible for adRP or arRP. Mutations causing
arRP in a homozygous state are in blue boxes, and mutations in the dashed rectangles are nonsense point mutations, and those in
the longer rectangles are frameshift mutations. The mutations identified in the present study are shown below the schematic in red
boxes. The lower part of the diagram is the schematic RP1 protein with the two doublecortin domain DCX encoded by exon 2(p.26 137) and exon 4 (p.149- 252) in blue, and the bifocal protein BIF between codons 486 and 635.
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6.1.4 Mouse models
6.1.4.1 Knock out mouse model
Gao et al, 2002 created a mouse model of the RP1 form of RP by targeted
disruption of the mouse ortholog (Rp1) of human RP1 (Gao et al. 2002). The
phenotype of Rp1 mutant mice was similar to the human RP1 disease. In Rp1-/mutant mice, there was a progressive reduction over a period of 1 year in rod
photoreceptor cells in comparison to normal the number of cone photoreceptors,
which did not change for at least 10 months. Analysis by light and electron
microscope revealed an abnormal morphological appearance of the outer
segments of Rp1-/- rod and cone photoreceptors, which were progressively
shorter in length. On the other hand, mislocalization of rhodopsin in the inner
segments and cell bodies of Rp1-/- rods was observed before photoreceptor cell
death. ERG findings revealed a

signiﬁcant decrease in rod amplitudes of Rp1-/-

mice which were smaller than those of Rp1+/+ mice over a period of 12 months,
while those of Rp1+/- heterozygous mice were intermediate. Never the less the
decreases in cone photoreceptor (Gao et al. 2002) ERG amplitudes were less
severe than those in rod photoreceptors. These mice provide a useful model for
studies of RP1 function, disease pathology, as it resembles the phenotype of
human RP1 disease, and it also can help in the study of therapeutic
interventions.
6.1.4.2 Knock-in mouse model
Knock-in mice with a Q662X nonsense point mutation in the Rp1 gene
was generated by LIU et al. 2012 (Liu et al. 2012), which represents those
truncation mutations that resulted in premature termination in exon 4 of human
RP1(Aldahmesh et al. 2009b; Audo et al. 2012b; Berson et al. 2001; Bowne et al.
1999; Chen et al. 2010; Dietrich et al. 2002; Gamundi et al. 2006; Jacobson et al.
2000; Kawamura et al. 2004; Khaliq et al. 2005; Neveling et al. 2012; Payne et
al. 2000; Pierce et al. 1999; Riazuddin et al. 2005; Roberts et al. 2006; Singh et
al. 2009; Sohocki et al. 2001; Sullivan et al. 1999; Zhang et al. 2010; Ziviello et
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al. 2005). Mutant alleles in the Rp1-Q662X knock-in mice produced a truncated
Rp1 protein that does not exert a toxic gain-of-function effect (Herskowitz 1987;
Wilson and Wensel 2003). However homozygous mice with Rp1-Q662X allele
showed progressive retinal degeneration. To determine if the addition of wild type
Rp1 protein can correct the phenotype in Rp1Q662X/Q662X

mutant mice, Liu et al.

2012 generated transgenic mice that create a tagged version of the full-length
Rp1 protein. The expression of normal levels of Rp1 protein from the transgene
is well tolerated, but over expression the Rp1 protein resulted in retinal
degeneration. On the other hand the photoreceptor degeneration in the Rp1Q662X mice can be delayed or prevented by increasing the ratio of wild-type to
mutant protein without removal of the mutant protein (Liu et al. 2012).
6.1.4.3 Chemically induced mutagenized mouse model
Rp1tvrm64 is a genetically defined mouse models of vision-associated
diseases provided by the Translational Vision Research Model (TVRMs)
programs currently housed at The Jackson Laboratory (Won et al. 2011). Tvrm64
mutation segregates as a recessive RP that is characterized by a grainy fundus
appearance and attenuated retinal vessels. The mutation mapped to Chr.1 in an
interval that harbors the Rp1 gene. Mouse Rp1 shares 72% similarity with human
RP1. The Rp1 gene encodes a large protein of 2095 amino acids in mouse,
whereas human RP1 encodes a 2156 amino acids protein (Won et al. 2011).
6.2 Results
6.2.1 Novel homozygous nonsense mutation
(NM_006269.1:c.4552A>T; p.K1518X)
6.2.1.1 arRP-F028
This consanguineous family has 4 affected siblings (Figure 6.7 A), all
diagnosed with autosomal recessive retinitis pigmentosa. DNA samples for all
affected individuals, and the 2 unaffecteds (Father and sister) were genotyped
using the Affymetrix Gene Chip 500K (Section 2.8). Genome-wide scan through
easylinkage Multi-point analysis using 3 different sets of SNP markers per run
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75, 100, or 120 (Section 2.10) consistently showed 3 peaks with a significant
LOD score of 3.12 on chromosome 6, and 10, and a LOD score of 3 on
chromosome 8 (Figure 6.2).

Figure 6.2. Easylinkage analysis for family arRP-F028. Genome-wide scan
using easylinkage Multi-point showed 3 peaks with a significant LOD score of
3.12 on chromosome 6, and 10, and a LOD score of 2.8 on chromosome 8
using these parameters: equal distribution of alleles, recessive inheritance, and
spacing 0.2000 cM.
Further analysis of the locus on chromosome 6 using the programs CNAG
and GTC (Section 2.9) to search for blocks of homozygosity shared between
affecteds showed that both affected individuals IV:2 and IV:3 are heterozygous
for this locus (genomic region is between 165,5-166,2 Mb) (Figure 6.3).
Heterozygosity in the linked region of chromosome 6 would indicate that the
region of 165,5-166,2 Mb does not fully segregate with recessive RP, therefore
the other regions of significant linkage were analysed further.

184

Chapter 6

Figure 6.3. Genotyping Console GTC analysis for locus on chromosome
6 for family arRP-F028. The chromosome 6 region highlighted by the black
box is the interval giving the highest LOD score; however the homozygous
block is not shared by all affecteds. Red colour represents affected individuals
and black colour represents unaffecteds.

Analysis of the second locus on chromosome 10 with a significance LOD
score of 3.12, using the programs CNAG and GTC (Section 2.9) to search for
blocks of homozygosity shared between affecteds, showed that both affected
individuals IV:2 and IV:4 are heterozygous for this locus (genomic region is
between 20.7-23.3 Mb) (Figure 6.4). Heterozygosity in the linked region of
chromosome 10 would indicate that the region between 20.7-23.3 Mb does not
fully segregate with recessive RP, therefore the next region of significant linkage
was analysed further.
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Figure 6.4. CNAG analysis for the locus on chromosome 10 for family
arRP-F028, showing the interval giving the highest LOD score on
chromosome 6 highlighted by the black box is; however there is no
homozygous block shared by all affecteds. Red colour represents affected
individuals and black colour represents unaffecteds

On the other hand, homozygosity mapping of the locus on chromosome 8
using programs CNAG and GTC (Section 2.9), revealed
block

a 5 Mb homozygous

on chromosome 8 shared between all affecteds but not the unaffecteds

(genomic region is between 53.7-57.3 Mb) (Figure 6.5). This homozygous block
on chromosome 8q12.1 contains a known retinintis pigmentosa gene, RP1
(Figure 6.5).
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Figure 6.5. Genotyping Console GTC analysis for locus on chromosome 8
for family arRP-F028, showing homozygous block shared by all affecteds, but
not the unaffecteds on chromosome 8 (genomic region is between 53.7-57.3
Mb). RP1 gene is contained within the homozygous block that is shared between
all 4 affecteds.blue box is the interval giving the highest LOD score, Red colour
represents affected individuals and black colour represents unaffected
individuals.
Primers for the RP1 gene were designed using the genomic structure in
the UCSC human genome browser (Section 2.4.1), and the primer3 program to
cover the entire coding sequence as well as the flanking intronic sequences,
using the parameters listed in Table 2.5, except for the last exon (exon 4) where
primers were designed manually as 12 fragments with an overlap of 150 bp
(Appendix A). As it was difficult to amplify all 3 coding exons using the Hotstar
taq polymerase enzyme, Platinum® Blue PCR Super Mix was used following the
protocol described (Section 2.4). All exons were successfully amplified (Figure
6.6), as these were visualized by agarose gel electrophoresis (Section 2.4.2).
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Figure 6.6. RP1 PCR products. Agarose gel showing successful amplification of
all three coding exons of the RP1 gene using Platinum® Blue PCR Super Mix
following the protocol described (Section 2.4).
PCR products were then purified and sequenced as described in section
2.7, and direct sequencing (Section 2.7) of the RP1 gene in the affected IV:2
revealed a novel homozygous nonsense mutation in exon 4, c.4552 A>T,
p.K1518X (Figure 6.7). This mutation is predicted to result in the truncation of
protein at position p.1517 instead of producing a 2156 amino acid protein.
Segregation analysis showed that this homozygous mutation segregates in all
affected individuals, and the 2 unaffecteds were heterozygous carriers (Figure
6.8).
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Figure 6.7. A novel homozygous nonsense mutation in exon 4 of the RP1
gene (NM_006269.1:c.4552A>T; p.K1518X) in Family arRP-F28. A) Family
pedigree: squares are males, circles are females, filled symbols are affected
individuals, star indicates DNA sample available, double line between individuals
indicates consanguinity. B) Sequence chromatogram of unaffected individual III:1
who was heterozygous for the mutation. C) Sequence chromatogram of the
affected proband IV:2 showing a homozygous nonsense mutation (c.4552 A>T).
D) Fundus photograph of carrier III:1 showing normal findings. E) Fundus
photograph of the proband IV:2 showing typical RP changes.
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Figure 6.8. Mutation Segregation analysis for family arRP-F028. Sequence
chromatogram of RP1 gene showing a homozygous nonsense mutation in exon
4 (c.4552 A>T) that segregates in all affected individuals, the two unaffected
individuals are heterozygous for the mutation.

6.2.2 Novel frameshift mutation (NM_006269.1:c.3428delA; p.N1143IfsX25)
6.2.2.1 arRP-F043
This family consists of 6 individuals diagnosed with retinitis pigmentosa
(Figure 6.12A). Although the pedigree structure shown in Figure 6.12A is
consistent with autosomal dominant inheritance with partial penetrance, the
family is known to be consanguineous therefore disease was modeled as
autosomal recessive. All individuals that we have DNA samples for (star in figure
6.12A) were genotyped using the Affymetrix Gene Chip Human Mapping 250K
Arrays (Affymetrix, Santa Clara, CA) (Section 2.8). For the purposes of
calculating a LOD score using genome wide scan multi point linkage analysis
(Section 2.10), the family was split into 2 branches (Figure 6.9) to avoid too many
consanguineous

loops.

Easylinkage

Multi-point
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combining both branches of the family as a cumulative LOD score, showed a
peak with a maximum LOD score of 2.79 on chromosome 8 (Figure 6.10).
Further analysis of this locus using the programs CNAG and GTC (Section
2.9) to search for blocks of homozygosity shared between the affecteds revealed
a 21.5 Mb homozygous block shared between all affecteds but not the unaffected
sibling, however the unaffected mother was homozygous for the same region on
chromosome 8 genomic region is between 43.9-65.4 Mb (Figure 6.11). This
homozygous block on chromosome 8q 12.1 contains a known retinal dystrophy
gene RP1 (oxygen-regulated photoreceptor) (Pierce et al. 1999) (Figure 6.11).

Figure 6.9. Pedigree drawing of family arRP-F043 used for Genome-wide
scan Easylinkage Multi-point analysis. Squares are males, circles are
females, filled symbols are affected individuals, star indicates DNA sample
available, double line between individuals indicates consanguinity.
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Figure 6.10. Easylinkage analysis for family arRP-F043, showing a peak with
a LOD score of 2.79 on chromosome 8, using these parameters: equal
distribution of alleles, recessive inheritance,and Computation in sets of 100
markers, spacing 0.2000 cM.
It was not clear why the unaffected mother was sharing the same
homozygous block with all the affected individuals, however RP1 was considered
an excellent candidate gene, as described in section 6.2.1.1. all exons were
successfully amplified (Figure 6.6), as these were visualized by agarose gel
electrophoresis (Section 2.4.2).
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Figure 6.11. Genotyping Console GTC analysis for family arRP-F043,
showing a homozygous block shared by all the affecteds and the unaffected
mother(II:2) but not the unaffected sibling(IV:1) on chromosome 8 (genomic
region is between 52-58Mb). RP1 a known RP gene is contained within the
homozygous block. Red colour represents affected individuals and black colour
represents unaffected individuals.

PCR products were then purified and sequenced as described in section
2.7, and direct sequencing (Section 2.7) of the RP1 gene in the affected IV:3
revealed a novel homozygous single base deletion frameshift mutation in exon 4,
c.3428delA,

p.N1143IfsX25 (Figure 6.12). Segregation analysis showed that

this homozygous mutation segregates in all affected individuals, and the 2
unaffecteds were heterozygous, including the unaffected mother who shared the
homozygous block (Figure 6.13).
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Figure 6.12: A novel homozygous frameshift mutation in exon 4 of the RP1
gene (NM_006269.1:c.3428delA; p.N1143IfsX25) in family arRP-F43. A)
Family pedigrees. B) Sequence chromatogram of unaffected individual IV:1 who
was heterozygous for the mutation. C) Sequence chromatogram of the affected
proband (IV:3) showing a homozygous single base deletion (c.3428delA). D)
Fundus photographs of the carrier (IV:1) showing normal findings. E) Fundus
photographs of the proband (IV:3) showing typical RP changes.
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Figure 6.13. Mutation Segregation analysis for family arRP-F043.
Sequence chromatogram of the RP1 gene showing a single base deletion, a
novel frameshift mutation in exon 4, (c.3428delA) that segregates in all
affected individuals, the two unaffected individuals are heterozygous for the
mutation.

It is interesting to note that although the unaffected mother partially shared
the block of homozygosity, she is heterozygous for the mutation, and in
retrospect it was clear that the genotyping data lacks SNP markers in and around
the RP1 gene (Figure 6.14). This could have contributed to the fact that the
haplotype was scored as homozygous for this interval (Figure 6.15).
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Figure 6.14. Genotyping Console GTC analysis for family arRP-F043.
showing the lack of SNP markers in and around the RP1 gene.

Figure 6.15. The Loss of Heterozygosity (LOH) Algorithm in Genotyping
Console. This figure demonstrate how LOH calls are made based on counting
the number of heterozygous SNP calls in a given window for two sections of a
genome. Hypothetical values are chosen for window size N and critical value ncrit.
A) Region is called LOH because there are fewer heterozygous SNP calls (1)
than the cut-off (2). B) Regions are not called LOH because the number of
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heterozygous SNP calls (5) exceeds the critical value (2).N= number of SNP in a
region, n= the smallest number of heterozygous calls that can be observed
before we must conclude that a region is not LOH. (Adapted from Affymetrix®).
6.2.2.2 arRP-F084
This family consists of 4 individuals diagnosed with retinitis pigmentosa; all
are product of consanguineous marriage (Figure 6.17A). All individuals that we
have DNA samples for (star in figure 6.17A) were genotyped using the Axiom®
Genome-Wide Population Optimized Human Array (Affymetrix, Santa Clara, CA)
(Section 2.8).
Homozygosity mapping was carried out using the AutoSNPa program
(Section 2.9.2) to search for blocks of homozygosity shared between all affected
individual. A homozygous region (41,707,854-59,922,044) on chromosome 8
was shared between all affecteds yet not the unaffected individuals. This
homozygous block on chromosome 8q 12.1 contains a known retinal dystrophy
gene RP1 (Pierce et al. 1999) (Figure 6.16).
All RP1 exons were successfully amplified (Figure 6.6), as these were
visualized by agarose gel electrophoresis (Section 2.4.2).
PCR products were then purified and sequenced as described in section
2.7, and direct sequencing (Section 2.7) of the RP1 gene in

affected III:1

revealed a novel homozygous single base deletion frameshift mutation in exon 4,
c.3428delA,

p.N1143I fs X25 (Figure 6.176B.). Segregation analysis showed

that this homozygous mutation segregates in all affected individuals, and the 2
unaffecteds were heterozygous (Figure 6.18).
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Figure 6.16. AutoSNPa analysis for locus on chromosome 8 for family
arRP-F084, red box represents the homozygous block shared by all affecteds,
but not the unaffecteds on chromosome 8 (genomic region is between 41.7-59.9
Mb). RP1 gene is contained within the homozygous block that is shared between
all 4 affecteds.
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Figure 6.17: A novel homozygous frameshift mutation in exon 4 of the RP1
gene (NM_006269.1:c.3428delA; p.N1143IfsX25) in family arRP-F84. A)
Family pedigrees. B) Sequence chromatogram of unaffected individual IV:2 who
was heterozygous for the mutation. C) Sequence chromatogram of the affected
proband (IV:2) showing a homozygous single base deletion (c.3428delA). D)
Fundus photographs of the carrier (IV:1) showing normal findings. E) Fundus
photographs of the proband (IV:2) showing typical RP changes.
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Figure 6.18. Mutation segregation analysis for family arRP-F084.
Sequence chromatogram of the RP1 gene showing a single base deletion, a
novel frameshift mutation in exon 4, (c.3428delA) that segregates in all
affected individuals, the two unaffected individuals are heterozygous for the
mutation.
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6.2.3 Novel homozygous frameshift mutation
(NM_006269.1:c.3677_3678dupA; p.E1227MfsX29)

6.2.3.1 arRP-F101
This consanguineous family has 3 affected siblings (Figure 6.20A), all
diagnosed with autosomal recessive retinitis pigmentosa. DNA samples for all
affected individuals, and the unaffected brother were genotyped using the
Axiom® Genome-Wide Population Optimized Human Array (Affymetrix, Santa
Clara, CA) (Section 2.8).
Homozygosity mapping was carried out using the AutoSNPa program
(Section 2.9.2) to search for blocks of homozygosity shared between all affected
individual. A homozygous region (51,210,910-70,217,021) on chromosome 8
was shared between all affecteds yet not the unaffected individuals (Figure 6.19).
RP1 gene a known retinal dystrophy gene RP1 (Pierce et al. 1999) was
contained within this homozygous region.
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Figure 6.19. AutoSNPa analysis for locus on chromosome 8 for family
arRP-F101, red box represents the homozygous block shared by all affecteds,
but not the unaffecteds on chromosome 8 (genomic region is between 51.2-70.2
Mb). RP1 gene is contained within the homozygous block that is shared between
all 4 affecteds.
All RP1 exons were successfully amplified as described in section 3.2.1.1
(Figure 6.6), as detected by agarose gel electrophoresis (Section 2.4.2). PCR
products were then purified and sequenced as described in section 2.7, and
direct sequencing (Section 2.7) of the RP1 gene in the affected II:4 revealed a
novel

homozygous

p.E1227MfsX29)

frameshift

(Figure

6.20).

mutation

(NM_006269.1:c.3677_3678dupA;

Segregation

202

analysis

showed

that

this

Chapter 6
homozygous mutation segregates in all affected individuals, and the 2
unaffecteds were heterozygous (Figure 6.21).

Figure 6.20. A novel homozygous frameshift mutation in exon 4 of the RP1
gene (NM_006269.1:c.3677_3678dupA; p.E1227MfsX29) in family arRPF101. A) Family pedigree. B) Sequence chromatogram of unaffected individual
II:6 who was heterozygous for the mutation. C) Sequence chromatogram of the
affected proband (II:2) showing a homozygous single base insertion
(c.3677_3678dupA). D) Sequence chromatogram of the wild type. E) Fundus
photographs of the carrier (II:6) showing normal findings. F) Fundus photographs
of the proband (II:2) showing typical RP changes.
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Figure 6.21. Mutation Segregation analysis for family arRP-F101. Sequence
chromatogram of the RP1 gene showing a single base duplication, a novel
homozygous frameshift mutation in exon 4, (NM_006269.1:c.3677_3678dupA;
p.E1227MfsX29) that segregates in all affected individuals, the unaffected father
was heterozygous for the mutation, where as the unaffected brother was
homozygous for the wild type.
6.2.4 Novel homozygous nonsense mutation (NM_006269.1:c.33396G>A;
p.W1131X)
6.2.4.1 sRP-19
This sporadic case is the child of consanguineous parents. DNA sample from
the affected individual was genotyped using the Affymetrix Gene Chip Human
Mapping 250K Arrays (Affymetrix, Santa Clara, CA) (Section 2.8). Genotyping
using the Genotyping Console GTC software (Section 2.9) to search for blocks of
homozygosity showed multiple blocks over the cut-off size of 2 Mb. Never the
less, it is clear that no cutoff value is perfect and care needs to be exercised in
interpreting homozygous intervals based on size alone (Alkuraya 2012). The use
of 2Mb as a size cutoff was used as an initial step when mapping the
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autozygome of offspring of first cousin parents. Some of these homozygous
blocks contained known retinal dystrophy genes (Table 6.2).
The number of known potentially causative autosomal recessive RP
genes identified by homozygosity mapping in the sporadic case (sRP-19) was
eight in a total of 6 homozygous blocks (Table 6.2). RP1 and TTPA (tocopherol
(alpha) transfer protein) two recessive retinitis pigmentosa genes were located in
a 66 Mb homozygous region which was the largest region of homozygosity
identified.

Table 6.2. Homozygosity mapping for the sporadic case Srp-16. A total of 6
homozygous regions larger than 2 Mb were identified, with a size range between
3 Mb and 66 Mb, these regions contain 8 retinal dystrophy genes.
Chromosome

IRD genes within ROH

ROH size

Chr:1

COL11A1

3 Mb

Chr:3

GNAT1

3 Mb

RP1
Chr:8
Chr:12

TTPA
CEP290

66 Mb
3 Mb

NR2E3
Chr:15

3 Mb
BBS4

Chr:17

PRCD

16 Mb

Primers for the TTPA gene were designed (Appendix A) for the sporadic
case sRP-19. Direct sequencing of all 5 exons of this gene showed no variant
associated with the phenotype. In addition, all RP1 exons were successfully
amplified as described in section 6.2.1.1 (Figure 6.6), as these were visualized
by agarose gel electrophoresis (Section 2.4.2). PCR products were then purified
and sequenced as described in section 2.7, and direct sequencing (Section 2.7)
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of the RP1 gene of the affected sRP-19 revealed a novel homozygous nonsense
mutation (NM_006269.1:c.3396 G>A; p.W1131X) (Figure 6.22).

Figure 6.22. A novel homozygous nonsense mutation in exon 4 of the RP1
gene (NM_006269.1:c.33396G>A;p.W1131X). A) Family pedigree. B) Sequence
chromatogram of the affected proband (II:1) showing a novel homozygous
nonsense mutation. C) Fundus photographs of the proband (II:1) showing typical
RP changes.

In summary, four novel mutations

were identified in 17 patients

representing five Saudi families with autosomal recessive retinitis pigmentosa
(Figures 6.6, 6.11, 6.16, 6.19, 6.22). Consanguinity was reported in all cases.
Table 6.3 summarizes the clinical features of all index patients, Fundus
photographs of affected and carrier individuals from 4 families are shown in
figures 6.6, 6.11, 6.16, 6.19, 6.22.
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Table 6.3 Summary of the clinical features for all RP1 index patients.
Family

Patient

Age
Age of Visual
Gender
Refraction
(yr)
onset Acuity

Attenuated retinal
OD
blood vessels, diffuse
20/400 -5.00-2.00x90
4 yrs
pigmentary changes,
OS CF -4.75-1.50x80
macular atrophy, optic
3 ft
disc pallor
OD
-0.50-0.50x65 Attenuated vessels,
20/25
4yrs
-0.50pigmentary changes,
OS
0.50x131
optic pallor
20/28

arRP-F28

IV:2

21

Male

arRP-F43

IV:2

12

Male

arRP-F84

II:1

35

Male At birth

arRPF101

II:8

Srp-19

II:1

Fundus Findings

N/A

N/A

N/A

-7.00-2.00x15 Attenuated vessels,
27 Female 4yrs
N/A
-4.50pigmentary changes,
1.25x135
optic atrophy
OD
Attenuated vessels,
20/30
mild optic nerve head
33 Male 18 yrs
N/A
OS
pallor, papillary
20/60
macular bundell

6.3 Discussion
The aim of work presented in this chapter was to study the RP1 mutation
spectrum in the Saudi population, and to improve the understanding of the
genotype-phenotype

correlation.

To

address

this

objective

homozygosity

mapping and linkage analysis were done followed by RP1 direct sequencing in
patients diagnosed with retinitis pigmentosa from five consanguineous families.
The outcome generated by this screening are discussed below.
6.3.1 RP1 mutations spectrum
Four novel mutations were identified by direct sequencing the RP1 gene in
4 consanguineous families and one sporadic case. Mutations consisted of a
homozygous nonsense mutation (NM_006269.1:c.4552A>T; p.K1518X) in family
arRP-F28 (Figure 6.7), a homozygous single base deletion (NM_006269.1:
c.3428delA; p.N1143IfsX25) in three families arRP-F43 (Figure 6.12), and arRPF84

(Figure

6.17),

a

homozygous
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(NM_006269.1:c.3677_3678dupA; p.E1227MfsX29) in family arRP-F101 (Figure
6.20), and a homozygous nonsense mutation (NM_006269.1:c.33396G>A;
p.W1131X) in a sporadic case (Srp-19) (Figure 6.22), All these mutations
segregated with the phenotype within the families. The RP1 locus was initially
mapped in a large adRP family originating from southeastern Kentucky (USA) by
a linkage study (RP1, OMIM 603937) (Blanton et al. 1991). Mutations in RP1 are
responsible for approximately 5.5% of adRP and 1% of arRP (Hartong et al.
2006). At the outset of this study, at least 52 RP1 mutations were reported that
are causative for RP according to the human gene mutation database HGMD
(http://www.hgmd.cf.ac.uk) (Stenson et al. 2009), and the majority of these
mutations are clustered in exon 4, except for two recessive mutations
(p.R221GfsX20; p.P229QfsX35) in exon 3 (Figure 6.1) (Aldahmesh et al. 2009b;
Collin et al. 2011), and four other mutations in exon 2 (Aldahmesh et al. 2009b;
Chen et al. 2010; Neveling et al. 2012). The majority of RP1 mutations are single
nucleotide substitutions that produce a premature stop codon or frameshift
changes from in/dels, resulting in a truncated protein (Figure 6.1) (Zhang et al.
2010). Since these mutations occur after the final intron–exon junction in RP1, it
is expected that the mutant RP1 transcripts are not subject to nonsensemediated decay (NMD) and truncated RP1 proteins are produced, nonetheless
this has not been experimentally proven. This is supported by the observation
that mutant RP1 mRNA was identified in homozygotes for a p.Arg677Stop
mutation in exon 4 (Liu et al. 2003) The Rp1-Q662X mice provide the first clear
demonstration that mutant Rp1 mRNA with a premature stop codon in the final
exon can escape NMD, and produce truncated protein in photoreceptor cells in
vivo (Liu et al. 2012).
Missense mutations have also been described as a cause of either
autosomal recessive or dominant RP, nevertheless the majority of missense
variants are considered benign (Zhang et al. 2010). The involvement of RP1
mutations with autosomal recessive RP was first described by Khaliq et al 2005
(Khaliq et al. 2005), however, no clear model has appeared for dominant versus
recessive mechanism of mutation in RP1.
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6.3.2 RP1 protein
RP1 (oxygen regulated photoreceptor protein) encodes a protein of 2156
amino acids which is localized to the connecting cilia of both rod and cone
photoreceptors (Liu et al. 2002). Its expression is more or less limited to the
photoreceptor cells of the retina, as determined by northern blot analysis and in
situ hybridization (Guillonneau et al. 1999; Pierce et al. 1999; Sullivan et al.
1999). Analysis of homology between human RP1 and other known proteins
revealed that the N-terminal portion of RP1 is related to doublecortin (DCX),
originally recognized in the context of directing neuronal migration during
development of the central nervous system (Gleeson et al. 1998). However, it
has been shown that DCX is a member of a new family of microtubuleassociated proteins (MAPs), based on its co-localization with microtubules, coassembly with microtubules, and dramatic effect on microtubule polymerization
(Gleeson et al. 1999; Lin et al. 2000; Omori et al. 1998). RP1 was thus the first
photoreceptor-specific MAP to be recognized (Liu et al. 2004). On the other
hand, the location of RP1 in the connecting cilia (Liu et al. 2002)(Figure 6.23),
and its homology with DCX makes RP1 an attractive candidate in the transport of
newly synthesized outer segment proteins from the inner segments to the site of
disc membrane assembly through the connecting cilia. It is likely that RP1
interacts with microtubules through its N-terminal DCX domain, whereas the Cterminal portion of RP1 binds a protein that is destined for the outer segment (Liu
et al. 2002). RP1 may be involved in regulation of microtubule dynamics through
its DCX domain, maintenance of the structure and orientation of connecting cilia,
or blockage of diffusion between the inner segments and outer segments.
Moreover, the RP1 protein bears some homology with Drosophila melanogaster
bifocal protein (BIF) a region between codons 486 and 635 (Pierce et al. 1999).
BIF is required for the integrity of the actin-rich rhabdomeres in Drosophila eye,
and thus the absence of BIF leads to morphological defects in the adult
photoreceptors (Bahri et al. 1997).
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According to the previous studies from both human and animal (Liu et al.
2012), haploinsufficiency and gain-of-function cannot be the cause of RP1
disease, therefore the most logical explanation of RP caused by truncated RP1
protein is dominant negative mechanism (Herskowitz 1987; Wilson and Wensel
2003). This perception is consistent with the finding that all adRP mutations are
extended over a large protein region in exon 4, which is the last exon, and that
there are no missense mutations that caused a very specific gain-of-function (Liu
et al. 2012). This concept is consistent with the fact that both Rp1-Q662X and
Rp1-tm1EAP mouse models truncated Rp1 protein were able to retain their
binding to axonemal microtubules in the photoreceptor cells, yet it may have lost
the ability to interact with other proteins that mediate the organization of outer
segment discs along the axoneme. It has been assumed that, in dominant RP1
disease, the truncated RP1 proteins do not cause disease by developing a novel
toxic effect, yet on the other hand, the truncated RP1 protein compete for binding
to axonemal microtubules with full length, and therefore interferes with RP1mediated organization of outer segment discs along the axoneme (Liu et al.
2003; Liu et al. 2004).
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Figure 6.23. The location of RP1 in the connecting cilia. Schematic of the
rod photoreceptor cell adjacent to a retinal pigment epithelial (RPE) cell. The five
regions (rod outer segment, connecting cilium, rod inner segment, cell body, and
synaptic region) are shown along with the location of various subcellular
organelles (MOLDAY and ZHANG 2010).
6.3.3 RP1 mutation mechanism

It has been suggested that RP caused by mutations in RP1 is a result of
haploinsufficiency, but the previous observation that carriers of the recessive
p.A221GfsX20 mutation in exon 3 (predicted to be subjected to NMD) were
asymptomatic proposed an alternative mechanism (Liu et al. 2012). This is
additionally supported by the report of compound heterozygosity in autosomal
recessive RP, where carriers of one allele predicted to be subjected to NMD
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were also asymptomatic (Aldahmesh et al. 2009b). The 4 novel autosomal
recessive RP protein truncating mutations described here in exon 4 are
downstream of the DCX domain, and carrier individuals show no indication of a
retina phenotype suggestive that each allele in a heterozygous state is not acting
in a dominant negative manner, and one normal allele is sufficient for retina
function. The distribution of these novel and previously reported RP1 mutations
makes it challenging to describe a unifying mutational mechanism for dominant
versus recessive RP1-related RP. It is likely, however, that critical protein
domains in the C-terminal domain of the RP1 protein are lost in these truncated
products, (truncations from amino acid 1132-1751) and RP results from
homozygous loss of this essential domain. Mutations causing dominant RP have
been identified in more N-terminal regions of the RP1 protein (Figure 6.1), and
this suggests that dominant negative or toxic gain-of-function is the underlying
mechanism leading to dominant RP as a result of mutation of the RP1 protein. It
is also interesting to note that our study population is characterized by significant
allelic

heterogeneity for

RP1, a phenomenon that

has

been

documented for other genes in the same population (Chen et al. 2010).
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Novel candidate genes identified by whole exome sequencing

For families discussed in this section, all the DNA samples that were
available (starred symbols in the pedigrees) were genotyped using the Axiom
Gene Chip or the Affymetrix Gene Chip Human Mapping 250K Arrays
(Section 2.8). Homozygosity mapping was carried out using the AutoSNPa
program (Section 2.9.2) to search for blocks of homozygosity that is shared
between all affected individuals, but not the unaffected.

Whole exome

sequencing was done commercially using a TruSeq Exome Enrichment kit
(Illumina) (Section 2.11). The reads were mapped against UCSC hg19
(http://genome.ucsc.edu/)

using

the

Burrows-Wheeler

Aligner

(BWA,

http://bio-bwa.sourceforge.net/) (Li and Durbin 2009a). SNPs and indels were
detected by the program SAMTOOLS (http://samtools.sourceforge.net/) (Li et
al. 2009b). For subsequent analysis, a database was created of all genes
reported to cause retinal degeneration/dystrophy (Section 2.11.1). Patient
whole exome sequence was

analysed for homozygous, heterozygous,

hemizygous and compound heterozygous changes in these known IRD genes
that were likely to be pathogenic i.e. coding (excluding synonymous unless
they affect splice site) or splice-site variants that were not present in 160 inhouse control Saudi exomes (no retinal degeneration phenotype). All dbSNP
variants in these genes were checked against the Human Genome Mutation
Database since some previously reported pathogenic mutations are now
listed in dbSNP e.g. pathogenic mutation in CNGA3 gene entered in the data
base

with

rs

ID

(http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=

rs104893612).
Primers for candidate genes were designed (Section 2.4.1) (Appendix
A) and all exons were amplified Using the Hotstar taq polymerase enzyme
PCR protocol described (Section 2.4) and detected by agarose gel
electrophoresis (Section 2.4.2).
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7.1. EMC, a novel candidate gene for IRD

7.1.1 Simplex cases 08DG00038 and 10DG0133

WES for the simplex case 08DG00038 resulted in a total of 80432
variants (Figure 7.1). The second filtration step applied (Section 2.11.2) was
to detect any variants within the homozygous regions. The filtration criteria
was developed to identify homozygous variants which were absent in dbSNP,
and likely to be pathogenic i.e. coding (initially excluding synonymous) or
splice-site variants that were not present in 160 in-house control Saudi
exomes (no retinal degeneration phenotype) and the exome variant server,
EVS (Figure 7.1). Five variants were detected (Table 7.1).

Figure 7.1. Whole exome sequencing results for the simplex case
08DG00038. Showing the filtration steps used to detect any variants within
the homozygous regions. Five variants were detected.
Bioinformatic prediction analyses (Section 2.13) of the five variants
identified (Table 7.1) indicated that the three missense variants: TNFRSF1B
(tumor necrosis factor receptor superfamily, member 1B) NM_001066:
c.C680T:

p.T227M,

DOCK7

(dedicator

of

cytokinesis

7)

NM_033407:c.A4291G: p.R1431G, and KRTAP4-11 (keratin associated
protein 4-11) NM_033059:exon1:c.A67T: p.T23S, were predicted to be benign
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using the three prediction programs PolyPhen-2 (Adzhubei et al. 2010), SIFT
(Kumar et al. 2009), and Condel (Gonzalez-Perez and Lopez-Bigas 2011). On
the other hand, the truncating mutation in LGALS9B encoding Galectin-9B
protein A2 was found at high frequency on direct sequencing of additional
ethnically matched controls.
A missense variant in EMC1 (Endoplasmic reticulum membrane
protein complex subunit 1) also known as KIAA0090 (Christianson et al. 2012)
NM_015047:c.G430A: p.A144T, was the only variant that survived filtration.
Primers for EMC1 were designed (Section 2.4.1) to amplify and sequence all
23 coding exons (Appendix A).

Table 7.1. Summary of the five variants identified in simplex case
08DG00038.
Prediction of
Gene and Variant
Remarks
pathogenicity
TNFRSF1B:NM_001066:
exon6:c.C680T: p.T227M,

PolyPhen=benign(0)
Condel=neutral(0.001)
SIFT=tolerated(0.8)

1- Absent in 380 Saudi
PolyPhen=possibly

controls by direct

EMC1:NM_015047:

damaging(0.822)

sequencing.

exon5:c.G430A: p.A144T,

Condel=deleterious(0.675)
SIFT=deleterious(0.03)

2- Found mutant in the
replication cohort.

3- Expressed in human retina
DOCK7:NM_033407:

PolyPhen=benign(0.003)

exon34:c.A4291G:

Condel=neutral(0.050)

p.R1431G,

SIFT=tolerated(0.19)

LGALS9B:NM_001042685

Found in Saudi controls by

:c.6_7insTGGC:p.A2fs68X

direct sequencing

KRTAP4-11:NM_033059:

PolyPhen=unknown(0);

exon1:c.A67T: p.T23S,

SIFT=tolerated(1)
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Direct sequencing of the EMC1 gene in an additional 11 patients, out of
210 total RD patients in a replication cohort whose autozygome overlapped
with the EMC1 gene, revealed one additional patient who was homozygous
for the same mutation (Figure 7.2). Importantly, the EMC1 variant was absent
from 380 Saudi controls by direct sequencing and in the Exome Variant
Server, and is highly conserved across species (Figure 7.3).

Figure 7.2. Sequence chromatogram of the EMC1 gene mutation in the
simplex case 08DG00038, and 10DG0133 from the replication cohort.
showing a homozygous missense variant in exon 5 of the EMC1 gene
NM_015047::c.G430A: p.A144T.
To test for expression of the novel ECM1 candidate gene in human
retina, PCR was performed using primers specific for EMC1 (forward primer
AAATTCCCGAACTGGGGAG) (reverse primer CTGCTGAACAATCTCTCCA
TCTTC) using a human retinal cDNA library as template (section 2.12). The
primers designed span an intronic sequence and are located in exons 2 to 6.
EMC1 was found to be expressed in the retina as detected by agarose gel
electrophoresis (Figure 7.4).
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Figure 7.3. Multiple alignment of EMC1 in 46 species showing
conservation of amino acid A144. Alignment was generated using the
multiz
alignment
tool
from
the
human
genome
browser
(http://genome.ucsc.edu/.).
The EMC1 gene on 1p36.31 encodes a single-pass type I transmembrane
protein, which is a subunit of the endoplasmic reticulum membrane protein
complex with sequence length of 993 AA. Multiple alternatively spliced
transcript variants encoding different isoforms are suggested for this gene on
the databases (RefSeq, Sep 2012) but are not experimentally confirmed.
ECM1 retina expression shows a single transcript spanning exons 2 to 6
(figure 7.4).
Taken together, these data strongly support the candidacy of EMC1 in the
pathogenicity of RP in the two individuals who are homozygous for the
p.A144T missense variant, although very little is known about this gene.
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Figure 7.4. Expression of the novel candidate genes in normal human
retina. PCR results using cDNA from normal human retina as template
(<1kb). All primer pairs span intronic sequence and the amplified products
represent the predicted cDNA size lacking introns.
7.2 GPR125, a novel candidate gene for IRD

7.2.1 Simplex case 08DG00459
A total of 83826 variants were identified by whole exome sequencing for
the simplex case 08DG00459 (Figure 7.5). The second filtration step was
applied (Section 2.11.2) as described previously to detect any variants within
the homozygous regions which were absent in dbSNP, and likely to be
pathogenic i.e. coding (initially excluding synonymous) or splice-site variants
that were not present in 160 in-house control Saudi exomes (no retinal
degeneration phenotype) and the exome variant server, EVS (Figure 7.5).
Three variants were detected (Table 7.2).
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Figure 7.5. Whole exome sequencing results for the simplex case
08DG00459. Showing the filtration steps used to detect any variants within
the homozygous regions. Three variants were detected.
Of the three variants identified (Table 7.2) the missense variant in the
MFSD9 gene (major facilitator super family domain containing 9) NM_032718:
c.G61A:p.E21K was

predicted to be benign by

bioinformatic prediction

analyses (Section 2.13) using the three prediction programs PolyPhen-2
(Adzhubei et al. 2010), SIFT (Kumar et al. 2009), and Condel (GonzalezPerez and Lopez-Bigas 2011). The missense variant in the PDZRN3 (PDZ
domain containing ring finger 3) gene was found at high frequency on direct
sequencing of ethnically matched controls.
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Table 7.2 Summary of the five variants identified in simplex case
08DG00459.
Variant
MFSD9:NM_032718:
exon1: c.G61A:p.E21K,

PDZRN3:NM_015009:
exon10:c.T2705C:
p.L902P,

Prediction

Remarks

PolyPhen=benign(0.016);

PolyPhen=possibly
damaging (0.838);
Condel=deleterious (0.764)
SIFT=deleterious (0)

Found in Saudi
controls by direct
sequencing

1- Absent in 380
PolyPhen= probably

Saudi controls by

GPR125:NM_145290:

damaging (1);

direct sequencing.

exon17:c.C2504G:

Condel= deleterious

p.S835C,

(0.883); SIFT=deleterious
(0.02)

2- Relevant biological
class.
3- Expressed in

human retina.

Primers for GPR125 were designed (Section 2.4.1) to amplify and
sequence all 19 coding exons (Appendix A), and direct sequencing of the
GPR125 gene confirmed the missense variant (Figure 7.6) that was identified
by WES in the GPR125 (G protein-coupled receptor 125) gene. This variant
was the only variant that survived all filtration steps, and was identified in an
absolutely conserved residue, S835, of the sixth transmembrane helix of
GPR125 (Figure 7.7).

Figure 7.6. Sequence chromatogram of the GPR125 gene mutation in the
simplex case 08DG00459. Showing a homozygous missense variant in exon
17 of GPR125 gene NM_145290:c.C2504G:p.S835C.
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Figure 7.7. Multiple alignment of GPR125 in 46 species showing
conservation of amino acid S835. Alignment was generated using the
multiz
alignment
tool
from
the
human
genome
browser
(http://genome.ucsc.edu/.).
To test for expression of the novel GPR125 candidate gene in human
retina, PCR was performed using a human retinal cDNA library as template
(section 2.12). Using GPR125 gene intron spanning primers (forward primer
CCTGTGGTTTATACTACCGCTATCA)

(reverse

primer

CCCATGCCATCCAGCA) from exon 15 to 18, GPR125 was found to be
expressed in human retina as detected by agarose gel electrophoresis (Figure
7.5).
GPR125 belongs to the family of Adhesion G protein-coupled receptors
(GPCRs) and it is evolutionarily conserved in vertebrate genomes (Pickering
et al. 2008). GPR125 was found to be highly expressed in the mouse brain in
the choroid plexus which is the major source of cerebrospinal fluid (CSF) and
is a site of the blood-CSF barrier (Emerich et al. 2005). Unlike GPR123 which
has a distinct expression pattern in the brain, GPR125 is expressed both in
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the brain and other tissues, particularly in the lung, kidney and pancreas
(Pickering et al. 2008). Noteworthy, mutations in several other G proteincoupled receptors, for example Rhodopsin, PDE6A (Dryja et al. 1999),
GPR98 (Hilgert et al. 2009) and RGR (Morimura et al. 1999) are known to
cause RD, but the function and role of GPR125 is not known.
7.3 KIAAI549, a novel candidate gene for IRD
7.3.1 Simplex case 08DG00172

Whole exome sequencing for the simplex case 08DG00172 resulted in
a total of 97343 variants (Figure 7.8). The second filtration criteria (Section
2.11.2) was applied to detect any variants within the homozygous regions that
were absent in dbSNP, and likely to be pathogenic i.e. coding (initially
excluding synonymous) or splice-site variants that were not present in 160 inhouse control Saudi exomes and the exome variant server, EVS (Figure 7.8).
One variant was detected. A homozygous 2 base pair insertion in exon 2 of
the KIAAI549 gene NM_001164665: c.2399_2400insAA: p.T800fs809X.

Figure 7.8. Whole exome sequencing results for the simplex case
08DG00172. Showing the filtration steps used to detect any variants within
the homozygous regions. No variants were detected.
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Primers for KIAA1549 were designed (Section 2.4.1) to amplify and sequence
all 19 coding exons (Appendix A), and direct sequencing of the GPR125 gene
confirmed the homozygous missense variant (Figure 7.9).

Figure 7.9. Sequence chromatogram of the KIAA1549 gene mutation in
the simplex case 08DG00172. showing a homozygous missense variant in
exon 17 of GPR125 gene NM_145290:c.C2504G:p.S835C.
The novel truncating variant identified in the KIAA1549 gene was the only
variant that remained after applying the various filters. Nothing is known about
this hypothetical protein-coding gene. However, this gene is among the top
4% of genes enriched for CRX binding sites in a data set used to identify MAK
as a novel RD gene (Ozgul et al. 2011; Tucker et al. 2011). In addition,
although the reduction of MAK representation in retina of mice with loss of
photoreceptors was 26%, that of KIAA1549 was 88%, suggesting specific loss
of this gene in photoreceptor degeneration (Ozgul et al. 2011). This truncating
variant was not found in any of 160 Saudi exomes or 190 Saudi controls by
direct sequencing and was also absent in the EVS. These data support the
candidacy of this gene as a novel RD gene. However, direct sequencing of
the KIAA1549 in the 27 patients in the replication cohort whose autozygome
overlapped with this gene revealed no additional mutations. Expression
analysis using a human retinal cDNA library (Section 2.12), and KIAA1549
gene

intron

spanning

specific

TCAAGCAACATCACCATTGAC)

primers
(reverse

(forward

primers
primer

GTTACCAGAAAAGTGAAGTCAGTAAATA) from exon 2 to exon 4 showed no
product on agarose gel electrophoresis (Figure 7.4). It is possible that this
gene is expressed at low levels and/or is not represented in the retina library
used.
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7.4 DHX29, a novel candidate gene for IRD
7.4.1 Simplex case 09DG00133
The simplex case 09DG00133 revealed no potentially pathogenic
homozygous or compound heterozygous variants in known RD genes after
applying the first filtration step of WES data analysis (Section 2.11.1). Further
analysis of the WES data using the second filtration step (Section 2.11.2) to
detect any variants within the homozygous regions which were absent in
dbSNP, and likely to be pathogenic i.e. coding (initially excluding
synonymous) or splice-site variants that were not present in 160 in-house
control Saudi exomes (no retinal degeneration phenotype) and the exome
variant server EVS revealed one homozygous missense variant (Figure 7.10)
in the DHX29

gene (DEAH

(Asp-Glu-Ala-His) box

polypeptide 29)

NM_019030: exon17:c.C2738T: p.A913V.

Figure 7.10. Whole exome sequencing results for the simplex case
09DG00133. Showing the filtration steps used to detect any variants within
the homozygous regions. one variants were detected.
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Primers for DHX29 were designed (Section 2.4.1) to amplify and
sequence all 19 coding exons (Appendix A). Direct sequencing of the DHX29
gene confirmed the homozygous missense variant (Figure 7.11).

Figure 7.11. Sequence chromatogram of the DHX29 gene mutation in the
simplex case 09DG00133. showing a homozygous missense variant in exon
17 of DHX29 gene NM_019030: exon17:c.C2738T: p.A913V.

Bioinformatic prediction analyses (Section 2.13) for this missense
variant using the three prediction programs; PolyPhen-2 was benign with a
score of 0.424 (Adzhubei et al. 2010), SIFT tolerated with a score of (0.26)
(Kumar et al. 2009), and Condel was neutral with a score of (0.172)
(Gonzalez-Perez and Lopez-Bigas 2011).
The amino acid residue p.A913V was found to be conserved (Figure
7.12). To test for expression of DHX29 in human retina, PCR was performed
using intron spanning primers specific for DHX29 (forward primer 5’ATACATCCCAGTTCAGACTGGAG-3’)

(reverse

primer

5’-

CTCCACCAAAGAACTCATCTGAC-3’) from exon 14 to exon 19 with a human
retinal cDNA library as template (Section 2.12), DHX29 was found to be
expressed in retina as detected by agarose gel electrophoresis (Figure 7.4).
Studies showed that ATP-dependent RNA helicase DHX29 affects the
initiation of translation of mRNAs in vitro and in vivo (Parsyan et al. 2009).
DHX29 protein behaves in the same way as the canonical translation initiation
factor eIF4E, which essentially controls translation of mRNAs with an
extensive 5′UTR

secondary structure and is

strongly implicated

in

tumorigenesis (Mamane et al. 2007). DEAH/RHA helicases have a catalytic
core containing tandem RecA-like domains, including characteristic motifs (I–
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VI) that are involved in RNA-binding, ATP-binding/hydrolysis, and coupling of
ATP hydrolysis with nucleic acid unwinding (Dhote et al. 2012). A distinctive
feature of the DEAH/RHA family is the conserved C-terminal region following
the helicase core (Dhote et al. 2012). However, the N-terminal region (NTR;
amino acids 1–534) of DHX29 showed no homology to any particular class of
proteins. The missense variant is located within motif VI of the RecA domain
in the conserved C-terminal region of the DHX29 and it was the only variant
that survived filtration.

Figure 7.12. Multiple alignment of DHX29 in 46 species showing
conservation of amino acid A913. Alignment was generated using the
multiz
alignment
tool
from
the
human
genome
browser
(http://genome.ucsc.edu/.).
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7.5 Discussion
Using the WES approach four novel candidate genes for RD were
identified (Tables 7.3). The variants in these genes were the only variants that
survived all the filtration criteria (Section2.11) that were applied to the WES
data (Table 7.3).
Table 7.3. Summary of the novel candidate RD genes identified by WES.
Proposed
novel
Candidacy supporting
ID
Phenotype
Mutation
candidate
evidence
Gene
1- The only variant that
survived filtration

non08DG00038 syndromic
RP

EMC1

2- Found additional
NM_015047:
patient with the mutation
exon5:
in the replication cohort
c.G430A:
p.A144T
3- Expressed in human
retina
4- Conserved residue
1- The only variant that
survived filtration

non09DG00459 syndromic
RP

NM_145290: 2- Relevant biological
class
exon17:
GPR125
c.C2504G:
p.S835C
3- Expressed in human
retina

4- Conserved residue
1- The only variant that
NM_001164 survived filtration
665:
nonc.2399_2400
08DG00172 syndromic KIAAI549
2- Truncating mutation
insAA:
RP
p.T800fs809
3- Enriched in CRX target
X
gene list
1- The only variant that
survived filtration
nonNM_019030:
DHX29
09DG00133 syndromic
c.C2738T: 2- Expressed in human
RP
p.Ala913Val retina
3- Conserved residue
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All four novel candidate gene patient variants in EMC1, GPR125,
KIAAI549, and DHX29 were not found in any of the 160 in-house control
Saudi exomes (no retinal degeneration phenotype) or 190 Saudi controls
screened by direct sequencing, and were also absent in the EVS. Additionally,
three of the genes EMC1, GPR125, and DHX29 were shown to be expressed
in human retina. The mutation identified in the EMC1 gene was also found in
an additional patient in the replication cohort. These data support the
candidacy of these genes as novel RD genes, however further validation of
these novel candidate genes should be carried out including screening a
larger panel of Saudi cases in addition to other ethnicity panels. Identification
of additional mutations will be important to validate these genes as disease
causing. It is also important to perform functional investigations for these
genes to study gene transcription, protein expression, and protein–protein
interactions. Immunohistochemistry and in situ hybridization on retinal
sections would reveal where these proteins and genes are expressed in the
retina. Cellular localization studies could be performed in vitro, and site
directed mutagenesis introducing the mutations identified in these patients,
may be studied to see if they caused misfolding or mislocalisation of the
proteins. Since little or nothing is known about the function of these genes, it
would also be interesting to increase our knowledge by identifying protein
partners using methods such as yeast two-hybrid (Y2H) screening, and coimmunoprecipitation to study protein-protein interactions in the retina.
Ultimately, creation of an animal model (mouse or zebra fish) would be useful
to investigate gene function and confirm any retina phenotype resulting from
ablation or knock-down of these genes in other species, to provide further
evidence for involvement of these genes in retinal degeneration.
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Overall discussion and further work

8.1 Summary and overview
In this thesis homozygosity mapping, targeted candidate gene analysis
and whole exome sequencing were used to identify the causes of IRD in the
Saudi population. With the exception of cone-dystrophy with supranormal rod
response patients in whom the KCNV2 gene was directly sequenced, it was
not possible to predict the genetic defect according to the phenotype
provided, so homozygosity mapping and WES were used to identify the
causative mutation. A total of 32 mutations were identified in 36 probands,
including four mutations in novel candidate IRD genes (Chapter 7), eleven
novel mutations in known IRD genes, and 17 mutations in IRD genes which
have been previously reported. A summary of novel and previously reported
mutations identified are listed in table 8.1.
The study presented in this thesis represents part of a larger study
investigating the utility of genomic approaches for the study of IRD (AbuSafieh et al. 2013). In the extended study, 150 families (35 families described
in this thesis) were diagnosed with the three major clinical subtypes of IRD,
RP, LCA, and cone-rod dystrophy, and other less common phenotypes such
as achromatopsia. The overall mutation spectrum among IRD cases is
summarized in a pie chart (Figure 8.1) showing the contribution of various
genes to IRD cases in the Saudi population.
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Table 8.1. List of mutations identified in this study. Including novel and
previously reported
mutations,
using
three different
approaches;
homozygosity mapping, targeted candidate gene analysis and WES. All
mutations were found to be homozygous. arRP (autosomal recessive retinitis
pigmentosa), arCD (autosomal recessive cone rod dystrophy), arCDSRR
(autosomal recessive cone rod dystrophy with supranormal rod response),
arCCRSD (autosomal recessive congenital cone-rod synaptic disorder),
arACHM (autosomal recessive Achromatopsia), arBBS (autosomal recessive
Bardet Beidl syndrome).
ID

# of
Phenotype
affected

08DG00038

1

arRP

09DG00459

1

arRP

08DG00172

1

arRP

09DG00133

1

arRP

Mutation revealed by
direct sequencing
EMC1
NM_015047:c.G430A:
p.(Ala144Thr)
GPR125
NM_145290:c.C2504G:
p.(Ser835Cys)
KIAAI549
NM_001164665.1:
c.2399_2400insAA: p.
(Glu801MetfsX9)
DHX29
NM_019030:c.C2738T:
p.(Ala913Val)

Comments
Candidate
novel gene
for IRD
Candidate
novel gene
for IRD

Candidate
novel gene
for IRD

WES

1

arRP

08DG00113

1

arCD

RDH12
NM_152443.2:c.178G>C;
p.(Ala60Pro)

Novel

09DG00257

1

arRP

RP1
NM_006269.1:c.3396G>A;
p.(Trp1131X)

Novel

arPR-F028

4

arRP

RP1
NM_006269.1:c.4552A>T; p.
(Lys1518X)

Novel

arRP-F034

3

arCD

PCDH21
NM_033100.1:c.383C>G;
p.(Arg80X)

Novel

arRP

RP1
NM_006269.1: c.3428 del A;
p.(Asn1143IlefsX25)
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WES

08DG00170

4

WES

Candidate
novel gene
for IRD

RBP3
NM_002900.2:c.1162C>T;
p.(Arg388X)

arRP-F043

Method

Novel

Novel

Homozygosity
mapping and
targeted gene
sequencing
Homozygosity
mapping and
targeted gene
sequencing
Homozygosity
mapping and
targeted gene
sequencing
Homozygosity
mapping and
targeted gene
sequencing
Homozygosity
mapping and
targeted gene
sequencing
Homozygosity
mapping and
targeted gene
sequencing
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ID

arRP-F084

# of
Phenotype
affected

4

arRP-F101

4

KCNV2-F1

2

KCNV2-S4

1

09DG00134

1

arRP

Mutation revealed by
direct sequencing
RP1
NM_006269.1: c.3428 del A;
p.(Asn1143IlefsX25)

RP1
NM_006269.1:
arRP
c.3677_3678dupA;
p.(Glu1227MetfsX29)
KCNV2
arCDSRR NM_133497.1: c.159 C>G;
p.(Tyr53X)
KCNV2
arCDSRR NM_133497.1: c.240 G>T;
p.(Glu80Asp)
ABCA4
arRP
NM_000350.1:c.5391_5392
del: p.(Ala1798X)

08DG00235

1

arRP

CRB1
NM_201253.2:c.80G>T;
p.(Cys27Phe)

arRP-F073

5

arRP

CRB1
NM_201253.2:c.80G>T;
p.(Cys27Phe)

arRP

CRB1
NM_201253.2:c.2234C>T;
p.(Thr745Met)

08DG00238

1

CABP4
arCCRSD NM_145200.3:c.81_82insA;
p.(Pro28ThrfsX4)

arRP-F025

3

arRP-F026

4

arBBS

BBS4
NM_033028.3:c.157-2A>G,
p.(Ala53HisfsX2)

KCNV2-F2

2

arCDSRR

KCNV2
NM_133497.1: c.427G>T;
p.(Glu143X)

KCNV2-S1

1

arCDSRR

KCNV2
NM_133497.1: c.427G>T;
p.(Glu143X)

KCNV2-S2

1

arCDSRR

KCNV2
NM_133497.1: c.427G>T;
p.(Glu143X)
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Comments

Novel

Novel

Method
Homozygosity
mapping and
targeted gene
sequencing
Homozygosity
mapping and
targeted gene
sequencing

Novel

targeted gene
sequencing

Novel

targeted gene
sequencing

Novel

WES

Previously
reported
(Aldahmesh
et al. 2009b)
Previously
reported
(Aldahmesh
et al. 2009b)
Previously
reported
(Den
Hollander et
al. 1999)
Previously
reported
(Aldahmesh
et al. 2010)
previously
reported
(Abu Safieh
et al. 2010)
previously
reported
(Wu et al.
2006)
previously
reported
(Wu et al.
2006)
previously
reported
(Wu et al.
2006)

Homozygosity
mapping and
targeted gene
sequencing
Homozygosity
mapping and
targeted gene
sequencing
Homozygosity
mapping and
targeted gene
sequencing
Homozygosity
mapping and
targeted gene
sequencing
Homozygosity
mapping and
targeted gene
sequencing
targeted gene
sequencing

targeted gene
sequencing

targeted gene
sequencing

Chapter 8

ID

# of
Phenotype
affected

KCNV2-S3

1

arCDSRR

KCNV2-S5

1

arCDSRR

09DG2258

1

arCCRSD

Cone-Rod10

3

arCCRSD

09DG00114

1

arRP

08DG00487

1

arRP

08DG00171

1

arRP

08DG00039

1

arACHM

arRP-FD02

5

arRP

Mutation revealed by
direct sequencing

Comments

previously
reported
(Wu et al.
2006)
previously
KCNV2
reported
NM_133497.1: c.427G>T;
(Wu et al.
p.(Glu143X)
2006)
Previously
CABP4
reported
NM_145200.3:c.81_82insA;
(Wu et al.
p.(Pro28ThrfsX4)
2006)
Previously
CABP4
reported
NM_145200.3:c.81_82insA;
(Aldahmesh
p.(Pro28ThrfsX4)
et al. 2010)
Previously
RLBP1
reported
NM_000326.4:c.452G>A;
(Maw et al.
p.(Arg151Gln)
1997)
Previously
EYS
reported
NM_001142800.1:
(Barragan et
c.6050G>T; p.(Gly2017Val)
al. 2010)
Previously
CNGB1
reported
NM_001297.1:c.2957A>T;
(Simpson et
p.(Lys986Met)
al. 2011)
Previously
CNGA3
reported
NM_001298.2:c.488C>T;
(Kohl et al.
p.(Pro163Leu)
1998)
BBS1
Previously
NM_024649.1:
reported
c.951+58C>T;
(Abu Safieh
p.(Gly318VfsX61)
et al. 2010)
KCNV2
NM_133497.1: c.427G>T;
p.(Glu143X)
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Figure 8.1. Pie chart summarising the contribution of gene mutations to
IRD in the Saudi population. Genes are colour coded in order of %
contribution (see key) among 150 IRD families, including 32 families
described in this thesis.
8.2 The power of homozygosity mapping
Homozygosity mapping was performed for both multiplex and simplex cases
since previous reports demonstrated a very high rate of homozygous
mutations in the Saudi population even in the absence of positive family
history (Abu-Safieh et al. 2013; Aldahmesh et al. 2009b). In this study,
homozygosity mapping

and

targeted

sequencing

revealed

eight

novel

mutations and five previously reported mutations in known IRD genes. The
detection of homozygous mutations was only 12% lower in simplex (n=11)
compared with multiplex cases (n=14) (45% vs. 57%), which is consistence
with the finding of the extended Saudi study with a larger sample size from the
same population including 48 simplex cases and 63 multiplex cases (Figure
8.2) (Abu-Safieh et al. 2013).

233

Chapter 8

Figure 8.2. Mutation detection rate by a homozygosity mapping
approach. Pie charts show the percentage of mutation-positive cases (blue)
among 48 simplex and 63 multiplex cases using homozygosity mapping (AbuSafieh et al. 2013).
The study in this thesis shows that autozygome-guided candidate gene
sequence analysis of known IRD genes is applicable to both multiplex and
simplex cases, which demonstrates that, even in isolated cases, autosomal
recessive IRD is the most frequent form of IRD in the Saudi population due to
a high rate of consanguinity. Although a founder mutation was identified in the
CABP4 gene (c.81_82insA; p.Pro28ThrfsX4), there is marked allelic and locus
heterogeneity in this population, even within the same tribe.
8.3 Pitfalls of homozygosity mapping
One of complications of homozygosity mapping is the occurrence of
ambiguous autozygosity, where IBS is mistaken with IBD, for example in
family arRP-F043 (Section 6.2.2.1). In this case an ROH was initially
neglected even though it appeared to be shared between all affected siblings
with arRP since it was also shared by their unaffected mother. However, it
was later found that the haplotype, for which the three siblings were
autozygous, was homozygous in their mother because it contained SNPs
(extending a distance of ~4 Mb) for which the minor allele frequency (MAF) in
the Saudi population is low, resulting in an IBS outcome. The only shared
ROH between the three affected siblings that contained a known RP gene,
facilitated the identification of an RP1 mutation even with the initial dismissal
of the locus. This rare incidence creates a challenge not only for the visual
examination of the autozygome, but also linkage analysis may fail to give a
significant LOD score within the mutation-containing ROH that is IBD, when a
matching IBS ROH is shared by an unaffected member. Another example is
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family arRP-F69 (Section 3.2.1.2.1) in which the mutation was identified using
the WES approach, but the region was initially missed by the homozygosity
mapping approach because the RLBP1 gene mutation was located in a ROH
that was shared with four affected siblings and their unaffected sibling.
However the ROH shared with the unaffected sibling was in fact IBS, since
haplotype analysis confirmed the same haplotype was shared between the 4
affected individuals and their unaffected sibling.

8.4

Whole exome sequencing
Eleven causative mutations of IRD were identified using WES (Table

8.1), including four mutations in four novel candidate genes EMC1 (c.G430A,
p.A144T),

KIAA1549

(c.2399_2400insAA,

p.T800fs809X),

GPR125

(c.C2504G, p.S835C) and DHX29 (c.C2738T, p.A913V), one novel mutation
in the ABCA4 gene (c.5391_5392del

p.Ala1798X), and six previously

reported mutations in CABP4 (c.81_82insA; p.(Pro28ThrfsX4), CNGA3
(c.488C>T;

p.Pro163Leu),

CNGB1

(c.488C>T;

p.Pro163Leu),

EYS

(c.6050G>T; p.(Gly2017Val), RLBP1 (c.452G>A; p.(Arg151Gln), BBS1:
c.951+58C>T; p.(Gly318VfsX61). All the identified pathogenic mutations were
homozygous, and by examining these mutations against the autozygome
data, it was clear that all these sequence changes could have been identified
by autozygome-guided targeted IRD gene sequencing because they were
either contained within one of the largest four runs of homozygosity (ROH) (in
simplex cases) or in an ROH that was exclusively shared by all the affected
individuals from the same family (in multiplex cases). However, there is a
significant time and cost difference in favor of WES. A typical turnaround time
for identifying the causative mutation by WES was 8 weeks, compared to 15
weeks for autozygome-guided candidate gene analysis. The cost of $1500
per WES was also lower than the $3000 per case solved using the
autozygome-guided approach. Additionally, WES revealed mutations in two
multiplex cases that were missed by the autozygome-guided candidate gene
sequencing approach because these mutations were in homozygous regions
which were shared with an unaffected individual (Section 3.2.1.2.1), yet the
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apparently shared ROH was clearly IBS, and one was complicated because
of a highly unusual pedigree structure (Section 3.2.1.2.2).
The mutation detection rate using the WES was also higher (93%) than
homozygosity mapping candidate gene sequencing (55%) in simplex cases,
and in multiplex cases the mutation detection rate using WES was (72%)
(Figure 8.3). A similar ratio (17/23; 74%) was observed in a larger study to
investigate the utility of the WES method for simplex and multiplex cases (the
study in this thesis forms a part of the larger study) (Abu-Safieh et al. 2013).
In four families (3 multiplex and 1 simplex case), however, no potentially
pathogenic homozygous variants were identified, indicating that other novel
loci and genes may be implicated as causing IRD in the Saudi population.

Figure 8.3. Mutation detection rate by WES. Pie charts show the
percentage of mutation-positive cases among simplex and multiplex cases
using the WES approach.
8.5 Limitation of Whole Exome Sequencing
In the majority of cases (20 out of 23) a molecular diagnosis was
achieved using the WES technique, demonstrating the power of this
approach. The majority of the successful reports describing identification of a
novel disease gene by WES have relied on discrete filtering, usually with the
aid of homozygosity mapping (Bamshad et al. 2011). It is not easy to know
how often this approach has failed, since negative results are not often
reported. The inability to identify the causative mutations in four families (3
multiplex and 1 simplex cases) might be explained by a number of limiting
factors, as described in section 3.2.3.
Re-analysis and re-alignment of the current WES data using a different
algorithm should reveal which regions were not adequately covered, and
could address some of the other short-falls. WES could be repeated using a
different capture technique as they are continually improving to cover more of
236

Chapter 8
the human genome thought to be transcriptionally active. Additional family
members could also be analysed using WES to add more power to the
analysis.

8.6

Specific phenotype
Precise clinical diagnosis is very important for identification of the

underlying genetic lesion. In this study the value of a specific phenotypic
diagnosis was shown for two different diseases, Cone dystrophy with
supernormal rod response (CDSRR) and congenital cone-rod synaptic
disorder, in which the causative mutations were identified by targeted gene
sequencing.
In all seven families diagnosed with CDSRR a pathogenic mutation in KCNV2
was found, confirming phenotype-genotype correlation of the supranormal rod
response with aberrant KCNV2 function. Five families were found to harbor a
previously described nonsense mutation, p.E143X, which is the most
commonly reported mutation to date (Ben Salah et al. 2008; Wissinger et al.
2008; Wu et al. 2006) . In the additional families two novel mutations were
identified including a novel nonsense mutation p.Y53X, and a missense
mutation (p.E80D). The distinctive phenotype of congenital cone-rod synaptic
disorder in three families was shown to be due to the same homozygous
founder CABP4 mutation (c.81_82insA; p.Pro28Thrfs*4) and was very helpful
in the mutation detection by targeted gene sequencing.
Similarly though, some cases were less well clinically characterised, for
example family arRP-F026 was initially diagnosed with RP but a homozygous
splice site mutation was identified in the BBS4 gene and because mutations in
BBS4 gene were known to cause Bardet-Biedl Syndrome, re-evaluation of the
phenotype for this family was prompted and upon reexamination of all the
affected siblings additional BBS features were found.
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8.7

Novel candidate IRD genes
Four novel candidate genes for retinal degeneration were identified in

this study using the WES approach. Potentially pathogenic homozygous
variants

were

identified

in

EMC1

(c.G430A,

p.A144T),

KIAA1549

(c.2399_2400insAA, p.T800fs809X), GPR125 (c.C2504G, p.S835C) and
DHX29 (c.C2738T, p.A913V) (Table 7.2). The variants in these genes were
the only variants that survived all the filtration criteria (Section2.11) that were
applied to the WES data. All four novel candidate gene patient variants in
EMC1, GPR125, KIAAI549, and DHX29 were not found in any control Saudi
exomes or Saudi controls screened by direct sequencing, and were also
absent in the EVS. Additionally, three of the genes EMC1, GPR125, and
DHX29 were shown to be expressed in human retina. Although shown to be
expressed

in

retina,

further

analysis

is

required,

such

as

immunohistochemistry and in-situ hybridization to determine which cell types
in the retina express these genes/proteins.
It will be important to further validate these genes, through identification of
additional mutations in the Saudi population or in IRD patients from different
ethnicities. Creating a knock-out mouse of these genes would also be an
important future experiment. Currently they remain as interesting candidates,
and it is hoped that future work from groups across the world working on
these conditions will help to validate their candidacy.

8.8 Future genetic testing and therapies for IRD
Numerous factors have made the molecular characterization of IRD a
real challenge. These include the exceptional genetic heterogeneity of these
diseases, with over 190 genes identified to date (RetNet) and the added
complication of over many mutations in each gene, for example over 100
mutations in RHO (Rhodopsin). The vast majority of RHO mutations cause a
classical adRP, nevertheless, a few mutations have been reported with
autosomal recessive CSNB (Berger et al. 2010). Similarly, over 150 mutations
are described for RPGR, which is the major X-linked recessive RP gene, and
some mutations cause a cone-rod dystrophy phenotype rather than RP
(Berger et al. 2010).

In addition inheritance patterns such as incomplete
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penetrance, digenic or triallelic inheritance can confound efforts to identify the
genetic casus(s). Importantly, some disease-causing mutations also vary with
ethnicity and geography (Daiger et al. 2007; Ferrari et al. 2011; Hamel 2006;
Stone 2003).

Despite the fact that numerous technically different approaches are being
investigated as treatment strategies for IRD, there is currently no standardized
and efficient treatment for these diseases. The identification of genes
associated with IRD has led to the development of a number of gene therapy
and stem cell therapy approaches in animal models and more recently in
human trials, with promising results. Current therapeutic strategies include the
use of nanotechnology, neurotrophic factors (Zhang et al. 2012), gene therapy
(Ali et al. 2000; Allocca et al. 2011; Bainbridge et al. 2008; Bainbridge et al.
2001; Hauswirth et al. 2008; Jacobson et al. 2012; Pang et al. 2011); retinal
transplantation (Maclaren et al. 2006; West et al. 2012) and electronic
prosthesis (Barry and Dagnelie 2012; Zrenner et al. 2011).

This study confirms that IRD is genetically heterogeneous, even within a
population from a defined geographical area and in which consanguineous
marriage

is

common.

One

hypothesis

was

that

with

such

highly

consanguineous population one or more common founder mutations would be
identified, which would greatly aid genetic testing and targeted future
therapies in this population. However, this study has demonstrated genetic
and phenotypic heterogeneity for these diseases in the Saudi population, On
the other hand, with the identification of genes associated with IRD, this study
has improved approaches to diagnosis and management of patients and their
families, especially for prenatal diagnosis. The challenge now is to translate
these new research findings into services that fulfill the needs of this patient
group.
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Appendix A
Primers design
ABCA4 primer design
Name

Forward primer

Reverse primer

Size
bp

Ta
°
C

ABCA4ex1

AGCCAGAGGCGCTCTTAAC

caccccacACTTCCAACC

222

58

ABCA4ex2

GATCTGAGGAGGGCTGTGTC

CCCAAGATCTTTCTAGACAAA
259
AGG

58

ABCA4ex3

AAAGGCCAACTCCTAGGTCTG GCACGTGTGCATTTCAGC

291

58

ABCA4ex4

TTCCCCAGCCCCACCT

493

62

ABCA4ex5

ATCGACTCTGGCTGTTTTCC

GCCAATATATTTCTTGCCTTTC 281

58

ABCA4ex6

TGTGGGTTAGGACGTGGG

GTCCAGAACACCAGGCTCAC

58

ABCA4ex7

TGCGATCAGAAAGAAGGAGG

ABCA4ex8

AAACGTTGGAGCATTGGC

TGTACTTTTCCTTGAACAGGT
319
TTG
GCCACTCAGCAAGACAAGAC 436

ABCA4ex9

AATCCTCCAGCATGGAGTTG

ACCAGGAAGGCACATCTCTC

TTCTCAGGCTGGGTGCTTC

368

58
60

344

58

ABCA4ex10 TTGAAAAGCCTTTCCCTAACAC TGGGAAAAGGAAACAAGTGG 311

58

ABCA4ex11 TCAGGGAGCCTTAGCATCTC

TCAGTGGGGAAAATGAAAGC

430

58

ABCA4ex12 GCGCCCCTACATCTGGA

CAATCCCTTTCTCTCTACCAA
ATG

474

60

ABCA4ex13 CACCCTGTGGTCGGGAG

AGACATGGAAGCCTTGAGGG 347

58

ABCA4ex14 CTGGGCTTTGTTCTCAACAc

ACATGAACAGGAGGAAAGGG 392

58

ABCA4ex15 GCCCTTTAGGGCAGAATGAG

GCCTCCAGGACTGCTACG

364

58

ABCA4ex16 TCTACCTCGAGGGCATCTG

AAACTAGATGAATGGAGAGG
GC

359

58

TCTATAGTTACAATTTGAGGTT
CGTTTACATAGAGGGCCACC
CAGG

278

58

ABCA4ex17

ABCA4ex18 TGTACCTCTCCCCTCCTTTC

TTGCTCTGGCCCTCTGC

241

58

ABCA4ex19 CAGAATACAAGGGCCTGGAG

GTAGACAGCCGCTGATAGGG 342

58

ABCA4ex20 TCACTGAACCTGGTGTGGG

GCTCTAGAGAAGTGTGCTGG
G

288

58

307

58

ABCA4ex22 AATGCCACTTGCCCTGG

AATGGCAGGTGAGAGAGTGG 294

60

ABCA4ex23 TGCTGTACACCCTTTACCAAC

GCGAGAGCCTGTGTGAGTAG 363

58

ABCA4ex21

TGCCAAATCAAGAATGCTTGTC
CTCCTGGGTGCACTGGG
CT

269

ABCA4ex24 TAAATAAAGCGGGCGGTGAC

255

58

TGCTTTTACAAAACTTTGCTCT
372
AATG

60

CAGCCCCTTAGACTTTCGAG

206

58

TCATTGCTGACTTAAATGAAGA
TAACCCATGCCTGAAGGAAC
GG

472

58

ABCA4ex28 ACCAGGGGCTGATTAGGAG

TGGTGAAGGTCCCAGTGAAG 350

58

ABCA4ex29 ATACCTGGCACACAGCAGC

TGCCATCTTGAACCCACC

58

ABCA4ex25

GGAAATCTGGGTAACCTCACA
G

ABCA4ex26 CCAACAAAACAGAGCTTGGG
ABCA4ex27

ABCA4ex30 AAAGGGTTGGGCACAATTTC
ABCA4ex31 TTTTCTCAGCAGCTCAATCC

TCACAACAGGACACACCCAG

269

TGAGAGACTCAGGAGATACCA
356
GG
TGCCCTGATCATACATAAATT
312
G

ABCA4ex32 CAAAATGAATGTTTGGGAAAG

TGGCTGTGAGGTGTGCC

ABCA4
ex33-34

TGGAATTTAATGAAGGTAGGA
482
AAG
GAATCCTCTCAGGATGTTCAA
340
AG

TTCCCTACAAAACCCGAGAG

ABCA4ex35 CCAAACCCTTCCTGCTTCTC

203

58
58
58
58
58

ABCA4ex36 GCCTTCCCAAAGCCTGAC

TTGGTCTGGTCCTTCAGAGC

346

58

ABCA4ex37 ACCCCTCATTTTGCAGAGC

CCCAGGTTTTCTGTCAGGAG

273

58

ABCA4ex38 AGGGGAGTGCATTATATCCAG TACGATGCTTGCCCCTG

318

58

ABCA4ex39 GTCCTGTGAGAGCATCTGGG

AGTCTGATGCAGGAGCCC

294

58

ABCA4ex40 TAAGGCCTGGTCTAGTGGGC

CCATGTGGGTATAAGGTCCAG 292

58

ABCA4ex41 GTCCCATGGAAAGGACAGTG

ATAGAAGGAAAATGGCAACAT
265
C

58

ABCA4ex42 ATCCTTTGCTCTTTGTTCCC

gaatagctctgCCTTATGGGG

229

58

ABCA4ex43 CTTACCCTGGGGCCTGAC

GGGTCTGATGATCACCCTTC

257

58

ABCA4ex44 AAGCTTCTCCAGCCCTAGC

GCTTCAGTTTCTCATCTCCAA
312
G

58

ABCA4ex45 AGCCCAAGGCTTTGAACTG

ACCTATTTCCCCAACCCAAG

282

58

ABCA4
ex46-47

CTCCACAGGGGAGCCAG

CTCTTCCAAGTGTCAATGGAG 439

58

ABCA4ex48

GATGAGTCTACTCCTTATTTTG
TTATGCCTCCCTCTTATGGC
GG

ABCA4ex49 AGAGCAAAGTGGGTAGGTGG
ABCA4ex50

ACTCAAGCCCAGTGAACCAG

TTGATTGACAACTGTTTAGCTT
ACCATATGGGCACAGGCTC
TTG

270

420

58

244

58

167

58

ADAM9 Primer design
Name
ADAM9ex1
ADAM9ex2
ADAM9ex3
ADAM9ex4
ADAM9ex5
ADAM9ex6
ADAM9ex7
ADAM9ex8
ADAM9ex9

F primer

R primer

GCTCAGTTGCGTCAGTGC

TCCGCACACACCTGGAG

TCCTCCCTCATACTTACCTAA
ATCCAGGGGACATCAGTACC
TGC
GGAAGGAAGGGATGATCAGA
CTGTGCAGCACCAATATGAAG
G
TCTGGTGAAAGTTCTTATTTA
AGAAATGCACCCACTTTTCC
CTCCT
CATGCCAAGGATATCTGAAAC
TGGTCTAAAGAATGCCATGTG
AC
TCATCTTTTCATCCCCTAGTA
CCAGCCCTATCTGTCTGATTC
CC
TTTTCATCACTAAGAAGCAGA TTTGCTACATTTAGCTTCTGTT
TAACAC
GG
AACAAACCAGAAAGCAGACCT
AGGTGATCTACCCGCCTG
C
TTTAAATGATACCCCAAAACC
TTTTTAGGCAGGGGAGTTTTA
T

ADAM9ex10 TTTTGCCATTTTCCTGCC

AAGAACCCATCTGCGACTTC

Size Ta
bp °C
408

62

450

62

388

62

357

62

406

62

514

62

437

62

341

62

391

62

348

62

GCTTGATTTATCACGTAGGCT
GCAATTAATTTCAGCAAACCG 389
G
TTTAAAGTCTCTTCTGATGCT
ADAM9ex12
AAGGAGATGACCAATCCCTG 638
GAG
GTGCTTTAAAATTATACACAA
ADAM9ex13 AAGCAACTGTTTCTGGAGGG
388
GTGGC
ATTACCTGTTGTTAGCCATTG GAAAACATCAACTGAATCTGT
ADAM9ex14
539
TTC
GC
ADAM9ex11

ADAM9ex15 TCATGTGTGAGGCAGGAAAG CAGGGGAATCACTTGAACCT
ADAM9ex16
ADAM9
ex17-18
ADAM9ex19
ADAM9ex20
ADAM9ex21
ADAM9ex22

432

TTGACCTCTCTTGCTCTCATA CCCAGTAAGGAAATGTGGATA
515
CAC
AC
CACAAGGAATTTAGGAGGCT
TGGGAATTAATGGTTCCTTG
702
G
GGACAGGAATGAACTTTGTG
TAACTGGGTGTGGTGGTGTG 449
G
TGATTATCATCCCCACCACTA TCAGGGACCACCTACAATACT
352
C
C
CCCAAAATATCTGATTATGTA AATATTTCATTTTGACCCTGTA
472
CGTG
CC
CAGAATGTACAGTACCCTTTC TGTTAGTGAAGTCTGTTTTGT
358
CTG
GGTG

271

62
62
62
62
62
62
62
62
62
62
62

BBS1 primer design
Name

F primer

R primer
GCTCACTCCACGTATGGCA

Size Ta
bp °C

BBS1ex1

TTCTCTCCATCTCCTCCCC

424 61

BBS1 ex2-3

AGTGACCTGTACCAGCTTCCT
TTTTCAGCCGTCAGGAAATC
C

386 61

BBS1ex4

ATGAATGAATGTGCACCAGC

GAGCCCAGCCCTCTTCAC

438 61

BBS1
ex5-6-7

CCCCTAGAAGTGTGGAGCTG

GCATGGCTGGAAGGGATATAG 614 61

BBS1ex8

TCCCTCATGTGGCATTCTG

ACTAACTGTGGAGCATGGGG

BBS1ex9

GAGTTACTGACAGGGCAGGG AAATTCCAGCCTTAAAGCCC

276 61

BBS1
ex10-11

CAGAGGAGGGTCAGCCATAG CAGCTAAGAAGCCCCAGAGG

568 61

283 61

BBS1 ex12 ATATCTGGGGCCTCCCCTAC

TCCTCCTCTTTCCCCAGAAG

232 61

BBS1 ex13 TTTGGGGAAGAAAGAATGGG

CAGTGCACAGGGAGGCTG

325 61

BBS1 ex14 CACACCAACCTGAGCAGGA

TTAGCTGTGTGGCAGAGGG

304 61

BBS1 ex15 TGAGGGCATTGGTGGAAG

TGTGGGCATCTCATCAGG

297 61

BBS1
ex16-17

GCCTGAATGCACTGGAATATG ACTGCTGCATGAGGAGTGG

544 61

BBS4 primer design
Name
BBS4 ex1
BBS4 ex2
BBS4 ex3
BBS4 ex4
BBS4 ex5
BBS4 ex6
BBS4 ex7
BBS4 ex8
BBS4 ex9

F primer

R primer

CCTGGGGCAAGTCTGGATAC AAACACAGTCCCGCTCCAC

Size Ta
bp °C
260 57

TGGATTAATTGCATAATTGGTG
AGCCTGGGTGACAGTGAGAC 272 57
AG
TTTTCAGTCCCAGTCATTATTT CCAGTGTATGAAGTATGGGGAA
486 57
G
G
GAACTCCTGACCTCATAATCTG
GTGGTGCATGACTGTACTTGAA 326 57
C
TTCTGACCCCAGGCTCC

GCAGGCTGGACCTAQGAATG

257 57

GGATGAAATATGATTAAAATGT
AAGACAGCCAGATGATAAATGG 233 57
GGG
CTCTGCAAGCACTAQGGATAAT
AAACCTTGCCGAGCAATAAC
253 57
AC
GCAGAAAGTGTCTTTACATTAQ
TCTTTTAQGCTTGGGAGTTCAC 294 57
CC
TGCACGAGGGCATATTACTG CAGAATGCAGGAAAACCACC

220 57

BBS4 ex10 TCTGTTCTGGGTGAGGTTGG TTCCAGGGTCAGATCACCTC

539 57

BBS4
ex11-12

TGAGACAGCCACTGATCTTCTAT
578 57
G

GGAAAGCTGCCCCACTG

272

BBS4 ex13 GGGTGAAGTTTACTTTGGGG CCAATGCTATGTATGGCACC

235 57

AATCTCTACTTAACCAGTTTTG
CAGAACAGCCATGAACGTG
357 57
TTTTG
CCTCACTGAAAGCTATAATCTCT
BBS4 ex15 TCGAAGACCAAAGAAGTGGG
362 57
GC
GGTTTCCTCTTGAACTCTAACA
BBS4 ex16
CCTGTGTCATGTCACCTTTCC 275 57
GC
BBS4 ex14

CABP4 primer design
Name

F primer

R primer

Size Ta
bp °C

CABP4 ex1 CTGCCTGCCTCACTTACCC

GGCTCAGTCTGGGGCAG

631 60

CABP4
ex2-3

GCCACCCTCCCTCACTC

504 60

CABP4 ex4 GTGGACACGGGTGTTTCTTC

GAACCATCTCTGACCCATCC

377 60

CABP4 ex5 AAAAGAGTGGAGCTGGCTGA

AGAGAAGGGCAGGGCTTG

322 60

AAAACCCTCCCGTGCTTC

GAGGTCTGGAGAGACCCAAA

398 60

CCCACCCTCATCCTTACCTC

ATGGAGCCATCCCTTTCTTT

450 60

CABP4
ex6A
CABP4
ex6B

GAGGCTTCAGGGTCCTTTTC

CDHR1 primer design
Name

F primer

R primer

Size Ta
bp °C

CDHR1 ex1 CCCATTGTGGTCTCTGCC

CCGAGTCCCACTCTGGAAG

267 63

CDHR1 ex2 TGGTGCGAAGCTCCCTC

CCTGGGGCACTTTGTGTTC

246 63

CDHR1 ex3 AACAGCTGAATCGTTGGTCC AGGGGAACTTCAGCCCAC

306 63

CDHR1 ex4 GAGAGCTCCATCCAGCCAC

GAAGGCTTGGGGAGGAATC

215 63

CDHR1 ex5 GGCAGAGACGTGTACATTGG GAGGTTCTCCACAGGGCAG

294 63

CDHR1 ex6 TGCTGCATGCCCCTATG

TGGGGCGATGGAGGTAQ

246 63

CDHR1 ex7 CTTCAGAAAGCAGAGCGGG

TCCCCTGTAQAACCTAACTTGG 267 63

CDHR1 ex8 CCAGGTTTTCACGGATTCTG

GGTCCCTAAAATCACAAGGG

294 63

CDHR1 ex9 GACATTGTTTGGGGAGGG

TGGTCCTACAGGTGAGGGAG

249 63

AAGGGCCTGGGTGTCTTC

271 63

CDHR1
ex10
CDHR1
ex11
CDHR1
ex12

TCCCTAGGCAATGCAGGAC

ACATTCTGCAGGGGAGGTAQ GCAGACCCACTTAQCTTTGG

360 63

GGTTAAGGGCACGTGAAGAC CTCAGGAATGAACCAAGATGC

321 63

273

CDHR1
ex13
CDHR1
ex14
CDHR1
ex15
CDHR1
ex16
CDHR1
ex17a
CDHR1
ex17b

GATGAGGTGGGAAGGCTCTC GCCACTCAAACTGCAATGAC

323 63

TGTGGTTGAAAGCAACCCTC ACAGACCTCCTCCACCCTC

228 63

AGGCAGCTCATTATTGCAGG

TTCTTATGCCTCAGTATCTCTTG
388 63
G

CAGGACCATTTCCCATCAAC

TGTCTTTTGGAGGAAGCCTG

476 63

TTAGGCTTAAGGAAGCACATA
GTGGTGGAGGGAGAGCC
CC

437 63

ACAAGGTCCTGCCAATGC

465 63

GAAGGGGAGCATAQTCCGAC

CNGA3 primer design
Name

F primer

R primer

Size
bp

Ta
°
C

CNGA3
ex 2-3

CTGTCTCACTCCTGGCTGTG

TGAAAAGGTGAAATGACTTCC
TC
740

60

CNGA3 ex 4

CTGCTGGTCATCATTGCTTC

GAACAGCTCATGGGGATGAC 445

60

CNGA3 ex 5

ACCCCGTATTCTTCAAGCTG

TTCTACTGGTGCTCTGGGAG 320

60

CNGA3 ex 6

GAGGACCCTGTTGTGGACAG

AACTAAGTGGTGGCCGTGAG 365

60

CNGA3 ex 7 CAGGGCCATTCCCATATTAC ACCACCTACCCTCACTGTCG
CNGA3
GAGTGCATTTCCTGTAGTAATG
ex 8-1
G
ATGGAATCAATCTTGGCCTG
CNGA3
ex 8-2
ATCTCAATCCCAGAGCATGG GGATGTTGGCCGTCCTG
CNGA3
ex 8-3
GCCCTGGGGATTATATCTGC CTCTCAGGCAGTCACACAGC

372
750
688
714

60
60
60
60

CNGB1 primer design
Name
CNGB1ex2

F primer

R primer

TAAGAGTGGCCCATAAGTGG

Size Ta
°
bp
C

AAGTCCCTGGAGAGCAGATG 323

58

CNGB1ex3-4 GGATCCCTTGAGGGAGAATC

CCAGGGCTCCCTAGCTG

574

58

CNGB1ex5-7 CACCTAGTGTCTTGGGCCTC

GGTAACAGACCCTGCTCCTG

665

58

CNGB1ex8-9 ACGGAATGGCTGGTTGAG

CCAGTTGATCCCTGAGCC

597

58

CNGB1ex10 gTTAGCGACTCGAATCTGGC

AGGAGGTTGGGTGTTAGGC

348

58

CNGB1ex11 CAGGCTTGTTTTCTGCCTTG

TCCTCCTTACCCAAGTTCCC

244

58

CNGB1ex12 TCACGTGCTAGAAGGTGTGG

GCCCACATACAGTCAGACCC 200

58

CNGB1ex13 AGCACTGAGGCACTGCTG

TTCCTGCTCTGTGCCTTTTC

58

274

374

CNGB1ex14 ACAGAAAATAGAGGCAGGAGG CTCCCATGAGCAGCAAAGAG 256

58

CNGB1ex15 AGCAGGGCTGGGGAAAC

58

CCCCTGTAAGCAAAGTGGAC 247

CNGB1ex16 CATGTGGACTTCTGAAGGCAG GGGAAGGAGATGGAGGGAG

371

58

CNGB1ex17 CCCTCCAAACATGCTTTCTC

352

58

CNGB1ex18

CTCCCTCTGGCCTCAGTCTC

AGATGATCTTTAGGGATCAAAG
AAGCATCCACACTAGCCCC
TC

275

58

CNGB1ex19 CAGGCTCTGTCAGAAGGTGG

CATGGACCTCAACCATTTCC

373

58

CNGB1ex20 GTTGGGACCCTTCTCTCTGC

TGAATCCCCTGACCCTCTC

318

58

CNGB1ex21 TGCCACATGTAGTAGTTGAAGG ATGACAGCATCAGGGGTCAG 405

58

CNGB1ex22 CACAATTGCTCCACAGGGTC

ACATCTCATGAACGCCCC

213

58

CNGB1ex23 CTCTCACTCCCCTCACCTTC

CAGACACGAAGATGCCAGTG 233

58

CNGB1ex24 GCAGGAAGAGCCCTGAGTC

TGATTGCGTGTGTTGTGTG

213

58

CNGB1ex25 ATGGGTTGGCTCTCACTGTC

CCTGGAGTCTCTGTGCTGC

285

58

CNGB1ex26 TGCACAACATGCATCTATCAG ACATTTCTGGCAACAGTGGG

312

58

CNGB1ex27 GAAGTGACACATCCCAAATCC

348

CNGB1
ex28-29
CNGB1
ex30-31

AGAGACACAGAGGACGAGGG

436

58
58

CCTGGTGAGCCAGTAGGTG

CAGCTCAGTTCCTTGAAAGC

GCCTGAGAGGGAAAGTGACTG

TTGAACCTAGGAGGTTGAGAC
868
TG

58

CNGB1ex32 AGCTCCAGCTTAAAGGAGGC

ACTCTTGGAGACCCCTTGG

382

58

CNGB1ex33 GAGGTGTCCAAGACCCTTCC

CATCTTCTCTTGAGCCGTGG

472

58

CNGB3 primer design
Name
CNGB3 ex1
CNGB3 ex2
CNGB3 ex3
CNGB3 ex4
CNGB3 ex5
CNGB3 ex6
CNGB3 ex7

F primer

R primer

Size Ta
bp °C

TGGGAGATCCAAACTAAAACA
237
TC
CAAGAATGCCCATTTTAAATG CAGTATGACCCTAGATAATTC
365
C
ACCTAGTC
CAGAAGTCCCAGGGGAGGTG CTTATATTCAGCTAAAGGGGA
359
TT
GAGTG
AAGGGGAAGTTAATAATCTTG CTGTACGTAAATCATTTTCTCA
384
AATATATAAGG
GGGT
AATAGAAGCTATCTGTGACTT
GTGAGAACATGCGGTGTTTG
332
TGAGTC
CCAGAGGAAAATATCACTAAA
TCATATCCCTGCCAAATTCC 301
CAGG
AAGGGGTTCGCTGGTGA
CATTGAATGGGTTATGACAGC 330
ACAAAACAAACCGCCTGC

275

58
58
58
58
58
58
58

CNGB3 ex8
CNGB3 ex9
CNGB3 ex10
CNGB3 ex11
CNGB3 ex12
CNGB3 ex13

TGGTCAACTTTTACAGACATC
AGC
GTACTGTCCAGAGGAAAATAT
CACTAAA
CTGGTGACTTTAAGGAAAAGA
AAATG
GAAAATCTTGATTAGTAGGAA
ATTTGTT
CAAGTAATCAGGGCATTAGAA
GGA
GAATCTGATGCATCTAATTAT
GTATAAAAA

CNGB3 ex14 TGTCCATAGCCATTGGCAG
CAACCCATGTCTGTAAATACT
TTAGG
AGGGAATGATTTCTGAAGCA
CNGB3 ex16
G
GGTACCCATTGAAACTACACA
CNGB3 ex17
GG
CNGB3 ex15

CNGB3 ex18 TGGTGGTGATCTTAGCCATTG

AAAAATTATAGCATTGATGAG
341
GGC
GCCAAAGCTGAAATTATATCC
347
TTTTT
TTTACCAGCCATTGAATGGG

329

TTTTAATTTTTCCTCCATAAAG
347
TTTACA
TCAAATCCAACTAGTCTCTGC
358
TACCT
TCTCTAGGTTATTTTGACTTTG
359
TTAAAAC
AACTCTGAGAGCACGTTATTG
387
C

58
58
58
58
58
58
58

CCTTTGATAAATCTGAGCGGG 386

58

CACAATCATAATACGGTTCTC
348
CC

58

GGAATTAGAGTGGGCGTTTG 364

58

ACAATCCTAGGTACAATCACT
483
TTGG

58

CRB1 Primer design
Name
CRB1ex1
CRB1ex2A
CRB1ex2B
CRB1ex3
CRB1ex4

F primer

R primer

GTAQGGTGGGACAGAGATGG

TGGTATCACTGATTTCTTTAA
CACAG

TTTTCATTAQGATGAACCCAA
CTGGAAGCACACTCATCGTG
C
TCTATCTAQTGATTGATTCCT
CACCCCAGGAGAAAGGAG
GTCAAG
CAATTAAGGGGGAAAGTTATT
TAAGCCGAGAACGTGAGAGC
TTG
TGGGTTGATAQACAGTTGAAG CAGTAAATATGTGTGAGCACT
AA
GAAG

366

62

527

62

530

62

430

62

393

62

CRB1ex5

ACCAGATTCCCCTTACCAGC

478

62

CRB1ex6A

TCCATTACAGTCCTAAACCTG
AAGGTAAGGGTCACAGCCTC 697
AG

62

CRB1ex6B

TTTCAGACTGTTCAGCCAATG AGCAGCAGAAGTCTTGTGGG 713

62

CRB1ex7A

TGTATGCTTGTGTGCATGTG

CRB1ex7B
CRB1ex8
CRB1ex9A

TACTTTTCATGCCCACAAGG

Size Ta
bp °C

TCCACCATTAAGTTCAGTCTC
530
TTG
TTCTAQCTTTGGAAAACAGCA AATGTAAATTTCACAGTCTTG
591
C
TTGG
TTTTAQAAAGGAGTTGGTAAT
TTAQCCTACTCGCATAQGGG 496
GGC
CAACTTCTTCTTCCATAAAAT
AAACAGGGGTTGGAGTTGC
819
GGG

276

62
62
62
62

CRB1ex9B

CACAATTGCTACTGGAAGCC

CRB1ex10

GCATTTGTAGCTCCTCCAGC

CRB1ex11
CRB1ex12

CAGAAGCTACCAGTGTCACC
691
C
TGTCTGAACCTCTATTTCAGC
394
ATAQ

TATGTATAAAGTATGTGTGGA
AATCTTCCTGTTCACCCCAC 382
TGGG
AAATCTGACTTTCTTTTAATAC
GAGCGGAACCACTGTGAAAG 536
CTTGG

62
62
62
62

DHX29 Primer design
Name

F primer

DHX29 ex1

GGAATGTGAAGAGCTCTCGG

DHX29 ex2

CTGCGGACTGCAGTGG

DHX29 ex3

Size
bp

Ta
°
C

TCTAAGGCCCTTTCCTCAGG 338

58

R primer

GTATGATTTACTTATTTTTAGT
570
AGAGATTAGCTCT
ATTTTTATCTCACATGAGGAG
GCTTGGTTGGCAGGAATATAG
283
CTG

58
58

DHX29 ex4

TTTCTGGTTTAAAATGAATGGG TGAGTATGAGCCAAAAGGTTG 300

58

DHX29 ex5

TCTAGGCAAGGTTTACAAATG CAATGATAGAAAAGTCTAGCA
381
C
AACC

58

DHX29 ex6

TGCTGCTTTTGAGTGTGAGG

58

DHX29 ex7

TTGCTGGATCAAAGGATAAGG AGCATCATCCATCCCAGG

323

58

DHX29 ex8

GGCATGAAAACCATGAAACTC TGCCAGAATGCAAAGTAACG 364

58

CCCCTTGGAGGTACATTTCC 340

GTCTGCTTACCTCACAGGGAA
347
C
AACAAACTTGAGTTTAATGTTA AGCCAAATTAGGAATAATGAG
DHX29 ex10
337
ATGGA
AAAG
DHX29
GATGAATATAGCTATCCTTTTA GAGGTTTCTAACAGGTTCCAA
390
ex11-1
AGTGCTAA
AT
DHX29
ATGGTACACATTCCATTTGGA
TTCTGCACTGTCCTTGGAAT
452
ex11-2
TC
AACCAACTAACAGGAGATACA
DHX29 ex12 CAGCAAGATCAGCACCTCTG
395
TTTG
DHX29 ex9

TGTTCTCCAAAGCAAGAGAGG

58
58
58
58
58

DHX29 ex13 GGTGTCTGATTGTTCAAGCC

CAAGTGCCCATCTTCTAGGG 331

58

DHX29 ex14 CATTCAAAAGGTGGTGTCCC

TTTGAAACTCTTGTGGCAGG 303

58

DHX29
ex15-16

TCTGATCAAGGGTTTTAATGT
565
ACC

58

GAATGAATGCAAATACCGCC

TGTGATGCATGTATGAGGTTT
TGCAGAACACTTGGAGTTGG 395
C
GACTAGAATTAGGGGAGTGGTA ATATTTTAAAGTTTCCTATAGT
DHX29 ex18
500
TTTTT
TTCTCTAAGGC
DHX29
CTTAGTTGTAAGAGTCAAATCC AGCAATATAAGGTAAGTTTAG
469
ex19-20
AGC
GTGTTCAT
DHX29 ex17

DHX29 ex21 GCCCTACTTTCACATTTTACCC GCCCTCTCGGTTTTAATGTTC 489

277

58
58
58
58

CTCACAGAAAGGTTATAAAAG TCTCTAACATAATTATACCTTG
557
GATTTAT
ACAGATGA
TTGCTGGAAGAAAGAAGTACA
DHX29 ex23 GCTGCTACAAGCAAGATCCC
387
ATC
DHX29 ex22

58
58

EMC1 Primer design
Name

F primer

R primer

Size Ta
bp °C

CCTTTAGCAGGTAGGAGACAG
254
G

EMC1 ex1

GCTATCCCAGCTCTGTGGTC

EMC1 ex2

AATGTGATGGTGATAGCCCTG AGGCAGAGTTGGCAATGG

58

291

58

EMC1 ex3-4 AAAATTGGACATTGCTGTGC

AAAAGCCCAGAGTTGCTGTC

591

58

EMC1 ex5

CTGTTCTGGACTGTCTCTCCC

TAAAGCAAATGCTTCGGGTC

291

58

EMC1 ex6

TTTGTGACATCTGGCTGAGG

TTCCCCAGTACAAAGAAATCTA
294
TC

58

EMC1 ex7

TATTGCTGTTGGGCTGAGAG

GGGAATCATGCCAAACTTTC

294

58

EMC1 ex8

GCAAAGTAGGGCAGAGGTTG

AGCACTGCCTTCTAGCATCC

326

58

EMC1 ex9

GGTGACCCTCTGTAAGGCAG

GGTCAATGTGCCCAGACTTC

233

58

EMC1 ex10 AAAACAAAAGCTTCATTTCAGTGCCTAACCAAAGCTCTTCCCC

222

58

EMC1 ex11 TCCTTGGACTTCCTTTGGTG

GCTAAGACCTGGCCCTGAG

276

58

EMC1 ex12 CTGGGGTCTGGTGCTCTC

CTTCCAGAAACCTGCAGCC

262

58

AACCTCATCACAGAGCTCATTC
EMC1 ex13 GAGATAAGGTTTTGCCCTGTTGT
415
A
GAACCAGTGTTATCCCTCACT
EMC1 ex14 CAGAGGAGAGGCAGAGATCC
384
G
CACTGGTTCTAGTTTTCAAGGAC
EMC1 ex15
GGGCCTAGGAGCAATTTAAG 311
A
EMC1 ex16 CCCAGCTCTTCAGGTCTATCC GCAGAGAGCACTCCATCTCC

58
58
58

322

58

EMC1 ex17

GATTTGCAGTTTTATTCTTAAGG GCATAATTCACTTCTTAGCCAA
282
C
ATG

58

EMC1ex18

TGTAGGATGTGTCTAACTCCAGCTACAGCCAGACTTGAAGCCC

291

58

EMC1ex19

GAGCTCCAGGTTGGTCTCAC

CAACTGGGTTTCTGGAAAGG

337

58

EMC1ex20

GCCTTCCAGTGCAATTTCC

AAGGCTCTGCCAGCAATG

375

58

EMC1 ex21 TTTGGCTATGTAAGGGAGCC

CTAGCACAGCATGAAGGCAC

324

58

EMC1
ex22-23

CACCAATCCACCAAACTGC

565

58

GAAACCTCCCAGGACTCAGG

278

EXT2 primer design
Name

F primer

R primer

Size Ta
bp °C

EXT2ex2-1

TCAAGTGTCATTTGCCATCC

GAGACGCCAAAGTCATCCAC

452 60

EXT2ex2-2

TGATGTGCCGGTTGTTAGG

AGAGCAGAAGCATTCCCATC

438 60

EXT2ex3

GGCTTGGGGATCCTTGATAG

AAACAATTCTGATTACAAAGTA
290 60
TGTGG

EXT2ex4

AATTCCTGTTCCTCTCCACAG GATGCCCACCACACTAAACC

274 60

EXT2ex5

TCAGTGGAGGTGAAGACTGG TGCTATGTTTTCTTCCCCTTG

446 60

EXT2ex6
EXT2ex7
EXT2ex8
EXT2ex9
EXT2ex10
EXT2ex11

TTGTGGTCTGTAGGGATCAAA CAATGACCTGAGGAGATTTTA
291 60
G
TTTG
TGAAACAAGACTGTGTGTAGA
ACTCAGGCATTCAGCTCCTG 260 60
AATG
AAAAGCACACTCTCATCTTAGA
AGCATATGCCCTAGGCACC
397 60
AAG
TGCTGTCTCAGAAATGGTATT
GGTTTGCTGACGATATTGGG
384 60
G
CACACCTTTTGGACTCTACTG
AGAGCCGTGGATACAAGCTG
417 60
G
TGATGGTTTGAACCTAGGAAG
TTTCTAAGCCCTCTTGGCAG 351 60
TC

EXT2ex12

GCTGCCCCTTATTTATCAGC

GACCGCATCAATCATAGAACC 348 60

EXT2ex13

TGCAGTGTGGTGTCACAAGC

GCCCCATAAACAGGCCTAAG

234 60

EXT2ex14

CTATCTTTTCTCCCTGCCCC

TCTGACATCAGAGTGCTGGG

294 60

Reverse Primer

Size Ta
bp °C

EYS Primer design
Name

Forward Primer

EYS ex1(nc) AGCTCCAGATGGTGATTTGC

TCCTTAAGCAAATGACAGAGA
446
AAA

60

EYS-ex2(nc) GGCAGGATACTGGCTAATCTG GCCAAAAACGATAAAACCTGA 392
CCATCCTCTGGATTATCATAAA
377
EYS-ex3(nc) AG
CTTTGGGAAAGAAGGCCAA
GAAGTCCAAGCAGATGTTTTC
479
EYS-ex4a
GCTGCTGGTGACACTATCTTTG TG

59
60
60

EYS-ex4b

GCCTGATGGTTTTTCACAGC

AAAATGGAGGCTGGCAAT

519

60

EYS-ex4c

GGCTGAGTGTTGGGACACA
TTTCAATTTAAATGCATCATCGT
ATAAC
TTTGCAAAAGTTACTGTAGAAT
TGC

502
CAGGATGGTCTCGCTCTCC
TGAAAAGCATGTGAACTGTTG
505
TT

60

520

60

EYS-ex5
EYS-ex6

279

GACCGTTCTTGTTCGTCTGAG

60

CAACAATTAACCCAAAACATG
C
TGGCTAAGATTAATAAGAGCA
TTTG
TCTCTTGCACCAAGTAGATTT
CC
TGATTCTTCAAAATTTTTACTT
TCC
CTTCTTCCCTCCTTTTATTGTG
C
CCAAAGAAGCAATCCTATTAT
TCAA
TGGTTGGTCACTTTAGAAGCT
G
TGCTTGAGTTTCTGTTTTCTAA
CC

473

60

363

60

574

60

492

58

546

60

600

60

392

58

382

58

367

60

532

58

CATTTTGCTCAGGCACACAT

805

60

EYS-ex19

AAAATTTTGCAAGGAGAATTGC ATTTTTGCCCTGTTTGCATC

433

60

EYS-ex20

544

60

397

60

408

58

EYS-ex23

TGTGCTTTGTTTTTGTCATTCAC AACTGGCAGCATCTGTCATC
TTTCACCTGAACTAGGAAAGAA CAACAAGAGACAAAGAAAGAA
AAG
AAGG
GAGGAAGGAAATGTCAAACAA TTGCAGAGTGCATTACTAGTG
G
G
TAGTATTGGTGGAGTGGATTG
GTTGGAGCTCTGAAAACACG TC

345

58

EYS-ex24

CCACGGATAAGAGCTGAGAC

AGAGAAGGAGAGATGCGCTG 355
AAACAGGAGTCATAACCAATA
446
TGTCTATGGAAATGCAAATGGA ATGC

58

EYS-ex7

TGAGATGGGAGATGGTGTTG

EYS-ex8

GCTTTTTGGCTAAGATCACAGG

EYS-ex9

GGCTTTTGAACATGGATATGAC

EYS-ex10

GGAACTTATTTTGTGGCAGATG

EYS-ex11

EYS-ex15

CAAGCTTTGAACCCTTGTCC
GCCAAGAATGGACACTTTATGA
A
TGGCATTCTTATCTAATAAATTT
GG
TTGGTTAAAAGTGAACTACATA
AATGA
GAGATATCAAAATGGCCAGGA
G
ATGATTGCGACACCATCTTG

EYS-ex16

TCACAGGAAATTAGGCAAACAA GGATTTTTCCAACCCATTTT

EYS-ex12
EYS-ex13
EYS-ex14

EYS-ex17-18 CTGGCATGTTTTTATGCACAC

EYS-ex21
EYS-ex22

EYS-ex25

60

EYS-ex26_1 AGTGCCAAAGTGGTTCGTTT

GGGGTCCTTGCTCTCCTATC

236

60

EYS-ex26_2 GCACCGGTTCAGTACAAAAG

AGTTTGTGAAGGGACAATGGA
GACCATGACAGGCTCTTTCTT
C
AAGAGACATCCTGGTGGTGA
GT
GGGGATAGGGTCACCTTAAAA
C
TGGAAAAACAGACTGACATTG
G
GAACGTAGGAATGTGAAGCAA
A

481

58

801

60

443

60

833

60

531

60

477

60

559

60

EYS-ex26_3 ATCCTCATCCTTGGAAGAATCC
TTGAAAGAGGCAGGAAAGAGA
EYS-ex27
C
EYS-ex28

GCTTTTCTCAACCATGTTCCTC

EYS-ex29

GATTAATCTGCTTCTGGCTTTG

EYS-ex30

CCCATGTTCATTGCAGCATTAT
AGGGTCATGTTATGTGGCTCA
G
CAGCTGTTTCTTGTTTGTGC

EYS-ex31

280

EYS-ex32
EYS-ex33
EYS-ex34

TTCAGTCTTTTCCTCTGTACTG
657
G
GCTCTGAAACATTTGCAGCAT
GTGGTGGTGCACATCTGTAGT
470
ACTCCTACCAACCCCCTAAATC C
TTTTCTGGTGCTTTGTTGAGA
496
TTCTGAAAGCATTCCATGTCC G

60
60
60
58

EYS-ex36

GCCAACAATAGCAACCTCTTTT ACATGTGTGCATCATTTAGGT 506
CTGCTTGGTGATCAGTCTCAC
438
GCATATGTGTTCATGCATGTGT T

EYS-ex37

378

58

449

60

440

60

484

60

386

60

437

60

605

60

580

60

488

60

EYS-ex35

AGATGCATCAGCAAAACGTAAC GCATCTAGGCAAAGGTCTTTT
CTGTGAACTTCGTGGATGTAG
EYS-ex38
GAATAACAACAGCCAGTTGCAC G
TAACAGACACCAGCAGAGAAG TGTTCAAGTCTGAAAGCAATC
EYS-ex39
C
C
CTGTCCTCCCATCATGTAACA
EYS-ex40
TTCTCTGCGCATTTCTGTATTC A
GACAAGTTAGCATCAGGGCAA GAAAAAGAGGACAGTGGATTT
EYS-ex41
T
G
TACGCATACACTTGCAGTGAC
EYS-ex42
CTCACCTACAAGCAACTCTTGG A
TCAAACAGGACACAGACTGGT
EYS-ex43_1 CTTATCCAACTTGGCCAGAAAC T
GGGTACAACACATGCAGAAAT GTGGATCAATATCCTCGGAAA
EYS-ex43_2 G
G
GATTCCCCGTAAGCAATGTAT
EYS-ex43_3 GGTCTCCATAATCAGACCTTGA C

60

GPR125 Primer design
Name

F primer

R primer

GPR125 ex1 ATAAGGCTCCGGTCGCC

478

59

468

59

421

59

GPR125 ex4 TGCTATCCTTATCTCATTTGCG TGAGCTCCTTGTCCCCTATG

363

59

GPR125 ex5 CCCTTGGAGGAAGTGTTTTC

TCAATGTGAATGCAAGCTCT
C

384

59

GPR125 ex6 CTGCAATTCAGCTCCTTGG

TAGCTGGCTTAATCGTTGGC

499

59

514

59

418

59

513

59

GPR125 ex2

CAGCTCCACACAAAGGCG

Size Ta
bp °C

TCAGAGAAAGGGGAAGACACT
TGAGTCACTTGTGGCCAGC
C

GPR125 ex3 AAGGCTTTGGAGCCAGATTT

GTGCCCAGCCTCTTTCTGT

GAACCAGGAAAAGGAAATG
C
TTTATATAGCAAGTGCTTACCC AGTCCTCAGACATGTGCAGT
GPR125 ex8
CAC
TC
AGATGGACCTGATCCTGAAG
GPR125 ex9 AACAAAGGTTTCTCCCAGCC
AC
GPR125 ex7 AGCAGCCTGGTTGATACTAGC

281

GPR125
ex10
GPR125
ex11
GPR125
ex12
GPR125
ex13
GPR125
ex14
GPR125
ex15
GPR125
ex16
GPR125
ex17
GPR125
ex18
GPR125
ex19-1
GPR125
ex19-2
GPR125
ex19-3

AACAGGTCATAAGAGAAGAG
GCAG
TCCAGTTCCCAAGAAAACAT
TTTCACCAGTGATGTGGTGG
TAC
GCAAAAGCAATAATACCTAT
TGTTTAGGAAGAACCTGGGC
CTTCC
GAAGTCAACCTAATTATACCAC AACTTCTACAGTAATGGGTA
TTTTG
CTCTGC
CACATATCATCTCATATAATC
AGGCCTTGTAGTTGACTGTTCC
AAAGGG
CATGTTAGGAAAATAGCGTGAA
TAATGGCATGAAATGAAGGC
AC
GTTAAGAAACGAGATCGAGTTA GCAAAATGGTAATTTAAAAC
AATG
AGGAAG
AATTCCAGTTTTCTTGGGTTTG

GCCTTAGCAGGCAACAGAG

GCAGTCCTGCATACAAGTCC

AGCCTCCCAACTTAACTCTCAG GGCTGGCCCATAGAAGG
TCTCTGTGTACTTGACCCAGTT
ACTGAATACGAGCTCCGTCC
G
TTTGTATTACCCTTTGGACTTG TTTAGGTAAGCCGTTCTGCA
G
C
ATTCTTTTGAATCCCTATGGT
CGCCACCATAAAAACAGAAGT
GG

496

59

693

59

460

59

467

59

529

59

442

59

508

59

412

59

433

59

611

59

571

59

568

59

IMPG2 primer design
Name

F primer

R primer

Size Ta
bp °C

GCATGCTGGTTATTTCAGAAAA
G
TGTTGAAATTGGATGTGTATTT
ACTTG
TCTTTGTAAGAGAAAGGAATGG
G

AACCAGAAATTACTAATGAG
498
GGAAAAC

58

TATTGCCTTAACTGGAGGGC 711

58

GAGGCCAGAGCTAGGAATAA
564
AAG

58

IMPG2ex4

ACTGAATGTCAGGGTGTTGC

GAAAGGTGGCTTGGGAATG 400

58

IMPG2ex5

AGAAAACAGGGTGATGCAAAG

IMPG2ex1
IMPG2ex2
IMPG2ex3

IMPG2ex6
IMPG2ex7

ACATTTGTTTTAAGTGGTGTT
554
CTG
TCAATATATGCTTGTTGAACGT GCAGATTTACTCAGTTCTCC
481
ACC
AAGG
TTCTGTGAAAGAATTCATCTG
TCCTGGCTGTTAGCCTGTG
531
TCC

IMPG2ex8

TTCACATTTCATCACATAAGGG GTCAGCAGCAAGCTGGG

IMPG2ex9

58
58
58

632

58

CCAACAACTGGAGTCCTCTG

AGTGGCAGAATTGAGTAGTT
554
GC

58

IMPG2ex10

GGAAGGAGGAGAGGATGGC

AAATATTCCAGAAAGCCCCG 611

58

IMPG2ex11

AGATTCTTATAATTCAGGCAGA CAACACTTGGTACCCATGAG
460
TTGTG
C

58

282

TTGGAATTTGACTATAAATCTG
TTTG
IMPG2 ex13- TGATCAGATCTTCTTGTTGTTT
1
GC
IMPG2 ex13- TGAAGATGATGATTCACTTTTG
2
C
IMPG2 ex13CTACCAAATTGCCTCCAACC
3
ATGGGGTTCCTAAATATCACTA
IMPG2ex14
TG
IMPG2ex12

TTACCTATTTGGATTCTCCAT
676
TCC

58

TTGGTCTGTGGAATCCATTTT 598

58

GCTGATAGTAATCTGTGCCT
656
ATCC
GTCCCATAATTCATGGAAAA
615
CAA
TGGACGATGTTTTGAAAAGG 647
GGCCTGTTAAACAACTCATC
601
C
TCATCAAGGCTCCTTAGCAT
598
C

58
58
58

IMPG2ex15

GATTTGGCTCTGAGTTGCAC

IMPG2ex16

CTACTAGGTCTGTGCTGGGC

IMPG2ex17

CGCCATGGCAAATAAGATG

CATTGTGGGGGAAATAAGGT 685

58

IMPG2ex18

ATCCAGAGTAGTGTATGTAGAT AGGAAGAAATGAGATAATCT
447
CCTTC
GCC

58

IMPG2ex19

AGGCATGTAATCCAAACAGC

58

AGCAACTGCAGCCCTAAATC 607

58
58

KCNV2 primer design.
Name

Forward primer

R primer

KCNV2 ex1GCCACGTGATCCATCCTC
1
KCNV2 ex1ACCAGCTGGACTACTGCGAG
2
KCNV2 ex1AGCACCTTCGTGCTCGTC
3
KCNV2ex2

TGCTCCTCTCCCTTTCTTCTC

Size Ta
bp ⁰C

CTCCTCCAGGAAGCGGC

644

60

AAGGTAGAGCGGCAGGATG

722

60

634

60

450

60

CTGATAACCAGGGGAGGGA
G
CTTCACATTTCCTTTTGCTG
C

KIAA1549 Primer design
Name
KIAA1549
ex1
KIAA1549
ex2-1
KIAA1549
ex2-2
KIAA1549
ex2-3
KIAA1549
ex2-4
KIAA1549
ex2-5

F primer

R primer

ACCCGAGAGCCGCTG

TTCCCCCGTGCCTTTATT

Size Ta
bp °C
412

60

CTGTTTAACTTCTGACGGTGATT
GAAAAGCTGACCGAAAGGTG 664
C

60

TGCCCAGGGAAGCATTAG

GTTTTGCTGGAGTCGCTAGG 616

60

CATCTCTCCAAGAACATACCCC

GACAAGGAGCCAGCAGTAG
G

618

60

CTCCAGACCTATCGTCCCAC

TGGAACTGGGAAGAGACAGC 608

60

TCCATCTCTTCGCCTTCG

ATCAACACCGTACCAGTGGG 608

60

283

KIAA1549
ex2-6B
KIAA1549
ex3
KIAA1549
ex4
KIAA1549
ex5
KIAA1549
ex6
KIAA1549
ex7
KIAA1549
ex8
KIAA1549
ex9
KIAA1549
ex10
KIAA1549
ex11
KIAA1549
ex12
KIAA1549
ex13
KIAA1549
ex14
KIAA1549
ex15
KIAA1549
ex16
KIAA1549
ex17
KIAA1549
ex18
KIAA1549
ex19
KIAA1549
ex20

GCAACATCACCATTGACCAC

CCTGGGAGTTAACTGAGCCC 649

60

TTGGTCTGGCCTTTATTTTACAA

AGCAGGACTTAACCAGGAAC
369
AG

60

TATCCGTGATGCACTACCCC

TGGGCAACAGACTGAGATCC 441

60

ACTATGGATGAATTGGTTGATTT
CACATAAACTGGGTTTCCGC 360
AG

60

CCAGGTTAGAAAGCCAGTTACG CTGTACCCCAACGCCTTATG 467

60

TCCACGTCCTCACGCTAATC

CCCTTTCCATTCATTCTTTGC 345

60

ATGGCAATCTTGCATTAATTTC

TGCCAGATTCAGTGGCTACC 484

60

CCCTGAATGGCTTACGGAG

ACTGGCACTTCACCATCAGG 439

60

TCTTGAGCTGGAATGTCAGG

AATAGCCCTCCCTCTTCCTC

401

60

TGCTTGTTGGATTGGAGTTG

GCTGCGCTCACCATCAG

413

60

TTTCTGCTGGTTTTGCCTG

AATTTTCCATTTCCCAGATTT
344
C

60

AGAGGCCCATCCAAAGATTC

CGACCTCAGGCGATCTG

423

60

GATCATGCCATTGCACTCC

CTAAGGTGACCCTCAGCCAG 596

60

GTTTCCAGGGGTAGCACATC

TCAGGCACTGATACCACACA
382
G

60

CCAAATCCTGGAATTAAAGGTG CTTATCAAATGCAACCACGG 580

60

TGGTTAGATCAAGAGAATATA
CCGGTAACATGCTAAGTTTTAATG
317
CAACG

60

TTCCAGGAGAGGAGATGGC

388

60

374

60

CCGAGAGTTGCTCCTTCCTC 425

60

GAGGCCTCTGCACACTGAC

TGTCATTAAGGAGTGTAGTGGT
CTGACTTCGTGATCCGCC
CAG
AGTTTGCATTTGATGTTTCGG

LCA5 primer design
Name
LCA5ex3
LCA5ex4
LCA5ex5

F primer

R primer

GATGCCAATGTGAATTGTGG

Size Ta
bp °C

AACCTATAAAACGTAAATCAGC
190
CC

AGAATAATTCCGTATAAACTATT
AAATCCAAATTTTCCCAAAAC 530
GGG
TTATACCAACAAACCTTTTCTA
TTGGTAAATCTGTTTCCCAGC
140
AGTG

284

58
58
58

LCA5ex6

CAAAAGGAAGCTGAACCAGG

TTAACAGCGTCACTTCAGGG

100

58

LCA5ex7

CCAAGCTGAGCAAAACATGC

TTAGGTATATCTCCTAAAAGCC
150
AAAG

58

LCA5ex8

TTCAAGGAGTGATAACTTGTGA
TAAGCCATCCCCTACCACTG
TTTAC

140

58

LCA5ex9A

TTCCCCACCAGTATCTCAAAG

AGCCACAGAATTTGGGTCAC

450

58

LCA5ex9B

GAAGCCCCAAAACATACAGG

TTGGCAAACTATCTATGTGGT
450
G

58

NR2E3 primer design
Name

F primer

R primer

Size Ta
bp °C

NR2E3 ex1 AGAGGTTCATGGACTGAGGC

CCTTCCATGGTCCCTGC

286

58

NR2E3 ex2 CGAGGGAAGGAGGGGAG

TCCAGAACCCCTCAGGG

251

58

NR2E3 ex3 CTTGGGCAAAAATGTCCA

AGTCCCGCTGCCCATT

234

58

NR2E3 ex4 ATGAACCAGGACGGTGAGG

GTGGCAGGGAGTACTTGGAG 434

58

NR2E3 ex5 CTTGCCTTGATCCTCCCTC

GTCTGGTTGACTCGAGTGGG 339

58

NR2E3 ex6 GTGCCTGAGATGGTGGC

ATGGGGGTAQTGGAGGGA

412

58

NR2E3 ex7 CCCAGGTCCATGTCTGC

TGCTGTCTAATCAGTGAGCT
CTG

305

58

NR2E3 ex8 CATGTCTGCAGCCAGAACC

GCTCTGGGAGAGTGTGGG

280

58

R primer

Size
bp

Ta
°
C

OR4C6 primer design
Name

F primer

AGATGGAGAATACATGGGTAAA AGATGGTAGTGCTCTTGGAG
418
AACA
AGG
AAGAAAGATGGCCACACACA
OR4C6ex1-2 CTGTCGTTGCCCCCAAG
423
TC
GTGAGACTCTGTCTCAAAAAA
OR4C6ex1-3 CTGGGCCTCTTAGTTACCCTCA
480
AGCTTC
OR4C6ex1-1

60
60
60

PXMP3 primer design
Name

F primer

R primer

PXMP3ex1

GCTTTTCGGCCCTTCG

PXMP3ex2

GGCTCAGATGGTTGTTAGCA

PXMP3ex3

AAGACCTCGGGTTTGCAC

Size
bp

Ta
°
C

308

58

GGGCTTTTAATCCTTCTAAAC
341
TGT
CAGGTTGTTTGGAGCTATTTT
GATAGGGAGTGACAGATGGGTT
328
TCT

285

58
58

PXMP3
ex4-1
PXMP3
ex4-2
PXMP3
ex4-3
PXMP3
ex4-4

TGGCATTTTTGGAGTAGATG
GT
TGAATACCTAGGAGACGTTC
GTGAAAGCGTGCTTATGGG
TGTC
CCTGCAAATAAGAAACTACT
ATTTTCCTTCAGAGGGGAAAGTT
CTTAGCAC
GTCACCTGACAAAAGCTGTC
CTTTACTTGTCCTAAGTGTGGCA
C
CTACTGAAACGCTCATCGCC

366

58

356

58

362

58

351

58

RBP3 Primer design
Name

F primer

R primer

Size Ta
bp °C

RBP3ex1-1

GCAATGTACCTTCTGGGTCAA

CCATCATGCTCAGCACCTC

694

60

RBP3ex1-2

CCAGCCTCTCAGAAGAGGAA

CGTGGAGAAGTCCATGCTG
TGCATAAGGAAGGCGAACT
C
GGTAGGTGAGCTCCTCTGG
A
TAGATGCCCACAGAGAGTG
C
GACTGGGTTCAGCCAGGTC
T
GCCCATAGCTTTGACTGTC
C
ACACCCAAGCTGTCTTTCC
C

767

62

742

60

643

60

559

60

558

62

358

60

305

60

503

60

RBP3ex1-3
RBP3ex1-4
RBP3ex1-5
RBP3ex1-6
RBP3ex2
RBP3ex3
RBP3ex4

AGCAGGCCCTGGAGAAAG
AACATCACGCAGGAGCACTT
ACCACCGCTTGCTAGTGTTC
TGAGCCACACCAGTGGCT
TGTCCCATGCCCTTAATATTTC
GGACAAAGATCCTGGCCTC

CCCAGGCAGGATAGAGAAGAC CTGCAGGAGTGCCCTTG

RDH12 primer design
Name
RDH12ex3

F primer

R primer

237

60

308

60

307

60

RDH12ex4

AGCAGCTGAGAACCGGC
CACAAAGCAATATGGACAGA
GATACCCTTCTTTGAGGCTGG GG

RDH12ex5

CCCAGTCCCAAGCTCACTTAC GATGGTCTAGGGTGGAGCAG

RDH12ex6

TTTTAAAAGGAAGGGGCAGAG

GAACAACAAGCCAATGGGTC 405

60

RDH12ex7

GAAGTCCTCTTGGCTCCCAC

TGACTTCCCAAGTTGCTGTG

362

60

RDH12ex8

TTGCTGCAGGAGATAAGCTG
TTGAAATCCTTTGATTATTAGA
CCTG

TCTCAGGATGAACAGCCCAG 342

60

433

60

RDH12ex9

AAGCAGCCAAGAGCTGGAG

Size Ta
bp °C

286

CTTTAGGGTTGGCCTTCTCC

RGR primer design
Name

F primer

R primer

Size
bp

Ta
°
C

RGR ex1

TTAAAAGGGAGGGCCTGG

GTTTGGGGACCTCTCCTCT
C

246

60

RGR ex2

ATCCACCCCACACACACTG

AAAATGCCCTTGGCCTG

321

60

RGR ex3

CAAGCTGTACTTGGCAGGTG

GCTAQTTATGACTGCCCCT
CC

279

60

RGR ex4

CAGGAAGTCCATTCTTTCTCAC
GATTTTCAGCTGGGGCAC
TC

317

60

RGR ex5

CATTTCCCCACAACCGATC

398

60

RGR ex6

GGTTTTCTTGGCCACATAQG

RGR ex7

TGATTGGCAGTTGTAQGTGG

ATTGGTCCACCCTCCCC

TCCAGAAAGTGAGATGAGATG
263
AG
GAAGGTGGGTGAGTGTCTG
330
G

60
60

RLBP1 primer design
Size
bp

Ta
°
C

GGCCAGTCTATCAGGTCCAG 708

60

CTGGGGCAGAAAAGCAAAG

TGGAGGCTCAGAGAAACTGAC474

60

RLBP1ex6

GTTGAGTAGCCAGCTCGGTC

CTAGGTGGCAGGTGGCTG

444

60

RLBP1ex7

ATGTCCGAGATCAAAGCCTG

GGCTGTCACTGCTCTTTATGG 419

60

RLBP1ex8

ACCTTCAGTGGGCCCTTC

CTCCATGTTGGGTGTCAGTG 376

60

RLBP1ex9

ACCTGCGGAGAGAGGTGTC

CGGGCTTAGGGAGTCTAAGG 416

60

Name

F primer

R primer

RLBP1 ex34

TGCAATTGAAAGTTTGAGATCC

RLBP1ex5

ROM1 primer design
Name

F primer

R primer

Size Ta
bp °C

ROM1ex1-1

TTATTAGGGCTGAGGATGGG

TCATCCAGACTCCCAGGC

540

58

ROM1ex1-2

CTCCTGTCAGTTCCCTGTCC

TGGCAGAGCTGTAACCAGTC 561

58

ROM1e1x2

TTGTTGTGAAGATGTGAATTATG
CCCCTCCAGTGCTGTTTG
C

ROM1ex3

GGCTGTCACCTTCCTACTGC

287

568

58

GTCCAGCTCGCTGACTATCC 485

58

RP1 primer design
Name

Forward primer

Reverse primer

RP1ex4G

GTGCCCCTGAAGTCTGTGTT

RP1ex4H

AACCAGGCTCAATAACCAACA

RP1ex4I

AAAGTCCAGTGACTTCTGATT
GG

GCCGTGGGAACATAGGTAG
GA
AGATTCTGACAAAGGAACA
AAGG
AGGCATACCATTGATTTGGA
A
CCACAGTAGCATTCTCCCA
AC
CACCAGCACTTATTGCACTT
G
GCTGGCAACAGATGACAAA
A
TGCTTTCACTTTATCCCCTT
T
TGAATGGCAGCCTCTACAC
TT
GGGTTACATGTCTCTTTTGG
A
TTCTTCAAAAGATTCCAATT
CTGA
TCATTGGGATCATCACTGG
A
AGGGTGTCCACTGATGTGG
T

RP1ex4J

AAGGCAAATGGCTTCTGAAA

TCCTCATTCATGGGTTGGAT

RP1ex4K

GCTCTTTGTGGTCAACATTGC

RP1ex4L

TTGGGGTTAGAGGAAGAAGGT

RP1ex2-A

AGGCCCTTATTCGTGTGTTT

RP1ex2-B

GGATAACTTGTCCAGGAAGGT
G

RP1ex3

CTGATGGGACGTAACTGACTC

RP1ex4A

AAACAAAATACATAGAGCTCA
GAAACA

RP1ex4B

CACCTATGGAGCGAAGCAGT

RP1ex4C

TGATCAAATGGAGGAGTCATC
A

RP1ex4D

TGAATTTGCTCAGTGTGGTTT

RP1ex4E
RP1ex4F

CATCTGGGTATTTGAGAGGAA
TG
AAAACTTGTTTACCAGGAAATA
AACC

CCACAACTAACAATGATGTG
TGC
GAGGTTATCTAGTCCGTATT
CGTCA

Size Ta
bp ⁰C
589

58

583

58

597

58

700

58

471

58

442

58

697

58

682

58

681

58

677

58

499

58

574

58

565

58

400

58

521

58

SPATA7 primer design
Name
SPSTA7ex1
SPSTA7ex2
SPSTA7ex3
SPSTA7ex4
SPSTA7ex5
SPSTA7ex6

F primer

R primer

GAGAAGCTACTTGCTTCTAGTAA
AAGCTTCCCCGCTCCTG
ACGG
ACTGGTTAAATGTTACCCTGACC
GCCAGGGGTAGGAAGCG
TC
CATGTCATATAATTTGCCAGT
AAAACGCAATCACCTTTTAGGAA
AAAGG
GCACAGGAATTTCAGTTTTG
ACAGCTGCAAGGTCTGGAAC
C
GTGTTAGTAACTCTTTATATAGG CCAATGGCAGAGTAGTTGTG
AAAATAAATGG
AC
AATCCCCAATTACATGAATTCGT CATTTAATTTCCTGAAGGATT
AA
TACTGTTG

288

Size Ta
bp °C
325

60

621

60

286

60

331

60

462

60

579

60

TGCCACCAACAGATTATTCTT
C
GATGAAAAATTATTCTAAAATATT TCAATTTGTAAAATTTCCTTG
SPSTA7ex8
CTTTGTC
GTAAAAC
CAAAATATCACTAGGTACTCC
SPSTA7ex9 TTCCAAACATCTAAGATAAGGGC
ATGAATAT
TGAGAAGGTAGACATGTTTGTTT CAATATATTTTTTCATTTCCTA
SPSTA7 ex10
TG
ATATGGGA
GTAATGTGAAGCAAATGCATAAT CTCACAGGATTAATACTTTTC
SPSTA7 ex11
G
CTTTCA
SPSTA7
TGTTAAACTGTCTGAAATACT
GGTGGTGGGAGAAGTGAAAG
ex12-1
TGGATG
SPSTA7
ACTTCAACTTTGGATGAAAATCA CAATAGAGAAATCTTATACAT
ex12-2
TC
ACATTTTAAAAAAG
SPSTA7ex7

GCCAGTAAACCTTGTTACCACAG

247

60

438

60

323

60

366

60

406

60

494

60

339

60

Size
bp

Ta
°
C

487

58

TULP1 primer design
Name

F primer

R primer

TULP1 ex1-2 CTGTAGCACCTCCCACAGC

GATCTCCAGACATGCAACCC

TULP1 ex3

CTGCCTCACTCCAAGAAGGG

CTCATCACTCCCCGCCC

361

58

TULP1 ex4

AAGTGGAAACCCAAGCCC

ATAAGGCCAGAAAAGTGGG
G

429

58

TULP1 ex5

CCGGTTCTTGTTTCAGAAGG

AAACCCTCCGGTCACAGC

413

58

TULP1 ex6-7 CTGTGGGCCCCTGTCAAG

GGGGTCAAGATGCCCTG

562

58

TULP1 ex8

GGGCTCTAATAATAACATGGGG

TTATATCCTGTCACAAGAGG
GG

372

58

TULP1
ex9-10

CTCCCCAGAGCCTCCTAAC

GAGACAGGTGAGAGGATGG
G

535

58

TULP1 ex11

AGCAGAGGAGGGAGTGTGG

CTAGGGGACGTTTCCAGGG

369

58

TULP1
ex12-13

AGGGGACATGAATTGCTCAG

553

58

TULP1 ex14

CCAAGCCTATTCTCAGATACCC

CCCAGCTCTCGGGATAAAG

440

58

TULP1 ex15

TGTTGAGTAACTGAGATGGTGG

AGGCAGTGAGAGGTCAGCC 404

58

289

GTGGCCAGAATGAATTTGTG
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