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Abstract

Foveal hypoplasia with optic nerve decussation defects in the absence of
pigmentation deficits (FHONDA) is a rare recessive disorder which usually presents
with congenital nystagmus. To date, SLC38A8 is the only gene known to be mutated
in this disease. However, many patients with the FHONDA phenotype do not have
detectable mutations in SLC38A8, suggesting that this disorder is either genetically
heterogeneous or that a proportion of mutations in SLC38A8 are undetectable by
Sanger screening. This study describes the genetic analysis of a cohort of foveal
hypoplasia patients to expand the mutation spectrum of SLC38A8, investigate if
mutations in new gene(s) cause this disorder, or if SLC38A8 mutations are being

missed.

Two novel mutations were identified in SLC38A8. In one patient, a homozygous
missense mutation was identified (c.848A>C, p.(D283A)). In a second patient, a
heterozygous missense mutation was identified (c.2T>C, p.?(M1?)), but a second
mutation was not detected. Whole genome sequencing (WGS) was performed on
this patient, and application of a ‘midigene’ splicing assay was used to analyse a
candidate intronic splicing variant, but no mis-splicing was observed and the second
mutation remains outstanding. In a third case, a homozygous inversion of exons 6, 7
and 8 of SLC38A8 was detected by WGS (g.84015974_84027074inv). ExomeDepth
analysis in a fourth case revealed a homozygous duplication in exon 6 of SLC38AS,

but the breakpoints were not defined.
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The lack of detectable SLC38A8 mutations in patients with FHONDA syndrome, and
haplotype analysis, indicated genetic heterogeneity. Whole exome sequencing of
SLC38A8-negative cases identified mutations in PAX6 in two patients and variants in

candidate genes requiring further investigation, including LAMP1, VSX2 and EPHAZ2.

This study is the first to characterise structural mutations in SLC38A8. Furthermore,
the results of this study will impact on FHONDA families by facilitating molecular

testing and genetic counselling.
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Chapter 1 Introduction

1.1 General overview of retinal disease

Inherited retinal diseases (IRDs) are a diverse group of Mendelian inherited genetic
disorders predominantly causing visual impairment. Inherited retinal disease has an
estimated prevalence of 1 in 2,000 (Krumpaszky et al., 1999; Rattner, Sun and
Nathans, 1999; Francis, 2006; Hamel, 2006; Cremers et al., 2018; Sohocki et al.,
2001), and a high impact due to the social and healthcare burden, alongside the
difficulties and low quality-of-life experienced by blind or visually impaired people
(Williams, Pathak-Ray and Austin, 2007; Kdberlein et al., 2013; Chakravarthy et al.,
2017; Liew, Michaelides and Bunce, 2014; Francis, 2006). IRDs are characterised by
both clinical and genetic heterogeneity, thus ensuring many challenges for
investigating teams (Cremers et al., 2018; Astuti et al., 2018). There is also high
phenotypic variability both within and between retinal conditions, including variation
in age of onset, severity and progression. IRDs can occur as non-syndromic forms
such as LCA (MIM 204000) (Leber, 1869), Stargardt disease (MIM 248200)
(Stargardt, 1913) or North Carolina macular dystrophy (NCMD) (MIM 136550)
(Lefler, Wadsworth and Sidbury, 1971; Frank et al., 1974) or can be diagnosed as
part of a syndrome, such as Usher syndrome (MIM 276900) (Usher, 1909), Joubert
syndrome (MIM 213300) (Joubert et al., 1969) and Bardet-Biedl syndrome (MIM
209900) (Harnett et al., 1988; Green et al., 1989), to name a few. There is a clear
need to understand the genetics of IRDs in order to support patients in the long-term,

leading to improved counselling and a better understanding of the likely prognosis



(Sohocki et al., 2001). Further to understanding a patient’s molecular diagnosis, the
development of many gene-specific and mutation-specific treatments for IRDs are
underway (Cremers et al., 2018). The number of genes implicated in retinal disease
has increased steadily over the years (Figure 1-1), in line with more meticulous
phenotyping, availability of the human genome sequence and the advancement of
new sequencing technologies, including next generation (NGS) and third generation

sequencing (Eisenberger et al., 2013).
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Figure 1-1 RetNet mapped and identified genes found to be defective in IRDs
1980-2017.

There is a high level of genetic heterogeneity in IRDs, with 269 genes
implicated in IRDs to date and at least another 39 chromosomal loci identified.
Figure used with permission, RetNet Retinal Information Network, ©1996-2018,

Stephen P. Daiger, PhD and The University of Texas Health Science Center,
Houston, Texas (https://sph.uth.edu/retnet/).

However, the new technologies, including whole exome sequencing (WES) and
whole genome sequencing (WGS), bring both data management challenges and
diagnostic challenges, as the narrowing down of candidate variants to find the causal
mutation requires detailed interpretation of the results (Katsanis and Katsanis, 2013;
Frebourg, 2014; Matthijs et al., 2016). To date, mutations in 269 genes have been

implicated in retinal disease, with a further 39 genetic loci mapped (Figure 1-1)



(RetNet, 2018). Even with so much detailed knowledge of the causes of IRDs, only
approximately 55-60% of IRD cases are solved by WES (Cremers et al., 2018). This
is most likely due to difficulties detecting mutations that are not as easily identifiable,
such as structural variations (SVs) or non-coding mutations (Eisenberger et al.,

2013; Bujakowska et al., 2016).

This thesis focuses on the study of a rare recessively inherited IRD, foveal
hypoplasia. Foveal hypoplasia is a developmental defect characterised by an absent
or poorly defined foveal pit in the centre of the retina (macula) and is associated with
poor visual acuity (described in more detail in Sections 1.2.4,1.2.6 and 1.3). Itis
often found in cases of aniridia (MIM 106210), achromatopsia (MIM 216900) and
retinopathy of prematurity and is also a key feature of ocular (MIM 300500) and
oculocutaneous (MIM 201300) albinism when present with optic nerve decussation
defects (when axons are abnormally and disproportionately misrouted to cross the
optic chiasm to innervate the contralateral cortex of the brain) (Michaelides, Jeffery
and Moore, 2012). All patients included in this study have been diagnosed with
foveal hypoplasia. A number of the cohort have also been diagnosed with optic
nerve misrouting, but no signs of albinism. This phenotype has previously been
reported as foveal hypoplasia, optic nerve decussation defects and anterior segment
dysgenesis syndrome (FHONDA) (MIM 609218), caused by mutations in the gene

solute carrier family 38 (SLC38A8) (MIM 615585) (Al-Araimi et al., 2013).



1.2 Basic anatomy and function of the human eye

The human eye (Figure 1-2) is composed of three main layers, the fibrous tunic, the

vascular tunic and the neural and pigmented retina.

Sclera

Choroid

Retina

Ciliary body

Figure 1-2 Gross anatomy of the human eye.

Sagittal section of the mature human eye highlighting the gross structures.
Figure adapted with permission from Webvision
(www.webvision.med.utah.edu). Image used with a non-exclusive right under
an Attribution, Noncommercial, No Derivative Works Creative Commons
license.

The external layer, or fibrous tunic, consists of the sclera and cornea (Figure 1-2),
which are both highly collagenous fibrous tissues that envelop the eye globe and
maintain its strength and shape. The cornea is an avascular, transparent structure
with transparency accomplished by the regulated spacing and fibril growth of mostly
collage type I, but also collagen type V (Hassell and Birk, 2010). Light refraction
takes place at the corneal surface, in collaboration with the lens, focusing light on the
photosensitive retina and reducing light scatter (Maurice, 1957; Benedek, 1971;

Farrell, McCally and Tatham, 1973). The cornea also functions to reduce damage



caused by ultra-violet light through the expression of aldehyde dehydrogenase 3A1
(ALDH3A1), also proven to be protective against stress-induced apoptosis (Manzer
et al., 2003; Pappa et al., 2005; Lassen et al., 2006). The sclera is a dense tissue
composed of collagen fibrils embedded in a matrix of proteoglycans and non-

collagenous glycoproteins (Harper and Summers, 2015).

The vascular tunic is the second layer of the eye and includes the choroid, ciliary
body, iris and pupil (Figure 1-2). The anterior chamber is the space between the
cornea and the iris. The iris, which is anchored peripherally to the ciliary body,
serves to control the levels of light entering the eye. Behind the iris is the transparent
lens, through which light passes and focuses on the retina. The posterior chamber is
the space between the iris and the lens. The choroid is located between the sclera
and the retina and is a highly vascularised and pigmented tissue, with major roles in
supplying nourishment to the outer retinal layers and preventing uncontrolled
reflection of light. The ciliary body connects the choroid with the iris and contains
ciliary processes and muscle fibres (Delamere, 2005). The ciliary body is the site of
aqueous humour secretion that outflows mainly through the trabecular meshwork at
the iridiocorneal angle (the angular recess between the cornea and the anterior
surface of the attached margin of the iris), supplying both the anterior and posterior

chambers.

1.3 The histology and function of the retina

The internal layer of the eye encompasses the retina, which plays a pivotal role in

vision, converting light into an electrical signal transmitted to the visual cortex of the



brain. The retina contains the retinal pigment epithelium (RPE) and the neurosensory

retina.

The RPE, which is the outermost layer of the retina, is a pigmented monolayer of
hexagonal epithelial cells. The RPE has multiple functions; one major function is to
interact with the photoreceptor cell layer in phagocytosing shed photoreceptor outer
segments and recycling the all-trans-retinol (a vitamin A derivative) back into 11-cis-
retinal (Bok, 1993; Gu et al., 2012). The RPE is also rich in melanosomes, or
pigment granules, that aid in the absorption of scattered light and diminish oxidative
stress (Strauss, 2005). Melanosomes are generated in utero and remain relatively

constant throughout the life-span of the RPE (Mann, 1969).

The neurosensory layer contains the following layers (starting from the vitreous side
and moving to the choroidal side) (Figure 1-3): the inner limiting membrane (ILM),
the nerve fibre layer (NFL), the retinal ganglion cell (RGC) layer, the inner plexiform
layer (IPL), the inner nuclear layer (INL), the outer plexiform layer (OPL), the outer
nuclear layer (ONL), the outer limiting membrane (OLM) and the rod and cone
photoreceptor layer (Graw, 2010). The neural retina contains seven major neuronal
cell types (Figure 1-3); the rod and cone photoreceptor cells, the horizontal cells, the
bipolar cells, the interplexiform cells, the amacrine cells and retinal ganglion cells
(RGCs). RGC bodies make up the inner-most nuclear layer of the neural retina and
their axons become myelinated after they exit the eye via the lamina cribrosa
(Section 1.6). The fovea is a depression that lies in the centre of the macula area to

the temporal side of the optic nerve head (Figure 1-3). Cone photoreceptors are



concentrated at maximum density in the foveal pit and it is therefore the region with
the most acute vision in the retina. Many proteins are involved in the process of
phototransduction, including the recycling of all-frans-retinol back into 11-cis-retinal.
This includes the photoreceptor specific ATP-binding cassette transporter gene
(ABCA4), mutations in which cause Stargardts macular dystrophy (Allikmets et al.,
1997). Mutations in the gene encoding lecithin retinol acyltransferase (LRAT) (MIM
604863), an important molecular switch involved in Vitamin A esterification, have
been identified in cases of early-onset retinal dystrophy including LCA type 14 and
juvenile retinitis pigmentosa (RP) (MIM 613341) (Thompson et al., 2001). Retinal
pigment epithelium-specific 65-kDa protein (RPEG65), is an important isomerase that
is encoded by the RPE65 gene (MIM 180069). Mutations in RPE65 have been
identified in patients with autosomal recessive LCA type 2 (MIM 204100) and RP

(MIM 613794) (Morimura et al., 1998).

Visual information is processed by both horizontal and vertical pathways within the
retina. In the OPL, the rod and cone photoreceptor cells are tightly stacked together
and their axons form synaptic connections with the horizontal cells and bipolar cells
(Figure 1-3). The nuclei of the horizontal, bipolar, amacrine, interplexiform and Muller
cells are located in the INL (Figure 1-3). Horizontal cell bodies and amacrine cells
located in the INL are responsible for modulation of bipolar and RGC response
through lateral connections (Dyer and Cepko, 2001; Euler et al., 2014). The
modulation of the retinal circuitry is important for adaptation under conditions of low
and high light and contrast sensitivity, so that the eye can see optimally in variable
light conditions (Hildebrand, 2011). The inner retina is provided with oxygen and

nutrients via the vasculature layers known as the intraretinal beds, which lie on either



side of the INL, and also from the superficial primary vascular plexus within the NFL
(Hildebrand, 2011). The photoreceptor cells also interact with the bipolar cells
directly, as the bipolar cells transmit signals to the IPL. There are 2 distinct types of
bipolar cell that are distinguished by their response to light on the centres of their
receptive fields (Euler et al., 2014). Whether bipolar cells are ON- (metabotropic
receptors, glutamate hyperpolarisation) or OFF- centre (ionotropic receptors,
glutamate depolarisation) depends on their response to glutamate release by the
cone photoreceptors (Euler et al., 2014). Visual information is ultimately transmitted
to the RGC layer of the inner retina. The RGC axons travel towards the optic nerve
head within the NFL (Figure 1-3). All axons unite at the optic nerve to transmit the
visual signal to higher brain regions including the lateral geniculate nucleus (LGN),

the superior colliculus and the hypothalamus (Hildebrand, 2011).

Four glial cell types are found in the retina: Muller cells, astrocytes, microglia and
oligodendrocytes (occasionally). Miller cells are the predominant type of retinal glial
cells and they span almost the full width of the neural retina, with their cell bodies
located in the INL and their processes projecting into the OLM and ILM (de Melo
Reis et al., 2008). They provide physical and metabolic support for the retinal
neurons and are formed alongside the other neurons, whereas astrocytes migrate
into the retina from the optic nerve (Dyer and Cepko, 2001; Vecino et al., 2016;

Turner and Cepko, 1987).
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Figure 1-3 The lamination of the mature human retina and organisation of the neurons.

A diagram of a vertical section through the retina detailing all ten layers and the neurons located in each region. Figure
adapted with permission from (Martinez et al., 2008). B Light micrograph of a vertical section through the central region of the
human mature retina. Image adapted with permission from Webvision (www.webvision.med.utah.edu). Image used with a
non-exclusive right under an Attribution, Non-commercial, No Derivative Works Creative Commons licence.
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Astrocytes are mostly limited to the NFL and function in a similar manner to Muller
glia (Vecino et al., 2016). Microglia enter the retina alongside the mesenchymal
retinal blood vessel precursors during early development (Chan-Ling, 1994; Provis,
2001). The innermost layer of the retina is the ILM, which as a basement membrane
provides a physical barrier between the neural retina and the vitreous humour and is

vital for maintaining the integrity of the RGC layer (Halfter et al., 2005).

1.4 Embryology of the vertebrate eye

A number of regulatory factors, known as eye-field transcription factors (EFTFs), act
as inductive signals to initiate and mediate development of the eye field, as they are
expressed in the anterior region of the vertebrate neural plate. EFTFs, such as sine
oculis homeobox homolog 3 (Six3), paired box 6 (PAX6) and melanogenesis
associated transcription factor (MITF), are paramount in the development of the early
eye. Mutations in these genes are known to cause developmental eye
malformations, including holoprosencephaly (MIM 236100) (Wallis et al., 1999)
Aniridia (MIM 106210) (Ton et al., 1991; Jordan et al., 1992) (Section 1.8) and
Waardenburg syndrome type 2 (MIM 193510) (Tassabehji, Newton and Read,

1994).

In the developing prosencephalon (forebrain), the human eye field emerges during
neural plate patterning, from around embryonic day 22 (Chow and Lang, 2001;
Zuber et al., 2003) (Figure 1-4). The neural plate is the site of neurulation as it bends

dorsally, separating the eye field laterally and forming the optic sulci, or optic
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grooves in the lateral neuroectoderm (Barber, 1955; Mann, 1969) (Figure 1-4, A, B).
As the forebrain grows, closure of the neural tube results in deeper evagination of
the optic grooves, forming bilateral outpocketings called optic vesicles (Barber, 1955,
Mann, 1964) (Figure 1-4, C, D). The optic vesicles extend from the forebrain towards
the surface ectoderm through the adjacent mesenchyme. The portion of each optic
vesicle that interacts with the surface ectoderm induces that area to form a
thickening called the lens placode, which is the precursor of the lens. The lens
placode and optic vesicle invaginate in coordination, inducing differentiation of the
lens vesicle and the optic cup, a double-layered structure with layers initially
separated by intraretinal space (Spemann, 1924) (Figure 1-4, E, F). The lens vesicle
forms at approximately 5 weeks’ gestation, as the surface ectoderm seals over it to
form the future corneal epithelium (Fuhrmann, 2010) (Figure 1-4, E, F). Through the
adjacent mesenchyme, the ventral retina and optic stalk connect to create the
choroidal fissure, thus forming the vascular tunic (Barber, 1955, Mann, 1964). The
choroidal fissure is a groove through which blood vessels, including the hyaloid
artery, can connect to the inner eye chamber. Fusion of the choroidal fissure by the
sixth week encloses the blood vessels in a canal in the optic stalk. This fissure also
facilitates growth of RGC axons from the neural retina into the optic stalk during the
eighth week, forming the optic nerve (Fuhrmann, 2010; Heavner and Pevny, 2012)
(Figure 1-4, G). Proper optic nerve placement is reliant on signals that pattern the
optic cup along the dorso-ventral (D-V) axis, mediated by members of the VAX
family of homeodomain transcription factors, including VAX1 and VAX2 (Barbieri et
al., 1999). The anterior eye segment encompasses all structures between the cornea
and the fagade of the vitreous (Idrees et al., 2006). At around week 7, the inner layer

of the optic cup forms the neural retina and the outer layer forms the RPE, with the
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two layers separated by the intraretinal space (Fuhrmann, 2010). The inner layer is
patterned along its D-V and nasal-temporal (N-T) axes. The point where the neural
retina and RPE connect will eventually give rise to the ciliary body and iris. Anterior
segment dysgenesis (ASD) is a spectrum of rare abnormalities arising from
maldevelopment of the cornea, iris and lens (Idrees et al., 2006). It should be noted
that Axenfeld anomaly (MIM 109120), a form of ASD where defects are limited to the
peripheral anterior segment, is a variable feature of patients with FHONDA
syndrome, as studied in this thesis (Pal et al., 2004; Al-Araimi et al., 2013; Poulter et

al., 2013).

The hyaloid vascular system expands from the optic nerve head and radiates
outwards towards the peripheral retina. It is around the second month that the
hyaloid vessels branch to form the capillary network posterior to the lens (Fruttiger,
2007). During the fourth month, macrophage-mediated regression of the hyaloid
vasculature takes place, and is replaced by the primary vascular plexus (Fruttiger,
2007). There are two modes of vascularisation that are considered in the developing
retina; vasculogenesis and angiogenesis (Hughes, Yang and Chan-Ling, 2000;
Fruttiger, 2007). The formation of the primary vascular plexus is believed to occur by
vasculogenesis, which is the de novo formation of vessels from vascular endothelial
precursor cells that enter the retina from the optic nerve head (Hughes, Yang and
Chan-Ling, 2000). The sprouting of vessels from the vasculature that is already
present, known as angiogenesis, is responsible for the vascularisation of the
peripheral retina and development of the intraretinal vascular plexuses (Hughes,

Yang and Chan-Ling, 2000).
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Figure 1-4 Key developmental stages of the vertebrate eye.
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Schematic diagram representing the development of the vertebrate eye during
embryogenesis. A The development of the vertebrate eye cup begins with the
neural plate (light blue) which arises from the ectoderm (dark blue). B-C The
neural plate transitions as the neural plate borders (orange) with the precursors
of the neural crest cells (orange) dorsally fold upwards and inwards,
representing the start of neurulation. Depressions, or optic grooves evaginate
on either side of the rostral neural plate as the eye field begins to separate. D
The neural plate borders (orange) finally meet, closing off the neural tube. At
this stage, the optic grooves expand and become the optic vesicles. E
Continuation of the optic vesicle expansion from the diencephalon of the
embryonic forebrain results in their contact with the surface ectoderm and
induction of the lens placode. The neural tube is separated as the growing
forebrain extends upwards. F The dual-layered optic cup is formed, with the
neural retina located on the inner layer and the retinal pigment epithelium
(RPE) on the outer layer. This takes places as the lens placode and optic
vesicle simultaneously invaginate, also forming G the lens vesicle. The lens pit
and eventually the lens is formed as the vesicle detaches from the surface
ectoderm at the lens placode. Surface ectoderm also differentiates into corneal
epithelium (presumptive corneal epithelium, dark blue) after receiving inductive
signals from the lens vesicle. The eye cup continues to grow, with the eventual
closure of the choroidal fissure, generating a channel through which RGC
axons will travel and form the optic nerve. Image adapted with permission from
Copyright Clearance Centre on behalf of Springer Nature: Nature Reviews
Neuroscience (Lamb, Collin and Pugh, 2007).

The process is mediated by both pro- and anti- angiogenic factors, including vascular
endothelial growth factor (VEGF), important in both angiogenesis and
vasculogenesis (Hughes, Yang and Chan-Ling, 2000; Provis, 2001; Gerhardt et al.,
2003; Fruttiger, 2007; Patel-Hett and D’Amore, 2011). Neural connections of the
retina are established by 5 months’ gestation and by approximately 7 months’
gestation, the eye becomes sensitive to light as the rod and cone photoreceptors

mature (Mann, 1969).

1.5 The structure of the posterior eye

The posterior part of the human eye is dominated by the retina, as shown in the
example fundus photograph (Figure 1-5). Located temporally to the optic disc is the

macula lutea which encompasses the entire foveal structure (foveal pit) in an
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elliptically shaped area of approximately 5.5mm diameter, including the perifovea,
parafovea, foveal slope and foveola (Figure 1-5) (Provis et al., 2010). The foveal pit,
which is characterized by its distinctive shape, is the most important region of the
human retina because it is responsible for high-acuity vision. In order to read the
words of this thesis, the image must be focused on the fovea, which comprises just
0.01% of the retinal area, but accounts for the activity of over 8% of the primary
visual cortex of the brain (Talbot and Marshall, 1941; Daniel and Whitteridge, 1961;

Cowey, 1964; Azzopardi and Cowey, 1993).

macula

perifovea

Figure 1-5 Fundus photograph of a normal retina, highlighting the location of
the fovea and the optic disc.

Positions and sizes of the fovea, parafovea, perifovea, macula and optic disc
are shown. Photograph reproduced with permission: Danny Hope from Brighton
& Hove, UK [CC BY 2.0 (http://creativecommons.org/licenses/by/2.0)], via
Wikimedia Commons.

The foveola is surrounded by the foveal slope (Figure 1-5), also known as the clivus,

which marks the definition between the vascular and avascular retina, a region
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known as the foveal avascular zone (FAZ). The fovea is adapted for high-acuity
vision, as the FAZ stops the retinal vessels from impeding vision (Hildebrand, 2011).
The fovea is entirely devoid of rod photoreceptors and is populated by tightly packed
cone photoreceptor cells (Michaelides, Jeffery and Moore, 2012). Cone
photoreceptors mediate vision in bright light and colour and are responsible for high
visual acuity (whereas rods are specialised for high sensitivity in monochrome in low
light conditions) (Yau and Hardie, 2009; Sung and Chuang, 2010). The fovea has the
highest visual acuity in comparison with other parts of the retina because each fovea
cone is connected to one bipolar cell and one ganglion cell (Yau and Hardie, 2009;
Sung and Chuang, 2010). In the peripheral retina, the bipolar and ganglion cells
synapse with multiple photoreceptors (Yau and Hardie, 2009; Sung and Chuang,
2010). The RGC axon fibres travel within the NFL to reach the optic nerve disc
(Sections 1.6 and 1.7). The development of the fovea and the optic nerve/optic

chiasm is a key feature of the disease investigated in patients in this thesis.

1.6 The development and physiology of the optic nerve/optic

chiasm and establishment of binocular vision

The region of the optic nerve head underneath the surface NFL is subdivided into
three sections: the pre-laminar region (between the lamina cribrosa and the
vitreous), the lamina cribrosa itself, which is formed of connective tissue and the
post-laminar region (Figure 1-6). The unmyelinated RGC axons surrounded by
astrocytes in the pre-laminar region of the optic nerve head become arranged into
axon bundles (Anderson, 1969). The nerve fibre bundles pass through the lamina

cribrosa, a multi-layered collagen network composed of stacks of connective tissues
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including elastin fibres, laminin and collagen types Il and IV, synthesised by
astrocytes in the optic nerve head (Hernandez, Igoe and Neufeld, 1986; Hernandez
et al., 1987; Anderson, 1969). As the nerve fibres pass through the lamina cribrosa,
they enter the post-laminar region, which is populated by oligodendrocytes (Figure
1-6). The oligodendrocytes mediate the myelination of the axon fibres (Raine, 1894).
After passing through the optic nerve disc the retinal axons travel in the optic nerve

to reach the optic chiasm.

Branches of short posterior

ciliary artieries > Pre-laminar optic nerve head

Retina (retinal nerve
fibres)

Branch retinal arteries

" Lamina cribosa

Choroid /
Central retinal artery

Sclera’

Post-laminar optic nerve =

Figure 1-6 Schematic representation of the anatomy of the optic nerve head.

The unmyelinated RGC nerve fibres gather at the pre-laminar region of the
optic nerve head. The nerve fibres exit the retina through the lamina cribrosa.
Myelination of the nerve fibres takes place to increase impulse conduction
along the axons of the optic nerve. Image adapted with permission from
Copyright Clearance Centre on behalf of Elsevier: Medical Image Analysis
(Chrastek et al., 2005).

The optic chiasm is located at the base of the hypothalamus and is the site of major
fibre reordering before the retinal axons separate to form the optic tracts (Jeffery and

Erskine, 2005). The nerve fibres either decussate (project contralaterally), or remain
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uncrossed (ipsilateral projections), to innervate either the left or right brain
hemisphere (Harman and Jeffery, 1992; Jeffery and Harman, 1992) (Figure 1-7).
The basis of mammalian binocular vision is formed in a pattern of partial decussation
at the chiasm, creating an X-shaped structure (Jeffery and Harman, 1992, Harman
and Jeffery, 1992) (Figure 1-7). The level of decussation in different animal species
depends on how much of the visual field of each eye overlaps. Therefore, animals
with lateral eye positioning, for example many birds and fish, do not have any
ipsilateral projections, whereas humans have significantly overlapping visual fields
with approximately 50% decussation (Kupfer, Chumbley and Downer, 1967; Horton,
1997) (Figure 1-7). As tadpoles, Xenopus have no binocular vision, due to their
lateral eye positioning, with solely contralateral projections, but in adult form they
develop ipsilaterally-projecting nerve fibres, believed to be due to the ephrin gene
expression acting as a midline gatekeeper (Nakagawa et al., 2000). Nerve fibres at
the ventral midline that project contralaterally across the midline are responsive to
chemoattractants, while axons that project ipsilaterally are turned away at the midline
by repellents (Petros, Rebsam and Mason, 2008; Dickson, 2002; Evans and
Bashaw, 2010). Long-range midline guidance is governed by diffusible molecules
known as the netrins. The netrins act locally at the site of the optic discs to direct the
RGCs out of the eye and attract all nerve fibre axons to the midline in a range of
animal models (Deiner et al., 1997; Flanagan and Van Vactor, 1998; Hopker et al.,
1999; Evans and Bashaw, 2010). Studies have shown that mice lacking netrin-1
have optic nerve hypoplasia, due to failure of the RGC axons to exit the eye upon
reaching the optic disc (Deiner et al., 1997). Ipsilaterally-projecting neurons are
repelled from the midline by the Slit protein that acts via receptors of the roundabout

(Robo) family, Robo1 and Robo2 (Thompson et al., 2006; Plachez et al., 2008;
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Thompson et al., 2009). On contralaterally-projecting axons, Slit binds to Robo3
receptors, which have no repulsive effect, thus facilitating netrin attraction (Jaworski
et al., 2015). It is after axon crossing that Robo3 is downregulated and re-crossing of

the axons is prevented (Jaworski et al., 2015).

Optic N
chlgsm
Optic
nerve
Optic
isc

Retina

Figure 1-7 Overview of the binocular visual pathway.

The RGC axons from the naso/temporal (N-T) retina exit each eye via the optic
disc and extend to the optic chiasm. The axons then either project ipsilaterally
or contralaterally to their main targets in the primary visual cortex: the lateral
geniculate nucleus (LGN) in the thalamus or the superior colliculus (SC). D
dorsal, V ventral, N nasal, T temporal, A anterior, P posterior, L lateral, M
medial. Image adapted with permission from Copyright Clearance Centre on
behalf of Elsevier: Developmental Biology (Erskine and Herrera, 2007).

Short-range guidance cues include L1, NCAMs, anosmin-1 and the ephrins. L1 and
NCAM aid the arrangement of nerve fibres in the optic nerve (Demyanenko and
Maness, 2003; Chung et al., 2004; Dai et al., 2013). Mutations in these genes cause

decussation defects (Vulliemoz, Raineteau and Jabaudon, 2005). Ephrins, such as
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Ephrin-B2 are expressed by radial glial cells residing dorsal to the optic chiasm, and
are important in the mapping of the nerve fibres along the retinal D-V axis onto the
tectal (the dorsal midbrain) medial-lateral (M-L) axis (Williams et al., 2003). Further
to the ephrin-B class, ephrin-As are important in the mapping of the retinal N-T axis
on to the tectal A-P topographic visual map (Triplett and Feldheim, 2012). For
example, the receptors EphA5 and EphA6 and ephrin-As are expressed in
bidirectional gradients, peaking in the temporal region of the central retina (near the
presumptive fovea) and tapering toward the N- and T- poles of the peripheral retina
(Lambot et al., 2005; Triplett and Feldheim, 2012). Sonic hedgehog (Shh) protein is
absent at the optic chiasm prior to RGC axon arrival, with induction instead taking
place at the contralateral nerve fibres in the retina (Peng et al., 2018). The
morphogen is then transported in an anterograde fashion along the nerve fibres to
accumulate at the optic chiasm midline where it functions to repel ipsilateral nerve
fibres (Peng et al., 2018). Shh-mediated ipsilateral nerve fibre guidance is therefore
a tightly regulated mechanism in the establishment of the binocular pathway and

development of neuronal connectivity.

1.7 The development and structure of the fovea

It is not until the FAZ is established at approximately 24-26 weeks that the foveal
depression forms (Hendrickson et al., 2006; Provis, Sandercoe and Hendrickson,
2000; Springer, 1999; Springer and Hendrickson, 2005) (Figure 1-8). Retinal vessels
enter the developing retina from fetal week 14 and slowly define the foveal rim,

ceasing their proliferation in the macula which is avascular (Figure 1-8) (Engerman,
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1976; Provis, Sandercoe and Hendrickson, 2000; Sandercoe et al., 2003; Stone,

Sandercoe and Provis, 2005).

The slow proliferative process of retinal vascularisation around the periphery of the
fovea is governed by VEGF, which is known to be highly expressed in the RGCs in
the macula (Sandercoe et al., 2003; Stone, Sandercoe and Provis, 2005). The foveal
boundary at which the retinal vessels terminate is reported to be regulated by
repellent molecular guidance cues (Kozulin et al., 2009b; Kozulin et al., 2009a). In
studies of primate maculae, the axon guidance receptor EphA6 has been found to be
expressed in the ganglion cell layer (GCL) of the retina, alongside its ligands ephrin-
A1 and —A4 (Kozulin et al., 2009a). This pattern of graded expression to retard the
growth of vessels into the central retina has also been detected after birth, even
when the retinal vessels are well established, suggesting that this boundary is well-
maintained both pre- and post-natally (Kozulin et al., 2009a). It is thought that such
repellent signalling molecules first act to drive RGC exit from the RGC layer, before
repelling blood vessels to allow generation of the FAZ (Gariano, Iruela-Arispe and
Hendrickson, 1994; Hendrickson et al., 2006). In addition to the ephrin family, anti-
angiogenic regulators such as the neurotrophin known as pigment epithelium-
derived factor (PEDF) and natriuretic peptide precursor B (NPPB) are thought to play
a role in the definition of the FAZ (Kozulin et al., 2009b). PEDF has well-known anti-
angiogenic effects in the vertebrate retina (Dawson et al., 1999; Karakousis et al.,

2001; Huang et al., 2008).



Figure 1-8 Schematic drawing of the human retina aged 20 fetal weeks.

The patterning of retinal axons (grey lines) and of the retinal vessels (red lines)
are shown alongside the position of the developing fovea. The macula region is
completely devoid of blood supply and is known as the foveal avascular zone
(FAZ). The nasal region, however, is supplied by the retinal capillaries.
reproduced with permission from (Kozulin and Provis, 2009).

The site of the future fovea is characterised by a thickened GCL stacked with
neuronal cells. At 24-26 weeks, the GCL becomes noticeably thinner (3-4 cells
deep), as the RGCs migrate out of the FAZ and become displaced onto the foveal
rim. The IPL also becomes gradually thinner at this stage as the retinal cell layers
move away from the foveal centre. Intraocular pressure, apoptosis and stretching of
malleable foveal tissue allowing the passive centrifugal movement of the inner retinal
cells, have all been put forward as mechanisms involved in foveal morphogenesis
(Kozulin et al., 2009b; Springer, 1999; Georges, Madigan and Provis, 1999).
However, because the foveal depression emerges during a period of relatively slow
ocular growth, models of retinal stretch are less favoured than the influence of
intraocular pressure following definition of the FAZ (Provis et al., 2013). Studies of

the developing primate retina have suggested that the region of the fovea instigates
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many maturation processes, such as the cessation of mitosis that precedes RGC

migration away from the foveal depression (Hendrickson and Yuodelis, 1984).

Concomitant with the RGC and IPL movement away from the fovea, the cone
photoreceptors migrate centripetally toward the centre of the fovea. Here the cone
photoreceptors become highly concentrated, with their cell bodies layered in oblique
columns below the OLM (Hildebrand and Fielder, 2011). It is the efficient packing of
the cone photoreceptors in a hexagonal mosaic structure that reinforces the fovea as
the retinal region with the greatest visual acuity (Curcio and Sloan, 1992). In the
human eye, cone photoreceptors are characterised by long (L), medium (M) and
short (S) wavelength-specific opsins, which are sensitive to red, green and blue light,
respectively (Xiao and Hendrickson, 2000). The cones of different wavelength
sensitivity are the basis of colour perception. The fovea has been reported to initiate
their expression, with the early development of S cones at week 10 preceding L/M
cones in the fovea at weeks 14-15 (Xiao and Hendrickson, 2000). Cone
photoreceptors are approximately 100-fold less sensitive than rods and are able to
adjust their photosensitivity to work even in bright light and avoid becoming saturated
(Rushton, 1965; Boynton and Whitten, 1970; Baylor, 1987). However, as the retina is
highly exposed to damage from bright and UV light, the photoreceptors can still
become bleached or more severely damaged or destroyed (Kefalov, 2012). The
macula lutea contains yellow screening pigments, xanthophyll carotenoids
zeaxanthin and lutein, which act as a short wavelength filters for protection against
such light-induced damage (Ahmed, Lott and Marcus, 2005). The fact that the region

of the fovea is also avascular also helps to ensure reduced light scatter.
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The gradual peripheral displacement of the RGCs along the foveal slope creates the
structure known as the parafovea, or foveal rim, which is the thickest portion of the
entire retina (Hendrickson, 2016). Outside of the fovea, the cone density falls rapidly
to a fairly even density in the peripheral retina, evenly spaced surrounded by rods
(Figure 1-9) (Hendrickson, 2016). The optic disc is completely devoid of

photoreceptors, giving rise to the blind spot (Figure 1-9).
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Figure 1-9 The distribution of rod and cone photoreceptors across the human
retina.

Density plot of rod and cone photoreceptor cells across the horizontal meridian
of the human retina, shown in degrees of visual angle relative to the position of
the fovea. The density of rods is higher than cones in the peripheral retina
(nasal and temporal locations), with highest density 10-20 degrees peripheral to
the fovea. The density of cone photoreceptors peaks at the region of the foveal
pit. The optic disc is completely devoid of all photoreceptor cells and is
therefore the “blind spot”. Figure reproduced with permission by Cmglee (Own
work) [CC BY-SA 3.0 (http://creativecommons.org/licenses/by-sa/3.0) or GFDL
(http://www.gnu.org/copyleft/fdl.html)], via Wikimedia Commons.
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There is much to learn with regard to foveal pit formation, with the majority of studies
being limited to the use of preserved human prenatal eyes or primate whole-mounts.
Titrated thymidine labelling in utero in the Macaca monkey revealed that retinal cell
type differentiation is sequential (La Vail, Rapaport and Rakic, 1991). The first cell
types to differentiate in the retina are the ganglion cells, horizontal cells and cone
photoreceptor cells, followed by the amacrine cells, bipolar and rod photoreceptors
(La Vail, Rapaport and Rakic, 1991). There appears to be no link between the birth
sequence of retinal neurons and the lamination of the retinal layers (La Vail,
Rapaport and Rakic, 1991; Hendrickson, 2016; Amini, Rocha-Martins and Norden,
2018). Retinal development begins centrally in the region of the macula before
extending in a foveal-to-peripheral retina gradient (La Vail, Rapaport and Rakic,
1991). The peripheral retina is fully developed before the posterior pole, therefore
explaining how the fovea is immature at the time of birth and continues to mature

during childhood (Hendrickson et al., 2012).

1.8 Abnormalities of the fovea and/or optic chiasm

The development of the fovea involves a complex sequence of signalling in a foveal-
to-peripheral pattern. The decussation of the RGC axons at the optic chiasm is vital
for normal binocular vision, ensuring that visual information is correctly mapped to
the higher visual centres (Figure 1-10). The development of the central retina and
decussation patterns at the optic chiasm have been linked in literature, as diseases

caused by defects to both structures share similar abnormalities.
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1.8.1 FHONDA syndrome

The name FHONDA syndrome (foveal hypoplasia, optic nerve decussation defects
and ASD in the absence of albinism), was first coined in 2013 (Al-Araimi et al.,
2013). This rare disease was notable for its striking phenotypic similarities to
albinism (see Section 1.8.5), as all patients had foveal hypoplasia, and (those that
were tested) had chiasmal misrouting, although all patients had normal pigmentation
(Poulter et al., 2013). The detection of chiasmal misrouting in a patient generally
leads to a diagnosis of albinism (Figure 1-10), and so this novel combination of
foveal hypoplasia, chiasmal misrouting, but no abnormalities in pigmentation was
extremely interesting. The syndrome was first investigated by Maria van Genderen in
2006 in a study of three patients with this unique phenotype; a sib-pair with
consanguineous parents and a separate non-consanguineous case who also had

Kartageners syndrome (van Genderen et al., 2006).

XX

Figure 1-10 Schematic illustration of the axon guidance at the optic chiasm.
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Schematic comparing A the normal visual pathway with approximately equal
number of axons projecting to the contralateral and ipsilateral hemispheres and
B the optic nerve misrouting seen in patients with albinism and FHONDA
syndrome, whereby there is a shift in the line of decussation into the temporal
retina, resulting in a greater number of axons projecting contralaterally. Image
adapted with permission from Copyright Clearance Centre on behalf of Springer
Nature: Eye (Neveu and Jeffery, 2007).

FHONDA has since been shown to be caused by recessive mutations in SLC38A8
(Poulter et al., 2013), to be discussed in more detail in the following section. Due to
the fact that foveal hypoplasia and optic nerve misrouting are usually main features
of albinism, it has been suggested that melanin pigment is required for the correct
development of the fovea and optic chiasm (Creel, Summers and King, 1990).
However, most importantly, none of the patients reported in the literature with foveal
hypoplasia due to mutations in SLC38A8 had any signs of reduced pigmentation or
albinism (Poulter et al., 2013). To date, as only two of the nine families reported had
posterior embryotoxon and Axenfeld anomaly, it should be noted that ASD is a
variable feature (Pal et al., 2004; Al-Araimi et al., 2013; Poulter et al., 2013; Perez et
al., 2014; Toral et al., 2017). Similarly, one family had the additional phenotype of
ocular coloboma and microphthalmia, with the features variable within the family
(Poulter et al., 2013). It is currently unclear whether these additional variable
features are caused by SLC38A8 mutations, or if they are unrelated (Poulter et al.,
2013). All patients studied in this thesis had a minimum phenotype of foveal

hypoplasia and no signs of pigmentation loss, as recorded by the referring clinician.

1.8.2 SLC38A8

Prior to the work undertaken in this project, Pal and colleagues had documented a

phenotype of recessive foveal hypoplasia and ASD in a large Pakistani
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consanguineous family (Pal et al., 2004). In the study by Pal et al, linkage analysis
excluded PAX®6, the only known isolated foveal hypoplasia gene, suggesting the
involvement of another defective gene. Whole genome linkage mapped the mutated
gene to a 6.5-Mb locus on chromosome 16q23.2-24.2 with a logarithm of the odds

(LOD) score of 5.51 (Pal et al., 2004).

Van Genderen and colleagues had also separately reported foveal hypoplasia and
optic nerve misrouting in the absence of pigmentation loss in three patients (van
Genderen et al., 2006). The two teams collaborated to see if their patients had the
same disorder. Their hypothesis turned out to be true, as further clinical evaluation
showed that the large Pakistani family investigated by Pal and colleagues had optic
nerve decussation defects, ASD and no evidence of albinism (Pal et al., 2004).
Similarly, the three cases reported in the van Genderen study all had ASD (posterior
embryotoxon, whereby the Schwalbe ring, or outer limit of the corneal epithelium
layer, is abnormally thickened and misplaced) (van Genderen et al., 2006).
Furthermore, linkage analysis of the sib pair reported in the van Genderen study
confirmed that the defective gene mapped to the same chromosome 16q locus
mapped previously in the Asian family. This helped to refine the size of the locus to
3.1 Mb (Al-Araimi et al., 2013). As these combined visual defects had previously only
been found in association with albinism, this suggested a mechanism independent of

the melanin biosynthesis pathway.

Two interesting cases were identified in the study by Al-Araimi et al. One of the

patients studied was a Northern European female with non-consanguineous parents
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who was previously diagnosed with Kartagener syndrome (MIM 244400) (van
Genderen et al., 2006). Her mother was found to be heterozygous for the mutation,
and therefore a carrier, but no mutation was identified in the father. Genotyping
confirmed paternity and revealed that the father had a large deletion in the region of
the mutation, confirming the proband’s genotype as hemizygous for the missense
mutation in SLC38A8 (Poulter et al., 2013). This was not the first report of a deletion
in this region of the genome. In another patient with Kartagener disease a 640-kb
deletion was identified encompassing both SLC38A8 (chr16: 84,043,272-
84,075,762) and the gene Dynein, axonemal assembly factor 1 (DNAAF1) (aka
LRRCS50) (MIM 613190) (chr16: 84178065-84211524) was reported (Loges et al.,
2009). Such deletions are likely to be missed by Sanger sequencing. The second
interesting case was a patient with consanguineous parents in whom single
nucleotide polymorphism (SNP) genotype analysis highlighted a large region of
homozygosity spanning SLC38A8, although screening of the gene failed to detect
the causative mutation, indicating the presence of mutations at the locus not within
the coding sequence and splice sites of SLC38A8. This patient was subsequently

analysed in this study (individual F1310).

To date, there are thirteen published mutations in SLC38A8 in patients with foveal
hypoplasia (Poulter et al., 2013; Perez et al., 2014; Toral et al., 2017). SLC38A8 is a
10-exon gene located on 16923.3—24.1 (chr16: 84,043,272-84,075,762; UCSC
Genome Browser, RefSeq annotation, GRCh37). SLC38A8 encodes a 435 aa
protein of the SLC38 sodium-coupled neutral amino acid transporter (SNAT) family
of proteins (Mackenzie and Erickson, 2004) (Figure 1-11). The use of voltage-clamp

experiments in Xenopus laevis oocytes has shown that SLC38A8 (SNATS8) is an



30

Na*-dependent transporter of L-glutamine, L-alanine, L-arginine, L-histidine and L-
aspartate (Hagglund et al., 2015). Although the function of SLC38A8 has not been
extensively studied, it is most similar to SLC38A7 (SNAT7), sharing a close
evolutionary relationship and 42% sequence identity in the human protein sequences
(Sundberg et al., 2008; Schidth et al., 2013; Hagglund et al., 2015). This has been
further supported by proximity ligation assays, showing that SNAT8 and SNAT7 are
expressed in the same cell and subcellular regions and are potentially interacting
partners (Hagglund et al., 2015). Reports have noted difficulty in the structural
modelling of SLC38A8 as the channel has <30% sequence homology to other
structural templates in the protein database (Toral et al., 2017). There are no

alternative isoforms of SLC38A8 mapped to date.

The transporter is highly expressed in neuronal tissues, especially in the thalamus,
hypothalamus, amygdala and pons. It is expressed in both excitatory and inhibitory
neurons, as investigated in the mouse using in situ hybridisation and
immunochemistry (Hagglund et al., 2015). SLC38A8 localises to the cell body,
possibly the membrane and the axons of both GABAergic and glutamatergic neurons
in the brain and spinal cord, and is also located throughout the retina, with strong
expression in the photoreceptor layer (Poulter et al., 2013; Hagglund et al., 2015).
SLC38A8 is known to preferentially transport glutamine and it has been suggested
that this serves as a carbon energy source for the retinal tissue (Voaden et al.,
1978), where it also functions as an intermediate metabolite for the formation of
glutamate and gamma-amino butyric acid (GABA). Glutamate is known to be the

primary excitatory neurotransmitter of the visual pathway, with glutamatergic neurons
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in the retina including the photoreceptors, bipolar cells and RGCs. In contrast, the

GABAergic neurons include the horizontal and amacrine cells (Massey, 1990).

Figure 1-11 Protein schematic of SLC38A8.

SLC38A8 is a 10-exon gene encoding a 435-amino acid transmembrane
protein with 11 transmembrane domains. The schematic was generated using
the SMART (http://smart.embl-heidelberg.de) and Protter protein tools
(http://wlab.ethz.ch/protter/start/) and the consensus is shown as generated by
Protter (Section 2.4.10.2).

1.8.3 Isolated foveal hypoplasia

Foveal hypoplasia (MIM 136520) is a congenital disorder characterised by very poor
visual acuity caused by a poorly defined foveomacular region and blunted foveal
reflex (Curran and Robb, 1976; Oliver et al., 1987). When the normal eye is
examined using ocular coherence tomography (OCT), the foveal centre, known as
the central light reflex, can be identified as the deepest point of the foveal pit, as it

reflects the light from the ophthalmoscope. The OCT assessment can either be
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recorded as positive, if the foveal pit is present, or absent (blunted), as seen in cases
with foveal hypoplasia. A structural grading system (Grade 1-4) for foveal hypoplasia
has been developed, based at the stage at which foveal development ceased, with
Grade 1 ranking as highest visual acuity (Thomas et al., 2011). Foveal hypoplasia
has been reported as an isolated disorder in a few rare cases (Oliver et al., 1987,
Curran and Robb, 1976; Azuma et al., 1996; Al-Saleh, Hellani and Abu-Amero,

2011; Saffra et al., 2012; Karaca et al., 2014; Giocanti-Auregan et al., 2014).

1.8.4 PAX6

PAXG6 is a transcription factor with a multitude of roles in the developing embryo. It is
known as the master regulator in eye development and is highly conserved across
species, known as eyeless (ey) in Drosophila (Quiring et al., 1994), small eye (sey)
in the mouse (Hill et al., 1991) and PAX6 in humans (Ton et al., 1991). Using a Gal4
system to induce ectopic eyes on the antennae, wings and legs of the fly (Halder,
Callaerts and Gehring, 1995), the authors were able to show that PAX6 represents a

master switch in the development of the eye.

The PAX6 protein sequence has recognizable domains; the paired domain (128 aa)
and the homeodomain (61 aa) separated by a linker region (78 aa) and a proline,
serine, threonine-rich C-terminal region (PST) (152 aa) (Ton et al., 1991; Glaser,
Walton and Maas, 1992). In situ hybridization with a PAX6 (sey) probe in murine
eyes has shown expression in the developing CNS and also corneal epithelium, lens
and retina, all ocular tissues originating from ectoderm and neuroectoderm (Walther

and Gruss, 1991). Heterozygous mutations in PAX6 cause aniridia (Ton et al., 1991;



33

Jordan et al., 1992), which is a congenital disorder characterized by the partial or
complete absence of the iris. The phenotypic manifestations usually present within 6
weeks of birth and include corneal opacity, glaucoma, cataract and both foveal and
optic nerve hypoplasia (Shaw, Falls and Neel, 1960). More rarely, mutations in PAX6
are associated with microphthalmia, corneal cataracts, macular and foveal
hypoplasia and also Peters anomaly, a form of ASD (Glaser, Walton and Maas,
1992; Glaser et al., 1994; Hever, KA and V., 2006; Azuma et al., 1996; Hanson et
al., 1999). Anophthalmia can be caused by homozygous loss of PAX6 function in

humans and mice (Hill et al., 1991; Glaser et al., 1994).

A number of genes have been implicated in diseases involving foveal hypoplasia and
PAX6 (MIM 607108) mutations in particular are known to underlie both isolated
foveal hypoplasia (Azuma et al., 1996) and foveal hypoplasia with anterior segment
anomalies (Hanson et al., 1999), in a pattern of dominant inheritance (MIM 136520).
PAX®6 acts on target genes through its DNA-binding paired domain. PAX6 is
alternatively spliced into 2 isoforms, PAX6 and PAX6(5a) which differ only in the
structure of their paired domain (Epstein et al., 1994b). The alternatively spliced
exon 5a has a 14-amino-acid insertion in the N-terminal DNA-binding paired domain,
which serves to modify target specificity by changing the DNA-binding ability of
PAX6 (Kozmik, Czerny and Busslinger, 1997). Investigation of foveal formation has
suggested a role of the alternatively spliced PAX6(5a) in the developmental cascade
leading to high acuity vision (Azuma et al., 2005). In the study by Azuma and
colleagues, the overexpression of PAX6(5a) induced ectopic differentiation of well-
formed retinal layers in the chick eye, compared to the effect of PAX6

overexpression inducing less mature retinal structures. This, alongside studies of
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mutations identified in the splice-variant region, including p.(Val54Asp) and
p.(Arg128Cys), has led to the hypothesis that the PAX6 isoform containing exon 5a

acts as a molecular switch (Azuma et al., 1996; Azuma et al., 1999).

1.8.4.1 The Leiden Open Variant Database (LOVD) of PAX6 mutations

The LOVD PAX6 database (http://lsdb.hgu.mrc.ac.uk/home.php?select_db=PAX6)
currently contains 472 unique DNA variants, with approximately 65% of mutations in
the coding region accounted for by substitutions (last accessed 08/08/17). The
majority of reported mutations lie in the paired domain and the most common
mutations causing an aniridia phenotype are premature termination mutations, while
non-aniridia phenotypes are more commonly caused by missense mutations

(Hingorani et al., 2009; Tzoulaki, White and Hanson, 2005).

1.8.5 Albinism

Albinism is the term used to describe a group of rare genetic disorders causing
abnormalities in melanin biosynthesis and transport (Kinnear, Jay and Witkop, 1985).
Reduced visual acuity (usually 20/60 to 20/400), colour vision impairment, various
degrees of congenital nystagmus, iris translucency, photophobia, chiasmal
misrouting and foveal hypoplasia are all clinical ophthalmic manifestations seen in

albinism patients (Apkarian, 1996; Kasmann-Kellner and Seitz, 2007).

The synthesis and distribution of melanin gives rise to the visible pigmentation in
mammals in the eyes, hair bulb and skin. In the eye, the synthesis of melanin

pigment molecules takes place in the RPE, more specifically in the melanosomes
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(membrane-bound organelles) of melanocyte pigment cells (Bonaventure,
Domingues and Large, 2013). The general pathway of melanin biosynthesis begins
with tyrosinase, which is fundamental as it catalyses the first two steps in the
pathway; hydroxylation of tyrosine to DOPA, and the oxidation of DOPA to
DOPAgquinone, before further steps resulting in the production of melanin (del
Marmol and Beermann, 1996). This step is the same for the production of the two
forms of melanin; eumelanins (the black and brown forms) and phaeomelanins (the
yellow to red forms). Pheomelanin is generated after DOPAquinone and the amino
acid cysteine combine to produce cysteinyIDOPA. Many proteins are involved in the
generation of eumelanin, including the tyrosinase-related protein 1 and 2 (TRP-1 and
TRP-2), OCAZ2 (also known as the P-gene or P-protein), the membrane-associated
transporter protein (MATP) and the ocular albinism protein 1 (OA1). It is mutations in

these genes that result in the different forms of albinism.

1.8.5.1 Non-syndromic albinism phenotypes

Albinism is characterised by hypopigmentation caused by an abnormality in melanin
synthesis/transportation and there is a clear lack of pigmentation in the fundus of
individuals with albinism, as shown in Figure 1-12. Albinism can be classified as
oculocutaneous albinism (OCA), whereby individuals have complete absence of
pigment in their skin, hair and eyes or ocular albinism (OA), whereby there is only a
lack of pigmentation in the eyes (Figure 1-12). Both OCA and OA have proven
genetic heterogeneity (Carden et al., 1998; Biswas and Lloyd, 1999; Oetting and
King, 1999). The prevalence of all forms of OCA worldwide is estimated to be
1/17,000 newborns (range 1:10,000-20,000), affecting all ethnicities (Gargiulo et al.,

2011; Grenskov, Ek and Brondum-Nielsen, 2007; Grgnskov et al., 2009; Hutton and
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Spritz, 2008a; Hutton and Spritz, 2008b; Oetting and King, 1999; Oetting, 2006;
Rundshagen et al., 2004; Rooryck et al., 2008; Zuhlke, Stell and Kasmann-Kellner,
2007). There is much phenotypic overlap between the forms of OCA. OCA1A is the
most severe type, with those affected completely lacking pigmentation throughout
their lifetime. Other milder forms of OCA do show gradual pigment accumulation,
including OCA1B, OCA2, OCA3 and OCA4 (Grgnskov, Ek and Brondum-Nielsen,
2007). It is important to note that subtle pigmentation defects can make the
diagnosis of albinism problematic in some populations. This means that a clinical
diagnosis of albinism is often based solely on the presence of chiasmal misrouting
defects using visually evoked potential analysis (Dorey et al., 2003). This misrouting
is a key characteristic of albinism, leading to strabismus and reduced stereoscopic

vision (Grgnskov, Ek and Brondum-Nielsen, 2007).

Figure 1-12 The lack of pigmentation in an albino eye.

A Fundus photograph of an individual diagnosed with OCA. B Fundus image of
a healthy individual. Figure reproduced with permission from (Grgnskov, Ek and
Brondum-Nielsen, 2007).

Individuals with OA typically present with all the ocular and visual manifestations of

albinism, similar to patients with OCA, but have normal hair and skin (Oetting,
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Summers and King, 1994). Ocular albinism 1 (OA1) (MIM 300500) is the most
common form, affecting approximately 1/60,000 males, and is characterised by
nystagmus, impaired visual acuity, iris transillumination, fundus hypopigmentation
and macular hypoplasia. Aland Island eye disease (AIED) (MIM 300600) has been
put forward as a form of albinism (OA2) characterised by hypopigmentation and
decreased visual acuity. However patients do not present with the classical albinism

phenotype of optic nerve misrouting (Forsius and Eriksson, 1964).

1.8.5.2 Syndromic albinism phenotypes

There are a number of syndromes which share many of the distinct clinical
phenotypic features of individuals with albinism. The most similar is Hermansky-
Pudlak syndrome (HPS), an autosomal recessive disorder of lysosome-associated
organelles, characterised by OCA, bleeding tendency and ceroid deposition
(Izquierdo, Townsend and Hussels, 1995; Wei and Li, 2013). Griscelli syndrome has
three phenotypic subtypes that are determined based on the gene mutated, including
pigment deficiency, neurological impairments and recurrent infections (Griscelli et al.,
1978; Pastural et al., 1997; Ménasché et al., 2000; Kurugol et al., 2001; Westbroek
et al., 2012). Another related rare autosomal recessive disorder is Chediak-Higashi
syndrome (CHS), which causes enlargement of intracellular lysosomes and is
characterised by hypopigmentation, immunodeficiency, bleeding tendency and
peripheral neuropathy (Barbosa et al., 1997; Kaplan, De Domenico and Ward, 2008;

Lozano et al., 2014).
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1.8.5.3 Genetics of OCA

A brief overview of the clinical features and genes involved in the different forms of
OCA are presented in Table 1-1. Complete loss of or reduction in tyrosinase (TYR)
activity causes OCA1A and OCA1B respectively (Grgnskov, Ek and Brondum-
Nielsen, 2007). OCA1A is the most severe form of OCA, with patients never
developing any melanin pigmentation, most commonly caused by compound
heterozygous mutations in TYR. In contrast, patients with OCA1B have some
residual enzyme activity (Grgnskov, Ek and Brondum-Nielsen, 2007). OCA2, caused
by mutations in the OCA2 gene and OCA4, caused by mutations in SLC45A2
(MATP), have similar phenotype severity (Table 1-1). Mutations in SLC45A2 and
OCAZ2 cause misrouting of tyrosinase in the melanin biosynthesis pathway (Costin et
al., 2003; Cullinane et al., 2011). OCAS is caused by mutations in the TYRP1 gene.
This encodes a protein which is responsible for melanosome structure and is
involved in the conversion of tyrosine to DOPA, meaning that it is an essential co-
factor for tyrosinase activity (Sarangarajan and Boissy, 2001; Kamaraj and Purohit,
2014). Less is known about the OCAS-7 forms. Two genes have been implicated,
but it is clear there are more to find (Grenskov et al., 2013; Kausar et al., 2013;

Montoliu et al., 2013; Wei et al., 2013).
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Type of OCA (MIM

Severity of

Genellocus

phenotype reference) Prevalence phenotype (MIM) Reference
1:40,000 Most severe, Full iris YR (Grenskov, Ek
OCA1A (203100) (African- transillumination, VA (606933) and Brondum-
Americans) 1/10 or less Nielsen, 2007)
Moderate-severe,
OCA1 B_ (_temperature Full/partial iris YR (Grenskov, Ek
sensitive/yellow As OCA1A transillumination. VA (606933) and Brondum-
albinism) (606952) 2/10 ’ Nielsen, 2007)
1:36,000 (white Mlld-mode_rat_e_, Mostly OCA2 (P (Granskov, Ek
Europeans) partial iris
OCAZ2 (203200) . . N gene) and Brondum-
1:3,900-10,000 transillumination, VA (203200) Nielsen, 2007)
(Africans) 3/10 ’
Mild-normal, African
Rare (white individuals have red
: Grgnskov, Ek
Europeans, hair and red/brown TYRP1 ( ’
OCA3(203290)  Agjans) 1:8,500  skin, Mild/absent (115501) ~ and Brondum:
/ ielsen, 2007)
(Africans) nystagmus, VA not
always detectable
. (Grenskov, Ek
Eﬁ:g (;vahr:tse) As OCA2, Increased MATP and Brondum-
OCA4 (606574) 1'85 000 optic nerve head (SLC45A2) Nielsen, 2007)
( Jé a’nese) hypoplasia (606202) (Hayashi and
P Suzuki, 2005)
(Montoliu et
Nystagmus, impaired Mapped to al., 2013;
OCAS5 (615574) Unknown VA, 4q24 Kausar et al.,
2013)
Full/partial iris
transillumination,
nystagmus. No SLC24A5 (Wei et al.,
OCAB (113570) Unknown defects in platelet (609802) 2013)
dense granules.
Impaired VA.
Full/partial iris
transillumination, c10orf11 (Grenskov et
OCAT (615179 Unknown nystagmus, reduced (614537) al., 2013)

VA.

Table 1-1 Overview of the different forms of OCA.

Brief overview of the prevalence, gene/locus involved and clinical features
including the phenotype severity.

1.8.5.4 OA phenotype

Ocular albinism, as described above and as the name suggests, affects only the
visual system. X-linked mutations in the gene GPR743 (MIM 300808) are known to

cause OA1 (Bassi et al., 1995). Mutations in the gene CACNAF1 (MIM 300110) have
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been identified as a cause of AIED, a disease with great phenotypic similarity to

albinism (Wutz et al., 2002).

1.8.5.5 Genetics of syndromic albinism

To date, nine different forms of HPS and one form of CHS are currently known. HPS
is caused by mutations in the following genes: HPS1 (HPS1) (MIM 604982) (Oh et
al., 1996), adapter-related protein complex 3 beta 1 (AP3B7) (HPS2) (MIM 603401)
(Dell’Angelica et al., 1999), HPS3 (HPS3) (MIM 606118) (Anikster et al., 2001),
HPS4 (HPS4) (MIM 606682) (Suzuki et al., 2002), HPS5 (HPS5) (MIM 607521)
(Zhang et al., 2003), HPS6 (HPS6) (MIM 607522) (Zhang et al., 2003), dystrobrevin
binding protein 1 (DTNBP1) (HPS7) (MIM 607145) (Li et al., 2003), biogenesis of
lysosomal organelles complex 1 subunit 3 (BLOC1S3) (HPS8) (MIM 609762)
(Starcevic and Dell'Angelica, 2004) and biogenesis of lysosomal organelles complex
1 subunit 3 (BLOC1S6) (HPS9) (MIM 604310) (Huang, Kuo and Gitschier, 1999).
CHS is associated with mutations in the gene lysosomal trafficking regulator (LYST)

(MIM 606897) (Perou et al., 1996).

1.8.6 Congenital nystagmus

Congenital nystagmus (MIM 310700) is an idiopathic condition characterised by

increased amplitude of rhythmic bilateral, conjugate, uniplanar and horizontal eye
oscillations (Cogan, 1967; Reinecke, 1997). Individuals often present with a head
turn or tilt, mildly decreased visual acuity, strabismus and astigmatism. Congenital

nystagmus has an estimated frequency of 1:1,000-1,500 (Mellott et al., 1999; Tarpey
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et al., 2006) and is commonly a feature of other ocular diseases, such as OCA

(Grgnskov, Ek and Brondum-Nielsen, 2007; Hutton and Spritz, 2008a).

1.8.6.1 FRMD7

Idiopathic nystagmus is caused by mutations in the X-linked FERM domain
containing 7 gene (FRMD7) (MIM 300628) (Tarpey et al., 2006). In males with
pathogenic FRMD?7 mutations the disease is fully penetrant, but in females with
heterozygous mutations, the penetrance is reported to be around 53% (Thomas et
al., 2008). FRMD?7 is expressed in the developing neural retina and also in
developing ocular motor structures including the cerebellum and vestibulo-
optokinetic system. FRMD?7 plays a role in the control of eye movement and gaze
stability (Tarpey et al., 2006). Mutations in FRMD7 have also been identified in cases
of foveal hypoplasia (Thomas et al., 2014). Notably, the foveal hypoplasia recorded
in cases with FRMD7 mutations is a milder phenotype (Grade 1), compared to
patients with albinism where the majority of patients have a higher grade of foveal

hypoplasia (Grades 3/4) (Thomas et al., 2011).

1.9 An introduction to next-generation sequencing technologies

Molecular investigation of patients with genetic disorders has been vastly improved
as new sequencing technologies continue to emerge. This is evidenced from the
sequencing of the mitochondrial genome in 1981 (Anderson et al., 1981), to the
completion of the entire human nuclear genome sequence 20 years later (Lander et

al., 2001; Sachidanandam et al., 2001; McPherson et al., 2001). The cost of the first
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human genome sequence totalled approximately 3 billion dollars and it took over
thirteen years to complete. However in the present day a single genome can be
sequenced for under $1000, taking only a few days (Hayden, 2014). Next-generation
sequencing (NGS), the massively parallel, simultaneous sequencing of millions of
randomly sheared DNA fragments, has many benefits, including greatly speeding up
diagnosis time and also providing a cost-effective approach to investigating rare

disease.

NGS encompasses both whole exome sequencing (WES) (Section 1.9.1) and whole
genome sequencing (WGS) (Section 1.9.2). lllumina short-read sequencing is one of
the most popular massively paralleled sequencing methods used in the present day.
However, long-read technologies, such as the PacBio (Pacific Biosystems, CA, USA)
sequencing system, which does not employ optical signals, are becoming more
widely available and open up many new applications. The PacBio platform utilises
single-molecule real-time sequencing (SMRT), whereby DNA polymerase molecules
bound to a single molecule of DNA are attached to the base of nanometer-sized
wells termed zero-mode waveguides (ZMWs) (Eid et al., 2009). The light-propagated
excitement of the fluorescently-labelled nucleotides allows real-time continuous DNA
synthesis over thousands of bases, as the ZMW is confined to observe only a single
nucleotide of DNA (Eid et al., 2009). lon torrent and lon proton sequencing
semiconductor technology (Life Technologies) relies on pH reading to determine the
number of bases added to the final sequencing reads, as the addition of each

deoxynucleotide (ANTP) to a DNA polymer releases a single proton.
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There are now multiple research projects employing the power of NGS, such as the
Born in Bradford cohort study (recruitment from 2007-2010)
(https://borninbradford.nhs.uk) and the SPEED study
(https://bioresource.nihr.ac.uk/rare-diseases/study-specialist-pathology-evaluating-
exomes-in-diagnostics/), which is based at the Cambridge Biomedical centre and
serves to investigate inherited retinal dystrophies. The 100,000 Genomes Project is
another example of a large NGS project which began in 2013 and aims to develop a
diagnostic genomic medical service for the NHS with a long-term aim of providing
more effective treatments (https://www.genomicsengland.co.uk/the-100000-

genomes-project/).

1.9.1 Whole exome sequencing (WES)

WES is the application of NGS targeting only the coding regions, or exons, of known
genes, which covers only ~2% of the human genome. This popular application of
NGS provides coverage of >95% of the exons, and it is estimated that 85% of
disease-causing mutations lie in these coding regions (Majewski et al., 2011;
Botstein and Risch, 2003). The principle of WES is to simultaneously read the
sequence of all of the exons in a given human genome, and to read the exonic
sequences of multiple individuals using a single flow cell. As an example, the
lllumina sequencing experimental workflow is shown in Figure 1-13. Exome
sequencing is a capture-based method developed to identify variants in the coding
regions of genes. DNA libraries are prepared by randomly shearing target DNA into
uniform fragments. Adapters are tagged at each end of the DNA fragments (known
as paired-end sequencing) and ligated products amplified using PCR. Exon libraries

are pooled for application to the flow cell where complementary oligonucleotides
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recognise the adapters. PCR amplification takes place as the adapter-tagged DNA
ends bind to the flow cell forming a bridge-like structure. There are multiple cycles of
annealing, extension and denaturation resulting in clusters, also called “spots” of
DNA. Cleavage within one adapter sequence linearizes the DNA by denaturation
and paired-end sequencing takes place by attachment to adjacent oligonucleotides.
Sequencing incorporates four fluorescently-labelled reversible dye terminators that
are added base-by-base at each round of synthesis, ultimately generating a
sequence termed a “read”. As each round of extension proceeds, the nucleotides are
incorporated in a step-wise manner and through the use of 3’-modified nucleotides
the reaction is chemically terminated. The reaction continues for further rounds and
the image of the fluorescing flow cell is recorded, showing which base has been
incorporated in each spot. The resulting “reads” can then be later manipulated and
aligned to the human reference sequence and to each other for interpretation of

variants.

As NGS generates huge quantities of data, the main issues are narrowing down the
generated lists of mutations to find the best causal candidate mutation, and also
storage costs (Cooper and Shendure, 2011). There are many strategies that can be
applied in the analysis of WES datasets after sequencing, such as filtering across
multiple affected individuals in the hope of finding novel variants in the same gene/s,
filtering among multiple related affected individuals from within a pedigree to look for
shared variants, or filtering parent-child trios in the hope of identifying de novo

changes (Bamshad et al., 2011).
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Figure 1-13 The lllumina workflow.

A Cluster generation on the surface of the flow cell. (1) denatured
libraries are annealed to the surface of the flow cell at low density. (2)
Bridging amplification generates clusters. (3) One strand from the double
stranded DNA library is cleaved and washed out for unidirectional
sequencing. B Primers for inserts are annealed for the sequencing of the
insert DNA. In each sequencing cycle, protected and fluorescently
labelled A, T, C and G bases are applied. After the addition of each
nucleotide, the sequencing reaction is stopped and the image is taken.
Because the newly added nucleotides within each cluster are identical,
the signal is high enough to be detected by a light sensor. After the
image is taken the protection group and the fluorescent molecules are
removed. C When the first-strand sequencing reaction is finished, the
synthesised strand is removed and the process is repeated for the
opposite strand. Image reproduced by permission from Copyright
Clearance Centre on behalf of Springer Nature: Nature Neuroscience
(Shin, Ming and Song, 2014).
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1.9.2 Whole genome sequencing (WGS)

WGS is the sequencing of the entire DNA sequence of an organism and has
been highly successful in the detection of copy-number variation (CNV) and
non-coding variation. For example, WGS has detected deletions in usherin
(USHZ2A) and inverted duplications in eyes shut homolog (EYS) in patients
with RP (Nishiguchi et al., 2013), mutations that would have been overlooked
by WES. As the price of sequencing continues to fall and bioinformatics
analyses improve, WGS is inevitably becoming the test of choice for many

institutions in the present day (Pabinger et al., 2014).

WGS provides an overall view of the human genome, and indeed studies that
have compared the outputs from WES/WGS for the same individuals have
demonstrated that WGS is also more efficient at detecting mutations in the
exome than WES (Belkadi et al., 2015). This is because WGS provides even
more coverage as there is no capture step required in the preparation of the
sequencing libraries. Interpretation of the variants is more complex for WGS

than for WES, with non-coding variants being a particular challenge.

Frequency can be used as a filter, with the gnomAD database now featuring
over 15,000 genome sequences to give frequency estimates for intronic and
intergenic variants (Lek et al., 2016). In addition, different annotations
measure different properties of the mutation under investigation, such as
evolutionary conservation, the effect of an amino-acid change on the protein

function, or the potential for a non-coding intronic variant to alter splicing,
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allowing the user to exclude less likely candidate variants (lonita-Laza et al.,
2016). It is thought that using a combined approach of WGS with RNA studies
to investigate variants in non-coding regions will help solve undiagnosed

cases (Eisenberger et al., 2013).

1.10 Overview of this study

The aims of this study are as follows:

1. To expand the SLC38A8 mutation spectrum by screening a novel
patient cohort with foveal hypoplasia.

2. Perform WES to discover novel foveal hypoplasia gene(s) in patients
with no mutations in the known foveal hypoplasia genes.

3. Use WGS to investigate potential non-coding variation, copy-number
variation (CNVs) or structural rearrangements in SLC38A8-mutation
negative cases.
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Chapter 2 Materials and Methods

Room temperature (RT) is in the range of 18-24°C.

All reagents used were purchased from Sigma-Aldrich (Gillingham, Dorset,
UK) or Thermo Fisher Scientific (Wilmington, DE, USA), unless indicated

otherwise. All primers were ordered from Sigma-Aldrich.

2.1 Materials
2.1.1 1X Tris-ethylenediaminetetraacetic acid (EDTA) (TE) buffer

10 mM tris HCI (pH 8.0)

1 mM EDTA (pH 8.0)

2.1.2 50 X Tris-acetate-EDTA (TAE) buffer for electrophoresis

2 M tris base
0.97 M glacial acetic acid

50 mM EDTA (pH 8.0)

2.1.3 6 X gel-loading dye

10 mM tris-HCI (pH 7.6)
60% weight/volume (w/v) glycerol

60 mM EDTA



49

0.15% (w/v) Orange G

0.03% (w/v) xylene cyanol FF

2.1.4 Luria-Bertani (LB) broth

1% (w/v) tryptone

0.5% (w/v) yeast extract

1% (w/v) NaCl

For plates, 2% agar was added to LB broth.

ampicillin (AMP), kanamycin (KAN) and spectinomycin (SP) were added at 50

pug/mi.

2.1.5 Super optimal broth with catabolite repression (S.0.C

medium)

2% (w/v) bacto-tryptone

0.5% (w/v) bacto-yeast extract
10 mM NaCl

2.5 mM KCI

10 mM MgCl2

10 mM MgSOa4

20 mM glucose



50

2.2 Patients

Informed consent was obtained from all subjects tested. Ethical approval was
provided by the Leeds East Teaching Hospitals NHS Trust Research Ethics
Committee (Project numbers 03/362 and 17/YH/003), adhering to the
Declaration of Helsinki. Local, national and international ophthalmologists and
clinical geneticists clinically evaluated the patients and their families, recruited
them to the study and obtained DNA via blood or saliva sample. When
patients were available for sampling, variants were verified by taking fresh
blood samples from the patient and extracting the DNA. Patients were
included in the study if they had a minimum phenotype of foveal hypoplasia
without albinism (no iris transillumination or loss of pigmentation in the hair,
skin or eyes), as reported by the referring ophthalmologist or clinical
geneticist. Not all patients had undergone visual evoked potential assessment
to resolve if they had optic nerve decussation defects, as visual evoked
potential examination is rarely performed in patients. ASD was not seen in all

patients, as it is a variable feature of FHONDA.

2.21 Patient DNA extraction

DNA was extracted from peripheral blood lymphocytes by the Leeds Genetics
Laboratory (St James’s University Hospital, Leeds, UK) using a standard salt

precipitation protocol. DNA obtained from saliva samples was collected using

Oragene DNA collection kits (DNA Genotek Inc., Ottawa, Canada). DNA was

extracted according to manufacturer’s instructions and pellets were

redissolved in 1 X TE buffer (2.1.1).
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2.3 Methods

2.3.1 Primer design criteria

Oligonucleotide primers were either designed manually by eye or by using
online design tools (2.3.1.1). All primers were purified by desalting unless

stated otherwise.

In all instances, the following key criteria were deemed essential for optimal
PCR. An annealing temperature (Ta) of 55-70°C, primer length between 17-27
bp and a GC content of approximately 50%. Runs of 4 or more
mononucleotides and complementary 5’ and 3’ ends were avoided to prevent
secondary structure formation. Using the BLAT tool through UCSC Genome
Browser (2.4.2), primer sequences were checked for specific binding to the
region of interest and that no common or known single-nucleotide

polymorphisms (SNPs) were present in the sequence.

When screening genes, primers were designed to amplify the coding regions
plus a minimum of 50 bp flanking 5’ and 3’ exonic regions. When possible,
primers were designed to amplify products of approximately 500 bp. Larger
exons (greater than 750 bp) were split into multiple smaller amplicons with

overlaps of a minimum of 50 bp.
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For manual calculation of Ta, the following equation was applied, where (A+T)
represents the total number of adenine and thymine residues in the primer

and (G+C) represents the number of guanine and cytosine residues:
Ta=2(A+T) + 4(G+C)

For the PCR cycling program, the Ta applied was usually -5°C from the output

of the above equation.

2.3.1.1 Primer design software tools

In some instances, primers were designed using online tools including
ExonPrimer software (http://ihg.gsf.de/ihg/ExonPrimer.html) available through
UCSC Genome Browser (2.4.2). Alternatively, Primer3 was used
(http://primer3.ut.ee); however these primers required additional checks using
UCSC Genome Browser to ensure no known common SNPs were present in
the sequence. Primer Blast (https://www.ncbi.nlm.nih.gov/tools/primer-blast/)

was also used in some instances.

2.3.2 DNA quantification
DNA was quantified using two methods; The NanoDrop 1000
Spectrophotometer (Thermo Fisher Scientific) or the Qubit 1.0 fluorometer

(Thermo Fisher Scientific).

The NanoDrop determined the concentration of 1 ul of DNA by measuring

absorbance at 260 nm. The NanoDrop was always normalised against TE
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buffer or de-ionised water (dH20) prior to taking readings, depending on how
the sample had been prepared. Alternatively, DNA was quantified using the
Qubit dsDNA broad range or high-sensitivity kit, according to the
manufacturer’s instructions. Qubit reagent was added to Qubit buffer (1:200),
with 190 ul of the working solution and 10 pl Qubit standards added to thin-
walled, transparent Qubit assay tubes. For test samples, 199 ul working
solution was added to Qubit assay tubes with 1 ul test DNA. Tubes were
mixed by vortexing and left to stand at RT for 2 minutes. The machine was

calibrated using the two standards and the DNA subsequently quantified.

2.3.3 Polymerase chain reaction (PCR)

2.3.3.1 Standard PCR

Typically, standard PCR reactions were performed in a final volume of 25 pl
with 25 ng of genomic DNA. In a standard reaction, the following reagents
were used at the noted concentrations: 10 X PCR Buffer (Invitrogen) and 50
mM KCI, 10 pmol forward and reverse primers, 20 uM of each dNTP (dATP,
dTTP, dCTP, dGTP), 1 unit of Taq DNA polymerase (Invitrogen), 1 mM or 1.5

mM magnesium chloride (MgCl2) and dH20.

Standard reactions proceeded as follows: denaturation was performed at
95°C for 2 minutes, followed by 35 cycles of 94°C for 30 seconds, an
annealing step of 55-65°C (Ta-dependent) for 30 seconds, and an extension
step of 72°C for 30 seconds. Final extension was performed at 72°C for 10

minutes.
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Some reactions required touchdown-PCR (TD-PCR) conditions, for example,
for TD-PCR at 60.5°C, denaturation was performed at 95°C for 2 minutes,
followed by 95°C for 30 seconds and an initial annealing step of 68°C for 30
seconds in stage 1 (decreasing by 0.5°C for each of the 13 cycles) before an
annealing step at 60.5°C for 30 seconds which continued in stage 2 for the
remaining 25 cycles. Final extension was performed at 72°C for 10 minutes.

All PCR products were visualised by agarose gel electrophoresis (2.3.4).

2.3.3.2 HotShot MasterMix (HSMM) PCR

Reactions were carried out in a final volume of 10 ul with 25 ng of genomic
DNA using the following reagents at the noted concentrations: 1X HotShot
Diamond PCR Master Mix (Clent Life Science, Stourbridge, UK), 250 nM

forward and reverse primers and dH2O.

Following manufacturer’s instructions, DNA was amplified using a hot start
cycle. Initial denaturation took place at 95°C for 10 minutes, followed by 34
additional cycles of 94°C for 30 seconds, an annealing step of 55-65°C for 30
seconds, and an extension step of 72°C for 30 seconds. Final extension was
performed at 72°C for 10 minutes. PCR products were visualised by agarose

gel electrophoresis (2.3.4).

2.3.3.3 GC-rich or non-standard PCR
In some instances, 50 uM 7-deaza-dGTP was substituted for 25% dGTP.

Dimethyl sulphoxide (DMSO) at 3-10%, betaine at 1-1.3 M final reaction
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concentration and kit enhancers (as recommended by manufacturer’s
instructions), were added as PCR enhancing agents in some instances, either

in combination or separately.

A range of Taqg DNA polymerases were used throughout the project,
including: Platinum Taq DNA Polymerase High Fidelity (Invitrogen), Platinum
Pfx DNA Polymerase (Invitrogen), Q5 GC-rich Polymerase (NEB, Ipswich,
MA), Phusion High Fidelity Polymerase (NEB, Ipswich, MA) and KAPA
HotStart Polymerase (KAPA Biosystems, Wilmington, US), all according to

the manufacturers’ instructions.

2.3.4 Size fractionation by agarose gel electrophoresis

DNA was fractionated by size using agarose gel electrophoresis. 0.8- 3%
agarose gels were prepared using molecular biology grade agarose powder
(Bioline, London, UK), dissolved in 1 X TAE buffer (2.1.2). 4ul Midori Green
Advance (Nippon Genetics, Germany) was added per 100 ml agarose and
TAE Buffer solution. Samples were loaded alongside the molecular size
standards EasyLadder | (Bioline, London, UK), 1 Kb Ladder (NEB, Ipswich,
MA) or 1 Kb Ladder (Promega, Madison, US). Electrophoresis was performed
in a horizontal electrophoresis tank at a constant voltage in the range of 100-
120 V/cm until the required separation of fragments was obtained. Gels were
visualized on the Bio-Rad gel UV transilluminator system and analysed with

Image Lab (v4.0) software (Bio-Rad, Hemel Hempstead, UK).
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2.3.5 DNA extraction from agarose gel

DNA bands were excised from agarose gels and DNA was extracted using
the QIAquick gel extraction kit (Qiagen), according to the manufacturer’'s
instructions. Briefly, DNA was run on a <2% agarose/TAE/Midori Green Direct
gel alongside the molecular size marker EasylLadder | (Bioline, London, UK).
DNA bands were visualised using a blue/green LED transilluminator (Nippon
Genetics, Germany) and cut from the gel using a sterile scalpel. The gel was
weighed in a 1.5 ml Eppendorf tube and was subsequently dissolved in
solubilisation buffer at 50°C for 10 minutes. The sample was then mixed with
an equal volume of isopropanol to precipitate the DNA. A binding column was
used to bind the DNA after passing the sample through via centrifugation at
10,000 x g. All waste was discarded and the DNA bound to the column was

washed with ethanol wash buffer and eluted from the column in dH20O.

2.3.6 Whole genome amplification (WGA) of DNA samples

WGA was performed using the GE Healthcare GenomiPhi V2 Amplification kit
(GE Healthcare, Waukesha, USA) and was carried out according to
manufacturer’s instructions. WGA samples were diluted 1/10 or 1/20 in dH20

before application in PCRs.

2.3.7 Sanger sequencing
2.3.8 PCR product ‘clean up’ for sequencing
Prior to Sanger sequencing, PCR template DNA underwent a clean-up step

using ExoSap-IT (Affymetrix USB, Santa Clara, USA), containing exonuclease



57

| and shrimp alkaline phosphatase in a PCR template: ExoSAP-IT ratio of 5:2
for 15 minutes at 37°C, followed by a denaturation step for 15 minutes at

80°C.

2.3.9 Sanger sequencing reaction

PCR products (ExoSAP-IT treated) or plasmid DNA template were prepared
according to the manufacturer’s instructions (Applied Biosystems) with the
modifications of half reaction size and the addition of 1 X BigDye Terminator
v3.1 Sequencing Buffer (Applied Biosystems). The sequencing reaction was
processed by an initial denaturation step of 96°C for 1 minute, followed by
96°C for 10 seconds, 50°C for 5 seconds and 60°C for 4 minutes for 25

cycles. All temperatures were ramped at 1°C/second.

DNA from the sequencing PCR was precipitated from the reaction mixture
prior to sequencing on the ABI3130 Genetic Analyser (Applied Biosystems). 5
ul of 125 mM EDTA and 60ul of 100% ethanol was added to each sample and
centrifuged for 30 minutes at 3061 x g at RT. The supernatant was removed
and pellets were washed with 60 pl of freshly prepared 70% ethanol, and
again centrifuged for 15 minutes at 805 x g at 4°C. Precipitates were
redissolved in 10 ul Hi-Di formamide (Applied Biosystems) and resolved at
60°C using 3730 sequencing buffer and POP7 polymer on the ABI3130
Genetic Analyser (Applied Biosystems) using the default RapidSeq36POP7
module. Sequencing results were analysed on SeqScape (V2.5, Applied

Biosystems).
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2.3.10 Microsatellite marker genotyping

Genomic DNA was PCR-amplified according to Section 2.3.4.1 using 5’
fluorescently labelled forward primers (HEX, FAM or TET). Markers were
selected and their genetic locations determined using the UCSC Genome
Browser (Section 2.4.2). 1 ul PCR-amplified product was then added to a
mixture of 8.5 ul Hi-Di formamide (Applied Biosystems) and 0.5 ul 500 ROX
size standard (Applied Biosystems). Fragments were resolved on an
ABI3130xI sequencer. Peaks were analysed using GeneMapper software v4.0
(Applied Biosystems) and haplotypes manually called, then checked using

Cyrillic 2.1 (www.cyrillicsoftware.com).

2.3.11 Isolation of total cellular RNA from whole human blood
Patient RNA was extracted from EDTAOanticoagulated blood using the
QIAamp RNA Blood Mini kit (Qiagen), according to manufacturer’s
instructions. Whole human blood was mixed with erythrocyte lysis buffer in a
1:5 ratio and incubated for 15 minutes on ice, vortexing twice during the
incubation period. The sample was then centrifuged for 10 minutes at 4°C,
400 x g before removal of the supernatant. Erythrocyte lysis buffer was added
to the pellet 2:1, redissolved and centrifuged for 10 minutes at 4°C, 400 x g
before removal of the supernatant. Cell lysis buffer was added to pelleted
leukocytes and the lysate added to a QlAshredder spin column. The sample
was centrifuged for 2 minutes to homogenize and 70% ethanol added to the
lysate, mixed by pipetting. Sample was then pipetted into a fresh QlAamp spin

column and centrifuged for 15 seconds at 8000 x g. The spin column was
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then transferred to a fresh collection tube and wash buffer added with
centrifugation to membrane-bound RNA. Concentrated wash buffer was
subsequently added in two rounds to the QlAamp spin column and
centrifuged at 8000 x g for 15 seconds, then at 20,000 x g for 3 minutes. The

final step was removal of filtrate and elution of RNA in RNase-free water.

2.3.12 Complementary DNA (cDNA) synthesis

cDNA was prepared using 0.5 ug of total RNA incubated with 100 ng of
random primer (Invitrogen) and DEPC H20 at 70°C for 10 minutes. Samples
were chilled on ice and 5X Moloney Murine Leukemia Virus (MMLV) reverse
transcriptase buffer, 0.1 M DTT, 10 mM dNTPs (all Invitrogen) and 40 U
RNAsin (Promega, Fitchburg, USA), were added. Reactions were first
equilibrated at 37°C for 2 minutes, then 100 U MMLYV reverse transcriptase
added and incubated for 1 hour at 37°C. Samples were finally heated to 95°C
for 5 minutes. All cDNA samples were tested in a control RT-PCR reaction

using primers in the gene p53, amplifying a product of size 410 bp.

2.3.13 RNA Ligase Mediated Rapid Amplification of cDNA ends
(RLM-RACE)

The Ambion FirstChoice RLM-RACE kit (AM1700) was used for the
amplification of the 5’ UTR of SLC38A8. The protocol was followed according
to the manufacturer’s instructions using 250 ng human brain poly(A)+ RNA

(Clontech, Takara Bio).
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Only full-length mRNAs were selected for by treating either total or poly(A)
RNA with 2 pl calf intestinal phosphatase (CIP) to remove the 5’-phosphate
from all molecules which contain free 5’-phosphates (ribosomal RNA,
fragmented mRNA, tRNA and any contaminating gDNA). Also included in this
reaction mix was 2 ul CIP buffer and nuclease-free water, with incubation at
37°C for 1 hour. Any full-length mRNAs (with cap structure found on intact &’
ends) are unaffected by treatment with CIP. The reaction was terminated
using 15 ul ammonium acetate solution, composed of 115 pl nuclease-free
water and 150 pl phenol: chloroform. The resulting aqueous phase was
transferred to a new tube and 150 pul chloroform added. This was repeated but
with the addition of 150 pl isopropanol, before being left on ice for 10 minutes.
After centrifugation for 20 minutes the pellet was rinsed with 500 ul 70%

ethanol and re-dissolved in 11 pl nuclease-free water.

5 pl of CIP-treated RNA was then mixed with 2 ul tobacco acid
pyrophosphatase (TAP) to remove the 5’ cap structure from the full-length
mRNA, 1 ul TAP buffer and nuclease-free water and incubated for 1 hour at

37°C. A 5’-monophosphate then remained.

T4 RNA ligase-mediated ligation of a synthetic 45bp RNA adaptor to the RNA
population was then undertaken. The majority of the decapped, full-length
mMRNAs will acquire the adapter sequence at the 5’ end. 2 ul of CIP/TAP-

processed RNA, 1 ul 5 RACE adapter, 1 ul RNA ligase buffer, 2 ul T4 RNA
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ligase and nuclease-free water were combined and incubated at 37°C for 1

hour.

To amplify the 5’-end of the transcript, a random-primed reverse transcription
reaction and nested PCR were performed. In an RNase-free microcentrifuge,
2 yl TAP-positive adapter-ligated RNA was assembled with 4 ul dNTP mix, 2
ul random decamers, 2 ul MMLV-RT buffer, 1 ul RNase Inhibitor, 1 ul MMLV-
RT and nuclease-free water. The samples were mixed and briefly centrifuged

at 10,000 x g, followed by incubation on a hot block at 42°C for 1 hour.

A nested PCR was then performed using the 5" RLM-RACE products. The kit
provided two nested primers that correspond to the 5" RACE adapter
sequence, from this point labelled 5 RACE outer primer and 5° RACE inner
primer. Two SLC38A8-specific nested primers were manually designed for the
experiment, from this point labelled 5° SLC38A8 outer primer and 5° SLC38A8

inner primer. All primers are listed in Appendix 1.

The outer 5° RLM-RACE PCR reaction mix was assembled in PCR tubes as
follows; 5 ul complete PCR Buffer (Ambion SuperTaq Plus kit), 4 ul dNTP mix,
2 ul 5 RACE outer primer, 2 ul 5° SLC38A8 outer primer, 1.25 U DNA
polymerase (Ambion SuperTaq Plus kit) and nuclease-free water. The PCR
cycle was performed as follows: denaturation at 94°C for 3 minutes, followed
by 35 cycles of 94°C for 30 seconds, the annealing step of 60°C for 30

seconds, and an extension step of 72°C for 3 minutes. Final extension was
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performed at 72°C for 7 minutes. The same controls and conditions were
used for the inner PCR, using the outer PCR product as the template in the

nested PCR. 2 pl of 5 SLC38A8 inner primer was used for the inner PCR.

Products were analysed by gel electrophoresis on a 3% agarose-TAE gel and

visualised (Section 2.3.4).

2.3.14 Molecular cloning

2.3.15 Bacterial cell transformation and culture

For bacterial transformations, the heat-shock technique was applied.
Chemically competent E.Coli cells were defrosted on ice prior to performing
the transformation. Cells were then incubated with DNA on ice for 30 minutes,
before undergoing heat-shock at 42 °C for exactly 30 seconds and being
returned to the ice for 2 minutes. Cells were then mixed with pre-heated
S.0.C medium and incubated at 37 °C for 1 hour, with shaking at 225 rpm.
Cells were spread at different volumes on LB-agar plates containing the

appropriate antibiotic and incubated at 37 °C overnight.

Single colonies were picked from the agar plates using sterile loops and
cultured overnight in 5 ml LB broth with appropriate antibiotic at 37 °C with
shaking at 225 rpm. For larger scale plasmid preparation and purification, 1ml
of the 5 ml culture was used to inoculate 100 ml LB broth with appropriate

antibiotic in a conical flask overnight at 37 °C with shaking at 225 rpm.
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2.3.15.1 Site-directed mutagenesis (SDM)

The QuikChange Il XL SDM kit (Agilent Technologies) was used to introduce
point mutations individually, following the manufacturer’s protocol. Primers for
the SDM reaction were designed and ordered (Section 2.3.1.1). The
mutagenesis reaction was performed by amplifying purified plasmid DNA
using the SDM primers, Pfu Ultra high-fidelity polymerase, 10 X reaction
buffer, ANTP mix, QuikSolution reagent and double-distilled water (ddH20)

(Agilent Technologies).

Primer pairs designed to introduce point mutations into specific plasmid
sequences were designed using the QuikChange Primer Design Programme
(http://lwww.genomics.agilent.com/primerDesignProgram.jsp). It is possible to
adapt the online tool to the specific SDM kit to be used in the experiment. The
DNA sequence was uploaded to the online tool and the position to be mutated
was selected. Primers were designed to be complementary, 25-40 nt in length
and were purified by high performance liquid chromatography. When possible,
primers were designed to have a GC content of no more than 40%, terminate
with a G or C base and have the desired mutation lying central in the primer

sequence.

The mutagenesis reaction was cycled as follows: 95 °C for 1 minute, followed
by 95 °C for 50 seconds, 60 °C for 50 seconds and 68 °C for 1 minutes/kb of
plasmid length, for a total of 18 cycles. The final step was performed at 68 °C

for 7 minutes. Following the temperature cycling, reactions were cooled on ice
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for 2 minutes. Dpnl restriction enzyme was then used to digest each reaction
for 1 hour at 37 °C in order to remove remaining undigested parental DNA
template, leaving only the mutated plasmid which was then transformed into

XL10-Gold Ultra competent cells, according to manufacturer’s instructions.

2.3.15.2 Gateway cloning

Gateway recombination was used as the preferred method of cloning in this
project, using the Invitrogen Life Technologies kits and following
manufacturer’s instructions. Gateway entry clones (PENTR) were either
obtained from plasmid repositories, such as DNASU (https://dnasu.org/) or
Addgene (https://www.addgene.org/) were created by PCR with att-tagged

primers, following manufacturer’s instructions.

Plasmids from the repositories were sent as glycerol stocks in DH5-alpha
bacteria. The cells were streak purified and grown overnight on LB agar plates
supplemented with the required antibiotic resistance. Isolated colonies were
picked and propagated in 5 ml of LB broth supplemented with the required
antibiotic overnight at 37 °C with shaking at 225-250 rom. pENTR plasmid
DNA was purified from 1-5 ml of culture using the QlAprep Miniprep Kit

(Qiagen), according to the manufacturer’s instructions (Section 2.3.16).

For entry clones that were created by PCR using att-tagged primers, following
PCR amplification the PCR products were purified according to

manufacturer’'s recommendations (Invitrogen). Briefly, TE buffer and 30%
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PEG 8000/30 mM MgCl> solution were added to 50 ul attB-PCR product and
centrifuged at RT for 15 minutes at 10,000 x g. Supernatant was removed and
the pellet re-dissolved in TE buffer before quantification using the Nanodrop
(2.3.2) and visualization on an agarose gel (2.3.4). The BP reaction facilitated
propagation of purified attB-PCR product or plasmid DNA in the donor vector
(PDONR201) using BP clonase Il (Invitrogen), generating the pENTR clone,
following manufacturer’s instructions. The pENTR clones were verified

through Sanger sequencing (Section 2.3.9).

Destination constructs (pDEST), were generated through the use of LR
clonase Il in an LR reaction, following the manufacturer’s protocol (Invitrogen).
The expression constructs were produced by combining 150 ng pENTR clone
with 150 ng pDEST destination vector. The destination vectors used in this
project were pDEST40 and pCI-NEO-RHO (a kind gift from Erwin van Wik,
Radboud University Medical Centre). All constructs were verified by Sanger

sequencing (2.3.9).

2.3.16 Plasmid DNA isolation and purification

The QlAprep Miniprep kit (Qiagen) was used for small-scale plasmid DNA
isolation and purification, according to the manufacturer’s protocol. 4 ml of
cells from the 5 ml bacterial cell overnight culture were pelleted by
centrifugation at 3000 x g and subsequently redissolved in resuspension
buffer (P1) containing RNAse A (Qiagen). Resuspended cells were then

combined with an equal volume of alkaline lysis buffer (P2) and neutralisation
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solution (N3). Cell debris was removed after centrifugation at 3000 x g and
cell lysates were adsorbed on to a silica membrane after centrifugation of the
spin column at 100 x g. The flow-through containing RNA, metabolites and
protein was discarded. The DNA held in the membrane was washed with
ethanol buffer and eluted from the spin column in 50 ul dH20. The DNA from
the mini-prepped plasmids was quantified (2.3.2) and verified by Sanger

sequencing (Section 2.3.9).

Following sequence verification, the EndoFree Plasmid Maxi Kit (Qiagen) was
used, according to the manufacturer’s protocol. Cells from the 100 mi
overnight culture were pelleted by centrifugation at 6000 x g, 4 °C for 30
minutes and then re-dissolved in 10 ml Buffer P1 (Qiagen). Cells were
subsequently lysed and all cell debris was removed by applying the lysed
cells to a QlAfilter. The filtered lysate was then incubated on ice for 30
minutes in endotoxin removal buffer before being passed through a QIAGEN-
tip 500 by gravity flow. The tip membrane was washed twice with wash buffer
and DNA was eluted with 15 ml elution buffer. Plasmid DNA was precipitated
by adding 0.7 volumes RT isopropanol and centrifuged at 15,000 x g for 30
minutes at 4 °C. The supernatant was carefully discarded and the resulting
DNA pellet was washed with 5 ml 70% ethanol and then centrifuged at 15,000
x g for 10 minutes. Supernatant was then discarded and pellets left to air dry.
DNA pellets were then dissolved in 150-300 pl filter-sterilized TE. Maxi-
prepped plasmids were quantified (Section 2.3.2) and verified by Sanger

sequencing (Section 2.3.9).
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2.3.17 Preparation of plasmid glycerol stocks

Glycerol stocks were generated for all plasmid cultures in the project by
mixing 500 pl of the overnight bacterial cell culture with 500 pl of 50% sterile
glycerol in a 1.5 ml cryovial. All glycerol stocks were placed in the -80 °C for

long-term storage.

2.3.18 Cell culture

Human embryonic kidney cells, highly transfectable (HEK293T) and African
green monkey kidney cells (COS7) were sourced from ATCC. All cell culture
reagents were purchased from Sigma Aldrich unless stated otherwise. Cell
lines were proliferated in 75 cm? (T75) flasks at 37 °C with 5% CO; in Sanyo
MCO 20AIC cell culture incubators. All cell culture work was performed in
NuAire Labgard 437 ES Class |l Biosafety Cabinets under sterile conditions.
Cell lines were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)
which was supplemented with 10% fetal calf serum (FCS) and 100 U/ml
penicillin with 100 mg/ml streptomycin (pen/strep). This was the medium used

in this project.

When reaching 80-90% confluency, cells were passaged by removal of
culture medium, washing of cells with Dulbecco’s phosphate buffered saline
(DPBS) and cell dissociation from the culture flask using trypsin/EDTA. After
addition of 1 X trypsin/EDTA, cells were incubated for approximately 5
minutes at 37 °C to allow for cell dissociation. Trypsin was neutralised through

addition of fresh culture medium and the cells were collected in a 15 ml



68

Falcon tube. Fresh culture medium was pre-warmed in T75 flasks before

addition of the collected cells at an appropriate subculture ratio.

2.3.18.1 Cell counting

Cells were counted using the Countess Automated Cell Counter (Life
Technologies) following the manufacturer’s protocol. Briefly, 10 ul of
resuspended cells were mixed with 0.4% trypan blue dye 1:1 and inserted into
the slide for counting. Viable cells were then calculated and uniformly seeded

into the wells of plates.

2.3.18.2 Long term cell storage and recovery

Culture medium (supplemented with FCS and pen/strep) with 10% DMSO
was used for the long-term storage of cell lines in the liquid nitrogen. 1 x 108
cells were transferred into 1.5 ml cryovials and gradually frozen at -80°C in a
Mr Frosty container (Nalgene), before being moved to liquid nitrogen 24 hours
later. Cryovials of cells were recovered by thawing in a 37 °C water bath,
gradual addition of 10 ml culture media and pelleting at 200 x g for 5 minutes
at RT, before resuspension in total cell culture medium and transfer to a T75
flask. Cells were checked under the microscope for viability 24 hours later and
culture medium replaced before cell sub-culturing into a fresh T75 flask after

another 24 hours.

2.3.19 Transient DNA transfections
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Prior to transfection, cells were seeded at optimal densities in the wells of
either a 12- or 24-well plate. The volumes and concentrations used in each
specific experiment are detailed in 2.3.20 and 2.3.21. The general transfection
protocol was performed using 3-3.6 ul Lipofectamine 2000 (Life Technologies)
according to the manufacturer’s instructions, in a suspension with 125-187.5
ul Gibco OPTI-MEM medium (Life Technologies). Separately, the DNA to be
transfected (400-800 ng) was suspended in Gibco OPTI-MEM. Incubation of
both mixes were undertaken at RT for 5 minutes. Following the incubation, the
DNA mixture was added to the lipofectamine mix and incubated at RT for 20
minutes. 0.5-1 ml of fresh medium (2.3.18) was added to the wells of the plate
(24- or 12-well plate respectively) and the transfection mixture was added
drop-wise to each well, ensuring even dispersal. Reactions were incubated
overnight at 25°C. Proteinase K solution was then added to terminate each
reaction, with an incubation for 10 minutes at 37 °C. For both the midigene
assay (2.3.20) and the luciferase reporter assay (2.3.21), cells were left to
incubate for 24 hours prior to transfection. Fresh medium (2.3.18) was added

prior to transfection and cells were harvested 48-hour post-transfection.

2.3.20 Midigene assay

A midigene in vitro splice assay system was used to investigate an intronic
SLC38A8 variant (Chapter 5). To create the midigene, a bacterial artificial
chromosome (BAC) was purchased from Source Bioscience, Cambridge, UK.
The BAC (RPCIB757F20757Q, RP11-757F20, Accession number AQ466782,
AQ511190), contained the entire SLC38A8 gene and arrived in LB agar

containing 20 ug/ml chloramphenicol. The clone was streaked onto the same
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agar in order to obtain single colonies and incubated at 37 °C overnight.
Single colonies were inoculated in 2 ml LB broth supplemented with 20 pg/ul
chloramphenicol and grown overnight at 37°C with shaking at 225-250 rpm.
Cultures were centrifuged at 800 x g for 10 minutes and the supernatant
discarded. The pellets were re-dissolved in 0.3 ml filter-sterilized P1 solution
(15 mM Tris pH 8.0, 10 mM EDTA pH 8.0 and 100 ng/ml RNAse A), followed
by the addition of 0.2 ml filter-sterilized P2 solution (0.2 M NaOH, 1% SDS).
The suspensions were mixed gently and left at RT for 5 minutes until the
suspension became translucent. 0.3 ml solution P3 (3 M KOAc pH 5.5) was
then added with shaking before placing the tubes on ice for 5 minutes. Tubes
were then centrifuged at 8000 x g for 10 minutes at 4 °C followed by transfer
of the supernatant into 0.8 ml ice-cold isopropanol and a brief spin in the
centrifuge. Supernatant was discarded and 0.5 ml fresh 70% ethanol added
with inversion to wash the DNA pellets. Again, supernatant was discarded and

pellets were left to air dry before re-dissolving in 40 ul TE buffer.

Primers to introduce attB1 and attB2 sites and amplify a specific region of
SLC38A8 spanning exons 5 and 6 were manually designed (Appendix 15).
The region of interest was amplified using the primers in the following PCR
reaction using KAPA HotStart DNA polymerase. 1 U/ul KAPA DNA
polymerase, 10 mM of each dNTP, 5 X KAPA HiFi buffer, 1 M Betaine, 5%
DMSO, dH20 and 10 uyM forward and reverse primer. The reaction conditions
were as follows: 95 °C for 3 minutes followed by 35 cycles of 98 °C for 20
seconds, 68 °C for 15 seconds, 72 °C for 8 minutes and a final step of 72 °C

for 8 minutes.
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SLC38A8 was amplified and purified as detailed in 2.3.15.2. The BP reaction
generated the pENTR clone through the attB sites introduced into PCR-
amplified products. Gateway cloning of the pENTR clone into the pDEST pCI-
NEO-RHO (a kind gift from Erwin van Wijk, Radboud University Medical
Centre), using LR clonase Il was undertaken. SDM was performed on the
destination vector to introduce the intronic variant of interest. To assess the
effect of the intronic variant of interest, HEK293T and COS?7 cells were
transfected with wild-type (WT) and variant constructs. Cells were seeded at
1.5 x 10° cells/well in 12-well plates and left to incubate for 24 hours. Cells
were transfected as described in 2.3.19 with a total DNA concentration of 800
ng/well. Prior to transfection, 1 ml fresh total medium was added to each well.

Cells were harvested and quantified 48-hours post-transfection.

2.3.20.1 RNA extraction and cDNA synthesis from cell lines

Following transfection of WT and variant constructs, total RNA was isolated
from each cell line using the RNeasy Mini kit (Qiagen), following the
manufacturer’'s recommendations. Cells growing in a monoloayer were
harvested using a cell scraper on ice. The cells were counted as described in
Section 2.3.18.1. Cos7 cells were used at no more than 3 x 108 and HEK293T
cells at no higher than 1 x 107. Twice the volume of complete media was used
to collect the dissociated cells which were then centrifuged for 10 minutes at
300 x g. The resulting cell pellet was lysed and homogenised in guanidine-
thiocyanate-containing buffer (Buffer RLT) which is highly denaturing and
purifies RNA by inactivating RNases. The lysate was applied to a

QIAshredder spin column and centrifuged for 2 minutes. 1 volume of 70%
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ethanol was added to the homogenised lysate and mixed well by pipetting.
The sample was passed through a RNeasy spin column for 15 seconds at
8000 x g and washed three times with wash buffer before elution of RNA in 50
ul RNase-free water. cDNA synthesis was performed as described in 2.3.12.
SLC38A8 transcript analysis was carried out by performing reverse-
transcription (RT) PCR using SLC38A8 exonic primers and RHO-specific
primers, as outlined in 2.3.12. RT-PCR products were size-fractionated using

agarose gel electrophoresis, as described in 2.3.4.

2.3.21 Dual luciferase reporter assay

Cells were seeded at 1 x 10* cells/well in a 24-well plate and grown to
approximately 80% confluency. Cells were transfected 24-hours later (2.3.18)
using 3.6 ul Lipofectamine 2000 in 187.5 ul OPTI-MEM (Invitrogen) with a
total of 800 ng/well DNA. The 800 ng included approximately 400 ng of pGL3
construct DNA and approximately 400 ng of FOXD1-WT DNA. 1 ng of the
transfection control Renilla luciferase plasmid (pRL-TK) (Promega) was also

added to each transfection.

After the transfection had proceeded for 48-hours, the cell medium was
removed and cells were harvested. Cells were then lysed at RT for 15
minutes using 1 X passive lysis buffer from the Promega Dual-Luciferase

Reporter Assay System kit (Promega).
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The dual luciferase assay measured both firefly luciferase and Renilla
luciferase. The dual luciferase assay was undertaken in an opaque 96-well
plate (Grenier BioOne) and plates were assayed using the Mithras LB 940
luminometer (Berthold Technologies). The luminometer was pre-programmed
with the timings shown in Table 2-1. The assay was performed using
luciferase assay reagent (LAR Il) which measured the firefly luciferase levels.
Stop and Glo reagent was prepared before the assay at RT and was used to
assay the Renilla levels derived from the pRL-TK vector transfection control.
For each well, the level of firefly luciferase was normalised to the Renilla in a
ratio, generating relative luciferase units (RFU). Three technical replicates
were performed and for each a total of three luminescence values were
recorded. However, only one biological replicate was performed due to the

direction of the project at this time point (discussed in Results Chapter 2).

Step Stage Time (seconds)
1 LAR Il reagent released 3
into wells
2 Firefly luciferase activity 12
measured
3 Stop and Glo reagent 3

injected into wells

4 Renilla activity 12

measured

Table 2-1 Stages of the dual luciferase assay.
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2.3.22 Whole exome sequencing (WES)

2.3.22.1 WES capture and library preparation

WES library capture was undertaken by the next-generation sequencing
facility (St James’s University Hospital, Leeds)
(http://dna.leeds.ac.uk/genomics/) using the SureSelectXT target enrichment
kit V5 and V6 (Agilent Technologies, Santa Clara, CA, USA), following the
manufacturer’'s recommended 200 ng protocol. The quality of the samples
prepared by the Leeds sequencing facility were assessed using the 2200
TapeStation Instrument (Agilent Technologies, Santa Clara, CA, USA). The
reagents used were included in the SureSelectXT Library Prep Kit, ILM,
SureSelect Target Enrichment Kit ILM Indexing Hyb Module Box #2,
Herculase Il Fusion DN Polymerase and SureSelect Target Enrichment Kit

Box #1 (Agilent).

Genomic DNA (gDNA) samples considered for WES were quantified using the
Qubit dsDNA BR assay kit (Invitrogen) (Section 2.3.2). The 200 ng gDNA
samples were diluted with 1 X low TE buffer to a total volume of 50 ul and
sheared to form fragments with a peak size of 150-200 bp using a Covaris
S229 system. The quality of the samples was then assessed using a high
sensitivity DNA chip and reagent kit (Agilent) on a 2100 Bioanalyzer
instrument (Agilent). The electropherograms generated by the Agilent 2100
Expert software should show a distribution with a DNA fragment size peak of

150-200 bp.
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Genomic DNA (200ng)

¢ Shear DNA by sonication
(Covaris instrument)

Fragmented DNA (150-200bp)

¢ End repair

Blunt-ended fragments with
5’ phosphorylated ends

¢ Adenylate the 3’ ends of
the DNA fragments

3’-dA overhangs

¢ Paired-end adapter ligation

Adapter-tagged DNA library

¢ PCR amplification with SureSelect primer
and pre-capture reverse primer

SureSelect Human All Exon >

capture library (V5/V6) Prepared library (250-300bp peak)

¢ 65°C for 24 hours

Library hybridisation

v

Hybrid capture selection

¢ Magnetic streptavidin
bead hybrid selection

Index tagging and amplification

¢ PCR to add specific 6bp
adapter to each sample

Assess quality - quantify & qualify
(225-275bp peak)

Bioanalyzer/TapeStation
final assessment

Pool captured samples

v

Sequencing on HiSeq 2500/3000

Figure 2-1 Agilent Technologies SureSelectXT library preparation
workflow for lllumina paired-end sequencing.
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In order to repair the ends of the DNA fragments, the SureSelect XT Library
Prep Kit ILM was used to prepare an end repair master mix containing 35.2 pl
of nuclease-free water, 10 pl 10 X end repair buffer, 1.6 ul ANTP mix, 1 ul T4
DNA polymerase, 2 ul Klenow DNA polymerase and 2.2 pl of T4
polynucleotide kinase. 48 ul of each sample was added to each well with 52 pl
of the mastermix and the mix was incubated in a thermal cycler at 20 °C for
30 minutes. Samples were then purified using homogeneous Agencourt
AMPure XP beads (Beckman Coulter Genomics). 180 ul of the AMPure XP
beads were added to each sample well and pipetted up and down 10 times,
followed by incubation for 5 minutes at RT. The samples were then placed in
a magnetic stand in order to separate the PCR product which binds to the
beads from contaminants including primers and nucleotides. After removing
and discarding the cleared solution, samples were washed twice with 200 pl
of freshly-prepared 70% ethanol. 32 ul nuclease-free water was added to

each sample well in order to elute the purified PCR product from the beads.

The 3’ end of all DNA fragments were then adenylated by mixing 11 pl
nuclease-free water, 5 ul 10 X klenow polymerase buffer, 1 ul dJATP and 3 pl
Exo(-) Klenow. The mix was incubated at 37 °C for 30 minutes and was
followed by purification with AMPure XP beads as described above (using 180

ul beads and 200 pl 70% ethanol for each wash).

To ligate the paired-end adapters, 13 ul of each sample was added to a mix

which consisted of 15.5 ul nuclease-free water, 10 ul 5 X T4 DNA Ligase
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buffer, 10 ul SureSelect Adapter (AGATCGGAAGAGCAC) Oligo Mix and 1.5
ul T4 DNA ligase. Samples were incubated at 20 °C for 15 minutes. Again,
samples were purified as described above using AMPure XP beads using 90
ul beads, 200 ul 70% ethanol for each wash and 32 ul nuclease-free water for

the final elution.

The adapter-tagged libraries were then PCR-amplified by mixing 30 ul of each
sample with 6 pl nuclease-free water, 1.25 pl SureSelect Primer, 1.25 pl

SureSelect ILM Indexing Pre-Capture PCR reverse primer, 10ul 5X Herculase
Il Reaction buffer, 0.5 ul 100 mM dNTP Mix and 1 pl Herculase Il Fusion DNA

Polymerase. The PCR program was run as shown in Table 2-2.

Segment No. of Cycles Temperature Time

1 1 98 °C 2 minutes

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

3 1 72 °C 10 minutes

4 1 4°C Hold

Table 2-2 Pre-Capture PCR Thermal Cycler Program.
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Finally, the amplified, adapter-tagged libraries were purified using the AMPure
XP beads as described above (using 90 ul beads, 200 ul 70% ethanol for
each wash and 30 pl nuclease-free water for the final elution) and assessed
on a 2100 Bioanalyzer using the DNA 1000 assay with an expected DNA

fragment size peak of 225-275 bp.

The prepared libraries were hybridized to the capture library of biotinylated
RNA oligo probes by mixing 3.4 ul of 221 mg/pl library, 5.6 ul of SureSelect
Block Mix (prepared by mixing SureSelect Indexing Block #1-3), 5 ul of
SureSelectXT Human All Exon V5/V6 (Agilent), 2ul of RNase Block Dilution
(1:3 RNase Block: water) and 40 ul of hybridisation buffer (prepared by mixing
SureSelect Hyb #1-4). The mix was incubated at 95 °C for 5 minutes and then
at 65°C for 24 hours. Selection of the captured library was then performed
using streptavidin-coated magnetic beads (Dynabeads MyOne Streptavidin
T1) (Invitrogen) that had been prepared and washed. The beads were
separated from the buffer using a magnetic separator. The supernatant was
removed and the beads were re-dissolved in 200 pl of SureSelect Wash 1.
The beads were then washed 3 times using SureSelect Wash 2, recovered
with the magnetic separator and finally the library was dissolved in 30 pl of

water.

The DNA libraries were then PCR-amplified with indexing primers. The post-
capture PCR reaction mix included 18.5 pl nuclease-free water, 10 ul 5 X

Herculase Il Reaction buffer, 1 ul Herculase |l Fusion DNA Polymerase, 0.5 pl
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100 mM dNTP Mix and 1 pl SureSelect ILM Indexing Post-Capture Forward
PCR Primer. 5 pl of the appropriate indexing primer was then added along

with 14 ul of each library and the PCR program was run as shown in Table

2-3.
Segment No. of Cycles Temperature Time
1 1 98 °C 2 minutes
2 12 98 °C 30 seconds
57 °C 30 seconds
72 °C 1 minute
3 1 72 °C 10 minutes
4 1 4°C Hold

Table 2-3 Post-capture PCR Thermal Cycler Program.

The libraries were then purified using AMPure XP beads as describe above
(using 90 pl beads, 200 ul 70% ethanol for each wash and 30 ul nuclease-
free water for the final elution) and assessed on a 2100 Bioanalyzer using the
2100 Bioanalyzer High Sensitivity DNA Assay where the electropherogram is

expected to show an average fragment size of approximately 300 bp.

In the final step, 10 samples per lane were pooled aiming at a final

concentration of 10 nM in a final volume of 50 yl by using the following
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formula: Volume of library = (Vsx Ci)/(# x Ci), where V:is the final desired
volume of the pool (50 ul), Cris the final desired DNA concentration (10 nM), #
is the number of samples (10) and C; is the initial concentration of each
sample. The pooled libraries were finally subjected to either 100 or 150 bp
paired-end sequencing on a single lane of a HiSeq2500 or HiSeq3000

(Mlumina) by the Leeds Next Generation Sequencing Facility.

2.3.22.2 WES Bioinformatics

The java-based visual interface FastQC
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) was used to
interrogate the quality of all raw fastq files before proceeding to further
analyses. Sequence quality, GC content, duplicate sequences and adapter
contamination were checked by this tool. All patient exomes were assessed
for quality metrics at each of the three main stages of NGS analysis: raw data,
alignment and variant calling. Quality control (QC) was performed by
examining the quality of the FastQ files using FastQC software (as described
above), the quality of the BAM file generated from the alignment using Picard
and SAMtools, and also the statistics of the VCF file. Further QC metrics were
performed on the final BAM files using Picard’s CollectMultipleMetrics and
samtools flagstats. A final QC check was performed on the VCF file using

bcftools and plot-vcfstats. All QC commands are detailed in Appendix 2.

The commands used for the bioinformatics analysis of WES data are listed in

Appendix 2. FastQ files were firstly modified in a quality control step using
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Trim Galore! (v0.4.0 with Cutadapt v1.16), a package developed by the
Babraham Institute
(http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/). Default
settings were used, although the --illumina command was removed to allow
the tool to auto-detect the adapter sequence. As shown in Figure 2-2,
processed FastQ files were aligned to the human reference genome GRCh37
using Burrows-Wheeler aligner (BWA) (v0.7.12-r1.39) software (Li and
Durbin, 2009). The aligned reads were then processed in SAM format using

SAMtools (v1.3) and piped in to BAM.

| Raw FastQ files |
Quality and adapter trimming Reads aligned using BWA.
using TrimGalore! Header section given
SAM file header tags '@’

Trimmed FastQ's alignad to
Human reference GRCh37

(SAM output)
Convert SAM to BAM
using samtools “view”
Raw BAM file |
Sort alignment using
Picard "SortSam”

Raw, sorted BAM file

PCR duplicates marked for removal
using Picard "MarkDuplicates™

Raw, sorted BAM file with
duplicates removed

Pertorm local read realignment around v Define intervals to target for local

indels GATK “IndelRealigner” R,
using g “RealgnerTargetCreator”

Indel realigned, sorted, raw BAM file

Write out sequence read data
using GATK "PrintReads"”

| Final BAM file

Figure 2-2 WES data alignment pipeline.
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Processes applied to WES individuals in the alignment of raw data
(FastQ files) to the human reference genome build GRCh37/hg19 using
BWA. PCR duplicates were marked and removed using Picard. The final
BAM file was prepared using GATK after local indel realignment and
finalisation of the read data. In later stages, the final BAM file was
subjected to filtering using a strategic pipeline to identify variants in
candidate genes of interest.

Picard (v1.141) (http://broadinstitute.github.io/picard/) was used to sort the
alignment around indel sites and mark PCR duplicates. Realignment of indels
and printing of the final BAM file was performed by GATK (McKenna et al.,

2010; DePristo et al., 2011).

Insertions/deletions (indels), single-nucleotide variants (SNVs) and multi-
nucleotide variants (MNVs) were called in the genomic variant call format
(g.VCF) using GATK’s HaplotypeCaller program. GVCF files were then
genotyped with two unrelated and unaffected control exomes that had been
processed using the same exome library preparation kit, the same alignment
and the same variant calling pipeline using GATK’s GenotypeGVCFs (GATK
v3.5-0). All exomes were filtered against these control individuals in the hope
that any sequencing artefacts introduced during library preparation, or
common SNPs could be cancelled out of the analysis. SNVs, MNVs and
indels were then separately recalibrated and hard filtered, before combining to

produce a final VCF file (Danecek et al., 2011).

Examples of WES variant filtering can be found in Appendix 2. The vcfhacks

package (https://github.com/gantzgraf/vcfhacks) was used to carry out filtering
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and annotation of VCF files. All VCF files generated from alignment and
variant calling were annotated as standard using the following databases of

known variation:

- The National Centre for Biotechnology Information’s (NCBI’s) database
of single nucleotide polymorphisms and multiple small-scale variations
(dbSNP) version 146 (https://www.ncbi.nlm.nih.gov/projects/SNP/)
(Sherry et al., 2001).

- The Broad Institute’s Exome Aggregation Consortium (ExAC)
(http://exac.broadinstitute.org) (Lek et al., 2016).

The mode of inheritance influenced the filtering strategy applied. Filtering for
recessive disease was prioritised due to the predicted mode of inheritance,
therefore only biallelic variants were retained. Due to the predicted recessive
inheritance pattern and rarity of FHONDA, a cut off of 0.01% (MAF 0.0001)
was used to filter the dataset. Patients in the cohort were also filtered for rare
dominant variants, therefore in this analysis only heterozygous variants were

retained. A cut off of 0.001% (MAF 0.00001) was used in this analysis.

As the majority of the WES cases were sporadic patients, filtering for variants
shared within families was not possible. However, in the case of the sib pair
(F1372 and F1373), patients were genotyped together using the GATK
GenotypeGVCF command and filtered to retain shared variants. In the
consanguineous cases, datasets were filtered to retain homozygous or
compound heterozygous variants. Filtering to retain shared genes in the entire
patient cohort and filtering to investigate different variants in the same gene

was also performed. As mentioned above, the combined cohort was filtered to
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remove any variants present in two unrelated control exomes. Figure 2-3

details possible strategies for variant filtering.

Synonymous, non-coding, intronic and intergenic variants, other than those
potentially affecting splice donor or acceptor sites (within 2 bp of a splicing
junction) were removed from the datasets, in order to retain only ‘functional’
variants. Although coding sequence variants were prioritised, variants referred
to as ‘functional’ in Chapter 4 were also those affecting known transcription
factor binding sites or regulatory regions, and so were retained in the analysis.
The pathogenicity prediction tool CADD (Section 2.4.4.7) was used to rank
variants, and those with a CADD score >15 were retained. Variants with the
higher CADD scores were prioritised in the final lists. PolyPhen-2 and SIFT
(Section 2.4.4.2 and 2.4.4.5) were also used to assign pathogenicity
prediction scores to the variants with a CADD >15. Variants predicted to be
pathogenic by at least one of the tools, PolyPhen-2 or SIFT, and with a CADD
>15, were retained in the analysis and prioritised in the final lists. Such
‘prioritised’ variants were then investigated further by manually checking the
dbSNP, EXAC and gnomAD databases, to confirm variants were not common.
Further investigation of prioritised variants also included literature searches
for gene function and expression in relevant tissue types, for example (Figure

2 3).
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| Unfiltered variant file
Filter to remove all synonymous, non-coding, intragenic or intergenic
variants

| Functional variants retained |

@ Filter using publicly available databases of variation to remove variants
| with MAF 0.0001 (AR) or MAF 0.00001 (AD)

| Rare, functional variants retained

{} Filter for mode of inheritance: Retain hom. and compound het (AR) and
Rare, functional variants retained retain het variants (AD)
appropriate for mode of inheritance
{} Rank on CADD score and annotate variants with PolyPhen-2 and SIFT

Rare, functional variants, appropriate to
mode of inheritance, ranked on CADD
score and marked as pathogenic by at

least PolyPhen-2 or SIFT

Further filters:

> Known retinal/albinism disease genes: Retain rare mutations in known retinal/albinism disease
genes, or candidates highlighted in collaborations or in the literature.

» Cases with consanguineous parents: Retain homozygous mutations with the aid of autozygosity
data.

» Sibling pair analysis: Retain shared mutations between affected siblings

» Combined cohort analysis: Retain shared mutations in all affected and retain different mutations

in the same gene.

Further mutation prioritization:

> Perform a literature search: Use databases such as PubMed and OMIM to investigate gene
function, severity of mutations in relation to known disease, available animal models, expression
in relevant tissue types, for example.

» Variant databases including dbSNP, EXAC and gnomAD were manually checked to confirm
variants were not common.

Figure 2-3 WES variant filtration and prioritisation strategies.

The pipeline details the basic strategy applied in all variant filtration.
Additional filters are detailed in the lower panel alongside additional
variant prioritisation strategies. Prioritisation begins with the predicted
pathogenicity of the rare variants.
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2.3.22.3 Whole exome sequencing annotation of variants

Examples of simplified variant annotation commands can be found in Appendix 2.
Preceeding variant database filtering, VCF files were annotated using Ensembl’s
Variant Effect Predictor version 89 (VEP)
(http://lwww.ensembl.org/info/docs/tools/vep/index.html) (McLaren et al., 2010).
Annotated VCF files were assigned Combined Annotation Dependent Depletion
version 1.3 (CADD) scores and ranked on their C-score

(http://cadd.gs.washington.edu) (Kircher et al., 2014).

Final variant lists were annotated using vcfhacks GeneAnnotator.pl which assigned
Gene Reference into Function (RIFS) (https://www.ncbi.nlm.nih.gov/gene/about-
generif), Gene Ontology (http://www.geneontology.org), NCBI summaries, BioGrid
(https://thebiogrid.org), Online Mendelian Inheritance in Man (OMIM)
(https://www.omim.org) and Mouse Genome Informatics (MGI) phenotypes
(http://lwww.informatics.jax.org/phenotypes.shtml) to each variant’s INFO field using
the variant Entrez gene ID allocated by VEP. vcfhacks’ annovcfToSimple.pl outputs
the final variant lists in Excel’s .xIsx format. These “raw” Excel outputs were then
interrogated by in-Excel filtering and variant prioritisation, as described in the

previous section.

2.3.22.4 Whole exome sequencing depth of coverage
An example of the command to attain depth of coverage statistics for WES samples
can be found in Appendix 2. The final BAM files (aligned to reference genome,

sorted, duplicates marked and base recalibrated), were used to calculate the depth
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of coverage using GATK’s Depth of Coverage tool. Using the appropriate SureSelect
Human All Exon captured regions bed file (V5/V6) (Agilent) as the input file, the
coverage was calculated for the BAM files. The mean coverage per exome and also
the percentage of bases covered at minimum depths of 5, 10, 15, 20, 25 and 30 x

were calculated.

2.3.23 Analysis of copy number variation (CNVs)

In order to identify CNVs too large to be detected by the variant calling protocol
described above (Section 2.3.25.3), ExomeDepth (Plagnol et al., 2012),
BreakDancerMax (Chen et al., 2009) and DELLY2 (Rausch et al., 2012) were

employed in the analysis of WES data, with details as follows.

2.3.23.1 ExomeDepth

ExomeDepth functions in R script and outputs duplications and deletions by
comparing the read depth of the test sample to unrelated reference samples. It is
compulsory that the reference samples were prepared using the same capture
library and processed on the same sequencing run. The software recommends a
minimum of 5-10 reference samples. All samples, test and reference, should be
aligned in BAM format and indexed. The .csv output is annotated with common
CNVs (Conrad et al., 2010) and those marked as uncommon are prioritised
alongside CNVs with a high Bayes Factor (BF). The BF is a statistical confidence
level, or likelihood ratio of the CNV call against the normal copy number call.
ExomeDepth outputs both a table of CNVs and also a graphical plot of the observed:

expected read ratio at a specific chromosome location. The table documents the
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read ratio of CNVs as follows; heterozygous deletion (0.5), homozygous deletion (0),
heterozygous duplication (1.5), homozygous duplication (2). The graph also marks a
95% confidence interval of the read ratio. The code used for this analysis can be

found in Appendix 4.

2.3.23.2 BreakDancer

BreakDancer/BreakDancerMax is a C++ program that identifies discordant read
pairs (reads of abnormal size or orientation) in an aligned exome/genome, indicative
of structural variation. A paired-end read, if concordantly mapped, will show a
specific orientation arrangement, with the first reads aligning in the positive
orientation and the second reads aligning in the negative. Concordantly aligned read
pairs should conform to a uni-modal distribution, since the fragment size usually
does. BreakDancer functions to detect reads with discordant orientations or insert
sizes and clusters them to label SV breakpoints. The identified structural variation
can be in the form of; deletions, insertions, inversions, intra-chromosomal
translocations, inter-chromosomal translocations and unknown. The code for this

analysis can be found in Appendix 4.

The input requires an aligned BAM file that must first undergo replacement of the
read group headers using Picard’s “AddOrReplaceReadGroups” command. The tool
requires specific read group fields to be defined in the BAM file. The read group
fields were renamed as the read group (RG) ID, platform unit (PU) (also flowcell

identifiers), the name of the sample sequenced in the read group (SM), the platform

used to produce the reads (PL) and the DNA preparation library identifier (LB). The
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perl script “bam2cfg.pl” was then run to generate a configuration file of the statistics
for each read group, alongside a series of QC commands. The BreakDancerMax
program uses the read statistics to identify clusters of discordant read pairs, resulting

in the list of structural variation. The tool does not yet integrate read depth.

As mentioned above, BreakDancerMax is able to analyse structural variation (SV) in
the form of deletions (DEL), duplications (DUP), insertions (INS), inversions (INV),
intra-chromosomal translocations (ITX), inter-chromosomal translocations (CTX), or
unknown (UN) from paired-end read alignments, with the data gathered outputted as
a .txt file. The output returns predicted breakpoints or coordinates of the two break-
ends. The orientation is described as a string that records the number of reads

mapped to the plus or the minus strand in the anchoring regions (Chen et al., 2009).

2.3.23.3 DELLY2

DELLY?2 is similar to BreakDancer and identifies discordant reads from paired-end
sequencing data. However, DELLYZ2 combines both short- and long-ranged paired-
end mapping and splitting-read analysis to ascertain forms of structural variation.
Splitting reads can be described as sequencing reads that span a structural variant
breakpoint. The discordant read pair analysis identifies breakpoints of genomic
intervals and the splitting reads analysis refines the breakpoint at a single nucleotide
resolution using a k-mer-based algorithm of alignment. DELLY2 can pinpoint
deletions, tandem duplications, inversions and translocations, but not insertions. The
code used for this analysis can be found in Appendix 5. DELLY?2 is reported to detect

balanced and unbalanced forms of SV of variable sizes, including deletions (DEL),
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inversions (INV), tandem duplications (DUP) and translocations (TRA). DELLY2
requires a sorted and indexed BAM file and the matching alignment reference
genome (GRCh37/hg19) to identify split-reads. The BCF format (plus index) is the

output which is subsequently converted into a VCF format using bcftools.

2.3.24 Whole Genome Sequencing (WGS)

2.3.241 WGS capture, library preparation and sequencing by Edinburgh

Genomics
WGS was performed by Edinburgh Genomics (https://genomics.ed.ac.uk) which
utilises lllumina SeqglLab. Sequencing libraries were prepared using the lllumina
Seglab-specific TruSeq Nano High Throughput kit. A minimum of 1.5 ug of gDNA, in
a concentration of 50 to 100 ng/pl and with a minimum volume of 30 ul were sent to

Edinburgh Genomics.

Samples were evaluated for quality and quantity using an AATI Fragment Analyzer
and the DNF-487 Standard Sensitivity Genomic DNA Analysis Kit. The AATI ProSize
2.0 software provided a quantification value and a quality (integrity) score for each
gDNA sample. Samples were reported to fail the QC check if the genomic DNA was
found to have a quality score <7 and have little or no high molecular weight material.
Based on the quantification results, gDNA samples were pre-normalised to fall within
the acceptable range of the Illlumina SeqLab TruSeq Nano library preparation
method using the Hamilton MicroLab STAR. Library QC was also performed to
evaluate the libraries for mean peak size and quantity using the Caliper GX Touch
with a HT DNA 1k/12K/HI SENS LabChip and HT DNA HI SENS Reagent Kit. The

libraries were normalised to 5 nM using the GX data and the actual concentration
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was established using a Roche LightCycler 480 and a Kapa Illumina Library

Quantification kit and Standards.

Each library was sheared to a mean insert size of 450 bp using a Covaris LE220
focused ultrasonicator. Library preparation also included end repair, size selection,
3’-end adenylation, adapter ligation and enrichment with 8 cycles of PCR
amplification. The Caliper GX Touch with a HT DNA 1k/12K/HI SENS LabChip and
HT DNA HI SENS Reagent kit was used to quantify and control the peak size of the
libraries. Libraries were normalised to 5 nM, with the actual concentration defined
using a Roche LightCycler 480 and a Kapa lllumina Library Quantification kit. The
libraries were then normalised, denatured and pooled in eights for clustering using a
Hamilton MicroLab STAR with Genologics Clarity LIMS X edition. The libraries were
clustered onto a HiSegX flow cell v2.5 on cBot2s and the clustered flow cell

transferred for sequencing on the HiSegX, using the HiSeqX Ten Reagent kit v2.5.

Edinburgh Genomics aligned the reads to the GRCh38 human reference genomes
using BWA-MEM (0.7.13). Patients aligned by Edinburgh Genomics are shown in
Table 2-4. Duplicated fragments were marked using SAMBLASTER (0.1.22) and
GATK (3.4-0-g7e26428) was used for the indel realignment and base recalibration.
GATK was also used to calculate genotype likelihoods and the final GVCF file was

generated using HaplotypeCaller.

2.3.24.2 Alignment of WGS samples
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Upon initial receipt of the WGS data, patients F1377 and F1310 had been aligned to
build GRCh38 by Edinburgh Genomics (Table 2-4). In order to use the vcfhacks
tools (Section 2.3.22.2) for the ensuing analysis, it was necessary that the alignment
was to the previous human reference genome, build GRCh37. Therefore, the two
genomes were realigned using a similar approach to the pipeline for WES (Section
2.3.22.2), including alignment using BWA, sorting and removal of PCR duplicates
using Picard, and variant calling using GATK’s HaplotypeCaller. Genome alignments
were undertaken on MARC1 (http://arc.leeds.ac.uk/systems/marc1/), part of the High
Performance Computing and Leeds Institute for Data Analytics (LIDA) facilities at the
University of Leeds, UK, a large memory node cluster. Genome alignment followed

the same principal commands as for WES analysis, with example commands in

Appendix 2.

Patient Alignment reference Aligned by

F1377 GRCh37, GRCh38 Author, Edinburgh
Genomics

F1310 GRCh37, GRCh38 Author, Edinburgh
Genomics

F1335 GRCh37 Edinburgh Genomics

F1071 GRCh37 Edinburgh Genomics

F1298 GRCh37 Edinburgh Genomics

F1374 GRCh37 Edinburgh Genomics

F1369 GRCh37 Edinburgh Genomics

F1352 GRCh37 Edinburgh Genomics

F1403 GRCh37 Edinburgh Genomics

F1404 GRCh37 Edinburgh Genomics

Table 2-4 Patients whole-genome sequenced by Edinburgh Genomics and
their subsequent alignment and analysis.
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24 Bioinformatics

241 Literature searches

Investigation of candidate genes, techniques and bioinformatics, to name but a few
topics, was performed using free online tools. The online tool PubMed
(https://www.ncbi.nim.nih.gov/pubmed) provided an invaluable database of journal
articles for literature searching. A comprehensive reference of human genes and
genetic phenotypes was obtained using OMIM (https://www.omim.org). GeneCards
(http://lwww.genecards.org) database was used to interrogate all annotated and

predicted human genes.

2.4.2 Bioinformatics online browser tools

UCSC Genome Browser (http://genome.ucsc.edu/) was used as an essential tool in
the bioinformatics search of genomic regions. Additional information, including
location of SNPs through links to dbSNP and ExAC, location of microsatellites, and
alternate transcripts, was also gained from this database. Ensembl
(http://lwww.ensembl.org/index.html) was also used as a genome browser. The
control exome and genome databases, ExAC (http://exac.broadinstitute.org) (Lek et
al., 2016) and gnomAD (http://gnomad.broadinstitute.org) were used to interrogate
variant allele frequency, alongside dbSNP version 146

(https://www.ncbi.nlm.nih.gov/projects/SNP/) (Sherry et al., 2001).

2.4.3 Integrative Genomics Viewer (IGV)
IGV (http://software.broadinstitute.org/software/igv/home) (Robinson et al., 2011;

Thorvaldsddéttir, Robinson and Mesirov, 2013) proved an invaluable high-
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performance genome-wide visualization tool in the analysis of NGS data. The tool
loads aligned and indexed BAM files for both WES and WGS data and allows
exploration of read depth, coverage, structural variation and visualization of single
base pair substitutions. Reads were analysed in more depth, using additional
features including coloured reads to flag anomalous pair orientations and highlighting

paired reads.

2.4.4 Bioinformatics mutation prediction software

2441 Polyphen-2

Polymorphism Phenotyping-2, known as Polyphen-2
(http://genetics.bwh.harvard.edu/pph2/) is a tool that annotates nonsynonymous
SNPs (Adzhubei et al., 2010). Using the HumVar prediction (for Mendelian disease)
of the effect of an amino acid substitution on the 3D structure and function of the

resulting protein, it gives a score as follows:
0-0.4 benign

0.4-0.9 possibly damaging

0.9-1.0 probably damaging

No score unknown

2.4.4.2 MutationTaster2
MutationTaster2 (http://www.mutationtaster.org/) predicts the effect of amino acid
substitutions, short indels, intronic and synonymous alterations and variants

spanning intron-exon borders (Schwarz et al., 2014). Variants are ranked as follows:
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disease causing

disease causing automatic
polymorphism
polymorphism automatic
neutral

The automatic label is given when the variant has been marked as a known disease-
causing variant in a public database of known variation, including ClinVar
(https://www.ncbi.nlm.nih.gov/clinvar/) (Landrum et al., 2016) and HGMD Public
(http://lwww.hgmd.cf.ac.uk/docs/articles.html) (Stenson et al., 2014). MutationTaster2
gives information regarding genotypes found in the 1000 Genomes Project
(Abecasis et al., 2012) and phenotypes found in ClinVar. Variants are regarded as
neutral when they are found in the homozygous state more than 4 times in 1000

Genomes.

2443 Blosum62

Blosum62 scores are generated from a substitution matrix based on aligned proteins
from approximately 2000 aligned sequence segments characterizing more than 500
groups of related proteins. Scores range from +3 to -4 and negative scores are more

likely to be damaging substitutions (Henikoff and Henikoff, 1993).

2444 PROVEAN
Protein variant effect analyzer, or PROVEAN
(http://provean.jcvi.org/genome_submit_2.php), predicts the effect of

nonsynonymous SNPs, indels and multiple amino acid substitutions on protein
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function (Choi et al., 2012). The score is alignment-based and measures the change
in sequence similarity between a protein sequence before and after the introduction

of an amino acid variation. Scores are as follows:

<-25 deleterious
>-25 neutral
2445 SIFT

Sorting intolerant from tolerant, known as SIFT
(http://provean.jcvi.org/genome_submit_2.php), classifies single amino acid
substitutions based on closely related sequences within the relevant protein family

(Kumar, Henikoff and Ng, 2009), with scores defined as follows:
<0.05 damaging

=0.05 tolerated

24.4.6 MutPred 1.2

MutPred 1.2 (http://mutpred.mutdb.org) is an online tool that predicts whether an
amino acid substitution is disease-associated or neutral. There is a general score (Q)
calculated which is the probability that an amino acid substitution is deleterious or
disease-associated, and also a P-value (p) that certain structural and functional

properties are unaffected. Scores are classified as follows:
Scores with g > 0.5 and p < 0.05 are referred to as actionable hypotheses.
Scores with g > 0.75 and p < 0.05 are referred to as confident hypotheses.

Scores with g > 0.75 and p < 0.01 are referred to as very confident hypotheses.
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2.4.4.7 Combined Annotation-Dependent Depletion (CADD) score

CADD Score (http://cadd.gs.washington.edu/score) (Kircher et al., 2014), or C score,
is an algorithm that scores the deleteriousness of SNPs and insertions/deletions
variants in the human genome. The score it generates is not a measure of sequence
conservation, but is a pre-computed score worked from the differentiation between
the annotations of fixed or nearly fixed human-derived alleles and those of simulated
variants. The scores rank known deleterious variants within individual genomes,
allowing a genome-wide prediction of variant effect. Scores range from 1-99 and a
scaled C-score of 10 or more indicates that variants are predicted to be the top 10%
most deleterious substitutions that are present in the human genome, a score of 20

or greater indicates the top 1% most deleterious and 30 or higher the top 0.1%.

2448 Functional Analysis through Hidden Markov Models (FATHMM)
FATHMM (http://fathmm.biocompute.org.uk) (Shihab et al., 2013) permits scoring of
both coding variants and non-coding variants. The scoring can be both
weighted/species-specific (a score derived from how frequent functionally neutral or
disease-causing amino acid substitutions map on to conserved protein domains), or
unweighted/species-independent (automated multiple sequence alignment of
homologous sequences which is then analysed by Hidden Markov Models to capture
position-specific information). FATHMM is similar to both SIFT and PolyPhen-2 as
Hidden Markov Models are applied. Predictions are scored as P-values in a range 0O-
1. A variant score of >0.5 is considered deleterious, while those listed below 0.5 are
predicted to be neutral or benign. P-values that are close to the extremes, be that 0
or 1, are the highest-confidence predictions with highest accuracy, according to the

model.
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2.4.5 Splicing prediction tools

Human Splice Finder (HSF) (http://www.umd.be/HSF3/) was used to determine
whether intronic variants were likely to affect gene splicing. HSF predicts a variant’s
effect on splicing motifs, such as the acceptor and donor splice sites, and exonic
splicing enhancers (ESE) and exonic splicing silencers (ESS) both of which either
enhance or suppress splicing respectively. Alamut Batch (http://www.interactive-
biosoftware.com/alamut-batch/) was used to annotate variants and assign splice
predictions, including HSF, MaxEntScan, NNSPLICE, SpliceSiteFinder and
GeneSplicer. Ensembl’s VEP was also used to functionally annotate variants and

report on regulatory region consequences.

2.4.6 AgileMultildeogram

AgileMultildeogram is an autozygosity mapping tool available at DNA@Leeds
(http://dna.leeds.ac.uk/agile/AgileMultildeogram/). The software inputs WES VCF
files and generates a circular ideogram showing locations of autozygous regions

from multiple individuals across Chromosomes 1-22.

2.4.7 HomoloGene

NCBI's HomoloGene (https://www.ncbi.nlm.nih.gov/homologene) was used for the
multiple sequence alignment of proteins to examine the level of conservation among
other species for the amino acid of interest. Protein homologues, paralogues and

orthologues are outputs from this tool.

2.4.8 GENEVESTIGATOR
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Genevestigator (https://genevestigator.com/gv/index.jsp) (Hruz et al., 2008) was
used as a search engine for curated gene expression and contains publicly available

microarray and RNA-seq data.

2.4.9 Expasy translate
Expasy translate (https://web.expasy.org/translate/) was used to translate all

nucleotide DNA or RNA sequences into a protein sequence.

2.4.10 Protein analysis tools

2.410.1 Simple Modular Architecture Research Tool (SMART)

SMART (http://smart.embl-heidelberg.de) (Schultz et al., 1998) was used to identify
and analyse domains in proteins of interest. The SMART output domains are based
on phyletic distributions, functional class, tertiary structures and functionally

important residues.

2.4.10.2 Protter
Protter (http://wlab.ethz.ch/protter/start/) (Omasits et al., 2014) was used as a tool for
the visualization of proteins and the predicted annotation of amino acid sequence

features.

2.4.10.3 Prediction of Protein Sorting Signals and Localisation Sites in Amino
Acid Sequences (PSORTII)

PSORTII (https://psort.hgc.jp) (Horton and Nakai, 1997) was applied as a prediction

of protein localization sites in cells.
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2.4.10.4 SignalP

The SignalP server (http://www.cbs.dtu.dk/services/SignalP/) (Nielsen et al., 1997)
was used to predict the presence and location of signal peptide cleavage sites in
amino acid sequences. Based on a combination of several artificial neural networks,
the tool incorporates a prediction of cleavage sites and the presence/absence of a

signal peptide.

2.4.10.5 Phobius
Phobius (http://phobius.sbc.su.se) (Kall, Krogh and Sonnhammer, 2004) was used
for the prediction of transmembrane topology and signal peptides from the amino

acid sequence of a protein.
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Chapter 3 The identification of novel

mutations in SLC38A8

3.1 Introduction

Before this study commenced, recessive mutations in SLC38A8 had recently been
identified and published in patients with foveal hypoplasia and optic nerve misrouting
in the absence of albinism (Al-Araimi et al., 2013; Poulter et al., 2013) (Section
1.8.2). Since the gene was identified, further patients with the same or similar
phenotype had been recruited to the Leeds study for mutation screening. The aim of
this study was to screen this new cohort to expand the mutation spectrum of
SLC38A8 and to clarify the phenotype associated with mutating this gene. Patients
that were screened in the original study (F1071, F1287, F1288, F1298, F1310,
F1405, F1419 and F1421), but who did not have a mutation in the coding region or
splice sites of SLC38A8, are also included in this study (investigated in Chapters 4

and 5) and presented in Table 3 1.

3.2 Results

3.2.1 Screening of SLC38A8 in a novel patient cohort

An international cohort of fourteen new patients (F1335, F1351, F1352, F1368,
F1369, F1371, F1372, F1373, F1374, F1377, F1378, F1402, F1403 and F1404),

suspected of having SLC38A8-related disease (Section 2.2) (Table 3 1), was
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amplified by PCR and Sanger sequenced (Section 2.3.4.2, 2.3.9) using primers
previously designed to target the 10 exons and splice sites of SLC38A8 (Poulter et
al., 2013) (Appendix 12). All of the new patients were sporadic cases, with the
exception of one who had an affected sibling, labelled as F1372 and F1373 in Figure
3-1. A pedigree structure was available for members of three additional families as
shown in Figure 3-1; two probands, F1374 and F1335, were from consanguineous
partnerships. Full details of the cohort are in Table 3-1 and pedigrees for patients

that was known are presented in Figure 3-1.

F1337 | F1336
' “i' | | , <::>
F1334  F1335 F1389 F1390 F1391 F1388

F1378

F1374 F1372  F1373

Figure 3-1 Pedigrees of cases with foveal hypoplasia.

Two probands were from consanguineous partnerships (F1335 and F1374). F1372
had an affected sib (F1373).
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Parental Foveal Optic Iris
Patient Ethnicity Sex Relatives Nystagmus nerve ASD
consanguinuity hypoplasia transillumination
misrouting
sibling F1334,
. mother F1336,
F1335 South Asian F Yes father F1337. Al + NR NT NR -
unaffected.
F1351 North European M No NR + NR NT NR —
F1352 East Asian M No NR + NR NT NR —
F1368 USA. M No NR + NR NT + —
(Caucasian)
F1369 USA4 F No NR + NR NT NR —
(Caucasian)
F1371 West European F No NR + NR NT NR —_
mother F1388, 3
half-uncles
F1378  South European F No F1398, F1390, + NR NT NR —_
F1391. Al
unaffected.
F1372  USA (Jewish) F No skilng of aifected T NR NT NR —
F1373
F1373  USA (Jewish) M No Sffaciad sthig ¥ NR NT NR —
F1372
DNA not
F1374  South Asian M Yes avaiabie for + NR + NR -
unaffected
parents
F1377 West European M No NR + + + NR —_
F1402 West European F No NR + + NT NR —_
F1403 West European M No NR + NR NT NR —_—
F1404 West European M No NR + + + NR —_
F1071 South Asian M No NR + NR + + —
affected sibling
F1288,
F1287  South Asian F Yes “"aﬂ,f‘:t;:gs'sm' 1 NR NT NR -
unaffected father
F1286
affected sibling
F1287,
F1288  South Asian F Yes “"“‘“:‘:t;:gs's"" 1 NR NT NR -
unaffected father
F1286
F1298 European F No NR + + + NR —_
Fi31p ~ WestAsian Yes NR 1 1 NT NR —
(Iraqgi)
F1405 European M No NR + NR — NR —
F1419 NR NR No NR + + NT NR —
F1421 NR NR No NR + NR NT NR —

Table 3-1 Details of patient cohort screened for SLC38A8 mutations.

Patients were recruited by clinicians across multiple national and international
centres. Phenotypic data was provided by the clinician. Abbreviations are as

follows: F female; M male; + affected; - unaffected, NT not tested, NR not

reported.
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Genomic DNA from 13 probands in the new cohort (F1335, F1351, F1352, F1368,
F1369, F1371, F1372, F1374, F1377, F1378, F1402, F1403 and F1404) was
amplified by PCR and Sanger sequenced (Table 3 1). This analysis identified
variants in SLC38A8 which looked pathogenic in two members of the cohort; a
heterozygous missense change in case F1377 (c.2T>C, p.(Met1?)) and a

homozygous missense change in case F1368 (c.848A>C, p.(Asp283Ala)) (Table

3-2).
Location cDNA Protein Allele No. of
Patient change dbSNPrsID count & reported
on Chr16 : change
(Zygosny) frequency homozygotes
c.2T>C 2/240142
? -
F1377 84,075,761 (Het) p.(Met1?) 8 3286-6 0
c.848A>C 76/277066
F1368 84,050,850 (Hom) p.(Asp283Ala) rs139373929 2 7426-4 1

Table 3-2 Rare SLC38A8 variants identified in two patients with foveal
hypoplasia.

Two novel mutations were identified by Sanger sequencing in two patients.
Their locations on chromosome 16 are shown, (reference sequence
NM_001080442.1), using human reference genome build GRCh37. When
available, rs number (dbSNP ID), allele count & frequency and the number of
homozygotes reported are listed using data sourced from the gnomAD browser
(last accessed 03/08/2017).

In individual F1368, a novel homozygous missense change was identified in exon 7
of SLC38A8, c.848A>C (NM_001080442.1) (Table 3-2). This transversion results in
the substitution of aspartic acid for alanine at amino acid 283, p.(Asp283Ala) (Figure
3-2). F1368 is a Caucasian male child from the USA with reported foveal hypoplasia
and ASD. No visual evoked potential examination had been undertaken in clinic, so
that chiasmal misrouting defects were not ascertained. Segregation analysis of the
variant was not possible, as family DNA was not available. Investigation of the

p.(Asp283Ala) variant frequency in publicly available databases (Section 2.4.2),
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including dbSNP and gnomAD, revealed that it is present in both (rs139373929),
with a reported allele frequency of 76/277066 (0.0002743) in gnomAD (last accessed
on 03/08/2017) (Table 3-2). The variant was found in a homozygous state once in
gnomAD in a case of Ashkenazi Jewish origin (1/10142) (Table 3-2), and the allele

count was highest in this population overall (63/10142, MAF 0.006).

SLC38A8
genomic: 32.374 kb || ] L1 | | Ll | |
(minus strand) 1 | I 1 | | 11 |
84,075,762 84,043,272
transcript: 1308 nt | 1 | 2 | 3 [ 4 5] 6 ] 7 | 8 [o] 10 ]
T
v v
CTAGCCACGGAGGG CTGCTGCCGTCTTG

Mutant

CT GCC TGG GGG

'\/\M

AN AN APV D LA N
c.2T>C €.848A>C

Wild-type

p.(M1?) p.(Asp283Ala)
F1377 F1368

Figure 3-2 Sanger sequencing electropherograms of the two SLC38A8 variants
identified in patients F1368 and F1377.

Schematic representation of the SLC38A8 genomic structure and transcript of
10 coding exons, showing the location of the two variants identified by Sanger
sequencing. Electropherogram sequencing traces of the two variants are
mapped at the approximate location on chromosome 16: homozygous
missense ¢.848A>C, p.(Asp283Ala) (Patient F1368) and heterozygous
missense c.2T>C, p.(Met1?) (Patient F1377). Variants mapped using reference
sequence NM_001080442.1 and human reference genome build GRCh37.

Analysis of this substitution using a variety of different pathogenicity prediction tools
(Section 2.4.4), also suggests that this missense change is likely to be pathogenic.
PolyPhen2, SIFT, MutationTaster2, Blosum62, MutPred and PROVEAN all predicted

this variant to be pathogenic (Table 3-3). CADD outputs are not given a binary
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pathogenic/non-pathogenic output, but this variant generated a CADD
deleteriousness score of 20.3, indicating that is it among the top 1% of the most
deleterious substitutions in the human genome. Only one tool, the FATHMM
weighted score, predicted that this variant was tolerated and not pathogenic (Table
3-3). Conservation analysis of the nonsynonymous substitution was undertaken
using HomoloGene (Section 2.4.7). The results showed the aspartic acid residue to
be fully conserved through evolution down to the zebrafish, indicating the importance
of the aspartic acid at this position (Figure 3-3). Investigation of the aspartic acid
residue in human SLC38A8 paralogues showed that the residue is only conserved in
SLC38A7, SLC38A1 (hATA1) and SLC38A11 (Figure 3-3). The alanine residue is
also not present in any of the paralogues at this position (Figure 3-3). Use of the
SMART tool (Section 2.4.10.2) predicted the topological structure of SLC38A8 to
have 11 transmembrane helices, further supported by the prediction tools Protter
(Section 2.4.10.5) and Phobius (Section 2.4.8.5). SMART predicted the variant to lie

on the extracellular side of the channel (Figure 3-4).
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Possibly Disease Deleterious
. causing . mutation Neutral Tolerated
? -
84075760 c.2T>C p.(Met?) d?(;n ;‘fg;g (probability 1 D3MaGING o opabiiity 1.956) 230 (279
' 0.99) 0.968)
Disease Deleterious
Probably causing ) . mutation Deleterious Tolerated
84,050,850 c.848A>C p.(Asp283Ala) . acing (1) (probability "2 D3Maging - ohabiity (7.245) 203 (442
0.99) 0.745)

Table 3-3 Bioinformatics analysis of novel SLC38A8 variants identified in cases F1377 and F1368.

The heterozygous missense variant, c.2T>C was identified in patient F1377 and the homozygous c.848A>C variant was
identified in patient F1368. Mutations are annotated using the reference sequence NM_001080442.1 and human reference
genome build GRCh37. URLs: PolyPhen-2, http://genetics.bwh.harvard.edu/pph2/ (Adzhubei et al., 2010); MutationTaster2,
http://www.mutationtaster.org/ (Schwarz et al., 2010; Schwarz et al., 2014); SIFT, http://sift.jcvi.org/ (Ng and Henikoff, 2003);
Blosum62 (Henikoff and Henikoff, 1993); PROVEAN, http://provean.jcvi.org/ (Choi et al., 2012); MutPred 1.2,
http://mutpred.mutdb.org/ (Li et al., 2009); CADD Score, http://cadd.gs.washington.edu/score (Kircher et al., 2014); FATHMM
score (weighted) http://fathmm.biocompute.org.uk/index.html (Gough et al., 2001). Blosum62 scores range from +3 to -3;
negative scores are more likely to be pathogenic substitutions. CADD score of 220 means that the variant is in the top 1%
most deleterious mutations in the genome.
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c.848A>C
p.(Asp283Ala)
Human 268 SLTGVYGFLTFGTEVSADVLMSYPGNDMVIIVA 298
Chimp 268 SLTGVYGFLTFGTEVSADVLMSYPGNDMVIIVA 298
Dog 280 SLTGVYGFLTFGTEVSADILMSYPGNDVVVIVA 312
Cattle 268 SLTGVYGFLTFGTDVSADILMSYPGSDGVVIVA 298
Mouse 263 TLTGVYGFLTFGPEVSADILMSYPGNDTAIIVA 295
Rat 263 TLTGVYGFLTFGTEVSADILMSYPGNDTAIIVA 295
Chicken 323 SLTGLYGYLTFGEDVAPDVLMSYPGNDPVVITA 355
Zebrafish 274 TLTGVFGFLTFGRKVASDILMSYPGNDVVMI IA 307
Frog 278 SFTGIYGSLTFGEAVAADILMSYPGNDVAVIIA 303
hSLC38A8 272 GFLTFGTE------ VSADVLMSYP---G---N 291
hSLC38A7 298 GFLTFGAA-—---- VDPDVLLSYP---S---E 317
hSLC38A3 340 GYLTFYNG------ VESELLHTYS---KVDPF 362
hATAL 329 GYLTFYDN---—--- VQSDLLHKYQ---SK--D 349
hSLC38A6 303 GYLTFYDK--—---- VESELLKGYSKYLS---H 325
hSLC38A2 346 GYLTFYEH------ VESELLHTYSSILG---T 368
hSLC38B10 248 GYVSEFTEA----—-- TAGNVLMHFP---S---N 266
hSLC38A5 312 GYLTFYSS-———--- VKAEMLHMYS---Q---K 331
hSLC38A11 196 GYLTFTGF-—----- TQGDLFENYC---R---N 215
hSLC38A10 248 GYVSFTEA-—-——--- TAGNVLMHFP---S---N 266
hSLC38A4 286 GYLTFYGE------ VEDELLHAYS---K---V 408
hSLC36A3 305 GYMKFGSD------ TOQASITLNLP--—-—-—---— N 323
hSLC38A9 411 VFASFPSPPLSKDCIEQNFLDNFP---S---S 436
hSLC36A2 317 GYLRFGDD------ IKASISLNLP----—--- N 335
hSLC36A1 310 GYLQFGAN---—--- IQGSITLNLP--—----- N 328
hSLC36A3 346 GYMKFGSD------ TOQASITLNLP--—-—-—--— N 364
c.2T>C
p.(Met1?)
Human 1 e MEGQTPGSR---GLPEKPH 16
Chimp 1 MEGQTPGSR---GLPEKPH 16
Dog 1 e MAEDSLTLESGFGAPEGPARGRP---GLREKPV 30
Cattle 1 mmmmmmm e MEGQTPGGG---GLSEKPV 16
Mouse 1 e MEGQPRGSR---GPLEKPL 16
Rat 1 MEGQTRGSR---GLPEKPL 16
Chicken 1 MPVPLGGLGGVPPWYLPATPMEAGVRAPLPPPQGPLKGDRVEHASLAQPQ 50
Zebrafish 1 e MEELARESIRSISLLSKPA 19
Frog 1 e MEELARE---SISLLGKSG 16
hSLC38A8 1 MEGQTPGSRGLPEKPHPATAAA----TLSSMG-AVFILMKSALGAGLLN 44
hSLC38A7 27 QOSPCVDTAPKSEWEASPGGLDRGTTSTLG-AIFIVVNACLGAGLLN 71
hSLC38A3 43 MEGKSFLQKSPSKEPHFTDFEG----KTSFGM-SVFNLSNAIMGSGILG 86
hSLC38A6 50 SVENLMNAIMGSGILG 65
hSLC38A2 58 GKKKYETEFHPGTTSF----GMS----- VENLSNAIVGSGILG 91
hSLC38B10 3 AA----AASNWG-LITNIVNSIVGVSVLT 26
hSLC38A5 30 RGPAPGS----- KPVQFMDFE----GKTSFGMSVFNLSNAIMGSGILG 68
hSLC38A10 3 AA----AASNWG-LITNIVNSIVGVSVLT 26
hSLC36A3 32 ENVHPAGEAG----- LSMMQO-TLIHLLKCNIGTGLLG 62

Figure 3-3 Protein sequence alignment of human SLC38A8 with homologues
from human and other species for the residues surrounding the two novel
variants identified in cases F1368 and F1377.
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The shaded amino acid residues indicate those that are shared with the human
residue of SLC38A8 at the same position. The residues substituted in the two
patients are coloured red. Case F1368 c.848A>C p.(Asp283Ala) and case
F1377 c.2T>C p.(Met1?). Sequences of SLC38A8 used: Human (Homo
sapiens) NP_001073911.1; Chimpanzee (Pan troglodytes) XP_003315260.1;
Dog (Canis lupus familiaris) XP_005620941.1; Cattle (Bos taurus)
XP_015331173.1; Mouse (Mus musculus) NP_001009950.1; Rat (Rattus
norvegicus) NP_001178938.1; Chicken (Gallus gallus) XP_003641956.1;
Zebrafish (Danio rerio) NP_001138287.1; Frog (Xenopus tropicalis)
NP_001037900. SLC38A8 human (h) paralogue sequences used: SLC38A8
NP_001073911; SLC38A7 NP_060701; SLC38A3 NP_006832; SLC38A1
(hATA1) NP_109599; SLC38A6 NP_722518; SLC38A2 NP_061849;
SLC38B10 NP_612637; SLC38A5 NP_277053; SLC38A11 NP_775783;
SLC38A10 NP_001033073; SLC38A4 NP_060488; SLC36A3 NP_001138489;
SLC38A9 NP_775785; SLC36A2 NP_861441; SLC36A1 NP_510968;
SLC36A3 NP_001138489.
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Figure 3-4 Predicted 2D model showing patient SLC38A8 variants.

Membrane topological structure programmes predict SLC38A8 has 11

transmembrane helices.

(A) WT SLC38A8. The p.(Asp283Ala) mutation is

(highlighted by red

B) Schematic representation of the predicted SLC38A8 protein

predicted to lie on the extracellular surface of the channel

arrow).

(

(Met1?) variant which has an alternative ATG

p.

3

introduced by the ¢.2T>C

(ASLC38A8(26aa)). The transmembrane domains predicted by the tools are

translation initiation site located 78bp away from the original TIC
numbered and the predicted N

-terminal signal peptide sequence is highlighted

in red. One of the 11 transmembrane domains is abolished upon protein
truncation. A variety of tools were used and the consensus is shown as

generated by Protter (Section 2.4.8.2).
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In patient F1377, a novel heterozygous SLC38A8 missense variant in the start codon
was identified (c.2T>C; p.(Met1?)) (Table 3-2, Figure 3-2). The affected individual
was a Caucasian 2-year old male from the UK diagnosed with congenital nystagmus,
foveal hypoplasia, probable optic nerve misrouting, and no signs of reduced
pigmentation. Segregation analysis of the variant was not possible as family DNA
was not available. Interrogation of publicly available databases showed this variant
to be very rare. It is absent from dbSNP, but the variant is present in gnomAD, with
the allele reported only in a heterozygous state in 2/240142 alleles (Table 3-2) (last
accessed 03/08/2017). PolyPhen2, SIFT, MutationTaster2, Blosum62 and MutPred
all predicted this variant to be pathogenic, but PROVEAN predicted the variant as
Neutral and the weighted FATHMM score was noted as Tolerable. The variant has a
CADD score of 23.0 (Table 3-3). Conservation analysis of the substitution, using
HomoloGene, showed the methionine residue to be conserved in all species down to
the zebrafish, with the exception of chicken and dog (Figure 3-3). SLC38A3 is the

only paralogue that shares the same coding start site as SLC38A8 (Figure 3-3).

No second mutation for case F1377 was found within the coding sequence and
flanking 10 bp of intronic sequence of each exon. Therefore, the search was
widened to all sequence data generated by Sanger sequencing. Six heterozygous
intronic variants were identified in this search (Appendix 13). However, only one of
these variants was found to be rare (0.01) when interrogating the gnomAD and
dbSNP databases. This variant, c.189+28G>A (rs144889482), was not identified in
any other patients in the cohort and had a reported allele frequency of 1398/233994
(0.005975) in gnomAD (last accessed 03/08/2017). The variant was interrogated

using the Human Splice Finder (HSF) online bioinformatics tool (v3.0) to investigate
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potential aberrations of splicing signals. To maximise the detection of auxiliary motifs
such as exonic splicing silencers (ESS), HSF employs various prediction matrices
and integrates the scores. The variant was predicted to break an ESS site, with five
prediction algorithms utilised by HSF to yield this result (Table 3-4). The altered ESS
site was predicted to be caused by the loss of four motifs, including a hnRNPA1
motif (Table 3-4). The software interpreted the variant to have ‘probably no impact on

splicing’; it was therefore not pursued further at this stage.

cDNA Motif Reference Mutant HSF Ensembl
position sequence sequence prediction annotation

-ESS

-lIE

-Fas-ESS
c.189+28G>A  -ESS cctggggacgggt cctgggaacgggt  hexamers Modifier

-hnRNPA1

+PESS

octamer

Table 3-4 Human Splice Finder prediction for the rare intronic variant identified
in Patient F1377.

HSF prediction for the variant c.189+28G>A identified by Sanger sequencing.
The position of the variant is underlined. — indicates the motif was abolished by
the mutation; + indicates a new site was created by the mutation. The
algorithms and matrices used by HSF to identify the motifs were: exonic
splicing silencer (ESS) motifs from (Sironi et al., 2004), intron identity elements
(IIEs) (Zhang et al., 2008), Fas-ESS hexamers (Wang et al., 2004), hnRNPA1
motifs from HSF, putative exonic splicing enhancers (PESS) octamers (Zhang
and Chasin, 2004). The ‘modifier’ Ensembl annotation can be defined as non-
coding variants or variants affecting non-coding genes, where predictions are
difficult or there is no evidence of impact.

To investigate the potential for a novel translation start site introduced by the
c.2T>C, p.(Met1?) variant in case F1377, the sequence upstream and downstream
of the WT primary start codon was interrogated. No alternative upstream ATG

codons were identified. The distance between the translation initiation codon (TIC)
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and the next downstream ATG codon of SLC38A8 is 78 bp, or 26 aa
(ASLC38A8(26aa)). This would result in a truncated SLC38A8 protein size of 409 aa,
compared to the WT size of 435 aa. The topology prediction tools Protter (Section
2.4.10.2) and SMART (Section 2.4.10.1), were applied in the analysis of predicted
domains, repeats, motifs and features of SLC38A8 between WT and the potentially
truncated protein (ASLC38A8(26aa)). Also, PSORTII (Section 2.4.10.3), SignalP
(Section 2.4.10.4) and Phobius (Section 2.4.10.5) were applied in the prediction of

protein localisation sites and signal peptide identification.

The variety of tools were used to generate a consensus schematic to show the
location of the transmembrane domains as well as the topology, for full length
SLC38A8 (Figure 3-4). Protter predicted that ASLC38A8(26aa) would eliminate the
first transmembrane domain and introduce an extracellular N-terminal peptide
sequence (Figure 3-4). It is not yet known whether WT SLC38A8 has a signal
peptide, as localisation signals for the WT protein have not yet been defined.
PSORTII analysis of WT SLC38A8 confirmed the absence of a signal peptide,
however, the PSORTII analysis of ASLC38A8(26aa) predicted a cleavable signal
peptide located at amino acid positions 1 to 46, similar to Protter’s prediction.
However, the application of SignalP and Phobius failed to detect a signal peptide for
both WT and ASLC38A8(26aa). SMART protein analysis did not predict the
introduction of an N-terminal signal peptide for the truncated protein
ASLC38A8(26aa). Instead, this tool predicted a shift in the positioning of the

transmembrane domains.
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To understand the importance of the protein’s initial 26aa, HomoloGene was used to
analyse the start of SLC38A8 amongst orthologues. As shown in Figure 3-5, there is
a relatively high level of conservation through evolution in the first 26aa of SLC38A8.
As mentioned previously, dogs and chickens have a different start site to the protein.
Human paralogues of SLC38A8 do not appear to be conserved in this region of the

protein (Figure 3-5).
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Human L MEGQTPGSR---GLPEKPHPA-——-——-—————————————— TAAATLSS 26
Chimp 1 s MEGQTPGSR---GLPEKPHPA-———————————————————— TAAATLSS 26
Dog 1 mmmmmmmmm o MAEDSLTLESGFGAPEGPARGRP——-GLREKPVPA-———————————————————— AASPTLSS 40
Cattle 1 e MEGQTPGGG-~-GLSEKPVPT———=—==———————————— ASGPGLSS 26
Mouse 1 s MEGQPRGSR---GPLEKPLPA-——-————————————————— ATHPTLSS 26
Rat 1 e MEGQTRGSR-~-GLPEKPLPA-————=—=———=—————————— TTHPPLSS 26
Chicken 1  MPVPLGGLGGVPPWYLPATPMEAGVRAPLPPPQGPLKGDRVEHASLAQPQPSPLOGHWEMERGEGQPLLGLRNTGSAGLSS 31
Zebrafish 1 e MEELARESTRSISLLSKPARG----—==——=—=—————————— SDVPRLGS 29
Frog 1 e MEELARE---STISLLGKSGLE-============——————— GGTPSLSS 26

hSLC38A8 1 MEGQTPGSRGLPEKPHPATARA----TLSS 26

hSLC38A7 27 QSPCVDTAPKSEWEASPGGLDRGTTST 53

hSLC38A3 43  MEGKSFLQKSPSKEPHFTDFEG----KTSF 68

hSLC38A2 58 GKKKYETEFHPGITSF----GMSG 77

hSLC38B10 3 BAA----AASN 8

hSLC38A5 30 RGPAPGS-——--- KPVQFMDFE----GKTS 49

hSLC38A10 3 BAA----AASN 8

hSLC36A3 32 ENVHPAGEAG--—-- LSM 44

Figure 3-5 HomoloGene multiple sequence alignment of orthologous SLC38A8 sequences and SLC38A8 human
paralogues at the start of the protein.

The shaded amino acid residues indicate those that are shared with the human SLC38A8 residue at the same position. (Top
pane) Sequences of SLC38A8 orthologues used: Human (Homo sapiens) NP_001073911.1; Chimpanzee (Pan troglodytes)
XP_003315260.1; Dog (Canis lupus familiaris) XP_005620941.1; Cattle (Bos taurus) XP_015331173.1; Mouse (Mus
musculus) NP_001009950.1; Rat (Rattus norvegicus) NP_001178938.1; Chicken (Gallus gallus) XP_003641956.1; Zebrafish
(Danio rerio) NP_001138287.1; Frog (Xenopus tropicalis) NP_001037900. (Lower pane) SLC38A8 human (h) paralogue
sequences used: SLC38A8 NP_001073911; SLC38A7 NP_060701; SLC38A3 NP_006832; SLC38A6 NP_722518; SLC38A2
NP_061849; SLC38B10 NP_612637; SLC38A5 NP_277053; SLC38A10 NP_001033073; SLC36A3 NP_001138489.
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No further potentially pathogenic mutations were identified in any of the remaining 11
patients. Ten variants were identified in the coding sequence and flanking 10bp of
SLC38A8 in the 11 remaining patients (Table 3-5 and Appendix 13), however, the
majority of these were too common in publicly available databases to be causative
mutations for this rare disorder. Two of the variants (F1403; c.159C>T, p.(Gly53=)
and F1372; c.406A>T, p.(Ser136=))) were considered to be rare or unreported in the
publicly available databases, as shown in Table 3-5. However, the variants were

synonymous and so were not prioritised and carried forward at this stage.

Allele

. . No. of
Patient Location cDNA Protein dbSNP rs ID count & reported
on Chr16 change change frequency h
omozygotes
(gnomAD)
F1403 _ 462/273576
(Het) 84,075,604 c.159C>T p.(Gly53=) rs147597105 0.001689 0
F(Lz)z 84,067,055 C.40BAST p.(Ser136=) ; ; ;

Table 3-5 Rare heterozygous non-pathogenic variants identified in the coding
region of SLC38A8.

Rare heterozygous (Het) variants identified in patients from this cohort are
shown here with their locations on chromosome 16 (reference sequence
NM_001080442.1), using human reference genome build GRCh37. When
available, rs number (dbSNP ID), allele count & frequency and the number of
homozygotes reported are listed using data resourced from the gnomAD
browser (last accessed 03/08/2017).

3.2.2 Haplotype analysis in SLC38A8 negative patients

Alongside the mutation screening of the new patient cohort, selected patients who
had tested negative for mutations in SLC38A8 in the original gene identification
study (Poulter et al., 2013) were investigated using microsatellite haplotype analysis.

The full details of patients who had previously tested negative for mutations in
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SLC38A8 are documented in Error! Reference source not found.. Haplotype
analysis was undertaken in a consanguineous sib pair, F1288 and F1287, to check
whether they were homozygous or shared haplotypes across the SLC38A8 locus.
Haplotype analysis was also performed in a sporadic case from a consanguineous
relationship, F1310. This individual was not from the patient cohort of 13, but had
previously been analysed by whole genome SNP microarray analysis which had
highlighted a large region of homozygosity spanning SLC38A8 (Sergouniotis, 2012),
although Sanger sequencing had failed to detect the causative mutation (Poulter et
al., 2013). Unfortunately, the SNP data was not available for this patient, so

haplotype analysis was undertaken to confirm the reported homozygosity.

Patient F1290, from the original gene identification study, was known to harbour a
large deletion encompassing SLC38A8 that was missed by Sanger sequencing and
was only detected when a pseudo-homozygous variant identified in F1290 was not
present in her father (Poulter et al., 2013) (Section 1.5.4). Similar large deletions
encompassing the neighbouring gene, DNAAF1, have also been reported in patients
with primary ciliary dyskinesia (PCD) (Loges et al., 2009). F1290 was analysed in
this experiment to try and establish a PCR-based assay to detect the deletion and
aid mapping of the breakpoints, so it could be screened for in additional patients.
Finally, haplotype analysis was also undertaken on consanguineous individual
F1335 from the present study, who was noted to have homozygous SNPs within
SLC38A8 from Sanger sequencing (Appendix 13). This case was included in the
genotyping assay to confirm homozygosity across the region. The Sanger

sequencing was still ongoing for the remaining cases of the new cohort. To perform
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the haplotype analysis, thirteen microsatellite markers (Table 3-6), spanning nearly

10Mb (30cM) of the SLC38A8 locus, were amplified and genotyped (Section 2.3.11).

Physical

Size e Genetic Left primer (5°-3°) Marker

Marker Position e . . s e
(bp) on Chri6 Position Right Primer (5°-3’) Repeat
173~ 79,044,896 GATCTGGCTTACGATGATTTCTAAC

D16S309% 519 79045207 9704 CCGTGATGATGTCTGCAAC CA
239- 81,674,263 GACTGTGTCTGCCCAA

D16S505 261 81674567 - TCTGCCTCCATACGTG CA
115 82,980,450- GGGAGATAGCCTTAAACTTTCTTAC

D16S3091 129 82080774 19909 GTTGCTAATAACACTAGGCCA CA
161- 83,293 414- TTTTGTAACCATGTACCCCC

D16S402 457 83203808 19999 ATTTATAGGGCCATGACCAG CA

84,717,619 TACGCAAGTCAAAGAGCCTC

D16S2625 183 g/717940 11689 ~GGACACATGAGACCCTGTCT GATA
241- 84,934 541- CTACTGGTGAGGCTGAGGTG

D16S3061 253 84034804 11795 ATATCTCGGGATTTGTTGCTTTAC CA
201-  84,943,849- GAGCCAAGATGACACCACT

D16S3037 517 84944196 1179% GCACTGGGAACCTAAGGA CA

86,386,034- GATCCCAAGCTCTTCCTCTT

D16S539 157 g5 386,428 - ACGTTTGTGTGTGCATCTGT GATA
181-  86.516.112- GCTTAGTCATACGAGCGG

D16S520 197  ge516335 12284 T TCCACAGCCATGTAAACC CA
193- 87,084,745 GGTGTTTTTCTGCAACAGG

D16S3074 517 87085073 12207 T TGGGTTTCCAAAGTCAGTC CA
218~ 87.278,632- AGCTTGTTTTAGCAANAATTTC

D16S3063 65 87278923 12994 TGCCTGATTCCACCAA CA

D1esaias 108 87,649,701- ] GCCTGGGCAATAGAACAAGACTCTG .,
128 87,649,912 TTTAAGCAGAACAGCAACGCAATC

Dlesats 131 87,893,836 ACTCCAGCCCGAGTAA cA
149 87894172 GGTCACAGGTGGGTTC

Table 3-6 SLC38A8 microsatellite marker specifications.

SLC38A8 location on chromosome 16: 84,043,272-84,075,762, (Reference sequence
NM_001080442.1, human reference genome build GRCh37). Where available, the genetic
map positions were taken from the deCode map (Kong et al., 2002).

After resolving the fragments on the ABI3130xl, sequencer peaks were analysed
using the GeneMapper software v4.0 and genotypes were manually called, then
checked using Cyrillic 2.1. The results for each case are represented as haplotypes
(Figure 3-6). SLC38A8 is located between markers D16S402 and D16S2625,

highlighted with an arrow (Figure 3-6). A set of representative microsatellite
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genotyping electropherograms for marker D16S2625 is presented for the family of

affected individual F1335 (Figure 3-7).
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Figure 3-6 Haplotype analysis using microsatellite markers in F1290, affected sibs F1287 & F1288, F1335 and F1310.

Genotyping results are shown for 13 microsatellite markers surrounding SLC38A8. Genotypes have been assembled into
haplotypes, represented by different coloured bars. Black regions highlight potential autozygous/hemizygous haplotypes and
cross-hatched regions are uninformative, whereby parent allele origin could not be assigned. The numbers alongside each
haplotype bar correspond to the size of each allele amplified by the microsatellite markers, in base pairs. The numbers
coloured red for the mother of F1287 and F1288 (B) were inferred as maternal DNA was not available. The location of
SLC38A8 is shown using the arrow. The markers are displayed in order of their physical location. (A) F1290 (with known
heterozygous deletion spanning SLC38A8); (B) F1287 and F1288; (C) F1335; (D) F1310 (case previously reported to be
homozygous across at the locus).
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Figure 3-7 Genotype electropherogram for microsatellite marker D16S2625 in
case F1335 and family.

Genotype profile of the microsatellite marker D16S2625 generated using
GeneMapper 4.0. Affected individual (F1335), unaffected sibling (F1334), father
(F1337) and mother (F1336).

The results showed that the deletion in case F1290 was not very large and it could
not be detected by the microsatellites due to the uninformative nature of the marker
closest to SLC38A8, D16S2625, and the limited number of markers in the region of
the gene. Therefore, this assay failed to detect the breakpoints of the deletion in
case F1290, so a PCR based screening assay could not be developed (Figure 3-6,

A).

Haplotype analysis in the consanguineous family with affected siblings F1287 and

F1288, showed that the affected siblings did not share a detectable region of
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autozygosity across SLC38A8. Furthermore, the haplotypes were also inconsistent
with compound heterozygous inheritance, as each sib had inherited a different
haplotype from the father, indicating that SLC38A8 is not the cause of the foveal
hypoplasia in these siblings (Figure 3-6, B). In patient F1335, the results show a
region of homozygosity surrounding the gene highlighted by markers D16S402,
D16S2625, D16S3061 and D16S3037 (Figure 3-6, C). This region spans
approximately 3.4Mb between markers D16S3091 and D16S539. This data is
consistent with SLC38A8 being the mutated gene in this patient and suggests that
the Sanger sequencing methodology used to screen the gene may have missed the
mutation. The results also showed a region of homozygosity surrounding SLC38A8
in patient F1310, with a minimum size of 7.34Mb between markers D16S3096 and

D16S539 (Figure 3-6, D).

Once the microsatellite analysis and Sanger sequencing of the new cohort was
complete, the intronic sequence generated by Sanger sequencing of SLC38A8 was
analysed in all 18 mutation negative patients (from both the new and original patient
cohorts), to look for potential intronic mutations. This analysis identified 2 rare
variants in addition to the variant previously described in F1377 (Table 3-2) and 19
common variants (Appendix 13). All rare variants were investigated using Ensembl
VEP and Human Splice Finder (Section 2.4.5), as shown in Table 3-7. None were
judged to be pathogenic as the splice prediction results described them as neutral,

meaning they are unlikely to have any impact on gene splicing.
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Location on Allele count & No. of Ensembl
Patient cDNA change dbSNP rs ID frequency reported . HSF prediction
Chr16 annotation
(gnomAD) homozygotes
F1421 (Het) 84,067,120 €.389-46A>C - - - Modifier 1
F1298 (Hom) 84,050,061 c.1162+63C>G rs190583132  147/30964 0.004747 0 Modifier 2

Table 3-7 Rare heterozygous and homozygous non-pathogenic variants identified outside of the coding regions and
splice sites of SLC38A8.

Heterozygous (Het) and homozygous (Hom) variants located in intronic regions of SLC38A8 identified by Sanger sequencing
with a MAF <0.01, but not thought to be pathogenic and causative of the phenotype are shown here. Their locations on
chromosome 16 are shown, (reference sequence NM-001080442.1), using human reference genome build GRCh37. When
available, rs number (dbSNP ID), allele count & frequency and the number of homozygotes reported are listed using data
resourced from the gnomAD browser (Last accessed 03/08/2017). The ‘modifier’ Ensembl annotation can be defined as non-
coding variants or variants affecting non-coding genes, where predictions are difficult or there is no evidence of impact.
Human Splice Finder (HSF) (Section 2.4.5) was used to predict splicing consequences and intronic variants were annotated
as follows: 1 No impact on splicing; 2 Creation of an intronic ESE site, probably no impact on splicing.
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Using the data generated from Sanger sequencing (Table 3-5, Table 3-7 and
Appendix 13), the zygosity of SNPs over the region of SLC38A8 for all mutation
negative individuals was then ascertained (Table 3-8). The results show that no
other patients apart from F1335 and F1310 appear to be homozygous across

SLC38A8.

To enable haplotype analysis to be undertaken in the non-consanguineous F1372
and F1373 sib pair, F1373 was screened by Sanger sequencing as eight SNPs had
already been identified in F1372. The results show that the two sibs do not share the
same alleles across the locus and are unlikely to have SLC38A8 related disease

(Table 3-8 and Figure 3-8).

This analysis, alongside Sanger sequencing, left a cohort of 11 patients from this
study (plus 7 from the original study), who appear not to harbour mutations in

SLC38A8 and which can be put forward for gene identification studies.
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Patient

Ex1
Intron1
Ex2
Intron2
Ex3
Intron3
Ex4
Intron4
Ex5
Intron5
Ex6
Intron6
Ex7
Intron7
Ex8
Intron8
Ex9
Intron9
Ex10

F1071

F1288

F1298

F1310 I

F1335

F1351

F1352

F1369

F1371

F1372

F1373

F1374

F1378
F1402

F1403

F1404

.
F1405 .

F1419

F1421

Table 3-8 Zygosity of SNPs over the region of SLC38A8 for all mutation negative individuals.

All heterozygous (orange) and homozygous (blue) polymorphisms identified by Sanger sequencing ~3,750bp over the region
of SLC38A8. The siblings with non-consanguineous parents, F1372 and F1373, are highlighted in bold.
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m_' O

F1372 F1373 Markers
<1 <1 rs11864162C>T | 16:84,046,240
Alla clle rs11864095G>A | 16:84,046,249
G||A clla rs11864211G>A | 16:84,046,512
C||T cllc rs13336030 C>T 16: 84,046,519
C||T cl|c rs77876966 C>T 16: 84,049,959
Gl|le cllc rs113733057 G>C | 16: 84,050,009
AllT AllA c.406A>T 16: 84,067,059
AllT AllA rs34702590 A>T 16: 84,069,929
T L L i rs1105355 G>T 16: 84,075,313

Figure 3-8 Haplotype analysis of SNPs within SLC38A8 in affected sib pair
F1372 and F1373.

Genotyping results are shown for nine SNPs. Haplotypes are presented for
both siblings. No parental DNA was available.

During Sanger sequencing of patient F1373, a heterozygous variant in exon 8 of
SLC38A8 (c.1027G>C; p.(Gly343Arg)), was found. The variant is present in the
publicly available databases (rs113733057) with a reported allele frequency of
364/276174 (0.003491) in gnomAD (last accessed 03/08/2017). Four out of eight
pathogenicity prediction tools predicted this variant to be pathogenic, but the
weighted FATHMM score was noted as Tolerable, both MutPred and PROVEAN
scored the variant as Neutral and SIFT scored the variant as Tolerated (Table 3-9).
The variant has a CADD score of 23.4 (Table 3-9). The variant was not present in his

affected sib F1372 and was therefore not investigated further.
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. causin Tolerated Neutral Neutral Tolerated
84,050,259 ¢.1027C>G p.(Gly383Arg) damaging (probabi?ity -2 (0.734) (score 0.3) (0.883) 23.4 (4.44)
(0.996) 0.98)

Table 3-9 Bioinformatics analysis of the rare variant identified in affected sib F1373.

The heterozygous missense variant, c.1027C>G was identified in patient F1373. The variant is annotated using the reference
sequence NM_001080442.1 and human reference genome build GRCh37. URLs: PolyPhen-2,
http://genetics.bwh.harvard.edu/pph2/ (Adzhubei et al., 2010); MutationTaster2, http://www.mutationtaster.org/ (Schwarz et al.,
2010; Schwarz et al., 2014); SIFT, http://sift.jcvi.org/ (Ng and Henikoff, 2003); Blosum62 (Henikoff and Henikoff, 1993);
PROVEAN, http://provean.jcvi.org/ (Choi et al., 2012); MutPred 1.2, http://mutpred.mutdb.org/ (Li et al., 2009); CADD Score,
http://cadd.gs.washington.edu/score (Kircher et al., 2014); FATHMM score (weighted)
http://fathmm.biocompute.org.uk/index.html (Gough et al., 2001). Blosum62 scores range from +3 to -3; negative scores are
more likely to be pathogenic substitutions. CADD score of 220 means that the variant is in the top 1% most deleterious
mutations in the genome.
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3.3 Discussion

The original report of FHONDA identified the first mutations in SLC38A8 by
screening two consanguineous families linked to the locus (Al-Araimi et al., 2013;
Poulter et al., 2013). The authors then screened the gene in a further 12 unrelated
individuals with similar phenotypes and identified mutations in 5 of these (42%
detection rate) (Poulter et al., 2013). In comparison, in this study, a screen of 13
unrelated individuals only led to the identification of likely causal mutations in 2
cases (F1368 and F1377) (15% detection rate). One of these mutations was
homozygous, located in exon 7 of SLC38A8 (F1368), and the second was
heterozygous, located in the start codon of the gene (F1377). Further investigation of
the locus did not reveal a second mutation in the latter individual. A possible reason
for the lower detection rate in this study is that none of the patients had any hints of
linkage to the SLC38A8 locus, whereas in the earlier study, 3/12 cases were
consanguineous and had autozygous regions overlapping SLC38A8 (although no
mutation was identified in one of these samples until this study - see below for

patient F1310) (Poulter et al., 2013).

3.3.1 Expanding the mutation spectrum of SLC38A8

The homozygous change identified in F1368 was a non-conservative substitution
and the heterozygous variant p.(Met1?) identified in F1377 was predicted to delete
the first 26AA of the protein. For both variants, the disease-causing nature was
supported using a combination of in silico pathogenicity prediction softwares,
conservation analysis and publicly available allele frequencies in the gnomAD

database. GhomAD, an extension of EXAC (Lek et al., 2016), contains 123,136
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exomes and 15,496 genomes from unrelated individuals, not solely control
individuals, but also patients from various disease-specific and population genetic
studies. The database is not reported to contain any patients with severe
developmental or paediatric disorders, yet it is evident that patients with visual
defects are contained within this database. For example, homozygous frameshift
alleles in LTBP2 (MIM 602091) are present and these cause primary congenital

glaucoma with Marfan-like extra-ocular features (Ali et al., 2009).

The small number of affected individuals highlights that FHONDA is extremely rare in
the general population, meaning that the causal mutations must be of large effect
and under strong negative selection. Allele frequency thresholds for such a rare
Mendelian disease are discussed in more detail in Chapter 4, with regards to WES

variant prioritisation (Whiffin et al., 2017).

3.3.1.1  The identification of a homozygous SLC38A8 missense variant in

case F1368

In gnomAD, the allele frequency of the homozygous missense variant identified in
F1368 was notably higher in the Ashkenazi Jewish population (0.006). The
homozygous change, p.(Asp283Ala) in gnomAD was detected in a case of
Ashkenazi Jewish ancestry. Further familial information is required for F1368, who
was only reported as a Caucasian male from the USA, but no details were provided
regarding his ethnicity. The patient was recruited directly by an ophthalmologist,
who, in the experience of the Leeds Vision Research Group, rarely enquire about a

patient’s ethnicity, unlike clinical geneticists.
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It is always difficult to determine with absolute certainty whether missense mutations
are disease-causing without further supportive data. While this higher allele
frequency in the Jewish population could suggest that the p.(Asp283Ala) variant is a
polymorphism specific to this population, there have since been two additional
reports of this homozygous mutation in unrelated FHONDA patients, suggesting that
it may represent a founder mutation. The first is another patient with FHONDA
syndrome from the USA (Dr Carmel Toomes, personal communication). Secondly,
the mutation has been identified in two affected sibs in a nonconsanguineous
Ashkenazi Jewish family (Toral et al., 2017). The affected sibs in the study by Toral
and colleagues were diagnosed with foveal hypoplasia but had not been tested for
optic nerve misrouting. Toral and colleagues performed structural modelling of the
mutation based on hydropathy using the membrane topology prediction method,
TMHMM (Krogh et al., 2001). Later modelling of the tertiary structure was performed
using a threading approach (I-TASSER), as there was a lack of structural templates
in the Protein Data Bank. Subsequently, mutations were introduced into the model
using FoldX (Zhang, 2008; Roy, Kucukural and Zhang, 2010; Yang and Zhang,
2015; Schymkowitz et al., 2005). This investigation predicted SLC38A8 to have 11
helices, similar to the consensus of analyses performed in this study using tools such
as SMART, Protter and Phobius (Section 2.8.4). Using SMART, the p.(Asp283Ala)
variant was predicted to lie on the extracellular side of the membrane. Likewise,
Toral and colleagues located the mutation extracellularly, proximal to the channel
pore (Toral et al., 2017). Using the linearized adaptive Poisson-Boltzmann solver
software (Baker et al., 2001) to analyse the channel’s electrostatic potential, the
change from a negatively-charged polar aspartic acid residue to an uncharged and

hydrophobic alanine residue was reported to potentially affect the local sodium
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concentration and disrupt glutamine transport (Toral et al., 2017). The altered
aspartate residue is well conserved among the orthologues, but the conservation of

the residue within the paralogues, however, is less convincing (Figure 3-3).

In the study by Toral and colleagues, all known SLC38A8 mutations were mapped
on to a hydropathy-based structural model of the protein (Toral et al., 2017). The
predicted mechanisms of pathogenicity ranged from failed localisation of the
SLC38A8 channel to the membrane (p.(GIn200*) and p.(Ala282del)), to affected
membrane stability due to hydrogen bonding aberrations (p.(Glu233Lys)) (Toral et
al., 2017; Poulter et al., 2013). What the Toral study failed to note, however, is that
the p.(GIn200*) mutant protein is unlikely to be synthesised, as the mRNA is likely to
be targeted for nonsense-mediated decay (NMD) as the premature termination
codon (PTC) is before the last exon. Interestingly, the Toral study revealed that three
of the mutations from the gene identification study, (p.(Ser336Ala), p.(Leu344Cys)
and p.(Gly412Arg)), were predicted to be protein-stabilizing, with their pathogenic

mechanism unknown (Toral et al., 2017).

Seven out of the eight pathogenicity prediction tools employed predicted the
p.(Asp283Ala) change to be pathogenic. It is clear that no one algorithm performs
best. A range of pathogenicity prediction tools that employ sequence and
evolutionary conservation-based methods (SIFT, PROVEAN, Blosum62), protein
sequence and structure-based methods (PolyPhen-2) and supervised learning

methods (MutPred and MutationTaster), were therefore employed in this study. This



132

was to reduce the prevalence of either a false negative or false positive result and to

help reach a consensus when outputs conflicted.

The variant identified in F1368 was predicted to have a CADD score >20, ranking
the variant’s deleteriousness above all 99.5% of all possible human SNVs, more
than 97% of missense SNVs in a typical exome and more than 56% of Mendelian
pathogenic CNVs in ClinVar, according to the creators of CADD (Kircher et al.,
2014). The creators of CADD recommend retaining all scores 215 as potential
pathogenic variants, as it is the median value for all possible canonical splice site
changes and nonsynonymous variants (Kircher et al., 2014). CADD scores,
however, should be interpreted in terms of “likelihood of deleteriousness”, rather than
the likelihood of pathogenicity, as there is no calibrated relationship between the two

at present (Kircher et al., 2014).

3.3.1.2 The identification of a heterozygous SLC38A8 missense variant in

case F1377

The heterozygous p.(Met17?) variant identified in patient F1377 had a reported allele
frequency of <0.01 in the gnomAD database for exomes and genomes in all
populations. In the gnomAD database, two additional variants in the start codon of
SLC38A8 are reported. The first is a rare SNP, ¢c.3G>A, present in dbSNP
(rs746806089) (1/30926, MAF 3.2e°, gnomAD) that abolishes the start codon. The
second variant, c.1A>T, does not have an rs number, but it is reported in the

gnomAD database with an allele count of 1/238975, MAF 4.19e®.
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Six out of the eight pathogenicity prediction tools applied in this study predicted the
p.(Met1?) variant to be pathogenic. FATHMM and PROVEAN conflicted the other six
tools by predicting p.(Met1?) in case F1377 to have a neutral effect. In a study by
Walters-Sen and colleagues, PROVEAN was found to give the best performance for
detecting credibly benign variants, with 94.7% correctly predicted (Walters-Sen et al.,
2014). Their study analysed all prediction tools applied in this thesis, with the
exception of Blosum62, and found MutPred to be the best performer, with an
accuracy of 82% in a dataset of approximately 120 credibly pathogenic and credibly
benign variants in genes involved in the RASopathy family of disorders and limb-
girdle muscular dystrophy (Walters-Sen et al., 2014). In the original SLC38A8
screen, SIFT scored the most variants as benign, with MutationTaster and MutPred
scoring the most variants as pathogenic (Poulter et al., 2013). As described in
Chapter 2, SIFT and PROVEAN are based on the same algorithm. Dependent on
the gene and the mutation in question, it is clear that pathogenicity prediction tools
should not be used alone to determine whether or not a mutation is disease-causing.
However, at present there aren’t any appropriate functional tests that could have

been performed in order to test the variants identified in F1368 and F1377.

The ¢.2T>C transition identified in patient F1377 is predicted to cause the loss of the
primary start codon AUG coding for methionine. Start codon mutations have been
reported in human disease, including the detection of a de novo mutation (c.3G>A)
in the phenylalanine hydroxylase gene in a patient with phenylketonuria (Eiken et al.,
1992), a novel mutation (c.3G>A) in the initiation codon causing beta-thalassemia

(Saba et al., 1992) and a ¢.3G>A mutation reported in a Dutch family with Pelizaeus-
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Merzbacher disease, an X-linked recessive disorder characterised by demyelination

of the CNS (Sistermans et al., 1996).

Although there are many upstream ORFs, in general, the first AUG on the mRNA will
become the translation initiation codon (TIC) and in combination with the embedded
Kozak consensus sequence (specifically there is strong bias for a purine at position -
3 and a G at position +4), will maximise translation efficiency (Kozak, 1986; Kozak,
1991; Kozak, 1997; Nakagawa et al., 2008). There is no 5 UTR sequence currently
annotated for SLC38A8 (UCSC Genome Browser, last accessed 03/08/2017).
Studies of the SLC38A8 5’ UTR are undertaken in Chapter 5, whereby RT-PCR of
the region upstream of the WT AUG codon revealed a short sequence of what is

strongly believed to be 5’ UTR.

Reports of changes to both the TIC and the consensus sequence have been shown
to be detrimental to the initiation step of translation in vivo, with the potential to
activate an alternative AUG upstream or downstream (Kozak, 2002; Kochetov et al.,
2005; Wethmar, Smink and Leutz, 2010). Such mutations are well reported as
causes of human disease, for example a 5 UTR mutation at base -34 in CDKN2A
giving rise to a novel AUG initiation codon that leads to decreased translation in a
number of patients with melanoma (Liu et al., 1999). Additionally, a pathogenic
initiation codon mutation in U2HR, the inhibitory upstream ORF in the 5" UTR of the
gene encoding the human hairless homolog HR, leads to cases of Marie Unna

hereditary hypotrichosis (Wen et al., 2009). Such mutations are also seen in
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ophthalmic disease, including start codon mutations in FRMD7 causing idiopathic

nystagmus (Choi et al., 2015).

Alternative translation start sites can generate more than one protein isoform from
the same gene (Kochetov, 2008), although it has been suggested that this can
reduce protein expression by 30-80% (Calvo, Pagliarini and Mootha, 2009).
Adhering to the “scanning model” of protein translation initiation, the direction of this
model suggests that a TIC mutation might preferentially activate the nearest
downstream in-frame ATG codon, which was located 26aa away in SLC38A8
(ASLC38A8(26aa)). As an aside, it should be noted, however, that not all genes
have an AUG start codon (Kearse and Wilusz, 2017). To determine if the
downstream in-frame start codon is used and such a “leaky scanning” mechanism is
taking place, functional studies need to be performed. In original experiments
exploring this mechanism, the first AUG codon was placed out of frame with respect
to a bacterial chloramphenicol acetyltransferase (CAT) reporter gene sequence
(Kozak, 1995). Using this method, it is possible to test whether ribosomes can initiate
translation at a downstream AUG codon, with CAT protein presence/absence
dependent on whether this is possible (Kozak, 1995). More recent studies have
employed in vitro GFP-reporter assays, for example MLH1-GFP fusion constructs
generated by fusing 5’ sequence preceding the downstream ATG initiation codon to
GFP, to assess the consequences of translation initiation disruption (Parsons et al.,
2015). In this study, due to the limited expression of SLC38A8 (Section 5.2.4.1),

patient protein lysates and RT-PCR experiments would not be possible.
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-6 3 - +1 +4
Consensus Kozak Sequence G CCRCC AUG GXXX

1st Initiatoncodon CTAGCC AUG GAGG

2nd Initiatoncodon TCCTCG AUG GGCG

Figure 3-9 Sequence of the Kozak consensus and the translation initiation
start site of SLC38AS.

The nucleotide sequence surrounding the first (WT) and second AUG codons.
The Kozak consensus sequence is shown at the top.

As the sequence flanking the TIC has also been suggested to influence translation
efficiency (Kozak, 1986; Kozak, 1997), the similarity between the Kozak consensus
sequence and the sequence surrounding ASLC38A8(26aa) (positions -6 to +4) was
assessed. The results for the shift start site protein ASLC38A8(26aa), compared to
the WT SLC38A8 (Figure 3-9). It is interesting to note that the Kozak consensus
sequence for WT SLC38A8 is not a conventional consensus sequence (5’-

GCCRCCAUGG-3’, whereby R represents a purine A/G) (Figure 3-9).

Three similarities were found between the SLC38A8 WT Kozak consensus site and
the sequence surrounding ASLC38A8(26aa), including the C at position -2, the G at
position +1 and the G at position +4. The latter position is evolutionarily conserved in
vertebrates and mutations at this position have been shown to exert a negative effect
on translation (Kozak, 2002; Nakagawa et al., 2008). Studies of translation initiation
in eukaryotes have utilised fluorescence-activated cell sorting and high-throughput
DNA sequencing (FACS-seq) to determine the efficiency of start codon recognition

for all possible translation initiation sites using AUG start codons (Noderer et al.,
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2014; Diaz de Arce, Noderer and Wang, 2018). From a genetic reporter library
representing all 65,536 possible translation initiation sequences spanning the -6 to
+5 positions, the motif RYMRMVAUGGC was found to enhance ribosome
recognition and translation efficiency (Noderer et al., 2014). In line with previous
findings (Kozak, 1986; Kozak, 1987), positions -3 and +4 were identified as
important sites for TIC efficiency (Noderer et al., 2014). The fact that the -3 purine
isn’t present at the potential shifted start site suggests that even if this downstream
AUG was utilised, the mRNA would be translated at much lower efficiency. This
further supports the pathogenicity of the variant. Research performed by Wolf and
colleagues suggested that single base-pair substitutions reported in TICs outnumber
those identified in termination codons by >3 fold (Wolf et al., 2011). There is
therefore an important role of TIC-mutations in gene pathology, as approximately
0.7% of all disease-causing amino acid changes occur in the start codon (Wolf et al.,
2011). Further to this, studies interrogating Ensembl data have revealed that 11,261
variants affect the initiation codons of 7,205 genes, with 99.5% of these having low
or unknown MAF, thought to reflect their pathogenic nature (Abad-Navarro et al.,

2018).

Further to a shifted AUG TIC, research has been executed to determine the
efficiency of translation by non-AUG codons and this possibility cannot be ignored in
the case of F1377. In other studies, all nine non-AUG codons that differ by a single
base pair, in combination with every possible TIC sequence from the -4 to +4
position, have been investigated using FACS-seq (Diaz de Arce, Noderer and Wang,
2018). Results show that CUG codons are the most effective of all non-AUG codons,

causing approximately 50% as much protein expression as the consensus Kozak
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sequence (Diaz de Arce, Noderer and Wang, 2018). Investigation of the SLC38A8
sequence revealed that the nearest CUG codon is located 23aa away from the WT

TIC.

It is highly likely that the second mutation has been missed in case F1377, given the
autosomal recessive inheritance pattern and the fact that other mutations are known
to be missing in this disease (case F1310, (Sergouniotis, 2012)). A less convincing
hypothesis is that the heterozygous variant identified in case F1377 could have a
dominant-negative character. If this was the case, the mutation would be de novo, as
the parents are unaffected. Similar dominant-negative mechanisms have been
observed in IRDs, for example, mutations in NRL (Kanda et al., 2007) and CRX (Hull
et al., 2014; lbrahim et al., 2018), both reported in autosomal dominant disease, but
now also reported in autosomal recessive cases. The most likely explanation in case

F1377 is that a second mutation has been missed.

Bringing together the results of this chapter with the original findings and subsequent
reports, the total number of likely pathogenic mutations identified in SLC38A8 is

eleven (Poulter et al., 2013, Perez et al., 2014, Toral et al., 2017a) (Figure 3-10).
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Figure 3-10 Mutation spectrum on the SLC38A8 protein.

A schematic protein structure of SLC38A8 showing the location of novel variants (red) and variants from previous publications
(grey) (Poulter et al., 2013; Perez et al., 2014; Toral et al., 2017). The compound heterozygous variants are in parentheses.

The structure was generated using the topology prediction tools SMART (Section 2.8.4.1), Protter (Section 2.8.4.2) and
Phobius (Section 2.8.4.5).
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3.3.2 “Undetectable” mutations in SLC38A8

The initial screening strategy applied in this study focused on sequencing the coding
regions and splice sites (10 bp of flanking intronic sequence) of SLC38A8. This
screening method is predicted to detect the majority of mutations, although it will not
detect all. The exome accounts for ~2% of the total human genome and 85% of
published mutations are harboured in these regions (Majewski et al., 2011).
Reporting of mutations in coding regions is likely to be heavily biased, as the majority
of researchers, until very recently, only screened these areas of genes. As discussed
in the above Section 1.3.1, it is the identification of a single heterozygous mutation in
case F1377 and the absence of a mutation in case F1310 (Poulter et al., 2013;
Sergouniotis, 2012), that indicates that mutations have been undetected in this

recessive disease.

Common locations for mutations undetectable by conventional methods are the
promoters, enhancers, 5’ or 3’ non-coding regions and also intronic fragments. For
example, mutations or SNPs in promoters and 5 UTR of genes may affect the
binding of trans-acting factors, with subsequent consequences for transcription
efficiency (Coppieters et al., 2015). Also, 3' UTR SNPs may cause aberrant mRNA
localisation and polyadenylation status (Scheper, van der Knaap and Proud, 2007).
Epigenetic regulation of the mammalian transcriptome is evident through N°-
methyladenosine (m®A) methylation and methylation consensus sites are enriched
near the stop codons of genes, the 3’ and 5 UTR and within long exons (Dominissini
et al., 2012; Meyer et al., 2012). mRNA homeostasis, as regulated by m®A, has been
linked to a number of diseases, for example obesity and cancer (Lin et al., 2016; Li

et al., 2017).
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Additionally, “undetectable” mutations can be located deep in the introns of genes,
as is the case for many IRDs. Deep intronic variants can lead to forms of alternative
splicing, including exon skipping, alternative splice-site activation, intron retention or
mutually exclusive splicing. Examples of non-coding mutations are prevalent in IRDs,
including CEP290 (intronic splicing mutation, novel exon inclusion) (den Hollander et
al., 2006), LCAS (deletion of promoter) (den Hollander et al., 2007a), ABCA4 (deep
intronic founder variant) (Bauwens et al., 2015), ABCA4 (intronic splicing mutations)
(Zernant, 2014), NMNAT1 (UTR mutations) (Coppieters et al., 2013; Coppieters et
al., 2015) and ATOH7 (remote enhancer deletion) (Ghiasvand et al., 2011). A search
for retina-specific SLC38A8 transcripts (detailed more in Section 5.2.4.1), as with the
alternatively spliced isoform of RPGR, ORF 15, which is solely expressed in the

retina (Kirschner et al., 1999), failed to find any.

The ENCODE project has estimated that approximately 80% of the human genome
contains elements that play essential biochemical roles in genome functionality
(Birney et al., 2012). These functional elements are not solely located in exons, but
also specific regional signatures that are enriched for histone modifications or
DNasel hypersensitive sites (DHSs), for example (Birney et al., 2012). PCR-based
Sanger sequencing, as employed here, with sole analysis of individual exons will
miss mutations present in these regions of gene regulation. In addition, gene
rearrangements, such as copy-number variations (CNVs), will be also missed by
such screening methods. A large deletion spanning SLC38A8, and neighbouring
gene DNAAF1, has previously been identified in a non-consanguineous FHONDA
patient (F1290) with Kartagener’s disease (OMIM 244400) (Poulter et al., 2013; van

Genderen et al., 2006) and a large 640kb deletion encompassing both genes has
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also been reported in a second patient (Loges et al., 2009). The microsatellite
haplotype analysis in this study did not reveal the breakpoints of the deletion CNV in
F1290, a type of mutation that would be undetected using the current Sanger
sequencing screening strategy in the absence of parental DNA. There are a number
of alternative methods to identify structural variation (SV) in the form of CNVs, such
as deletions or duplications. Array comparative genomic hybridisation (aCGH) has
been used extensively for the detection of CNVs in coding and non-coding regions of
IRD genes, with the development of customised arrays, for example arrEYE, which
contains probes for 106 known IRD genes, 60 candidate genes and 196 retina-
expressed noncoding RNAs (Van Cauwenbergh et al., 2016). The large number of
heterozygous SNPs within SLC38A8 identified in the mutation negative cases (Table

3-8) suggests that they do not harbour large deletions encompassing this gene.

3.3.3 Genetic heterogeneity in FHONDA

Haplotype analysis using microsatellite markers and SNPs revealed no shared
haplotypes consistent with recessive inheritance in the consanguineous affected sibs
F1288 and F1287 and the non-consanguineous sib pair F1372 and F1373 across
SLC38A8. This suggests that their phenotype is not caused by mutations in
SLC38A8. These familial cases along with the high number of sporadic SLC38A8
mutation-negative patients identified in this study indicates that FHONDA is a
genetically heterogeneous disease and that further disease genes remain to be

identified.

3.4 Summary
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In this study two novel mutations have been identified in two separate cases of
FHONDA. Failure to identify the second mutation in case F1377 raises the likely
possibility that mutations remain undetected using this screening method and there
is a need to apply NGS to identify potential hidden mutations or structural variation.
What is more, the high number of sporadic SLC38A8 mutation-negative cases
identified in both this study and the original study (Poulter et al., 2013), and sib pairs
not sharing haplotypes across the gene, hints that FHONDA is not a single gene
disorder, but genetically heterogeneous, warranting novel gene investigation by

WES.
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Chapter 4 WES of foveal hypoplasia

patients to investigate novel genes

4.1 Introduction

Screening of the gene SLC38A8 in individuals with foveal hypoplasia and no
hypopigmentation defects resulted in the identification of a cohort of 18 SLC38A8
mutation-negative unrelated cases (11 from the work presented in Chapter 3: F1351,
F1352, F1335, F1369, F1371, F1372, F1374, F1378, F1402, F1403 and F1404 and
7 from the initial gene identification study: F1310, F1071, F1287, F1298, F1405,
F1419 and F1421 (Poulter et al., 2013)). Among this cohort of 18 were two sibling
pairs (F1372 and F1373 and F1287 and F1288) who did not appear to share
haplotypes across SLC38A8, as would be consistent with recessive inheritance
(Section 3.2.2). These results suggested that the rare foveal hypoplasia without
albinism phenotype is heterogeneous and that further mutated genes remain to be
identified. The aim of the work presented in this chapter was to identify novel gene(s)

implicated in this unique disease phenotype using WES.

WES is now widely used to detect new disease genes due to its parallel and
unbiased genome-wide search for causal mutations in coding sequence, allowing for
a high number of loci to be screened at the same time (Ng et al., 2009). Therefore,
this approach was used on 10 unrelated members of the SLC38A8-negative cohort

and two siblings (F1372 and F1373). Although the data presented in this thesis for
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each individual is based on the entire dataset, the findings were not generated at the
same time, but over the 3-year period. Cases were selected for WES based on the

following selection criteria:

(a) Negative for pathogenic mutations in the coding region and splice sites of
SLC38A8, excluded using Sanger sequencing;
(b) Sufficient quantity and quality of DNA available;

(c) Patient consent provided.

4.2 Results

4.2.1 Whole exome sequencing strategy in the search for rare alleles

WES was undertaken on genomic DNA from 12 individuals: F1335, F1351, F1352,
F1369, F1371, F1374, F1288, F1071, F1298, F1405 and sib pair F1372 and F1373.
All patients had a minimum diagnosis of foveal hypoplasia without pigmentation
defects (full details in Tables 3.1 and 3.6) and will hereby be referred to as the foveal
hypoplasia cohort. WES libraries were prepared by either the author or the Leeds
Next Generation Sequencing Facility (http://dna.leeds.ac.uk/genomics/) using the

SureSelectXT kit, as described in Section 2.3.25.1.

Patients F1351, F1369, F1374 and the sib pair F1372 and F1373 were analysed in
the first batch of exomes (alongside additional patients not studied here), at which
time the Agilent SureSelect capture reagent applied was V5. The capture reagent
applied for all remaining exomes was V6. A representative TapeStation trace

obtained for individual F1351 is shown in Figure 4-1, from the final assessment stage
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of the SureSelectXT library preparation, prior to pooling (Section 2.3.22.1). All

libraries were pooled in batches of 10 and subjected to either 100 or 150bp paired-

end sequencing on a single lane of a HiSeq2500 or a HiSeq3000 (Section 2.3.25.1).
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Figure 4-1 Trace from the 2200 TapeStation analysis of the final WES library for

patient F1351.

A representative trace from the TapeStation recording taken at the end stage of
the SureSelectXT protocol, prior to pooling. The expected fragment size peak is
between 225bp-275bp. The upper and lower peaks are the size standards.
Abbreviations; bp base-pairs, FU fluorescence units.

The bioinformatics analysis of the WES data was performed as described in Section

2.3.22.2, Figures 2.2 and 2.3. The sequencing data was obtained as raw FastQ files

that were initially inspected for quality using FastQC

(http://lwww.bioinformatics.babraham.ac.uk/projects/fastqc/). All the samples passed

the QC and an example of the output for patient F1405 is shown in Figure 4-2. The

depth of coverage was also analysed (Section 2.3.25.6) and the mean depth of
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coverage for each sample is listed in Table 4-1. All samples had a minimum of 88%

of bases covered by 20 reads.

A Quality scores across all bases {Sanger / lllumina 1.9 encoding)

123456789121318-19 24-25 30-31 36-37 42-43 48-49 54-55 60-61 66-67 72-73 78-79 84-85 90-91 96-87
Position in read (bp)

B Quality score distribution over all sequences
1.067
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Mean Sequence Quality (Phred Score)
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Figure 4-2 Quality control of raw WES data using FastQC for patient F1405.
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(A) Box plot of the per-base sequence quality (Phred) scores across all bases at
each position. The yellow boxes represent the interquartile range and the
whiskers (upper and lower) show the 10% and 90% range respectively. The
y-axis represents the Phred quality score, with >20 indicative of 99% base
call accuracy and a score >30 indicative of 99.9% accuracy. The red line
shows the median and the blue line shows the mean quality score. (B)
Quality score distribution over all sequences. The y-axis represents the
number of sequence reads. Highlighted in bold font are the sibling pair,
F1372 and F1373.

Mean read % bases % bases % bases
Sample depth covered by covered by covered by
>10 reads >20 reads >30 reads
F1071 123.23 98.9 97 94.1
F1288 72.05 95.2 88.1 79.2
F1298 114.57 98.3 95.7 92.2
F1335 86.89 99.5 98.8 97.1
F1351 68.11 96.6 90 80.4
F1352 112.77 98.7 96.5 93.2
F1369 105.99 96.4 92.1 87
F1371 97.26 99.2 98 95.6
F1372 72.47 97 91.6 83.5
F1373 82.16 97.8 93.6 87
F1374 73.12 96.1 89.6 80.8
F1405 69.32 98.8 95.3 88.5

Table 4-1 Mean read depth and % of bases covered by >10, 20 and 30 reads for
all cases.

All read depth statistics were generated using the GATK ‘DepthofCoverage’
command.

Variants in the known IRD and albinism genes (taken from RetNet and last accessed
03/08/2017, Appendix 6) were first inspected in the foveal hypoplasia cohort. In this
initial analysis, variants with a MAF 0.01 in dbSNP142, EXAC or two locally
sequenced exomes (without eye disease) were removed. The remaining variants
were annotated using variant effect predictor. Synonymous variants and variants
outside exons and their splice site regions were filtered out. The remaining variants
were prioritised according to CADD score. CADD scores above a threshold of 15

were considered in the final variants lists. For each variant listed, the prediction tools
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PolyPhen-2, SIFT and CADD were used to annotate potential pathogenicity of
candidates. Variant lists were created this way for the sib pair, the cohort combined
and each patient on a case-by-case basis. For each variant described, its presence
in public databases dbSNP, ExAC and gnomAD is shown. It should be noted that the
gnomAD database was not released until a later stage of the project, meaning that
candidate variant allele frequency and reported loss of function (LoF) variants were
only initially investigated using the dbSNP and ExAC databases. The release of
gnomAD had an impact on variants that were prioritised in the analysis, to be
discussed further in Section 4.2.3. In the sections below, the results of WES of the

12 foveal hypoplasia patients are detailed.

4.2.2 Screening patients for known IRD or albinism genes

As detailed above, the first stage of the WES analysis pipeline for each individual
focused on the identification of rare and functional variants in known retinal and
albinism disease genes (listed in Appendix 6). The first samples to undergo WES
were F1351, F1369, F1374 and the sib pair F1372 and F1373. During this analysis,
a heterozygous mutation was identified in exon 6 of PAX6 in case F1351,
NM_000280; ¢.275T>C; p.(Val78Ala) number of reads WT(wild-type)/Mut(mutant):
22/30 (Table 4-2). Prior to enrolment in this study, this patient had been pre-
screened for albinism genes. However, this male patient showed no signs of
pigmentation defects. He had only undergone albinism molecular testing as it is often
routinely performed in foveal hypoplasia patients in Scandinavia and the
Netherlands, as these populations are naturally very pale, making albinism hard to

detect.
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The SMART and Protter tools (Section 2.4.8.1) were used to predict the domains of
PAX6 and were used to generate the consensus 2D schematic shown in Figure 4-3.
The encoded PAXG6 protein contains two DNA-binding domains (DBD), the paired
box of approximately 124 aa and a paired-type homeobox of approximately 62 aa,
separated by a linker region (Figure 4-3). The variant identified occurs at a highly
conserved amino acid in the PAX6 paired domain (Figure 4-4). Conservation
analysis was undertaken using HomoloGene (Section 2.4.7). The results show the
valine residue to be fully conserved through evolution down to the zebrafish,
indicating the importance of the valine at this position in the paired domain (Figure
4-4). The variant was located in the coding region of all 11 PAX6 RefSeq transcripts
(Figure 4-5). Investigation of the p.(Val78Ala) variant frequency in publicly available
databases (Section 2.4.2), including dbSNP and gnomAD, revealed that the variant
is not present (last accessed on 03/08/2017). It has been reported once in the PAX6
LOVD database (http://Isdb.hgu.mrc.ac.uk/home.php?select_db=PAXG6) in a patient
with foveal hypoplasia and nystagmus but remains unpublished in the literature. The
PAXG6 variant was verified by Sanger sequencing using an independent patient DNA
sample (Section 2.2). DNA was not available from family members and so
segregation analysis could not be performed. Analysis of this substitution using a
variety of different pathogenicity prediction tools (Section 2.4.4), suggested that the
missense change is likely to be disease-causing. Five of the six pathogenicity
prediction tools applied in this analysis suggested the variant was pathogenic,
including CADD (Score of 25.7, v 1.3). Only Blosum62 predicted a neutral effect with

a score of 0 (Table 4-2).
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To investigate if additional PAX6 mutations existed in the patient cohort, all ten
constitutive coding exons (exons 4-13), the alternatively spliced exon 5a and flanking
introns were Sanger sequenced in all SLC38A8-negative patients (12 cases)
(primers listed in Appendix 7). This sequencing included all patients not already
analysed by WES and the remaining cohort not selected for WES. This led to the
identification of a second PAX6 heterozygous missense variant in another individual.
The variant, NM_000280; c.278C>A, p.(Ala79Glu), was identified in exon 6 of patient
F1378. The female had a phenotype of foveal hypoplasia and no pigmentation
defects. Analysis of this substitution using eight different pathogenicity prediction
tools, predicted it to be disease-causing (Table 4-2). The alanine residue, located in
the paired domain, was conserved through evolution down to the zebrafish (Figure
4-4). The affected amino acid residue is located next to the p.(Val78Glu) variant that

was identified in patient F1351.

Interrogation of other PAX6 transcripts revealed that it is present in all isoforms, as
for the previous variant identified in F1351 (Figure 4-5). The A79E variant was
absent from publicly available databases dbSNP and gnomAD (last checked
18/09/2017). However, it has been published by a team in Denmark (Grgnskov et al.,
1999). The phenotype of this published case was aniridia (stromal hypoplasia with

eccentric pupil), mild nystagmus and early cataract.
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Figure 4-3 Sanger sequencing electropherograms of the two PAX6 variants
identified in patients F1351 and F1378.

Schematic representation of the human PAX6 gene domains using the SMART
and Protter protein tools (Section 2.4.10.1 and 2.4.10.2). The PAX6 protein
consists of a Paired Domain (PD) which includes an alternatively spliced exon
coloured red (exon 5a) and the Homeodomain (HD) separated from the
Proline/Serine/Threonine-rich (PST) transactivation domain by a Linker region
(LNK). The first three exons and the majority of exon 4 constitute the 5’ UTR.
The coding sequence starts in exon 4. The 3’ UTR totals approximately 1Kb.
Amino acid positions for the PAX6 domains are shown. Electropherogram
traces of the two heterozygous variants are mapped at the approximate location
on chromosome 11 (NM_000280): ¢.275T>C, p.(Val78Ala) (Patient F1351) and
c.278C>A, p.(Ala79Glu) (Patient F1378). Variants mapped using the Human
Reference Genome Build GRCh37/hg19.
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Disease Deleterious .
11:31,823,232 c275T>C p.(Val78Ala) - ropably causing  SCOre  nyoaning - Mutation D?ls?;toerr;o-u ® 57 Damaging
31,849, : P- damaging:1.000  (probability 0 99 (probability 3.368) ' (-6.27)
1.0) 0.918) '
Disease Deleterious .
11:31,823,220 c.278C>A p.(Ala79Glu) , ropably causing  SCOre  nyoaning - Mutation D?;itoergofj ° g9 Damaging
31,849, : P- damaging:1.000  (probability -1 99 (probability 4.260) ' (-5.81)
0.9999) 0.914) '

Table 4-2 Bioinformatics analysis of novel PAX6 variants identified in F1351 and F1378.

The heterozygous missense variants, ¢.275T>C (Patient F1351) and ¢.278C>A (F1378) were annotated using the reference
sequence NM_000280 and Human Reference Genome Build GRCh37/hg19. URLs: PolyPhen-2,
http://genetics.bwh.harvard.edu/pph2/ (Adzhubei et al., 2010); MutationTaster2, http://www.mutationtaster.org/ (Schwarz et al.,
2010; Schwarz et al., 2014); SIFT, http://sift.jcvi.org/ (Ng and Henikoff, 2003); Blosum62 (Henikoff and Henikoff, 1993);
PROVEAN, http://provean.jcvi.org/ (Choi et al., 2012); MutPred 1.2, http://mutpred.mutdb.org/ (Li et al., 2009); CADD Score,
http://cadd.gs.washington.edu/score (Kircher et al., 2014); FATHMM score (weighted)
http://fathmm.biocompute.org.uk/index.html (Gough et al., 2001). Blosum62 scores range from +3 to -3; negative scores are
more likely to be pathogenic substitutions. CADD score of 220 means that the variant is in the top 1% most deleterious
mutations in the genome.
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Figure 4-4 HomoloGene multiple sequence alignment of homologous protein
sequences for the residues surrounding the two PAX6 variants identified

in F1351 and F1378.

The shaded amino acid residues indicate those that are shared with the human
residue at the same position. The residues substituted in the two patients are
coloured red. Patient F1351 ¢.275T>C p.(Val78Ala); Patient F1378 c.278T>C
p.(Ala79Glu). Sequences of PAX6 used: Human (Homo sapiens) NP_000271;
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F1351 F1378
.275T>C c.278C>A
p.(Val78Ala) p.(Ala79GLu)
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Chimpanzee (Pan troglodytes) XP_003954413; Cattle (Bos taurus)

NP_001035735; Rat (Rattus norvegicus) NP_037133; Mouse (Mus musculus)
NP_001231127; Chicken (Gallus gallus) NP_990397; Zebrafish (Danio rerio)

NP_571379; Frog (Xenopus tropicalis) NP_001006763.
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Figure 4-5 UCSC Genome Browser RefSeq PAX6 transcripts 1-11.

UCSC Genome Browser screenshot of all RefSeq PAX6 transcripts; 1 NM_001310159.1 (size 1393bp 11:31,814,753-
31,828,473), 2 NM_001310160.1 (size 8177bp 11:31,806,340-31,825,785), 3 NM_001310161.1 (size 6729bp 11:31,806,340-
31,825,785), 4 NM_001258465.1 (size 6854bp 11:31,806,340-31,832,690), 5 NM_000280.4 (size 6966bp 11:31806340-
31832901), 6 NM_001604.5 (size 6910bp 11:31,806,340-31,832,901), 7 NM_001258464.1 (size 6868bp 11:31,806,340-
31,832,901), 8 NM_001258463.1 (size 6860bp 11:31,806,340-31,833,731), 9 NM_001310158.1 (size 6963bp 11:31,806,340-
31,833,890), 10 NM_001258462.1 (size 6922bp 11:31,806,340-31,839,509), 11 NM_001127612.1 (size 6880bp
11:31,806,340-31,839,509). The location of the ¢.275T>C, p.(Val78Ala) variant (case F1351) and c.278C>A, p.(Ala79Glu) is
highlighted by the red arrows. The variant is located in exon 6 of transcript NM_000280 and is present in the coding region of
all 11 transcripts.
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Family DNA was available for three half uncles and the mother of case F1378. The
PAXG6 variant was not found in any other family members available, other than the

affected proband (Figure 4-6).

O

+/+ +/+ +/+ +/+
Il F1389 F1390 F1391 F1388

M/+
F1378

Figure 4-6 Pedigree and mutation status of patient F1378 and family.

Affected individual F1378 is indicated by the shaded symbol. The mutant (M) or
wild-type (+) alleles are shown for each individual screened. The father of
F1378 was deceased at the time of the study but was not reported to have any
visual problems.

No further variants were identified in the coding regions and splice sites of PAX6 in
the entire remaining SLC38A8-negative cohort. Further to these findings, the full
SLC38A8 mutation-negative cohort (16 patients) was additionally screened for non-
coding variation in the form of PAX6 cis-regulatory elements, as these have
previously been linked to eye disease (Bhatia et al., 2013). Fifteen eye-related cis-
regulatory elements were screened by Sanger sequencing using published primers
(Bhatia et al., 2013) (Appendix 7). Variants were identified but were not thought to be
disease-causing as their allele frequencies were not low enough for a rare dominant
disease (Appendix 8). As a result, no further interrogation of these variants was

undertaken.
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Figure 4-7 Map of the PAX6 locus on human chromosome 11 and location of the 15 cis-regulatory elements screened.

The exons of PAX6 (black rectangles) and adjacent gene ELP4 (grey exons) are displayed along with the long-range PAX6
cis-regulatory elements (red arrows). The distal regulatory region (DRR) is shown. There is approximately 170kb between the
first exon of PAX6 and the downstream cis-element. Image adapted with permission from Copyright Clearance Centre on
behalf of Elsevier: The American Journal of Human Genetics (Bhatia et al., 2013).
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Returning to the WES data, further investigation of the known retinal disease genes

revealed the following rare variants.

A heterozygous nonsense variant; NM_031935, ¢.5539C>T; p.(GIn1847Ter),
number of reads WT/Mut: 30/25, was found in exon 35/107 of the gene Hemicentin-1
(HMCNT1) (MIM 608548) in case F1374. The variant in HMCN1 was completely
unreported in the publicly available databases dbSNP, ExXAC and gnomAD (last
accessed 12/12/2017). In the gnomAD database overall there are 210 LoF variants
in HMCN/1 listed that are common throughout the gene and are predominantly
located in the second half of the gene (exons 50-107). The use of CADD predicted
the variant to have a score of 38 (Table 4-3). HomoloGene (Section 2.4.7) showed
the glutamine residue at position 1847 to be fully conserved through evolution down
to zebrafish (Danio) (Figure 4-8). Mutations in HMCN1 have been reported in
patients with autosomal dominant macular degeneration (MIM 603075) (Klein et al.,
1998; Schultz et al., 2003; Pras et al., 2015). However, HMCN1’s close proximity to
Complement Factor H (CFH) has questioned whether HMCN1 is a real AMD gene.
No further variants in HMCN1 (coding region variants or CNVs) were identified in the

remaining cohort.

In case F1352, an East Asian individual, a heterozygous missense variant;
c.146A>C; p.(Glu49Ala), number of reads WT/Mut: 96/91, was identified in the gene
Fascin Actin-Bundling Protein 2, retinal (FSCNZ2) (MIM 607643) (NM_012418.3).
Interrogation of the variant using publicly available databases revealed the variant

was present in dbSNP (rs200600577), ExXAC and gnomAD with a reported allele
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frequency of 10/220092 (1.544e-5) in gnomAD (last accessed 12/12/2017). The
allele was reported in heterozygous state in only East Asian individuals in gnomAD.
PolyPhen-2 and SIFT predicted the missense change to be pathogenic, and CADD
scored the variant at 24.3 (Table 4-3). Conservation analysis showed the glutamic
acid residue to be fully conserved down to the zebrafish (Figure 4-8). The variant
identified is similar to mutations which cause AR IRD, making it likely that a carrier
has been identified here. Analysis of the remaining cohort did not reveal any further

coding region variants or CNVs in FSCN2.

In case F1371, rare heterozygous variants in two known retinal disease genes were
identified. A heterozygous missense change was found in Retinitis pigmentosa 1
(RP1) (MIM 603937); c.278C>A, p.(Thr93Lys) (NM_006269), number of reads
WT/Mut: 80/85. The substitution was listed in the dbSNP (rs139533342), EXAC and
gnomAD databases and was rare, with a reported allele frequency of 21/277124
(7.578e-5) in gnomAD (last accessed 25/05/2018). PolyPhen-2, SIFT and CADD all
predicted the variant to be pathogenic. HomoloGene showed that the amino acid
was fully conserved in all available species (Figure 4-8). Analysis of remaining

patient exome data did not reveal any further coding region variants or CNVs in RP1.

In the same patient, two heterozygous variants were identified in the gene Tubulin
Tyrosine Ligase-like family member & (TTLL5) (MIM 612268). Compound
heterozygous variants have been reported in 5 patients from 4 unrelated families
with autosomal recessive cone-rod dystrophy (CORD19) (MIM 615860)

(Sergouniotis et al., 2014). The first variant (NM_015072); c.1310C>T;
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p.(Ala437Val); number of reads WT/Mut: 58/37, was present in dbSNP, ExAC and
gnomAD (rs112023579). It has been reported in a heterozygous state in 15 African
individuals, 4 Latino, 3 South Asian, 2 European (non-Finnish) and 1 East Asian
individual in gnomAD (last accessed 25/05/2018). The second variant (NM_015072);
c.1409G>A; p.(Arg470GIn), number of reads WT/Mut: 80/78, was also present in
dbSNP, EXAC and gnomAD (rs368557430) (Table 4-3). The variant was reported in
a heterozygous state in 11 African individuals, 3 Latino, 1 South Asian and 1
European (non-Finnish) individual in gnomAD (last accessed 25/05/2018). The
p.(Arg470GIn) variant was predicted to be pathogenic by PolyPhen-2, SIFT and had
a CADD score of 26.6. The p.(Ala437Val) variant was scored benign and tolerated
by PolyPhen-2 and SIFT, but was reported to be deleterious by CADD, with a score
of 23.3 (Table 4-3). The arginine residue was fully conserved at position 470 in all
available species (excluding Zebrafish), but the alanine residue at position 437 was
not conserved in the chicken (Gallus) and frog (Xenopus) (Figure 4-8). Analysis of
remaining patient exome data did not reveal any further coding region variants or

CNVsin TTLLS.

No further potentially pathogenic variants in the known retinal or albinism disease
genes were identified in the remaining foveal hypoplasia cohort. The variants listed

above were not confirmed by Sanger sequencing.
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€.5539C>T
p.(GIn1847Ter)
GLSERVVVKYKPVALQCIANGIPNPSITWLK 1862
GLSERVVVKYKPVALQCIANGIPNPSITWLK 1862
GPSERAIVKYKPITLQCIANGIPNPSITWLK 1864
GLSERAVLKYKPITLQCIANGIPNPSITWLK 1862
DLPEKTVVRYKPVTLQCIANGIPNPSITWLK 1861
DLPEKTVVRYKPVSLQCIANGIPNPSITWLK 1862
GPAERSVVLHTSISLOCVVSGIPPPSTTWLK 1854
c.146A>C
p.(Glu49Ala)
—————————— LKRK-QTWVLEPDPGQGTAVLLRSSH 64
GSGLCAIREWLKSKLRTXVLEPDPGRGTAVLLRSSH 180
—————————— LKRK-QMWVLEPDPGEGTAVLFRSSH 64
—————————— LKRK-QIWVLEPDPGQGTAVLFRSSH 64
—————————— LKRK-QIWVLEPDPGQGTAVLFRSSH 64
—————————— LKRK-QIWTLEQDEADSSVVFLKS-H 63
—————————— LKKK-QIWTLEQDDQDGQVVYLRS-H 62
—————————— LKKK-QIWTLEQDQVDSSVVYLKSHH 64
c.278C>A
p.(Thr93Lys)
FGVRNISTPRGRHSITRLEELEDGESYLCSH 108
FGVRNISTPRGRHSITRLEELEDGESYLCSH 108
FGVRNISTPRGRHSITRLEELEDGASYLCSH 106
FGVRNISTPRGRHSITRLEELEDGQSYLCSH 108
FGVRNISTPRGRHSITRLEELEDGKSYLCSH 107
FGVRNISTPRGRHSITKLEELEDGESYLCSH 107
€.1310C>T ¢.1409G>A
p.(Ala437Val) p.(Arg470Gin)

PLSASDAEMKNLVGSAREKGPGKLGGSVLGLSMEEIKVLRRVKEENDRRG
PLSASDAEMKNLVGSAREKGPGKLVGSVLGLSMEEIKVLRRVKEENDRRG
PLSASDRAEMKNLVGSAREKVPGKLGGSVLGLSMEEIKVLRRVKEENDRRG
PLSASDAEMKNLVGSAREKVPGKLGGSVLGLSMEEIKVLRRVKEENDRRG
PLSASDRAEMKNLVASAREKVPGKLGGSVLGLSMEEIKVLRRVKEENDRRG
PLSASDAEMKNLVASAREKVPGKLGGSVLGLSMEEIKVLRRVKEENDRRG
PLSASDVEMKNLMSSGREKATGROGSSVLGLSMEETKVLRRVRDENERRG

PLSANDIDTGLQVGNREKAV--RRTSCLLGLSIEELKILERVQDEYERRG

TTLLS with homologues.
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Figure 4-8 Protein sequence alignments of human HMCN1, FSCN2, RP1 and
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Mutliple sequence alignment was calculated using HomoloGene. The shaded
amino acid residues indicate those that are shared with the human residue at
the same position. The residues substituted in the patients are coloured red. A
Patient F1374; HMCN1 c.5539C>T, p.(GIn1847Ter) - Sequences of HMCN1
used: Human (Homo sapiens) NP_114141.2; Chimpanzee (Pan troglodytes)
XP_514061.2; Dog (Canis lupus familiaris) XP_547438.2; Cattle (Bos taurus)
NP_001179466.1; Mouse (Mus musculus) NP_001019891.2; Rat (Rattus
norvegicus) NP_001258221.1; Zebrafish (Danio rerio) NP_001177233.1. B
Patient F1352; FSCNZ2 c.146A>C p.(Glu49Ala) — Sequences of FSCN2 used:
Human NP_001070650.1, Chimp XP_003953273.1, Cattle NP_788806.1,
Mouse NP_766390.2, Rat NP_001100542.1, Chicken NP_001171209.1,
Zebrafish NP_957064.2, Frog NP_001093724.1. C Patient F1371; RP1
c.278C>T p.(Thr93Lys) - Sequences of RP1 used: Human NP_006260.1,
Chimp XP_00153192.1, Dog NP_001003040.1, Cattle NP_776383.1, Mouse
NP_035413.1, Rat NP_001182605.1. D Patient F1371; TTLL5 c.1310C>T,
p.(Ala437Val), c.1409G>A, p.(Arg470GIn) — Sequences of TTLL5 used: Human
NP_0055887.3, Chimp XP_001161309.3, Dog XP_005623734.1, Cattle
XP_005212294 .4, Mouse NP_001074892.2, Rat XP_006240435.1, Chicken
NP_001026375.1, Zebrafish XP_003200448.2, Frog NP_001121451.1.
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. c.275T>C Het ) ) ) _ probably_damaging :
PAX6 F1351 11:31,823,232 o.(Val78Ala)  Missense ) damaging 25.7
) C.278C>A Het ) ) ) _ probably_damaging :
PAX6 F1378 11:31,823,229 0.(Ala79GIu)  Missense ) damaging 28.9
_ c.5539C>T Het
HMCN1 F1374 1:185,988,741 0.(GIn1847Ter) Nonsense - - - - - - 38
) c.146A>C Het 4/61280  10/220092 probably_damaging :
FSCN2 F1352 17:79,495,703 0.(GIU49Ala)  Missense rs200600577 6 53E-05 1 544E-05 0 (0.98) damaging 24.8
) C.278C>A Het 10/121042 21/277124 probably_damaging damaging
RP1— F1371 855533804 | Throslys) Missense 'S139933342  go5r 05 7.578E-05 ° (0.97) (0.02) 271
) c.1409G>A Het 5/121364 16/277012 probably_damaging damaging
TTLLS — F1371 14:76.211.846 |, (Arga70GIn) Missense "S308997430 4 19F 05  5.776E-05 ° (0.99) o) %6
. c.1310C>T Het 5/120670 25/276956 .
TTLLS F1371 14:76,211,466 0.(Ala437Val)  Missense rs112023579 4 14E-05 9.027E-05 0 benign tolerated 23.3

Table 4-3 Rare variants identified in known retinal disease genes in the patient cohort.

Filtering WES data using a BED file of known retinal disease genes (Appendix 6). The gene identifier, chromosome (chr)
position, amino acid (aa) change, variant consequence, doSNP rs ID number, allele frequency & count from the gnomAD

database (last accessed 12/12/2017), the number of homozygous (hom) alleles present in the ExXAC and gnomAD and the
pathogenicity prediction scores from PolyPhen-2 (Adzhubei et al., 2010), SIFT (Ng and Henikoff, 2003) and CADD (Kircher et
al., 2014) are presented. CADD score of 220 means that the variant is in the top 1% most deleterious mutations in the

genome.
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4.2.3 Investigating newly implicated genes causative of foveal

hypoplasia in the patient cohort

Following the analysis of known IRD and albinism genes in the WES cohort, variant
lists in unrelated patients were then compared to look for different mutations in the
same gene. This combined patient cohort (n=10) included patients from the
SLC38A8-negative panel (excluding F1351 and F1378 with PAX6 variants). Only
F1288 of the consanguineous sib pair was analysed. This analysis showed that there
were no genes in which 2 or more patients had homozygous or compound

heterozygous variants in the same gene.

Following the bioinformatics analysis to look for variants in genes shared in the
combined patient cohort, the remaining individuals were investigated on a case-by-
case basis starting with the consanguineous cases. Regions of homozygosity were
investigated in all patients in case there were any unknown consanguineous
patients. Homozygosity mapping (Section 2.4.6) was used to refine the candidate
variant lists in three known consanguineous cases, F1374, F1335 and F1288 (of the
consanguineous sib pair). The final number of potentially pathogenic homozygous

variants on a case-by-case basis are presented in Table 4-4.
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All biallelic

Patient v_ariants Func:tional PAS_S filter Variants with No. o_f hom

with MAF variants variants CADD >15 candidates

<0.0001

F1071 106 75 46 18 0
F1288* 101 60 42 22 4
F1298 100 70 39 19 0
F1335* 105 98 56 28 1
F1352 105 79 47 16 0
F1369 97 58 31 15 0
F1371 110 78 35 19 0
F1374* 97 58 39 19 7
F1405 101 58 35 15 0

Table 4-4 Final filtered variant statistics for each individual in the biallelic
analysis.

Total number of biallelic variants remaining after filtering using the strategic
pipeline detailed in Section 2.3.22.2 and Figure 2.3. The raw Excel output of
biallelic variants with a MAF <0.0001 was manipulated to retain all coding and
splice site variants (functional), those variants that passed (PASS) the GATK
QC filter and those with a CADD score >15. The final number of homozygous
(hom) candidate variants are shown. *Consanguineous patients.

4.2.3.1 Rare homozygous variants identified in consanguineous patient

F1374

In patient F1374 homozygosity mapping identified the homozygous regions
presented in Table 4-5 and Figure 4-9. Homozygosity mapping using F1374’s exome

data showed that 7 rare variants lay in these regions of homozygosity (Table 4-6).
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Figure 4-9 Homozygosity mapping in case F1374.

Locations of homozygous regions (blue) identified by AgileMultildeogram
software (http://dna.leeds.ac.uk/agile/AgileMultildeogram/) (Section 2.4.6) from
exome sequence data of patient F1374 against a circular ideogram of
chromosomes 1-22.
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Chromosomal location Length (Mb)
10:61,122,268-118,404,620 57.28
9:85,987,879-132,402,908 46.42
10:11,299,735-46,242,043 34.94
17:45,669,428-71,410,891 25.74
5:146,971,253-167,566,600 20.60
16:71,319,539-73,165,038 18.45
12:98,332,704-116,412,922 18.08
16:54,319,571-70,163,691 15.84
17:25,912,828-39,081,713 13.17
19:7,831,628-20,414,254 12.58
14:68,264,867-75,760,855 7.50
16:16,284,272-23,533,008 7.25
11:49,195,090-56,431,216 7.24
16:74,425,548-81,253,917 6.83
15:42,305,852-49,044,538 6.74
5:174,152,100-180,660,918 6.51
10:47,087,608-53,059,406 5.98
6:88,108,048-96,974,386 5.05

6:1,726,623-6,196,142 4.47
5:71,412,373-75,427,935 4.02

Table 4-5 Location (GRCh37/hg19) and size of homozygous regions in case
F1374.

The homozygous regions were identified by AgileMultildeogram software
(http://dna.leeds.ac.uk/agile/AgileMultiideogram/) (Section 2.4.6) from exome
sequence data and are listed by size (Mb).
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PTGER1 NM_000955.2  19:14,584,580  c.553C>T  p.(Gly185Ser) Missense 0/13 poss! ‘gaga)mag'”g damaging 255
1/12 22/246172
MYOF NM_013451.3 10:95,132,767 ¢.2377G>A  p.(Ala793Thr) Missense 0/140 rs551469563 /120740 /246 0 benign (0.31) damaging 25.3
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Table 4-6 Rare homozygous variants identified in case F1374.
Summary of frequency and predicted pathogenicity scores for the rare (MAF <0.0001) homozygous variants identified in

patient F1374. The gene identifier, chromosome (chr) position, amino acid (aa) change, variant consequence, dbSNP rs ID
number, allele frequency & count from the gnomAD database (last accessed 12/12/2017), the number of homozygous (hom)
alleles present in the ExAC (http://exac.broadinstitute.org) and gnomAD (http://gnomad.broadinstitute.org) databases and the

pathogenicity prediction scores from PolyPhen-2, (http://genetics.bwh.harvard.edu/pph2/) (Adzhubei et al., 2010), SIFT
(http://sift.jcvi.org/) (Ng and Henikoff, 2003) and CADD (http://cadd.gs.washington.edu/score) (Kircher et al., 2014) are

presented.
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In a region of approximately 4.02Mb on chromosome 5 (GRCh37, 5:71,412,373-
75,427,935) (Figure 4-9), a missense variant in the gene Forkhead Box D1 (FOXD1)
(MIM 601091) was prioritised, as FOXD1 encodes a transcription factor that is
required for the specification of the temporal retina in mammals and is expressed in
the ventral diencephalon and temporal retina in the CNS. It is one of the earliest
cues in the development of the visual system and animal mutant models have
aberrant axonal projections (Hatini, Tao and Lai, 1994), making it an excellent

candidate gene for the patient phenotype described in this study.

The variant, (NM_004472); c.581G>A; p.(Gly194Asp), number of reads WT/Mut:
0/32 (Table 4-6), was absent from the publicly available databases dbSNP and
ExXAC (Section 2.4.2). As mentioned previously, gnomAD had not been released at
this stage of the project, so the variant was only checked in doSNP and ExAC. In
ExAC, the depth of coverage over the gene was poor, with a mean coverage of 18X
but there were also regions with no coverage. The gene was also poorly covered by

WES data, as visualised in the IGV (Figure 4-10, A and B).

The variant was predicted to be highly pathogenic by PolyPhen-2 (score of 1) and
SIFT and the CADD score for this variant was 25.6 (Table 4-6). There was a single
homozygous LoF variant listed in the EXAC database in a European (non-Finnish)
individual (frameshift, chr5:72,743,299, p.(Arg297AlafsTer170)). As the gene was a
prioritised candidate, more detailed assessment of the variant using a further 5
pathogenicity prediction tools, including MutationTaster and FATHMM was

undertaken. All tools scored the variant as disease-causing (Table 4-7). The variant
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was confirmed and segregated by Sanger sequencing using primers listed in
Appendix 10 (Section 2.2, 2.3.7) (Figure 4-11). The glycine residue was conserved in

many species and in other FOXD proteins (Figure 4-12).
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Figure 4-10 Mean depth of coverage of the FOXD1 gene in ExAC and F1374
exome data.

(A) The poor coverage of FOXD1 as visualised in the EXAC
(http://exac.broadinstitute.org) publicly available database (last accessed
12/12/2017). The mean coverage over the single-exon gene was recorded as
18Xin EXAC and there are large regions where there is no coverage at all. (B)
Similar low sequence coverage over FOXD1 in patient F1374, as visualised in
the Integrative Genomics Viewer (IGV)
(https://software.broadinstitute.org/software/igv/).
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Table 4-7 Bioinformatics analysis of the novel FOXD1 variant identified in F1374.

Bioinformatics analysis of FOXD1 missense variant identified in individual F1374, c.581G>A, p.(Gly194Asp). The variant was
annotated using the reference sequence NM_004472 and Human Reference Build GRCh37/hg19. URLs: PolyPhen-2,
http://genetics.bwh.harvard.edu/pph2/ (Adzhubei et al., 2010); MutationTaster2, http://www.mutationtaster.org/ (Schwarz et al.,
2010; Schwarz et al., 2014); SIFT, http://sift.jcvi.org/ (Ng and Henikoff, 2003); Blosum62* (Henikoff and Henikoff, 1993);
PROVEAN, http://provean.jcvi.org/ (Choi et al., 2012); MutPred 1.2, http://mutpred.mutdb.org/ (Li et al., 2009); CADD Score,
http://cadd.gs.washington.edu/score (Kircher et al., 2014); FATHMM score (weighted)
http://fathmm.biocompute.org.uk/index.html (Gough et al., 2001). *Blosum62 scores range from +3 to -3; negative scores are
more likely to be pathogenic substitutions. CADD score of 220 means that the variant is in the top 1% most deleterious
mutations in the genome.
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c.581G>A
p.(Gly194Asp)

G
A B CCCGGACAAGGGC

I

M/+ M/+
Mutant

V] \ | U A
M/M
F1374 CCCGGGCAAGGGC

WT

Figure 4-11 Segregation analysis of the FOXD1 variant in case F1374 and
family.

(A) Pedigree and segregation data for the mutation in FOXD1 (NM_004472.2);
c.581G>A; p.(Gly194Asp). The genotypes for all tested family members are
shown below each individual, with M representing the mutant allele and +
representing the wild-type allele. The affected individual, F1374, is shaded
black. (B) Sequence electropherograms highlighting the FOXD1 mutation in
patient F1374 shown against the wild-type sequence from a control
individual with no known disease phenotype.

c.581C>T

p.(Gly194Asp)
Human 177 NLSLNDCFVKIPREPGNPGKGNYWTLDPESA 206
Mouse 180 NLSLNDCFVKIPREPGNPGKGNYWTLDPESA 211
Rat 180 NLSLNDCFVKIPREPGNPGKGNYWTLDPESA 211
Zebrafish 127 NLSLNDCFVKIPREPGNPGKGNYWTLDPESA 170
Frog 119 NLSLNDCFVKIPREPGNPGKGNYWTLDPESA 149
Arctic Char 124  NLSLNDCFVKIPREPGNPGKGNYWTLDPESA 154
Eel 127 NLSLNDCFVKIPREPGNPGKGNYWTLDPESA 157

Figure 4-12 Multiple sequence alignment of human FOXD1 and homologues.
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The shaded amino acid residues indicate those that are shared with the human
residue at the same position. The residue substituted in F1374 is coloured red.
Sequences of FOXD1 available in HomoloGene: Human (Homo sapiens)
NP_004463.1;; Mouse (Mus musculus) NP_032268.2; Rat (Rattus Norvegicus)
NP_599164.1; Zebrafish (Danio rerio) AAH75922.1; Frog (Xenopus laevis)
NP_001079052.1; Arctic Char (Salvelinus alpinus) XP_023843140.1; Eel
(Mastacembelus armatus) XP_026153509.1.

A schematic of the FOXD1 protein was generated using the online prediction tools
Protter and SMART, with the consensus shown as generated by Protter (Section
2.4.10.2) (Figure 4-13). Mapping of the variant on to the Protter schematic predicted

the variant to lie in the forkhead DNA-binding domain of the protein.
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Figure 4-13 The p.(Gly194Asp) FOXD1 variant mapped on to a protein
schematic.

Schematic representation of the 465 amino acid protein structure of FOXD1
(Consensus shown from SMART and Protter tools, Section 2.4.7). Unknown
regions are outlined in black, low complexity regions are coloured pink (15-
43aa; 62-79aa; 80-119aa; 231-323aa; 333-358aa; 369-443aa) and the
forkhead domain (FH) is coloured blue (123-213aa). The p.(Gly194Asp) variant
is located in the forkhead DNA binding domain and the affected amino acid is
outlined in red.
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4.2.31.1 Investigating FOXD1 as a potential novel disease gene

As described earlier in the chapter, the first samples to undergo WES were patients
F1351, F1369, F1374 and the non-consanguineous sib pair F1372 and F1373. At
this stage of the project, PAX6 screening in the SLC38A8- mutation-negative cohort
was underway. This was ongoing alongside the identification of the homozygous
missense variant p.(Gly194Asp) in FOXD1 in patient F1374. The variant in FOXD1
was prioritised as the main candidate in patient F1374 and the best overall candidate

in the foveal hypoplasia cohort.

Examination of the FOXD1 locus in the IGV ascertained poor coverage over the
gene in the first batch of patients (F1351, F1369 and the sib pair F1372 and F1373).
There were no obvious structural changes identified in these patients in IGV,
however the read depth coverage over the region of this single-exon gene was noted

to be extremely poor (Figure 4-10).

To explore FOXD1 expression in humans, in silico analysis was performed using the
GENEVESTIGATOR platform (Section 2.4.8). Through this platform, HG-U133 Plus
2.0 GeneChip microarray (Affymetrix, Santa Clara, USA) datasets of the human fetal
retina were available for interrogation (Kozulin and Provis, 2009; Kozulin et al.,
2009b). The data from this study confirmed high expression of FOXD1 at 19-20
weeks in the macula and surrounding retina, with moderate expression levels in the
nasal retina, further supporting the gene as a strong candidate for the disease

phenotype (Figure 4-14).
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Figure 4-14 Human fetal expression of FOXD1 in macula, nasal and
surrounding retina.

GENEVESTIGATOR (Section 2.4.8) was used to investigate FOXD1
expression in human microarray datasets (Kozulin and Provis, 2009; Kozulin et
al., 2009b). Fetal tissue (with no known disease) used was 19-20 weeks post
gestation. FOXD1 is highly expressed in fetal macula and surrounding retina,
with moderate expression in nasal retina. Low (first quartile), Medium (inter-
quartile range) and High (fourth quartile) are shown on the plot. The software
states that these ranges are determined by looking at all expression values of
all genes over all samples.

Sanger sequencing of FOXD1 was undertaken in the cohort of 17 patients (not
including case F1351, as the PAX6 missense change p.(Val78Ala) had already been
identified by WES in this patient). Amplification of the single-exon gene was
performed in three amplicons. PCR and Sanger sequencing conditions and primers
are described in Appendix 10. Considerable effort went into designing the PCR
screen for this gene due to its GC-rich nature. Five different commercial Kits,
including Invitrogen Tagq (Life Technologies), KAPA HiFi HotStart Polymerase (KAPA
Biosystems, US), HotShot Polymerase (Clent Life Science, UK), Phusion DNA
Polymerase (NEB) and Q5 Polymerase (NEB), were tested before the final method

using the KAPA and NEB Q5 kits were optimised (Appendix 10). Various



177

combinations of PCR additives, including DMSO, betaine and 7-deaza-dGTP were
also optimised in the assay. Variants in FOXD1 that were identified in the cohort of
patients, but not thought to be pathogenic are shown in Appendix 18. No further

likely pathogenic variants were identified.

4.2.3.1.2 Investigating the potential pathogenicity of the FOXD17 variant using a dual-
luciferase reporter assay
To investigate the pathogenicity of the variant identified in F1374 (c.581G>A,
p.(Gly194Asp)), functional analysis of the transcription factor was assessed using a
dual-luciferase reporter assay. A recent study by Laissue and colleagues utilised a
luciferase reporter assay to show that variants in FOXD1 altered its ability to interact
with and transactivate the promoter of placental growth factor (PGF) (Laissue et al.,
2016). The luciferase reporter had the PGF promoter region (720bp from -1144bp to
-424bp upstream of the initial ATG start codon), cloned upstream of a luciferase
gene so that activation of the promoter resulted in a quantitative luminescence
signal. In this study, the same experimental approach was used to determine if the
p.(Gly194Asp) variant identified in patient F1374 had any effect on FOXD1’s ability

to transactivate the PGF promoter, compared to WT FOXD1.

For this experiment, expression clones were created to generate WT and variant
p.(Gly194Asp) FOXD1. Briefly, the parent entry clone for FOXD1 (FOXD1-
pPENTR233.1) (Accession number: BC160026) containing the entire ORF of FOXD1
(with a stop codon) was obtained from the plasmid repository DNASU (The

Biodesign Institute, Arizona State University), and was sequence verified (Section
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2.3.9). This entry clone was used to facilitate the introduction of the gene into the
destination vector pDEST40 using Gateway technology (Section 2.3.17). SDM was
performed on the FOXD1 entry clone to introduce the p.(Gly194Asp) variant (Section
2.3.16) (SDM primers listed in Appendix 10). All clones were sequence verified
(Section 2.3.9, Appendix 11) to ensure the FOXD1 ORF was full-length, contained
no variants and that the SDM reaction had worked. The resulting expression
constructs were named pDEST40_FOXD1-WT and pDEST40_FOXD1-Mut. The
control (pGL3-Basic) and PGF (pGL3-PGF) promoter reporter constructs were kindly

provided by Dr Daniel Vaiman (INSERM, Paris, France).

To optimise this experiment, COS7 cells were transiently transfected with
pDEST40_FOXD1-WT in combination with the pGL3-PGF and a renilla luciferase
transfection control, pRL-TK (Section 2.3.21). Controls included cells transfected
with the expression construct backbone vector (pDEST40), cells transfected with the
promoter backbone vector (pGL3 basic) and mock transfection cells (cells treated
with transfection reagent only). Cells were transfected when they were 70-80%
confluent and each well of the 24-well plate was transfected with the same amount of
total DNA (800ng per well). 48 hours post-transfection, cell lysis was performed and
Renilla and firefly luciferase levels were recorded using the Promega Luciferase
Assay System (Section 2.3.24). For every well, the firefly signal was normalised to
the Renilla signal and pathway activation levels were calculated using firefly:Renilla
ratio, conveyed as relative luciferase units (RLU) (Section 2.3.21). The assay was

performed in triplicate, with RLU activity of the constructs shown in Figure 4-15.
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Figure 4-15 FOXD1-WT dual-luciferase reporter assay in COS7 cells.

Luciferase activity was measured and expressed as Relative Luciferase Units
(RLU). “Mock transfection” was used as the experimental transfection control
and was COSY cells treated with transfection reagents only. “pDEST40 + pGL3
PGF” COS7 cells contain the PGF promoter construct only. “FOXD1 WT +
pGL3 Basic” COS7 cells contain the FOXD1 expression construct, but no PGF
promoter reporter construct. “FOXD1 WT + pGL3 PGF’ COS7 cells were
transfected with both the FOXD1 construct and PGF reporter. Error bars show
the standard error of the mean.

The results did not show the expected pathway transactivation results as previously
reported by Laissue and colleagues for WT FOXD1 with the PGF promoter, but this
was a first pass experiment and transfection efficiencies and plating efficiencies had

not been optimised.

At this stage of the project, as optimisation of this assay was ongoing, the control
genome database gnomAD was released. FOXD1 coverage was greatly improved in

the genomic data (Figure 4-16) and interrogation of variants in FOXD1 in the
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gnomAD database showed a high frequency (n=11) of LoF variants throughout this
gene, one of which was homozygous. This new data made the candidacy of FOXD1
as a new gene mutated in foveal hypoplasia less plausible and this experiment was

therefore not continued.

Mean coverage 22.74

Display: Include UTRs in plot (e LR G Average  Individuals over X

Metric: mean ¢
Coverage: [ll Exomes [l Genomes

Figure 4-16 Mean depth of coverage over FOXD1 in the gnomAD database.

The improved mean coverage (22.74X) over FOXD1 as visualised in the
gnomAD (green line) (http://gnomad.broadinstitute.org) publicly available
database (last accessed 12/12/2017). The mean coverage over the single-exon
gene was recorded as 18.06X in the EXAC database of exomes (blue). LoF
variants shown in red at the base of the figure.

4.2.3.2 CNV ExomeDepth analysis identifies a homozygous duplication in

SLC38A8 in F1335

Investigation of the homozygous regions in patient F1335 revealed a region of
approximately 7.49 Mb on chromosome 16 (GRCh37, chr16:78,198,192-85,691,294)
which overlapped with SLC38A8 (Figure 4-17). This data supported the previous
haplotype analysis showing that case F1335 harboured a homozygous region of
approximately 3.4Mb on chromosome 16 surrounding SLC38A8 (Section 3.2.2).
However, the WES data confirmed the previous Sanger sequencing result and

identified no variants in the coding region or splice sites of SLC38A8 in this patient.
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These data support patient F1335 harbouring a missing mutation in SLC38AS,

prompting a search for CNVs in SLC38A8 in the WES data.

Chr 5

Figure 4-17 Homozygosity mapping in case F1335.

Locations of homozygous regions (blue) identified by AgileMultildeogram
software (http://dna.leeds.ac.uk/agile/AgileMultildeogram/) (Section 2.4.6) from
exome sequence data of patient F1335 against a circular ideogram of
chromosomes 1-22. A region of approximately 7.46 Mb was identified on
chromosome 16 (chr16: 78,198,192-85,691,294), spanning SLC38A8.

Alongside the basic WES analysis to identify candidate variants, the WES data for
each individual was investigated for CNVs using the software ExomeDepth (Section
2.3.26.1). This software recommends >10 reference exomes are compared for
optimal function; however, the software selects which of these reference exomes are

used in the analysis. The number of references available, and those selected for
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each ExomeDepth CNV analysis are shown in Appendix 17. The CNV lists were
filtered to remove any CNVs previously reported in the paper by Conrad and co-
workers (Conrad et al., 2010). Analysis of ExomeDepth data in all 11 individuals (of
the 12 sent for WES), revealed a number of CNVs that were not classified as
common (Appendix 17). The resulting CNV calls were then ranked based on the
highest Bayes Factor (BF), representing log1o of the likelihood ratio for the CNV call
compared to that of normal copy number for that location (Section 2.3.25.4) (Plagnol
et al., 2012). The number of remaining CNVs was highly variable between patients,
ranging from only 2 CNVs (case F1352) to 100 (case F1371). In the first instance,
the CNV lists were interrogated to check if loci were highlighted that contained
known genes responsible for foveal hypoplasia including SLC38A8, PAX6, FRMD7
and the albinism genes. This analysis highlighted a homozygous duplication in case

F1335 that encompassed exon 6 of SLC38A8 (Table 4-8).

CNV predicted No. of Reads Reads Reads
. BF .
location exons expected observed ratio
chr16:
84,050,746- 1 17.3 152 348 2.29
84,056,494

Table 4-8 ExomeDepth identifies a homozygous duplication over exon 6 of
SLC38A8 in case F1335.

The homozygous duplication identified in patient F1335 using ExomeDepth.
The predicted location (GRCh37), Bayes Factor (BF), Number of reads
expected/reads observed and also the Reads ratio are shown. The BF is log1o
of the likelihood ratio for the CNV call divided by normal copy number call at the
same position. It is therefore a ratio by which a higher number suggests that the
CNV is more likely to be true.
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Figure 4-18 ExomeDepth data plot of the predicted duplication over SLC38A8
exon 6.

The homozygous duplication over exon 6 (red circle) identified in patient F1335
using ExomeDepth software presented using the plot function. The red crosses
indicate the ratio of the observed/expected reads for each exon. The grey

shaded area represents the estimated 95% confidence interval of the ratio. The

presence of an exon outside of this confidence interval indicates the existence
of a duplication in this individual.

The ExomeDepth reads ratio for case F1335 was 2.29, suggesting that the
duplication was homozygous, according to the ExomeDepth software guide, which is
consistent with the homozygosity mapping data. The graph output shows the data
based on the depth of coverage (Figure 4-18). This finding was confirmed using the
GATK “DepthofCoverage” function. A BED file containing all exons of SLC38A8 was
added to the command in order to calculate the coverage over all coding regions.
The read depth results were compared with five unrelated exomes that were
processed in an identical manner to individual F1335 (aligned to GRCh37, indels

sorted and realigned, PCR duplicates removed and recalibrated BAM files). This
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analysis revealed an increase in read number (220.13 average reads/base, SD 50)
over the coordinates chr16:84,056,380-84,056,494, representing SLC38A8 exon 6,
compared with an average of 61.62 reads/base (range 49.7-72.89) in the five

comparison exomes at the same position.

Investigation of CNVs in the region of SLC38A8 in the ExXAC database revealed a
number of large duplications (>60 Kb), however they were not found to overlap with
the duplication identified in patient F1335. Similarly, in the Decipher database
(https://decipher.sanger.ac.uk) there were 33 large duplications/deletions, but
breakpoints did not overlap with those identified in F1335. The identified duplicated
region was absent from the CNV browser
(https://personal.broadinstitute.org/handsake/mcnv_data/) and the Database of

Genomic Variation (http://dgv.tcag.ca/dgv/app/home?ref=GRCh37/hg19).

4.2.3.3 The identification of LAMP1 as a new candidate foveal hypoplasia

gene

Consanguineous case F1288 was a South Asian female with foveal hypoplasia. The
parents of F1288 were not reported to have any disease phenotype but the patient
had a second affected sib (case F1287). Previous haplotype analysis (Section 3.2.2)
showed that the affected sib pair were unlikely to harbour a variant in SLC38A8.
Homozygosity mapping using F1288’s exome data showed that 7 candidate
homozygous variants lay in regions of homozygosity (Figure 4-19 and Table 4-9).
Four of these variants were not prioritised as they were not predicted to be

pathogenic by SIFT, PolyPhen-2 and CADD (Table 4-10).



Figure 4-19 Homozygosity mapping in case F1288.

Locations of homozygous regions (blue) identified by AgileMultildeogram
software (http://dna.leeds.ac.uk/agile/AgileMultildeogram/) (Section 2.4.6) from
exome sequence data of patient F1288 against a circular ideogram of
chromosomes 1-22.

Chromosomal location Size (Mb)
15:50,474,766-70,991,925 20.52
10:81,286,427-95,720,501 14.43

13:102,344,867-114,620,051 12.28

3:5,241,223-15,900,973 10.66

6:8,026,577-18,427,784 10.40
13:36,940,028-43,463,299 9.52
2:71,417,065-79,255,426 7.84

1:229,663,064-234,041,422 4.38

1:87,458,695-91,859,795 4.40
20:42,302,371-46,365,571 4.33
1:13,183,573-16,802,890 3.62

10:98,808,866-102,053,166 3.24
20:60,145,672-62,858,844 2.71

Table 4-9 Location (GRCh37) and size of homozygous regions in patient F1288.

The homozygous regions were identified by AgileMultildeogram
(https://www.dna.leeds.ac.uk/agile/AgileMultildeogram).
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In the 3 largest (12.28Mb) region of homozygosity on chromosome 13 (Figure
4-19), a homozygous frameshift variant was identified in the gene Lysosomal
associated membrane protein 1 (LAMP1). The frameshift variant in LAMP1 (MIM
153330) (NM_005561.3); c.1108delG, p.(Gly370Afs*14), number of reads WT/Mut:
2/113, was not reported in dbSNP, ExAC or gnomAD (last accessed 07/07/2018).
The variant was prioritised as the main candidate in this patient and it segregated
appropriately in the four available family members, including the sibling F1287
(Figure 4-20) (primers listed in Appendix 20). No variants or CNVs in LAMP1 were

identified in any additional patients in the cohort.
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LAMP1 NM_005561.3  13:113,976,036 c.1108delG p.(Gly370Alafs*14) Frameshift  2/113 23
1/246050 probably_
CHRNA4 NM_000744.6 20:61,981,844 c.919C>T p.(Gly307Ser) Missense 8/789 rs764586079 . 4.06E.06 0 damaging damaging 32
' (1)
4/120318  6/250802 ibl
HELZ2 NM_001037335.2  20:62,192,521 c.7060G>C  p.(Val2354Leu)  Missense 0/159  rs780967372 / o POSPYV_ jamaging 247
3.33E-05 2.39E-05 damaging
8/282710 beni
LOXL4 NM_032211.6  10:100,016,631 c.1334G>A  p.(Argd45His) Missense 0/112  rs775864686 . / 0 CEN  jamaging 24
2.83E-05 (0.094)
. benign
TADA3 NM_001278270.1 3:9,828,763 c.737G>T p.(Ala246Asp) Missense 0/42 . . . . (0.016) tolerated 23.1
ben
MTMR14  NM_001077526.2  3:9,730,388  c.1244G>A  p.(Ser415Asn)  Missense 0/42 . . . . (Oe:;g:) tolerated ~ 18.36

Table 4-10 Rare homozygous variants identified in case F1288.

Rare homozygous variants with a MAF <0.0001 identified in homozygous regions using AgileMultildeogram software
(http://dna.leeds.ac.uk/agile/AgileMultildeogram/) (Section 2.4.6). The gene identifier, chromosome (chr) position, amino acid
(aa) change, variant consequence, dbSNP rs ID number, allele frequency & count from the gnomAD database (last accessed
12/12/2017), the number of homozygous (hom) alleles present in the EXAC (http://exac.broadinstitute.org) and gnomAD
(http://lgnomad.broadinstitute.org) databases and the pathogenicity prediction scores from PolyPhen-2,
(http://genetics.bwh.harvard.edu/pph2/) (Adzhubei et al., 2010), SIFT (http://sift.jcvi.org/) (Ng and Henikoff, 2003) and CADD
(http://cadd.gs.washington.edu/score) (Kircher et al., 2014) are presented.
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Figure 4-20 Pedigree and mutation status of patient F1288 and family.

Affected individuals F1287 and F1288 are indicated by the shaded symbols.
The mutant (M) or wild-type (+) alleles are shown for each individual screened.

A protein schematic of LAMP1 was generated using the online prediction tools
Protter and SMART (Figure 4-21). LAMP1 is a heavily glycosylated lysosomal
membrane protein with 18 motifs for N-linked glycosylation (Figure 4-21). The 417
amino acid protein has a predicted single membrane-spanning section and 11 amino
acid cytosolic tail (Figure 4-21). The frameshift variant identified in patient F1288 was
located in the last exon of the gene and is predicted to escape NMD. The variant
was predicted to alter the C-terminal domain of the protein, removing the
transmembrane domain (Figure 4-21). The C-terminal domain is conserved down to

the zebrafish.
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Figure 4-21 The p.(G370Afs*14) LAMP1 variant mapped onto a protein
schematic.

Schematic representation of the 417 amino acid protein structure of LAMP1
(consensus shown from SMART and Protter tools, Section 2.4.7). Unknown
regions are outlined in black, the low complexity region is coloured pink (196-
219aa), the signal peptide is coloured red (1-28aa) and the transmembrane
domain is coloured blue (384-406aa). The 18 sites for N-linked glycosylation
are coloured green. The p.(Gly370Alafs*14) variant is outlined in red.

Interrogation of LAMP1 expression revealed the protein is highly expressed in a
number of tissues including the brain (The Human Protein Atlas, EMBL-EBI
Expression Atlas, last accessed 12/12/2017). To explore LAMP1 expression in the
retina, in silico analysis was performed using the GENEVESTIGATOR platform

(Section 2.4.8). HG-U133 Plus 2.0 GeneChip microarray (Affymetrix, Santa Clara,
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USA) datasets of the human fetal retina were available for interrogation (Kozulin and
Provis, 2009; Kozulin et al., 2009b) which confirmed high expression of LAMP1 at

19-20 weeks in the macula, nasal retina and surrounding retina (Figure 4-22).

Level of expression

[ T MeDIuM (=1ar) |

Homo sapiens § 9 10 11 12 13 14 15 16 17 18 13 20 21

HS-00991 HRD_nasal_ret_61-267d_rep_2
HS-00991 HRD_macula_ret 61-267d_rep_1
HS-00991 HRD_macula_ret_61-267d_rep_4
HS-00991 HRD_macula_ret 61-267d_rep_3
HS-00991 HRD_macula_ret_61-267d_rep_2
HS-00991 HRD_surround_ret_61-267d_rep_1
HS-00991 HRD_nasal_ret_ 61-267d_rep_3
HS-00991 HRD_nasal_ret_61-267d_rep_1
HS-00991 HRD_surround_ret_ 61-267d_rep_2
HS-00991 HRD_surround_ret_61-267d_rep_4
HS-00991 HRD_nasal_ret_61-267d_rep_4

HS-00991 HRD_surround_ret_61-267d_rep_3

Figure 4-22 Human fetal expression of LAMP1 in macula, nasal and
surrounding retina.

GENEVESTIGATOR (Section 2.4.8) was used to investigate LAMP1
expression in human microarray datasets (Kozulin and Provis, 2009; Kozulin et
al., 2009b). Fetal tissue (with no known disease) used was 19-20 weeks post
gestation. LAMP1 is highly expressed in fetal macula and both nasal and
surrounding retina. Medium (inter-quartile range) and High (fourth quartile) are
shown on the plot. The software states that these ranges are determined by
looking at all expression values of all genes over all samples.

In the thirteenth largest homozygous region spanning 2.71Mb on chromosome 20
(Figure 4-19 and Table 4-9), a homozygous missense variant was identified in
Cholinergic Receptor, Neuronal Nicotinic, Alpha Polypeptide 4 (CHRNA4)
(NM000744.6) (MIM 118504); c.919C>T, p.(Gly307Ser), number of reads WT/Mut:
8/789. The variant, p.(Gly307Ser), was present in dbSNP (rs764586079) and the
allele was reported once in the gnomAD database in an African individual (1/246050)
(Table 4-10) (last accessed 25/05/2017). In gnomAD there were no reported

homozygotes (Table 4-10). The variant was predicted to be highly pathogenic
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(PolyPhen-2 score 1 and SIFT score deleterious) and has a CADD score of 32
(Table 4-10). The affected amino acid was fully conserved in all available species
(Figure 4-23). No variants or CNVs in CHRNA4 were identified in any additional

patients in the cohort.

c.919C>T
p.(Gly307Ser)

A vy 1

Human EIIPSTSLVIPLIGEYLLFTMIFVTLS 320
Chimp EIIPSTSLVIPLIGEYLLFTMIFVTLS 320
Dog EIIPSTSLVIPLIGEYLLFTMIFVTLS 321
Cattle EIIPSTSLVIPLIGEYLLFTMIFVTLS 320
Mouse 9 EIIPSTSLVIPLIGEYLLFTMIFVTLS 322
Rat 296 EIIPSTSLVIPLIGEYLLFTMIFVTLS 322
Chicken 289 EIIPSTSLVIPLIGEYLLFTMIFVTLS 315
Zebrafish 288 EIIPSTSLVIPLIGEYLLFTMIFVTLS 314
Frog 399 EIIPSTSLVIPLIGEYLLFTMIFVTLF 425

¢.7060G>C
p.(Val2354Leu)

5 |

Human 2340 TCSCAASASL-KILDVRQILVDEAGMATEPE 2369
Chimp 2633 TCSCAASASL-KILDVRQILVDEAGMATEPE 2663
Rhesus monkey 2534 TCSCAASASL-KTLDVRQILVDEAGMATEPE 2563
Dog 2604 TCSCAASASL-RKLDVRQILIDEAGMATEPE 2633
Mouse 2637 TCSCAASKSL-KILNVRQILIDEAGMATEPE 2666
Rat 2635 TCSCAASGSL-KALNVRQILIDEAGMATEPE 2664
Chicken 2509 TCSSASAGSL-EKLNVKQILIDECAMSTEPE 2538
Zebrafish 2348 TCTAASHPALAETLDFKQIIIDECAMATEPE 2378
Frog e s

Figure 4-23 Protein sequence alignment of human CHRNA4 and HELZ2 with
homologues.

Mutliple sequence alignment was calculated using HomoloGene
(https://www.ncbi.nlm.nih.gov/homologene). The shaded amino acid residues
indicate those that are shared with the human residue at the same position. The
residues substituted in patient F1288 are coloured red. A CHRNA4 sequences
used: Human (Homo sapiens) NP_000735.1; Chimpanzee (Pan troglodytes)
NP_001029286.1; Dog (Canis lupus familiaris) XP_543097.3; Cattle (Bos
taurus) NP_001179829.1; Mouse (Mus musculus) NP_056545.3; Rat (Rattus
norvegicus) NP_077330.1; Zebrafish (Danio rerio) XP_692148.2, Frog
(Xenopus laevis) NP_001107315.1. B HELZ2 sequences used: Human
NP_001032412.2; Chimp XP_003317092.1; Rhesus monkey XP_002798110.1;
Dog XP_005635349.1; Mouse NP_898985.2; Rat XP_230961.5; Chicken
XP_004947338.1; Zebrafish XP_003198895.2; Frog XP_004920654.1.
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There are medium levels of expression of CHRNA4 in the cerebral cortex of the
brain (data not shown). Autosomal dominant mutations in CHRNA4 can cause
nocturnal frontal lobe epilepsy-1 (MIM 600513) (Philips, 1995; Steinlein, 1995;
Saenz, 1995; Steinlein 1997; Hirose, 1999; Hwang, 2011) or susceptibility to nicotine

addiction (MIM 188890) (Feng et al., 2004; Li et al., 2005).

In the same homozygous region on chromosome 20 (2.71Mb), a homozygous
missense variant was identified in the gene Helicase with zinc finger 2 (HELZ2) (MIM
611265), NM_001037335.2; c.7060G>C, p.(Val2354Leu), number of reads WT/Mut:
0/159. The variant was present in dbSNP (rs780967372) and the allele was reported
six times in the gnomAD database in South Asian individuals (6/250802) (Table
4-10) (last accessed 25/05/2017). In gnomAD there were no reported homozygotes
(Table 4-10). The variant was predicted to be highly pathogenic (PolyPhen-2 scored
as possibly damaging and SIFT scored as damaging) and has a CADD score of 24.7
(Table 4-10). The affected amino acid was conserved in all available species down
to the chicken (Figure 4-23). No variants or CNVs in HELZZ2 were identified in any
additional patients in the cohort. There are low levels of HELZ2 expression in the

cerebral cortex of the brain (data not shown).

Further to analysing the regions of homozygosity in this patient, the whole dataset
was interrogated without any assumptions on inheritance pattern. No further

candidates were identified in this patient.
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4.2.3.4 Investigating rare variants in the non-consanguineous sib pair (F1372

and F1373)

Homozygosity mapping was performed in the sibling pair using the
AgileMultildeogram tool (Section 2.4.6), which suggested that there was no
unreported or unknown consanguinity, due to the low number of autozygous regions.
Shown in Table 4 11 are all rare variants (MAF 0.0001) that were identified in both
sibs, and that were not present in the two control exomes. The variants shown had a
CADD score >15 and were scored as pathogenic by at least one of the prediction
tools, PolyPhen-2 or SIFT. The top compound heterozygous candidates were in the
gene Poly(A) binding protein cytoplasmic 3 (PABPC3) (MIM 604680). The first
variant was a frameshift, (NM_030979.2); c.977delA, p.(Phe335Leufs), number of
reads 83/37 (F1372), 85/28 (F1373). The variant was predicted to be pathogenic by
PolyPhen-2 and SIFT and had a CADD score of 34 (Table 4-11). The second
heterozygous variant identified in PABPC3 was a missense change; c.691A>G,
p.(Lys231Glu), number of reads: 54/24 (F1372), 55/34 (F1373). The variant was
scored as pathogenic by PolyPhen-2 and SIFT and had a CADD score of 24.6
(Table 4-11). Segregation analysis was not performed on these candidates. Further
investigation of this gene is required, however at this stage it was not prioritised as a
top candidate when compared to the findings in other patients in the cohort. The
search was widened to dominant mutations but none were prioritised as top

candidate genes.

4.2.4 Candidates of note from the remaining WES data
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A selection of top candidate(s) from the remaining cohort (n=7), are listed in Table
4-12. These variants were selected as they were rare (cut off <0.01%) or unreported
and were not present in the two control exomes. The variants shown had a CADD
score >15 and were scored as pathogenic by at least one of the prediction tools,

PolyPhen-2 or SIFT.
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PABPC3 NM_030979.2 13:25,671,333 c.977delA p.(Phe335Leufs) Frameshift 8835113278, rs371570689 probably_damaging damaging 34
NM_030979.2 13:25,671,027 c.691A>G p-(Lys231Glu) Missense 55_:;,/23'1’ rs78826513 21:9;192:5(3(1)22 0 probably_damaging damaging 24.6
GXYLT1 NM_001099650.1 12:42,538,334 c.115G>T p.(Gly39Trp) Missense = 5/5,7/6 rs181558534 . 11 /27972_%% 0 possibly_damaging tolerated 23.2
. 197/16,
TRBV7-7 ENSGO00000253291  7:142,119,881 c.285delA p.(Leu96Ter) Nonsense 198/22 . . . . . . 22.8
MUC16 NM_024690.2 19:9,000,169 c.40588G>A p.(Gly13530Ser) Missense 111330//2; . . 26427(;3(2): 0 probably_damaging . 224

Table 4-11 Rare heterozygous variants identified in the sib pair F1372 and F1373.

Summary of frequency and predicted pathogenicity scores for the rare variants identified in the sib pair (F1372 and F1373).
The gene identifier, chromosome (chr) position, amino acid (aa) change, variant consequence, dbSNP rs ID number, allele
frequency & count from the gnomAD database (last accessed 12/12/2017), the number of homozygous (hom) alleles present
in the EXAC (http://exac.broadinstitute.org) and gnomAD (http://gnomad.broadinstitute.org) databases and the pathogenicity
prediction scores from PolyPhen-2, (http://genetics.bwh.harvard.edu/pph2/) (Adzhubei et al., 2010), SIFT (http://sift.jcvi.org/)
(Ng and Henikoff, 2003) and CADD (http://cadd.gs.washington.edu/score) (Kircher et al., 2014) are presented. Highlighted are

the candidate compound heterozygous variants.
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probably_
F1352 BOD1L1 NM_148894.2 4:13,602,111 c.6413T>A p.(Lys2138lle) = Missense 157/133 damaging damaging 28
(1)
NM_148894.2 4:13,583,936 ¢.8519-3T>G sliceacceptc 49/71 . 23.7
4/12148  11/276800 probably_
F1369 FRMD4A NM_018027.4 10:13,702,491 c.1723G>A p.(Arg575Trp) Missense  69/88 rs376696301 33605 3.97E.05 damaging damaging 34
s S (0.99)
10/120884 10/277060 probably_
NM_018027.4 10:13,696,479 c.2987G>A p.(Pro996Leu) Missense  46/54 rs199934183 damaging damaging 32
8.27E-05 3.62E-05 1)
1/30968 possibly
F1371 DNA2 N_001080449.2 10:70,206,143 c.967C>T p.(Glu323Lys) Missense = 32/35 3.93E.05 damaging damaging 33
s (0.83)
1/30866 probably_
N_001080449.2 1:70,209,870 c.854T>C p.(His285Arg)  Missense = 77/71 damaging tolerated 23.3
3.24E-05 (0.98)

Table 4-12 Rare compound heterozygous variants identified in the remaining foveal hypoplasia cohort.

Summary of frequency and predicted pathogenicity scores for the rare variants identified in the remaining foveal hypoplasia
cohort. The gene identifier, chromosome (chr) position, amino acid (aa) change, variant consequence, dbSNP rs ID number,
allele frequency & count from the gnomAD database (last accessed 12/12/2017), the number of homozygous (hom) alleles

present in the ExAC (http://exac.broadinstitute.org) and gnomAD (http://gnomad.broadinstitute.org) databases and the
pathogenicity prediction scores from PolyPhen-2, (http://genetics.bwh.harvard.edu/pph2/) (Adzhubei et al., 2010), SIFT
(http://sift.jcvi.org/) (Ng and Henikoff, 2003) and CADD (http://cadd.gs.washington.edu/score) (Kircher et al., 2014) are

presented.
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4.2.5 Investigating rare heterozygous variants in the patient cohort

Although the inferred mode of inheritance was autosomal recessive, heterozygous
variants were also investigated to see if there was a shared gene in the cohort
(Table 4-13). The variants shown in Table 4 13 were selected as they were rare
(MAF <0.00001) or unreported and were not present in the two control exomes. The
data was filtered to retain variants with a CADD score >15 and those scored as
pathogenic by at least one of the prediction tools, PolyPhen-2 or SIFT. This analysis
was separate to the known RetNet/Albinism gene investigation described previously.
Two novel heterozygous variants were identified in Midasin (MDN1) in patients
F1369 and F1352 (Table 4-13). In patient F1369, the missense change,
NM_014611.2; c.2461C>A, p.(Gly821Cys), number of reads WT/Mut: 15/5, was
predicted to be pathogenic by both PolyPhen-2 (score 1) and SIFT (damaging) and
had a CADD score of 34. The heterozygous change identified in patient F1352,
NM_014611.2; c.8555G>A, p.(Ala2852Val), number of reads WT/Mut: 74/62, was
predicted to be pathogenic by both PolyPhen-2 (score 0.92) and SIFT (damaging)
and had a CADD score of 27.8 (Table 4-13). This is one of the largest genes in the

genome, which might account for the two hits.

Each individual was also analysed for rare heterozygous variants on a case-by-case
basis. Although longer lists of variants were generated in this analysis, two
interesting heterozygous candidate variants (identified in patients F1405 and F1352)
that fulfilled the criteria described above, are described below. These variants were
included following literature investigation using PubMed and GeneCards, which

revealed that the genes are involved in early eye development.
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F1369 MDN1 NM_014611.2 6:90,468,679 c.2461C>A p.(Gly821Cys) Missense 15/5 damaging damaging 34
1)
possibly_
F1352 NM_014611.2 6:90,410,448 c.8555G>A p.(Ala2852Val) = Missense = 74/62 . . . . damaging damaging 27.8

(~92)

Table 4-13 Rare heterozygous variants present in at least two patients in the cohort.

Summary of frequency and predicted pathogenicity scores for the rare heterozygous variants identified in the patient cohort.
The gene identifier, chromosome (chr) position, amino acid (aa) change, variant consequence, dbSNP rs ID number, allele
frequency & count from the gnomAD database (last accessed 12/12/2017), the number of homozygous (hom) alleles present
in the EXAC (http://exac.broadinstitute.org) and gnomAD (http://gnomad.broadinstitute.org) databases and the pathogenicity
prediction scores from PolyPhen-2, (http://genetics.bwh.harvard.edu/pph2/) (Adzhubei et al., 2010), SIFT (http://sift.jcvi.org/)
(Ng and Henikoff, 2003) and CADD (http://cadd.gs.washington.edu/score) (Kircher et al., 2014) are presented.
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4.2.51.1 A prioritised heterozygous candidate variant in VSX2 identified in case
F1405
Case F1405 was a Caucasian male who was diagnosed with foveal hypoplasia and

posterior embryotoxon but had no decussation defects.

A heterozygous nonsense variant was identified in the gene Visual System
Homeobox 2 (VSX2) (MIM 142993) (NM_182894.2); c.892C>T, p.(GIn298Ter),
number of reads WT/Mut: 37/27 (Appendix 9). The variant was not present in
publicly available databases (last accessed 12/12/2017) (Appendix 9). The nonsense
variant was located in the last exon of the gene (exon 5), so may not be targeted for
NMD. Analysis of other loss of function LoF variants on gnomAD revealed 8 variants
in each of the 5 coding exons of the gene, of which 2 are likely to escape NMD (last
accessed 12/12/2017). A low complexity region would be deleted if the protein was
truncated. VSX2 is highly expressed in the retina and is a well-known key
transcriptional regulator in eye organogenesis. Recessive mutations have been
reported in patients with isolated microphthalmia (MIM 610093), or microphthalmia
with coloboma (MIM 610092). Analysis of remaining patient exome data did not
reveal any further variants in VSX2. There were no CNVs identified in VSX2 in the
ExomeDepth analysis. The variant was confirmed using primers listed in Appendix

19.

4.2.5.1.2 A heterozygous candidate variant in EPHA2 identified in case F1352

In case F1352, an East Asian male with foveal hypoplasia, a novel heterozygous

missense change was identified in the gene Ephrin type-A Receptor 2 Precursor
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(EPHA2) (MIM 176946) (NM_004431.4); c.1148T>G, p.(Val383Gly), number of
reads WT/Mut: 57/62 (Appendix 9). The variant was predicted to be pathogenic by
SIFT and the CADD score of deleteriousness was 28.6 but was scored as ‘benign’
by PolyPhen-2 (Appendix 9). The variant was present in the dbSNP database
(rs7510403034) and was reported once in the heterozygous state in an East Asian
individual in the gnomAD database (1/245434 4.07e-6) (Appendix 9). Conservation
analysis revealed that the valine residue was not conserved in the chicken or frog

(Figure 4-24).

c.1148T>G

p.(Val383Gly)
‘
Human 370 WPESGECGPCEASVRYSEPPHGLTRTS 396
Chimp 609 WPESGECGPCEASVRYSEPPHGLTRTS 635
Rhesus monkey 370 WPESGECGPCESSVRYSEPPHGLTRTS 396
Dog 370 WPESGECGPCEASVRYSEPPHALTRTS 396
Cattle 370 WPESGECGPCEASVRYSEPPLGLTRTS 396
Mouse 371 WPESGECGPCEASVRYSEPPHALTRTS 397
Rat 371 WPESGECGSCEASVQYSEPPQALTRTS 397
Chicken 363 LPESGECQPCDGGIRYSQPPOGLVGTG 389
Frog 366 PPETGDCVPCD-NIRYSETPRDLKGTT 391

Figure 4-24 Multiple sequence alignment of human EPHA2 and homologues.

The shaded amino acid residues indicate those that are shared with the human
residue at the same position. The residues substituted in the patient is coloured
red. Patient F1352; ¢.1148T>G, p.(Val383Gly). Sequences of EPHAZ2 used:
Human NP_004422.2; Chimp XP_513064.4; Rhesus monkey
NP_001035768.1; Dog XP_544546.2; Cattle NP_001192660.1; Mouse
NP_034269.2; Rat NP_001102447.1; Chicken XP_001234814.2; Frog
NP_001006765.1.

AD mutations in EPHAZ2, a receptor tyrosine kinase, have been identified in patients
with cataracts (type 6) (MIM 116600) (lonides et al., 1997; McKay et al., 2005; Shiels
et al., 2008; Zhang et al., 2009). A high number of the reported mutations are located

at the C-terminal end of the EPHAZ2 protein and the putative change identified in
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patient F1352 is located in exon 5/17. There were no CNVs identified in EPHAZ in

the ExomeDepth analysis.

4.3 Discussion

In this chapter, 12 patients diagnosed with foveal hypoplasia in a pattern consistent
with autosomal recessive inheritance were analysed by WES in order to identify the

gene(s) and mutation(s) involved.

4.3.1 WES technology and filtering strategy for variant

identification

WES is a well justified, efficient strategy to capture the highly interpretable coding
region of the genome in the search for alleles underlying rare Mendelian disease, at
an affordable cost (Ng et al., 2010). The Agilent SureSelect All Exon XT exome
capture kit with lllumina sequencing technology was chosen for this study as it was
widely used with success in the Vision Research Group at The University of Leeds
(El-Asrag et al., 2015; Arno et al., 2016; Fiorentino et al., 2017; Fiorentino et al.,
2018; Panagiotou et al., 2017). In comparison studies, Agilent’s SureSelect All Exon
XT platform has been found to have the highest target enrichment efficiency and
detect a greater number of total variants with increased sensitivity towards detection
of SNVs and small indels, compared to other kits, including Roche/Nimblegen’s
SeqCap EZ Exome Library v2.0 kit, lllumina’s Nextera Rapid Capture Exome (v1.2)
kit and Agilent’s SureSelectQXT kit (Clark et al., 2011; Shigemizu et al., 2015). It is

thought that the high target enrichment efficiency of the Agilent kit results from the
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relatively long baits and/ or RNA methodology (Clark et al., 2011). In the current
study, on average, 97.7% of genomic targets were covered at a sequencing depth of
210X and 93.9% were covered at a depth of 220X. This is similar to figures
generated in kit comparison studies. For example, Agilent XT’s average coverage
has been reported to be 96% at 210X sequencing depth (from a randomly selected
set of 75M sequencing reads) in a study comparing Roche/NimbleGen’s SeqCap EZ
Human Exome Library v3.0, lllumina’s Nextera Rapid Capture Exome (v1.2),
Agilent’s SureSelect XT Human All Exon v5 and Agilent’s SureSelect QXT
(Shigemizu et al., 2015). Comparison of the average depth of coverage seen in this
study to similar assays using the same enrichment and sequencing chemistry also
gave similar coverage results (Mackay et al., 2014; Koboldt et al., 2014; Guo et al.,

2017).

The bioinformatics pipeline used in this study was optimised by the Leeds Vision
Research group for the analysis of WES samples run on the lllumina platform. The
analysis pipeline was chosen in this study due to the high variant identification
success rate in the group (El-Asrag et al., 2015; Panagiotou et al., 2017). BWA was
used as the aligner of choice over alternatives such as Bowtie-2 and Novoalign, as it
has been shown to correctly align a higher number of reads compared to Novoalign
(Li et al., 2009; Li, 2013). Although Novoalign has been identified as the most
accurate aligner, as conceded by Heng Li’s paper, BWA has improved sensitivity
(Highnam et al., 2015). To compare all three aligners, both Novoalign and BWA
significantly outperform Bowtie2 in alignment accuracy when a relatively small or
large number of indels are present and they also outperform Bowtie2 in the

identification of both novel and common variants (Li et al., 2009; Li, 2013). BWA also
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outputs a data format that can be input into Picard tools without the need for
additional alterations (Auwera et al., 2013). For variant calling, the GATK was used
to call indels and SNVs in the GVCF format and was the preferred choice of variant
caller for this study due to its high sensitivity and lower calling rate of false positives
when compared to other variant callers including SAMtools, Atlas2 and glftools (Liu
et al., 2013). The vcfhacks package (Perl) was used for variant filtering and
annotation to aid the identification of disease-causing variants. The Perl programs,
which include a number of scripts, have been optimised on data generated using the
GATK variant callers. The programs were originally developed in-house by Dr David
Parry (now at the University of Edinburgh) and have been used to successfully
identify a number of genes mutated in Mendelian disease (Parry et al., 2012;

Acevedo et al., 2015; Logan et al., 2015).

The variant in FOXD1 in case F1374 was initially missed in the analysis. The variant
was only identified after comparing pipelines and datasets with a collaborator at the
start of this study (UKIRDC collaboration, Dr Nikolas Pontikos, UCL). After
troubleshooting the alignment pipeline, the issue was circumvented by removing the
Agilent SureSelect XT V5/V6 BED file from GATK’s HaplotypeCaller command,
when calling the variants. The BED file is enriched for exonic regions that are baited
for capture and is specific to the version of the kit used. The calling of the SNPs and
indels was therefore not restricted to the specific genomic target regions
corresponding to the Agilent XT capture kit used to generate the exome libraries.

However, this resulted in the generation of longer candidate variant lists.
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Further to this, investigation of the % coverage of the known IRD/albinism genes
listed in Appendix 6 revealed that the Agilent V5/VV6 probes do not capture each of
the 270 genes at 100%. It is therefore evident that capture kit chemistry may
introduce measurement bias, with potential missed mutations in genes that are

poorly covered, or genes that have no coverage at all, such as FOXD1.

In order to prioritise pathogenic variants, three main parameters were employed: (1)
the MAF in publicly available control databases of variation including dbSNP, ExXAC
and gnomAD (when it was released at a later stage of the project); (2) in silico
pathogenicity prediction tools including PolyPhen-2, SIFT and CADD; and (3)
conservation of the residue among homologues. Genes of interest were also
examined globally in the ExAC and gnomAD databases to see how many LoF alleles
were found in a heterozygous and homozygous state to deduce if there was genetic
redundancy. Further to these parameters, literature investigations were used to
understand any known association of the candidate gene with the retina, specifically
if the candidate gene played a role in early development or organogenesis, such as

VSX2 and EPHAZ2.

At present, the prevalence or frequency data of foveal hypoplasia without albinism is
not known, although it is clearly very rare due to the lack of reports in the literature. A
statistical framework for frequency-based filtering developed by James Ware and
Daniel MacArthur, lead developers of the EXAC and gnomAD databases, has sought
to address variant interpretation for Mendelian disease by giving an estimated

maximum tolerated allelic count for a variant in a reference database, such as EXAC
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or gnomAD (http://cardiodb.org/allelefrequencyapp/) (Whiffin et al., 2017). The team
recognised that investigators can afford to be much more stringent with their filtering
than many researchers currently are being (Whiffin et al., 2017). In the current study,
a more conservative approach was initially applied in the first line of exome data
filtering when a BED file of known IRD and albinism genes was used to retain
potentially causative variants. In this primary analysis, a MAF cut-off value of 0.0001
(0.01%) was applied to detect heterozygous and biallelic variants. Use of such a
conservative cut-off value when analysing all of the exome in the case-by-case
biallelic and heterozygous analyses would have generated long lists of variants that
would have been difficult to prioritise. Therefore, a more stringent filtering frequency
was applied in order to reduce the number of variants analysed downstream, using
the tool developed by James Ware as a guide (Whiffin et al., 2017). To summarise
the use of the tool, the calculation is based on several parameters including
inheritance, disease prevalence, maximum allelic contribution, penetrance and the
number of screened reference alleles. In the application of the tool in this study for
an estimated maximum credible population allele frequency, biallelic inheritance was
set, penetrance was set at 90% (most likely 100% based on other SLC38A8 families,
but 90% was chosen here as a precaution), only one mutation has been found more
than once (allelic heterogeneity was set at 0.1), and given that the disease is rare, a
prevalence of 1/1,000,000 (people, not chromosomes), was applied. The use of the
tool with these settings gave an estimated (maximum) possible MAF of 0.0001
(0.01%). This was the maximum MAF cut-off used for the analysis of biallelic
variants. No candidate variants reported in the tables exceeded this predicted
maximum allele count in the reference databases. Comparative mutation

identification studies in recessive disease have employed cut off values of <0.1%
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(Kobayashi et al., 2017). There have even been recommendations for setting the
maximum cut off at 1% (Bamshad et al., 2011), despite more recent tools suggesting
that more stringent thresholds (such as <0.01%), as applied in this study, are

justified without potentially discarding true pathogenic variants (Whiffin et al., 2017).

The combined foveal hypoplasia cohort analysis sought to identify a clear candidate
gene in which more than two patients harboured rare variants. This strategy was
prioritised as it can be difficult to successfully narrow down candidate genes from
long lists generated for single patients. As foveal hypoplasia without albinism is
currently homogeneous, it was assumed that a common gene might be identified in
the cohort. Although this approach was not successful in this study, similar studies
have identified a common gene from a cohort of rare cases (Panagiotou et al., 2017;

Fiorentino et al., 2018).

In the absence of a common gene in the foveal hypoplasia cohort, all cases were
analysed on a case-by-case basis. Specifically, attention was paid to the
consanguineous patients and the sib pair, as it was possible to reduce the candidate
gene lists for these cases. The rare variants shared in the sib pair (listed in Section
4.2.3.4) were not in particularly interesting candidate genes. However, with the
bioinformatics pipeline used in this study and the strict filtering criteria applied, they
were the top variants identified. Homozygosity was analysed in all cases, in case
patients had unreported or unknown consanguinity (Littink et al., 2012), but no
additional consanguineous cases were found. Autozygosity mapping is a valuable

tool when investigating autosomal recessive conditions, using regions identical by
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descent (Alkuraya, 2013; Carr et al., 2013). The approach has been used as a
powerful method in IRD investigations (Littink et al., 2012; Collin et al., 2011). The
practice is more commonly applied to small inbred families, whereby candidate
disease loci can be pinpointed from regions autozygous in all affected individuals.
However, it has also been used in families with little or no consanguinity. An example
is the study of 186 different Dutch families to identify the genetic defect underlying
AR RP (Collin et al., 2011). In the study by Collin et al, ~94% of the affected
individuals harboured large homozygous sequences, showing that homozygosity
mapping is a powerful tool. In the current study, homozygosity mapping was used to
help narrow-down the candidate disease-gene harbouring regions in cases from
inbred families. SNP microarray genotyping-based homozygosity mapping is the
traditional method and has been very successful to map and identify disease genes
(den Hollander et al., 2007b; Baere et al., 2011). In the current study, WES data was
used to infer regions of homozygosity (ROHSs) in the consanguineous cases but this
method has limitations. Exome data is enriched for SNPs in the coding regions only
and will therefore show gaps in the data. Nevertheless, there are many examples of
the successful application of WES SNP analysis in ophthalmic research (Van Schil et
al., 2015; Pierrache et al., 2017). The strategy was successful for case F1335, as it
led to the identification of further SLC38A8 variation, to be discussed in more detail
below. Homozygosity mapping using WES data in the current study identified a
common region in the two consanguineous cases F1374 and F1288. The region on
chromosome 10 overlapped in both patient (10:81,286,427-102,056,166, 20.7Mb).
However, no shared candidate gene was identified in this shared region of

homozygosity.
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Although a definite novel gene was not identified using this methodology, this is
because foveal hypoplasia is more heterogeneous than anticipated and not due to
problems with the strategy applied. The work has highlighted a number of exciting

novel candidate genes mutated in foveal hypoplasia.

4.3.2 PAX6 mutations in patients with foveal hypoplasia

A BED file was generated containing all known IRD or albinism genes using RetNet
and the literature in order to analyse a wide variety of retinal genes and not just
those with a similar phenotype. This strategy was applied due to the growing number
of examples of “expanding phenotypes” reported in the literature. Case F1351 was
found to harbour a heterozygous variant in PAX6 (c.275T>C, p.(Val92Ala)).
Subsequent screening of PAX6 in the remaining SLC38A8 mutation-negative cohort
revealed a PAX6 variant in case F1378 (¢c.278C<A, p.(Ala79Glu)). Patient samples
were referred to this study with a minimum phenotype of foveal hypoplasia (with no
pigmentation defects). It is in the clinician’s best interest to send the samples for
screening for every possible diagnosis to help their patient, therefore such findings
are not unexpected. Cases were referred to this study with a minimum phenotype of
foveal hypoplasia and neither F1351 nor F1378 were tested for nystagmus or

misrouting defects by the referring clinician.

Therefore, further clinical investigations need to be performed on cases F1351 and
F1378, to resolve if they have chiasmal decussation defects, or the more likely
scenario, that they have isolated foveal hypoplasia. Optic nerve decussation defects

have been investigated in cases with PAX6 mutations, but visually evoked potentials
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recorded as “normal” (Schroeder et al., 2003). Lack of detailed chiasmal routing
phenotyping is evident in the literature, including a report of a SLC38A8 mutation
(c.95T>G, p.(lle32Ser) variant segregating in 3 families of Israeli Jewish Indian
ancestry with reported isolated foveal hypoplasia (Perez et al., 2014) and the report
of PAX6 variants in patients with isolated foveal hypoplasia (Azuma et al., 1996).
There is a clear need to formalise the assessment of patients with foveal hypoplasia.
Very few studies have used strict criteria to fully exclude a diagnosis of foveal
hypoplasia with optic nerve misrouting, with visual evoked potential examination
rarely performed in patient cohorts (Azuma et al., 1996; Perez et al., 2014; Curran
and Robb, 1976; Oliver et al., 1987). Instead, tests for nystagmus (Curran and Robb,
1976; Perez et al., 2014; Azuma et al., 1996; O'Donnell and Pappas, 1982; Giocanti-
Auregan et al., 2014), optic nerve size (Curran and Robb, 1976; O'Donnell and
Pappas, 1982; Recchia, Carvalho-Recchia and Trese, 2002; Giocanti-Auregan et al.,
2014), iris transillumination (Curran and Robb, 1976; Perez et al., 2014; Giocanti-
Auregan et al., 2014) and ocular and cutaneous observations of pigmentation (Perez
et al., 2014; O'Donnell and Pappas, 1982; Recchia, Carvalho-Recchia and Trese,
2002), are the basic tests performed, with the latter three used to exclude albinism.
Only two reports have excluded chiasmal misrouting in patients with isolated foveal
hypoplasia through the use of visual evoked potential recordings (Oliver et al., 1987;

Schroeder et al., 2003).

The p.(Ala79Glu) variant identified in patient F1378 has already been published in
1999, in a patient diagnosed with mild aniridia (stromal hypoplasia of the iris with
eccentric pupil), along with mild nystagmus and early cataracts at the age of 21

(Grgnskov et al., 1999). In contrast to this published case, case F1378 had no
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diagnosis of cataracts or nystagmus and visual evoked potential analysis was not
performed. DNA was available from the mother and three uncles of F1378, who were
all unaffected. It is not possible to conclude if the detected mutation in patient F1378
is de novo, although more than one third of mutations reported in PAX6 are de novo
(The PAX®6 Allelic Variant Database, LOVD http://pax6.hgu.mrc.ac.uk/). It is unlikely
that the heterozygous variant was inherited from the deceased father of F1378, as
he had no recorded visual disease phenotype and there is high penetrance but

variable expression of PAX6 mutations.

Genotype-phenotype correlation studies of PAX6 have revealed that missense
mutations are rare in classical aniridia (often associated with deletions or premature
termination codons), but are more common in milder, non-aniridia phenotypes,
including isolated foveal hypoplasia (Hingorani et al., 2009; Tzoulaki, White and
Hanson, 2005; Yokoi et al., 2016; Hanson et al., 1999; Azuma et al., 2003). In 2
independent cases of isolated foveal hypoplasia, a recurrent PAX6 missense
mutation; ¢.382C>T, p.(Arg128Cys) has been identified (Azuma et al., 1996; van
Heyningen and Williamson, 2002). Looking at the location of missense mutations in
the PAXG6 protein in isolated foveal hypoplasia cases, the R128C mutation, alongside
78 and 79 identified in patients F1351 and F1378, are located in the paired domain
(PD) (exons 5, 5a, 6 and 7) (Figure 4-25). This region is well conserved among
PAX6 homologs. X-ray crystallography assessment of the Drosophila PD has shown
that it has a bipartite structure with a highly conserved N- (AAs 4-75) and variable C-
terminal region (AAs 80-131), with residues of the N-terminal region making
sequence-specific contact with the DNA in a helix-turn-helix (HTH) conformation

(Czerny, Schaffner and Busslinger, 1993; Epstein et al., 1994a; Tang, Chao and
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Saunders, 1997; Xu et al., 1995). The variants identified in F1351 and F1378 (AAs
78 and 79) are located outside of the 4" alpha helix where the C-terminal region

starts and both residues contact the DNA backbone (Figure 4-25).
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Figure 4-25 Reported mutations in the Paired Domain of PAXG6.

Missense mutations (yellow) in the paired domain (PD) as reported in the PAX6 LOVD are shown. The PAXG6 protein consists
of the PD including the navy blue alternatively spliced exon 5a; the homeodomain (HD), separated from the PRD by a linker
region; and the proline, serine and threonine-rich transactivation domain (PST). The expanded paired domain includes a1-a3,
denoting the N-terminal subdomain alpha helices, and a4—a6, C-terminal subdomain alpha helices. The amino acid sequence
is shown, with residues in red contacting the DNA backbone and those in blue contacting the minor groove or the major
groove (underlined). Variants identified in the current study are as follows: p.(V78A) in patient F1351 and p.(A79E) in patient
F1378. Image adapted with permission from Copyright Clearance Centre on behalf of Oxford University Press: Human
Molecular Genetics (van Heyningen and Williamson, 2002).
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Functional analysis of PD missense mutations has shown that some alleles are
hypomorphic, such as the R26G in the N-terminal of the PD in a case of Peter’'s
anomaly. Others are described as haplo-insufficient, such as the 187R in the C-
terminal region of the PD reported in a case of aniridia (Tang, Chao and Saunders,
1997; Hanson et al., 1999). The difference between these two missense mutations is
hypothesised to be due to the R26 residue being in contact with the DNA backbone,
perhaps similar to the two missense changes identified in F1351 and F1378 in this

study (Tang, Chao and Saunders, 1997; Hanson et al., 1999).

Both mutations in the coding region and DRR of PAX6 have been reported to cause
the same phenotype of aniridia, and even individuals with gross deletions in PAX6
do not show a difference in phenotypic severity (Vasilyeva et al., 2017). However,
there are other key regulatory genes involved in development that display pleiotropic
functions. An example of a pleiotropic gene is SHH, whereby mutations in a SIX3
binding site in a SHH enhancer cause holoprosencephaly, but pre-axial polydactyly
is caused by mutations in a limb-specific enhancer located approximately 800kb
away from SHH (Lettice et al., 2002; Lettice et al., 2008). Therefore, fifteen cis-acting
elements of the cis-DRR that have been associated with the aniridia phenotype were
screened in the patient cohort to look for potential mutations (Plaza et al., 1995;
Kammandel et al., 1999; Xu et al., 1999; Williams et al., 1998; Kleinjan et al., 2001,
Griffin et al., 2002; Kleinjan et al., 2006; Bhatia et al., 2013; Ravi et al., 2013; Bhatia
et al., 2014). This revealed a number of variants unlikely to be the cause of disease

due to their high allele frequencies in the control databases of variation.
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4.3.3 Searching for novel foveal hypoplasia genes
4.3.3.1 The prioritisation of FOXD1 as a candidate gene for foveal hypoplasia

WES data analysis in combination with homozygosity mapping prioritised FOXD1,
after a novel homozygous missense variant (c.581C>T; p.(Gly194Asp)) was
identified in patient F1374. FOXD1 was highlighted as the best candidate foveal
hypoplasia gene from the large number of candidates because FOXD1 is expressed
in the ventral diencephalon and temporal retina in the CNS and is one of the earliest
cues in the development of the visual system. FOXD1, alongside FOXG1 (also
named Brain Factor 1 (BF-1)), marks the distinction between the nasal and temporal
(N-T) retina, respectively (Hatini, Tao and Lai, 1994). FOXD1 expression was noted
in microarray data of fetal macula and surrounding retina (Figure 4 14). The data
suggests that a pattern of refined spatial dosage of FOXD1 may be important in
macular development in humans. It was hypothesised that perturbations in the gene
might therefore explain the foveal hypoplasia phenotype seen in foveal hypoplasia
without albinism patients alongside deformities in chiasmal routing, during early eye

development.

The Forkhead box gene, FOXD1, previously known as Brain Factor 2 (BF-2), is
characterised by its winged helix/forkhead DNA binding domain, evolutionarily
conserved across the FOX family (Clark et al., 1993; Lai et al., 1993). FOXD1 is
known to play an important role in cell cycle progression and cell proliferation
(Jackson et al., 2010; Koga et al., 2014). The interaction of the FOXD1 and FOXG1
forkhead transcription factors has been deduced in animal models using a

combination of loss- and gain-of-function experiments of FOXG1 in the mouse
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(Marcus et al., 1999; Huh et al., 1999), chick (Yuasa et al., 1996), frog (Bourguignon,
Li and Papalopulu, 1998; Hardcastle and Papalopulu, 2000) and zebrafish (Picker et
al., 2009). FOXG1 defines the nasal character of the retina and FOXD1 is
complimentarily expressed in the ventro-temporal (VT) retina. Here, ipsilateral
projecting axons arise, fulfilling the partial decussation of RGC axons seen in
mammals, but not in the chick (Herrera et al., 2004). Nevertheless, in the chicken,
misexpression of FOXG1 and FOXD1, also known as chick brain factor 1 and 2 (Cbf-
1 and Cbf-2), causes abnormal regional specificity of axon projection along the naso-
temporal (N-T) axis in the tectum (Yuasa et al., 1996; Takahashi et al., 2003). It is
the misexpression of chick FOXD1 that leads to disrupted expression patterns of
asymmetrical downstream effectors in the temporal retina, such as the repression of
chick FOXD1, SOHO1, GH6 and ephrinA5, but the induction of EphA3 in the retina
(Takahashi et al., 2003; Takahashi et al., 2009). In the mouse model, the molecules
vital for ipsilateral RGC axon projection, including EphB1 and Zic2, are
downregulated in Foxd7-deficient embryos, and Foxg7 has been shown to expand
from its nasal retinal domain into the V-T region (Herrera et al., 2004). This change
to the regionalisation of the ventral diencephalon is an additive effect causing
improper formation of the optic chiasm, a cardinal phenotypic feature seen in

patients with FHONDA.

Interestingly, in mice, expression of Foxd1 and Foxg1 in the optic vesicles is lost in
PAX6 null mutants (PAX67) (Baumer et al., 2002). This suggests the importance of

PAXES6 in the initiation of N-T determinants.
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When assessing the functional characterisation of a novel gene it is more accurate to
do so in vivo. However, as only one variant had been identified in FOXD1 in this
study, a luciferase reporter assay was used, similar to the experiment applied by
Laissue et al. This research associated variants in FOXD1 with adverse pregnancy
outcomes, including recurrent spontaneous abortion and embryonic resorption in
humans and mice (Laissue et al., 2016). These published findings were only
associations and in this study the clinician who referred case F1374 did not report
any parental miscarriages. In the study by Laissue and colleagues, a dual-luciferase
assay was used to investigate the transactivation capacities of both human and mice
FOXD1 mutations on the two promoter targets involved in mammalian implantation,
Pgfand C3, in vitro (Laissue et al., 2016). An assay to test the p.(Gly194Asp) variant
identified in F1374 was started but was soon abandoned following the advent of the
gnomAD database. The discovery of homozygous null alleles in the gnomAD
database shifted attention away from FOXD1 as a prime candidate, as genetic

redundancy was implied from these findings.

It should be noted that FOXD1 has not been completely ruled out as a foveal
hypoplasia gene, However, the prioritisation of FOXD1 in this study has highlighted
how important it is to check how many exomes or genomes are covered in the
publicly available databases surrounding the variant of interest, prior to stating that it
is a rare variant. The benefits of using population-scale measurements of variant
density and allele frequencies in such a gene-identification study allows
interpretation of variants in the context of large collections of variation from the
“normal” population. The gnomAD dataset in particular is an extremely powerful tool

when used for variant prioritisation, more so than the Exome Variant Server and
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1000 Genomes, as it comprises two data sets, exome sequence data from 123,136

individuals and 15,496 individual genomes.

4.3.3.2 The identification of a homozygous frameshift variant in LAMP1

LAMP1 was identified as a top candidate disease gene following the discovery of a
homozygous frameshift variant (p.(Gly370Afs*14)) in patient F1288 that was

unreported in the publicly available databases.

LAMP1 (and LAMP2) are major structural components of the lysosomal membrane
(Yogalingam et al., 2008). The highly glycosylated protein has a sialylated N-terminal
region orientated toward the lumen, one transmembrane domain and a cytoplasmic
C-terminal tail (Chen et al., 1985; Lewis et al., 1985; Lippincott-Schwartz and
Fambrough, 1986). The LAMP proteins maintain the integrity of the lysosome
membrane and protect the limiting membrane from auto-digestion by forming a
continuous carbohydrate lining on the inner leaflet known as a glycocalyx (Kundra
and Kornfeld, 1999). LAMP proteins are present in late endosomes and lysosome

and the proteins are also required for phagolysosome formation (Huynh et al., 2007).

Lysosomes are important membrane-bound intracellular organelles with an acidic
interior that are crucial regulators of cell homeostasis (Appelmans, Wattiaux and De
Duve, 1955). They contain acidic hydrolases and specific membrane proteins and
facilitate the degradation and recycling of proteins (autophagy) and extracellular
molecules (phagocytosis) (Kornfeld and Mellman, 1989). However, lysosomes can

also be secretory, for example as found in melanocytes and hematopoietic cells
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(Yogalingam et al., 2008). Lysosome-related organelles (cell-type specific), including
melanosomes (which are found in melanocytes and RPE cells), release melanin to
keratinocytes and thus produce pigmentation (Marks and Seabra, 2001,
Stinchcombe, Bossi and Griffiths, 2004). Defects in melanosomes, such as protein
transport and morphogenesis, cause a group of genetic disorders including
Hermansky-Pudlak, Chediak-Higashi and Griscelli syndromic forms of albinism
(Section 1.8.5.2) (Marks and Seabra, 2001). Lysosomal exocytosis is a Ca?*-
regulated mechanism whereby lysosomes are docked to the cell surface and fuse
with the plasma membrane, emptying their content extracellularly (Andrews, 2000;
Bossi and Griffiths, 2005). Lysosomal exocytosis is important in processes such as
immune response, cell signalling and plasma membrane repair (Andrews, 2000).
LAMP1 is reported to play a role in lysosomal exocytosis, as overexpression of the
protein leads to an increased abundance of LAMP1 at the lysosome plasma
membrane and increased lysosomal exocytosis of B-hexosaminidase (essential for
glycoprotein metabolism in the maintenance of cell homeostasis) (Andrews, 1995;
Kima, Burleigh and Andrews, 2001). Accumulation of LAMP1 on the plasma
membrane has also been associated with increased exocytosis of lysosomal
hydrolases in a mouse model of human sialidosis (MIM 256550), a lysosomal

storage disease (Yogalingam et al., 2008).

The role of LAMP-1 in the foveal hypoplasia cohort is still relatively unclear. It is
possible that impaired autophagy or disrupted lysosomal exocytosis are the
pathomechanism for the potential LAMP1-related disease seen in patient F1288.
Impaired cargo clearance and processing in the endocytic/phagosome and

autophagy pathways in the RPE leads to the accumulation of aggregates that
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contribute to oxidative stress in blinding diseases such as AMD (Ferrington, Sinha
and Kaarniranta, 2016; Wang et al., 2009; Rakoczy et al., 1999), Stargardt’'s disease
(Tan, Toops and Lakkaraju, 2016; Anderson et al., 2017; Bhattacharya et al., 2017)

and choroideremia (Wavre-Shapton et al., 2013).

In LAMP-1 and LAMP-2 deficient cells, the interaction between phagosome and
lysosome and the motility of lysosome and phagosome along microtubules is
affected (Malicdan et al., 2008). Both autophagic vacuoles and unesterified
cholesterol levels are raised in embryonic fibroblasts, when both LAMP proteins are
disrupted. Protein degradation rates, however, are not affected (Eskelinen et al.,
2004; Eskelinen, 2006). The ablation of both lamp-1 and lamp-2 in mice leads to
embryonic lethality, suggesting that the proteins may have redundant function
(Andrejewski et al., 1999). However, lamp-1-deficient mice have a near-normal
phenotype with normal lysosome function and morphology (Andrejewski et al.,
1999). The two proteins only share approximately 37% sequence homology, but

protein topology and the heavy glycosylation is conserved (Malicdan et al., 2008).

As detailed in Section 4.2.3.3, LAMP1 expression is high during early development
and was reported in fetal macula and nasal regions and the surrounding retina at 19-
20 weeks. There is currently no known link to SLC38A8, or important transcription
factors involved in early embryonic development, but the gene remains an interesting

candidate.
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4.3.4 Further interesting candidate variants identified in the foveal

hypoplasia cohort

As we are all carriers of recessive alleles, the heterozygous findings may well be
incidental (Gao et al., 2015). The study by Gao et al estimated that each haploid set
of human autosomes carries on average 0.29 recessive alleles. However, this study
analysed lethal alleles so the average for non-lethal alleles will be higher (as they
won'’t be selected against). It is thought that 1/10 humans carry an IRD recessive

allele (Personal Communication, Prof Graeme Black, Manchester).

4.3.41 A heterozygous nonsense variant in VSX2 in case F1405

In case F1405, a candidate nonsense variant, (p.(GIn298Ter)), was identified in the
gene VSX2 (also known as CHX10). The variant was prioritised as it has known
ocular developmental function and is the earliest domain-specific marker expressed
in the developing neural retina. VSX2 encodes a homeobox transcription factor with
the consensus DNA binding sequence TAATTAGC and is expressed in the
neuroepithelium of the developing eye and the INL of the mature retina (Liu et al.,
1994). The gene was not present in the RetNet database and so was not identified
through the BED file analysis of known IRD/albinism genes but was identified in the

heterozygous variant analysis.

In OMIM, AR mutations in VSX2 are reported to cause microophthalmia with
coloboma 3 (MIM 610092) and microophthalmia, isolated 2 (MIM 610093).
Reviewing the literature, mutations have been identified in 14 families. A number of

mutations have been identified at the 200" residue Arginine, which lies in the VSX2
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homeodomain, including two AR mutations (R200Q and R200P) identified in two
families with non-syndromic microphthalmia, cataracts, and severe abnormalities of
the iris (Ferda Percin et al., 2000). A homozygous R200P mutation has also been
identified in two consanguineous Qatari families with isolated microphthalmia and
cloudy corneas (MIM 611093) (Faiyaz-Ul-Haque et al., 2007). In the same residue, a
homozygous nonsense mutation has been identified (R200Ter) in a consanguineous
Afghan child with bilateral anophthalmia and an absent visually evoked potential,
suggesting a mutation hotspot (Iseri et al., 2010). A recurring homozygous R227W
mutation has been identified in two consanguineous Arab families with isolated
microphthalmia/clinical anophthalmia (MIM 610093) (Bar-Yosef et al., 2004) and in a
consanguineous Pakistani child with severe microphthalmia and absent visual
evoked potential in one eye (Iseri et al., 2010). Deletions have also been identified in
this gene, including a recurring homozygous Leu84Serfs57 frameshift in two affected
cases with microphthalmia and coloboma (Iseri et al., 2010) and an approximate 4
kb deletion of exon 3 in a case of microphthalmia/anophthalmia without iris
abnormalities (Bar-Yosef et al., 2004). The only mutation report of a case without
microphthalmia is a homozygous Lys258Serfs44 frameshift mutation in VSX2
identified in a unique phenotype resembling Knobloch syndrome. The child had poor
vision from birth and had smooth irides, lens subluxation, cone-rod dysfunction, and
high myopia, however, the case did not have partial dislocation of the lens and there
was no distinct macular atrophy (Khan et al., 2015). The AR mutations identified in
VSX2 in the literature are predicted to be null alleles due to impaired DNA binding,
including the R200Q and R200P alleles (Ferda Percin et al., 2000). In the current
study, the Q298Ter nonsense variant identified in F1405 was heterozygous and is

not located in the homeodomain (AAs 148-200). The VSX2 protein has a length of
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361 amino acids, and the p.(GIn298Ter) variant is predicted to introduce a stop
codon at position 298. As the stop codon is located in the last exon the protein is
unlikely to be targeted for NMD and therefore this variant may elicit a different

mechanism of disease compared to the null alleles reported in the literature.

In the literature there is only one family in which the mother of the affected individual
had a retinal disease phenotype (Iseri et al., 2010). This parent showed severe right
macular dysfunction and mild-moderate left macular dysfunction (Iseri et al., 2010).
The parent was a carrier of the p.(Leu84Serfs57) frameshift mutation, a 1 bp deletion
in exon 1 of VSX2. The parent’s phenotype in the heterozygous state was suggested
to be a case of incomplete dominance (Iseri et al., 2010). There are no further
reports of a disease phenotype in the heterozygous state in the literature. In the
current study, case F1405 had foveal hypoplasia and posterior embryotoxon (a

corneal abnormality), with no chiasmal misrouting.

VSX2, a pro-retina transcription factor, is reported to function in a signalling pathway
with MITF, a pro-RPE transcription factor (Figure 4-26) (Bharti et al., 2012). VSX2 is
involved in the maintenance and proliferation of the neural retinal progenitor cell
pool, differentiation of bipolar cells and timing of photoreceptor production (Widlund
and Fisher, 2003; Vetrini et al., 2004). In the regulatory circuit, PAX6 expression is
essential for the proper expression of MITF which stimulates melanin synthesis by
triggering the expression of melanogenic target genes, TYR and TYRP1 (Luo, Chen

and Jimbow, 1994; Widlund and Fisher, 2003; Raviv ef al., 2014). Biallelic mutations
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in MITF have been reported to cause albinism (Lowings, Yavuzer and Goding, 1992;

George et al., 2016).

— ]
retinogenic genes ; =
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green: pro-RPE genes
red: pro-retina genes

Figure 4-26 Schematic of the regulatory feedback loop involving Vsx2, Pax6
and Mitf during the development of the mouse eye.

Co-expression of Pax6 with either Mitf or Tfec suppresses the expression of the
pro-retina genes Fgf15 and Dkk3. This leads to activation of canonical WNT
signalling, and subsequent upregulation of Mitf and Tfec expression, in a
positive feedback loop which enables RPE differentiation and suppresses the
retinal fate. Canonical WNT signalling is inhibited if Pax6, Mitf and Tfec are
unable to inhibit Dkk3 and Fgf, leading to the upregulation of several
retinogenic genes including Six6, Lhx2, and Vsx2. These retinogenic genes will
increase the expression of Pax6 in pro-retina and anti-RPE feed-forward loops
and Mitf expression is suppressed. Image reproduced with permission under
the Creative Commons CCO public domain dedication (Bharti et al., 2012).

4.3.4.2 A heterozygous missense variant in EPHA2 in case F1352

In patient F1352 a rare heterozygous variant was identified in the gene EPHAZ2
(p-(Val383Gly)). The EphA receptors play a role in axon guidance during
development (Section 1.2.5) and this led to prioritisation of this variant as a
candidate in F1352. There are 14 known members of the Eph receptors in

mammals, divided into two classes (EphA and EphB), depending on whether they
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ligate A- or B- type ephrins (Lisabeth, Falivelli and Pasquale, 2013). Ephrin/Eph
pairings regulate many biological processes including cell adhesion (as the Eph
receptors and ephrins are both membrane -anchored), cell morphology,
synaptogenesis and angiogenesis. EPHA2 has been detected in the vasculature of
xenografted tumours and has been linked to VEGF expression and endothelial cell
migration (Ogawa et al., 2000; Brantley-Sieders et al., 2004; Hunter et al., 2006).
EPHAZ2 is widely expressed in the human, including the brain, with levels highest in
the esophagus (The Human Protein Atlas). In the brain, the expression of the protein

is highest in the pituitary gland (The Human Protein Atlas).

The ephrins/EphA contribute to the specificity of the connections in the
establishment of the topographic map (Pasquale, 2005). The EphAs mediate
repulsive responses that prevent axons from growing into areas they shouldn't
(Pasquale, 2005; Hansen, Dallal and Flanagan, 2004). Patient F1352 was not tested
for optic nerve misrouting, therefore it will be important that they undergo visual
evoked potential examination. If the V383G variant was a null, this could propose a
mechanism for the chiasmal misrouting seen in FHONDA cases. Mutations in
EPHAZ2 have been identified to cause AD congenital cataract (Dave et al., 2013).
Mice deficient in Epha2 develop adult-onset cataracts, highlighting the importance of
the gene in mammalian lens development and maintenance (Jun et al., 2009). Most
of the causative mutations identified so far reside in the cytoplasmic domains of the
protein, with four mutations located in the sterile-a-motif domain and two in the
tyrosine kinase domain (Bennett et al., 2017). Similar to those mutations causing AD
cataract, the AD V383G variant identified in patient F1352 lies in the cytoplasmic

region of the protein, in the fibronectin type Il repeat.
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4.3.5 The identification of a potential SLC38A8 duplication in case

F1335

ExomeDepth CNV analysis revealed a potential homozygous duplication of
SLC38A8 exon 6. ExomeDepth was chosen as there were the appropriate number of
control exomes available that had been sequenced in the same batches (same
sequencing run and the libraries were prepared at the same time), as the cohort of

patients.

Studies have suggested that CNV analysis should be undertaken alongside SNV
and indel variant analysis, as CNV regions have been found to equate to
approximately 12% of the human genome (Redon et al., 2006), with >1000 CNVs
accounting for approximately 4 million bp in the average human (Conrad et al., 2010;

Malhotra and Sebat, 2012; Abel and Duncavage, 2013).

CNVs, which are unbalanced alterations ranging from 50bp to whole chromosomes,
are part of a larger collection of variation in the genome known as structural
variations (SVs). There are many WES meta-analysis algorithms available, likewise
to pathogenicity prediction softwares, that will aid in the detection of SVs on a larger
scale. Such examples include CoNIFER (Krumm et al., 2012), Exome Hidden
Markov Model (XHMM) (Fromer et al., 2012), FishingCNV (Shi and Majewski, 2013)
and ExomeDepth (Plagnol et al., 2012), that function by comparing read depths at
the same target regions between affected and unaffected individuals, outputting
variations in copy number format. Relying solely on WES read depth, however,

results in high variability of coverage over individual exons, dependent on both PCR
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bias and probe capture efficiency. Duplications on the whole have been described as
especially difficult to clinically interpret, often with an inability to determine location,
phase or effect, such as an assumed homozygous duplication identified in the gene
PRPF31 as a cause of AD RP (Ellingford et al., 2018). To circumvent such issues,
the use of WGS allows for wider scope of CNV detection, through the inclusion of
non-coding sequence, analysis of split reads, paired end mapping, read depth and

assembly based methods (Pirooznia, Goes and Zandi, 2015).

It is difficult to choose a WES CNV-assessment tool for which the positives outweigh
the reported negatives. ExomeDepth was chosen for the analysis as it has been
described as most effective tool when the samples are well-correlated, with minimal
technical variability in the exome library preparation and therefore resulting in more
normalised read count data (Kadalayil et al., 2015). Studies have reported that
ExomeDepth shows similarities in duplication detection to tools such as CoNIFER
(Krumm et al., 2012). ExomeDepth uses control sample BAM files, sequenced in the
same run as the test sample and analysed using the same alignment pipeline, to
build an optimised aggregate reference dataset of read count data. The program
recommends the use of ten control samples, but, as shown in Appendix 17, the
average reference dataset totalled only 7 out of 11 available references.
ExomeDepth is not a very successful tool in the detection of novel genes (unless
there is a homozygous deletion) as it generates many false positives (Guo et al.,
2013). The tool is dependent on high sample read depth and well-correlated samples
(de Ligt et al., 2013; Tan et al., 2014), therefore suggesting variability in its
performance and effectiveness (Ellingford et al., 2017). However, it has been shown

to be a very successful tool in identifying CNVs in candidate genes which are
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specifically searched for. Case F1335 was referred for WGS, to be detailed in

Chapter 5.

4.3.6 Summary

In this chapter, two patients (F1351 and F1378) with heterozygous PAX6 missense
mutations were solved. One patient (F1335) was identified to have a potential
SLC38A8 duplication CNV, to be investigated further by WGS (Chapter 5). Rare
variants were identified in LAMP1 and VSX2, identifying these as candidate foveal
hypoplasia genes. This work also generated lists of rare candidate variants for the
rest of the foveal hypoplasia cohort, but given the lack of a strong candidate
identified in more than one case and the clear potential for missing mutations in
SLC38A8 (as seen in F1335), WGS was performed before further new candidate
genes were investigated (Chapter 5). SLC38A8-related disease was also
successfully excluded from some of the cases, including the consanguineous sib pair

F1287 and F1288.
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Chapter 5 Using WGS to investigate
structural and non-coding variation in

SLC38A8

5.1 Introduction

During this study, it became evident that mutations in SLC38A8 not detectable using
the conventional methods used might be prevalent in the foveal hypoplasia cohort,
after Sanger sequencing of the gene failed to detect a second mutation in Case
F1377 (Chapter 3). This case, alongside the patient who had a large region of
homozygosity spanning SLC38A8 but no causative mutation (F1310) (Poulter et al.,
2013), were prioritised for WGS to try and find the mutation not yet identified by
Sanger sequencing. Also put forward for WGS was patient F1335 with the suspected
duplication, as detailed in Chapter 4, in order to confirm and map the breakpoints of
the CNV. The work of this chapter concludes with the analysis of the SLC38A8 locus

in the remaining SLC38A8 mutation-negative individuals.

5.2 Results

5.2.1 WGS of foveal hypoplasia patient DNA

Whole genome DNA libraries were prepared from 10 consented individuals by
Edinburgh Genomics (Section 2.3.24, Table 2.4). Included within this cohort was

F1335 (with the suspected duplication), F1310, F1377, F1374, F1352, F1369,
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F1298, F1071, F1403 and F1404. Libraries were prepared and sequenced in
separate batches over the course of 18 months, with alignment to the GRCh37/hg19
human reference sequence using a similar approach to the pipeline for WES

analysis (Sections 2.3.25.2, 2.3.27.2, 2.3.27.3).

5.2.1.1 WGS QC and metrics

QC was performed for DNA samples and libraries by Edinburgh Genomics to check
the DNA was high quality and also that the insert size was as expected. The QC was
also performed to identify any contaminating adapter-dimers, which are known to
cause clustering issues. The QC steps undertaken are detailed in Section 2.3.27 4.
All of the WGS samples passed the QC checks, as processed by Edinburgh
Genomics. As shown in Table 5-1, the sample yield, or the number of bases
generated per run, was as expected for 150 bp paired-end sequencing. The number

of those bases with a quality score of 30 or above is represented by the % Q30.

Individuals F1310 and F1377 were sequenced in the first batch of genomes sent to
Edinburgh Genomics. Another 8 genomes (including F1335), were sequenced at a
later stage of the project. The yield (the total number of giga bases read for the
sample per run) for both F1310 and F1377 is notably higher than for the individuals
from the second batch of sequencing, with an average yield of 150.19 giga bases
compared to 141.24 giga bases, respectively. All samples had an average read
depth >30. The mean coverage was the highest for individual F1377, with an

average read depth of X38.85.
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Properly
Patient Read pairs Yield % Q30 No. of reads Mapping mapped Duplicate Mean
sequenced (Gbp) in BAM file rate (%) reads rate rate (%) coverage
(%)
F1310 510,061,390 152.36 86 1,020,122,780 99.63 98.07 24.79 36.22
F1377 495,634,399 148.01 88 991,268,798 99.76 97.96 16.66 38.85
F1335 467,571,613 139.67 83 935,143,226 89.37 87.41 10.77 33.58
F1071 461,272,426 137.84 81 922,544,852 99.65 97.54 11.70 37.05
F1298 487,910,450 145.79 83 975,820,900 99.66 97.61 22.08 34.58
F1352 476,586,451 142.40 82 953,172,902 99.64 97.58 21.68 33.95
F1369 483,975,381 144.61 82 967,950,762 99.64 97.62 22.89 33.98
F1374 486,692,815 145.43 82 973,385,630 99.60 97.40 20.55 35.05
F1403 437,543,140 130.73 81 875,086,280 99.57 97.52 19.67 31.98
F1404 453,383,643 135.44 81 906,767,286 99.62 97.50 20.95 32.54

Table 5-1 WGS sample summary metrics.

WGS summary metrics for all 10 foveal hypoplasia individuals analysed by Edinburgh Genomics. The data shows the
following metric calculations per genome: Number of read pairs sequenced, Yield (the total number of bases read for the
sample per run), % Q30 (the proportion of the bases in the yield that had a Q score >30), Number of reads in the BAM file,
Mapping rate percentage, Percentage of properly mapped reads, Percentage of duplicate reads and Mean sample coverage.
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5.2.2 Whole-genome analysis of case F1310

As detailed in Chapter 3, individual F1310 was selected as an ideal candidate for
WGS. Previous SNP genotype investigation by collaborators had mapped a large
region of homozygosity spanning SLC38A8, and microsatellite analysis performed in

Chapter 3 confirmed this.

Clinical photographs were available for this individual and her father and brother
(Figure 5-1). Individual F1310 (Figure 5-1 A, B) shows no hypopigmentation and
there is absence of the foveal pit. F1310’s brother and father are unaffected (Figure

5-1C, D).

Exploration of the paired-end reads covering SLC38A8 was undertaken using IGV
which revealed a homozygous paracentric inversion spanning exons 6, 7 and 8 of
SLC38A8 (Figure 5-2). From this global overview, it is clear that the pair orientations
are anomalous, as shown with the mismatched read colours of blue (reverse reads)
and green (forward reads). Enlarging a portion of the screenshot taken from the IGV
output, as shown in Figure 5-3, highlights the failure of the paired-end mate reads to

match.



Figure 5-1 Clinical data for affected case F1310 and her unaffected brother and
father.

Case F1310 presents with foveal hypoplasia. (A) Individual F1310 presents with
naturally pigmented brown eyebrows and brown irises. (B) Horizontal OCT of
the right eye of individual F1310 shows foveal hypoplasia. (C,D) Horizontal
OCT of the right eye of brother and father. Their foveal pits have developed
normally. The green line shows the location of the cross-section. Images
reproduced with the kind permission of Mr Kamron Khan (Leeds).
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Figure 5-2 IGV global overview of the SLC38A8 inversion identified in case F1310.

IGV alignment of WGS reads over SLC38A8. The inversion approximately spans from chr16:84,049,479-84,060,680,
encompassing SLC38A8 exons 6, 7 and 8. Individual mismatched bases can be selected for using IGV and are represented
as coloured base pairs. The mismatched bases are highlighted by colour (blue: reverse reads and green: forward reads) and
intensity according to base call and quality and are positioned on the grey polygons (reads). The red arrow highlights the read
depth.
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Further to highlighting the paired mates, when zooming below the ~50kb range in
IGV, individual aligned reads can be interrogated. Visualisation of the mismatched
base pairs in the two discordant regions revealed that the anomalous mate pairs are

located on either side of a 42bp palindromic repeat sequence (Figure 5-3).

IGV also showed a visualisation of the read depth, shown as a coverage histogram
plot (red arrow, Figure 5-3). The read coverage histogram shows approximately
double the read depth over the two locations of the palindromic sequence. It was
thought that the doubling of read depth over both palindromes was most likely the

result of an alignment issue, as the sequence appears at both breakpoints.



235

SLC38A8 inversion ~11Kb .
chr16:84,049,578 chr16:84,060,679

L R I L TR oy T =T X o T —— S ey — T — o

I T — T
pi21 PILT pill  qill aiiz qiad a12.2 ai3 - [2233 a (222 a I3 a a a a

146 bp .
.
24045.500 bp 24049520 bp B seoeseobe 24049560 by ma049580 bp 24049600 by 84049520 bp o
1 1 = 1 1

"'N'

TCGATCTCTTAACCTTTTGATCTGCCCACCTCA

TGGCTGGTTTTTGTGGTTTTAAAAAATATCTTT

GATCTCTTAACCTTTTGATCTGCCCACCTCA,

TGGCTGGTTTTTGTGGTTTTAAAAAATATCTTTATTG .
I = s TGGCT
L cc c¢c 2
| A ST BT
A= T T A TAACTTITIGITTICATGCCATGT
= BTGGCTGGTTTTTGTGGTTTTAAAAAAT
= = TCTTAATTCITGCTITTIATTITITG ACTTA
I
TCGGCTGGTTT
TGGCTGGTTTTT
b STGGCTGGTITTITTGTIGGTTT
- -TCCCTCCTTTTTCTCCTTTTAAAAAATATCTTTATTCAC
= BTGGCTGGTTTTTGTGGTTTTAAAAAATATCTTTATTGAGATAGG
TCGGCTGGTTTTT TGCGTTTTAAAAAATATCTTTATTGAGATAGGATGCATATA

CAGGCTGGTCTCGATCTCTTAACCTTTTGA

I CGCACCAGAG G CACTGGCACTCCACTAGG A CCCTTTCACGACCCTAATGTICCGCACTCGCTCACACGCOGCTCCCTCTCCCATCCATTAAATAT T TCIT I TCTICCAAATTIACCTIGACTGTICAACGT GTAC
SLC38A8

:<—42 bp palindrome ———



236

Figure 5-3 IGV alignment of paired-end reads over SLC38A8 in Case F1310.

Schematic of IGV alignment of WGS reads over SLC38A8. The coloured reads
show the paired mates with the homozygous inversion spanning a region of
approximately 11.2Kb. The output highlights the mismatched base pairs
coloured on reads positioned either side of a 42bp palindromic repeat sequence
(arrows and black box).

Due to the mismatched base pairs, it was clear that the exact location of the
inversion breakpoints were positioned within the palindromic sequences but the
exact location could not be determined. As recommended by the HGVS sequence
variant nomenclature guidelines (v15.11) for repeats
(http://varnomen.hgvs.org/recommendations/DNA/variant/inversion/), the most 3’
position possible of the sequence should be assigned for the inverted sequence. In
this instance, the arbitrary coordinates are therefore g.84,049,578_84,060,679inv

(GRCh37) or g.84,015,974_84,027,074inv (GRCh38), an inversion of 11,101 bp.

BreakDancerMax, a read-pair algorithm (Section 2.3.23.2) and DELLY2, a split-read
and read-pair algorithm (Rausch et al., 2012) (Section 2.3.23.3), were applied
following the identification of the inversion in the IGV. The BreakDancerMax output
returned a single pair of predicted coordinates (chr16:84,016,486-84,027,618), with a
predicted inversion size of 10,692 bp. Investigation of SVs using DELLY?2 produced
more accurate SLC38A8 breakpoint coordinate results than BreakDancerMax. Two
breakpoints, on either side of the palindromic sequence, were presented:
g.84049536_84060721inv and g.84049579_84060680inv (GRCh37), of which the

latter were the most 3’ (according to the HGV recommendations).

5.2.2.1 Validation of chromosomal breakpoint positions
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In order to confirm the inversion breakpoints in F1310, PCR primers were designed
using ExonPrimer to amplify the novel sequence across the two breakpoints
(Appendix 14). A total of 4 primer pairs were designed to either amplify the inverted
SLC38A8 sequence (as identified in F1310), or WT sequence without the inversion
(Appendix 14). Primers were designed to amplify products spanning the inversion
breakpoints, with flanking sequence of <500 bp each side. The primer combinations

are listed as follows and are presented in Figure 5-4:

BP1 and BP2 amplified the first breakpoint of the inversion identified in F1310

(chr16:84,049,579), yielding a product of 946 bp.

BP3 and BP4 amplified the second breakpoint of the inversion in F1310

(chr16:84,060,680), yielding a product of 884 bp.

BP1 and BP3 amplified the WT sequence near breakpoint 1 (with no inverted DNA

sequence), yielding a product of 961 bp.

BP2 and BP4 amplified WT sequence near breakpoint 2 (with no inverted DNA

sequence), yielding a product of 869 bp.

UCSC Genome Browser on Human Feb. 2009 (GRCh37/hg19) Assembly
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Figure 5-4 Schematic representation of the SLC38A8 inversion PCR
amplification.

The UCSC Genome Browser (GRCh37) chromosome 16 location of the
SLC38A8 inversion identified in F1310, encompassing exons 6-8. PCR
amplification over coordinates chr16:84,049,578-84,060,680 using the 4 primer

combinations: Red (BP1), Blue (BP2), Green (BP3), Purple (BP4).

As expected, products of approximately 946 bp and 884 bp were detected after PCR
amplification of the inverted sequence using F1310 DNA and subsequent size
fractionation using gel electrophoresis (Figure 5-5). Sanger sequencing of the
amplified PCR products then confirmed the same inversion breakpoints in patient
F1310. The optimisation of this PCR also allowed screening for this chromosomal
rearrangement in family members. The results showed that the inversion was

present in a heterozygous state in the unaffected father and brother of F1310 (Figure

5-5).
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Figure 5-5 Segregation of the SLC38A8 inversion in the family of Case F1310.

The inversion was PCR-amplified in the DNA of affected individual F1310 and
DNA of available family members (father and brother). Top pane, from left to
right: Primer combination BP1 and BP2 to amplify the first inversion breakpoint
of F1310, showing a band of approximately 946 bp; Primer combination BP3
and BP4 to amplify the second inversion breakpoint of F1310, showing a band
of approximately 884 bp; Primer combination BP1 and BP3 to amplify the WT
sequence in the region of breakpoint 1, showing a band of approximately 961
bp; Primer combination BP2 and BP4 to amplify the WT sequence in the region
of breakpoint 2, showing a band of approximately 869 bp. The DNA marker
used was EasyLadderl. Bottom pane, pedigree of affected individual F1310 and
unaffected father and brother. + Unaffected control sample, - Water control.

Further to segregation analysis of the inversion in the family, the SLC38A8 mutation-
negative patient cohort was also screened. The primer pairs detailed above were
used in a duplex PCR alongside standard PCR amplification of a second gene that
was unrelated to this project. This duplex PCR was performed so that there was a
positive PCR control for each DNA sample (Figure 5-6). Screening failed to reveal
any similar genomic rearrangement in the remaining mutation-negative cohort, as
shown in Figure 5-6, A, B. PCR of WT sequence instead amplified products of
approximately 961 bp and 869 bp in all SLC38A8-negative patients, excluding F1310

where the inversion was present (Figure 5-6, C, D).
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Exploration of the regulatory landscape across the inversion breakpoints using
RepeatMasker revealed short interspersed nuclear element (SINE) repeats spanning
the regions of the 5° and 3’ inversion junctions (g.84049578_84060679inv) (Figure
5-7). At the 3’ breakpoint the SINE spanned the region chr16:84,049,316-
84,049,583, a genomic size of 268 bp and in the region of the 5’ breakpoint
(chr16:84,060,679), the SINE spanned the region chr16:84,060,676-84,060,962, a
size of 287 bp (Figure 5-7). There were no long terminal repeats (LTRs), locus
control regions (LCRs), microsatellites or other repeat elements in the region of the

breakpoints.
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Figure 5-6 Screening for the detection of the SLC38A8 inversion using duplex PCR.

All SLC38A8-negative individuals and case F1310 (with homozygous SLC38A8 inversion), shown in bold font, were screened
in a duplex PCR with breakpoint primer pairs alongside primers amplifying 417 bp of an unrelated gene as a positive control.
A Primer combination BP1 and BP2 to amplify the first breakpoint of F1310. A band of approximately 946 bp is visible for case
F1310 only. B Primer combination BP3 and BP4 to amplify the second breakpoint of F1310. A band of approximately 884 bp
is visible for case F1310. C Primer combination BP1 and BP3 to amplify the WT sequence in the region of breakpoint 1,
showing a band of approximately 961 bp in all cases except F1310. D Primer combination BP2 and BP4 to amplify the WT
sequence in the region of breakpoint 2, showing a band of approximately 869 bp in all cases except F1310. The duplex
control product of 417 bp can be seen for all DNAs. The DNA marker used was EasylLadderl. + unaffected control sample, -
water control.
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Figure 5-7 SINE repeat elements span the SLC38A8 inversion breakpoints.

UCSC Genome Browser overview of the g.84049578_84060679inv breakpoint junctions and repeating elements highlighted
by RepeatMasker.
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5.2.3 Searching for the missing mutation in patient F1377

The initial screen of SLC38A8 in the novel cohort of patients revealed a
heterozygous missense change in the Methionine translational start site (c.2T>C;
p.(Met1?)), but no second mutation was identified using this screening method

(Section 2.3.9).

Sanger sequencing identified six heterozygous SNPs across SLC38A8 suggesting
that there was not a heterozygous deletion of the full gene (Section 3.2.1, Appendix
13). It was therefore hypothesised that the second mutation might not be detectable
by Sanger sequencing (such as the inversion), or might be present in regions outside
of the annotated coding sequence (enhancers, promoters, 5’ and 3’ untranslated
regions (UTRs) or novel exons)). The aim of this experiment was to search for this

second mutation.

5.2.3.1 Defining the 5 UTR of SLC38A8

Presently, the official annotation of SLC38A8 (NM_001080442.1) does not contain
any 5’ UTR and only has 116 bp of 3’ UTR spanning chr16:84,043,387-84,043,271
(UCSC Genome Browser, last accessed 07/12/2017). The aim of this experiment
was to determine if SLC38A8 had a 5" UTR or any novel exons, so that these

regions could be screened for mutations.

UCSC Genome Browser (Section 2.4.2) was used to interrogate all of the available

MRNA sequences (both human and non-human) (GenBank, UniGene, H-Inv, Gene
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Bounds, Poly(A), SIB Alt-Splicing), sequence conservation (Multiz Alignments,
GERP, Primate Chain, Vertebrate Chain) and gene predictions (UCSC Genes, NCBI
RefSeq, Ensembl Genes, GENCODE, UniProt, AceView Genes, AUGUSTUS,
Consensus CDS, Genscan, MGC Genes), but no evidence of additional exons or
UTR sequences were observed in the human. Investigation of ESTs (non-human)
revealed a new EST which shows two upstream exons of 5" UTR in the monkey
(thymus tissue, DK581820), but they did not appear to overlap with the 5’ UTR
sequence of 290 bp sequenced in the human in this study. Interrogation of in-house
RNA-seq datasets (human adult cornea, undifferentiated and differentiated SHSY-5Y
and RPE1 cell line RNA-seq) did not reveal any evidence for additional exons or
UTR sequences, in line with the data presented on UCSC Genome Browser.
Interrogation of the UTR database, UTRdb (http://utrdb.ba.itb.cnr.it/) (Grillo et al.,
2010) revealed that the mouse and frog have SLC38A8 5’ UTR sequences of 177 bp
and 259 bp respectively and 3’ UTR sequences of 1147 bp and 103 bp, respectively.
Attempts were made to map these sequences onto the human genome, however

there were major differences in homology and so this was not feasible.

In order to define the 5 UTR of SLC38A8, RNA ligase-mediated rapid amplification
of cDNA ends (RLM-RACE) was performed (Section 2.3.14). Brain cDNA was
chosen for the experiment based on the expression data results in the original gene
identification study (Poulter et al., 2013). Total and poly(A)+ adult human brain cDNA
was synthesised from commercial sources of RNA using random primers (Section

2.3.13).
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Following the verification of the cDNA using p53 primers, the expression of SLC38A8
was confirmed in both samples of adult human brain RNA using previously published
primers spanning SLC38A8 exons 7-8 (Poulter et al., 2013) (Appendix 1), yielding a

product of 188 bp (Figure 5-8). Based on these results, the human brain poly(A)+

RNA was used for the RLM-RACE experiment.

| Ladder
Total brain
Poly(A) brain

2000bp
1000b

500D,

SLC38A8

188bp

2000bp

1059bp

p53 410bp

410bp

Ladder
Total brain

Figure 5-8 Amplification of the SLC38A8 gene using primers designed to
amplify exons 7-8, in human adult brain total and poly(A)+ RNA.
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The PCR products (188 bp) generated by the amplification of cDNA created
from human adult brain total RNA and poly(A)+ RNA using previously published
primers spanning SLC38A8 exons 7-8 (Poulter et al., 2013) (Appendix 1)
(upper pane). p53 expression (lower panes) was tested in all cDNA as a
positive control (size 410 bp). The DNA marker used was EasylLadderl. gDNA:
genomic DNA.

The Ambion FirstChoice RLM-RACE kit was chosen for the experiment (Section
2.3.13). This protocol is a PCR-based technique designed to clone the full-length &’

UTR (Figure 5-9).

Selection of only full-length 5" UTR began by treating poly(A)+ RNA with calf
intestinal phosphatase (CIP) to remove the 5’-phosphate from all molecules which
contain free 5’-phosphates (ribosomal RNA, fragmented mRNA, tRNA and any
contaminating gDNA). Any full-length 5° UTRs (with cap structure found on intact 5’
ends) are unaffected by treatment with CIP. The RNA is then treated with tobacco
acid pyrophosphatase (TAP) to remove the 5’ cap structure from the full-length 5’
UTR. A 5-monophosphate then remains. T4 RNA ligase-mediated ligation of a
synthetic 45 bp RNA adaptor to the RNA population then takes place. The majority of
the decapped, full-length 5 UTRs will acquire the adapter sequence at the 5’ end. To
amplify the 5’-end of the transcript, a random-primed reverse transcription reaction

and nested PCR are performed.

A schematic of the RLM-RACE primers used in this experiment is shown in Figure
5-9 (Appendix 1). A5 RACE Outer Primer and 5 RACE Inner Primer was provided

in the kit (Figure 5-10) (Section 2.3.13). Two SLC38A8-specific nested primers were
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manually designed for the experiment, labelled 5° SLC38A8 outer primer and 5’

SLC38A8 inner primer.

cip TAP
RT-PCR
5'744\/\/ 7"‘G-P'% \/\/AAAAA o /\daptcl\_/\/ \/\/
— — —
e \/\_,AAAAA \_/\/

Figure 5-9 Schematic representation of the 5° RLM-RACE protocol.

Calf intestinal phosphatase (CIP) removes the 5’ PO, followed by tobacco acid
pyrophosphatase (TAP)-mediated removal of the cap structure from full-length
5" UTRs. The adapter is ligated to the 5" end of the decapped mRNA and the
process is completed with reverse transcription PCR.

The nested SLC38A8 primers were positioned as 5’ as possible to the beginning of
the known RNA transcript. The primers were also designed >100 bp apart in order to
produce different sized PCR fragments that could be easily distinguished by agarose

gel electrophoresis.

5 RACE 5" RACE

; . ; 5
outer primer inner primer

AUG

> >

4+— —

5’ 5
SLC38A8 SLC38A8
inner primer  outer primer

Figure 5-10 Positions of the RLM-RACE primers.

The positions of the nested primers used in the RLM-RACE experiment. Two
primers were supplied by Ambion (5" RACE outer/inner primer) and two were
designed by the author (5 RACE SLC38A8 outer/inner primer). The RLM-
RACE protocol is detailed in Section 2.3.14.
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The poly(A)+ RNA was treated with TAP, CIP and the 5° RACE adapter was ligated.
After RT-PCR using random decamers (Section 2.3.13), the cDNA was used in a
nested PCR (Figure 5-11). Included in the nested PCR was a minus-template control
(-), which included all of the PCR components used, except cDNA template. A
minus-TAP control (TAP -) was also carried through the adapter ligation, reverse
transcription and PCR (TAP -). This control was not expected to yield a band since
the RNA was either dephosphorylated by CIP treatment, or retained its cap structure,
since it was not treated with TAP, so would not be able to ligate to the adapter. Size
fractionation by agarose gel electrophoresis was performed for all products (Section
2.3.5). The TAP - showed multiple faint bands ranging from <100-500 bp but no 5’

UTR product was obtained using the RLM-RACE method.

Outer Inner
B > >
-§ 3’ a = a
< = g
-~ 4 = = s+ = B

2000bp
1000bp

S00bp

250bp

100bp

Figure 5-11 Agarose gel electrophoresis analysis of 5 RLM-RACE nested PCR
products.

RLM-RACE nested PCR amplification of the & region of SLC38A8 in poly(A)+
brain RNA treated with CIP, TAP and 5° RACE Adapter-ligated (+). A Moloney
Murine Leukemia Virus reverse transcriptase negative control (MMLYV -),
tobacco acid pyrophosphatase negative control (TAP-) and minus-template
control were included in both the first round of PCR (outer) and the nested
reaction (inner).
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As an alternative strategy to define the 5" UTR sequence of SLC38A8, primers were
designed to amplify presumptive UTR from cDNA generated from total and poly(A)+
adult human brain, as used previously (Section 2.3.13). Forward primers were
designed manually (Section 2.3.1) in the sequence upstream of the TIC of SLC38A8
obtained from the RefSeq alignment in the UCSC Genome Browser (GRCh37/hg19).
Five forward primers (labelled UTR-Primer) were designed to pair with cONA_ex1-R,
positioned in SLC38A8 exon 1 (Appendix 1) (Figure 5-12). The most 5’ primer (UTR-
Primer_5) was located 714 bp upstream of the AUG start codon.

51
AUG

—

~290bp UTR

UTRZI,-:R:;?_‘ : : : 4— cDNA_ex1-R primer

UTR-3F
UTR-4F

UTR-5F _)

Figure 5-12 RT-PCR of the presumptive 5’ UTR of SLC38A8.

Using primers designed in the presumptive 5’ UTR of SLC38A8, 290bp was
amplified in poly(A)+ adult human brain cDNA using primer combinations UTR-
1F/2F with cDNA_ex1-R.

The PCR products generated from these 5 primer pairs are shown in Figure 5-13. A
band of approximately 250-300 bp was attained with UTR-1F and a band of
approximately 350-400 bp with UTR-2F in adult human poly(A)+ brain cDNA. Sanger
sequencing (Section 2.3.9) of these products confirmed 290 bp of sequence
immediately upstream of the ATG start codon of SLC38A8. As this sequence does

not contain an ORF it was designated as 5’ UTR. This UTR region was sequenced in
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patient F1377 but no variants were found. There was a smaller band of
approximately 200 bp present for UTR-4F with cDNA_ex1-R. Sanger sequencing of

this PCR product revealed it was an artefact.

UTR-Primer_1 UTR-Primer_2 UTR-Primer_3 UTR-Primer_4 UTR-Primer_5
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Figure 5-13 Defining the 5' UTR of SLC38A8 using RT-PCR.

Using five forward primers designed in the presumptive 5" UTR of SLC38A8,
approximately 290 bp was amplified in both gDNA and human poly(A)+ human
adult cDNA using primers UTR-2F and cDNA_ex1-R and also UTR-1F with
cDNA_ex1-R.

5.2.3.2 The search for a second mutation using WGS and splicing assays

Following alignment and variant calling (Section 2.3.27, Appendix 2), the final variant
files were further filtered to retain only the variants that were present in the SLC38A8
locus, chr16:84,036,380-84,087,365 (GRCh37), using the vcfhacks command
FilterVariantsbyLocation.pl. This region contains all the genomic sequence between
the two genes flanking SLC38A8; NECABZ2 and MBTPS1. The analysis identified a
total of 224 variants. The list was further filtered to retain only heterozygous variants,

generating a list of 164 variants. The UTR sequence identified in Section 5.2.3 was
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investigated and confirmed that no variants were located in this region. The list of
heterozygous variants was investigated further to establish if they were rare. Only
6/164 variants were rare (either unreported in publicly available databases or MAF

<0.00001) and these variants were further analysed using the HSF online tool.

This analysis prioritised a single base-pair deletion located at 301 bp within intron 5
of SLC38A8 (chr16:84,056,794 (GRCh37)) that was predicted to activate a cryptic
intronic splice donor site, causing potential alteration of splicing and extending the
length of the exon by 289 bp (Table 5-2). The variant was not present in the dbSNP

or gnomAD publicly available databases (last accessed 12/12/2017).

c.691-  EXon
cDNA Splice Motif New WT 501 length
position site type splice site  score variation

score

(bp)
-301 D;’i:‘eor gtgggtgtt TGGgtgttt  40.97  70.88 +289

Table 5-2 HSF prediction of SLC38A8 intronic variant ¢.691-301delG.

The HSF (version 3.0) (Section 2.4.5) prediction for the variant (c.691-301delG)
(highlighted in red), position chr16:84,056,794, identified in WGS data of
individual F1377. The variant is predicted to cause activation of an intronic
cryptic donor site, causing potential alteration of splicing. The variant occurs in
a deep intronic region and the results of splicing and auxiliary sites that could
be created by the variant are shown.

Using the HSF (version 3.0) online tool, the activation of the predicted cryptic donor
splice site at position -301 is shown in a graphical schematic (Figure 5-14). At
position -301, the HSF matrix score totalled approximately 70 (70.88), which at >65

(the consensus value threshold), signified the creation of a mutant donor splice site.
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The WT score at the same position was below the consensus value threshold at

40.97 (Figure 5-14).
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[ Potential reference acceptor splice site B Potential mutant acceptor splice site

@ Potential reference donor splice site @ Potential mutant donor splice site

M Potential acceptor splice site (common to reference and mutant)

@ Potential donor splice site (common to reference and mutant)

Figure 5-14 HSF graphical representation of the SLC38A8 intronic variant
€.691-301delG identified in Case F1377.

The introduction of a potential cryptic splice donor site at position ¢.691-
301delG in Case F1377. The potential reference donor site has a HSF Matrix
score of 40.97 compared to the HSF matrix score for the variant at 70.88. The
representation was generated using the HSF online tool (Section 2.4.5).

5.2.3.3 Assessing the effect of potential intronic mutations using a

‘midigene’ multi-exon splicing assay

As SLC38A8 is not widely expressed, and no patient RNA samples were available,
the functional effect of the heterozygous SLC38A8 intron 5 variant (c.691-301delG)
was tested using an in vitro splicing assay system (Section 2.3.23). The splicing
vector pCI-NEO-RHO_ex3-5/DEST was used to create a multiexon midigene

splicing construct for SLC38A8 encompassing the variant of interest. As the insert
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sizes for midigene constructs are large, bacterial artificial chromosome (BAC) clones
are used to generate the insert by PCR and SDM, rather than the traditional method

of amplifying the insert from patient DNA used for minigene constructs.

UCSC Genome Browser was used to identify BAC clones which contained SLC38A8
using the BAC End Pairs track. Six potential clones were identified and RP11-486119
was chosen. The BAC was provided as a glycerol stock in E.coli which was streak
purified and single colonies were picked and grown up before their DNA was isolated
(Section 2.3.20). Primers were designed to amplify 7,484 bp of SLC38A8
encompassing exons 5-6 (chr16:84,056,048-84,063,532) so that the ¢.691-301delG
variant was flanked by at least one upstream and one downstream SLC38A8 exon.
As detailed in Section 2.3.23, the BAC DNA was amplified using attB-tagged primers
(SLC38A8_BAC-1F and SLC38A8 _BAC-1R), using a proof-reading, high-fidelity
DNA polymerase (HiFi HotStart Polymerase) (Appendix 15). The PCR product was
purified (Section 2.3.17). It was then sequence verified using Sanger sequencing
analysis (Section 2.3.9) to ensure it was full-length (encompassing SLC38A8
chr16:84,056,048-84,063,532, GRCh37) and contained no variants in the coding
sequence. Six intronic variants were identified in the BAC and all were common on

gnomAD and therefore likely to be non-pathogenic (Table 5-3).
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. Allele count No. of reported
Location on dbSNP rs ID Variant & frequency homozygotes
Chr16
(gnomAD) (gnomAD)
84.063.419  rsd782578  c.633-264C>T O (1)82/8g812 1376
84.063.214 rs11863267  c.633-59C>T 31831/ ggg“o 170
84,056,886  rs9319450  c.691-393G>A 40351/ 38?30 687
1992/30870
84.056,856 rs11861419  c.691-363T>C ol 214
84.056.746 rs11865720  c.691-253A>G 82812/38?1 4 1125
84.056,660 rs11861366  c.691-167G>A 70342/32808 853

Table 5-3 Heterozygous non-pathogenic variants identified in the BAC clone
SLC38A8 locus.

Non-pathogenic variants identified by Sanger sequencing the coding regions of
the SLC38A8 BAC clone (RP11-486119). Variants annotated using the
reference sequence NM-001080442.1 and human reference genome build
GRCh37. For all SNVs, rs number (dbSNP rs ID), allele count & frequency and
the number of homozygotes reported are listed using data resourced from the
gnomAD browser (last accessed 12/12/2017).

A Gateway entry clone for SLC38A8 was created by transferring the attB-tagged
PCR product into a donor vector (pDONR201) using BP clonase (Section 2.3.17.1).

The size of the resulting pPENTR_SLC38A8 construct totalled 9.74 kb.

The Gateway-adapted destination midigene vector, pCI-NEO-RHO_ex3-5/DEST,
was provided as a kind gift from Erwin van Wijk (Radboud University Medical Centre,
Nijmegen) (Appendix 11). The recombination sequences in this destination vector
were located between rhodopsin (RHO) exons 3 and 4 and between exons 4 and 5.
This destination vector was Sanger sequenced prior to cloning to ensure the
sequence was as expected. A single variant was identified in the backbone of the

vector, in intronic RHO sequence 145 bp away from RHO exon 5 (Table 5-4). The
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variant had a dbSNP identifier (rs2625964) but no allele frequency information was

available from 1000 Genomes/gnomAD.

Allele count  No. of reported

Location on dbSNP rs ID Variant & frequency = homozygotes
Chr3
(gnomAD) (gnomAD)
c.937-
129,252,305 rs2625964 145T>A - -

Table 5-4 SNP identified in the pCI-NEO-RHO_ex3-5/DEST construct.

Homozygous variant identified after Sanger sequencing of the pCI-NEO-
RHO_ex3-5/DEST vector. The location on chromosome 3 in the RHO gene and
the dbSNP rs ID number are shown. The variant was not present in the 1000
Genomes or the gnomAD database of control genomes (last accessed
12/12/2017).

To clone the pDONR_SLC38A8 into pCI-NEO-RHO_ex3-5/DEST, an LR reaction
using LR clonase (Invitrogen) was undertaken (Section 2.3.17.2). The resulting pClI-
NEO-RHO_ex3-5/DEST splicing vector containing WT SLC38A8 exons 5-6 will
herein be referred to as pCI-NEO-RHO_ex3-5_SLC38A8-WT. Following this, SDM
was performed on the pCI-NEO-RHO_ex3-5_SLC38A8-WT clone to introduce the
candidate intronic deletion variant (c.691-301delG) (Section 2.3.15.1), herein
referred to as pCI-NEO-RHO_ex3-5_SLC38A8-Mut. The constructs were Sanger
sequence verified and confirmed to have the desired region of SLC38A8 inserted
between the RHO exons 3 and 5 (Appendix 11) (Section 2.3.9). The final size of the

destination constructs was 13.79 kb.

Both pCI-NEO-RHO_SLC38A8-WT and pCI-NEO-RHO_SLC38A8-Mut vectors were
separately transfected into HEK293T and COS7 cells (Section 2.3.22, 2.3.23). 48
hours post-transfection, RNA extraction was performed (Section 2.3.23.1) and RNA

was converted to cDNA using random primers (Section 2.3.23.1). The cDNA was
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amplified using p53 and RHO exon 5 primers (these primers did not span the
SLC38A8 insert). These served as both RT-PCR and transfection efficiency controls

(Figure 5-15) (Primers listed in Appendices 17 and 18).
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Figure 5-15 Amplification of p53 and RHO exon 5 to assay cDNA quality and
transfection efficiency.

RT-PCR using primers targeting p53 (top pane) and RHO exon 5 (lower pane)
were used as controls for transfection efficiency. Genomic DNA (gDNA) was
used as a PCR control from a healthy control. Wild-type (WT), Mutant (c.691-
301delG) (Mut) and untransfected cells are shown for both cell lines, COS7 and
HEK293T.
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Amplification of both the pCI-NEO-RHO_SLC38A8-WT and pCI-NEO-
RHO_SLC38A8-Mut midigene cDNA was performed using multiple combinations of
SLC38A8 and RHO primers. RT-PCR was used to assay across the entire midigene
SLC38A8 insert using the primers designed in RHO exons 3 and 5 (Appendix 16).
The primer RHO_exon3F was previously published in a similar midigene experiment
assaying ABCA4 intronic variants (Sangermano et al., 2017). The splicing pattern
predicted for pCI-NEO-RHO_SLC38A8-WT in both COS7 and HEK293T cells was
RHO exon 3 > SLC38A8 exon 5 > SLC38A8 exon 6 > RHO exon 5. This would

amplify a PCR product of 306 bp, as presented in the schematic (Figure 5-16).

984,063,532 9.84,056,048
o
",.~":c..633-377 0805+331
W E pCI-NEO-RHO_ex3-5-WT

---------------

RHO exon 3 H 5 H 6 ‘ RHO exon 5 306bp product

Figure 5-16 Schematic representation of the SLC38A8 midigene generated in
the study.
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Schematic representation of the SLC38A8 genomic region amplified from the
BAC clone and the structure of the WT midigene generated using Gateway
cloning technology.



Figure 5-17 Amplification of cDNA to assess splicing in the SLC38A8 WT and
mutant midigene constructs.

RT-PCR using primers designed in the RHO exons 3 and 5 amplifying across
the insert of WT (pCI-NEO-RHO_SLC38A8-WT) or ¢.691-301delG mutant
expression construct (pCI-NEO-RHO_SLC38A8-Mut). The predicted WT
splicing product of 306 bp (1) was also observed for all clones in both cell
types. Smaller bands of approximately 200 bp (2) and 150 bp (3) were also
visible in WT construct cDNA in COS7 cells.

The mutant, ¢.691-301delG, located near SLC38A8 exon 6, was predicted to alter
splicing by activating a cryptic intronic splice donor site, causing exon elongation by
289 bp (HSF v3.0 online tool). RT-PCR of pCI-NEO-RHO_SLC38A8-Mut in both
COS7- and HEK293T-extracted cDNA generated a product of approximately 306 bp.
This result was as observed in the amplification of the pCI-NEO-RHO_SLC38A8-WT

construct indicating that no aberrant splicing was occurring (Figure 5-17, band 1).

To exclude the possibility that more than one splicing outcome had occurred, and a

larger product missed, PCRs were also performed with insert-specific intronic
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primers, amplifying across the insert as follows using intronic primers: SLC38A8 5F
> SLC38A8_6R, RHO 3F > SLC38A8 5R and SLC38A8_6F > RHO_5R (Appendix
16). Amplification of cDNA from both WT and Mutant COS7 and HEK293T cell lines

using these internal RT-PCR primers was unsuccessful.

5.2.3.4 Nested PCR to examine SLC38A8 expression in blood and fibroblasts

The ideal way to determine if this ¢.691-301delG intronic SLC38A8 variant caused
aberrant splicing was to analyse mRNA from case F1377. No patient RNA samples
were available for F1377 but before re-sampling the patient, an experiment was
performed to check if “illegitimately” transcribed SLC38A8 transcripts could be
amplified in RNA extracted from blood or fibroblasts using nested PCR. Previously
published primers spanning SLC38A8 exons 7-8 (Appendix 1) were used to amplify
a region of the gene in whole blood, fibroblast and retinal RNA (as a control).
Amplification of SLC38A8 failed in both fibroblast and retinal cDNA and was
extremely faint in whole blood cDNA. A nested PCR was performed to amplify a
smaller product of 81 bp in whole blood cDNA, using the 188 bp as the template.
The results showed that SLC38A8 was successfully amplified in whole blood cDNA
using this method (Figure 5-). Therefore, when this patient is sampled, the SLC38A8
transcript can be amplified using nested PCR to look for splicing mutations in a blood
sample. Further experiments are also planned to examine the SLC38A8 locus in
more detail and to expand the search area to look at epigenetic modifying mutations,

for example.
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Figure 5-18 Nested PCR amplification of SLC38A8 mRNA in brain and
leukocyte cDNA.

SLC38A8 expression was visible in blood cDNA using nested PCR primers

(upper pane), yielding an 81 bp fragment. p53 expression (lower panes) was
tested in all cDNA (primers listed in Appendix 1).

5.2.4 Whole-genome analysis of Case F1335

In Chapter 4, CNV analysis using ExomeDepth revealed a suspected homozygous
duplication CNV in exon 6 of SLC38A8 in patient F1335. In order to confirm this CNV

and refine the breakpoints, WGS was undertaken.
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To globally investigate the region of the predicted duplication and interrogate the
aligned paired-end reads, the aligned WGS BAM file was uploaded to IGV. The use
of the IGV tool also permitted examination of the quality of the coverage over the
locus and comparison of the WES and WGS sequencing reads (Figure 5-19). Using
WGS to more accurately define the precise breakpoints failed to present a result as
obvious as originally hypothesised. The double peak on either side of exon 6, as
visualised in the WGS data in IGV (Figure 5-19), suggested that the duplicated
region is incomplete (that some of the sequence is perhaps deleted). Closer
investigation of the region of the duplication showed that the patient harbored a
heterozygous common dinucleotide deletion located downstream of exon 6
(c.805+53_805+54delAA), at position chr16:84,056,326-84,056,327 (Figure 5-19).
The deletion, present in dbSNP (rs5818479), has a reported MAF of 0.23 in the 1000
Genomes dataset. To try and confirm the duplication and define the breakpoints,
primers flanking the region of the duplication were designed, however, optimisation

of the assay was unsuccessful.
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Figure 5-19 IGV representation of the putative homozygous duplication CNV
identified in F1335 using WES and WGS.

IGV plots of WES and WGS BAM file sequencing reads of patient F1335. (I)
The coverage track above the reads represents depth of coverage for all of the
reads. (II) The grey bars represent individual sequence reads. Global
representation of the duplication shows an increase in the depth of coverage
over SLC38A8 exon 6 in both WGS and WES data.

In order to further investigate the breakpoints, discordant reads from the full data set
were marked using SAMBLASTER (version 0.7.12). It is evident from Figure 5-20

that there are no discordant paired end reads or split reads.
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Figure 5-20 No evidence of discordant reads in the region of the SLC38A8
duplication identified in patient F1335.

Discordant reads were isolated from WGS data using SAMBLASTER and
uploaded to the IGV. There was no evidence of discordant reads in the region
of increased reads. The two discordant reads shown are artefacts.

In collaboration with Dr Chris Watson (Yorkshire Regional Genetics, St James’s
Hospital, Leeds), work is ongoing to perform de novo assembly over the SLC38A8

locus, as an alternative to reference genome alignment.

5.2.5 Investigation of remaining SLC38A8 mutation-negative patient

genomes

At the end of the project, a further 7 individuals from the SLC38A8 mutation-negative
cohort (F1071, F1298, F1352, F1369, F1374, F1403, F1404) underwent WGS to
investigate if they contained undetected SV at the SLC38A8 locus, as this locus
might be susceptible to these types of mutations. The BAM files of these patients

were analysed in IGV, but no SV were identified.
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To look for additional variants which may have been missed by WES, the genomes
were subjected to Alamut Batch analysis (version 1.5.2) (http://www.interactive-
biosoftware.com/alamut-batch/) through a collaboration with Dr Chris Watson
(Yorkshire Regional Genetics, Leeds, UK). Variants in the SLC38A8 region of
interest (chr16: 84,036,380-84,087,365, GRCh37) were pulled out of the genome
VCF file using the BED format <chromosome, start, end>. Variants were then
automatically annotated using a range of splice site prediction software including
HSF, alongside MaxEntScan, SpliceSiteFinder, GeneSplicer and NNSPLICE (0.9).
Alamut Batch interprets raw splice site recognition in the variant vicinity (local
splicing effect predictions) and also predicts a score at the nearest splice site. The
local splicing effect predictions are annotated by MaxEntScan, NNSPLICE and HSF
in this interpretation algorithm. In contrast, for splicing predictions at the nearest
splice site, only the raw prediction score data is provided and there is no

interpretation of effect.

The total number of candidate heterozygous and homozygous variants are

presented in Table 5-5. None of the patients had any unidentified non-synonymous
variants in SLC38A8, confirming the results of Sanger sequencing in Chapter 3 and
WES in Chapter 4 (for the cases put forward). There was no potential splicing effect
of the synonymous variants identified. No patients had variants in the 5" UTR region

identified in Section 5.2.3.1.
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Rare
Rare intronic
Intronic intronic  variants
T Intragenic variants coding - variants with
otal . variants .
Patient rare Intet:genlc (MAF pot_en_tlal
. variants 0.0001) splicing
variants
effect
Non-
Synonymous
synonymous
F1071 51 37 1 0 13 7 0
F1298 49 33 0 0 16 10 0
F1352 87 53 0 0 34 8 1
F1369 81 37 0 0 44 6 0
F1374 66 41 0 0 25 5 1
F1403 45 30 1 0 14 8 1
F1404 53 31 0 0 22 6 0

Table 5-5 Summary of all rare variants identified using Alamut Batch in the
SLC38A8 locus.

Filtering of Alamut Batch output retained all variants with a MAF 0.0001 in the
SLC38A8 locus (chr16: 84,036,380-84,087,365 (GRCh37).

One unreported intronic variant was identified which potentially altered the WT splice
site (Table 5-6). The intron 4 variant identified in individual F1352; c.633-770A>G,
chr16: 84,063,926, was not listed in the dbSNP, EXAC or gnomAD publicly available
databases of variation (last checked 12/12/2017). The variant was located -720bp
away from the nearest 3’ splice site and was predicted to introduce a novel splice
donor site at position chr16: 84,063,927. The local splice site variant Max Ent score
was recorded at 8.34 and local splice site variant HSF score at 85.39. The WT splice
site motif ‘aggatatgt’ was predicted to change to the novel splice donor site
‘AGGgtatgt’, with the cryptic site introducing a variation of exon length of +761 bp.
Alongside ongoing work to analyse the WES data (Chapter 4), work is underway to

analyse this rare deep intronic variant using the midigene assay.



266

Allele
Patient Position Variant dbSNP rs frequency Sp_llc_e MaxEnt
ID data prediction score
(gnomAD)
. €.633-770A>G New donor
F1352 16:84,063,926 Het . . site 8.34

Table 5-6 Unreported splice variant identified in SLC38A8 in the WGS Alamut
Batch analysis of all mutation-negative cases.

Unreported variant identified in the SLC38A8 locus annotated using the location
on chromosome 16 (reference sequence NM_001080442.1), human reference
genome build GRCh37.

5.3 Discussion

The fundamental aim of the work undertaken in this chapter was to expand the
mutation search of SLC38A8 and interrogate the genomic landscape of three key
foveal hypoplasia patients. Both SVs and mutations in non-coding regions were
investigated. WGS analysis of individual F1310 revealed a homozygous inversion
spanning exons 6, 7 and 8 of SLC38A8. Further investigation confirmed this to be a
11,101 bp paracentric inversion encompassing three SLC38A8 exons and flanking
intronic sequence. PCR and electrophoresis indicated that the inversion was not
present in the remaining SLC38A8 mutation-negative cohort. In Chapter 4,
ExomeDepth analysis of Case F1335 identified a potential homozygous duplication,
predicted to duplicate exon 6 of SLC38A8. WGS was applied to try and confirm the
duplication and accurately characterise the breakpoints, but these have yet to be

resolved.

Case F1377 was first studied in Chapter 3, whereby Sanger sequencing of SLC38A8

revealed a heterozygous missense variant in the start codon of the gene, but failed
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to reveal a second mutation. Using a WGS pipeline employing vcfhacks, prioritisation
of all rare, heterozygous variants in the SLC38A8 locus identified a single intronic
base-pair deletion. The deletion was predicted to introduce a mutant splice donor
site approximately 301 bp away from exon 6 of SLC38A8. However, functional
assessment of this variant, using an in vitro midigene assay, failed to reveal any
changes in splicing pattern compared to WT. The search for the second mutation in

this patient is thus ongoing.

WGS analysis of 7 additional SLC38A8 mutation-negative individuals was
performed, but global analysis of the SLC38A8 locus in IGV in these patients did not
reveal any obvious SVs. Alamut Batch analysis of variants in the SLC38A8 locus
revealed one candidate intronic variant in patient F1352, however further
investigation is required to confirm if this alters splicing, and to find the second

variant in this case.

5.3.1 WGS analysis in studies of IRD

The genetic basis of IRD currently remains unknown in 20-50% of NGS-investigated
cases (Audo et al., 2012; Neveling et al., 2012; Lee et al., 2015; Weisschuh et al.,
2016). Mutations in novel genes that have yet to be ascertained could explain this
low detection rate. In the study so far, this rationale has been investigated by using
WES to explore the potential for genetic heterogeneity in foveal hypoplasia cases, as
discussed in Chapter 4. In the present chapter, the research focused on the potential
for mutations undetectable by conventional methods in the known gene SLC38A8.

The implementation of WGS was hypothesised to increase the mutation detection
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rate. So far only one foveal hypoplasia case has been solved (F1310 with the
inversion). However, despite this, the application of WGS provides the opportunity to
check for SV in other foveal hypoplasia genes and the albinism genes. Ultimately,
the application of WGS will help to facilitate a confident approach when investigating

novel rare genes as nothing will be missed due to the technical limitations of WES.

Although WES is the current dominant method for detecting causal alleles in
Mendelian disease (Bamshad et al., 2011), the employment of WGS has been
proven to identify disease-causing mutations in non-coding regions or SV. A number
of studies support the view that WGS is more reliable for CNV detection, given the
fact the coverage isn’t limited by non-contiguous analysis (Meynert et al., 2014;
Belkadi et al., 2015). Interrogation of intronic and intergenic nucleotides in Mendelian
disease is now being driven through large-scale studies, such as the Genomics
England 100,000 Genomes Project (https://www.genomicsengland.co.uk/the-
100000-genomes-project/). The employment of WGS, albeit on a smaller scale than
WES at present, has so far demonstrated many advantages, including higher
diagnostic yield than conventional methods of genetic testing (Gilissen et al., 2014;
Stavropoulos et al., 2016). WGS is also more effective than targeted capture arrays

(Ellingford et al., 2016).

The motivation for interrogation of SLC38A8’s genomic landscape was justified by

three factors:

i.  The discovery of a potential duplication in patient F1335 using WES in

Chapter 4;
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i.  The inability to identify a mutation in the coding region and splice sites of
individual F1310, known to be homozygous across the locus;

iii.  The fact that only one mutation was identified in SLC38A8 in Case F1377.

5.3.2 Structural variation at the SLC38A8 locus

Genomic rearrangements of regions >50 bp, known as SVs, encompass changes
such as deletions, duplications, insertions, inversions, translocations and complex
rearrangements. The complexity of SVs is defined by their vast differences in size
and genomic architecture. These characteristics often lead to issues in the accuracy
of read alignment to the control genome, due to the introduction of novel breakpoints
in the affected genome and the short read length typical of NGS platforms (Tattini,

D’Aurizio and Magi, 2015).

5.3.2.1 A structural inversion in SLC38A8 identified by WGS

Using the IGV software in the absence of genetic SV, the orientation of read pairs is
expected to display as forward-reverse. However, in the case of individual F1310,
clusters of forward-forward and reverse-reverse pairs indicated an inverted region of
11,101 bp (Figure 5-2, Figure 5-21). In this instance, the location of the SV
breakpoints was easily identified, located at g.84,049,578 84,060,679inv (GRCh37).
The IGV is able to colour-code the paired-ends if their insert sizes are larger than
expected, are located on different chromosomes (inter-chromosomal translocation
events) or have abnormal pair orientations. The colour-coding is indicative of
potential genomic rearrangements or potential misalignments, which may have a

high occurrence in repeat regions. The use of the IGV to globally visualise raw
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genome sequencing reads has been successful in a number of IRD-related studies,
including the identification of a 55 kb deletion in the gene EYS in a patient with RP
(Carss et al., 2017). However, this is only useful if there is a gene of interest to focus

the search on.

The use of BreakDancerMax failed to map the precise breakpoints of the inversion,
whereas DELLY2 succeeded. BreakDancer relies solely on read pair analysis
spanning the SV event (Chen et al., 2009), rather than applying a combined
approach, such as DELLY2 which analyses discordant reads pairs first and then
uses split read analysis to help ascertain the rearrangement (Rausch et al., 2012). A
number of false-positive paired-end alignments have been suggested to decrease
the accuracy of tools such as BreakDancer (Bartenhagen and Dugas, 2016). SV
detection tools usually adopt one of four main approaches, including paired-end
analysis, read-depth analysis, split-read analysis or sequence assembly methods.
Many algorithms exist that detect SVs and successfully map their breakpoint

junctions, such as LUMPY (Layer et al., 2014) which could be tested in the future.

SVs, such as the inversion detected in F1310 can be categorised as “balanced”
rearrangements that do not alter changes in DNA dosage, despite altering the

orientation of localisation of a genomic segment.
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Figure 5-21 Schematic representation of the inverted sequencing reads
identified using the IGV in analysis of patient F1310.

The balanced inversion detected in F1310 would not have been identifiable through
array-CGH, which solely detects abnormal copy-number, not balanced
rearrangements. WGS is a much easier, faster and more efficient approach than
older methods, such as vectorette PCR applied in the identification of the complex
rearrangements described for the Factor VIII gene found in patients with haemophilia

A (Naylor et al., 1993).

5.3.2.2 Potential pathogenicity of chromosomal inversions

SVs, such as inversions in the human genome may arise by a variety of mechanisms
including non-allelic homologous recombination (NAHR) (Section 5.3.2.3).
Interrogation of the genomic sequence flanking the two inversion breakpoints
identified in F1310 unveiled a 42 bp palindromic sequence with 100% sequence
identity located at the inversion junctions. Inverted repeats or palindromes have been

put forward as “hotspots” for both recurrent and non-recurrent chromosomal
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rearrangement events (Inagaki ef al., 2013). Palindromic sequences have been
reported to mediate inter-strand or intra-strand mispairing leading to serial replication
slippage (SRS) and fork stalling and template switching (FoSTeS) and
microhomology-mediated break-induced replication (MMBIR), with single-stranded
hairpin or double-stranded cruciform structures forming on account of intra-strand

palindrome annealing (Hastings et al., 2009; Chen et al., 2010).

Research has suggested that most apparent balanced chromosomal inversions are
clinically asymptomatic, as the overall amount of genetic material is not altered
(Feuk, Carson and Scherer, 2006). The maijority of studies detail imbalanced
rearrangement CNV, such as deletions and duplications, in human disease.
Inversions, however, have been associated with human disorders when breakpoints
fall within or near a gene associated with a specific phenotype. They have also been
reported to be indirectly causative, and suggested to increase the occurrence of
additional rearrangements, such as deletions, that will cause disease. Such
examples of recurrent inversions include the disruption of the idunorate 2-sulphatase
gene in Hunter syndrome (Bondeson et al., 1995) and an inverted repeat-mediated
inversion in the region of the emerin gene on the X chromosome causing Emery-
Dreifuss muscular dystrophy (Small, Iber and Warren, 1997). Balanced
chromosomal abnormalities have also been reported to indirectly affect a number of
genomic loci, with the breakpoints affecting genes with important roles in
neurodevelopment and brain function (Talkowski et al., 2012; Blake et al., 2014). In
particular, a 1.8 Mb inversion on chromosome 15 has been reported to predispose
individuals to microdeletions in CHRNA7 (Sharp et al., 2008; Shinawi et al., 2009;

Kidd et al., 2008).
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5.3.2.3 Using WGS to define the breakpoints of a putative duplication in

SLC38A8

In Chapter 4, ExomeDepth analysis revealed a potential homozygous duplication,
predicted to encompass SLC38A8 exon 6. In IGV the presence of an exon
duplication event was steadfast, as there was a definite increase in the paired-end
read depth when analysing the WGS data. The integration site, however, could not
be localised. It was hypothesized that the CNV breakpoints could lie outside of the

regions targeted by the WES capture reagents.

Studies of reported CNVs in IRDs have highlighted a high correlation between gene
size and occurrence of CNVs, with EYS, PCDH15 and USHZ2A being the largest
(Van Schil et al., 2017). In comparison to these three genes, sized at approximately
1.98 Mb, 1.82 Mb and 0.8 Mb, respectively, SLC38A8 is significantly smaller in size
at 32.97 kb. The absence of SLC38A8 from the list of CNV-prone IRD genes
generated in the study by Van Schil and colleagues reinforces the rarity of the

disorder.

Although a range of algorithms have been developed to detect CNV breakpoints,
there is not a “best” method or program. The extraction of discordant read pairs
using SAMBLASTER failed to reveal a large cluster or a peak of discordant reads, as
interpreted as breakpoints in other studies (Cipriani et al., 2017). Discordant reads
were defined as reads that mapped too far apart/close together, were orientated in

the wrong direction, or mapped to different chromosomes. Other studies of
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duplications have employed the use of CIGAR scores to determine the mapping of
split reads (Newman et al., 2015), or a combination of coverage changes, split reads
and chimeric reads in order to infer breakpoint junctions (Cipriani et al., 2017). The
breakpoints were not defined using the bioinformatics analysis applied in this study.
The duplication was also analysed by Dr Chris Watson who was also not able to
map the breakpoints. Similar unique read coverage profiles resulting from sequence
context have been identified in other studies (Personal Communication, Dr Chris
Watson). It is possible that the aligner discards particular reads, or the sequencer
fails to read through low complexity bases. A number of read pairs were found to
share start sites in the region of the duplication (Figure 5-22). The fact that the
common 2 bp deletion identified in F1335 is heterozygous in a homozygous region
suggests a duplication is present. As the breakpoints of the duplication have not
been captured, this suggests that the region is a CpG island that is difficult to
sequence, in a similar vein to the troubles sequencing FOXD1 (Chapter 4). Long-
read sequencing is planned for case F1335, in order to identify the duplication at
nucleotide resolution. Workflows such as the Cas9-Assisted Targeting of
CHromosome segments (CATCH) method (Gabrieli et al., 2017) and the MinlION
(Jain et al., 2016; Srivathsan et al., 2018) are being considered. The PacBio system
is also being considered, combining the sequence-specific endonuclease activity of

the CRISPR/Cas9 system with long-read SMRT sequencing (Tsai et al., 2017).

The data for patient F1335 looks convincing and is supportive of this being a solved
case. However, the breakpoints of the proposed duplication need identifying for
diagnostic purposes and this will hopefully be facilitated by the long-read

sequencing.



275

Ex6

Figure 5-22 Similar start sites of read pairs in the region of the predicted
duplication.

A fraction of the WGS read pairs share start sites in the region of the predicted
duplication CNV over SLC38A8 exon 6 (highlighted in the red box) when
visualised in IGV.

5.3.2.4 Characteristics of CNVs

Most of the recurrent (common) genomic rearrangements have been proposed to
arise through NAHR (Shaw and Lupski, 2004; Stankiewicz and Lupski, 2002).
Genomic rearrangements that are recurrent with a common size are characterized
by clustered breakpoints. Contributing to their formation are predominantly low copy

repeats (LCRs), such as segmental duplications, and retrotransposons, such as long
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interspersed elements (LINEs), with the rearrangement breakpoints clustered inside
such repeats (Startek et al., 2015; Cardoso et al., 2016; Carvalho and Lupski, 2016).
The most frequent microdeletion syndrome, DiGeorge (MIM 188400) is mediated by
LCRs on 22g11.2 that are 240 kb and share 99.7% sequence identity (Halford et al.,

1993; Edelmann et al., 1999; Edelmann, Pandita and Morrow, 1999).

Genomic rearrangements that are non-recurrent often share a common genomic
region of overlap, known as the smallest region of overlap (Gu, Zhang and Lupski,
2008). Such rearrangements are believed to be formed as a result of non-
homologous end joining (NHEJ) events occurring at sites of limited homology
predisposing more complex rearrangements through mechanisms such as
FoSTeS/MMBIR (Lee, Carvalho and Lupski, 2007; Carvalho et al., 2009). Non-
recurrent duplications have been observed in the PLP1 region in Pelizaeus-
Merzbacher disease (MIM 312080) (a rare CNS disorder). The breakpoints of the
PLP1 duplications have been reported to not cluster and yield duplicated genomic
segments of varying lengths, compared to LCR-mediated NAHR generating

recurrent rearrangement (Lee et al., 2006).

The genomic landscape flanking the predicted duplication junctions were
investigated to look for repeats using data from the Genome Browsers Ensembl and
UCSC, including tracks from RepeatMasker (http://www.repeatmasker.org). In the
region of the predicted duplication, repetitive elements, ranging in size from 8-487
bp, were identified. The majority of the repeat elements recorded were high-copy

repeats, including LINEs and SINEs (Alu elements), endorsing reports that
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approximately 44% of the human genome is covered by these common repeats
(Chen et al., 2014b) and an LTR endogenous retroviral sequence 1 (ERV1) element
spanning the region of the 5’ predicted duplication breakpoint. Narrowing the
analysis to repeats present in the intronic regions immediately surrounding exon 6
highlighted two SINEs (chr16:84,056,077-84,056,324 and chr16:84,055,813-

84,056,041 (intron 6/9)) and one LINE (chr16:84,056,563-84,056,581).

The fact that both the potential duplication and inversion identified in SLC38A8
affected exons 6, 7 and 8 may indicate that this region is susceptible to recurrent
rearrangements as a result of genomic instability of the surrounding genomic
landscape (Bailey et al., 2002). Another case with compound heterozygous deletions
in SLC38A8 has been identified affecting exons 2, 7 and 8 (Personal

Communication, Dr Kamron Khan).

5.3.3 Investigating “undetectable” mutations in SLC38A8

RLM-RACE (Ambion) was employed as an alternative to traditional RACE methods
(Maruyama and Sugano, 1994; Schaefer, 1995), in the hope of amplifying only the
cDNA from the 5’ ends of full length, capped mRNA. The aim was to define the 5’
UTR of SLC38A8 and also screen for potential missing variants/additional exons in
the gene in the large cohort of mutation-negative cases. Similar investigation of
hidden genetic variation has been performed by Coppieters and colleagues. In their
studies of the gene NMNAT1, no coding-region mutations were identified in the gene
to explain the Leber congenital amaurosis (LCA) congenital retinal dystrophy

phenotype (Coppieters et al., 2013; Coppieters et al., 2015). Important in the
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modulation of transport of mMRNAs out of the nucleus, translation efficiency, mRNA
stability and subcellular localisation, UTRs are vital for post-transcriptional regulation
of gene expression (van der Velden and Thomas, 1999; Jansen, 2001; Bashirullah,
Cooperstock and Lipshitz, 2001). The length of complete 5 UTRs ranges from 18-
2,803 bp, with an average of 210bp in humans. They are known to be much shorter
than 3’ UTRs, which can extend to an average of 1,027 bp in humans (Pesole et al.,
2001; Mignone et al., 2002). Remarkably, UTRs comprising of a single base-pair
have been found to regulate translation in the unicellular organism Giardia using an
in vitro system (Hughes and Andrews, 1997), highlighting that UTR size doesn't
necessarily improve initiation of translation. Application of the Ambion RLM-RACE kit
failed to yield a defined 5’ product. It was especially difficult to believe any product
that appeared from the nested PCR of 5° RACE products, as there were bands
present for the minus-TAP control (for which the mRNA had an intact 5’ cap structure
meaning that adapter could not ligate). However, issues encountered with RLM-
RACE troubleshooting were circumvented by designing primers in the presumptive 5’
UTR and successfully sequencing ~290 bp of 5’ UTR in adult human brain poly(A)+
cDNA. There is the potential that contaminating gDNA was sequenced, however all
cDNA samples amplified in this experiment had been checked using a p53 control

and shown not to have contaminating gDNA.

SLC38A8 mRNA was analysed to investigate potential novel SLC38A8 exons which
might harbour mutations. These investigations were prompted by the published
findings of the RPGR gene, for which one transcript, the RPGR-ORF 15 isoform, is
expressed only in the retina. SLC38A8 protein is visible in retinal sections (Poulter et

al., 2013), but no SLC38A8 expression was observed in the commercially available
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retina cDNA screened in the current study so there was no opportunity to manually
investigate if novel exons were present (Section 5.2.3.4). RNA-seq data was
investigated, however this was not ideal as it was from human cornea samples and
SHSY-5Y and RPE cell lines. Embryonic retina RNA would be a more suitable tissue
to investigate, as the retina is an end-differentiated and non-renewable tissue. It is
possible that the SLC38A8 protein is present in the adult tissue, but the mRNA is

not.

When looking for splice variants using RT-PCR, the expression of SLC38A8 in
human whole blood was ascertained using a nested PCR with intron-spanning
primers. It was anticipated that fresh blood samples would be collected from patients
to enable RT-PCR mRNA-based screens to sequence and quantify intronic variants
causing potential splicing defects or non-expression, or variants in UTRs. However,
blood samples were not available. As only a small section of the gene was amplified,
work is ongoing designing a full primer set to amplify the entire gene in blood
samples in preparation for patient’s samples. This was not trivial as it was important
to ensure the PCR was robust, as inclusion of introns can result in the amplification

of large products.

WGS was undertaken, focusing on case F1377 with the missing mutation in
SLC38A8. Only rare, intronic variants were retained after filtering with vcfhacks
pipelines. Only intronic variants outside of the canonical splice sites were identified in
Case F1377. Such variants may activate cryptic splice acceptor or donor sites,

altering the final mMRNA transcript and in some cases causing premature termination
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of proteins (Liu and Zack, 2013). Disease-causing variants have been found to
reside in non-coding regions of many IRD genes, including PROM1 (Mayer et al.,
2015), ABCA4 (Braun et al., 2013; Bauwens et al., 2015), USH2A (Vache et al.,
2012; Steele-Stallard et al., 2013) and CEP290 (den Hollander et al., 2006),
suggesting that these non-coding mutations will have been missed in the past
mutation screens. Difficulty evaluating the causality and functional impact of such
non-coding or synonymous variation, however, is a major issue when investigating
these variants (Weisschuh et al., 2016). It is their lower evolutionary constraints that
makes determining their magnitude of damage to a genomic region difficult for tools
such as SIFT, PolyPhen-2 or CADD, to interpret (Makalowski and Boguski, 1998;
Gelfman et al., 2012). In silico analysis of the retained SLC38A8 intronic variants
using the HSF tool revealed one main candidate predicted to activate a cryptic

intronic splice donor site, causing potential alteration of splicing.

In accordance with this result, it was hypothesised that the aberrant splicing resulted
in the activation of a cryptic donor splice site in intron 5 of SLC38A8, predicted to
extend exon 6 by 289 bp. To confirm this hypothesis, the ideal experiment would be
to screen patient-derived RNA. Many studies of mutation effects on splicing have
used methodology such as RT-PCR of the mRNA region including the affected intron
location and flanking exons. Key examples have been the investigation of potential
pathogenicity of deep intronic mutations in USHZ2A using fibroblast cDNA of patients
with Usher syndrome (Steele-Stallard et al., 2013) and amplification of illegitimate
COLZ2A1 transcripts in patient skin fibroblast cell lines in the investigation of retinal
detachment (Spickett ef al., 2016). Unfortunately, patient RNA was not available so

the decision was made to proceed with an in vitro splice assay using a sizeable
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multi-exon midigene. The use of a BAC construct facilitated the generation of the
multi-exon splice construct, whereby the variant of interest was flanked by an
upstream and downstream exon of SLC38A8. The majority of published IRD
minigene experiments have studied variants at intron-exon boundaries (Liu and
Zack, 2013). The midigene construct has been reported to supersede the minigene
assay, as its larger insert capacity has the ability to include multiple natural exons
flanking the variant of interest. This allows cis-acting splice factor binding motifs to
be retained, yielding a more representative result similar to splicing in patient cells
(Sangermano et al., 2017). The study by Sangermano and colleagues used the
midigene assay to investigate non-canonical splice site variants in ABCA4, mostly
situated at positions +3 to +6 downstream of exons and -14 to -3 upstream of exons.
This study also suggested the suitability of the assay to test deep intronic variants,
such as the variant tested here in patient F1377 (Sangermano et al., 2017). This

prompted the experimentation using the midigene construct.

The current study was limited in that there was only time to investigate one intronic
variant. Furthermore, the results from the midigene experiments were only
performed in HEK293T and COS?7 cells and may have yielded more accurate results
to reflect the disease phenotype in retina-specific cell lines. Studies have indicated
that there are retina-specific splice factors, for example there are splice factors
specific to the vertebrate retina, such as Musashi 1 (MSI1), which promotes the
splicing of exons in photoreceptors (Murphy et al., 2016). Human cell lines and
animal models show differences in splicing, even in the same tissue type (Garanto,
Duijkers and Collin, 2015). A key example is the recurrent deep intronic variant

€.2991+1655A>G in intron 26 of CEP290, whereby the humanized mouse model
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fails to represent the splicing defects observed in patients with LCA, making it clear
that not all models will recapitulate the human in vivo splicing pattern (Garanto,
Duijkers and Collin, 2015). This has also been seen in the human iPSC-derived optic
cup model of LCA (Parfitt et al., 2016). Other studies, such as the investigation of
splicing in COL2A1 have employed the use of immortalised lens epithelial cells for
the expression of minigenes (Spickett et al., 2016). Additionally, there is the
possibility that deep intronic variants could affect cis or trans-acting factors, such as
exonic and intronic splice enhancer and inhibitor motifs, that directly affect SLC38A8

expression (Wang and Cooper, 2007; Sangermano et al., 2017).

The lack of an observable difference between the splicing pattern in WT and the
€.691-301delG intronic variant suggests that in silico prediction tools cannot be fully
relied upon when assessing variants prioritised through WGS. This has also been
corroborated by the midigene study by Sangermano et al., 2017. Reported in this
study were variants that were not predicted to alter splice sites but did upon
assessment, for example ¢.1937+13T>G, which actually caused a 12bp exon
elongation and introduced a premature stop codon in 89% of transcripts
(Sangermano et al., 2017). Variants were also reported to have a predicted effect on
splicing but did not upon performance of the midigene assay. For example, a rare
variant (¢.2919-10T>C) was found to cause exon skipping in 39% of the ABCA4
transcripts, while a rare (¢.5585-10T>C) variant showed no splice defects. This
suggests that a variant’s impact depends on the sequence context, such as

enhancers and motifs (Sangermano et al., 2017).
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For the ¢.691-301delG variant PCR product amplification was performed across the
entire midigene using primers located in RHO exons 3 and 5. As discussed by
Sangermano and colleagues, the RHO exon 3 splice donor site and RHO exon 5
splice acceptor sites are relatively strong (Sangermano et al., 2017). The strengths
of nearby splice acceptor and donor sites in SLC38A8 could also overpower the
deep intronic variant cryptic donor site activation. Continued investigation to optimise
the intrinsic PCRs (using SLC38A8 primers), is required to conclude the absence of

splice defects for the ¢.691-301delG variant.

In the current study, a limitation of the cell-based assay is the fact that only one
variant was analysed at a time. The possibility that other sequence variants, as
identified later in the project after application of Alamut Batch, may cause splicing
defects, cannot be excluded. It is unfortunate that Alamut Batch only became
available at a later stage of the project. It is possible that more than one variant
present in a patient may contribute to pathogenic splicing, with perhaps not all
variants being rare in this scenario. Now the experiment has been successfully
optimised, additional midigene constructs have been created by Phoebe Cambridge
(MSc Student, The University of Leeds), ready to assay further variants. However,
ideally, a fibroblast sample would be taken from the patient so that iPSC-derived
retinal tissue can be generated and analysed for splicing defects and novel exons,
for example as investigated in ABCA4 (Albert et al., 2018; Sangermano et al., 2017).
There is also the possibility to use CRISPR in a cell line with known expression of
SLC38A8. As all splicing constructs are artificial they will not be as representative as
the real gene. This methodology could also be used when investigating variants in

distal promotors and enhancers.
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In the remaining SLC38A8 mutation-negative cohort, due to patient consent the
analysis was restricted to the SLC38A8 locus only. Further examination of the
regions flanking SLC38A8, PAX6, FRMD?7 and the albinism genes will be required to
search for unidentified SV or intronic variants. In the region of SLC38A8, patients
F1403 and F1374 shared a rare intronic variant (c.691-1832C>T). A second variant
in SLC38A8, (p.(Gly53=)) was previously reported for case F1403 in Chapter 3, but
no second variant was identified in F1374 that was rare enough to be considered
pathogenic. The intronic variant c.633-770A>G, was not reported in publicly
available databases and was a key candidate variant warranting further

investigation, although no second variant was identified in this patient.

5.3.4 Summary

In this chapter, it is clear that WGS has greater power over WES or targeted gene
panels when detecting SVs and variants in non-coding, regulatory regions. Reported
for the first time is the use of WGS to explore potential deep intronic causative
variants in patients with foveal hypoplasia. At this point of the study evidence for
intronic variants as a possible cause underlying foveal hypoplasia has not been
concluded. Using WGS, only one definite inversion SV was identified in ten cases
analysed. It is highly likely that new genes remain to be identified in the foveal

hypoplasia cohort, rather than missed mutations in SLC38A8.
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Chapter 6 General discussion

6.1 Summary of key findings

This thesis documents the investigation of a cohort with the rare inherited disease
foveal hypoplasia, for which the main focus of the research was the identification of

novel disease gene(s) and mutations.

In Chapter 3, SLC38A8 was screened by Sanger sequencing in a novel cohort of 13
patients with a minimum phenotype of foveal hypoplasia and a presumed autosomal
recessive inheritance pattern. Only 2/13 (15%) patients had mutations in this gene,
leaving a cohort of patients that were analysed using WES in Chapter 4 to
investigate potential genetic heterogeneity. This led to the discovery of PAX6
mutations in two patients, a potential duplication CNV in SLC38A8 in a third, and the
identification of new candidate foveal hypoplasia genes in the remaining cases. In
Chapter 5, WGS was utilized to investigate SV and splicing mutations in SLC38A8,

leading to the identification of a homozygous inversion in one patient.

For the solved SLC38A8 and PAX6 cases in this study, the fact that a molecular
diagnosis has established an accurate clinical diagnosis. Clinically, this information
can be used to inform the patient of the disease prognosis. It can also ensure that
accurate genetic counselling is given to patients and family members (Wiggs and

Pierce, 2013). This is especially important for PAX6, as AD mutations increase the
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risk for future pregnancies. Knowing the molecular diagnosis also brings an
opportunity to share rare mutations on platforms such as Matchmaker Exchange
(https://www.matchmakerexchange.org), and consortia including the European
Inherited Retinal Disease Consortium (ERDC) (https://www.erdc.info), the UKIRDC
and Genomics England (GelL) (https://www.genomicsengland.co.uk). These
platforms are also advantageous as a source of further disease cases when only a
single case with a pathogenic variant has been found. In this study, although
candidate genes were identified, there is a need to identify additional patients to
prove the links to newly implicated genes are real. A success story of such platforms
is the identification of RAX2 variants in the ERDC consortium (Van de Sompele et
al., 2018). In the current study, WES data was checked for such genes arising from

consortium discussions, but none were found.

6.2 Candidate gene identification

It was anticipated that mutations in the same gene in more than one patient would be
found. As the cohort was relatively large for such a rare disease it was logical to
hypothesise that this would affect the likelihood of finding more than one mutation in
the same gene. However, the data presented in this study suggests that this is not
the case. The data points to there being multiple rare novel genes. Research
presented in Chapter 4 of this thesis suggests the power with which WES can
efficiently identify putative pathogenic variants in candidate disease genes. A
homozygous frameshift variant in LAMP1 was prioritised as a top novel candidate
gene in foveal hypoplasia as this variant was unreported in the publicly available

databases and the gene is expressed in the early retina. A heterozygous nonsense
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variant was identified in VSX2 in a second patient. This variant was chosen because
of the established role of VSX2 in the developing retina, critical for neural retina
progenitor cell proliferation and bipolar cell determination (Liu et al., 1994; Rowan
and Cepko, 2004). In a third patient, a heterozygous missense change in EPHA2
was also prioritised due to the defined role of the ephrins and Eph receptors in
proper axon guidance (as introduced in Chapter 1). A final candidate, CHRNA4, was
prioritised because of the established role of NAChRSs in signal transmission at

synapses.

The LAMP1 and VSX2 variants are not predicted to lead to NMD due to their
locations in the end region of the gene. It is predicted that such mutations have an
effect because the mutant protein is produced. If the hypothesis is correct, then other
mutations elsewhere might either have no effect or be lethal, and so mutations in
cases with the same phenotype might cluster near those identified in this study. An
example of this are mutations identified in CTNNB1, as variants altering the C-
terminal domain of the protein cause non-syndromic FEVR (Panagiotou et al., 2017).
In the absence of additional families, functional work is required to add further
evidence for their causation. As the SLC38A8 mouse is not reported to have an eye
phenotype and mice do not have a fovea, an alternative would be to study zebrafish
or a cellular model. A clustered regularly interspaced short palindromic repeat
(CRISPR)-cas9 knock-in model would be a clear experiment to specifically
investigate if the mutations identified have an effect on transcription. This technology
could be used to create a zebrafish or cellular model using homologous
recombination or NHEJ. An alternative would be to use cytidine deaminase-based

DNA base editors, as the VSX2 variant p.(GIn298Ter) was created by a C>T
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transition (Komor et al., 2016; Shimatani et al., 2017). Although lacking a fovea, a
mouse model would be a suitable model for investigating the optic nerve misrouting

seen in a number of cases in the cohort.

VSX2 mutations in a microphthalmia patient have been modelled in human induced
pluripotent stem cells forming optic vesicle-like structures (hiPSC-OVs) to study
retinal development at stages not normally accessible in humans (Phillips et al.,
2013; Phillips et al., 2014). 1t is unfortunate that this functional work is not ideal for a
subtle phenotype like foveal hypoplasia, as the optic cup derived from iPSC doesn’t
have a structured retina and they don’t have a fovea. In the future, as this form of
technology develops, iPSCs are believed to be the cellular model that all eye
researchers will be using (Wu, Doorenbos and Dong Feng, 2016; Chen et al.,
2014a). As VSX2 encodes a transcription factor, it is possible that the potentially
truncated protein fails to interact with all of its transcriptional targets. This possibility

could be investigated using transcriptomics or ChiPseq.

6.3 The phenotype/genotype spectrum of SLC38A8 mutations

Two novel mutations were identified in two foveal hypoplasia patients by Sanger
sequencing. Screening failed to identify a second variant in SLC38A8 in one of these
cases. CNV analysis of a third patient revealed a potential homozygous duplication.
In a fourth patient, an inversion spanning three exons of SLC38A8 was detected by

WGS.
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To look for possible phenotype-genotype correlations, the phenotypes of the patients
with SLC38A8 mutations identified in this study have been added to those previously
published (Table 6-1). Reviewing this data, all affected patients reported in the
literature (n=26), and those included in this study, have foveal hypoplasia, no loss of
pigmentation to the hair, skin or eyes and no iris transillumination. Not all patients in
the current study had undergone visually evoked potential analysis (n=6 tested) to
look for chiasmal misrouting, and of the four patients with variants identified in
SLC38A8, only F1377 had the defect. Although detection of chiasmal misrouting in
the foveal hypoplasia cohort in this study is limited, it is difficult to diagnose in adult
patients and in clinics without specialist equipment, meaning that the test is often not
performed. Nevertheless, all patients with variants identified in SLC38A8 in this
study, and all patients with reported SLC38A8 mutations in the literature have
“normal” levels of pigmentation, added to no iris transillumination, indicative of a
phenotype independent to albinism. In the current study, only one of the patients
(F1368) with a variant identified in SLC38A8 had ASD. ASD remains a variable
component in individuals with recessive SLC38A8 mutations, as reported in the
original gene identification study (Poulter et al., 2013). There is no obvious link
between the type of mutation or location of the mutation identified in SLC38A8 and
phenotype. Mutations in SLC38A8 have also been associated with developmental
delay and pervasive developmental disorder-like features (Perez et al., 2014),
although such features were not reported in the foveal hypoplasia cohort tested this
study, or in the original gene identification study. There is the potential for co-
existence of phenotypes in patients, such as the Kartagener phenotype with foveal
hypoplasia and chiasmal misrouting (van Genderen et al., 2006). To date there have

been no neuroimaging studies in patients with SLC38A8 mutations, but it is unlikely
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that abnormal cortical development (as reported by Perez et al) is related to
SLC38A8, given the lack of findings in other cases. Overall visual acuities were
significantly reduced in the foveal hypoplasia cohort, most likely caused by their
underdeveloped fovea. Nystagmus was not reported as a feature in a number of
cases but may have been present, further adding to reduced visual function. Vision
levels in the patients with the novel SLC38A8 mutations (F1377 and F1368) or SV
(F1310 and predicted in F1335) identified in this study were similar to those reported

in previous FHONDA patients (clinical correspondence).

Reviewing the consequences of all recessive SLC38A8 mutations and SVs identified
in the literature and this study to date (n=15 including compound het mutations); 9/15
(60%) are substitutions, 1/15 (6.7%) nonsense mutations, 1/15 (6.7%) in-frame

deletions, 2/15 (13.3%) frameshift deletions and 2/15 (13.3%) SV.

The findings confirm that there is no genotype/phenotype correlation pattern that is
obvious, as the number of samples was limited. It is also not possible to draw firm
conclusions from this investigation, as the study was limited by the fact that patients
were selectively included in this study if they had a minimum phenotype of foveal

hypoplasia and no pigmentation defects.
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F1 (Poulter et al.,
2013) 5 affected
c.707T>A
p.(Val236Asp)

Posterior embryotoxon in 3/5
Pakistani ++ ++ (2/5) ++ and Axenfeld’s anomaly present --
in 2/5 members.

3/5 patients have
astigmatism.

F2 (Poulter et al.,
2013) 2 affected
c.1002delG
p.(Ser336Alafs*15)

Afghan 4 + i Posterior embryotoxon in both . )
g affected members.

F3 (Poulter et al.,
2013) 1 affected Northern ) Kartagener syndrome
c.1234G>A European also present
p.(Gly412Arg)

F4 (Poulter et al.,
2013) 1 affected
¢.1029delG
p.(Leu344Cysfs*7)

Inconclusive
Pakistani + in single NR - - -
affected case

F5 (Poulter et al.,
2013) 1 affected

c101T>G Turkish + + NR - - -
p-(Met34Arg)
2/3 have bilateral
F6 (Poulter et al., microphthalmia and
2013) 3 affected : the other affected has
c.697G>A Indian i NT i ) o a unilateral
p.(Glu233Lys) retinochoroidal

coloboma (right eye)
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F7 (Poulter et al.,

2013) 2 affected
. (Céslr?gcc):;TTer) gorthem + + NR Axenfeld_’s anomaly present only )
uropean in 1/2 members
c.845_847delCTG
p-(Ala282del)
All had astigmatism.
Pedigree 1 (Perez Israeli Mild developmental
etal., 2014) 3 (Jewish- delay with pervasive
affected Indi ++ NT ++ NT developmental
ndian . .
c.95T>G t disorder-like features
p.(lle32Ser) ancestry) were seenin all 3
patients.
Pedigree 2 (Perez Israeli
et al,, 2014) 2 (Jewish-
affected Indi ++ NT ++ NT All had astigmatism.
ndian
c.95T>G t
p.(lle32Ser) ancestry)
Pedigree 3 (Perez Israeli All had astigmatism.
etal., 2014) 4 (Jewish- Diabetes mellitus and
affected Indi ++ NT ++ NT hypertension was
ndian ;
c.95T>G t seen in one affected
p.(lle32Ser) ancestry) patient
Pedigree 1 (Toral et .
al, 2017) 2 affected ~ Ashkenazi " NT " NT mogg:;‘t:'ﬁs h;g .
c.848A>C Jewish 4 ost Ao
0.(Asp283Ala) and astigmatism
F1368
C.848ASC Caucasian + NT + +
p.(Asp283Ala)
F1377
Caucasian + + + NT -

c.2T>C p.(Met1?)
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F1335
L South Asian + NT NR - - -
duplication
SLC38A8 exon 6
F1310
Iraqi + NT + - - -

inversion SLC38A8

Table 6-1 Summary of clinical phenotypes of families with SLC38A8 mutations and SVs.

Phenotypes of previously published foveal hypoplasia patients with mutations (Poulter et al., 2013; Perez et al., 2014)
alongside phenotypes of patients with identified variants in SLC38A8 from the current study. NR not reported; NT not tested; +
present in single affected case; ++ present in all affected; - absent in single affected case; - - absent in all affected. The paper
published by Perez et al., does not detail which affected individuals had full-field electroretinography and VEP analysis, but
states that 6 patients appeared normal for these tests. They also state that colour vision, as assessed by the Ishihara colour

vision test, was normal in 4 patients.
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Regarding the “undetectable” second mutation in F1377, the analysis to date
focused on the SLC38A8 locus, with a second mutation thought to arise outside of
the screened coding sequence. It is possible, however, that variants could be further
afield than hypothesised in this study, as proper gene regulation depends not only on
the necessary transcription factors, but also on the integrity, chromatin conformation
and nuclear positioning of the gene (Kleinjan and Coutinho, 2009). Such position
effect can be seen when the level of gene expression is impeded by chromosomal
alterations or through disruption of control regions. For instance, enhancers for
SOX9 disrupted in Pierre Robin Sequence are located at 1.3Mb from the promoter
(Benko et al., 2009). More often long-range enhancers are seen in the introns of
neighbouring genes, as seen with the PAX6 cis-regulatory elements in patients with
aniridia (Bhatia et al., 2014; Kleinjan et al., 2001). Therefore, there is a need to
examine genomic regions of SLC38A8’s neighbouring genes, NECABZ2 and
MBTPS1. Mapping of topologically associated domains (TADs) using chromosome
conformation capture methodologies (3C, 4C, 5C, Hi-C technologies) will help to
further annotate the non-coding genome (Dekker et al., 2002; Dostie et al., 2006;

van Berkum et al., 2010; Zhao et al., 2006; Matharu and Ahanger, 2015).

6.4 Unsolved cases

In 7/12 (58%) cases no clear pathogenic candidate gene was identified in the
analysis of WES data. It is possible that WES-related technical issues hampered the
identification of disease genes, for example difficulty aligning highly repetitive
regions. Such technical issues became evident in the failure to identify the FOXD1

variant due to poor probe coverage in Chapter 4.
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This study focused on the entire SLC38A8 locus when hunting for mutations not
identifiable using the conventional methods. However, it is possible that causal
mutations could also lie in the non-coding or regulatory regions of other known foveal
hypoplasia genes, including PAX6 and FRMD?7, or in the albinism genes. Such
genomic regions would not have been captured by WES. However, as WGS has
now been performed in a number of these cases, there is the potential to investigate
additional genes for SV or non-coding variants. There are now numerous tools for
the annotation of non-coding regions of the genome, such as the in silico tool
FATHMM applied in Chapter 5, although work is still ongoing to characterise these
parts of the genome (Shihab et al., 2013; Roadmap Epigenomics et al., 2015; Ma et

al., 2018).

6.5 The future of genetic research

Differentiating disease-causing from non-pathogenic variants was a running theme of
this study, particularly in the large volume of data generated by WGS and the intronic
variants identified in case F1377 (with the undetectable second mutation in
SLC38A8). As researchers shift to studying genomes it is going to be more difficult to
spot the pathogenic variant, as more variants will be listed. Large population
datasets are useful, but it could be that these datasets include carriers of recessive
alleles and possibly even foveal hypoplasia patients, as gnomAD contains SLC38A8
homozygotes. Studies have reported the importance of gathering evidence for
causation from several sources, as each has less power when used independently
(MacArthur et al., 2014). Therefore, in this study, parameters for investigating

pathogenicity included reviewing a variant’s frequency in the control population,
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conservation of the amino acid residue, in silico pathogenicity prediction scores,
segregation in the family where available and a genotype and phenotype consistent
with those published previously. It became evident in this study that pathogenicity
prediction tools give inconsistent results. This demonstrates that caution must be
taken when reporting variant pathogenicity using such tools in the absence of
functional studies. However, it is the time, cost, availability of reagents and relevant
specimens (for example from the patient), that are important factors for consideration

when planning such functional investigations.

6.6 Future directions

It is often questioned whether foveal hypoplasia with optic nerve misrouting is
actually mild albinism, since in both albinos and FHONDA cases, foveal hypoplasia
and chiasmal misrouting are strongly correlated (Dorey et al., 2003). The degree of
misrouting has been suggested to correlate with the loss of pigmentation (Dorey et
al., 2003; Von Dem Hagen et al., 2007). However, the role of melanin in the
development of the foveal pit has yet to be elucidated. There is no correlation
between levels of pigmentation and reduced GCL density, which is often proposed to
be a critical factor for normal foveal development (Leventhal et al., 1989; Donatien,
Aigner and Jeffery, 2002). The fact that optic chiasm formation takes place prior to
the development of the fovea, suggests that the disease gene and encoded protein
in patients with foveal hypoplasia and optic nerve decussation defects must be
involved in both optic axon guidance and the lateral displacement of the inner retinal
layers. This could lead to the centrifugal migratory defect of inner retinal neurons

causing foveal hypoplasia and developmental abnormalities of the optic nerve head.
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This is consistent with the expression pattern of SLC38A8 observed in retinal tissues
(Poulter et al., 2013), but there is a need to observe the expression in the developing

optic nerve.

This study has shown the importance of analysing whole-exome data with a
hypothesis-free approach, as it is clear that researchers cannot be certain of the
clinical diagnosis or form of inheritance reported from the clinicians, especially after
the discoveries of the PAX6 mutations in the cohort. The recruitment of patients with
overlapping phenotypes has helped determine the phenotypic spectrum of SLC38A8
mutations, but it has furthermore highlighted the need to screen SLC38A8 in cases
of isolated foveal hypoplasia (Curran and Robb, 1976; Giocanti-Auregan et al., 2014;
Karaca et al., 2014; Mota et al., 2012; Oliver et al., 1987) and especially in patients
with mutation-negative albinism. Mutation screening of known OA genes in a Danish
cohort only accounted for 10/21 (48%) of the patients with AR OA, suggesting that
SLC38A8 and other candidate foveal hypoplasia genes require screening (Granskov
et al., 2009). Further to screening SLC38A8 in cases of albinism, CRISPR-cas9-
generated SLC38A8 iPSC mutants could be differentiated into RPE to see if they
form pigmented RPE, like WT. Albinism variants could be added as a positive control

for this assay.

Treatment of IRDs is an area of extensive study, with technologies including gene
therapy for RPE65 associated with LCA or RP, which is now an approved treatment
in the US (Russell et al., 2017). Gene augmentation is a sub-type of, and is the

commonest form of gene therapy, such as the targeting of photoreceptors and the
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RPE that has been successfully performed in a Phase 1/2 trial in choroideremia
patients (MacLaren et al., 2014; Edwards et al., 2016). There are reports of studies
investigating foveal hypoplasia therapies (Summers et al., 2014). Studies of foveal
morphology using OCT have shown that retinal development is not arrested in foveal
hypoplasia, but is ongoing at a reduced rate and magnitude in comparison with
unaffected individuals post-birth and even past the age of 5 (Gottlob, 2017). This
indicates that there is postnatal plasticity with the potential for administration of
therapy in early infancy or childhood to improve retinal development and vision

(Gottlob, 2017).

In conclusion, even though further research is warranted, the work in this thesis
helps towards a better understanding of foveal hypoplasia through the identification
of novel candidate genes and the mutations in SLC38A8 not detectable using the
conventional methods. This study highlights the power of using NGS, particularly
WGS in the identification of SV, but also the complications that arise when
interpreting the data, for example the failure to map the breakpoints of the

duplication CNV.
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Appendix A Appendices

AA1 SLC38A8 and p53 reverse transcription PCR primers
5" RLM-RACE primer Primer sequence (5’-3’) Product size (bp)
SLC38A8 inner primer gagctctcactgagttgggg -
SLC38A8 outer primer ccttccagaaaagcctcaccce -

5’ RACE inner primer

(supplied in kit) cgcggatccgaacactgcegtttgectggctttgatg -

5" RACE outer primer

(supplied in kit) gctgatggcgatgaatgaacactg -

282 (when used with

UTR-Primer_1-F ggagggcaggagtgagaata cDNA_ex1R primer)

UTR-Primer_2-F gggagagaggattgatgggg 3;;1,\]%‘;?1 I%Ssgn\?gtrr)]

UTR-Primer_3-F agactgtccggcaccttaaa igNEXV_h;(q I;Ssr?n\?gtrr)]

UTR-Primer_4-F aatgactcactcacccctgg i%ONEXV_hg; ;Ssgn\?gr)]

UTR-Primer_5-F tgctcaggtcagaagtctca ZE)A'NSXVh;(q I;Ssr?n\?gtrr)]
cDNA ex1-R cttccagaaaagcctcaccc

SLC38A8 RLM-RACE nested primers and SLC38A8 5’ UTR primers for RT- PCR

Primer Primer sequence (5’-3’) Product (bp)
F: aatgatatggtcatcattgt

cDNA SLC38A8 E gatatgg gtgg gDNA = 600
7.8 cDNA =188

X/- R: aggatggtcagcggcatc

F: tgctgtctccatcgtaactgt
cDNA_SLC38A8_E getg gtaactg GDNA = 483

cDNA = 81
x7-8_Nested R: cagctcctcctccagaagtc

Primer sequences spanning SLC38A8 exons 7-8 for amplification of SLC38A8 in RNA.

Primer Primer sequence (5’-3’) Product (bp)
F: agatattcccctgecctcaaca DNA = 1059

p53 T NA =
cDNA =410

R: ctggagtcttccagtgtgat

pb3 primers
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A.2 Code for WES/WGS bioinformatics analysis

WES QC commands:

bcftools stats

$ bcftools stats combined.variants.vcf > sample.stats.txt
$ plot-vcfstats sample.stats.txt -p sample.stats

Picard CollectMultipleMetrics

$ java -Xmx4g -jar /nome/picard/picard-tools-1.141/picard.jar CollectMultipleMetrics
I=finalbam.bam O=sample.bam_metrics.txt R=/home/ref/b37/human_g1k v37.fasta

Samtools flagstat

$ samtools flagstat finalbam.bam > sample.flagstats.txt
WES Alignment

Trim fastq files:

$ trim_galore -q 20 --fastqc_args "--outdir /samplefolder" --gzip -o /samplefolder --paired
sample_R1_001.fastq.gz sample_R2_001.fastq.gz

Align fastq files to reference genome GRCh37/hg19 and pipe SAM output directly into BAM
format:

$ bwa mem -t 12 -M /home/ref/b37/human_g1k v37.fasta sample_R1_001.fastq.gz
sample_R2_001.fastq.gz-v 1 -R

'@RG\tID:sample\tSM:sample_ SMUPL:ILLUMINA\tLB:sample' -M | samtools view -Sb - >
sample.bwamem.bam

Sort aligned BAM file using Picard:

$ java -Xmx2g -jar /nome/picard/picard-tools-2.5.0/picard.jar SortSam
I=sample.bwamem.bam O=sample.bwamem.sort.bam SO=coordinate
CREATE_INDEX=TRUE

Mark PCR duplicates using Picard:

$ java -Xmx4g -jar /home/picard/picard-tools-2.5.0/picard.jar MarkDuplicates
I=sample.bwamem.sort.bam O=sample.bwamem.sort.dedup.bam
M=sample.bwamem.sort.dedup.metrics CREATE_INDEX=TRUE

Create indel realigner targets using GATK:
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$ java -Xmx4g -jar /home/GATK/GenomeAnalysisTK-3.5-0/GenomeAnalysisTK.jar -T
RealignerTargetCreator -R /home/ref/b37/human_g1k_v37.fasta -known
/home/ref/b37/Mills_and_1000G_gold_standard.indels.b37.sites.vcf -known
/home/ref/b37/1000G_phase1.indels.b37.vcf -I sample.bwamem.sort.dedup.bam -o
sample.owamem.sort.dedup.indelrealn.intervals

Perform indel realignment using GATK:

$ java -Xmx6g -jar /home/GATK/GenomeAnalysisTK-3.5-0/GenomeAnalysisTK.jar -T
IndelRealigner -R /home/ref/b37/human_g1k_v37.fasta -known
/home/ref/b37/Mills_and_1000G_gold_standard.indels.b37.sites.vcf -known
/home/ref/b37/1000G_phase1.indels.b37.vcf -I sample.bwamem.sort.dedup.bam -
targetintervals sample.bwamem.sort.dedup.indelrealn.intervals -o
sample.bwamem.sort.dedup.indelrealn.bam

Recalibrate Base Quality Scores using GATK. Obtain the recalibration model:

$ java -Xmx4g -jar /lhome/GATK/GenomeAnalysisTK-3.5-0/GenomeAnalysisTK.jar -T
BaseRecalibrator -R /home/ref/b37/human_g1k_v37.fasta -knownSites
/home/ref/b37/1000G_phase1.indels.b37.vcf -knownSites
/home/ref/b37/dbSnp146.b37.vcf.gz -knownSites
/home/ref/b37/Mills_and_1000G_gold_standard.indels.b37.sites.vcf -I
sample.bwamem.sort.dedup.indelrealn.bam -o
sample.owamem.sort.dedup.indelrealn.recal.grp

Check the recalibration model:

$ java -Xmx4g -jar /Thome/GATK/GenomeAnalysisTK-3.5-0/GenomeAnalysisTK.jar —T
BaseRecalibrator —I sample.bwamem.sort.dedup.indelrealn.bam -R
/home/ref/b37/human_g1k_v37.fasta -BQSR
sample.owamem.sort.dedup.indelrealn.recal.grp —o
sample.owamem.sort.dedup.indelrealn.postrecal.grp -knownSites
/home/ref/b37/1000G_phase1.indels.b37.vcf -knownSites
/home/ref/b37/dbSnp146.b37.vcf.gz -knownSites
/home/ref/b37/Mills_and_1000G_gold_standard.indels.b37.sites.vcf

$ java -Xmx4g -jar /lhome/GATK/GenomeAnalysisTK-3.5-0/GenomeAnalysisTK.jar —T
AnalyzeCovariates —R /home/ref/b37/human_g1k_v37.fasta —before
sample.owamem.sort.dedup.indelrealn.recal.grp —after
sample.owamem.sort.dedup.indelrealn.postrecal.grp —plots
sample.owamem.sort.dedup.indelrealn.postrecal.plots.pdf

Apply the recalibration and print the final BAM file:

$ java -Xmx4g -jar /home/GATK/GenomeAnalysisTK-3.5-0/GenomeAnalysisTK.jar -T
PrintReads -R /home/ref/b37/human_g1k_v37 .fasta -I
sample.owamem.sort.dedup.indelrealn.bam -BQSR
sample.owamem.sort.dedup.indelrealn.recal.grp -0
sample.bwamem.sort.dedup.indelrealn.recal.bam —disable_indel_quals
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Call variants in g.vcf format using GATK HaplotypeCaller:

$ java -Xmx10g -jar /home/GATK/GenomeAnalysisTK-3.5-0/GenomeAnalysisTK.jar -T
HaplotypeCaller -R /home/ref/b37/human_g1k v37.fasta -D
/home/ref/b37/dbSnp146.b37.vcf.gz --emitRefConfidence GVCF --variant_index_type
LINEAR --variant_index_parameter 128000 -stand_call_conf 30 -stand_emit_conf 10 -
sample.bwamem.sort.dedup.indelrealn.recal.bam -0 sample.raw.g.vcf

Perform genotyping using GATK GenotypeGVCFs:

$ java -Xmx8g -jar /home/GATK/GenomeAnalysisTK-3.5-0/GenomeAnalysisTK.jar -T
GenotypeGVCFs -R /home/ref/b37/human_g1k_v37.fasta -D
/home/ref/b37/dbSnp146.b37.vcf.gz -stand_call_conf 30 -stand_emit_conf 10 -V
sample.raw.g.vcf --variant control.g.vcf -- variant control.g.vcf -0 sample.raw.vcf --
showFullBamList

Separately isolate SNPs and Indels from the genotyped vcf and perform hard filtering using
GATK;

Isolate SNPs:

$ java -Xmx4g -jar /home/GATK/GenomeAnalysisTK-3.5-0/GenomeAnalysisTK.jar -T
SelectVariants -R /home/ref/b37/human_g1k_v37.fasta -V sample.raw.vcf -selectType SNP -
0 sample_raw_snps.vcf

Isolate Indels:

java -Xmx4g -jar /home/GATK/GenomeAnalysisTK-3.5-0/GenomeAnalysisTK jar -T
SelectVariants -R /home/ref/b37/human_g1k_v37.fasta -V sample.raw.vcf -selectType INDEL
-0 sample_raw_indels.vcf

Perform hard filtering on SNPs:

$ java -Xmx4g -jar /home/GATK/GenomeAnalysisTK-3.5-0/GenomeAnalysisTK.jar -T
VariantFiltration -R /home/ref/b37/human_g1k_v37.fasta -V sample_raw_snps.vcf --
filterExpression "QD < 2.0 || FS > 60.0 || MQ < 40.0 || MappingQualityRankSum < -12.5 ||
ReadPosRankSum < -8.0" --filterName "snp_hard_filter" -o sample_filtered_snps.vcf

Perform hard filtering on Indels:

$ java -Xmx4g -jar /home/GATK/GenomeAnalysisTK-3.5-0/GenomeAnalysisTK.jar -T
VariantFiltration -R /home/ref/b37/human_g1k v37.fasta -V sample_raw_indels.vcf --
filterExpression "QD < 2.0 || FS < 200.0 || ReadPosRankSum < -20.0" --filterName
"indel_hard_filter" -o sample_filtered_indels.vcf

Combine hard filtered SNPs and Indels using GATK:

$ java -Xmx12g -jar /home/GATK/GenomeAnalysisTK-3.5-0/GenomeAnalysisTK.jar -T
CombineVariants -R /home/ref/b37/human_g1k_v37.fasta --variant sample_filtered_snps.vcf
--variant sample_filtered_indels.vcf --genotypemergeoption UNSORTED -o
sample_combinedvariants.vcf
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Filter on dbSNP146 at 0.01%:

$ perl /home/vcfhacks-v0.2.0/annotateSnps.pl -d /home/ref/b37/dbSnp146.b37.vcf.gz
/home/ref/b37/clinvar_20160531.vcf.gz -f 0.01 -pathogenic -i sample_combinedvariants.vcf -
o sample_dbSNP146.vcf -n

Filter on ExAC at 0.01%:

$ perl /nome/vcfhacks-v0.2.0ffilterVcfOnVcf.pl -i sample_ dbSNP146.vcf -f
/home/ref/EXAC/EXAC.r0.3.sites.vep.vcf.gz -0 sample_dbSNP146_ExAC1.vcf -y 0.0001 —w

Annotate with VEP:

$ perl /home/variant_effect_predictor/variant_effect_predictor.pl --offline --vcf --dir_cache
/home/variant_effect_predictor/vep_cache --dir_plugins
/home/variant_effect_predictor/vep_cache/Plugins --everything --fasta
/home/variant_effect_predictor/fasta/lHomo_sapiens.GRCh38.dna.primary_assembly.fa.gz -i
sample_dbSNP146_EXxAC1.vcf -0 sample_dbSNP146_ExAC1.vep.vcf

Filter using a BED file to retain variants in known ophthalmic disease genes:

$ perl /home/vcfhacks-v0.2.0/getVariantsByLocation.pl -i sample_dbSNP146_ExAC1.vep.vcf
-b /data/umecl/BEDFILE.bed -0 sample_dbSNP146_ExAC1.vep.BED.vcf

Filter to retain all functional variants:

$ perl /home/vcfhacks-v0.2.0/getFunctionalVariants.pl -i
sample_dbSNP146_ExAC1.vep.BED.vcf -s SAMPLE -o
sample_dbSNP146_ExAC1.vep.BED.functional.vcf -b

Filter & Rank on CADD Score:

$ perl /home/vcfhacks-v0.2.0/rankOnCaddScore.pl -c /data/shared/cadd/v1.3/*.gz -i
sample_dbSNP146_ExAC1.vep.BED.functional.vcf -0
sample_dbSNP146_ExAC1.vep.BED.functional.cadd.vcf

Ensembl Gene Annotator:

$ perl /home/vcfhacks-v0.2.0/geneAnnotator.pl -d /home/vcfhacks-
v0.2.0/data/geneAnnotatorDb --i sample_dbSNP146_ExAC1.vep.BED.functional.cadd.vcf -0
sample_dbSNP146_ExAC1.vep.BED.functional.cadd.vcf.geneanno

Convert the annotated file into an Excel spreadsheet:

$ perl /home/vcfhacks-v0.2.0/annovcfToSimple.pl -i
sample_dbSNP146_ExAC1.vep.BED.functional.cadd.vcf.geneanno --vep --gene_anno -0
sample_dbSNP146_ExAC1.vep.BED.functional.cadd.vcf.geneanno.simple.xIsx

Filter to retain all rare, functional biallelic variants (compound heterozygous and

homozygous)
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Filter to retain all biallelic variants:

$ perl /home/vcfhacks-v0.2.0/findBiallelic.pl -i sample_dbSNP146_ExAC1.vep.vcf -s
SAMPLE -0 sample_ dbSNP146_ExAC1.vep.biallelic.vcf

Filter to retain all functional variants:

$ perl /nome/vcfhacks-v0.2.0/getFunctionalVariants.pl -i genotyped_sample
dbSNP146_ExAC1.vep.biallelic.vcf -s SAMPLE -o genotyped_sample_
dbSNP146_ExAC1.vep.biallelic.functional.vcf -b

Filter & Rank on CADD score:

$ perl /home/vcfhacks-v0.2.0/rankOnCaddScore.pl -c /data/shared/cadd/v1.3/*.gz -i
sample_ dbSNP146_ExAC1.vep.biallelic.functional.vcf -o sample_
dbSNP146_ExAC1.vep.biallelic.functional.cadd.vcf

Annotate genes:

$ perl /home/vcfhacks-v0.2.0/geneAnnotator.pl -d /home/vcfhacks-
v0.2.0/data/geneAnnotatorDb --i sample_
dbSNP146_ExAC1.vep.biallelic.functional.cadd.vcf -o sample_
dbSNP146_ExAC1.vep.biallelic.functional.cadd.vcf.geneanno

Convert the annotated file into an Excel spreadsheet:

$ perl /home/vcfhacks-v0.2.0/annovcfToSimple.pl -i sample
dbSNP146_ExAC1.vep.biallelic.functional.cadd.vcf.geneanno --vep --gene_anno -o sample_
dbSNP146_ExAC1.vep.biallelic.functional.cadd.vcf.geneanno.simple.xIsx

Filter to retain all rare, functional heterozygous variants

Filter to retain all heterozygous variants:

$ perl /nome/vcfhacks-v0.2.0/getHetVariants.pl —i sample_dbSNP146_ExAC1.vep.vcf —s
SAMPLE —o sample_dbSNP146_ExAC1.vep.het.vcf

Filter to retain all functional variants:

$ perl /nome/vcfhacks-v0.2.0/getFunctionalVariants.pl -i genotyped_sample
dbSNP146_ExAC1.vep.het.vcf -s SAMPLE -0 genotyped_sample_
dbSNP146_ExAC1.vep.het.functional.vcf -b

Filter & Rank on CADD score:

$ perl /home/vcfhacks-v0.2.0/rankOnCaddScore.pl -c /data/shared/cadd/v1.3/*.gz -i
sample_ dbSNP146_ExAC1.vep.het.functional.vcf -0 sample_
dbSNP146_ExAC1.vep.het.functional.cadd.vcf

Annotate genes:
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$ perl /home/vcfhacks-v0.2.0/geneAnnotator.pl -d /home/vcfhacks-
v0.2.0/data/geneAnnotatorDb --i sample_ dbSNP146_ExAC1.vep.het.functional.cadd.vcf -0
sample_ dbSNP146_ExAC1.vep.het.functional.cadd.vcf.geneanno

Convert the annotated file into an Excel spreadsheet:

$ perl /home/vcfhacks-v0.2.0/annovcfToSimple.pl -i sample
dbSNP146_ExAC1.vep.het.functional.cadd.vcf.geneanno --vep --gene_anno -o sample_
dbSNP146_ExAC1.vep.het.functional.cadd.vcf.geneanno.simple.xlsx

WES GATK Depth of Coverage

Calculate the depth of coverage over the entire genome, or a specified region of the genome
using a bed file:

$ java -Xmx8g -jar /home/GATK/GenomeAnalysisTK-3.5-0/GenomeAnalysisTK .jar -T
DepthOfCoverage -R /home/ref/b37/human_g1k_v37 .fasta -I
sample.bwamem.sort.dedup.indelrealn.recal.bam -o sample_depthofcoverage.txt -L
/home/ref/b37/AlIRefSeqGenes.b37.bed -ct 5 -ct 10 -ct 15 -ct 20 -ct 25 -ct 30

Compute the depth of coverage over all SLC38A8 exons in Case F1335 (alongside 5
control exomes):

$ java -Xmx8g -jar /home/GATK/GenomeAnalysisTK-3.5-0/GenomeAnalysisTK .jar -T
DepthOfCoverage -R /home/ref/b37/human_g1k_v37 .fasta -o
F1335_duplication_depthofcoverage.ixt - F1335.bwamem.sort.dedup.indelrealn.recal.bam -
| CONTROL1.bwamem.sort.dedup.indelrealn.recal.cln.bam -I
CONTROL2.bwamem.sort.dedup.indelrealn.recal.cin.bam -I
CONTROL3.bwamem.sort.dedup.indelrealn.recal.cin.bam -I
CONTROL4.bwamem.sort.dedup.indelrealn.recal.cin.bam -I
CONTROL5.bwamem.sort.dedup.indelrealn.recal.cin.bam -L SLC38A8_exons.BED -ct 5 -ct
10 -ct 15 -ct 20 -ct 25 -ct 30

SAMBLASTER commands (Case F1335):

$ bwa mem -t 12 -M /data/umecl/UKIRDC/hg19_index_base
F1335_0_R1.fastq.gz F1335_0_RZ2.fastq.gz | /data/umecl/UKIRDC/samblaster/samblaster -
M | samtools view -Sb - > /data/umecl/UKIRDC/WGS/ F1335.out.bam

$ bwa mem -t 12 -M /data/umecl/UKIRDC/hg19_index_base

F1335_0_R1.fastq.gz F1335_0_R2.fastq.gz | /data/umecl/UKIRDC/samblaster/samblaster -
M -d F1335.disc.sam -s F1335.split.sam | samtools view -Sb - >
/data/umecl/UKIRDC/WGS/F1335.out.bam

$ samtools sort F1335.disc.sam > F1335.disc.sorted.bam

$ samtools index F1335.disc.sorted.bam
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A3 Code for CNV analysis on WES data

Define the group of BAM files:

> bam_files <- ¢("sample1.bam", "sample2.bam", ...)

Create count data from all BAM files:

> counts <- getBamCounts(bed.frame=exons.hg19, bam.files=bam_files,
include.chr=FALSE, referenceFasta="/home/ref/b37/human_g1k_v37.fasta")

Convert counts into a data frame:
> counts.dafr <- as(counts[, colnames(counts)], 'data.frame")

Define the test sample:
> test_sample <- counts$test_sample.bam

Define the reference samples:
> ref_samples < -c('sample1.bam’, 'sample2.bam'...)

> ref_set < -as.matrix(counts.dafr[,ref_samples])

Optimize the choice of aggregate reference set:

> choice <- select.reference.set(test.counts=test_sample, reference.counts=ref_set,
bin.length=(counts.dafr$end-counts.dafr$start)/1000, n.bins.reduced=10000)

Construct the reference set:
> matrix <- (counts.dafr[,choice$reference.choice])

> reference.selected <- apply(X=matrix, MAR=1, FUN=sum)

Fit the beta-binomial model on a data frame:

> all.exons <- new('ExomeDepth’, test=test_sample, reference=reference.selected,
formula='cbind(test, reference)~1")

Call CNVs:

> all.exons <- CallCNVs(x=all.exons, transition.probability=10"-4,
chromosome=counts.dafr$space, start=counts.dafr$start, end=counts.dafr$end,
name=counts.dafrfnames) 244

Load the set of common CNVs identified by (Conrad et al., 2010):
> data(Conrad.hg19)



353

Annotate CNV calls:

> all.exons <- AnnotateExtra(x=all.exons,
reference.annotation=Conrad.hg19.common.CNVs, min.overlap=0.5,
column.name='Conrad.hg19')

Add exon information:

> exons.hg19.Granges <-
GenomicRanges::GRanges(segnames=exons.hg19$chromosome,
IRanges::IRanges(start=exons.hg19$start, end=exons.hg19%end),
names=exons.hg19%name)

> all.exons<-AnnotateExtra(x=all.exons, reference.annotation=exons.hg19.GRanges,
min.overlap=0.0001, column.name='exons.hg19')

Output CNV calls to a .csv file:
> output.file <- 'CNVs.csv'

> write.csv(file=output.file, x=all.exons@CNV .calls, row.names=FALSE)

A4 BreakDancerMax code

Replace read groups in your bam file:

$ java -jar /nome/picard/picard-tools-2.5.0/picard.jar AddOrReplaceReadGroups
I=/data/umecl/UKIRDC/sample.bwamem.sort.dedup.indelrealn.recal.cin.bam
0=4070.breakdancer.oam RGID=SAMPLE_WES RGLB=SAMPLE_WES RGPL-=illumina
RGPU=SAMPLE_WES RGSM=SAMPLE_WES

Convert the bam file into a configuration file ready to run the BreakDancer program:

S perl /nome/breakdancer-1.1_2011_02_21/perl/bam2cfg.pl sample.breakdancer.bam >
sample.breakdancer.config

Run BreakDancerMax:

S /home/breakdancer-1.1_2011_02_21/cpp/breakdancer_max sample.breakdancer.config >
sample.breakdancer.txt

A5 DELLY2 code

$ /data/umecl/delly/src/delly call -t INV -g /data/umecl/UKIRDC/human_g1k_v37.fasta -o
F1310.b37.delly.inv.bcf
/data/umecl/UKIRDC/genome_F1310_delly/F1310.bwamemb37.sort.dedup.indelrealn.recal.
bam
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$ /data/umecl/delly/src/bcftools/bceftools view F1310.b37.delly.inv.bcf >
F1310.b37.delly.inv.vcf

$ /data/umecl/svprops/src/svprops F1310.b37.delly.inv.bcf
$ /data/umecl/svprops/src/sampleprops F1310.b37.delly.inv.bcf

$ perl /home/variant_effect_predictor/variant_effect_predictor.pl --offline --vcf --dir_cache
/home/variant_effect_predictor/vep_cache --dir_plugins
/home/variant_effect_predictor/vep_cache/Plugins --everything --fasta
/home/variant_effect_predictor/fasta/lHomo_sapiens.GRCh38.dna.primary_assembly.fa.gz -i
F1310.b37.delly.inv.vcf -0 F1310.b37.delly.inv.vep.vcf

$ perl /home/vcfhacks-v0.2.0/geneAnnotator.pl -d /home/vcfhacks-
v0.2.0/data/geneAnnotatorDb --i F1310.b37.delly.inv.vep.vcf -0
F1310.b37.delly.inv.vep.vcf.geneanno

$ perl /home/vcfhacks-v0.2.0/annovcfToSimple.pl -i F1310.b37.delly.inv.vep.vcf.geneanno --
vep --gene_anno -0 F1310.b37.delly.inv.vep.vcf.geneanno.simple.xlsx --functional

A.6 BED file list of 270 genes compiled from RetNet, albinism
genes and candidate gene lists with average % capture

on Agilent SureSelect V5/V6

Gene V5 (%) V6 (%) Gene V5 (%) V6 (%)
ABCA 100 100 MAPKS 100 100
ABCCE 9.8 100 MCIR 100 100
ABHD12 100 100 MERTK 100 100
ACBDS 100 100 MENG 100 100

ADAMTS18 100 100 MFSDS8 100 100
ADGRAS 99.9 100 MIR204 100 100
ADGRV1 100 100 MKKS 100 100
ADIPORA 100 100 MKSH 100 100

AGBLS 100 100 p— 100 100
AT 100 100 VK 100 100




AR 100 100
APLY 100 100
ALMST 100 100
ARL2BP 99.9 100
AR 100 100
ARLE 99.2 99.2
ASRGL1 100 100
JR— 100 100
AToH? 100 100
ATXNT 100 100
- 100 100
BBST 100 100
BBS10 100 100
BBS12 100 100
5852 100 100
BB 100 100
BBSs 100 100
8BS 100 100
58S 100 100
BEST1 100 100
C120rf65 100 100
C1QTNF5 100 100
100 100

C21o0rf2
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YOTA 100 100
NBAS 100 100
op 100 100
NEK2 100 100
NEUROD/ 100 100
NMNAT1 100 100
NPHPT 100 100
NPHP3 100 100
NPHPa 100 100
NROE3 100 100
NROFT 100 100
RL 100 100
v 100 100
OAT 99.3 100
orD1 99.6 100
oPAT 100 100
oPAs 100 100
OPNILW 75.4 89.8
PN 754 89.8
OPN1SW 100 100
ORI 100 100
- 100 100
O ANK? 100 100




C20rf71 100 100
C8orf37 100 100
cAd 100 100
CABPA 100 100
CACNATF 100 100
CACNA2D4 100 100
CAMK2A 100 100
CAPNS 100 100
CC2D2A 100 100
S 100 100
ot 100 100
J— 100 100
J— 100 100
CEP164 100 100
CEP250 100 100
CEP290 100 100
CERKL 100 100
oFH 100 100
chM 100 100
S 100 100
LN 100 100
CLRNA 100 100
100 100

CLUAP1
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oA 100 100
ARG 100 100
PCDH15 100 100
PCYT1A 100 100
SDEGA 100 100
PDEGE 100 100
PDEGC 100 100
PDEGG 100 100
D27 100 100
et 100 100
e 100 100
oExG 100 100
- 100 100
a1 99.1 100
oy 100 100
PITPNM3 100 100
o2 100 100
PLA2G5 100 100
LK 100 100
PNPLAG 100 100
POC1E 100 100
POMGNT1 100 100
SRCD 100 100




CNGAT 98.2 98.9
CNGAS 100 100
NGB 100 100
NGBS 100 100
CNNMA 100 100
COL11A1 100 100
COL2A1 100 100
COL9A1 100 100
cRB1 100 100
CRYAA 100 100
CRYBB2 100 100
CRYBB3 100 100
CRYGC 100 100
CRYGD 100 100
CRX 100 100
cspP1 100 100
CTNNA1 100 100
CYP4V2 100 100
DHDDS 100 100
OHx38 100 100
VD 100 100
ORAME 100 100
SO 100 100
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RIMS1

PRDM13 100 100
ROM 100 100
PRPF 100 100
I 100 100
PRPFG 100 100
PRPFG 100 100
PRPF31 100 100
oRPI2 100 100
RAB2E 100 100
A 100 100
51 100 100
~BP3 100 100
B4 100 100
RCBTB1 100 100
D3 100 100
~DH11 100 100
~DH12 100 100
~DHS 100 100
=GR 100 100
GSo 100 100
RGS9BP 100 100
RHO 100 100
100 100




EFEMP1 100 100
ELOVL4 100 100
e 100 100
EXOSC2 100 100
vs 100 100
FAM161A 100 100
FLVCR1 100 100

FOXD1 0 0
FOXC 100 100
D7 100 100
FSoNg 100 100
—on 100 100
R 100 100
GNATT 100 100
GNAT2 100 100
. 100 100
oNPTG 100 100
GPR143 100 100
GPR179 100 100
- 100 100
GUCA1A 100 100
GUCA1B 100 100
100 100

GUCY2D
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LBPT 100 100
oM 100 100
. 100 100
PILT 99.9 100
- 100 100
- 100 100
~PEGS 100 100
~PGR 751 751
RPGRIP1 100 100
RPGRIP1L 100 100
=S 100 100
RTN4IP1 100 100
SAG 100 100
SDCCAG8 100 100
SEMA4A 100 100
SLC24A5 100 100
SLC24A1 100 100
SLC25A46 100 100
SLC38A8 100 100
SLC7A14 100 100
SLC45A2 100 100
SNRNP200 100 100
SPATA7 100 100




ARS 100 100
HERGo 793 928
HGSNAT 100 100
" 100 100
VCNT 100 100
] 100 100
DH3A 100 100
DH3B 100 100
IFT140 100 100
IFT172 100 100
a7 100 100
IMPDH1 99 100
PGH 100 100
PG2 100 100
INPP5E 100 100
VS 100 100
- 100 100
V2B 100 100
Gt 100 100
KCNJ13 100 100
CNV2 100 100
KA 1540 99.7 99.7
- 100 100
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USH1G

. 100 100
TEADT 100 100
TIMM8A 100 100
MP3 100 100
TMEM126A 100 100
TMEM237 100 100
TOPORS 100 100
TREXT 100 100
TRIM32 100 100
TRIMA44 100 100
TRNTA 100 100
P 100 100
TSPAN12 100 100
TTce 100 100
Ll 100 100
A 100 100
UB 100 100
TULPT 100 100
R 100 100
YRR 100 100
UNC119 100 100
USH1C 100 100
100 100




<z 100 100
LhL7 100 100
AMAT 100 100

LcAs 100 100
Lora 100 100
RAT 100 100
 RMDA 100 100
. 100 100
LZTFLA 100 100
100 100

MAK
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USHA 100 100
VCAN 100 100
VPS138 100 100
WOPCP 100 100
WORTS 100 100

WEST 100 100
WHRN 100 100
ZNF408 100 100
ZNF423 100 100
ZNF513 100 100
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A.7 Primer sequences used for PCR and Sanger sequencing all coding regions of PAX6 and PAX6
cis-regulatory elements
Exon Forward sequence (5’-3’) Reverse sequence (5°-3’) Product (bp) PCR conditions

4 ACCTCGGTTGGGAGTTCAG GTCGCGAGTCCCTGTGTC 217 St/62At
5 ATCTTCCTCTTCCTTCTTCTCC GAAATGAAGAGAGGGCGTTG 290 St/60AT
5a GGGCTACAAATGTAATTTTAAGAAA CTCACACATCCGTTGGACAC 236 St/60AT

AGTGCTGGACAATCAAAACG GGTGGGAGGAGGTAAAGAGG 400 St/60AT
7 GGTTGTGGGTGAGCTGAGAT AAGCCCTGAGAGGAAATGGT 333 St/63A7

AGACTACACCAGGCCCCTTT CACTGAAAAGATGCCCAGAGA 387 St/60AT

AGGTGGGAACCAGTTTGATG CAAGCACCTCTGTCTCTAGGAA 240 St/60AT
10 CAGTGGAGGTGCCAAGGT CAGTAGTCAGAGTGAGAGTCAGAGC 300 St/60AT
11 TCAATGTCTTTAAACCTGTTTGC CTCTCAAGGGTGCAGACACA 289 St/60AT
12 CAGACTTGTTGGCAGAGTTCC TAAACACGCCCTCCCATAAG 345 St/60AT
13 TTTCTGAAGGTGCTACTTTTATTTG CGGCTCTAACAGCCATTTTT 373 St/58AT*

Abbreviation are as follows: St = standard PCR with Taq polymerase and 1.5 mM MgCl,, Ar = annealing temperature (in °C). * Note that the
PCR program of PAX6 exon 13 differed slightly from the standard PCR reaction: 95°C for 5 minutes, 95°C for 1 minute, 55°C for 2 minutes,
72°C for 2 minutes (x40 cycles), final extension step of 72°C for 7 minutes.
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Element Human coordinates (GRCh37) Primer sequence (5°-3’) PCR conditions Reference
E-200 distal chr11:32053010-32053783 teagggtgttetgtgacct St/60AT (Ravi et al., 2013)
tggcccacttcactggtca
E-200 proximal chr11:32052714-32053362 ggcacaagatagaaagcecty TD/58Ar (Ravi et al., 2013)
gaaagtgagagccatccca
CTCF6 element chr11:31892452-31893062 cactcagaggcagageaga St/55Ar Unpublished
tggatgaagaagccagaa
EE ectodermal enhancer  chr11:31843104-31843692 aagttticeeggaccteigt TD/56A1 (Williams et al.,
aactcgatcacatggacct 1998)
OCE1 chr11:31837809-31838293 geectggggaaatctgaata St/58A7 Unpublished
gtgacaggtgttgggacct
NRE chr11:31825361-31826132 atcteacaaccteatecct TD/58Ar (Kammandel et
aggccttgctctgttgga al., 1999)
7CEA chr11:31820755-31821453 ggteaatcgetagtetcacca HSMM/TD/55A,  (Kleinjan etal.,
cgaggtagcttggtcaagaa 2004)
E60A chr11:31784779-31785426 aagecctiteelgtegetlg St/60AT (McBride et al.,
' atgggctacctgtgcaca 2011)
E100 chr11:31734245-31734929 aaatagcactggatgetgtct St/60Ar (Griffin et al,
' gaaatgattgaggcagaaggt 2002)
SIMO chr11:31685581-31686174 gaactcaatgtagtgtittcagec St/55A (Kleinjan et al,
' gacttictcaggaagaaatcagg 2001)
HS2 chr11:31677439-31677991 ggctacatgactagacacatge St60AT (Kleinjan et al.,
' tacgtgttgatgaccacaca 2001)
] ) caaagaatcatcagaagttgg (Kleinjan et al.,
HS3 chr11:31676764-31677347 lcoaatatfionganciacel St/55Ar 2001)
HS5 chr11:31671019-31671690 ctgacaagaggccaaagete St/60AT (McBride et al,
cgaggaatctgccgtatatga 2011)
HS8A chr11:31662868-31663475 gtgaagtelgtageecaaga St/60AT (Kleinjan et al.,
' agctcacgccctgccttga 2001)
HS8B chr11:31662110-31663778 aatgttticgcaccctalg St/58Ar (Kleinjan et al.,
' gcatgtcacagcaaaacagc 2001)
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Abbreviations are as follows: St = standard PCR with Taq polymerase and 1.5 mM MgCl,. TD = touchdown PCR, HSMM = HotShot master

mix, At = annealing temperature (in °C).

A.8 Homozygous and heterozygous variants identified in PAX6 cis-regulatory elements

FATHMM

e Patient Variant (HGVS) Posiion " dbSNP rs ID AI:?;ZS:::; s (g:t;:g‘"s) coding

(gnomAD) score

F1371 (Het) (,‘fl',\'ﬂefg&ugg?%?;ﬁ) 31,838,161 rs1806184 NA NA 0.14332

ocer  FOBFUREUSEN U seus s TSR e ov
e T SR s meoss T e o

HS8B All patients (Hom) (NCMQ_Q’OE fgg’g702>5T_1 ) 31,662,656 rs7480296 28809823208886 13533 0.59371
HS5 F1373 (Het) (N",\;—Oég{ e 591 ) 31671543 rs75155674 205_863801%456 3 0.98938
£a00.  F1371, F1402, F1298 (Het) %ﬁggﬁgﬁgﬁ’%‘; 32053419  rs11031557 343_21/ o 224 0.27340
distal F1372 (Het) %ﬁgo_gg%m%?‘ 32,053,271  rs11031556 38_35’8%8 1 0.97956
F137;’1Z(1)g7(;’ef)1298’ 333288883?3 32,053,007  rs1002229 203690520 555 0.96450

pii%’al F1071 (Het) %ﬁégggggﬂz’;‘ 32,053,046  rs148075639 101_%330698714 0 0.96728
F1372 (Het) %ﬁgo_gg%m%?‘ 32,053,271  rs11031556 38_35’8%8 1 0.97956

F1371, F1373, F1352,
E100 {1404 Fra0n 1071 (M O0izbgron) 3174741 rsrozears  OS0TEONE 1410 099489

F1419 (Het) F1371 (Hom)
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F1373, F1402, F1371,
F1298, F1288, F1071,

CTCF6  F1419, F1421 (Het) F1374, %ﬁésggggffg 31,892,512 r$662155 253072/23005926 10538 0.16798
F1372, F1403, F1404, a : '
F1287 (Hom)
F1369, F1373, F1071,
F1402 (Het) F1372, F1374,
NRE F1352, F1371, F1298, ?ﬁﬂn’g&??s%? 31,825,518 rS694617 269022/73100906 11765 0.55452

F1287, F1288, F1405,
F1404, F1403, F1421 (Hom)
Their location on chromosome 11 is shown, using human reference genome build GRCh37, Ensembl transcript ID ENST00000419022 (RefSeq

NM_000280).

A.9 Rare heterozygous candidate variants identified in patients F1405 and F1352
< g Q 3 [=] o~ @ e
0 c o c L - o £ - ‘O-
o = ] c £ 9 T3 ® Se 9 o
§ 3 3 5 § sz &2 h g 3 S 5
s 2 : oz ' g5 3 SR L T
5 g 3 S = ] @ e ] S
vSsx2 NM_182894.2 14:74727 428 ¢.892C>T p.(GIn298Ter) Nonsense 37/27 . . 0/206716 0 39
EPHA2 NM_004431.4 1:16,464,512 <¢.1148T>G p.(Val383Gly) Missense 57162 rs7510403034 . 1245434 0 benign damaging 17.9

4.07e-6
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A.10 FOXD1 PCR primers and conditions, Sanger sequencing

primers and conditions and SDM primers

Amplicon 1

PCR primers (5’-3’):

HuFOXD1-1Fb: CGGCGCAGGAGTTATAAAGTCGGCG
HuFOXD1-1Rb: CGCCGCGCAGCAGCAGAGACTCG

Nested PCR primers:

HuFOXD1-1nest1R: CGTTGGGTGGGAGCAG

HuFOXD1-1nest2R: AAGCTGCCGTTGTCGAAC

Both used with HUFOXD1-1Fb: CGGCGCAGGAGTTATAAAGTCGGCG
PCR conditions:

NEB Q5 DNA Polymerase with Q5 reaction Buffer and 5X enhancer.
PCR program:

98°C for 30 seconds, 98°C for 7 seconds, 68.6°C for 15 seconds, 72°C for 18 seconds (x35
cycles), final extension step of 72°C for 1 minute 30 seconds.

Sanger sequencing enhancers:

NEB Q5 5X enhancer added into Sanger sequencing reaction.

Amplicon 1 (2)

PCR primers (5’-3’):

TF2-Forward: AGCAGTCGTTGAGCGAGAGGTT
TF2-Reverse: CCTGAGCACTGAGATGTCCGAT
TF4-Forward: AGTCCGCCGACATGTTCG
TF4-Reverse: TGAAGCCGCCCTACTGCTATA

PCR conditions:

KAPA DNA Polymerase with KAPA GC-Buffer, 1.3M Betaine and 5% DMSO.
PCR program:

TD-PCR program as described in Section X, Arof 62°C.
Sanger sequencing primers (5’-3’):

174-Forward: GTACGCCGGGGAGGACGAGCTGGA
TF-3-Reverse: CGAGCTGGAGGATCTGGAG
TF-5-Forward: CGCTTGAAGCGCTTCCTC
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Amplicon 2

PCR primers (5’-3’):

HuFOXD1-2Forward: GCAACTACTGGACGCTGGACCCGGAG
HuFOXD1-2Reverse: CGGGCTGTTGACATTTTGTCCGAG
Nested PCR primers:

HuFOXD1-2nest1Forward: CCGACATGTTCGACAACG
HuFOXD1-2nest1Reverse: CGCAGCGGCGAAAAT

PCR conditions:

KAPA Polymerase with GC-Buffer, 1.3M Betaine, 5% DMSO, 50pmol/ul 7-deaza-dGTP.
PCR program:

98°C for 30 seconds, 98°C for 10 seconds, 56. 9°C for 30 seconds, 72°C for 10 seconds
(x35 cycles), final extension step of 72°C for 1 minute.

Sanger sequencing primers (5’-3’):

2R2b: CGCGCCTGGAGGAGCGAACAAAACA
OM: TTAACAATTGGAAATCCTAGCAG
980-R: GAGCGGGTGCGGCCGGTAGC

SDM Primers
Primer Sequence (5’-3’)
FOXD1-SDM-F gtagttgcccttgtccgggttgecggg

FOXD1-SDM-R cccggcaacccggacaagggcaactac
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A.11 Expression clones

AmpR 6581..5922

865..884 T7|

pDEST_FOXD1 sequence 6913 nt

-~
M13-rev 4774..4754

2413..2454 V5 tag

Kan/neoR 3621..4412

Schematic representation of the pDEST_FOXD1 expression clone.

Highlighted in red is the FOXD1 open reading frame. Primers for Sanger sequencing are as
follows: Blue; M13R, Turquoise; T7. The His-tag is highlighted in pale green and the V5 tag
is in green. The Ampicillin resistance is highlighted in bright yellow and the
Kanamycin/Neomycin resistance in pale yellow.

AtR2 14..8411 453..563 RHO exon 5|
CmR_8130..7474) | (655,636 T3
e 911.979 LacZ alphal

ccdB 7036..6827| /

pCI-NEO-RHO_ex3- 5 _DEST.xdna - 8520 nt

[AtR1 62726395
RHO exon 3 6071..6180) k [1963..2754 Kan/neoR|

3475 4134 AmpR

|1713_1909 SV40 early promoter|

Schematic representation of the pCl-Neo-RHO-ex3_5/DEST.

The splice vector was a kind gift of Erwin van Wijk. Highlighted in red are the RHO exons 3
and 5 (exon 4 and flanking intronic sequences removed by digestion with EcoNI and PfIMI
and blunted using large fragment DNA polymerase ).
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454..564 RHO exon 5
656..637 T3

912..980 LacZ alp

1426..986 F1 ori
1761..1838 SV40 ORI

1714

1964..2755 Kan/neol

pCI-NEO-RHO_ SLC38A8 - 13790 nt B

_|_

urt from SLC3BA8 Clon 6280..13798

4287..4915 ColEl origin

6072..6181 RHO exon 3|

Schematic representation of the pCI-NEO-RHO_SLC38A8.

The SLC38A8 open reading frame is highlighted in blue. The RHO exons 3 and 5 are
coloured red. Ampicillin and kanamycin are highlighted in green.



369

A.12 SLC38A8 primer sequences
Exon Forward sequence Reverse sequence Product PCR PCR
(5’-3’) (5’-3%) (bp) enhancers conditions
1 gagctctcactgagttgggg cctcattagctgagecggg 437 10% D HS/65AT
2 tgtggagagtgtgcccg ggagcctcccttcectac 449 - HS/60AT
3 gtggatgtccaaccccag caaatgtgaaggccaattc 350 - HS/60AT
c
4 acctcattgtcaagggcg ctctgcagtgagccacgag 312 - HS/60AT
5 ttgcagccatgctctgttac ~ ccctgacagagaaaccaa 266 - HS/60AT
99
6 tcaggctatttcaagagaaac  tgaggcecttttcctatgcac 398 - HS/60AT
ctc
6 ctactgtcactccccaccct 287 - HS/60AT
(SNP C
deleti
on)
7 aaggaaaatcttaggtggtaa agtcccacagccgegtag 352 - HS/60AT
agc
8 tgtggaacaggagcactgac  tcctacccatatgtggctcc 422 - HS/60AT
9 ccttccagcetccactgtgtt cagatgccctcatactgggt 380 - HS/60AT
10 ttgatgactccatactgggc ~ gaggaaaagaaatggcat 294 - HS/60AT
cg

Abbreviations are as follows: HS = HotShot mastermix, Ar = annealing temperature (in °C),

D = DMSO.
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A.13 Non-pathogenic intronic and coding region variants identified in SLC38A8

Location on

Allele count &

No. reported

Patient Chr16 cDNA & aa change dbSNP ID frequency homozygotes
(gnomAD)
F1377, F1369, F1298, F1071, F1404, F1405,
F1371 (Het) F1288, F1335, F1372, F1351, 84,075,563 c.189+11G>T rs1105355 135601 2/425488466 37248
F1352, F1368, F1402 (Hom) :
F1371 (Het) 84,075,482 C.189+92G>A rs57933451 2072/30900 126
0.06706
F1371 (Het) 84,075,440 C.189+134G>C (76310525 1471/30906 45
0.04760
F1352, F1403, F1298, F1071, F1421 (Het) 95698/260968
F1560. F1310 (Hom) 84,070,514 c.190-9C>T 1876960 24je00 18203
F1352, F1403, F1298, F1071, F1421 (Het) 98069/264594
F1569 110 (Hiom) 84,070,510 c.190-5C>T 1876962 oot 18400
F1352, F1403, F1298, F1071, F1419, F1421 c.195G>C 98915/269200
(Het) F1369, F1310 (Hom) 84,070,500 p.(Ser65=) rs1317524 0.3674 18527
F1352, F1403, F1298, F1071, F1421 (Het) 11930/30190
F1560. F1310 (Hom) 84,070,238 ¢.388+69G>T 18057543 o 2451
F1378, F1372, F1351, F1071, F1419 (Het) 7143/30908
F 31 1335 F1402 F1405 (Hom) 84,070,179 ¢.388+128A>T r$34702590 2950 794
c.440C>G 2822/275206
F1371 (Het) 84,067,023 AT Gl) 56802364 aaarse 144
C.450G>A 23930/276494
F1071, F1421 (Het) F1310 (Hom) 84,067,004 Niarreal (57576928 T 1320
F1371 (Het) 84,066,858 ¢.530+75G>A rs75604026 959(528?‘210 39
F1405 (Hom) 84,065,790 ¢.531-220_531- rs140016057 21367/30569 7526

218delCAA

0.6990
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2839/276270

F1371 (Het) 84,065,586 ¢.531-13G>A rs11865628 Sojaree 142
F1071 (Het), F1310 (Hom) 84,063,219 ¢.633-63C>G rs61432810 22068/733029766 114
F1371, F1071 (Het) F1310 (Hom) 84,063,215 ¢.633-59C>T rs11863267 31331/ 82340 170
¢.659G>C 7820/277006
F1371 (Het) 84,063,130 o Cama0Thr) rs11862366 P 291
F1310 (Hom) 84,063,036 ¢.690+65C>T r$62045928 40851/ 22242 291
C.744C>G 2951/274852
F1371 (Het) 84,056,442 o (Sor24508) rs11861325 Suares 158
F1351, F1369, F1374, F1377, F1402, F1403,  84,056,326- 0.23063 (1000 ]
F1298, F1071, F1421, F1405 (Het) 84,056,327 80953 _805+54delAA r$5818479 Genomes)
F1368 (Hom) 84,050,970 ¢.806-78C>A r$28669064 20063/636079264 60
c.1077C>T 12388/276570
F1372 (Het) 84,050,209 S L ouagem) rs77876966 oszr. 377
F1374, F1351, F1405 (Het) F1402, F1071 64,050,037 162+67CoC 12629392 7466/30904 011
(Hom) 0.2416
F1377, F1369, F1372 (Het) 84,046,769 ¢.1163-112C>T r$13336030 49811/ g?g% 989
F1377, F1369, F1372 (Het) 84,046,762 ¢.1163-105G>A rs11864211 49831/ 2?294 991
F1377, F1421 (Het) 84,046,715 ¢.1163-58T>C rs11864146 52591/28839 567
F1352, F1369, F1371, F1377 (Het) F1372, 9521/30852
F1491 (Hom) 84,046,499 C.1214+107G>A rs11864095 210 1829
F1371, F1372 (Het) 84,046,490 c.1214+116C>T rs11864162 3098/30916 206

0.1002
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A14 Primers used to sequence the inversion in SLC38A8

identified in case F1310

. s o PCR
Primer Sequence (5°-3’) conditions
SLC38A8 BP1 cttttagcaggaggcaccag St/65AT
SLC38A8_BP2 ggtgatggaaggagacagga St/65Ar
SLC38A8_BP3 ccagtgttggaggtcaaggt St/65Ar
SLC38A8_BP4 aggcctgtccagtcagtgag St/65AT

Abbreviations are as follows: St = standard PCR, Ar= annealing temperature (in °C).

SLC38A8_BP1 with SLC38A8_BP3: 961 bp in WT (first breakpoint)
SLC38A8_BP2 with SLC38A8_BP4: 869 bp in WT (second breakpoint)
SLC38A8_BP1 with SLC38A8_BP2: 946 bp in patient F1310 (first breakpoint)
SLC38A8_BP3 with SLC38A8_BP4: 884 bp in patient F1310 (second breakpoint)

A.15 GATEway vectors for SLC38A8 Midigene assay

attB sites are capitalized. Abbreviations are as follows: At = annealing temperature (in °C).

Primer Sequence (5°-3’) Product (bp) PCR
conditions

SLC38A8 BAC- GGGGACAAGTTTGTACAAAAAAGCAGGCT 7554 68AT

1F

atccttgtgctatttgggatc

SLC38A8_BAC- GGGGACCACTTTGTACAAGAAAGCTGGGT
1R

cagcagtcaatgtcctttgaa

A.16 SLC38A8 Midigene Primer Sequences

SDM_691-301_F: tacaaacacccatgcccctttccectctcte
SDM_691-301_R: gagagaggggaaaggggcatgggtgtttgta
SLC38A8 5F: ttgcagccatgctctgttac

SLC38A8 5R: ccctgacagagaaaccaagg

SLC38A8_6F: tcaggctatttcaagagaaacctc
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SLC38A8 6R: tgaggccttttcctatgcac
RHO_3F: cggaggtcaacaacgagtct
RHO_5R: gtggtgagcatgcagttcc

T7 (forward): taatacgactcactataggg
CMV: cgcaaatgggcggtaggcegtg

SV40R: gaaatttgtgatgctattgc

A7 ExomeDepth reference choices per WES sample and the

number of CNVs detected by the software

No. ExomeDepth

Patient No. CNVs detected
references chosen

F1071 6/11 6
F1288 718 5
F1298 6/11 16
F1335 718 58
F1352 6/11 2
F1369 6/11 7
F1371 11/11 100
F1372 7/14 4
F1373 7/14 12
F1374 8/15 17

F1405 1111 48
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A.18 Heterozygous and homozygous polymorphisms identified in the coding region of FOXD1

Location on Allele count & CADD
Patient cDNA change aa change dbSNP rs ID frequency No. Hom
Chr5 score
(gnomAD)
F1369 _ 288/76964
(Hot) 72743951 c.237G>A p.(Leu79=) rs552853109 0003742 5 12.96
F(Li?)f’ 72,743,389 C.798G>C b.(Pro266=) . . . 10.58
FF%%% 72,743,030- . 1146 1160delGCAGGCCGCCGCC (GIn383_Ala387del)  rs771204220  [02/25206 12 NA
(Hop  72743.044 Ao P — 0.03023
F1071,
F1405,
F1403,
F1419
(Hom)
_ 59341/144878
Frags, 72742882 c.1308A>G p.(Ser436=) rs2972191 0.4096 13426 9.692
F1298,
F1377,
F1404,
F1421

(Het)
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A.19 Primer sequences used for PCR and Sanger sequencing

all coding regions of VSX2

Exon Forward sequence (5’-3’) Reverse sequence (5’-3’°) Pr&‘::)'d
1 CCAGAGCATTAGACACCGGA AGGAACTTTTCCGCCTGG 594
2 AGGCTTCCTGGGGAGACAG GTTGTCGGCGAAAATAGGGT 312
3 AGAGGAAGGCGGTTCTGTCT ATGGGCATCTGGAACCCT 283
4 ACTCCAAGCCTACAAGGGGT TGCCTCAAGGCTCTGTCC 344
5 TGCTCGTCCTTAATTCTGGC CCTTGCCTCAGAGAGCATC 512

A.20 Primer sequences used for PCR and Sanger sequencing

all coding regions of LAMP1

Product

Exon Forward sequence (5’-3’) Reverse sequence (5’-3’°) (bp)

7-8 CCAATGACCATTCACGTTTG CCACACGGAAGCGACTAAAC 513




