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Abstract 

Inherited retinal dystrophies (IRDs) are a leading cause of blindness in people 
of working age, but many patients do not receive an informative result 
following genetic testing. An accurate genetic diagnosis is important for 
patients to inform genetic counselling and family planning, and a genetic 
diagnosis is a prerequisite for patients to be included in a growing number of 
clinical trials of therapies for IRDs.  

 

Due to the read lengths obtained during next generation sequencing, it is 
difficult to establish the phase of detected variants. As a result, compound 
heterozygous variants are commonly assumed to be in trans and it is 
challenging to study interactions between variants such as complex alleles 
and cis acting modifiers. To address this, a method to phase contiguous 
segments of the ABCA4 locus by long-range PCR and nanopore sequencing 
was developed. ABCA4 was selected for study as pathogenic variants in 
ABCA4 are the most common cause of IRD and the study of ABCA4 has shed 
light on disease caused by mutations in other genes. This project was 
undertaken as part of the StarT consortium, which was established to 
investigate ABCA4-associated disease in detail. Using this method, it was 
shown that accurate phasing of large sections of ABCA4 was possible, albeit 
practically challenging. An additional method to phase ABCA4 using ultra-long 
reads obtained through amplification-free enrichment was then employed to 
phase variants of interest in two cases with ABCA4-related disease.  

 

Deletions in genes related to IRDs are challenging to characterise following 
targeted sequencing. A workflow to characterise deletions by long-range PCR 
and nanopore sequencing was developed and used to characterise clinically 
relevant deletions in CNGA1, CNGB1, EYS and PRPF31 to a nucleotide level 
resolution.  

 

A single molecule Molecular Inversion Probe (smMIP) based panel had 
recently been developed to target 107 genes and loci associated with macular 
disease. This panel was used to screen a cohort of 57 UK cases with little or 
no prior screening. This screen resulted in the discovery of likely causative 
mutations in 63.2% of the examined cases, a much higher solve rate than in 
other cohorts, and the identification of four novel variants. The phenotypes of 



 vi 

cases with ABCA4-associated disease were compared to a previously 
proposed genotype-phenotype model. This comparison found the model to be 
largely accurate and clinically useful.  

 

It is hoped that these findings will directly impact individuals affected by IRDs 
by improving diagnostic rates following genetic testing and allowing for more 
precise results. Full characterisation of causative mutations has the potential 
to benefit patients by facilitating genetic counselling and family planning and 
for inclusion in a growing number of gene therapy clinical trials. 
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1 Introduction 

1.1  General overview 

Inherited retinal diseases (IRDs) represent a leading cause of blindness in 
people of working age in developed countries (Liew et al., 2014; Heath Jeffery 
et al., 2021), affecting approximately 1 in 2000-4000 people (Stone et al., 
2017; Pontikos et al., 2020). Up to 36% of the human population are 
unaffected carriers for at least one recessive IRD causing mutation (Hanany 
et al., 2020). Over 300 genes and loci have been found to cause a wide variety 
of IRDs with overlapping features (https://web.sph.uth.edu/RetNet/sum-
dis.htm#D-graph, accessed 21/2/2023), which although individually rare, 
collectively represent a significant disease burden. Of these, mutations in 
ATP-binding cassette, sub-family A, member 4 (ABCA4) represent the single 
most common cause of IRDs (Cremers et al., 2020). Pathogenic mutations in 
ABCA4 cause autosomal recessive macular degeneration which commonly 
presents as early onset, severe disease. The frequency of ABCA4-related 
disease is still debated, however over 2000 pathogenic mutations in ABCA4 
have been identified, some of which are observed at higher frequencies 
(Cornelis et al., 2022). Due to its significance as a common cause of disease, 
much effort has been made to comprehensively characterise ABCA4 and 
improve genetic testing. While advances in sequencing techniques have led 
to an increased understanding of ABCA4 disease, significant areas remain 
underexplored.  

 

This project was undertaken as part of a wider consortium, the StarT Network, 
created to characterise the function of ABCA4, search for sources of missing 
heritability and to develop potential novel treatments and models. As part of 
that, this project was established to search for missing heritability by using 
emerging long-read sequencing technologies to sequence the entirety of 
ABCA4 and phase pathogenic variants. In parallel, these technologies were 
used to characterise copy number variants in IRD genes, a potential source 
of missing heritability in ABCA4 disease.  
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1.2  General structure of the eye 

The human eye is a highly complex structure, consisting of a central vitreous 
fluid enclosed by three outer layers (Figure 1.1). The outermost of these is 
composed of the sclera and cornea. The sclera is the structural tissue which 
maintains the shape of the eye (Willoughby et al., 2010). The cornea is 
situated in the front of the eye. Both the cornea and the sclera are protective 
tissue which are highly similar, however the cornea is transparent and focuses 
light entering the eye (Müller et al., 2003).  

 

The next layer of the eye is composed of the ciliary body, iris, and choroid. 
The ciliary body and iris work in tandem to control light entering the eye. The 
ciliary body influences the shape of the lens and holds it in place, while the 
iris controls the size of the pupil (Willoughby et al., 2010). The choroid is a 
highly vascular tissue and provides the basis of the vasculature which serves 
the outer retinal layers (Gao et al., 2020). 

 

Figure 1.1 Diagram of human eye 
Diagram of the human eye with major structures labelled. Adapted from 
"Schematic diagram of the human eye en" by Rh Castilhos and J March, 
licensed under CC BY-SA 3.0. 
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The innermost layer of the eye is the retina, the tissue responsible for light 
detection. Finally, the centre of the eye is the vitreous humour. This has 
several functions, including maintaining ocular pressure and homeostasis 
(Bhartiya et al., 2022). 

 

1.2.1  The retina 

1.2.1.1  Structure of the retina 

The retina is an outgrowth of the brain and is a highly complex structure largely 
conserved across vertebrates (Hoon et al., 2014). In humans, the retinal 
progenitor cells form seven neuronal classes of cells (Luo et al., 2008). In 
order from the outermost layer of the retina to the innermost (i.e. the back of 
the eye moving towards the centre), this is organised into the retinal pigment 
epithelium (RPE), photoreceptors (cones and rods), horizontal cells, bipolar 
cells, amacrine cells and retinal ganglion cells, while Müller glia cells are 
arranged in a vertical orientation through the retina (Figure 1.2). Light must 
pass through the entire retina before it is detected by the photoreceptor. This 
has been theorized to induce scattering and reduce visual acuity, however the 
cells of the retina have been shown to be highly adapted to prevent this (Agte 
et al., 2011).  

 

Additionally, the retina is supported by a network of tissues. The RPE is the 
primary supportive tissue of the retina (Strauss, 2005). It is a monolayer of 
cells which supports the retina by protecting photoreceptors from external 
stresses, forming part of the blood brain barrier and maintaining homeostasis 
by transporting nutrients to the photoreceptors (Simó et al., 2010).  

 



 4 

Figure 1.2 Diagram of retina  
Transverse diagram of a healthy retina with supporting structures and 
neural cells labelled. The left side shows immunostaining of a mouse 
retina with cones (blue), horizontal cells (pink), bipolar cells (terminals 
red, cell bodies green), amacrine cells (purple), and ganglion cells 
(white). The right shows a schematic with the corresponding structures 
labelled. Reproduced with permission and adapted from (Hoon et al., 
2014). 

 

1.2.1.2  Light perception in the retina 

The photoreceptors are the light sensitive cells in the retina. Photoreceptors 
exhibit distinct morphology, and are composed of the outer segment, the inner 
segment, the cell soma and the synaptic terminal. The outer segment is the 
site of light detection and is a specialised primary, non-motile, sensory cilia 
(Cohen, 1961; Röhlich, 1975; Besharse and Horst, 1990). The outer segment 
of the photoreceptor is composed of hundreds of stacked discs which are 
continuously renewed (Sjostrand, 1953). The outer segment discs are stacked 
vertically in the retina to capture maximum photons travelling along their axis 
(Goldberg et al., 2016). The outer segment discs are continuously shed and 
renewed to dispose of toxic biproducts while maintaining photoreceptor length 
(Kocaoglu et al., 2016). One of the ways in which the RPE supports 
photoreceptor function is by phagocytosis of shed outer segment discs 
(Sjostrand, 1953). Each RPE cell phagocytoses approximately 20 outer 
segment discs a day (Hartzell et al., 2005). 

 

Photoreceptors can be divided into rods and cones based on structure and 
function (Figure 1.3). Rods are generally used for achromatic light detection 
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and movement perception, particularly in low light environments (Lamb, 
2015), however at the expense of visual acuity (Mustafi et al., 2009). Rods 
have a characteristic longer outer segment, with outer segment discs which 
are not connected to the plasma membrane (Mustafi et al., 2009). In contrast 
cones are used for higher resolution vision and colour detection (Lamb, 2015). 
Cones have shorter outer segments, with discs continuously connected to the 
plasma membrane, greatly increasing the surface area of the discs (Arikawa 
et al., 1992). In humans, rods are more abundant than cones, with cones 
comprising approximately 5% of the total photoreceptors (Busck and 
Osterber, 1935; Lamb, 2015). 

 

Visual detection in photoreceptors is mediated by opsins, each of which is 
sensitive to different wavelengths of light (Shichida and Imai, 1998; Terakita, 
2005; Goldberg et al., 2016). The opsins are transmembrane proteins which 
form a key part of the disc membrane (Humphries et al., 1997). The visual 
opsins are continuously renewed by incorporation of newly synthesised 
opsins into the membranes of the renewed discs (Lamb and Curtin, 2022). In 
humans, rhodopsin is the primary opsin found in rods, it detects green-blue 
light at very high sensitivity (Wald, 1951; Wald and Brown, 1956; Nathans and 
Hogness, 1984). In contrast, cones have three opsins which are used to detect 
light in different wavelengths, corresponding to red, green and blue light 
(Nathans et al., 1986). Trichromatic vision in humans is mediated through 
allelic diversity of the long (red) and medium (green) wave opsins (Bowmaker 
and Hunt, 2006). Light detection by the opsins is performed via the visual 
chromophore, 11-cis-retinal (Wang et al., 2014).This binds to the opsin in the 
outer segment discs of the photoreceptor, creating a photosensitive visual 
pigment.  
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Figure 1.3 Photoreceptor structure  
In the centre the structure of the photoreceptors are shown with the 
direction of light indicated. Flanking this, the structure of the outer 
segments of rods (left) and cones (right) are shown. Reproduced with 
permission from (Mustafi et al., 2009; Kiser et al., 2012). 

 

1.2.1.3  The phototransduction cascade 

11-cis-retinal binds the opsin in the intradiscal space (Hubbard and Wald, 
1952). When the photon is absorbed by 11-cis-retinal it prompts isomerisation 
to all-trans-retinal (Kiser and Palczewski, 2016). Light induced isomerisation 
of 11-cis-retinal to all-trans-retinal results in activation of the 
phototransduction cascade, leading to light detection (Pugh and Lamb, 1993; 
Luo et al., 2008; Molday et al., 2022).  

 

The initial steps in the phototransduction cascade are similar between rods 
and cones. In rods, isomerisation of 11-cis-retinal leads to activation of 
rhodopsin to an active configuration, metarhodopsin II (Leskov et al., 2000) 
(R*, Figure 1.4). In cones the equivalent cone opsin is activated (Lamb and 
Curtin, 2022). This then leads to repeated recruitment of, and contact with, a 
G protein transducin (Fain et al., 2010). This contact results in the release of 
GDP and binding of GTP by the transducin, which causes the alpha subunit 
to disassociate. The disassociated alpha subunit remains bound to the 
recruited GTP (G*, Figure 1.4) (Fain et al., 2010). G* then binds to one of two 

https://www.sciencedirect.com/science/article/pii/S1388198111000357?via%3Dihubhttps://doi.org/10.1016/j.preteyeres.2009.05.003
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γ-subunits of phosphodiesterase (PDE, Figure 1.4) (Jeon et al., 2005). When 
both γ-subunits are bound by G*s, PDE becomes activated (PDE**, Figure 
1.4). Activated PDE** then hydrolyses cyclic GMP (cGMP to GMP), reducing 
available cytoplasmic cyclic GMP (Barret et al., 2022). Reduced cGMP levels 
cause cyclic nucleotide gated channels (CNGC) to go from an open 
conformation to a shut conformation (Barret et al., 2022). The closed CNGCs 
result in hyperpolarisation of the cell, which then causes voltage gated calcium 
channels to close. Closure of the voltage gated calcium channels results in 
reduced glutamate secretion by the photoreceptor, leading to transmission of 
the signal (Hoon et al., 2014; Goldberg et al., 2016).  

 

The fundamental principle of the phototransduction cascade is similar in rods 
and cones, however in cones the proteins responsible for the 
phototransduction cascade reside in the plasma membrane, whereas in rods 
the majority of the proteins reside in the disc membranes (Lamb and Curtin, 
2022).  

 

 

Figure 1.4 The phototransduction cascade 
A) A photon strikes rhodopsin, activating it to metarhodopsin II. B) 
Activated metarhodopsin II recruits transducin. C) Transducin is 
activated, replacing GDP with GTP. D) Transducin subunit α 
disassociates from transducin. E) The inhibitory subunits of PDE are 
bound by activated transducin α. Activated PDE then hydrolyses cGMP 
at an increased rate. F) Guanylyl cyclase continues to synthesise cGMP, 
but cGMP levels fall due to increased PDE activity G) Reduced 
cytoplasmic cGMP levels result in the closing of channels, 
hyperpolarising the photoreceptor. Adapted with permission from 
(Leskov et al., 2000)  

https://doi.org/10.1016/S0896-6273(00)00063-5
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Activation of the phototransduction cascade conveys the perception of the 
photon from the photoreceptor, through the retina to the brain for visual 
processing. Rods and cones utilise different but overlapping pathways to 
convey this signal, which minimizes signalling noise while retaining maximum 
sensitivity (Pahlberg and Sampath, 2011). The signalling pathways in the 
retina allow for initial segregation and processing of visual stimuli prior to 
signalling to the brain (Ichinose and Habib, 2022). Very broadly, rods and 
cones are connected to bipolar cells, which connect to ganglion cells which 
then pass the signal to the brain (Euler et al., 2014). In parallel, horizontal cells 
and amacrine cells modulate the signal pathways (Ichinose and Habib, 2022).  

 

While rods and cells connect via separate but overlapping pathways, there is 
significant interaction between the processes at all levels of the signalling 
cascade (Wässle, 2004). Rods and cones connect directly to each other 
allowing direct integration between the pathways (Euler et al., 2014). Further, 
both rods and cones connect to cone bipolar cells, further integrating this 
signal (Völgyi et al., 2004) and the pathway primarily used by rods integrates 
into the cone bipolar pathways through A II amacrine cell (Wässle et al., 1991; 
Fain and Sampath, 2018) Horizontal cells also connect rods and cones and 
serve to provide another layer of interaction between the pathways (Szikra et 
al., 2014).  

 

1.2.1.4  The visual cycle 

Following activation of the phototransduction cascade, the reactive all-trans-
retinal must then be cleared from the photoreceptor disc membranes for 
recycling back to 11-cis-retinal (Tsybovsky and Palczewski, 2014; Molday et 
al., 2022). A highly regulated system, known as the visual cycle, effectively 
clears all-trans-retinal from the photoreceptors (Figure 1.5). Briefly, the first 
step of the visual cycle involves all-trans-retinol dehydrogenase (RDH8), 
which is located in the outer segment cytoplasm. RDH8 reduces all-trans-
retinal to all-trans-retinol (Palczewski et al., 1994; Rattner et al., 2000). All-
trans-retinol can then be transported from the outer segment disc to the RPE 
by interphotoreceptor retinoid binding (IRPB) (Parker and Crouch, 2010). All-
trans-retinol is then converted to retinyl esters, by lecithin retinol acyl 
transferase (LRAT) (Hu and Bok, 2010). At this point the retinyl esters can be 
stored as a pool of available substrate in the RPE and additional substrate, 
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derived from vitamin A, can be delivered to the RPE from blood circulation 
(Wang et al., 2014). Retinoid isomerohydrolase (RPE65) then converts this to 
11-cis-retinol (Moiseyev et al., 2005), which is then in turn converted to 11-
cis-retinal by 11-cis-retinol dehydrogenase (RDH5) (Saari, 2012). The 
regenerated 11-cis-retinal can then be delivered back to the outer segment, 
where it can bind to the opsin.  

 

However, a fraction of dissociated all-trans-retinal reacts with 
phosphatidylethanolamine to form N-retinylidene-phosphatidylethanolamine 
(N-ret-PE) which remains trapped in the disc membrane (Anderson and 
Maude, 1970). This is unavailable for processing by RDH8. ABCA4 is a 
flippase which functions to make sequestered all-trans-retinal available for 
processing in the visual cycle. ABCA4 flips N-ret-PE with the retinylidene in 
the luminal space to its retinylidene facing into the cytoplasm (Quazi et al., 
2012; Quazi and Molday, 2014; Molday et al., 2022). This allows RDH8 to act 
on the dissociated all-trans-retinal, beginning the visual cycle and allowing 
effective clearing of all-trans-retinal from the photoreceptor to the RPE where 
it is further processed (Maeda et al., 2008). Although alternate pathways of 
11-cis-retinal regeneration have been found (Wang and Kefalov, 2009; Kaylor 
et al., 2017), dysfunction in the visual cycle results in pathogenic damage to 
the retina, indicating the importance of the visual cycle. 

 

A complementary system exists in cone cells to clear all-trans-retinal (Muniz 
et al., 2009). This system, known as the intra-retinal cone visual cycle, 
recycles all-trans-retinal in the cone cell and the Müller cell following release 
of all-trans-retinal from the cone pigment (Tsin et al., 2018). As in the classical 
visual cycle, this is converted to all-trans-retinol. In this cycle, all-trans-retinol 
is instead transported to the Müller cells where it is converted to 11-cis-retinol 
by dihydroceramide desaturase-1 (DES1) (Tsin et al., 2018). Then it is 
converted to 11-cis-retinyl esters by acyl-CoA wax alcohol acyltransferase 2 
(AWAT) (Tsin et al., 2018). Following this, the retinyl esters are converted to 
11-cis-retinol by retinyl ester hydrolase (Schreiber et al., 2012). At this point, 
the 11-cis-retinol is transported back to the cone where it is converted to 
available 11-cis-retinal.  
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Figure 1.5 The visual cycle 
Schematic showing the visual cycle in rods with key enzymes labelled. 
IPM refers to the interphotoreceptor matrix. Adapted with permission 
from (Kiser et al., 2012). 

 

1.2.1.5  Layout of the retina 

While the structure of the retina is largely conserved in function across 
vertebrates, the distribution of rods and cones shows significant divergence 
across species (Curcio et al., 1990). In humans, rods form the bulk of 
photoreceptors (approximately 91 million rods compared to 4.5 million cones) 
and these are generally distributed throughout the periphery of the retina 
(Purves et al., 2001). Rods are highly adapted to detection of light in low light 
conditions. As a result of this, they are less well adapted to light detection 
during the day, with slower response kinetics and longer recovery times 
compared to cones (Lamb and Pugh, 2004; Lamb et al., 2015). 

 

Rods are extremely effective at photon detection in low light conditions 
compared to cones. While rods are only slightly more sensitive to photons 
than cones, rods are far more effective at amplifying the signal obtained from 
a single photon. Photoreceptors can spontaneously signal in the absence of 
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a photon (Ala-Laurila et al., 2011). Further, as each rod bipolar cell is 
connected to multiple rods, each rod bipolar cell will receive a signal from a 
rod cell approximately every 4 seconds, even in total darkness (Lamb, 2015). 
In darkness rod bipolar cells effectively filter this noise, allowing for highly 
sensitive detection of single photons (Berntson et al., 2016). In contrast in 
cones, increased noise levels reduce sensitivity to single photons (Lamb, 
2015). The rod bipolar cells join the cone signalling pathway, where they are 
highly effective at conveying single photon signals to the retinal ganglion cells, 
without introducing noise during light conditions when the rods are saturated 
(Ala-Laurila and Rieke, 2014).  

 

In contrast, cones are highly adapted for light perception in good light 
conditions at high visual acuity. Cones are largely restricted to the centre of 
the retina, forming the macula (Figure 1.6) (Provis et al., 2005). The macula 
is responsible for central vision in humans in light conditions and constitutes 
less than 4% of the area of the retina (Provis et al., 2005). Contained within 
the macula is the fovea, the region of the eye responsible for highest acuity 
vision. The fovea is highly adapted for capturing high acuity vision. The fovea 
is served by an increased number of ganglion cells compared to the peripheral 
retina and has a reduced number of rods (Curcio and Allen, 1990). Further, 
the fovea is not served by the retinal vasculature, instead relying on the 
choriocapillaris. The absence of the vasculature seen in other parts of the 
retina is theorised to reduce light scattering (Provis et al., 2005). The centre 
of the fovea, the foveola, is responsible for highest acuity vision and does not 
contain any rods (Packer et al., 1989; Hendrickson, 1994). In the foveola, the 
overlying layers of the retina are diverted to minimize light scattering, the 
cones in this region are distally innervated and this region lacks overlying 
retinal blood vessels (Purves et al., 2001; Lujan et al., 2011). As only cones 
are present in the foveola, incoming light is minimally scattered and very high 
visual acuity is obtained (Provis et al., 2005). 
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Figure 1.6 Fundus image of healthy retina 
Left Distribution of rods and cones throughout the macula. Adapted with 
permission from (Mustafi et al., 2009). Right Image of a retina with the 
optic disc containing the optic nerve, macula and fovea labelled. Adapted 
from "Ophthalmoscopy" by Community Eye Health, licensed under CC 
BY-NC 2.0.  

 

1.3  Inherited retinal dystrophies  

The retina is a highly complex system and reflecting this, mutations in over 
300 genes have been found to result in pathological disruption 
(https://web.sph.uth.edu/RetNet/sum-dis.htm#D-graph, accessed 21/2/2023). 
Mutations in genes with a broad range of functions have been associated with 
IRDs, with a variety of pathways affected (Ortega and Jastrzebska, 2022). For 
example mutations in genes associated with cilia development and function 
(Adams et al., 2007; Mockel et al., 2011), the phototransduction cascade 
(Kiser and Palczewski, 2016; Ortega and Jastrzebska, 2022), disc 
morphogenesis (Yang et al., 2008a) and the visual cycle (Tsin et al., 2018) 
among others have been described. 

 

IRDs represent a spectrum of conditions and are generally classified based 
on clinical manifestation with significant overlap between conditions. A 
number of IRDs have been found to be caused by mutations in more than one 
gene and a number of genes have been found associated with more than one 
IRD (Figure 1.7) (Sheck et al., 2021).  

 

https://doi.org/10.1016/j.preteyeres.2009.05.003

Optic disc

Macula

Fovea

https://openverse.org/image/9cb63300-0d0f-4722-a0d9-b4e07efe9787?q=fundus

NasalTemporal

Peripheral FoveaPeripheral 

Pe
rip

he
ra

l

Peripheral

NasalTemporal



 13 

 

Figure 1.7 Genes associated with IRDs 
IRDs are a genetically heterogenous group of conditions with 
overlapping clinical features. While some IRDs are caused by mutations 
in only one gene, others are caused by mutations in a range of genes. 
Similarly, some mutations in some genes result in a single IRD, whereas 
mutations in other genes can result in a range of IRDs. Adapted from 
(Motta et al., 2018) under CC BY 4.0. 

 

IRDs generally do not uniformly affect the retina. For example retinitis 
pigmentosa (RP) (OMIM: #268000) is the most common IRD, affecting 1 in 
3,000 to 5,000 people (Haim, 2002). Mutations in 75 genes have been 
associated with non-syndromic RP (https://web.sph.uth.edu/RetNet/sum-
dis.htm?csrt=17870442760574951690#B-diseases, accessed 13/4/2023), 
representing a broad spectrum of pathways. Broadly, RP initially affects rods 
and the peripheral retina, resulting in night blindness and loss of peripheral 
vision (Newton and Megaw, 2020). In contrast, macular dystrophies (MD) 
primarily affect the macula initially, generally resulting in initial loss of visual 
acuity and central vision. Mutations in 18 genes have been associated with 
non-syndromic MD (https://web.sph.uth.edu/RetNet/sum-
dis.htm?csrt=17870442760574951690#B-diseases, accessed 13/4/2023). 
Other structures such as the retinal vasculature can also be affected in IRDs, 
for example familial exudative vitreoretinopathy (FEVR, OMIM: #133780) 
which results in abnormal retinal angiogenesis with phenotypic heterogeneity 
(Panagiotou et al., 2017).  
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Similarly, IRDs unevenly affect different cell types. Mutations in 28 genes 
result in cone-rod dystrophy (CRD) (https://web.sph.uth.edu/RetNet/sum-
dis.htm?csrt=17870442760574951690#B-diseases, accessed 13/4/2023), 
which generally results in initial death of cone cells which may progress to 
damage to the peripheral retina (Huang et al., 2016). In contrast, optic atrophy 
(OMIM: #165500) is caused by mutations in 13 genes 
(https://web.sph.uth.edu/RetNet/sum-
dis.htm?csrt=17870442760574951690#B-diseases, accessed 13/4/2023). 
These genes have a range of functions, for example mitochondrial function, 
and pathogenic mutations result in damage to the retinal ganglion cells (Yu-
Wai-Man et al., 2009).  

 

Many genes which when mutated cause IRD are expressed in the retina and 
supportive tissues, although mutations in genes with widespread expression 
and functions have been found. Disruption in these processes result in a 
spectrum of disorders which can affect the retina in isolation, or can be one 
part of a multi-system disorder (Werdich et al., 2014). Mutations in genes 
related to cilia development and function are a well-known cause of syndromic 
conditions, for example mutations in BBS1 can cause Bardet Biedl syndrome 
(OMIM: #209900) which displays a range of symptoms such as obesity, 
intellectual disability and polydactyly in addition to RP (Scheidecker et al., 
2014). Mutations in a number of genes have been associated with both 
syndromic and non-syndromic conditions (Leitch et al., 2008; Molin et al., 
2013; Werdich et al., 2014; Chiang et al., 2015). For example mutations in 
USH2A have been associated with both syndromic (Usher Syndrome type 2A, 
#276901) and non-syndromic IRDs (Retinitis Pigmentosa-39, #613809) 
(Molina-Ramírez et al., 2020).  

 

1.3.1  Stargardt disease 

Given its importance in maintaining the health of the retina, it is no surprise 
that disruption of the visual cycle is a frequent cause of IRDs. Reflecting this, 
mutations in ABCA4 are the single most common cause of IRDs, causing up 
to 30% of all IRD cases (Hanany et al., 2020). Pathogenic mutations in ABCA4 
cause MD with an autosomal recessive inheritance pattern, resulting in central 
vision loss. The frequency of ABCA4-related disease is difficult to estimate 
and differs between populations (Cremers et al., 2020). Descriptions of MD 
similar to ABCA4-related disease were made in the 19th century with definitive 
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clinical description of what became known as Stargardt disease at the 
beginning of the 20th century (Lang, 1885; Stargardt, 1909).  

 

Classical Stargardt disease (STGD) typically presents in young people with 
diagnosis typical in adolescence or young adulthood. The age of onset can 
be difficult to determine exactly as many individuals are initially unaware of 
the changes in their vision and damage to the macula may precede vision loss 
(Cremers et al., 2020). This is particularly true in cases with initial sparing of 
the fovea (Nakao et al., 2012; Fujinami et al., 2013; van Huet et al., 2014). 
The initial symptoms observed by individuals with STGD are central vision 
loss, progressing to reduced dark adaption in a subset of patients (Fishman 
et al., 1999; Derwent et al., 2004; Salvatore et al., 2014). Individuals may also 
show impaired colour discrimination and photophobia (Anderson et al., 2003). 
Mutations in ABCA4 result in a spectrum of conditions, including early onset, 
severe IRDs such as STGD, and cone-rod dystrophy to relatively late onset, 
mild disease (Cremers et al., 2020). The onset of symptoms is correlated with 
residual function of ABCA4 protein with severe mutations resulting in early 
onset cone-rod dystrophy and milder mutations resulting in late onset disease 
(Lambertus et al., 2016; Runhart et al., 2019). Further, variable penetrance 
has been observed with some mutations being identified as resulting in 
disease with reduced penetrance (Zernant et al., 2017; Runhart et al., 2018; 
Allikmets et al., 2018). 

 

1.3.1.1  Clinical features of ABCA4 disease 

Cases with ABCA4-related disease typically show macular degeneration 
presenting as progressive damage to the central macula. While the rate and 
extent of this can vary, this typically results in a distinctive ‘beaten copper’ 
appearance upon fundus imaging (Figure 1.8). Typically, although this can 
vary greatly, the RPE is initially affected leading to choriocapillaris 
involvement (Duncker et al., 2014; H. Song et al., 2015; Tanaka et al., 2018). 
End stage disease can lead to deterioration of the choroid, resulting in visible 
sclera (Lee et al., 2018). Additionally, cases with ABCA4-related disease also 
present with characteristic lipofuscin accumulation which can appear as flecks 
when viewed, particularly under short wave autofluorescence. These flecks 
can vary in extend and morphology, however their presence is highly 
indicative of ABCA4-related disease (Cukras et al., 2012; Chen et al., 2019). 
Frequently the tissue surrounding the optic nerve will be spared from damage, 
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particularly in early stages of disease (Cideciyan et al., 2005). Taken together, 
presentation of these clinical manifestations allows for relatively confident 
diagnosis of ABCA4-related disease from clinical signs alone. 

 

 

Figure 1.8 Fundus image of retina affected by STGD 
A) Colour fundus image of STGD retina with visible macular atrophy and 
peripheral yellow/white retinal flecks. B) Autofluorescence fundus image 
of same retina with reduced central macular signal, and retinal flecks 
clearly visible. Adapted from (Tanna et al., 2017), under CC BY 4.0. 

 

1.3.1.2  Function of ABCA4 

ABCA4 has a crucial role in the visual cycle by transporting sequestered all-
trans-retinal so it is available to RDH8. Pathogenic mutations in the ABCA4 
gene result in pathological dysfunction of this process. ATP-binding cassette 
transporters (ABC) are one of the oldest and most diverse protein super-
families (Higgins, 1992). Broadly, ABC transporters use ATP to transport 
substrates across biological membranes. In mammals, there are seven ABC 
families, the ABCA group comprise the largest group of ABC transporters, with 
mutations in several resulting in disease in humans (Albrecht and Viturro, 
2007).  

 

ABCA4 is 2273 amino acids, however the protein structure is not well 
characterised (Tsybovsky and Palczewski, 2014). As with all ABC 
transporters, ABCA4 consists of two nucleotide binding domains and two 
transmembrane domains arranged into homologous halves (Tsybovsky and 
Palczewski, 2014). Much effort has been made to infer the properties of 
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ABCA4 by indirect predictions, and characterisation of subdomains and 
recombinant analogues (Ahn et al., 2000; Bungert et al., 2001; Ahn et al., 
2003; Biswas-Fiss et al., 2012). More recently, Cryo-EM studies have been 
used to characterise the structure of active and inactive ABCA4, although the 
exact mechanism of ABCA4 activity is still not well-characterised (Liu et al., 
2021; Scortecci et al., 2021). 

 

The exact mechanism of ABCA4-related disease is still a subject of debate. 
One model which has been proposed is that dysfunction of ABCA4 reduces 
the efficiency of N-ret-PE clearance, causing it to form phosphatidylpyridinium 
bisretinoid (A2PE) (Lenis et al., 2018). When the photoreceptor outer segment 
is phagocytosed by the RPE, A2PE then forms N-retinylidene-N-
retinylethanolamine (A2E), a major component of the lipofuscin which is 
characteristic of ABCA4 disease (Young and Bok, 1969; Mata et al., 2000). 
This then accumulates in the RPE, eventually leading to increased stress on 
the RPE, leading to photoreceptor death and retinal thinning. Reduced 
choroid vasculature at the macula has been theorized to increase 
susceptibility to biproduct build up and resulting damage, perhaps partly 
explaining why the macula is primarily affected in STGD (Provis et al., 2005).  

 

Alternative mechanisms of ABCA4 disease have also been proposed. ABCA4 
has also been found to be expressed in the RPE at reduced abundance (Lenis 
et al., 2018). This has been proposed to indicate an additional mechanism 
where ABCA4 has an additional function in the RPE endolysosome 
(Farnoodian et al., 2022). It has been proposed that ABCA4 aids processing 
of phagocytosed outer segments. As in the photoreceptor, ABCA4 in the RPE 
aids N-ret-PE processing and prevents lipofuscin formation. While ABCA4 is 
present at a reduced prevalence in the RPE compared to the photoreceptor, 
ABCA4 function in the RPE has been suggested to be at least as important 
as in the photoreceptor (Lenis et al., 2018). Other mechanisms of ABCA4-
disease have been proposed, such as overactivation of the complement 
cascade (Hu et al., 2020; Jabri et al., 2020). Further research is required to 
uncover the contribution of, and interplay between, different mechanisms of 
ABCA4-associated disease.  
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1.3.1.3  Genetics of ABCA4-related disease  

ABCA4 protein was initially characterised in 1976 (Papermaster et al., 1976) 
and the ABCA4 locus was subsequently mapped to 1p13 (Kaplan et al., 1993; 
Gerber et al., 1995; Anderson et al., 1995). The ABCA4 gene was then cloned 
in 1997 (Allikmets et al., 1997) and the first pathogenic mutations in ABCA4 
were identified and linked to STGD (Allikmets et al., 1997).  

 

As the single most common cause of IRDs, the genetics of ABCA4-related 
disease has been the subject of intense study. This in-depth study of ABCA4 
has revealed an extensive spectrum of disease-causing variants. Currently 
there are >2000 known pathogenic, and likely pathogenic, variants in ABCA4 
(www.lovd.nl/ABCA4, accessed 9/1/2023). As more individuals are screened, 
in particular from non-European cohorts, this is likely to expand greatly.  

 

Of interest, it can be difficult to predict the consequences of mutations in 
ABCA4. For example, many reported missense alleles are deleterious while 
variant categories that are commonly deleterious such as stop gains and 
indels can result in a partial retention of function (Cremers et al., 2020). 
Because of this, significant effort has been made to comprehensively 
categorise ABCA4 variants. Most disease causing variants are missense 
(50% of unique alleles), while 33% are protein truncating, 2% are deep 
intronic, 3% are structural and 5% are noncanonical splice site variants. The 
remaining 7% of unique alleles are complex alleles composed of more than 
one missense variant in cis (Cornelis et al., 2017; Cremers et al., 2020; 
Cornelis et al., 2022). Approximately 10% of ABCA4 alleles are comprised of 
more than one variant in cis, including other variant classes such as deep-
intronic variants and protein truncating variants (Cremers et al., 2020). 
Extremely hypomorphic ‘mild’ alleles have been identified in ABCA4 with 
distinctive phenotypes. For example, the ABCA4:c.5882G>A, p.(Gly1961Glu) 
(NM_000350.3, hg19) variant has been associated with a slightly later age of 
onset and milder disease course than classical STGD (Zernant et al., 2017). 
Of interest, approximately 7% of total ABCA4 alleles are composed of more 
than one variant, forming a single complex allele with an altered affect 
(Shroyer et al., 2001). These have been associated with the previously 
described ‘mild’ alleles, accounting for a significant proportion of the disease 
burden (Zernant et al., 2017). The most prevalent of these is 
c.[2588G>C;5603A>T], p.[Gly863Ala,Gly863del;Asn1868Ile]. The 
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c.2588G>C variant has been shown by midi-gene assays to result in 
Gly863Ala in approximately 50% of transcripts and Gly863del in the other 
50% and as such is usually referenced with both protein affects (Sangermano 
et al., 2018). This complex allele was discovered after the significance of 
c.5603A>T was discovered. It was found that c.5603A>T was capable of 
causing disease only when in trans with a severe or moderately severe allele, 
and then at a low penetrance (Runhart et al., 2018). It had been previously 
observed that this variant was always found in cis with c.2588G>C in ABCA4-
related disease (Maugeri et al., 1999). After the significance of c.5603A>T in 
isolation was observed, it was then observed that in cases with both variants 
in a complex allele, the complex allele resulted in a single, fully penetrant allele 
(Runhart et al., 2018). Similarly, c.[1622T>C;3113C>T], 
p.[Leu541Pro;Ala1038Val] constitutes up to 34% of complex alleles. In this 
case, c.1622T>C is considered to be a moderately severe variant in isolation 
and c.3113C>T is considered to be mild (Cornelis et al., 2017). When 
presenting as a single complex allele it is a deleterious allele which causes 
complete loss of function (Zernant et al., 2017). 

 

As ABCA4-related disease is relatively clinically distinctive compared to other 
IRDs, it is possible to segregate cohorts of cases with ABCA4 disease with 
relatively high confidence. This has allowed the development of a phenotype-
genotype model where the severity of observed mutations is correlated with 
age of onset, rate of progression and prognosis. In particular, a number of 
genotypes have been associated with distinctive outcomes. For example, 
c.5603A>T in trans with a deleterious allele has been associated with very 
late onset, relatively mild disease with the onset of symptoms in the 4th decade 
and disease rarely progressing beyond the extramacular stage (Zernant et al., 
2017). In contrast, two deleterious alleles in trans is associated with severe 
cone-rod dystrophy with onset of disease before the age of ten (although this 
may not be noticed until later) and progression to an advanced stage of 
disease by the 3rd decade (Cornelis et al., 2022).  

 

1.3.1.4  Differential diagnosis of ABCA4-related disease  

Despite its distinctive manifestation, numerous phenocopies of ABCA4-
related disease are well known. Previously phenocopies were named as 
STGD2, 3 and 4. These have been referred to as, ‘Stargardt-like’ and 
‘Dominant Stargardt’. Mutations in a number of genes result in phenotypes 
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which share the clinical features listed above and include PROM1 and PRPH2 
(Kniazeva et al., 1999; Cideciyan et al., 2005). A common way of 
distinguishing phenocopies of STGD is through careful examination of the 
associated inheritance pattern. A common thread among phenocopies of 
STGD is that while the dominant form of the disease is a phenocopy of STGD, 
the recessive form features additional clinical features which distinguish it. For 
example, dominant mutations in PROM1 can result in a phenotype similar to 
disease caused by mutations in ABCA4, however the recessive form of the 
disease more closely resembles RP (Kniazeva et al., 1999; Wolock et al., 
2019b). This can also be difficult to identify as ABCA4 is commonly associated 
with pseudo-dominant inheritance (Cornelis et al., 2022).  

 

In addition to phenocopies, maculopathies with a similar presentation to 
ABCA4-related disease can also be caused by environmental factors such as 
drug toxicity (in particular hydroxychloroquine) (Nõupuu et al., 2016). As such, 
it can be difficult to distinguish ABCA4-related disease from other causes of 
maculopathies, although careful clinical assessment can correctly identify 
ABCA4-related disease in approximately 90% of cases (Cremers et al., 2020).  

 

1.4  Genetic characterisation of IRDs  

While it is the most common gene associated with IRD, ABCA4 is only one of 
over 300 genes which have been associated with IRD, presenting a challenge 
to genetic diagnosis. As discussed, IRDs display variable and overlapping 
clinical features and genetic characterisation is often required for an 
unambiguous diagnosis. An accurate diagnosis is crucial for patients, for 
informing family planning, indicating likely disease progression and for 
enrolment in a growing number of gene-specific gene therapy trials (Britten-
Jones et al., 2022).  

 

The genetic diagnosis of IRDs has been an area of transformative change in 
recent years (Chiang et al., 2015). Prior to the widespread use of next 
generation sequencing (NGS), IRDs were genetically diagnosed by Sanger 
sequencing of target genes. Sanger sequencing utilises sequencing by 
synthesis using radioactive-tagged chain terminating dideoxynucleotides 
(ddNTPs), with later iterations using fluorescently tagged ddNTPs (Sanger et 
al., 1977; Baudhuin et al., 2015). While highly accurate and still commonly 
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performed as a gold standard confirmation of results, Sanger sequencing is 
performed on a single target at a time, limiting its throughput. In contrast, the 
adoption of NGS sequencing platforms enables massively parallelised 
sequencing, greatly increasing throughput.  

 

A number of NGS platforms have been developed, beginning with Roche’s 
454 platform in 2005 (Margulies et al., 2005). Illumina-based NGS has come 
to dominate this market (Canard and Sarfati, 1994; Smith et al., 2008; Bentley 
et al., 2008). During Illumina-based NGS, platform specific adaptors are 
ligated to the DNA to be sequenced (Figure 1.9). This is then introduced to 
the flowcell where the DNA fragment is amplified in place, forming clusters of 
each DNA fragment. These clusters are then sequenced by synthesis using 
fluorescently tagged dNTPs (Smith et al., 2008). The adoption of NGS has 
drastically reduced sequencing costs and increased output, from the Human 
Genome Project which cost approximately $3 billion (Lander et al., 2001) to, 
soon to be, commercially available $200 genomes 
(https://www.illumina.com/systems/sequencing-platforms/novaseq-x-
plus.html, https://www.elementbiosciences.com/200-dollar-genome 
accessed 21/2/2023). NGS produces short reads of approximately 150-500 
bases which are then mapped to a reference genome, producing a ‘haploid’ 
alignment with differences to the reference highlighted (Behjati and Tarpey, 
2013).  

 

A key development in the widespread use of NGS was the development of 
targeting methods. These function by enriching target sequences, typically 
genes associated with the disease of interest or the entire exome (known as 
whole exome sequencing or WES) (Ng et al., 2009; Choi et al., 2009). A 
number of target capture arrays are available which function by a variety of 
methods (Clark et al., 2011).  
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Figure 1.9 Illumina based NGS 
A) The target DNA is fragmented to 150-500bp. B) Illumina sequencing 
adaptors are ligated to the exposed ends. C) The library is introduced to 
the flowcell where the adaptors bind to the floor of the cell. D-F) The 
target DNA is amplified by bridge amplification. The exposed adaptor 
binds to primers on the flowcell floor, the target sequence is amplified 
and then one adaptor disassociates. G) This results in clusters of 
amplified fragments originating from the same molecule. H) The clusters 
are then sequenced by the addition of fluorescently tagged nucleotides. 
The clusters allow for much stronger signal perception.  

 

1.4.1  Next generation sequencing of IRDs 

Initial efforts to genetically characterise IRDs using NGS were performed 
using targeted gene panels (Mamanova et al., 2010; Audo et al., 2012; 
Neveling et al., 2012), an approach which is still very commonly used 
(Ellingford, Barton, Bhaskar, O’Sullivan, et al., 2016). Targeted sequencing is 
used because it reduces costs compared to more widespread sequencing 
while still solving a majority of cases. It is commonly asserted that targeted 
NGS genetically solves approximately two-thirds of IRD cases, however this 
varies between 40-80% depending on a variety of factors including which IRD 
phenotypes are studied, the location of the study and the technology used 
(Britten-Jones et al., 2023).  
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While targeted sequencing typically results in high solve rates, the majority 
(71.2%) of these solved cases are due to mutations in approximately 20 genes 
(Pontikos et al., 2020). This supports using targeted sequencing as an initial 
approach, but limits the study of less well characterised genes. Reflecting this, 
200 genes and loci were associated with IRDs in 2010 (Britten-Jones et al., 
2023), compared to over 300 now (https://web.sph.uth.edu/RetNet/sum-
dis.htm#D-graph, accessed 21/2/2023). Many of these cause extremely rare 
disease and are not commonly including in gene panels (Hanany et al., 2020).  

 

1.4.1.1  Targeting approaches 

A broad variety of targeted sequencing methods have been developed to 
allow for efficient target capture, many of which are either amplicon based or 
hybridization based (Hung et al., 2018; Bewicke-Copley et al., 2019). 
Amplification based methods typically use parallel PCR targeting regions of 
interest with modified PCR primers (Mertes et al., 2011; Coppieters et al., 
2012), for example HaloPlex panels (Aparisi et al., 2014; Consugar et al., 
2015; Perez-Carro et al., 2016). In contrast, hybridization techniques use 
tagged probes to capture target fragments. A common hybridization method 
is using biotinylated probes which are isolated using streptavidin coated 
magnetic beads (Samorodnitsky et al., 2015). These target panels can either 
be commercially available panels targeting common targets, or custom panels 
designed to capture a target of interest (Watson et al., 2014; Taylor et al., 
2017). 

 

1.4.1.2  smMIPs based target capture  

A target capture approach which has been highly successful is the use of 
single molecule molecular inversion probes (smMIPs). Each smMIP is a single 
stranded DNA molecule composed of a 30 nucleotide ‘linker’ backbone, 16-
24 nt extension and ligation probe arms, a 5 nt patient index, and two random 
5 nt sequences which function as unique molecule identifiers (Figure 1.10).  

 

The extension and ligation probes hybridize at target sequences flanking the 
225 bp region of interest. The target sequence is captured by amplification, 
using the hybridized extension arm as a primer (Hiatt et al., 2013). The 
amplified target DNA is then ligated to the ligation arm, resulting in a 
circularised probe. This is typically done for many smMIPs in a single reaction 
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as the smMIPs should not interact during amplification. Linear DNA, including 
genomic DNA and smMIPs which failed to hybridize are then removed by an 
exonuclease. The smMIP with the captured target is then amplified using 
universal primers which hybridize to the smMIP backbone, amplification of the 
smMIP results in a linearised amplification product containing the target 
sequences (Hiatt et al., 2013). The universal primers used to amplify and 
linearise the probes contain unique patient tags, indexing the smMIP with a 
patient identifier. The linearized probes for each patient are then quantified 
and pooled. Multiple patient libraries are typically sequenced as part of a 
single sequencing run (Khan et al., 2020; Panneman et al., 2022). 

 

smMIPs are the latest development in a series of molecular inversion probes. 
The first iteration of these were padlock probes used for tagging target 
sequences (Nilsson et al., 1994). This was then further developed, resulting 
in Molecular Inversion Probes (MIPs). Initial iterations of MIPs only captured 
a single base and were used for SNP analysis (Hardenbol et al., 2003). Later 
versions were capable of capturing 20 bases (Akhras et al., 2007), later 
expanding to over 100 bases (Weisschuh et al., 2018). MIPs were shown to 
be capable of multi-exon targeting (Porreca et al., 2007; Turner et al., 2009; 
Shen et al., 2011; O’Roak et al., 2012) and subsequently used to screen 
multiple conditions such as stillbirth, Parkinson’s disease, various cancers and 
IRD cohorts (Jahromi et al., 2012; Rowe et al., 2013; Weisschuh et al., 2018; 
Qin et al., 2019).  

 

MIPs screening facilitates cost effective capture of large loci, and the addition 
of single molecule tagging (resulting in smMIPs) has greatly increased 
accuracy. As MIPs capture is amplification based, any artefacts introduced 
during amplification of target sequences have the potential to confound variant 
detection, potentially resulting in false positive results. This can be greatly 
mitigated by removing PCR duplicates and creating a single consensus 
sequence of each probe. By including a single molecule tag, known as a 
Unique Molecule Identifier (UMI) in the MIP, it is possible to remove PCR 
duplicates and create a more accurate consensus sequence of each molecule 
of origin (Kivioja et al., 2011; Fu et al., 2011; Kinde et al., 2011; Casbon et al., 
2011; Jabara et al., 2011; Shiroguchi et al., 2012). This has been shown to 
greatly reduce PCR artefacts and result in consensus sequences with a per 
base error rate as low as 2.6 × 10−5 (Hiatt et al., 2013). 
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Figure 1.10 smMIPs sequencing workflow  
A) Each smMIP consists of an oligo backbone (30 nt), unique molecular identifiers (5nt), an extension arm (16-20nt) 
and a ligation arm (20-24nt). This captures a 225 nt target. B) The target is then captured by polymerase extension of 
the extension arm using the target sequence as a template followed by ligation to the ligation arm. C) The resulting 
circularised probe is then amplified by PCR using universal primers containing a patient index. The resulting product is 
linear. D) The resulting linearized probe contains platform specific adaptors, patient indexes, smMIPs backbone 
sequence, the extension and ligation arm, two unique molecular identifiers (UMIs) and the captured target. E) This 
happens in parallel for many smMIPs per patient. Each resultant patient library is then quantitated, pooled and 
sequenced. F) The resulting reads are then processed using the tags to obtain a single consensus sequence per smMIP 
which is aligned. The resulting reads are separated by patient tag. G) Bioinformatic processing of the resulting reads.  
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1.4.1.3 Untargeted screening methods 

If targeted panel sequencing is unsuccessful, a more widespread technique 
such as WES may be used. WES has been shown to improve solve rates 
compared to targeted sequencing but has higher associated costs (Britten-
Jones et al., 2023). Similarly, whole genome sequencing (WGS) is also 
commonly used as a second line test and has been shown to improve solve 
rates compared to targeted sequencing methods but has even higher costs 
(Lionel et al., 2018; Schwarze et al., 2018).  

 

WES and WGS have the significant advantage of being bias free compared 
to targeted sequencing panels. By sequencing the entire exome or genome, 
mutations in genes which are rarely implicated in IRD can be detected along 
with mutations in genes which have not previously been implicated. While the 
cost of WGS in particular has fallen in recent years, the associated data 
storage and analysis costs remain significant (Dockery et al., 2021).  

 

1.4.1.4  Limitations of NGS based sequencing 

Inherent limitations in the underlying sequencing technology continue to limit 
NGS screen results. The reads resulting from NGS are typically short in nature 
(150-500 bases), leading to regions which are generally intractable to NGS. 
This results in ‘NGS dead zones’ which typically have reduced coverage when 
sequenced (Mandelker et al., 2016). For example, repetitive regions cannot 
be unambiguously sequenced by NGS unless the read is larger than the 
repeat (Treangen and Salzberg, 2012). This leads to particular challenges for 
characterisation of repetitive regions which have been associated with IRDs. 
Up to 60% of pathogenic mutations in RPGR are harboured in ORF15, but as 
it is very repetitive and purine rich it is very difficult to sequence with NGS or 
Sanger sequencing and difficult to align to the resulting sequence against a 
reference (Ruddle et al., 2009). 

 

Further, while NGS has been successfully used to detect and characterise 
copy number variants (CNVs) and structural variants affecting IRDs, this has 
been acknowledged as an area of missing heritability in many IRDs (Bernardis 
et al., 2016). Using NGS to characterise CNVs leads to particular challenges, 
likely leading to a significant number of missed variants during sequencing 
(Zampaglione et al., 2020).  
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The short nature of NGS reads also makes it difficult to establish the phase of 
distal variants (i.e. assigning variants as originating from the maternal or 
paternal chromosome). As the resulting reads are short, it is typically not 
possible to map reads to the homologous chromosome of origin and as such 
reads are typically represented as a haploid alignment (Levy et al., 2007; 
Ballouz et al., 2019). Phasing of clinically relevant variants is typically done by 
segregation analysis using direct family members. If this is not possible, it is 
generally very difficult to segregate variants into haplotypes. This is of 
importance in the study of IRDs for a number of reasons. As many IRDs are 
inherited in a recessive pattern, compound heterozygotes are very commonly 
observed (Hanany et al., 2020). If there are no available family members to 
segregate variants of interest, it can be difficult to confidently assign 
haplotypes to variants of interest and compound heterozygote variants are 
generally assumed to be in trans. Complex alleles are particularly common in 
ABCA4 and can be difficult to characterise without phasing by segregation.  

 

Complex alleles have been implicated in other genes in IRD and beyond. 
IMPG2: c.[3023-15T>A;3023G>A], p.[Gly1008Asp;?] (NM_016247.4, hg19) 
has been demonstrated to function as a complex allele resulting in adult onset 
vitelliform MD. The c.3023G>A variant was demonstrated to enhance the 
splicing effect of c.3023-15T>A, resulting in a single complex allele with an 
increased affect (Vázquez-Domínguez et al., 2022). Complex alleles are often 
implicated in cases with variable phenotypes resulting from the same 
pathogenic variant. For example, the CFTR: (c.2991G>C, p.Leu997Phe) 
(NM_000492.4, hg19) variant is a highly debated cause of cystic fibrosis 
associated with high clinical heterogeneity. In-depth examination of a series 
of cases revealed the presence of CFTR: (c.350G>T, p.Arg117Leu) in cis with 
p.Leu997Phe, which was associated with more severe disease than cases 
with p.Leu997Phe in isolation (Lucarelli et al., 2010). From this it is clear that 
complex alleles may be responsible for much of the unexplained variation in 
Mendelian diseases.  

 

In response to these NGS specific issues, a number of sequencing platforms 
have been developed which produce significantly longer reads. These can 
either be synthetic long-read sequencers or single molecule long-read 
sequencers. Single molecule sequencers have generally dominated this 
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emerging field, in particular the Pacific Biosciences range of single molecule 
real time (SMRT) sequencers (hereafter referred to as PacBio sequencing or 
SMRT sequencing) and the Oxford Nanopore Technologies range of 
sequencers (hereafter referred to as nanopore sequencing).  

 

Long-read sequencing has been known for reduced accuracy compared to 
NGS, with sequencing accuracy of 75-90% (Wang et al., 2021). This has 
largely limited their use for applications requiring very high accuracy like single 
nucleotide variant detection. In the last few years, significant increases in 
unpolished per base accuracy have seen greatly increased use of long-read 
sequencing.  

 

1.4.2  PacBio sequencing 

Pacific Biosciences released the first iteration of SMRT sequencing in 2011 
and since that time, the technology has undergone multiple changes which 
have increased accuracy, read length and decreased cost (Eid et al., 2009; 
Travers et al., 2010). Like Illumina based NGS, PacBio sequencing also 
utilises ‘sequencing by synthesis’ during which bases are read by addition of 
fluorescently labelled nucleotides. In contrast to Illumina sequencing, PacBio 
sequencing uses a circular library in conjunction with a long-range 
polymerase. As such, there is no pause in the read process and long-read 
rates are achievable (Eid et al., 2009; Travers et al., 2010).  

 

During library preparation, digested genomic DNA or enriched target DNA is 
circularised by ligating hairpin adaptors to the ends of the DNA molecule. This 
creates a closed, single stranded circular SMRTbell template. The SMRTbell 
is then loaded on to a flowcell consisting of many nanoscale wells known as 
zero mode waveguides (ZMWs). At the bottom of each ZMW there is a high 
fidelity polymerase which sequences the SMRTbell by synthesis using 
fluorescent dNTPs. As each base is incorporated, it produces a distinctive 
fluorescence which is captured and stored as a ‘movie’ which can be base 
called (Eid et al., 2009; Travers et al., 2010). As the ZMW is nanoscale, 
outside light is not captured thereby reducing noise (Eid et al., 2009; Travers 
et al., 2010). In addition, by also measuring the kinetics of each base addition, 
base modifications can be detected (Koren and Phillippy, 2015). 
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A key aspect of PacBio sequencing is that depending on the size of the target 
molecule, the molecule can either be sequenced in a single pass producing a 
single subread, or the circularised molecule can be sequenced multiple times 
to create a highly accurate consensus circular sequence, the most accurate 
of which commonly referred to as High Fidelity (HiFi) reads (Travers et al., 
2010; Loomis et al., 2013). The read lengths achieved through PacBio 
sequencing have increased from mean 1500 bp by the first commercially 
available iteration of PacBio sequencing (Brown et al., 2014) to mean HiFi 
reads of up to 25 kb (Wenger et al., 2019).  

 

PacBio sequencing has a reputation for increased accuracy compared to 
other long-read sequencing methods, in particular nanopore sequencing. 
Specifically, HiFi reads are known to be highly accurate with read accuracies 
exceeding 99.5% (Hon et al., 2020). Pacific biosciences have claimed to 
achieve >Q50 consensus accuracy with HiFi sequencing allowing for 
accuracy greater than 99.999% (https://www.pacb.com/technology/hifi-
sequencing/how-it-works/ accessed 14/2/2023). Q refers to the Phred read 
quality score calculated by Q=−10 × log10(P) where P is the measured error 
rate. Of particular interest, PacBio sequencing is largely free of the systemic 
errors known to effect nanopore sequencing. While this is far more accurate 
than nanopore sequencing, these super accurate reads require HiFi 
sequencing, limiting insert size during library preparation.  

 

1.4.3  Nanopore sequencing 

Nanopore sequencing is performed using a nanoscale pore referred to as a 
‘nanopore’. The Oxford Nanopore range of sequencers use a nanopore which 
is an engineered membrane protein that is inserted into a polymer membrane 
(Figure 1.11). In the flowcell, an electrical current is applied, producing a 
negatively charged side of the membrane (the cis side) and a positively 
charged trans side. DNA and RNA molecules are driven through the pore from 
the cis to the trans side, disrupting the electrical current in the ‘sensing’ region 
of the pore (Wang et al., 2021). Bases passing through the sensing region 
result in a distinctive disruption to the current which can then be base called. 

 

Nanopore sequencing was first developed in the 1980s where engineered α-
haemolysin from Staphylococcus aureus was used to distinguish base 
sequences (Deamer et al., 2016). Further iterations of the pore protein 
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allowed for more accurate distinguishing of single bases (Stoddart et al., 2009; 
Stoddart et al., 2010). The addition of processive enzymes, known as motor 
proteins, greatly increased accuracy. In particular the addition of phi29 DNA 
polymerase increased accuracy by regulating translocation and unwinding the 
DNA so that single stranded DNA passed through the pore (Cherf et al., 2012). 
Following this, Oxford Nanopore Technologies released the first commercially 
available nanopore sequencer in 2015 (Jain et al., 2016). Oxford Nanopore 
Technologies produces a range of flowcells with between 120 and 2,675 
pores (https://nanoporetech.com/products/specifications, accessed 
21/2/2023). Nanopore sequencing can be used to sequence DNA and directly 
sequence RNA, as well as detecting base modifications (Seki et al., 2019).  

Figure 1.11 Schematic of nanopore  
A) Schematic of nanopore sequencing with major features labelled. 
Double stranded DNA is ratcheted through the nanopore (mutant CsgG 
from E. Coli) by a motor protein. This disrupts the electrical current in the 
flowcell. Adapted from (Gao et al., 2023) under CC BY 4.0. B) The 
disruption to the electrical current results in ‘the squiggle’ which can be 
basecalled. Shown is an ionic current trace of RNA sequencing although 
the same principles apply to DNA sequencing. The parts of the squiggle 
have been labelled: 1) strand capture, 2) adaptor sequence, 3) polyA 
RNA tail, 4) mRNA sequence, 5) the strand exiting the pore. Adapted 
with permission from (Workman et al., 2019). 
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A number of iterations of the nanopore have been used since its initial release, 
with iterative increases in accuracy and translocation speed. The R7 pore had 
a per base accuracy rate of 64% and a translocation speed of 70 bases a 
second, in comparison the R9.4 pore (the pore used for all the experiments in 
this thesis) has a per base accuracy of 85-94% and a translocation speed of 
up to 450 bases per second (Ashton et al., 2015; Minei et al., 2018; Wick et 
al., 2019). The pore proteins and motor proteins used in nanopore sequencers 
are not disclosed in detail, the R9.4 pore uses a mutant Curlin sigma S-
dependent growth subunit G (CsgG) from Escherichia coli and an undisclosed 
motor protein (Wang et al., 2021).  

 

The major advantage of nanopore sequencing compared to other methods is 
that ultra-long-reads are achievable. In contrast to NGS and PacBio 
sequencing, there is no direct limit on read length during nanopore 
sequencing. The limiting factor for read length during nanopore sequencing is 
generally the preservation of high molecular weight DNA. With improvements 
to DNA extraction techniques, reads of up to 4.4Mb have been reported 
(https://nanoporetech.com/products/minion), accessed 8/2/2022).  

 

While nanopore sequencing generally has reduced read accuracy compared 
to PacBio sequencing, this has been improved greatly in recent years. In 
addition to improved pore proteins, improvements to nanopore base callers 
and variant callers have increased accuracy (Helal et al., 2022). Although this 
will vary by variant caller, benchmarking using PEPPER-Margin-DeepVariant 
has shown that to achieve high quality variant calling (defined as 99.5% 
precision), 40-50 × coverage is required for single nucleotide variant calling 
using nanopore data compared to 35 × for PacBio HiFi data (Shafin et al., 
2021). 

 

Recently, Oxford Nanopore Technologies have released the R10.4.1 pore 
with updated sequencing kits and base calling workflows. These have been 
reported to achieve greater than Q20 read accuracy (>99%). In addition, 
nanopore sequencing is generally simplex, where each DNA molecule is read 
once. These kits and pores are capable of duplex sequencing, where each 
strand of a double stranded molecule is sequenced in succession. This has 
been reported by Oxford Nanopore Technologies to be capable of producing 
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Q30 reads of 260 kb in length (https://nanoporetech.com/accuracy, accessed 
21/2/2023).  

 

The development of long-read sequencers promises to allow the study of 
missing heritability in ABCA4 and beyond by allowing robust sequencing of 
areas intractable to NGS, phasing of variants of interest, detection of CNVs 
and more.  

 

1.5 Aims 

The aim of this research was to further study the genetic causes of ABCA4-
related disease and to establish methods to search for missing heritability. A 
method to robustly phase distal variants in ABCA4 using nanopore long-read 
sequencing was developed. This was optimized and applied to a series of 
cases with biallelic ABCA4 mutations. An assay to comprehensively 
characterise large deletions detected by targeted NGS was also developed 
using nanopore sequencing. This was used on a series of cases with large 
pathogenic deletions in IRD genes. Finally, a cohort of 57 cases were 
screened using an smMIPs based panel targeting genes associated with 
macular dystrophy. 
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2  Materials and methods 

2.1  General buffers and solutions 

• Tris- Ethylenediaminetetraacetic acid (EDTA) (TE) buffer 

o 10 mM Tris-HCl pH 7.5 

o 1 mM EDTA 

• 50 × Tris-Acetate-EDTA (TAE) 

o 2 M Tris-HCl 

o 50 mM EDTA (pH 8.0)  

o 0.97 M Glacial acetic acid 

• Nuclei Preparation Buffer (NPB) 

o 25 mM Tris-HCl, pH 8.0 

o 5 mM EDTA 

o 0.5% Triton X100 

o 500 mM sucrose 

o 4 mM spermidine (3HCl) 

• Luria-Bertani (LB) Broth 

o 1% tryptone 

o 1% NaCl 

o 0.5% yeast extract 

• Phosphate-buffered saline (PBS) 

o 137 mM NaCl 
o 2.7 mM KCl 
o 10 mM Na2HPO4 
o 1.8 mM KH2PO4 

 

Where constituents allowed, solutions were autoclaved prior to use at 115 ºC, 
0.6 kg/cm-3 for 30 minutes.  

2.2  Patients  

All patients were diagnosed and recruited by Ophthalmologists at St James’s 
University Hospital. Blood samples were collected from patients and family 
members after obtaining informed consent. Ethical approval was provided by 
the Leeds East Research Ethics Committee (Project numbers 03/362 and 
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17/YH/003). For all experiments performed in Leeds, patient genomic DNA 
was extracted using standard protocols by the North East and Yorkshire 
Genomics Laboratory Hub, Central Laboratory, Leeds. 

 

2.3  Polymerase Chain Reaction (PCR) 

PCR primers were designed using Primer3 (http://primer3.ut.ee/) and 
validated using the UCSC in silico PCR tool (https://genome.ucsc.edu/cgi-
bin/hgPcr). All primers were prepared using desalted purification and were 
purchased from Sigma-Aldrich. Primers were designed to be approximately 
20 nt in length with a GC content of approximately 50%. 

 

2.3.1  Standard PCR 

Typically, PCR reactions were performed in a total reaction volume of 25 μl 
and comprised; 1 μl of 10 pmol/μl forward primer, 1 μl of 10 pmol/μl reverse 
primer, 1 μl of a 200μM mix of each dNTP, 0.5 μl or 0.75 μl MgCl2 (Invitrogen) 
(1.0 mM or 1.5 mM), 1 × PCR Reaction buffer (Invitrogen), 1 unit of Taq 
Polymerase (Invitrogen) and 1 μl of genomic DNA (50 ng/µl), made up to 25 
μl with nuclease-free water. Thermocycling was performed on a Veriti 96-well 
Thermal Cycler (Applied Biosystems) and consisted of a denaturation step at 
96 °C for 3 minutes, then 35 cycles of 92 °C for 30 seconds, 55 °C - 65 °C for 
30 seconds and 72 °C for 30 seconds then a final extension step at 72 °C for 
10 minutes. 

 

2.3.2  Long-range PCR 

All long-range PCR thermocycling steps were performed in a Veriti 96-well 
Thermal Cycler (Applied Biosystems). Each 20 μl long-range PCR reaction 
consisted of ~50 ng of genomic DNA, 2 μl of 10 × SequalPrepTM reaction 
buffer (Invitrogen), 0.3 μl of 5 U/μl SequalPrepTM long polymerase (Invitrogen), 
0.4 μl of dimethyl sulfoxide (DMSO) (Invitrogen), 2 μl of 10 × SequalPrepTM 
Enhancer A (Invitrogen), and 0.5 μl 10pmol/μl forward primer and  0.5 μl 
10pmol/μl reverse primer, made up to 20 μl with nuclease-free water. Long 
range PCRs were performed using a Hybaid HBPXE02110 PXE 0.2 Thermal 
Cycler (Thermo Scientific). Thermocycling consisted of an initial denaturing 
step of 94 °C for 2 minutes, followed by 10 cycles of 94 °C for 10 seconds, 
50-60 °C for 30 seconds and 68 °C for 1 minute/kb of the target. This was 
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then followed by 15-25 cycles of 94 °C for 10 seconds, 50-60 °C for 30 
seconds and 68 °C for 1 minute/kb of target (+20 seconds per cycle). And a 
final extension step of 72 °C for 10 minutes.  
 

2.3.3  Gel electrophoresis  

PCR products were sized by agarose gel (Thermo Fisher) electrophoresis. 
The gel was prepared by dissolving agarose (Sigma Aldritch) in 0.5 × TAE. 
This was done using 0.5% w/v to 2% w/v agarose depending on the size of 
the target product to be analysed. The agarose gel was pre-stained using 4-6 
μl of Midori Green Advance (Geneflow) per 100 ml of agarose gel. 
Electrophoresis was performed in 0.5× TAE buffer in an electrophoresis rig 
(Thermo Fisher). Gels were separated using a PowerPac Basic 
Electrophoresis Power Supply (BioRad) at between 70-140 millivolts. DNA 
was loaded with 6× DNA Gel Loading Dye (Thermo Fisher). GeneRuler 1 kb 
Plus DNA ladder (Thermo Fisher), Quick-Load 1 kb Plus DNA ladder (New 
England Biolabs) and EasyLadder (BioLine) were used to size DNA 
fragments. To visualise the DNA, a Bio-Rad gel documentation system using 
ultraviolet illumination and Image Lab 1-D software were used. 

 

2.4  Sanger sequencing 

Amplified products were prepared for Sanger Sequencing by first removing 
unincorporated dNTPs and primers using ExoSAP-IT (Thermo Fisher) at a 
ratio of PCR product:ExoSAP-IT of 5:2. The mixture was then treated at 37 
°C for 15 minutes and inactivated at 80 °C for 15 minutes.  

 

Sequencing reactions were prepared consisting of 1.6 pmol of primer, 0.75 μl 
of BigDye Terminator (Thermo Fisher), 1.5 μl of 5× BigDye Terminator 
Sequencing Buffer (Thermo Fisher), 1 μl of ExoSAP treated DNA and dH2O 
to a final volume of 10 μl. Thermocycling for Sanger sequencing was 
performed using a Hybaid HBPXE02110 PXE 0.2 Thermal Cycler (Thermo 
Scientific). 
 

A sequencing reaction was then performed consisting of an initial denaturation 
step of 96 °C for 1 minute, followed by 25 cycles of 96 °C for 10 seconds, 50 
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°C for 5 seconds and 60°C for 4 minutes using a Veriti 96-well Thermal Cycler 
(Applied Biosystems). The samples were precipitated by adding 5 µl of 125 
mM EDTA and 60 µl of 100% ethanol. This was chilled for 15 minutes. The 
samples were next centrifuged at 3061 relative centrifugal force (g) for 30 
minutes at room temperature. The supernatant was decanted and traces were 
removed by low speed centrifugation on an inverted plate. Following this, 60 
µl of freshly prepared 70% ethanol was added and this was centrifuged at 805 
g for 15 minutes at 4°C. Again, the supernatant was removed by 
centrifugation. The dried samples were then resuspended in 10 µl HiDi 
Formamideä (Thermo Fisher) and sequenced in an ABI3130xl Genetic 
Analyser (Applied Biosystems). POP7 polymer, 3730 sequencing buffer and 
FragmentAnalysis36_pop7_1 module was used for all runs. The resulting data 
was analysed using 4Peaks v1.8 by Nucleobytes 
(https://nucleobytes.com/4peaks/). 

 

2.5  HLS-CATCH 

High molecular weight DNA Library System (HLS) - Cas9-assisted targeting 
of chromosome segments (CATCH) experiments were performed in 
accordance with protocols provided by Sage Sciences (CATCH Guide for 
SageHLS, March 2018) and published by Zhou et al., 2020. 

 

2.5.1  Nuclei isolation 

Fresh whole blood was collected in Acid Citrate Dextrose or sodium EDTA 
blood collection tubes. These were stored for up to 5 days at 4 °C. Nuclei were 
extracted according to instructions provided by Sage Science (Preparation of 
WBC or Cultured Cell Nuclei for SageHLS Workflows 20220422). Unless 
otherwise indicated, all reagents were provided in the HLS-CATCH kit HIT004 
(Sage Sciences). Briefly this process consisted of lysing the red blood cells 
using the provided red blood cell lysis buffer and isolating the total white blood 
cells by high speed centrifugation. 

 

The pelleted white blood cells were resuspended in chilled Mg2+/Ca2+-free 
PBS (approximately 0.5-1 ml for up to 1×109 mammalian cells is 
recommended by the manufacturer). In this case, 0.5 ml of PBS was used. 
The nuclei were then isolated using chilled Nuclei Preparation Buffer (NPB) 
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by addition of 9.5 mls of NPB (Section 2.1). The nuclei were pelleted by 
centrifuging for 3 minutes at 3,224 g. The supernatant was decanted and the 
nuclear pellet was resuspended in in 200 ml of NPB and quantified. 

 

To quantify the nuclei, 10 μl of resuspended nuclei were transferred to a 1.5 
ml tube. 190 μl of Sage Qubit lysis buffer was added to this. This was mixed 
by vigorous pipetting to avoid the DNA forming a clot, but the generation of 
bubbles was avoided. The tube was mixed at maximum speed for 1 minute. 
500 μl of TE was added, and again the tube was vortexed for 1 minute. 5 μl 
of the lysed sample was then transferred to a Qubit assay tube (Thermo 
Fisher). 194 μl Qubit HS buffer (Thermo Fisher) and 1 μl of Qubit HS Reagent 
(Thermo Fisher) were used. DNA concentration was measured using a Qubit 
Fluorometer (Invitrogen). The DNA content of the nuclei suspension was 
calculated by:  

[Qubit tube conc, ng/ml] × (800/10) × (200/5) = [DNA conc original cell 
suspension, ng/ml] 

[Dilution factor of diluted lysate] × (Dilution factor Qubit HS assay) 

This was done in triplicate for all samples.  

 

2.5.2  HLS-CATCH workflow 

HLS-CATCH was performed on a HLS2 HMW Library System with HLS-
CATCH cassettes (Sage Sciences) following the manufacturer’s instructions 
(CATCH Guide for SageHLS, March 2018). The workflow “CATsCH100-300 
extr3h inj4m80V sep3h” was used for all experiments. All reagents for HLS-
CATCH were supplied by Sage Sciences (cat. number HIT004).  

 

Briefly this consisted of introducing 70 μl of the prepared nuclei 
(corresponding to approximately 375,000 nuclei) to each lane of the cassette 
and lysing the nuclei in the cassette using 230 μl of lysis buffer. This was done 
during a 3 hour extraction step. In this step, the nuclei are lysed and the 
genomic DNA is pulsed on to the side of the well. As the genomic DNA is very 
high molecular weight, it is too large to pass through the agarose gel and 
remains on the side of the well. 
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Following nuclei lysis, prepared Clustered Regularly Interspaced Short 
Palindromic Repeats-CRISPR-associated (Cas) endonuclease 9 complexes 
(CRISPR/Cas9) (section 2.5.3) were introduced to the cassette. 80 μl of the 
prepared Cas9 reaction was added to each lane of the cassette. The CRISPR-
Cas9 complexes were allowed to digest the target for 30 minutes. To stop the 
reaction, the reagent well contents were replaced with 230 μl of HLS Lysis 
Buffer. The cassette was then left to run for 4.5 hours. This consisted of a 3 
hour separation step, followed by a 1.5 hour elution step. During this, the 
fragmented DNA is separated by size by gel electrophoresis and then 
migrates to the elution wells. Following this, the size separated DNA was 
transferred from the elution wells to separate 1.5 ml Eppendorf LoBind tubes 
using wide bore pipettes with an electronic pipette set to the slowest setting. 
While transferring, the volume of elute transferred to each tube was 
measured. 

 

2.5.3  Cas9 enzyme assembly 

RNA sequences (IDT) were provided by Dr Gavin Arno (UCL). These were 
designed using the IDT online Custom Alt-R CRISPR-Cas9 guide RNA design 
tool 
(https://eu.idtdna.com/site/order/designtool/index/CRISPR_SEQUENCE). 
Guides were optimised for cutting efficiency by Dr Gavin Arno by digestion of 
PCR products containing the target sequence.  

 

The crRNA and tracrRNAs were dissolved at 100 μM concentration in 
Duplexing Buffer (IDT). For each well, a 200 μl reaction was prepared in a 
PCR tube containing 15.4 μl of duplexing buffer (IDT), and 4 μl of a pooled 
mixture of the crRNAs. Two crRNAs were used per experiment, one targeting 
5¢ of the target and one 3¢. This was then mixed thoroughly by vortexing. 2.6 
μl of tracRNA was added and the solution was mixed by vortexing. To anneal 
the guide RNAs, the 20 μl mixture was heated for 5 minutes at 95 °C in a 
thermocycler. The tube was then allowed to cool for five minutes at room 
temperature.  

 

The Cas9 complex was assembled by adding, in order; 10 μl Sage HLS 4× 
Enzyme buffer, 22 μl annealed guides (from previous), 5.3 μl of molecular 
biology grade water, 2.7 μl of Cas9 (IDT). The mixture was then incubated at 
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37 °C for 10 minutes. The assembled Cas9 mixture was then diluted with 40 
μl of HLS enzyme buffer and the diluted mixture was stored on ice.  

 

2.5.4  qPCR 

A qPCR was then performed on the products from each of the sample wells 
to verify which sample well was enriched for the gene of interest using a 
QuantStudio 7 Flex Real-time qPCR System (Thermo Fisher). A custom 
TaqMan qPCR assay (Thermo Life) was used. Probes were designed 
targeting RNaseP as a control gene and custom probes were designed 
targeting the gene of interest. This was performed using genomic DNA from 
a control specimen. All qPCRs were performed in triplicate on both the control 
DNA and the contents of the elution wells. 1 μl of each target well was 
compared to an input of 1 μl control DNA at 100 ng/μl, 50 ng/μl, 25 ng/μl, 12.5 
ng/μl, 6.25 ng/μl, 3.12 ng/μl and 1.6 ng/μl. 

 

2.5.5  HMW DNA clean-up and concentration 

The product resulting from HLS-CATCH was cleaned and concentrated using 
Sage Hi-Bead reagents according to the manufacturer’s instructions (CATCH 
Guide for SageHLS, March 2018). The Sage Hi-Bead reagents were first 
brought to room temperature. The volume of elute in each LoBind tube was 
defined as “one volume”, generally between 70 μl and 80 μl. One volume of 
HLS Binding Buffer was added to the side of the tube above the level of the 
liquid. The tube was placed on its side on a rotator such that the liquid did not 
invert in the tube. This was rotated for 10 minutes at 4 rpm. The mixture was 
then incubated at room temperature for 5 minutes.  

 

The HLS Hi-Bead Suspension was resuspended by inverting the mixture 
gently to avoid creating detergent foam. One volume of resuspended beads 
was then added to the tube containing the elute. This was mixed by gentle 
flicking. The tube was again placed on its side on a rotator so the liquid did 
not invert and rotated for 30 minutes at 4 rpm. 

 

After 30 minutes the tubes were placed on a magnetic rack. Once the sample 
had cleared and the beads had bound to the magnet, the supernatant was 
removed and the sample was washed twice with 500 μl of freshly prepared 
80% ethanol. The beads were then left to dry for ~1 minute. The beads were 
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then resuspended in 20 μl of 1× TE Buffer, after which the tubes were placed 
on their side on a rotator which was placed in an incubator or warm room set 
to 37 °C. This was rotated for 2 hours at 4 rpm. The tubes were then spun 
down and stored overnight at 4 °C. The next day, the tubes were transferred 
back to the magnetic rack and the supernatant was transferred to fresh 1.5 ml 
LoBind tubes using a wide bore pipette. 

 

2.6  Nanopore sequencing 

2.6.1  Library clean-up 

Amplified samples were cleaned for use on an Flongle flowcell (Oxford 
Nanopore Technologies) using an AxyPrep Mag PCR Clean Up Kit 
(AppletonWoods). This removed dNTPs, salts and enzymes and PCR primer 
dimers. AxyPrep beads were added to the products to be sequenced in a 
Product:Beads 1:0.8 ratio and resuspended thoroughly. This was incubated 
on a Hula Mixer for 5 minutes. After 5 minutes, the tube was placed on a 
magnetic rack and the tube was left until the solution was clear. The 
supernatant was then removed by slow pipetting and the beads were washed 
twice with freshly prepared 80% ethanol. After washing, the ethanol was 
removed from the bottom of the tube using a P2 pipette. Following evaporation 
of the ethanol (a maximum of 1 minute exposure to air) the tube was removed 
from the rack and the beads were resuspended in a convenient volume (3-10 
μl) of nuclease-free water (Thermo Fisher). The mixture was incubated at 
room temperature for 5 minutes, after which the tube was returned to the 
magnetic rack. Once the beads had migrated to the side of the tube, the 
supernatant was removed and retained. 

 
2.6.2  Long-range PCR sequencing 

For long range PCR products, nanopore-sequencing compatible DNA libraries 
were prepared using the LSK109 ligation sequencing kit (Oxford Nanopore 
Technologies [ONT]). Initially, end-repair and nickase treatment reaction was 
performed, this comprised 1.75 μl of Ultraä II end prep reaction buffer (New 
England Biolabs [NEB]), 1.75 μl FFPE DNA repair buffer (NEB), 1.5 μl Ultra 
ä II end prep enzyme mix (NEB), 1 μl FFPE DNA repair mix (NEB), 13.5 μl 
nuclease-free H2O, and 10 μl of equimolar PCR products at (50 ng/ μl). The 
reaction was incubated at 20 °C for 5 minutes then 65 °C for 5 minutes. A 
further bead-based clean-up reaction was performed using AMPure XP 
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beads, after which sequencing adaptors were ligated to the treated PCR 
products. This reaction comprised 30 μl of treated PCR products, 12.5 μl of 
Ligation Buffer (ONT), 5 μl of Quick Ligase (NEB), and 5 μl of AMX Adapter 
Mix (ONT). The reaction was incubated at room temperature for 10 minutes, 
after which a final AMPure XP bead clean-up was performed with washes that 
used 250 μl Long Fragment Buffer (ONT) rather than ethanol. The final library 
was eluted in 6 μl of Elution Buffer (ONT) following a 10-minute incubation at 
37 °C. Each library was sequenced using a Flongle flowcell (R.9.4.1) on a 
MinION (ONT). A 24-hour run was initiated using MinKNOW v. 3.6.5. 

 

For combining multiple amplicons into a single sequencing run, equimolar 
concentrations of each amplicon were loaded onto the Flongle. These were 
normalised by quantification using a Qubit Fluorometer (Invitrogen) using the 
dsDNA BR assay kit (Invitrogen), aiming to pool 500 ng of amplification 
products for library preparation.  

 

2.6.3  Amplification-free DNA sequencing  

For CATCH products, a modified library preparation protocol using the 
LSK110 ligation sequencing kit was performed. If multiple elution wells were 
used, they were pooled and 49 μl of the pooled, cleaned sample was 
transferred to a clean 1.5 ml LoBind tube (Eppendorf). End-repair and A-tail 
buffer (NEB) (7 μl) and enzymes (NEB) (3 μl) were added to the tube. The 
solution was mixed by gently tapping and transferred to a 0.2 ml PCR tube. 
This was incubated at 20 °C for 30 minutes and then 65 °C for 30 minutes. 
The tube was then allowed to cool to room temperature and 25 μl of LNB 
buffer, 10 μl of T4 quick Ligase, and 5 μl of AMX-F were added in order and 
mixed by gentle tapping. This was left at room temperature for 10 minutes. 
The reaction was then purified using the AMPure Bead clean up protocol 
(Section 2.6.1) except that the tube was placed on its side on the rotator as 
during Section 2.5.6. The cleaned beads were dried for 30 seconds and the 
library was eluted into 12.5 μl of EB buffer. The prepared library was then 
sequenced on a MinION R.9.4.1 flowcell, using either a standalone MinION 
device or a MinION Mk1C (with integrated data acquisition hardware). 
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2.7  Bioinformatics 

2.7.1  Sequence visualisation 

Several software packages were used to visualise sequence data. 4Peaks 
(v.1.8) was used for interpretation of Sanger sequencing electropherogram 
traces (https://nucleobytes.com/4peaks/). The UCSC (University of California, 
Santa Cruz) Genome Browser (http://genome.ucsc.edu/) was used for the 
identification of genomic features, including the location of introns and exons, 
common SNPs, gene isoforms, and for BLAT localisation of identified 
sequences. The Integrative Genome Viewer (IGV) v.2.7.2 and v.2.14.1 was 
used to visualize aligned short-read (Illumina) and long-read (nanopore) 
datasets (Robinson et al., 2011). The IGV was also used for the interpretation 
of constructed phase blocks, visualization of called variants and interrogation 
of chimeric reads. 
 

2.7.2  Nanopore analysis 

Nanopore analysis was performed through a pipeline initially established by 
Dr Watson and colleagues (Watson et al., 2019). A complete list of commands 
can be viewed in Appendix 1. 

 

Bioinformatics packages were downloaded and managed using Bioconda, 
v.4.10.3 (https://docs.conda.io/en/latest/).  

 

Basecalling, to convert raw data from FAST5 to FastQ format was performed 
using Guppy v.5.0.16 (http://nanoporetech.com) on a Nvidia GPU. For 
CATCH experiments, basecalling was performed on the MinION Mk1C using 
the High Accuracy Calling (HAC) model. 

 

Adapter sequences were trimmed from read ends using Porechop v.0.2.4 
(https://github.com/rrwick/Porechop). NanoStat was used to generate run 
statistics and inform read length and quality filtering steps 
(https://github.com/wdecoster/nanostat) (De Coster et al., 2018). NanoFilt 
v.2.8.0 (https://github.com/wdecoster/nanofilt) (De Coster et al., 2018) was 
used to remove low-quality reads (-q 10) and select reads that were between 
3.0-14.5 kb in length (this step also removed the first 75 bp from each read 
which are typically of lower quality). Reads were aligned to the human 
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reference genome (build hg19, and subsequently build GRCh38) using 
minimap2 v.2.22 (https://github.com/lh3/minimap2) (Li, 2018). 

 

File manipulation, including SAM to BAM conversion and read sorting by 
genomic coordinate, was performed using SAMtools v.1.9 
(http://www.htslib.org/) (Li et al., 2009).  

 

A number of variant callers were examined. These were compared with a high 
quality, benchmark VCF. These were; Medaka, which uses neural networks 
applied to a pileup of sequencing reads to perform variant calling 
(https://github.com/nanoporetech/medaka). LongShot which uses the 
haplotype information present in long single molecule reads to perform variant 
calling (https://github.com/pjedge/longshot) (Edge and Bansal, 2019). 
NanoPolish which uses signal level information from fast5 files to perform 
variant calling v.0.13.2. (https://github.com/jts/nanopolish) (Simpson et al., 
2017). Later Clair3, which combines both pileup calling and full-alignment for 
variant calling was also examined (https://github.com/HKU-BAL/Clair3) 
(Zheng et al., 2022). Comparison with the Platinum VCF was performed by 
measuring the number of variants called in both datasets (considered true 
positives), the number of variants called only in the nanopore dataset 
(considered as false positives) and only called in the Platinum VCF 
(considered as false negatives).  

 

Haplotypes were constructed using WhatsHap v.1.1 
(https://github.com/whatshap/whatshap) (Martin et al., 2016). WhatsHap 
phases variants in a VCF using associated long-read sequencing reads. This 
phased VCF is then used to tag individual reads belonging to either haplotype. 
To inspect haplotypes manually, read groups were isolated by segregating 
reads based on a single variant using the Jvarkit tool biostar214299 
(http://lindenb.github.io/jvarkit/Biostar214299.html) (Lindenbaum, 2015). This 
tool allows for the selection of reads that were mapped across a specific 
genomic coordinate. The separated reads were used to verify haplotypes 
constructed by WhatsHap and to assess chimeric read formation. 

 

The NA12878 case was used as a benchmark for testing the accuracy of base 
calling, variant calling and phase block formation (Dausset et al., 1990). A 
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whole genome NGS dataset was downloaded from (https://ftp-
trace.ncbi.nlm.nih.gov/giab/ftp/data/NA12878/NIST_NA12878_HG001_HiSe
q_300x/RMNISTHS_30xdownsample.bam) This was used to visually 
compare nanopore data and NGS data through IGV. ‘Platinum’ VCFs was 
downloaded from the Genome in a Bottle Dataset (https://ftp-
trace.ncbi.nlm.nih.gov/ReferenceSamples/giab/data/NA12878/) (Zook et al., 
2014).  

 

For comparison of variant calling, VCFs generated using the NanoPolish 
variant caller, were compared to 
HG001_GR37.1_22v4.2.1_benchmark.vcf.gz from GIAB. For verification of 
phase blocks generated by WhatsHap, tagged VCFs and BAMs was 
compared to sp_v37.7.0_NA12878.vcf from GIAB. These VCFs were 
generated by high quality Illumina sequencing data, phasing information was 
generated by sequencing of 11 family members, allowing this to be used as a 
‘truth set’. Comparison was performed using VCFtools (v.0.1.16) (Danecek et 
al., 2011).  

 

Variants located in target loci ( the overlaps between adjacent long-range 
amplification products) were isolated using BEDTools (v.2.30) 
(https://bedtools.readthedocs.io/en/latest/). 

 

Graphs were generated using RStudio (https://www.r-project.org/). The 
ggplot2, and ggrepel libraries were loaded (Villanueva and Chen, 2019). 

 

Whole genome datasets for use as in silico controls were obtained from the 
Personal Genomes Project (https://www.personalgenomes.org.uk/). 
 

2.7.3  Variant analysis  

Population level variation was obtained from gnomAD v.2.1.1 
(https://gnomad.broadinstitute.org/). This was created by exporting all 
variants in the region of interest present in more than 10% of the general 
population to a CSV file. This dataset was obtained from whole genome data 
only.  
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Potentially pathogenic variants of interest in IRD genes were examined using 
the Leiden Open Variation Database (LOVD, https://www.lovd.nl/) , ClinVar 
(https://www.ncbi.nlm.nih.gov/clinvar/) and MutationTaster 
(https://www.mutationtaster.org/) (Anon, 2015). LOVD is a repository of 
previously reported variants in IRD genes and ClinVar is a public repository 
with reported variant pathogenicity and supporting evidence. Previously 
identified copy number variants were examined using 
Database of Chromosomal Imbalance and Phenotype in Humans 
Using Ensembl Resources, DECIPHER (www.deciphergenomics.org) (Firth 
et al., 2009). 

2.8  smMIPs sequencing  

2.8.1  smMIPs sample preparation  

Genomic DNA samples were quantified using a Qubit Fluorometer and diluted 
to a starting DNA concentration of 15-25 ng/μl. Sample quality was 
determined by gel electrophoresis of 100 ng of patient DNA sample using a 1 
kb plus ladder (Invitrogen) and Lambda DNA Hind III digest marker (Thermo 
Fisher). Samples with sufficient DNA integrity of both low and high molecular 
weight proceeded to library preparation.  

 

Sequencing of patients using smMIP panels was performed by Prof Frans 
Cremers and colleagues at Radboud MC using the High Input DNA Capture 
Kit, Chemistry 2.3.0H produced by Molecular Loop Biosciences Inc. Protocol 
version 2.4.1H was used. smMIPs were designed as part of a macular 
dystrophy panel to capture the coding regions of 105 genes and non-coding 
loci associated with MD and age-related macular dystrophy, totalling 17,934 
probes. Sequencing was performed by paired-end sequencing on a NovaSeq 
6000 platform (Illumina, California, USA) using two SP reagent kits v1.5 (300 
cycles), each with a capacity of 1.3 – 1.6 billion paired end reads per run (Hitti-
Malin et al., 2022).  

 

Bioinformatic analysis was performed by collaborators in Radboud MC and 
the Radboud Genomics Technology Center (Maartje van de Vorst, Bart de 
Koning, Marlie Jacobs-Camps, Anita Roelofs, Saskia van der Velde-Visser, 
Christian Gilissen, Marcel Nelen). Details of this have been published by Khan 
et al., 2019, Khan et al., 2020, Hitti-Malin et al., 2022 and Panneman et al., 
2022. Briefly this consisted of converting reads to fastq files using bcl2fastq 
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(https://support.illumina.com/sequencing/sequencing_software/bcl2fastq-
conversion-software.html) (Illumina). The tags were then separated from the 
quality controlled reads and this information was stored in the read header. 
The reads were then aligned using BWA-mem (https://github.com/lh3/bwa) (Li 
and Durbin, 2009). The unique molecular identifier was then used to remove 
any PCR duplicates and obtain a consensus sequence for each smMIP. The 
patient indexes were then used to separate the reads and write each patient 
reads into a separate BAM file. Variant calling and annotation was then 
performed using GATK and UnifiedGenotyper 
(https://gatk.broadinstitute.org/hc/en-us). 
 

2.8.2  CNV analysis  

CNV analysis was performed according to an excel script provided by Dr 
Rebekkah Hitti-Malin and Zelia Corradi (Radboud MC) (Khan et al., 2020; 
Hitti-Malin et al., 2022). Briefly this consisted of calculating the average per 
smMIP target coverage across all 384 patients in the run and comparing each 
target to the average coverage of each target. A value of 1 indicated that the 
target for that case had the same number of reads as the average in that run. 
A value of less than 0.65 was considered a potential heterozygous deletion, a 
value of less than 0.1 was considered a potential homozygous deletion. 
Conversely a value of 1.2 or greater was considered a potential heterozygous 
duplication and a value of 1.7 or greater was considered a potential 
homozygous duplication. The presence of six consecutive smMIPs indicating 
either a deletion or a duplication warranted visual inspection with IGV. Full 
details of this are detailed in Appendix 2. 
 

2.8.3  Variant prioritization 

Variants were prioritized according to an interpretation workflow provided by 
Dr Rebekkah Hitti-Malin and Zelia Corradi and detailed in Hitti-Malin et al., 
2022. This protocol priortized variants based on predicted pathogenicity. 
Initially, variants previously found to be pathogenic were identified. Next, 
variants previously reported in LOVD and by the Radboud MC group were 
identified (https://databases.lovd.nl/shared/genes/ABCA4) (Cornelis et al., 
2017; Zernant et al., 2017; Hitti-Malin et al., 2022). Next all of the called 
variants which were deemed too common to cause rare IRDs were excluded 
using gnomAD and a Radboud MC dataset consisting of 24,488 individuals 
who had previously been sequenced. Variants present in more than 10% of 
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probands in the total sequencing run were also excluded. Following this, rare 
variants with greater than 10 × coverage and an allele fraction between 35-
80% were considered heterozygous and variants with greater than 10 × 
coverage above 80% base fraction were considered homozygous. Variants in 
genes associated with recessive disease with a frequency greater than 0.5% 
in the general population and variants in genes associated with dominant 
disease with a frequency greater than 0.1% were excluded (Hitti-Malin et al., 
2022). Variants were then prioritised (from high to low priority) based on 
whether the variant; caused a frameshift, induced a stop gain or altered a 
canonical splice site; caused an in-frame deletion; variants overlapping known 
splice sites; was likely to be a pathogenic missense variant; and finally if the 
variant was silent. Missense variants were prioritised using the following in 
silico prediction tools: PhyloP (predicted pathogenic ≥2.7) (Pollard et al., 
2010), CADD-PHRED (range: 1-99; predicted pathogenic ≥15) (Kircher et al., 
2014) and Grantham (range: 0-215; predicted pathogenic ≥80) (Grantham, 
1974). Variants that met all three criteria (allele frequencies, predicted protein 
effect and variant type) were prioritized, followed by those that met the 
threshold scores of any in silico tools used.  
 

2.8.4  Variant classification 

All candidate variants were manually inspected in IGV. Putative splice variants 
were assessed using SpliceAI. SpliceAI was used via the BROAD Institute 
web interface tool (https://spliceailookup.broadinstitute.org/#) to further 
predict splicing effects, using a 10,000 bp (5,000 bp upstream and 5000 bp 
downstream) window. Variants with a predicted delta score of ≥0.2 (range: 0–
1) for at least one of the four predictions (acceptor loss, donor loss, acceptor 
gain, donor gain) were considered potential candidates.  

 

All prioritised variants were classified according to ACMG guidelines 
(Richards et al., 2015) using the Franklin by Genoox platform 
(https://franklin.genoox.com/clinical-db/home). ACMG guidelines categorise 
variants into; class 1 (benign); class 2 (likely benign); class 3 (variant of 
uncertain significance i.e. VUS); class 4 (likely pathogenic) and class 5 
(pathogenic) Benign and likely benign variants were not considered unless 
they were previously shown to be causative. Prioritised variants were also 
interrogated using the Leiden Open (source) Variation Database (LOVD; 
https://www.lovd.nl/), ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/), and 
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MutationTaster (https://www.mutationtaster.org/) (Schwarz et al., 2014). As 
segregation analysis was not performed for most cases, cases were classified 
as ‘unsolved’, ‘possibly solved’ or ‘very likely solved’ according to the following 
criteria provided by Prof Frans Cremers, Dr Rebekkah Hitti-Malin and Zelia 
Corradi (Table 2.1).  
 

Table 2.1 Variant interpretation for smMIPs screen 
Recessive inheritance 

Zygosity Variant 1 Variant 2 Prediction 

Homozygous VUS Possibly solved 

Homozygous Likely Pathogenic Very likely solved 

Homozygous Pathogenic Very likely solved 

Heterozygous VUS VUS Possibly solved 

Heterozygous Likely Pathogenic VUS Possibly solved 

Heterozygous Pathogenic VUS Very likely solved 

Heterozygous Likely Pathogenic Pathogenic Very likely solved 

Heterozygous Likely Pathogenic Likely Pathogenic Very likely solved 

Heterozygous Pathogenic Pathogenic Very likely solved 
Dominant inheritance 

Zygosity Variant Prediction 

Heterozygous VUS Unsolved 

Heterozygous Likely Pathogenic Very likely solved 

Heterozygous Pathogenic Very likely solved 

 

2.9  DNA isolation 

All media were autoclaved at 115 ºC, 0.6 kg/cm-3 for 30 minutes and cooled 
prior to use. Antibiotics were added, after autoclaving, to cool (55 ºC) liquid 
cultures and plates, where required. For plates 1.5% agar was added to the 
appropriate broth before autoclaving. 

 

2.9.1  BACs  

Bacterial artificial chromosomes (BACs) (Osoegawa et al., 2001) were initially 
used to optimise the long-range PCR at the of the ABCA4 locus. Human 
RPCI-11 BACs (Source Bioscience) were received in an E. coli glycerol stock. 
These were streaked and grown on agar plates. Then, single colonies were 
picked and inoculated in 5 mls of LB broth supplemented with 
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chloramphenicol. This was grown in a shaking incubator overnight at 225-300 
rpm at 37 °C. 

 

The BAC DNA was extracted using an adapted rapid alkaline lysis miniprep. 
The LB broth was centrifuged at 800 g for 10 minutes and the supernatant 
was discarded. The pelleted bacteria were then resuspended in 0.3 mls of P1 
(50 mM Tris, pH 8, 10 mM EDTA, 100 µg/ml RNase A) and 0.3 mls of P2 
(0.2M NaOH, 1% SDS) and incubated at room temperature for 5 minutes. 
Then 0.3mls of P3 (3M ammonium acetate, pH 5.5) was added. This resulted 
in precipitation of E. Coli protein and DNA. This was pelleted by centrifugation 
at 8000 × g for 10 minutes at 4 °C. The supernatant was then removed and 
transferred to a 1.5 ml Eppendorf containing 0.8 ml ice-cold isopropanol. This 
solution was then spun in a cold microfuge for 15 minutes. The supernatant 
was removed and two washes were performed with 0.5mls of 70% ethanol. 
The DNA pellet was then resuspended in 40 µl of TE.  
 

2.9.2  Cell culture 

Cells from patient NA12878 were purchased as a lymphoblastoid cell line 
(GM12878, Coriell Institute). The B-Lymphocytes donated by patient 
NA12878 were transformed with Epstein-Barr Virus as part of the CEPH 
project (Cann, 1992). Cells were propagated in Corning T25 or T75 flasks 
(Sigma Aldrich) at 37 °C with 5% CO2 in Sanyo MCO 20AIC incubators. Cell 
culture work was performed in NuAire Labgard 437 ES Class II Biosafety 
Cabinets under sterile conditions. Lymphoblastoid cells were grown in RPMI 
1640 + L-glutamine media with 10% foetal calf serum and and 100 U/ml 
penicillin and 100 mg/ml streptomycin (Sigma Aldrich). Cells were sub-
cultivated by adding fresh medium or by splitting at a split ratio of 1:6 every 3-
5 days. Fresh cultures were seeded with at least 200,000 viable cells/ml. Cells 
were stored in liquid nitrogen in foetal calf serum with 10% DMSO. Genomic 
DNA was extracted from the cultured cells using QIAamp DNA Mini Kit 
(Qiagen) according to the manufacturer’s guidelines.  
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3  Assay to phase ABCA4 by long range sequencing 

3.1  Introduction 

While sequencing-by-synthesis NGS has revolutionised the study of IRDs, the 
resulting short read lengths limited the investigation of several clinically-
relevant scenarios. In particular, currently it is not commonly possible to 
determine the phase of detected variants unless familial DNA is available or 
the variants are within the same sequenced fragment. For cases with 
compound heterozygous variants in genes associated with recessive disease, 
if no familial DNA is available the variants are commonly assumed to be in 
trans, raising the possibility that many ‘solved cases’ are not genetically 
explained by their known variants. This also limits the study of complex alleles, 
which are becoming increasingly important in the study of IRDs. Variants in 
ABCA4 are the most common cause of IRDs and there is a growing need to 
phase variants in patients, especially with an increasing number of potential 
therapies under development. ABCA4 is a suitable gene to develop a phasing 
assay as complex alleles in ABCA4 are commonly observed in cases with 
ABCA4-related disease, comprising approximately 10% of alleles (Cremers et 
al., 2020). Additionally, as ABCA4 is a large gene at ~130 kb, any effective 
phasing strategy could be applied to other genes.  

 

Several methods have been developed to phase large loci, however these 
often rely on the creation of ultra-long reads or phasing by segregation using 
familial DNA. Long-read methods generally use either direct sequencing of 
genomic DNA or amplification-free enrichment methods, both of which require 
a large input of high molecular weight DNA to achieve sufficient read depth, 
limiting the number of samples they can be used on. The aim of this study was 
to develop a cost-effective strategy to reliably phase distant variants at the 
ABCA4 locus in the majority of samples.  
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3.2  Results 

3.2.1  Design and optimisation of long-range PCR assay to phase 
ABCA4 

The first approach used to phase the 128.3 kb ABCA4 locus was based on 
amplifying the locus in relatively small overlapping amplicons (each spanning 
6-12 kb) and sequencing these on a MinION sequencer using a Flongle 
adaptor. This strategy was chosen as many of the samples to be phased were 
old, with reduced DNA quality and limited mass of available DNA. Phase 
blocks were constructed from heterozygous variants identified in the 
overlapping genomic intervals of adjacent amplification products (Figure 3.1). 

 

 

Figure 3.1 Phasing by long-range PCR and long-read sequencing.  
A) Unphased result from short-read NGS sequencing where two 
heterozygous pathogenic variants of interest have been identified but 
were not captured on the same read. Without family members to allow 
phasing by segregation analysis, these variants would be assumed to be 
in trans. B) Long-read sequencing of the same variants. Two haplotypes 
have been assigned, showing the variants of interest are in trans. C) 
Phased amplicons (green) can then be stitched together to create larger 
phase blocks using heterozygous variants in the overlaps between 
amplicons.  

 

To assess the size of the amplicons and overlaps which would be required to 
capture sufficient variation to allow for phasing, the density of polymorphic 
variants at the 128.3 kb ABCA4 locus was assessed using gnomAD v2.1 
(Section 2.7.3). This yielded 385 variants with an allele frequency of >0.1 with 
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a theoretical distribution of 2.96 variants per kb. From this, a design strategy 
of tiled PCR amplicons between 7-10 kb in length with a minimum overlap of 
2 kb was adopted. A total of 22 amplicons were designed spanning 132,260 
bp. Details of primers reported in Appendix 3.  

 

To facilitate optimisation of the 22 primer sets, DNA extracted from Bacterial 
Artificial Chromosomes (BACs) spanning ABCA4 was used as a positive 
control (Osoegawa et al., 2001). BACs were initially used to develop a working 
set of primer conditions without off-target effects. BACs derived from library 
RPCI-11 were identified using UCSC (Section 2.7.1) (Appendix 4. The BACs 
were streak purified from glycerol stocks, grown overnight and DNA was 
extracted (Section 2.9.1).  

 

Primers were optimized by varying the annealing temperature and volumes of 
enhancers supplied with the SequelPrepä long-range PCR kit. Details of 
conditions are reported in Appendix 3 The optimized primers were then 
validated using human genomic DNA from a control. All long-range PCRs 
were performed at 35 cycles of amplification. An example of primer 
optimization using BACs is shown in Figure 3.2.  

 

To initially test whether phasing using tiled long-range PCR products was 
feasible, a series of four test cases were selected. Two cases with previously 
identified ABCA4 variant(s) (Probands 4777 and 4781) and two controls (1343 
and NA12878) were selected. Case 4777 had previously identified biallelic 
ABCA4 variants which required phasing to confirm their clinical relevance. 
Case 4781 had a single pathogenic ABCA4 variant identified during targeted 
sequencing (ABCA4:c.1906G>A). This case was selected to attempt to 
identify and phase a second pathogenic variant in ABCA4. 
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Figure 3.2 Example of optimization of long-range PCR products at 
ABCA4 using BAC DNA  
A sample of the PCR products amplified from control BAC DNA spanning 
ABCA4 separated on a 0.5% agarose gel. Shown are a number of 
exemplar long-range PCR products amplified using an annealing 
temperature of 58 °C. Negative controls are indicated by an N. L10, L5, 
L11 and L9 indicate the name of the amplicon which was used to amplify 
the BAC DNA. A Thermofisher Scientific 1 kb plus ladder was used for 
fragment sizing. The expected size of the long-range PCR products was 
10-13 kb. Non-specific amplification was also observed (visible bands of 
1.5 kb). 

 

The first control was Case 1343 which had a diagnosis of Late Onset Retinal 
Dystrophy (LORD) and had no molecular genetic diagnosis following multiple 
rounds of genetic testing. This case had undergone previous analysis by WGS 
as had several members of the same pedigree, as such this case was initially 
used as a benchmark. The second control was case NA12878 which was 
initially sampled as part of the CEPH project and has since become a widely 
used benchmark for sequencing strategies (Zook et al., 2014; Zook et al., 
2016a; Choi et al., 2018; Helal et al., 2022). Lymphoblastoid cells were 
obtained and this was used as a source of control human genomic DNA 
(Section 2.9.2). The SequelPrepä kit was used to amplify genomic DNA from 
all cases (Section 2.3.2), followed by size fractionation by gel electrophoresis 
using a 0.5% agarose gel with 0.5 × TAE buffer. 

 

All 22 amplicons generated for each case were purified, quantitated and 
pooled before each case was sequenced on a single Flongle R.9.4.1 flowcell 
(Section 2.6). High read depths were obtained for each case, with a mean 
read depth of up to 3927 × at the target locus and between 94.2% and 99.7% 

15kb
10kb

8kb

1.5kb

N L10 N L5 N NL11 L91 kb 
plus 

ladder



 54 

reads on target (Table 3.1). Variants were initially identified using Nanopolish 
with default settings. This test series revealed that while a set of working PCR 
amplicons could be established to span ABCA4, and that when sequenced 
this resulted in high read depth, for all cases there were recurring overlaps 
which did not have sufficient variation to enable phasing across ABCA4.  

 

To further test the set of primers which had been used, a series of nine 
exemplar datasets were tested in silico to identify which overlaps required 
redesign. These consisted two in-house Familial Exudative Vitreoretinopathy 
(FEVR) cases who had undergone WGS (Cases F1268 and F1396) and 
seven cases from the Public Genomes Project (FR07961001, FR07961002, 
FR07961003, FR07961005, FR07961006, FR07961008, and FR07961009) 
(Section 2.7.2). This in silico testing was performed by isolating the previously 
called variants in the overlaps between each amplicon for each case. This 
indicated that three overlaps required redesign due to a consistent lack of 
variation (overlaps 13, 15 and 19, Figure 3.3).  
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Table 3.1 Sequencing statistics for long-range PCR test cases 
All PCRs were performed at 35 cycles of amplification. Filtering was performed using NanoFilt with quality score Q7, 
excluding reads above 14,500 bases and smaller than 4,500 bases. The interval column refers to the distance between 
the indicated variants. Where no variants or a single variant is shown, the interval refers to the interval covered by the 
amplification product. All variants refer to NM_000350.3, hg19.  

Local 
sample ID 

Filtered 
read count 

Reads 
on target 

Proportion of 
reads on target 

(%) 

Mean read 
depth at target 

locus (×) 

Target variants Target 
Amplicons (#) 

Mean variants 
per overlap (#) 

Overlaps 
without 

variants (#) Allele 1 Allele 2 Interval 
(b) 

NA12878 59842 58590 97.91 3137.26 N/A N/A 132260 22 5.14 1 

4781 71580 70222 98.10 3927.74 c.1906G>A N/A N/A 22 4.40 5 

4777 48442 48298 99.70 2648.68 c.4469C>T c.6112G>A 24039 22 3.04 5 

1343 52049 49040 94.22 2747.32 N/A N/A 132260 22 2.45 7 
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Figure 3.3 Mean number of variants per amplicon overlap calculated 
using exemplar datasets. 
The mean number of variants in the overlaps between the designed 
amplicons across ABCA4 was measured in nine exemplar cases in 
silico. This showed that several overlaps required redesigning to capture 
sufficient variation. 

 

GnomAD was then used to inform the redesign of these amplicons to capture 
sufficient variation to allow robust phasing. Amplicons L17, S20, L14, L13 and 
L12 were redesigned to extend the identified overlap length between the 
amplicons (overlaps 13, 15 and 19) by at least 2 kb. Additionally, a locus was 
identified as amplifying poorly across the four test cases. This was 
supplemented with an additional amplicon (L8.2), resulting in 24 amplicons in 
total in the updated set of primers. The updated set of primers were then again 
tested in silico using the nine exemplar datasets. Across the exemplar 
datasets, all cases contained at least one variant per amplicon overlap. The 
average number of variants per amplicon overlap across the exemplar cases 
ranged from 1 to 9.44. It was also observed, utilizing the gnomAD v2.1.1 
dataset, that there were an average of 8.9 variants in the redesigned overlaps. 
With this, the redesigned amplicons were predicted to capture sufficient 
variation to allow for robust inter-amplicon phasing. The NA12878 control and 
the control Case 1343 (with LORD) were then amplified using the updated set 
of primers and sequenced on separate Flongles. The resulting reads from 
Case NA12878 are visible in Figure 3.4. This resulted in complete coverage 
of ABCA4 and high read depths across the locus.  
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Figure 3.4 Aligned reads of Case NA12878 across ABCA4 using updated long-range primer set.  
The cumulative read depth across ABCA4 is displayed in the top panel. The long reads spanning ABCA4 are shown in 
the middle panel. The amplification products used are shown below this. In this panel, green bars indicate primers which 
were not redesigned, while black bars indicate primers which were redesigned. Only non-reference bases which are 
present in more than 33% of the reads are shown in the top two panels.  
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3.2.2  Development of bioinformatics pipeline to phase long-read 
sequencing data 

3.2.2.1  Long-read variant caller selection  

The initial test series of cases had been analysed using NanoFilt and 
Nanopolish for filtering and variant calling. This was done using default 
parameters. However, a number of variant callers were identified which may 
have been more suitable for use in this experiment. These variant callers were 
compared and this data was used to identify the most suitable filtering and 
variant calling parameters. This was initially done using control Case 1343 
(LORD). The long-read sequencing data obtained using the redesigned 
primer set was compared to a previous WGS dataset which was used as a 
truth set for this case. During this analysis using Medaka and Nanopolish, it 
was discovered that this case had relatively few heterozygous variants in 
ABCA4 (N=17). A case with a greater number of heterozygous variants was 
then sought to allow concurrent investigation of whether the variant callers 
would detect sufficient variation to allow for phasing. Due to this, the pipeline 
was then optimized using the NA12878 control, with the Platinum dataset from 
the Genome in a Bottle (GIAB) consortium as a truth set (Section 2.7.2). This 
is a well characterised dataset which has been widely used to benchmark 
sequencing strategies and variant callers (Zook et al., 2016b). Nanopolish, 
Medaka, and Longshot were all compared (Sections 2.7.2).  

 

Initially, read filtering using NanoFilt was optimized to exclude reads of 
unexpected length. A minimum read length of 4,500 bp was adopted. 
Although various maximum read lengths were tested, a maximum read length 
of 14,500 bases was decided upon. Filtering by read quality was also tested. 
Full results from each variant caller can be viewed in Appendix 6, the best 
result obtained by each variant caller is listed in Table 3.2. A minimum read 
quality of Q10 was identified as the most suitable for this experiment. For 
Nanopolish, the base fraction (the proportion of reads containing the non-
reference base) was varied. For Medaka, the SNPs filter argument was varied 
and the results compared. Longshot was then compared with default 
parameters. For all cases, the number of true positives (TN) (variants called 
in both the truth set and by the variant caller) were compared to the number 
of false negatives (FN) (variants present in the truth set but not called by the 
variant caller) and the false positives (FP) (variants called by the variant caller 
which were not in the truth set). Precision was calculated by: (TP/TP+FP) × 
100 and Sensitivity was calculated by (TP/TP+FN) × 100.  
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This analysis indicated that Longshot was less sensitive than Medaka and 
Nanopolish (using the selected parameters), and further refinement was not 
performed. For all variant callers, comparison between calling indels and 
excluding indels showed that calling indels decreased precision and 
sensitivity. 

 

Table 3.2 Precision and sensitivity of all tested nanopore base callers. 
Three variant callers were tested, Medaka, Longshot and Nanopolish 
(highlighted in red text). For each, the filter at which variants are called 
was varied. Shown are the best results for each of the variant callers. 
Medaka was tested using Case 1343, and an in-house WGS VCF was 
used as a truth set. Longshot and Nanopolish were tested using the 
NA12878 control. This was compared to the GIAB Platinum VCF. For 
comparison with Nanopolish with indels not called, indels were removed 
from the GIAB Platinum VCF (GIAB VCF#). Nanopolish used to call only 
SNPs was shown to be the best variant caller for this experiment 
(highlighted in green). A number of variants were found to be miscalled 
indels, this is adjusted in the calculations of precision and sensitivity (*). 
TP, True positives, FN, False negatives, FP, False positives  

Medaka 

Truth set Case Custom parameters Observed Results (%) 

   SNPs filter Indels filter TP FN FP Sensitivity Precision 

1343 WGS Case A. LORD 12 15 98 34 3 74.24 97.03 

1343 WGS Case A. LORD Default Default 111 20 11 84.73 90.98 
Longshot 

Truth set Case Custom parameters Observed Results (%) 

  
Parameters Indels? TP FN FP Sensitivity Precision 

GIAB VCF NA12878 Default Yes 117 115 5 50.43 95.90 
NanoPolish 

Truth set Case Custom parameters Observed Results (%) 

   Base Fraction Indels? TP FN FP Sensitivity Precision 

GIAB VCF NA12878 0.33 Yes 195 57 12 77.38 94.20 

GIAB VCF NA12878 0.2 Yes 231 19 63 92.40 78.57 

GIAB VCF# NA12878 0.2 No 219 33 28 86.90 88.66 

GIAB VCF# NA12878 0.33 No 204 20 7* 91.07 96.68 

 

The variants called by each variant caller were compared to the variants called 
by a previously curated truth set of variants. This was initially done with Case 
1343 (LORD) however this was deemed to be unsuitable for use as a 
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benchmark due to a lack of heterozygous variants at this locus, as such Case 
NA12878 was then used to compare the variant callers. The results showed 
that by comparison of NA12878 with the GIAB Platinum VCF, Nanopolish was 
the optimum variant caller. Using Nanopolish with a base fraction (the 
proportion of reads with the non-reference base) of 0.33 and excluding indels 
gave the highest precision (96.68%) and sensitivity (91.07%) (Figure 3.5). As 
detailed in Table 3.2, there were 231 total variants called by Nanopolish at 
these parameters and the GIAB dataset (highlighted in green). This consisted 
of 204 true positives called by both platforms, 20 variants called by the GIAB 
dataset only and seven variants only called by Nanopolish. However, closer 
examination using IGV of these seven variants revealed that four of them were 
actually in both datasets. As Nanopolish was directed to only call single 
nucleotide variants (SNPs), the GIAB dataset was filtered to exclude indels. 
However, this resulted in four variants which were actually indels being 
incorrectly called as SNPs. For example, in the GIAB dataset, g.94478782 
CGC>TA was correctly called. However, for comparison with Nanopolish 
calling only SNVs, indels were filtered out of this dataset. Nanopolish then 
called this variant as G>T at g.94478783 and C>A at g.94478784. With these 
variants removed, these parameters gave a sensitivity of 91.07% and 
precision of 98.7%.  
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Figure 3.5 Concordance 
between variants called by 
Nanopolish from long-range 
PCR data and Genome in a 
Bottle benchmark for control 
NA12878 
A) Variants called above a base 
fraction of 0.2, indicating a large 
number of false positive calls (red) 
compared to true positive calls 
(white). This indicated that a cut-off 
of 0.33 would yield the most true 
positives while reducing false 
negatives. B) Variants called 
above a base fraction of 0.33, 
showing very few (N=5) false 
positive calls. While there was an 
increased number of false negative 
calls (black), it was determined by 
comparison with the phased 
NA12878 truth set that this would 
not affect the accuracy of the 
constructed phase blocks. 
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Examination of the variation in the overlaps in isolation for Case NA12878 
revealed that with these parameters, all bar one overlap (ES20-S19) would 
have sufficient variation to allow for phasing across the locus (Figure 3.6). In 
contrast, control Case 1343 was found to have seven overlaps with insufficient 
variation to phase with these parameters. It was determined that due to the 
relatively stringent filtering of these parameters, any overlaps with no 
heterozygous variants would be manually examined for potential missed 
variants. Phasing of Case NA12878 using WhatsHap confirmed that ABCA4 
could be phased into two distinct phase blocks due to a lack of variation in the 
overlap between ES20 and S19 (Figure 3.7). From this, it was determined that 
in a real-world case, sufficient variation was present to allow phasing of the 
majority (94.9 kb, 73%) of ABCA4 and that the assay and bioinformatics 
pipeline were both sufficiently precise and sensitive to allow for scaling up to 
a series of ten cases.
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Figure 3.6 Variants 
called in the overlap 
between long-range 
PCR amplicons 
spanning ABCA4 in 
control NA12878 
The variants called by 
Nanopolish were 
compared to the 
variants in the Genome 
in a Bottle truth set in the 
overlaps between the 
long-range amplicons 
spanning ABCA4. The 
variants in both datasets 
(True Variants) were 
compared to the 
variants only present in 
the nanopore dataset 
(Sequencing Artefact) 
and variants only 
present in the Genome 
in a bottle dataset 
(Missed Real Variant). 
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Figure 3.7 Phased long-read alignments spanning ABCA4 for control NA12878 using updated long-range primer set 
The created phase blocks are indicated in the top panel above the cumulative coverage. The next three panels show 
the aligned long reads, separated into Haplotype 1 (orange), Haplotype 2 (purple) and unphased reads (grey). A lack 
of variation in the overlap between S19 and E_S20_1_F (highlighted in red) has necessitated the creation of two phase 
blocks. 
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3.2.3  Chimeric read formation during long-range PCR  

As the assay was deemed to be working robustly when sufficient variation was 

present, a series of eight cases (Cases 3514, 3856, 4682, 5755, 3947, 4672, 

4793, and 5601) with previously identified biallelic ABCA4 variants which 

could not be phased or where only one ABCA4 variant allele had been 

identified were selected (Table 3.3). These cases were amplified using the 

updated primer set and a number of cases were sequenced (Probands 3515, 

3856, 4682, and 5755). Initial inspection of these cases as they were 

sequenced showed that the approach was successful when sufficient 

variation was present and WhatsHap was successfully able to phase large 

sections of ABCA4 in these cases. However, closer examination of these 

results using IGV revealed that four haplotypes were observed for a high 

proportion of the observed reads in each case (Figure 3.8). This was deemed 

to be a major confounding issue and the sequencing of the remaining cases 

was postponed while this was investigated using the NA12878 control. As 

WhatsHap did not identify this, this was done manually.  
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Table 3.3 Details of ABCA4 cases sequenced with updated long-range primer set at 35 cycles of amplification 
All PCRs were performed at 35 cycles of amplification using the updated set of primers. Filtering was performed using 
NanoFilt with quality score Q10, excluding reads greater than 14,500 bases and shorter than 4,500 bases in length. 
The interval refers to the distance between the indicated variants. Where multiple variants are present in a single allele, 
the interval refers to the distance between the most distal variants. Where no variants or a single variant are shown, the 
interval refers to the interval covered by the assay. Variants were called by Nanopolish at a base fraction of 0.33. 

Local 
sample ID 

Length and 
quality 
filtered 

read count 

Reads 
on 

target 

Proportion 
of reads on 
target (%) 

Mean combined 
read depth 

across target 
locus (×) 

Target variants Number of 
target 

amplicons 

Mean 
number of 

variants per 
overlap 

Number of 
overlaps 
without 
variants 

Allele 1 Allele 2 Interval 
(bp) 

NA12878 89280 84266 94.38 4807.70 N/A N/A 132260 24 5.14 1 

1343 (LORD) 51260 50166 97.87 2859.08 N/A N/A N/A 24 2.50 7 

3515 68309 57731 84.51 3201.80 c.1622T>C c.1903C>A 635 24  4.9 3 

3856 15284 11510 75.31 644.06 c.2160+1G>C c.5316G>A 45849 24 3.74 3 

4682 9776 7935 81.17 442.19 c.4556G>A c.6320C>T 23964 24 5.14 0 

5755 45023 40807 90.64 2251.89 
c.[5461-10T>C; 
5603A>T]  c.5603A>T 484 24 3.05 3 

3947 

Sequencing 
Not 

Performed 

N/A N/A N/A  c.5585-1G>A c.6079G>A 5421 N/A N/A N/A 

4672 N/A N/A N/A c.161C>T c.2617A>T 59910 N/A N/A N/A 

4793 N/A N/A N/A 
c.[2588G>C; 
5603A>T]  c.1906C>T 51697  N/A N/A N/A 

5601 N/A N/A N/A 
 c.[5461-10T>C; 
5603A>T]  c.6079C>T 5886 N/A N/A N/A 
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Figure 3.8 Chimeric read observation during sequencing of long-range PCR products. 
A) Expected result from phasing by long-read sequencing. The two variants are in trans and segregate into two distinct 
haplotypes. B) Observed result from phasing using long-range PCR. The two heterozygous variants segregate into four 
distinct haplotypes (every possible allelic combination), preventing phasing.  
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Examination of the proportion of chimeric read formation was performed by 
manually separating reads based on which nucleotide was present in the read 
at a given coordinate as detailed in Section 2.7.2. This was done for each 
amplicon with a heterozygous variant at the 5¢ end of the amplicon. By then 
measuring the proportion of reads represented by each nucleotide at the 
opposite end of the amplicon, the proportion of chimeric reads could be 
estimated. As such, all the positions across this amplicon should be 
concordant with one-another, and any discordance could be interpreted as 
reads which had formed a chimera with the opposite allele (Figure 3.9). Case 
NA12878 was selected to investigate chimeric read formation in detail.  

 

A literature search was then undertaken to investigate if this was a previously 
encountered issue during long-range PCR. Recombination between PCR 
products resulting in chimeric molecules has been previously observed 
(Meyerhans et al., 1990; Cronn et al., 2002). A model of chimera formation 
has been proposed, when PCR is performed, if a product is not fully formed it 
can act as a primer for another allele, producing a chimeric fragment 
(Meyerhans et al., 1990; Potapov and Ong, 2017). A further search revealed 
that chimeric read formation has been cited as an issue when phasing using 
long-range PCR and long-read sequencing, however it was observed during 
this experiment that reducing the number of PCR cycles reduced chimeric 
read formation (Laver et al., 2016).  

 

To assess the effects of PCR cycle count on chimeric read formation at this 
locus, control NA12878 was amplified again and the number of rounds of 
thermocycling was reduced from 35 × to 25 ×. Then the base fraction of the 
most distal allele for each amplification product was measured. The decrease 
in cycle count reduced the effects of chimerism as reported in Table 3.4 and 
illustrated in Figures 3.9 and 3.10. The mean proportion of reads which were 
observed as chimeric reduced from 26% at 35 cycles to 7% at 25 cycles. The 
maximum proportion of chimeric reads was 42% at 35 cycles and 13% at 25 
cycles. However, this coincided with a drop in the molarity of available PCR 
products, from ~9 nM to ~1.3 nM per amplicon (Figure 3.11). This greatly 
reduced the robustness of previously optimised PCRs and necessitated 
multiple reactions to ensure sufficient product was obtained.  
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 Figure 3.9 Measuring the 
formation of chimeric 
reads from long-range 
amplification products. 
It was possible to measure 
the effect of chimeric read 
formation by isolating the 
reads with the most 
proximal reference or non-
reference nucleotide. By 
then going to the most 
distal variant, the 
proportion chimeric reads 
could be measured by 
recording the proportion of 
reads with each nucleotide 
at the most distal variant. 
A) At 35 cycles, a high 
proportion of chimeric 
reads were observed, 
preventing phasing. B) At 
25 cycles chimeric read 
formation was reduced 
allowing accurate phasing.  

 

Combined

coverage

Haplotype 2

Chr1:94537560G

Haplotype 1

Chr1:94537560C

3
5

 
c
y
c
l
e

s
2

5
 
c
y
c
l
e

s

Combined

coverage

Haplotype 1

Chr1:94537560C

Haplotype 2

Chr1:94537560G

B.

C.

A.

5,906 nucleotides

ABCA4
NM_000350.3 Distal variant

Chr1:94531606

NM_000350.3 :c.1555-2733C>G

Proximal variant

Chr1:94537560

NM_000350.3:c.1554+5686C>G

A: 3 (1.0%)

C: 443 (95.0%)

G: 14 (3.0%)

T: 8 (2.0%)

A: 14 (3.0%)

C: 19 (4.0%)

G: 463 (93.0%)

T: 0 (0.0%)

A: 28 (2.0%)

C: 684 (49.0%)

G: 683 (48.0%)

T: 14 (1.0%)

A: 12 (4.0%)

C: 119 (41.0%)

G: 152 (53.0%)

T: 6 (2.0%)

A: 9 (4.0%)

C: 126 (57.0%)

G: 85 (38.0%)

T: 1 (0.0%)

A: 25 (4.0%)

C: 292 (49.0%)

G: 276 (46.0%)

T: 7 (1.0%)

A: 61 (1.0%)

C: 495  (48%)

G: 513  (49%)

T: 268 (3.0%)

A: 0 (0.0%)

C: 495 (100.0%)

G: 0 (0.0%)

T: 0 (0.0%)

A: 0 (0.0%)

C: 0 (0.0%)

G: 513 (100.0%)

T: 0 (0.0%)

A: 0 (0.0%)

C: 0 (0.0%)

G: 362 (100.0%)

T: 0 (0.0%)

A: 0 (0.0%)

C: 297 (100.0%)

G: 0 (0.0%)

T: 0 (0.0%)

A: 7 (1.0%)

C: 297 (43.0%)

G: 362 (53.0%)

T: 21 (3.0%)

<  <  <  <  <  <  <  <  <  <  <  <  <  <  <  <  <  <  <  INTRON 11  <  <  <  <  <  <  <  <  <  <  <  <  <  <  <  <  <  <  <



 70 

Table 3.4 Comparison of chimeric read formation in control NA12878 at 25 cycles and 35 cycles of amplification 

High levels of chimeric reads were observed at 35 cycles of PCR. Reducing cycle count to 25 led to a sharp reduction 
in chimeric read formation but a corresponding drop in mass of product was also observed. All coordinates refer to 
chromosome 1 on genome build hg19. There were no distally located variants found in S8.2. “Too low” refers to when 
it was not possible to ascertain the DNA concentration using a Qubit Fluorometer due to very low DNA concentration.  

Amplicon  Amplicon coordinates (start-stop) Amplicon 
size (bp) Proximal variant  Distal variant  

Proportion of chimeric reads 
Yield of 

amplification 
product 

35× (%) 25× (%) 
Reduction 

(%) 
35× 
(nM) 25× (nM) 

S1 94581079-94587651 6,572 94587362G>T 94581258T>A 31 2 29 47.41 0.87 

S2 94576013-94583016 7,003 94582249T>G 94576360A>G 19 5 14 10.27 1.70 

S3 94571091-94577994 6,903 94577423C>T 94572434C>G 17 12 5 13.24 1.55 

S4 94566272-94573027 6,755 94572434C>T 94567223T>C 16 3 13 11.69 1.96 

L4 94562394-94570893 8,499 94570625G>A 94562924C>T 31 9 22 8.11 0.57 

L5 94556161-94564368 8,207 94562924C>T 94556894A>G 27 8 19 9.94 0.85 

S7 94550053-94558218 8,165 94557434T>C 94550715G>A 24 7 17 10.62 0.38 

S8 94544899-94552183 7,284 94550715G>A 94545160T>C 42 11 31 3.31 1.11 

S8.2 94540974-94547825 6,851           25.74 2.60 

L8.2 94537456-94546134 8,678 94545160C>T 94537560G>C 28 8 20 8.63 4.36 

S10 94534599-94541790 7,191 94540069G>C 94534980G>C 24 1 23 24.53 2.21 

L9 94531257-94539449 8,192 94537560G>C 94531606G>C 25 3 22 6.28 0.41 

L10 94524472-94533111 8,639 94532013C>T 94524784A>G 19 4 15 11.50 0.20 

L11 94517468-94526499 9,031 94526044A>G 94520451G>T 15 13 2 2.79 Too low 

E_L12_2 94510646-94522068 11,422 94520451G>T 94512360G>A 23 11 12 3.77 5.15 

E_L13 94501620-94512558 10,938 94512360G>A 94504545C>T 29 10 19 16.72 4.08 

E_L14 94496875-94508372 11,497 94505971G>A 94498133G>A 33 12 21 5.70 Too low 

S18 94494792-94501639 6,847 94501594A>C 94495487G>A 28 8 20 16.85 4.66 

S19 94489852-94496894 7,042 94496253G>A 94492773C>T 19 4 15 30.10 0.50 
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E_S20 94482132-94491845 9,713 94488326T>A 94486355A>G 12 1 11 12.96 4.86 

E_L17.2 94477294-94488723 11,429 94488326T>A 94480037C>T 40 7 33 4.29 7.25 

L18 94470930-94479249 8,319 94478847G>A 94471154C>T 31 10 21 9.72 2.76 

L19 94464973-94472982 8,009 94472909G>A 94465132G>T 37 11 26 59.19 1.80 

L20 94457435-94466789 9,354 94466659A>G 94464553C>T 26 7 19 3.21 0.18 
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Figure 3.10 Reducing PCR 
cycles reduced chimeric read 
formation at ABCA4 

Reducing the number of 
amplification cycles from 35 
cycles to 25 cycles led to a 
decrease in the proportion of 
chimeric reads observed. The 
mean proportion of reads which 
were observed as chimeric 
reduced from 26% at 35 cycles 
to 7% at 25 cycles.  
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Figure 3.11 Reducing PCR 
cycles also reduced the 
amount of available product.  

Reducing the number of 
amplification cycles from 35 
cycles (blue) to 25 cycles 
(orange) led to a decrease in the 
total mass of the PCR product. 
On average this corresponded to 
a decrease from ~9nM to ~1.3nM 
per amplicon, as such it was 
necessary to pool multiple 
reactions to obtain sufficient 
product.0.00
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3.2.4  Concordance of long-range PCR phase blocks compared 
to Genome in a Bottle dataset 

To verify the accuracy of the constructed phase blocks, the experimentally 
derived phased sequence for Case NA12878 (at 25 cycles of amplification) 
was compared with a Platinum phased dataset from the GIAB consortium as 
detailed in Section 2.7.2. This benchmark dataset is generated from a number 
of long-read and short-read sequencing technologies as well as segregation 
analysis using 11 family members and as such was considered a truth set to 
compare the experimentally derived data. Phasing this case by long-range 
PCR and WhatsHap had shown that the assay would result in two phase 
blocks due a lack of variation in one of the overlaps (Figure 3.7). The GIAB 
dataset confirmed that at 25 cycles the ABCA4 locus could be resolved using 
the updated primer set into a minimum of two phase blocks due to a lack of 
variants as previously shown by phasing using WhatsHap. Within the 
constructed phase blocks, all experimentally derived phase blocks were 
concordant with those present in the phased dataset (Figure 3.12) (Appendix 
5). This demonstrated that at 25 cycles, variant calling using Nanopolish at a 
base fraction of 0.33 and phasing using WhatsHap was sufficiently accurate 
to allow the creation of a concordant phase block from multiple PCR products. 

 

To investigate whether high levels of chimerism would have significantly 
affected phasing using WhatHap, this analysis was repeated on the dataset 
generated using 35 cycles (for Case NA12878). Using 35 cycles, there was a 
switch in haplotypes compared to the Platinum dataset, resulting in 25.3 kb of 
the 97.9 kb phase block being called incorrectly. The switch in haplotype 
occurred at amplicon S8. At 35 cycles of amplification, 42% of the reads 
originating from this amplicon were chimeric. Therefore, it was concluded that 
at 35 cycles, sufficient chimeric reads were formed to confound phasing. 

 

From this analysis, it was concluded that phasing by tiled PCR was accurate 
across long distances but only when 25 PCR cycles were performed so 
chimeric read formation was reduced sufficiently to no longer confound the 
formation of accurate phase blocks. As such it was decided that despite the 
reduction in available PCR product, it was necessary to perform future PCRs 
at 25 cycles to ensure accurate phasing. Other strategies to reduce chimeric 
read formation could have included the use of alternative polymerases or 
altering the cycle conditions, however this was not explored.  
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Figure 3.12 Comparison of haplotypes of case NA12878 from long-range 
PCR data at 25 cycles and GIAB dataset 

In the top panel, the phase blocks constructed by WhatsHap are shown. 
In the second panel, the variants across ABCA4 are shown as called 
from the nanopore sequencing data. The black bars represent the 
reference allele and the red bars represent the non-reference allele. 
Haplotype 1 is shown on the top and haplotype 2 is shown on the bottom. 
In the third panel, the variants from the GIAB Platinum dataset are 
shown. False positive and false negative variants are not shown.  

 

3.2.5  Implementation of long-range PCR method to phase 
ABCA4 on a series of five cases 

The assay was next applied to a series of five cases (Probands 3515, 5863, 
5607, 3636 and 1337) with clinically relevant but unphased variants identified 
through smMIPs sequencing (Chapter 5) (Table 3.5). When sequencing the 
NA12878 case using 25 × cycles of amplification there was a considerable 
reduction in the available mass of amplification products. As such, PCRs were 
less robustly amplified and frequently multiple reactions had to be pooled to 
obtain sufficient sample. Because of this, a targeted approach was adopted 
to target only the relevant amplicons as opposed to the entire ABCA4 locus 
as had been done previously. To validate this, an initial test case (3515) 
whose known pathogenic variants ABCA4:c.1622T>C, p.(L514P) (ACMG 
Pathogenic) and c.1903C>A, p.(Q635K) (ACMG Pathogenic), located within 
a single long-range PCR amplicon (amplicon L10, 9 kb) were sequenced. The 
reads were grouped based on the reference and non-reference nucleotide at 
position c.1622 (chr1:94528806, hg19). From this, the variants were 
confirmed to be in trans and the proportion of chimeric reads that were 
identified was low (17%) (Figure 3.13).  
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Table 3.5 Details of ABCA4 cases sequenced with updated long-range primer set at 25 cycles of amplification 
All PCRs were performed at 25 cycles of amplification using the updated primer set. Filtering was performed using 
NanoFilt with Q10, excluding reads above 14,500 bases and smaller than 4,500 bases. The interval refers to the 
distance between the indicated variants. Where no variants are shown, the interval refers to the distance covered by 
the assay. Variants were called by Nanopolish at a base fraction of 0.33. N/A indicates the variants were covered by a 
single amplicon and there were no overlaps as a result.  

Local 
sample ID 

Length and 
quality 

filtered read 
count 

Reads 
on 

target 

Proportion of 
reads on 
target (%) 

Mean combined 
read depth 

across target 
locus (×) 

Target variants Number of 
target 

amplicons 

Mean number 
of variants per 

overlap 

Number of 
overlaps 
without 
variants Allele 1 Allele 2 Interval 

(bp) 

NA12878 64628 63116 97.66 3556.96 N/A N/A 132,260 24 5.14 1 
3515 9064 120 80.19 108.46 c.1622T>C c.1903C>A 635 1 N/A N/A 

5863 
18386 7081 38.51 1294.84 

(c.2588G>C, 
c.5603A>T) c.4537del 40,787 8 4.1 1 

5607 7437 2767 37.21 547.86 c.3259G>A c.6089G>A 37,331 7 6.0 1 
3536 7036 1421 20.23 608.03 c.1906C>T c.3113C>T 19,195 4 4.0 2 

1337 
39608 26012 65.67 11114.77 

c.5603A>T, 
c.5819T>C c.6817-2A>C 17,667 3 4.3 1 
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Figure 3.13 Phasing of pathogenic ABCA4 variants in Case 3515 at 25 cycles of amplification 
A case was selected whose pathogenic variants were contained in a single long-range PCR amplicon. This 
demonstrated that at 25 cycles in a real-world case phasing of the variants was successful with little chimeric read 
formation (chimeric reads not shown). This was concordant with data generated using WhatsHap. 
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Having established the assay was accurate at 25 cycles of amplification, 
probands 5863, 5607, 3636 and 1337 were then amplified and sequenced. 
These cases were also amplified using a targeted approach which required 
between 3 and 8 amplification products per case. All of the target variants 
were identifiable, however for each case at least one (maximum two) overlap 
did not contain any heterozygous variants, preventing phasing of the target 
variants (Table 3.6). Chimeric read formation was measured at a sampling of 
amplicons across the five probands. At all examined amplicons, chimeric 
reads were observed at a low proportion of total reads. 

 

At this point it was clear that while it was possible to phase large sections of 
ABCA4 using long-range PCR target enrichment combined with nanopore 
sequencing, a lack of variation prevented robust phasing across multiple 
individuals. This approach had been designed to target relatively short 
fragments as the assay was intended to be used on screening of samples 
which had been repeatedly freeze thawed and therefore may have a short 
fragment profile. However, this necessitated a tiled approach which led to 
issues with phasing using variation. While the primers had been designed 
using population level variation and tested in silico on a series of cases, it is 
difficult to predict an individual’s variant profile prior to sequencing. A single 
set of primers is evidently not suitable for screening unrelated individuals; 
however this method may be more suitable for use on cases where there is 
short-read sequence information available so that the primers can be 
designed to capture known variation in the overlaps.  
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Table 3.6 Phase blocks created by long-range PCR of amplicons 
spanning ABCA4 variants of interest 
As the PCRs were less efficient at 25 cycles compared to 35 cycles, only 
the amplicons of interest, (rather than the entire gene) were sequenced. 
The coloured cells show the created phase blocks for each case. A 
change in colour indicates a new phase block was created due to a lack 
of variation in the overlaps between the indicated amplicons. For each 
case, there was at least one overlap where there was not sufficient 
variation to allow phasing and these overlaps were not recurrent between 
any of the cases, showing that redesigned primers were unlikely to be 
robust moving forward. All coordinates refer to chromosome 1 (build 
hg19). 

Amplicon 

Start 

Amplicon 

End 

Amplicon 

Name 

Amplicon 

Size (bp) 
3515 5863 5607 3636 1337 

94524472 94533111 L10 8,640           

94517468 94526499 L11 9,032           

94510646 94522068 Extend_L12_2 11,423           

94501620 94512558 E_L13_N_1 10,939           

94496875 94508372 E_L14_N_1 11,498           

94494792 94501639 S18 6,848           

94489852 94496894 S19 7,043           

94482132 94491845 E_S20_1 9,714           

94477294 94488723 E_L17.2_2 11,585           

94470930 94479249 L18 8,320           

94464973 94472982 L19 8,010           

94457435 94466789 L20 9335           

 

3.2.6  Phasing ABCA4 by amplification-free enrichment 

3.2.6.1  HLS-CATCH 

Given the outlined issues with phasing by tiled long-range PCR an 
amplification-free, ultra-long-read sequencing method was explored. In 
collaboration with Dr Gavin Arno (University College London, UCL) during a 
secondment, four experiments using Cas9 Assisted Targeting of 
Chromosome Segments (CATCH) were performed, using the Sage High 
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molecular weight DNA Library System (Sage-HLS) platform as described in 
Section 2.5. 

 

During Sage-HLS CATCH, a cell suspension or previously isolated nuclei 
were lysed in an agarose plug, referred to below as a cassette. A CRISPR-
Cas9 complex was then added which targeted loci upstream and downstream 
of the region of interest. This introduced double strand breaks at these loci. 
The fragmented DNA was then size fractionated by electrophoresis in situ. As 
DNA extraction and target enrichment were performed in the same cassette, 
very large loci could be targeted and ultra-long fragments isolated. The 
isolated target was then sequenced using a MinION. 

 

In this experiment, two guides were used to target sites upstream and 
downstream of ABCA4 respectively. The upstream guide cut at 
chr1:94121375 (hg38). The downstream guide cut at chr1:93976930 (hg38). 
This targeted a 132,260 kb locus. These guides had previously been designed 
and optimized by Dr Gavin Arno as part of an ongoing series of experiments 
targeting ABCA4.  

 

3.2.6.2  HLS-CATCH on control case 

An initial run was performed on a control sample (CATCH 1) using nuclei 
extracted from fresh blood (Section 2.6.3) and sequenced using a MinION 
flowcell. Details of all cases enriched using CATCH are reported in Table 3.7. 
This run generated a read depth up to 87× with seven reads spanning the 
ABCA4 locus (Figure 3.14). This resulted in ultra-long reads with an N50 (the 
length of the shortest read for which longer and equal length read cover at 
least 50% of the assembly) of 55,100 bp at this locus.  
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Table 3.7 Summary run metrics of cases sequenced using HLS-CATCH enrichment 
Three CATCH experiments were performed. Reads were filtered on a quality score of Q7 and a minimum read length 
of 5 kb. The interval refers to the distance between the variants of interest, or where there are no variants of interest, 
the distance between the two guides. Mean read depth calculated by aligned bases at target locus/size of target locus 

Case  

Target variants 
Filtered read 

count 

Reads on 

target 

Reads on 

target (%) 

Mean Read 

depth (×) 

N50 at 

locus 
Reads spanning ABCA4 

Allele 1 Allele 2 
Interval 

(b) 

CATCH 1 N/A N/A 132260 14335 268 1.87 66.38 55,100 7 

CATCH 2 c.1335C>G  c.4256 T>C 48087 27044 44 0.16 12.63 95,142 4 

CATCH 3 c.1938-289 G>T c.5882 G>A 52797 11559 99 0.86 33.60 82,284 10 
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Figure 3.14 Sequencing of an ABCA4 control case (CATCH 1) enriched by CATCH using the Sage-HLS platform. 
Ultra-long-read alignment shows that this run was generated a maximum read depth of 87 reads, corresponding to a 
653-fold enrichment of the human genome. Reads aligned against human reference genome build hg38. 
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The bioinformatics pipeline which had been developed for analysis of the long-
range PCR datasets was adapted for use on these data. Reads shorter than 
5 kb were removed and reads with a quality score of less than Q10 were 
filtered out. There was no upper limit on read length imposed. Due to an 
update in the MinION operating software MinKNOW, resulting in different 
compression of the output files, at the time of these experiments it was not 
possible to use Nanopolish to perform variant calling. As such an alternate 
variant caller, Clair3 was identified which was suitable for use with the updated 
compression system. Clair3 was internally validated by re-calling all the 
variants in Case NA12878 amplified at 25 cycles and comparing to the GIAB 
dataset (Section 3.2). This showed that Clair3 was slightly more accurate and 
sensitive than Nanopolish when calling SNPs only (97.37% sensitivity, 
96.94% precision) (Table 3.8). 

 

Table 3.8 Comparison of variant calling using Nanopolish and Clair3. 
Clair3 and Nanopolish were compared using Case NA12878 amplified 
using 25 cycles. As before, both variant callers were compared to the 
Genome in a bottle Platinum dataset (GIAB VCF). This comparison was 
also made with the Genome in a Bottle dataset with no indels (GIAB 
VCF#). TP=true positive, FN=false negative, F=false positive  

Nanopolish 

Truth Set Custom Parameters Observed Results (%) 

  
Parameters Indels? TP FN FP Sensitivity Precision 

GIAB VCF# 0.33 No 204 20 7* 91.07 96.68 

Clair3 

Truth Set Custom Parameters Observed Results (%) 

  
Parameters Indels? TP FN FP Sensitivity Precision 

GIAB VCF Default Yes 245 15 18 94.23 93.16 

GIAB VCF# Default No 222 6 6* 97.37 96.94 

 

This run resulted in ultra-long reads, there were seven reads spanning the 
whole ABCA4 locus. It was possible to establish the phase of distal variants 
at low read depth using just these reads. The ultra-long reads were phased 
and segregated into haplotypes using heterozygous SNPs by WhatsHap to 
create larger phase blocks . As there were reads spanning the entire locus, it 
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was possible to segregate the majority of the reads as reported in Figure 3.15, 
thus increasing confidence in the phasing of distal variants.  

 

 

Figure 3.15 Phased reads spanning ABCA4 from HLS-CATCH control 
case (CATCH 1) using WhatsHap 
The cumulative coverage for this run is illustrated in panel A. This run 
achieved high coverage, with a maximum read depth of 87 × (hg38). 
WhatsHap was able to phase the entire ABCA4 locus into a single phase 
block with two haplotypes (panels B and C) and a small number of 
unphased reads (panel D).  

 

As the assay was quite expensive when performed using a MinION flowcell 
and only a proportion of the sequencing capacity of the flowcell is used, it was 
attempted to sequence excess product from the previous CATCH run on a 
Flongle flowcell. This yielded no usable data (data not shown). 

 

3.2.6.3  Phasing variants of interest in ABCA4 disease cases using 
HLS-CATCH 

While the successful CATCH run had been performed on freshly prepared 
nuclei, the protocol provided by Sage Sciences provided details on storing 
nuclei at -80 °C in Bambanker; a freezing medium typically used for 
preservation of cells. As such, a number of samples had been collected and 
stored in Bambanker at -80 °C.  

 

One of these was selected for sequencing as part of this experiment. This 
case (CATCH 2) had a diagnosis of group 1 Stargardt with foveal sparing and 
imaging revealed mild macular dystrophy. This case had undergone previous 
WES. Analysis by Dr Gavin Arno identified biallelic ABCA4 variants, 
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c.1335C>G (ACMG: Pathogenic) and c.4256T>C (ACMG: Likely Benign). 
Previous reports identified c.4256T>C as a VUS (Cornelis et al., 2017) and it 
was sought to establish the phase of this variant to help determine its clinical 
relevance.  

 

CATCH for this case was performed on previously extracted frozen nuclei. 
The nuclei were frozen in Bambanker and then resuspended in Nuclei 
Preparation Buffer (NPB). However, during resuspension, the nuclei 
aggregated; this affected sequencing yield. Later investigation revealed this 
to be a known issue with resuspension of frozen nuclei. A cumulative read 
depth of maximum 17 × (mean 12.63 ×) was nevertheless achieved (Figure 
3.16). WhatsHap was used to phase ABCA4 confirming the variants of interest 
were in trans.  

 

Further investigation of c.4256T>C revealed that it was unlikely to be 
contributing to the disease in this case. Later reports had identified this variant 
as benign (Cornelis et al., 2022) and this variant was listed as benign or likely 
benign in seven entries in ClinVar (VCV000298239.12). As the entire ABCA4 
locus had been sequenced in this experiment, it was possible to search for 
variants which had not been found during initial sequencing. This identified an 
ultra-rare variant in exon 6 of ABCA4 (chr1:94098819 A>G hg38, 
NM_000350.3, c.743T>C, p.(Val248Ala), ACMG: VUS)). This variant has 
been observed in only one other individual in gnomADv2 (chr1:94564375 A-
G, hg19 allele frequency 0.000003977) and had not been observed in 
gnomADv3 (hg38). This variant has also not been listed in LOVD or ClinVar. 
In silico analysis of this variant revealed that it may be relevant in this case. 
This variant had a CADD-Phred score of 22.7 (top 1% of pathogenic variants), 
and was deemed Deleterious by MutationTaster (53|47 Deleterious|Benign). 
This variant was in trans with c.1335C>G (ACMG: Pathogenic), prioritising it 
for further investigation.  
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Figure 3.16 Phasing ABCA4 variants in a patient case (CATCH 2) using 
HLS-CATCH 
A) Analysis by Dr Gavin Arno of WGS data identified a single pathogenic 
variant (1) and a rare variant of interest that had been reported as Likely 
Benign (2). Later analysis revealed an additional variant of interest (3) 
which was reported as a VUS. B) Enrichment by CATCH resulted in a 
maximum read depth of 17 × and an enrichment of 97-fold compared to 
the rest of the genome. C) The resulting reads were phased using 
WhatsHap. D) Variants 1 and 3 are arranged in trans, prioritising variant 
3 for further investigation.  

 

The thawing of previously frozen nuclei was identified as a major issue in this 
and other experiments performed in parallel targeting the opsin array (data 
not shown). As such, numerous experiments were performed to optimise this 
process. Repeated nuclei extractions on control blood, attempts at freezing in 
Bambanker and suspending in Bambanker without freezing, showed that the 
nuclei irreversibly clumped upon initial suspension in Bambanker. It was 
therefore determined that the frozen nuclei present were unlikely to result in 
successful experiments regardless of how they were thawed.  

 

Therefore, a fresh aliquot of blood was obtained from a patient who had 
previously had nuclei extracted and frozen, and a CATCH run on ABCA4 was 
then performed on the fresh sample (CATCH 3). This case had group 1 STGD 
with only macular involvement at 45 years old. Sequencing in the 100,000 
Genomes Project and analysis by Dr Gavin Arno had revealed a single 
pathogenic variant ABCA4:c.5882G>A and three deep intronic variants of 
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unknown significance (ABCA4:c.5196+415T>C, ABCA4:c.1938-289G>T, 
ABCA4:c.443-699G>A) which required phasing to establish their 
pathogenicity.  

 

CATCH of this case resulted in good enrichment of the target locus. qPCR of 
the product from this experiment showed 68.8-fold enrichment of ABCA4 
compared to RNAse P in the most successful elution well (Figure 3.17).  

 

 

Figure 3.17 qPCR result of ABCA4-related disease case (CATCH 3) 
shows high enrichment for target gene 
qPCR was used to identify which of the six elution wells in the HLS-
CATCH cassette contained the target gene. This showed that ABCA4 
was enriched 68.8-fold compared to RNAse P in the most successful 
well.  

 

As illustrated in Figure 3.18, sequencing of this case resulted in a read depth 
of 39 reads with a read length N50 at ABCA4 of over 82 kb. This confirmed 
that the ABCA4:c.1938-289G>T variant was in trans and the other two 
variants were in cis with the variant of interest, prioritizing the variant in trans 
for further investigation.
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Figure 3.18 Phasing variants of interest in ABCA4-related disease case (CATCH 3) using HLS-CATCH 
A) Analysis by Dr Gavin Arno uncovered a single pathogenic variant (1) and three novel deep intronic variants (2-4). B) 
Enrichment by CATCH resulted in a maximum read depth of 39× and an enrichment of 286-fold compared to the rest 
of the genome. C) The resulting reads were phased by WhatsHap. D) Only variant 3 was in trans with the pathogenic 
variant of interest, indicating this variant for further investigation.  
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A further issue which was identified during these experiments was the 
generation of excess amounts of foam in the HLS cassette (Figure 3.19). This 
disrupted the separation and elution of DNA fragments. On occasion, so much 
foam was generated that the current was disrupted (Figure 3.19), disrupting 
separation of target fragments. Additionally, the elution wells were flooded on 
several occasions, resulting in reduced product.  

 

While it was possible to obtain high quality, ultra-long reads using this 
technique, practical issues such as foam generation and difficulties thawing 
frozen nuclei necessitated a number of repeated experiments. Further 
optimization is required to increase the practical utility of this method.  

 

 

Figure 3.19 Foam generation during HLS-CATCH 
Panel A shows a photograph of the electrical current measurement 
during fragment separation. The current passing through each section of 
the cassette is indicated by a colored line. The current to the cassette 
indicated by the red line (top right in panel B) has been disrupted. Panel 
B shows a photograph of four Sage cassettes following separation. As 
can be seen, large amounts of foam have been generated as indicated 
by the red arrows.  
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3.3 Discussion 

This research project was undertaken as part of a large consortium of 14 PhD 
projects across Europe established to study ABCA4 in detail. The aim of this 
consortium was to identify missing heritability in ABCA4-related disease, 
further uncover the mechanism of disease and, develop novel treatments. The 
purpose of the experiments detailed in this chapter was to develop an assay 
to phase ABCA4.  

 

In this experiment, two assays were used to phase large sections of ABCA4. 
The first of these, a long-range PCR assay, was designed for use on samples 
which had been repeatedly freeze-thawed and likely had reduced genomic 
DNA fragment size as a result. As such, a tiled approach was used to allow 
targeting of relatively low molecular weight DNA. An amplification-based 
approach was adopted as many older samples have a limited amount of DNA 
available for experiments. This method was used to develop and validate a 
bioinformatics pipeline for analysis of the generated nanopore reads. While 
this method allowed for the creation of accurate phase blocks (as validated 
with a phased truth dataset), when used on patient cases, a lack of variation 
prevented the formation of full-length phase blocks. In contrast, the second 
method, HLS-CATCH, used DNA extracted in agarose cassettes from fresh 
blood to allow isolation of high molecular weight DNA. This method was used 
to phase variants of clinical interest in two cases with ABCA4-related disease. 
This method resulted in ultra-long reads, with multiple reads in each case 
spanning the entire ABCA4 locus.  

 

3.3.1  Phasing in human genomics  

3.3.1.1  ABCA4 as a target gene for establishing a phasing assay 

ABCA4 variants are the most common cause of Mendelian retinal disease 
(Cremers et al., 2020). ABCA4-related disease represents a range of IRDs 
with variable severity, progression and penetrance (Section 1.3). Despite this, 
many cases with ABCA4-associated disease show a set of clinical features 
which, when all are present, are highly indicative that defective ABCA4 is the 
underlying cause. 

 

There are a number of genes which when mutated result in a similar 
phenotype to ABCA4-related disease including PROM1, PRPH2 and ELOVL4 
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(Kniazeva et al., 1999; Bernstein et al., 2001; Cideciyan et al., 2005) (Section 
1.3.1.4). Despite this, it is often possible to correctly identify cases of ABCA4-
associated disease through careful clinical examination. Because of this, and 
its role as a frequent cause of disease, ABCA4 has been the subject of intense 
study. As cases with ABCA4-related disease can relatively easily be isolated 
(in comparison to other genes with far less distinct presentations), it has been 
possible to study cohorts of ABCA4 cases in great detail (Khan et al., 2020; 
Cornelis et al., 2022). In particular, when cases have a single pathogenic 
ABCA4 allele, there may be a second undiscovered pathogenic allele.  

 

This has allowed the identification of complex alleles in ABCA4 which 
comprise ~10% of the alleles in ABCA4 (Runhart et al., 2018; Cremers et al., 
2020) As such, ABCA4 is an excellent target to establish a robust phasing 
assay to facilitate phasing of these complex alleles in individuals with no 
available familial DNA. In addition, as ABCA4 is a relatively large gene, any 
successful method is likely to be effective for use on other genes. Finally, a 
number of therapies are under investigation for ABCA4-related disease, 
including by members of this consortium, and accurate genetic diagnosis is 
crucial for participation in these studies. 

 

3.3.1.2  Current strategies to establish phase  

As reads produced by NGS are short in nature, it is difficult to unambiguously 
map them to regions of high sequence homology. In the context of Mendelian 
disorders such as ABCA4-related disease, it is often required to phase 
detected variants by segregating them based on the homologous 
chromosome of origin.  

 

Current methods to establish phase in diagnostic settings generally rely on 
segregation of homologous chromosomes by genotyping direct family 
members. However, if no familial DNA is available, pathogenic variants are 
generally assumed to be in trans (Danecek et al., 2011; Stephenson et al., 
2021; Hitti-Malin et al., 2022; Panneman et al., 2022). This limits the study of 
complex alleles to small cohorts with available familial DNA. A wide variety of 
other methods have been established to determine phase. Many of these 
have been developed to establish phase across entire chromosomes or to 
establish haplotype relationships between distal loci. This includes 
probabilistic analysis of large cohorts using a reference genome to infer the 
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phase of variants (Browning and Browning, 2007; O’Connell et al., 2016; Loh 
et al., 2016). While this is useful for inferring relationships between alleles, it 
is not suitable in a diagnostic setting for phasing of an individual. Similarly, 
methods such as SNP arrays and ultra-low coverage WGS have been used 
to estimate phase of loci of interest, but are not suitable for phasing in a 
diagnostic setting (Rubinacci et al., 2021). Other methods such as Hi-C are 
extremely useful for establishing distal relationships, but are designed to 
phase distal loci and lack the resolution to establish phase within a gene 
(Beitel et al., 2014). Methods have also been established to allow for single 
cell sequencing of a single homologous chromosome, allowing for accurate 
phasing of large loci (Falconer et al., 2012; Sanders et al., 2017). However, 
this results in extremely low read depths and is again not suitable for phasing 
in a diagnostic setting.  

 

As such, a relatively low-cost, high-throughput, accurate method with high 
resolution is required to fill this diagnostic gap. Ideally, this method would 
result in a ‘phased haploid’ output, allowing integration with existing pipelines.  

 

3.3.2  Long-read sequencing  

There a number of long-read sequencing platforms which have recently been 
developed. These are generally either synthetic long-read sequencers or 
single molecule long-read sequencers. 

 

3.3.2.1  Synthetic long-read sequencing 

Over the past decade, a number of synthetic long-read platforms have been 
developed to construct synthetic long-reads from short reads. These typically 
function by tagging fragments of native genomic DNA and then amplifying the 
region. The resulting fragments contain tags which link to the molecule of 
origin (Mandelker et al., 2016). The fragments are sequenced using NGS and 
the resulting short reads can then be mapped back to the fragment of origin, 
allowing synthetic longer reads to be constructed (White et al., 2016; Marks 
et al., 2019). While numerous platforms have been developed, such as 10X 
Genomics’ Linked Reads (Zheng et al., 2016), Illumina’s Moleculo (White et 
al., 2016; Da Fonseca et al., 2020), LoopSeq (Callahan et al., 2021) and more 
recently Illumina Complete Long-Read 
(https://www.illumina.com/science/technology/next-generation-
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sequencing/long-read-sequencing.html, accessed 3/4/2023), these all 
function very similarly, differing in how the molecules of origin are labelled and 
amplified. 

 

Synthetic long-read sequencers benefit from the increased accuracy 
associated with NGS while allowing applications previously intractable to NGS 
due to read length. Synthetic long-read sequencers have seen successfully 
used for human de novo genome assembly with diploid contig assembly, 
generation of improved reference sequences, and to phase regions of interest 
resulting in ‘phased haploid’ reads (Kuleshov et al., 2014; Zheng et al., 2016; 
White et al., 2016; Weisenfeld et al., 2017; Da Fonseca et al., 2020; Chen et 
al., 2020; Meleshko et al., 2022). Moleculo and 10X Genomics Linked Reads 
have since both been discontinued. Recently (Launching Q1 2023), Illumina 
have released an updated synthetic long-read platform ‘Illumina Complete 
Long-Read’. 

 

While these technologies are capable of generating longer reads compared 
to NGS, it was decided that single molecule sequencing was more suitable for 
use in these experiments. Synthetic long-read sequencing methods typically 
have a comparatively short read length compared to single molecule 
sequencing. Illumina Complete reads have a reported N50 of 6-7 kb but 
benefit from the increased read quality associated with Illumina sequencing 
(https://www.illumina.com/science/technology/next-generation-
sequencing/long-read-sequencing.html accessed 9/1/2023), whereas 
Nanopore reads of over 4 Mb have been reported 
(https://nanoporetech.com/products/minion, accessed 8/2/2023). Due to the 
reduced read length obtained when using synthetic long-read sequencers, 
these platforms would have encountered the same issues surrounding 
creating a larger phase block using heterozygous variants with no possibility 
of using an approach which generated ultra-long reads.  

 

Additionally, workflows such as the 10X Linked Reads feature amplification 
steps during their workflow. While modified amplification such as 10X Linked 
Reads gel-beads in emulsion (GEMs) reduce the likelihood of PCR artefacts, 
as demonstrated in this chapter PCR can significantly confound accurate 
sequencing and phasing. Additionally, there are not enough tags for all of the 
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sequenced molecules, introducing the possibility (although very unlikely), that 
both haplotypes at the same locus will share a tag (Zook et al., 2016a). 

 

Finally, in comparison with single molecule sequencing, it would have been 
difficult to directly observe any artefacts generated using synthetic long-read 
sequencing which may have confounded phasing. In this experiment, it was 
possible to measure chimeric read formation as each read originated from a 
single DNA fragment. As a result it was possible to determine that the 
chimeras were formed during long-range PCR and adjust this step to reduce 
chimera formation. In contrast, if a synthetic long-read platform had been 
used, it would have been far more difficult to investigate any artefacts which 
may have confounded phasing. Similarly, when phasing using HLS-CATCH, 
although reduced read depth was obtained the phased reads originated from 
genomic DNA and spanned the entire locus. As such, the observed 
haplotypes were likely accurate. 

 

3.3.2.2  Single molecule sequencing 

Single molecule sequencers such as the PacBio Single Molecule Real Time 
(SMRT) sequencing platform (Section 1.4.2) and the Oxford Nanopore 
Technologies nanopore platform (section 1.4.3) now dominate the emerging 
long-read sequencing market. Single molecule sequencing is characterised 
by direct sequencing of individual DNA or RNA molecules and sequencing 
has been used to improve applications which have been understudied due to 
the size of NGS reads, such as comprehensive RNA sequencing and 
structural variant identification (Lavrichenko et al., 2021; Nurk et al., 2022).  

 

Single molecule sequencing has also been used to establish large haplotypes 
at high accuracy and resolution. This has been done to improve references, 
including complete human genomes and telomere to telomere assemblies 
(Miga et al., 2020; Nurk et al., 2022). Single molecule sequencing has also 
been used for diploid de novo assembly of human genomes (Shafin et al., 
2020). A wide variety of methods have also been developed to establish 
‘phased haplotypes’ of variants of interest using both PacBio SMRT 
sequencing and Oxford Nanopore sequencing. Of particular interest here, due 
to the long reads obtained from single molecule sequencing, it is possible to 
directly differentiate sequences deriving from homologous sequences 
including sequences derived from homologous chromosomes. 
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PacBio sequencing offered an attractive alternate sequencing platform at the 
beginning of this study. As outlined in Section 1.4.2, PacBio SMRT 
sequencing utilises parallelised single molecule sequencing by synthesis (Eid 
et al., 2009). PacBio SMRT sequencing’s main advantage compared to 
comparative methods is the very high accuracy of circular consensus 
sequencing. SMRT sequencing is highly accurate, although it is worth noting 
that the often quoted figures for accuracy are from circular consensus 
sequencing, also known as HiFi sequencing, During HiFi sequencing, the 
circular SMRT bell template is sequenced multiple times. By sequencing the 
same molecule multiple times, a highly accurate consensus sequence can be 
obtained (Travers et al., 2010; Loomis et al., 2013). 

 

In spite of the increased accuracy of PacBio sequencing, ONT sequencing 
has several significant advantages which led to its selection for this study. As 
sequencing is not performed by synthesis, there is functionally no limit on read 
length. Reads of >2.2 Mb have been reported (Payne et al., 2019) and ONT 
have claimed reads of over 4 Mb in internal datasets 
(https://nanoporetech.com/about-us/news/blog-kilobases-whales-short-
history-ultra-long-reads-and-high-throughput-genome, accessed 11/1/2023). 
In contrast, HiFi sequencing is generally only possible for targets smaller than 
~13.5 kb (Wenger et al., 2019). 

 

ONT sequencing has also grown increasingly accurate with the development 
of new library preparation kits, basecalling softwares and updated variant 
calling softwares (Wang et al., 2021). PacBio claim to have achieved greater 
than Q50 predicted accuracy (>99.999%) consensus accuracy 
(https://www.pacb.com/technology/hifi-sequencing/how-it-works/ accessed 
10/1/2023). While this is impressive, and often advertised, the per base 
accuracy is closer to 99.9% for circular consensus reads and lower for single 
pass reads (https://www.pacb.com/blog/understanding-accuracy-in-dna-
sequencing/, accessed 11/1/2023). This is still greater than Nanopore 
sequencing, however consensus accuracy was shown not to affect 
sequencing using stringent filtering parameters (Section 3.2.2). 

 

Finally, the (at the time) newly released Flongle was a major factor in the 
selection of nanopore sequencing. The Flongle is an adaptor for the MinION 
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flowcell which offers a reduced output at a reduced cost. The theoretical 
maximum output of a Flongle flowcell is 2.8 Gb 
(https://nanoporetech.com/products/Flongle, accessed 9/1/2023) compared 
to 50 Gb for a MinION flowcell (https://nanoporetech.com/products/minion, 
accessed 9/1/2023). This allowed for bench-top sequencing at a 
comparatively low per-run cost. Because of this, it was cost effective to run 
one sample per Flongle without multiplexing, which reduced experiment and 
analysis complexity. In contrast, the current range of PacBio sequencers are 
large, expensive machines generally intended for use in a central sequencing 
facility. Additionally, PacBio Sequel IIe instruments use SMRT cells at a cost 
of ~$1,300 per cell. For variant detection in a ~3 Gb human genome, two cells 
are recommended at a total cost of ~$2,600 (excluding other reagents) 
(https://www.pacb.com/wp-content/uploads/Application-Brochure-What-Can-
You-Do-with-One-SMRT-Cell.pdf, accessed 11/1/2023). This is cost effective 
for many pooled samples, approximately 1,000 amplicons of 1-10 kb can be 
sequenced for a per sample cost of $1-2. While this is cost effective at scale, 
only ~525 amplicons were sequenced on Flongles throughout this 
experiment. Using Flongles, it was possible to optimise the assay cost 
effectively, a process which would have been far more expensive using SMRT 
sequencing. 

 

3.3.3  Long-read enrichment 

Whichever long-read sequencing platform is selected for phasing, appropriate 
enrichment to maintain fragment length of target sequences is important to 
properly use the advantages of these platforms. These methods aim to either 
capture the variants of interest on a single read, allowing unambigious 
phasing, or to use heterozyous variants to create larger phase blocks from 
tiled overlapping reads.  

 

3.3.3.1  Amplification-free sequencing 

3.3.3.1.1  Long-read whole genome sequencing  

Depending on experimental design, it may be possible to forgo enrichment 
and perform long-read WGS. While this allows for robust phasing and long-
read lengths to be achieved, this is a very expensive method for routine use 
and is more expensive than whole genome NGS. If WGS is performed on a 
MinION an average coverage of ~3 × is typically achieved. This is generally 
not considered sufficient for many purposes and is typically either 
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supplemented with NGS, additional MinION flowcells or the larger 
PromethION flowcells. Simiarly while PacBio sequencing is more accurate, 
PacBio recommends using two SMRT cells to sequence a single genome at 
a cost of ~$2,600. Additionally as with Illumina WGS, long-read WGS requires 
increased data storage and data analysis, increasing experimental costs and 
preventing its use in many circumstances. Long-read WGS has been used 
effectively on smaller genomes such as multidrug resistant bacterial strains 
and SARS-CoV-2 (Luo et al., 2022; Vereecke et al., 2023). For the phasing of 
ABCA4 long-read WGS would have been prohibitively expensive and required 
too much DNA for many of the samples intended for sequencing as part of 
this study.  

 

Target enrichment methods are commonly employed to maximize limited 
sequencing capacity for human samples. Enrichment methods for single 
molecule sequencing can broadly be divided into amplification-free methods, 
where native genomic DNA is enriched and directly sequenced, or 
amplification based methods such as long-range PCR. More latterly, adaptive 
sampling for the nanopore has also been developed.  

 

3.3.3.1.2  CRISPR-Cas9 amplification-free enrichment 

An amplification-free method which has been used succesfully in conjunction 
with single molecule sequencing is CRISPR/Cas9 mediated enrichment. The 
CRISPR/Cas9 system is a programmable endonuclease which allows for 
efficient targeting of double strand breaks (Barrangou et al., 2007; Marraffini 
and Sontheimer, 2008; Barrangou et al., 2012; Nachmanson et al., 2018).  

 

This system has been widely used for amplification-free enrichment of high 
molecular weight DNA fragments. Various strategies have been developed for 
both nanopore and SMRT sequencing. For example, selection of fragments 
generated by CRISPR-Cas9 complexes targeting sequences flanking the 
region of interest (Nachmanson et al., 2018). Other methods utilise the 
exonuclease activity of Cas9 in an altered library preparation for nanopore 
and SMRT sequencing (Tsai et al., 2017; Watson et al., 2019). Broadly, by 
targeting regions of interest with CRISPR-Cas9 complexes, exposed ends are 
made available to which adaptors can be ligated. These systems are powerful 
because they allow for native targeting of regions which are known to cause 
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disease but are intractable to amplification, reduce PCR artefacts and allow 
for targeted study of DNA modifications.  

 

Amplification-free enrichment was developed for SMRT sequencing by Tsai 
et al., 2017. A SMRT bell library is prepared as in standard SMRT sequencing 
library preparation (Section 1.4.2). CRISPR-Cas9 complexes are added 
targeting the region of interest, resulting in the excision of one of the hairpin 
adaptors. Capture adaptors are then ligated to the open end. Magnetic beads 
are introduced which bind to the capture adaptors. A magnet is then used to 
pull down the magnetic beads with the attached SMRT bell molecules, 
allowing the rest of the library to be washed away (Höijer et al., 2018; Hafford-
Tear et al., 2019).The resulting enriched library is then sequenced on a SMRT 
cell.  

 

Comparable methods have been developed using the nanopore (Fourquet et 
al., 2018; Gilpatrick et al., 2020). One such method uses CRISPR-Cas9 
complexes to cut at the target region and guide adaptor ligation (Watson et 
al., 2019). In this method, the genomic DNA is dephosphorylated. CRISPR-
Cas9 complexes are then introduced targeting the region of interest. The 
exonuclease activity of Cas9 exposes the 5¢-phosphate at the target locus. 
The other direction is not sequenced as the Cas9 remains bound to the side 
of the cut proximal to the PAM sequence. Because of this, the 5¢-phosphate 
on this strand will be sterically hindered, effectively only exposing one 5¢-
phosphate. A dA tail is then ligated to this tail. The terminal phosphate is 
required for dA tail ligation so only the region of interest is eligible to have the 
adaptor sequence bound. The prepared library is then sequenced on a 
MinION flowcell. This method has been used to succesfully characterise 
genomic duplications (Watson et al., 2019).  

 

Amplification-free methods were initially explored for use during this study in 
conjuction with nanopore sequencing. However this was decided against for 
several reasons. As there is no amplification during targeting or library 
preparation, a large mass of input DNA would be required to ensure sufficient 
target copies are enriched. This would have precluded sequencing of many 
samples which have relatively little DNA available for sequencing. 
Additionally, relatively high molecular weight DNA would be required to ensure 
sufficient read length, limiting the number of samples this technique can be 
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performed on. Due to the read lengths which were expected to be obtained 
from older samples, a tiled approach spanning ABCA4 was expected to be 
required. This would have required a prohibitive number of guides. Even with 
large inputs of high quality DNA, low read depths are typically achieved. 
Finally, as these methods require a MinION flowcell as opposed to a Flongle 
flowcell, they would have been approximately 10-fold more expensive than 
the PCR method which was used. 

 

3.3.3.1.3  Sage-HLS CATCH 

When the issue of chimeric read formation was identified, enrichment by 
CRISPR/Cas9 was explored again for a more limited series of cases, however 
it was decided that a tiling approach would still be required. This would have 
required a prohibitive number of guides and would likely have encountered 
the same practical challenges surrounding a lack of variation preventing 
phasing. 

 

Instead, Dr. Gavin Arno facilitated the use of a modified CRISPR/Cas9 based 
method of enrichment, CATCH using the the Sage-HLS system (Jiang et al., 
2015; Shin et al., 2017; Zhou et al., 2020). This system has several 
advantages compared to other methods of CRISPR/Cas9 enrichment which 
made it more feasible. As DNA extraction and targeting are performed in situ 
in an agarose gel plug, very large fragments of DNA can be targeted. In this 
experiment, reads of over 143 kb were obtained with an N50 (the length of the 
shortest contig for which longer and equal length contigs cover at least 50% 
of the assembly) at this locus of up to 95 kb. Other studies using this technique 
have succesfully completely characterised deletions at 22q11.2 and 16p11.2 
(Zhou et al., 2020). In these experiments, reads of over 405 kb were obtained. 
The results presented in this chapter compares favourably to those of Zhou 
and colleagues as the maximum read depth in this experiment was 87 × at 
ABCA4 compared to 30-40 × at 16p11.2. Additionally, the longest N50 
obtained in that experiment set was 64.51 kb compared to 95 kb in this 
experiment (Zhou et al., 2020). Finally, target enrichment in the Zhou et al 
paper was 30-fold compared to up to 68.6-fold achieved in this project 
(calculated by qPCR of ABCA4 and RNase P, Figure 3.17). Opimization by 
Dr Gavin Arno and colleagues has improved targeting and fragment length 
preservation.  
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This method is still relatively early in development and further optimisation is 
required before its general use. Firstly, the protocol provided by Sage 
Biosciences included details on freezing freshly extracted nuclei in 
Bambanker (a medium typically used for freezing cell cultures). However 
when thawing the nuclei, they formed an irreversible clump which could not 
be resuspended. This reduced the sequencing yield, as can be seen by 
comparing experiments performed on freshly extracted nuclei with 
experiments performed on frozen nuclei. This was explored by extracting 
control nuclei and resuspending in Bambanker without freezing, which also 
caused the nuclei to irreversibly clump. Resuspending in greater volumes of 
Bambanker did not decrease this. Additionally, numerous trials on the opsin 
array (Dr Gavin Arno, personal communication) on frozen nuclei resulted in 
very low read depths. As such, Case CATCH 3 was asked to return to clinic 
and give a fresh blood sample so that freshly isolated nuclei could be used 
instead of previously frozen nuclei. As it is possible to only do this assay on 
freshly extracted samples, this increases the logistical challenges associated 
with this experiment. Nuclei must be extracted from fresh blood within 4-5 
days of extraction and the CATCH experiment performed on the nuclei as 
quickly as possible. A method to successfully freeze nuclei would greatly ease 
the wider adoption of this technique. 

 

Further, generation of excess foam reduced output in some experiments. This 
disrupted the electrical current through the cassette and in some cases 
flooded the elution wells leading to reduced product. It was determined by 
Sage Biosciences that this was due to a high concentration of SDS in the 
buffer used to stop the CRISPR-Cas9 reaction. By replacing the supplied 3% 
SDS Lysis buffer with a 1% SDS lysis buffer less foam was generated for 
Case CATCH 3 compared to other experiments. Additionally, replacing the 
running buffer after each user interaction also helped to mitigate, but not 
eliminate foam. Further improvements to the SAGE-HLS cassette and 
reagents may help mitigate this in future. 

 

While CATCH is capable of generating far longer reads than other enrichment 
methods, it must be sequenced on a MinION flowcell as opposed to the lower 
throughput (and comparatively cheaper) Flongle flowcell. Even with a MinION 
flowcell, a relatively low yield is obtained. It was hypothesised that using the 
products of a CATCH run on a Flongle flowcell would result in a comparable 
amount of data at a reduced cost, however this experiment did not generate 
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any usable data. Nanopore recommends between 2-20 fmol of DNA is added 
to the Flongle flowcell and 100-200 fmol of DNA is added to the MinION 
flowcell (Oxford Nanopore Technologies). If insufficient DNA is added to the 
flowcell, there are a larger proportion of inactive pores which quickly become 
unusable. Amplification-free methods such as CATCH isolate very few copies 
of DNA. It was theorised that using the low molarity CATCH elution product 
on a Flongle would increase the proportion of active pores, thereby resulting 
in a successful sequencing run, in reality too many pores died too quickly to 
generate any meaningful data.  

 

As such, the more expensive MinION flowcell is required for each CATCH 
experiment. At a cost of ~£1000 a flowcell, this is an expensive experiment to 
perform routinely. Additionally, there were increased costs associated with the 
enrichment compared to amplification based methods, such as the SAGE-
HLS machine, cassettes and CRISPR/Cas9 reagents. As has been noted 
previously, this experiment only uses 20-30% of the sequencing capacity of a 
MinION flowcell (Zhou et al., 2020). While there is theoretically excess 
sequencing capacity in the MinION and Flongle to allow for multiplexing of 
CATCH and long-range PCR respectively, considerations of data quality 
prevented their use in these experiments. 

 

3.3.3.1.4  Adaptive sampling 

A recently developed amplification-free enrichment method is adaptive 
sampling. Adaptive sampling or Read Until, allows for enrichment of genomic 
DNA samples by real-time basecalling and molecule selection (Loose et al., 
2016). Prior to sequencing, regions of interest are defined in silico. During 
sequencing of sheared genomic DNA, the resulting sequence is basecalled in 
real time. If the molecule passing through the pore is the target sequence, it 
continues to pass through the pore. However, if the molecule is a different 
sequence the electric current is temporarily reversed, pushing the molecule 
back out of the pore (Payne et al., 2021). This method is highly promising and 
has been demonstrated to enable over 40 × coverage of target sequence 
corresponding to a 5.7-fold enrichment (Payne et al., 2021). This method was 
currently being optimised in the lab as this project completed and so was not 
available for use in this experiment, but promises to be a powerful tool capable 
of targeting of panels of genes of interest with no additional laboratory steps. 
This technique has been succesfully leveraged for sequencing of microbial 
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communities, tumors, repeat expansions and for the detection of a myriad of 
other variation in human genomes (Miller et al., 2021; Stevanovski et al., 2022; 
Marquet et al., 2022; Patel et al., 2022). Further developments of this platform 
have led to programmes such as BOSS-RUNS, which use adaptive sampling 
to dynamically update targets. This has been used to characterise microbial 
communities and, during sequencing, select against highly abundance 
species (Weilguny et al., 2023).  

 

While this promises to be a very powerful technique, the genomic DNA is 
fragmented to approximately 10 kb prior to sequencing (Payne et al., 2021). 
To phase across a large locus, reads would be segregated into larger phase 
blocks by heterozygous variants which overlap multiple reads. As the reads 
are randomly fragmented, this would not rely on variation at specific loci, 
however if a region is encountered with no reads spanning between 
heterozygous variants, a new phase block would be created as happened 
during this experiment. A future increase in fragment length which can be 
sequenced would greatly mitigate this.  

 

3.3.3.2  Amplification based enrichment 

Finally, other enrichment methods rely on amplification of target sequences. 
Major advantages of enrichment by PCR include; cost effectiveness, low input 
DNA and very high enrichment of target sequences. However, relatively low 
target size, low throughput and the introduction of PCR artefacts remain 
potent limitations to be addressed.  

 

While phasing by long-range PCR was demonstrated to be possible, if a 
reduced cycle count was used and if sufficient variation was present to allow 
stitching together of tiled amplicons as validated with the NA12878 dataset, 
there were practical challenges which limited its utility. A tiled approach was 
adopted so that previously extracted, freeze thawed samples could be 
sequenced, however this led to challenges stitching together larger phase 
blocks.  

 

Additionally, chimeric read formation limited the number of PCR cycles which 
could be used, increasing the practical difficulty of long-range PCR. It has 
been estimated that up to 40% of PCR products from mixed populations are 
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chimeric and that this can occur between homologous chromosomes 
(Meyerhans et al., 1990; Lahr and Katz, 2009). While it has been previously 
observed that chimeric product formation is reduced by reducing cycle 
number, it has also been reported that chimeras can occur after a single round 
of amplification (Odelberg et al., 1995). It has been proposed that chimeras 
form when an incomplete PCR product binds to a homologous locus during 
amplification and acts as a primer. Studies using single molecule sequencing 
have supported this and have found that the average rate of recombination 
occurs at 1.1×10−4 per base per amplification cycle for Taq DNA polymerase 
(Potapov and Ong, 2017). An alternative model has been proposed where the 
polymerase switches template during an amplification cycle, supported by the 
observation that chimeras can form after a single round of amplification 
(Odelberg et al., 1995). While the rate of chimeric product formation in this 
experiment was found to vary between amplicons, Potapov and colleagues 
observed that across all observed loci, the rate of chimera formation was 
found to be evenly distributed. It is likely that the amplicons which were 
observed to have high chimera formation in this experiment were less likely to 
be successfully amplified during a single round of PCR. Alternate primer pairs 
spanning the same region may have resulted in reduced chimeric read 
formation, however this was not investigated. In addition to reducing cycle 
number, it is plausible that alternate polymerases will have reduced rates of 
chimera formation. 

 

A previous report described the presence of chimeric amplification products 
after amplification of ~9 kb products (Laver et al., 2016). In that report, initial 
sequencing was carried out on the MinION and the presence of the chimeric 
products was confirmed with PacBio sequencing. As observed in this thesis, 
Laver and colleagues observed that at high cycle number (39 cycles in their 
case) there were three observed haplotypes at similar proportions and a fourth 
haplotype which was at a reduced proportion. The proportion of reads 
belonging to the final haplotype was judged to be reduced due to reference 
alignment bias. Laver and colleagues observed that by reducing cycle number 
to 29, they were able to significantly reduce chimeric read formation. However, 
they concluded that: “PCR carried out with fewer than 29 cycles did not yield 

enough product for sequencing, this means that a reduction of cycles alone 

will not be able to entirely eliminate chimera formation.”. Laver and colleagues 
concluded that this was a major pitfall preventing robust phasing using 
nanopore sequencing. The workflow used in the current experiment, which 
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benefits from the significantly increased read depth offered by Flongle 
flowcells, and from robust amplification using the SequelPrepä Long PCR kit 
has enabled this issue to be addressed. The increased read depth compared 
to that obtained by Laver et al (maximum 111 nanopore reads aligned to both 
variants of interest, in comparison to a maximum read depth of >12,000 × 
achieved on Case NA12878) gives greater confidence in the construction of 
larger phase blocks and called variants. Further, since the previous report, 
there has been a general improvement in nanopore sequencing through 
greater throughput and increased accuracy (Wang et al., 2021). The reference 
alignment bias observed by Laver and colleagues was not observed as a 
confounding issue during the experiments performed in this study. Generally, 
proportions of all four observed haplotypes were similar at 35 cycles, possibly 
due to improvements in aligners since the previous report. 

 

By comparison with the publicly available Case NA12878, the constructed 
phase blocks were accurate at 25 cycles and the proportion of chimeric reads 
was low enough to not affect phasing. While it was possible to significantly 
reduce chimeric read formation by reducing cycle number to 25 cycles, this 
also greatly reduced PCR efficiency. Previously optimized PCRs required re-
optimization and frequently multiple PCR products of the same amplicons 
would need to be pooled to ensure sufficient molarity. Further, this 
necessitated a reduction in annealing temperature, reducing the specificity of 
the primers and further reducing the moles of available PCR product (Figure 
3.20). 

 

In this experiment a tiled approach was used, relying on heterozygous 
variants situated in the overlaps between amplicons to construct larger phase 
blocks. To maximize the amount of variation captured in the overlaps between 
the amplicons, public genomic datasets were interrogated. This was done to 
map areas of low variation and avoid placing overlaps in these. While this was 
relatively successful, and it was possible to use a series of ten cases to 
redesign low variation overlaps, these datasets are generally centered around 
populations of European descent (Ballouz et al., 2019). The controls and in 

silico exemplar cases which were used in this study were also of European 
descent. It was predicted that the majority of cases sequenced using this 
method would also be of European descent, and as such, the amplicons which 
were designed using population variation should have captured sufficient 
variation as predicted. However, this experiment was performed on individuals 
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from a diverse cohort, and as the individuals were pseudo-anonymized, their 
ethnicity was not considered at the time of sequencing. While this assay was 
biased towards individuals of European descent, it is evidently difficult to 
predict common variation in individuals using population data even from 
individuals of the ‘target’ population. Further, it would not be feasible to design 
genetic assays in diverse cohorts to target specific populations. This would 
require segregation of patients by ethnicity and would necessitate attaching 
ethnicity data to pseudo-anonymized genetic testing, introducing potential 
ethical and patient privacy issues. 

 

 

Figure 3.20 Long-range PCR at ABCA4 became less efficient at 25 cycles 
of amplification compared to 35 cycles  
In both panels, amplification products of amplicon L10 are shown. In an 
attempt to increase the yield of product at 25 cycles, the annealing 
temperature was reduced, however this resulted in a corresponding drop 
in specificity. N indicates a no template control, C indicates a positive 
control, in both cases the NA12878 case was used as a positive control. 
The numbers indicate cases which were amplified. Products separated 
on a 0.5% agarose gel, fragment size shown using an NEB 1 kb plus 
ladder.  

Further, variation can vary greatly between individuals at the same locus. For 
example, the control which was used throughout this experiment, NA12878, 
was selected as this individual is a commonly used reference for 
benchmarking studies. Case NA12878 has 228 single nucleotide variants 
spanning ABCA4, of which 169 were heterozygous. Prior to the selection of 
NA12878 as a benchmark, an in-house case who had undergone WGS was 
selected (1343). This case had a diagnosis of Late Onset Retinal Dystrophy 
and sequencing of several members of this pedigree have so far, not revealed 
the cause of disease. In contrast to Case NA12878, this case had 106 variants 
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spanning ABCA4 of which only 17 were heterozygous. As such, this case had 
seven overlaps with insufficient variation to allow phasing. While difficult to 
predict, individuals with low levels of variation at the target locus are 
unsuitable for methods such as the one used here which rely on variation to 
phase. Notwithstanding the lack of variation within the overlaps between 
amplicons, there is no reason why significantly larger phase blocks than 94.9 
kb could not be constructed. In particular this method is well suited for phasing 
of variants which are relatively close together and can be captured in a single 
amplicon, or for cases who have had prior NGS. In these cases, it may be 
beneficial to design bespoke primers to target variation in the overlaps 
between amplicons. 

 

Ultimately, during long-read sequencing enrichment, a trade off must be made 
between desired fragment length and sample quality. Techniques which 
require ultra-long reads require specialist DNA extraction and library 
preparation methods to preserve fragment length. Because of this, they are 
not possible on most samples, in particular freeze thawed samples. To phase 
lower quality samples, enrichment strategies which produce shorter fragments 
are required and a tiling approach such as the one adopted in this study are 
necessary. As demonstrated here, this can lead to practical challenges. As 
such, targeted long-range PCR presents a cost effective method for cases 
where the variants are relatively close together, or for cases which have 
undergone previous screening and as such overlaps can be targeted to where 
there is variation present. This presents as a viable assay to quickly screen 
targeted cohorts of patients, however a single set of amplicons (as attempted 
here) is unlikely to be able to reliably phase large loci.  

 

As access to sequencing continues to expand, the ability to cost effectively 
phase loci of interest will be of increasing importance. While this work focused 
primarily on establishing an assay to study complex alleles in ABCA4, a 
method to reliably phase large loci is also important to allow for the study of 
new genes thought to be implicated in disease, to examine the relationship 
between functional variants when multiple functional variants are found in the 
same gene, and to establish accurate genotypes of patients for inclusion in 
gene therapy trials. As such, a method which is cost effective, technically 
feasible and replicable, is necessary to allow for the routine phasing of 
relevant variants in eye disease and beyond.  
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Previously established methods to phase variants, such as cloning of target 
genes, are accurate but do not allow for sufficient throughput compared to 
other techniques. Similarly, while phasing by segregation analysis is routinely 
used, many patients do not have available familial DNA and so cannot be 
studied. As a result, it is likely that long-read sequencing technologies will be 
commonly used going forward to phase variants of interest.  

 

While phasing by long-range PCR is technically feasible as shown here, it is 
practically challenging. A major limitation of this approach was the formation 
of chimeric reads, although this was addressed by reducing PCR cycle 
number. A limitation of this approach which could not be overcome was the 
lack of heterozygous variants in the overlaps between amplicons. As a result 
it is possible that this method will be of some use in the near future, however 
this will likely be restricted to phasing smaller loci or for targeted phasing of 
cases with prior sequencing. In the more distant future it is likely that an 
alternate technique such as adaptive sampling or HLS-CATCH will be used to 
routinely phase variants. Adaptive sampling was recently used to phase 
variants of interest in USH2A (Nakamichi et al., 2023), however it is not 
possible to use this method to sequence highly repetitive regions such as the 
opsin array, as the long-reads achieved are still too small to uniquely align. In 
contrast, phasing by HLS-CATCH is very effective and it is possible to 
sequence repetitive loci such as the opsin array, although HLS-CATCH is 
significantly more expensive compared to adaptive sampling. As such, it is 
likely that in the future adaptive sampling will be used to sequence genes of 
interest and phase resulting variants in the majority of cases, while a method 
such as HLS-CATCH will be used to target more challenging loci. Finally, as 
the cost of long-read WGS continues to fall it is possible that long-read WGS 
will be used to routinely screen patients, allowing for high quality sequencing 
of target loci as well as phasing of variants of interest in a single step.  

 

3.4  Summary  

In this study, phasing by long-range PCR in conjunction with nanopore 
sequencing was shown to be a cost effective strategy to phase large sections 
of ABCA4. Further, the resulting phase blocks were shown to be accurate by 
comparison with a well-characterised benchmark sample. Phasing was 
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hampered by a lack of variation in the overlaps between amplicons, however 
where sufficient variation was present, this strategy represents a robust, albeit 
practically challenging method of phasing. This was supplemented by an 
amplification-free method which proved to be effective and presented a 
method of ambiguity-free phasing, however it required fresh samples and was 
significantly more expensive than the PCR based method.  
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4  Characterisation of deletions using nanopore 
sequencing 

4.1  Introduction 

Copy Number Variants (CNVs) have long been recognised as an important 
contributor to genetic disease and methods to detect and characterise these 
variants at greater sensitivity and resolution is an ongoing area of 
development, with the potential for significant clinical impact (Girirajan et al., 
2011). Next generation sequencing (NGS) has allowed for improved detection 
of CNVs and has been an important addition to existing methods. However, 
substantial challenges remain when using NGS to detect CNVs, in particular 
when using targeted sequencing methods. Numerous bioinformatics 
approaches, which typically use comparative read depth or paired end 
mapping information have been developed (Guo et al., 2013). However, these 
methods commonly characterise deletions to the resolution of the nearest 
exon, and it can be challenging to characterise breakpoints at single-
nucleotide resolution. For example, when targeted sequencing is performed, 
areas with lower coverage may be putatively “called” as containing a deletion, 
even though the breakpoints are not captured. To characterise the 
breakpoints of the putative deletion, numerous standard PCRs will be 
attempted to span the variant and sequence the breakpoint by Sanger 
sequencing, a time-consuming process known as PCR walking. In this 
chapter, a novel method to quickly and cost effectively characterise previously 
detected deletions using long-range PCR and nanopore sequencing is 
described. 

 

4.2 Results 

A methodology was developed using a long-range PCR spanning the putative 
deletion (Section 2.3.2), followed by sequencing on a Flongle flowcell (Section 
2.6.3). Using long-range PCR, it would be possible to span the putative 
deletion with a single amplification product and the primers could be 
positioned to avoid repetitive sequences. Nanopore sequencing allowed the 
breakpoints of the deletion to be un-ambiguously mapped. This could then be 
verified by standard PCR (Section 2.3.1) and Sanger sequencing (Section 
2.4). 
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4.2.1  Selection of cases with large deletions  

This approach was applied to a series of IRD cases with large deletions as a 
proof of concept. An initial cohort of five cases who had undergone targeted 
screening which had resulted in putative large deletions being identified were 
selected. Details of all cases can be viewed in Table 4.1. This cohort 
comprised of one case with a heterozygous deletion in PRPF31 and three 
cases with homozygous deletions in EYS, CNGB1, CNGA1 and one case with 
a hemizygous deletion in NDP. 

 

Table 4.1 Details of cases with suspected large deletions 

Proband 
ID 

Case 
number Gene Sex Inheritance 

pattern  Phenotype Detection 
method Identified by 

4755 Case 1  CNGA1 M Sporadic RP 
ExomeDepth 
on MIPs data  J.P. 

2249 Case 2 CNGB1 M Recessive RP 
ExomeDepth 
on MIPs data  J.P. 

644 Case 3 EYS F Sporadic RP 
ExomeDepth 
on MIPs data  J.P. 

769 Case 4 PRPF31 M Dominant RP 
ExomeDepth 
on WES data C.S. 

F1265 Case 5 NDP M Sporadic FEVR 
ExomeDepth 
on WES data E.P. 

J.P.: James Poulter. C.S.: Claire Smith. E.P.: Evangelia Panagiotou. RP: 
Retinitis pigmentosa. FEVR: Familial Exudative Vitreoretinopathy. 

 

4.2.2  Nanopore sequencing of putative deletion-variants in IRD 
cases 

4.2.2.1  Characterisation of CNGA1 deletion 

Case 1 (Proband 4755) was a singleton case with a diagnosis of RP. Prior to 
this study, ExomeDepth (Plagnol et al., 2012) was used on MIPs screening 
data targeting exonic sequences in 100 IRD genes (method detailed in 
Weisschuh et al., 2018) (Table 4.1). This indicated a homozygous deletion 
spanning exons 6-10 of CNGA1. From this, the minimum size of the deletion 
was estimated to be 7.5 kb and the maximum size of the deletion was 
estimated at 56 kb. The deletion was confirmed to be present by standard 
PCR targeting exon 7 (Forward: CACAAGCCACAACCTGAGAC, Reverse: 
ACATCGAAGGGGTAAGGCAA, Target: chr4:47941522-47942022 hg19, 
500bp) which generated no PCR product (data not shown). Following this, the 
deleted allele was amplified by long-range PCR and sized by gel 
electrophoresis.  
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Two pairs of primers were designed to flank the deletion. Primers were placed 
in the next loci which had been successfully sequenced, or in the intervening 
intron. Long-range PCR primer sequences are recorded in Table 4.3. Primer 
pair 2 generated an estimated 9 kb amplification product. This was 
significantly smaller than the 25 kb product expected from the reference 
sequence (Figure 4.1).  

 

Figure 4.1 Gel electrophoresis of long-range PCR product spanning 
putative CNGA1 deletion  
Long-range PCR was performed using the SequelPrepä kit at an 
annealing temperature of 58 °C. Amplification of primer set 1 using a 
control genomic DNA (C) and patient DNA (P) sample did not result in a 
visible amplification product. Amplification using primer set 2 resulted in 
a product only in the patient DNA of approximately 9 kb (P*). Both primer 
sets were used in the no template control (N). The size of the products 
is indicated by a Thermo Scientific GeneRuler 1 kb plus ladder. 

 

Nanopore sequencing on a Flongle flowcell of this product allowed 
characterisation of the breakpoints of the deletion at a nucleotide resolution 
(Figure 4.2). These data defined a novel 14.8 kb homozygous deletion 
spanning exons 6-10 of CNGA1, (NM_001142564.1) 
g.47931965_47946798del (hg19). More than 71% of the encoded amino 
acids in the indicated transcript were deleted. Further, this deletion affects the 
3¢ end of the gene and removes the stop codon, likely resulting in nonsense-
mediated or non-stop decay (Vasudevan et al., 2002) and resulting in 
degradation of the transcript. Sequencing of this case yielded high read 
depths at the target locus (Table 4.2). 
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Figure 4.2 Nucleotide resolution of the breakpoint of large deletion in 
CNGA1.  
The top track displays a schematic representation of the deletion at the 
target locus. The middle track displays the nanopore reads as viewed in 
IGV. The displayed reads are a 1% downsample of the total yield. The 
bottom panel displays the nanopore data providing nucleotide resolution 
of the breakpoint. CNGA1 is encoded on the minus strand. Exons are 
numbered according to transcript NM_001142564.1 Genomic 
coordinates are provided according to hg19. 
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Table 4.2 Sequencing metrics for nanopore sequencing of PCR products spanning large deletions in IRD cases 

Proband Case number Gene 
Reads generated 

(thousands) 

Median Q 

score * 

Read length 

N50 

Proportion of 

reads on target 

(%) 

Maximum read 

depth at target 

Read Depth at 

target 

4755 Case 1  CNGA1 269.91  11.4 9,458 73.5 44,936 23,810 

2249 Case 2 CNGB1 325.54  12.7 4,432 99.8 273,742 202,575 

644 Case 3 EYS 327.21  13.8 4,203 99.9 250,203 224,065 

769 Case 4 PRPF31 378.39  14.1 5,799 62.2 66,304 44,365 

F1265 Case 5 NDP 197.66  11.9 2,993 0 0 0 

*Of reads following length and quality filtering. Filtering on a quality score greater than 10 was used. All reads less than 1 kb 
were removed. 
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Table 4.3 Long-range primers used to amplify deletions in IRD cases 

Proband Case Gene Primer 
Set Forward Sequence Reverse Sequence Target Reference 

size (bp) 

4755 Case 1  CNGA1 1 CCTAAACAGGGAAAGGGCTC CCACCTGCATAGCCACTGTA chr4:47925704-47951144 25441 

2 TCGCTGAGTGAGAAAACAAACA ACCACCTGCATAGCCACT chr4:47925813-47951145 25333 

2249 Case 2 CNGB1 1 CCTCCAGCTCAGTTCCTTGA CACTGGCATCTTCGTGTCTG chr16:57935182-57949096 13915 

2 CCAGACATACATACCGGCCA GAATGCTCACCGTCCTGTTC chr16:57935577-57947025 11449 

644 Case 3 EYS 1 GTGATGTGGTTGCTGTTGGT CCCCAAAGCAGAGTCAACAG chr6:65526313-65640828 114516 

2 GCCCATCCAGCCCTAACATA AGGTTTGCTCCCAGATGACT chr6:65528846-65640635 111790 

769 Case 4 PRPF31 1 CACCGAATCCCACTCTTCCT CTTGGCGATGGTCTTGACTG chr19:54613265-54621817 8553 

2 CCTCTCCTCCAACACCGAAT GCAGGAGAGACAGGAGATGG chr19:54613253-54622060 8808 

F1265 Case 5 NDP 

1 AGGCTTGCCCTCCACCATTA AGCCCTCAAACTTGAATGGGTC chrX:43806190-43812786 6597 

2 GCTTGCCCTCCACCATTATAGA AACTTGAATGGGTCCAGAGAC chrX:43806192-43812778 6587 

3 AGGAAGTCTGTGAGTTGGCA ATGTGTTGGGTGGACTAGCA chrX:43805928-43813100 7173 

4 ACATGGTATCAGGAGGCAGG ATAGGTTTCAGTGGTGCCCA chrX:43805790-43813066 7277 

Bold indicates PCR products which were sequenced on Flongle flowcells. All coordinates refer to hg19. 
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4.2.2.2  Characterizing a deletion in CNGB1 

Case 2 (Proband 2249) had a diagnosis of recessive RP. A homozygous 

deletion of exons 25-27 of CNGB1 had been identified in a previous study 

using ExomeDepth (Plagnol et al., 2012) on MIPs screening data (Weisschuh 

et al., 2018) (Table 4.1). From these data, the minimum size of this deletion 

was estimated to be 8 kb and the maximum size was estimated to be 11 kb. 

The deletion was confirmed using standard PCR targeting exon 26 (Forward: 

CAGTCTAGTGCCCTTTCCCA, Reverse: GCCTGTGATGACCCATGTTC, 

Target: chr16:57938402-57938874 hg19, 472bp) which resulted in no PCR 

product when compared to a control sample (data not shown). Following this, 

the deleted allele was amplified by long-range PCR. Two pairs of primers were 

designed to flank the deletion. Primer pair 1 successfully yielded an estimated 

5 kb product. This was significantly smaller than the 14 kb product expected 

from the reference sequence (Figure 4.3).  

 

Figure 4.3 Gel electrophoresis of long-range PCR product spanning 
putative CNGB1 deletion. 

Long-range PCR using the SequelPrepä kit at an annealing temperature 

of 58 °C resulted in an approximately 14 kb product from amplification of 

human genomic control (C) using both primer sets. Use of primer set 1 

with the patient DNA resulted in a 5 kb product (P*) which was 

sequenced and a 2.5 kb product (P) which was not. Both primer sets 

were used in the no template control (N). The size of the products is 

indicated by a Thermo Scientific GeneRuler 1 kb plus ladder. 

 

Nanopore sequencing on this product revealed a novel 9.4 kb deletion 

encompassing exons 25-27 of CNGB1, (NM_001286130.2) 

g.57937451_57946811del (hg19). (Figure 4.4). This is predicted to be an out-
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of-frame deletion in CNGB1. The new reading frame introduces a premature 

stop codon 23 amino acids after the deletion, in exon 28, likely resulting in 

nonsense mediated decay (Baker and Parker, 2004; Sharma et al., 2020).  

 

 

Figure 4.4 Nucleotide resolution of the breakpoint of large deletion in 
CNGB1.  

Long-read data characterising a deletion in CNGB1. The top track shows 

a representation of the deletion at the target locus. The middle track 

shows the nanopore reads as viewed in IGV. The displayed reads are a 

1% downsample of the total read count. The bottom panel shows the 

nanopore data providing nucleotide resolution of the breakpoint.  

 

4.2.2.3  Characterizing a deletion in EYS 

Case 3 (Proband 644) also had a diagnosis of sporadic RP. As with Cases 1 

and 2, previously performed ExomeDepth indicated a homozygous deletion 

of exons 16-21 of EYS. The minimum size of the deletion was estimated to be 

91 kb and the maximum size of the deletion was estimated to be 137 kb. The 

deletion was confirmed to be present by standard PCR targeting the intron 

which was indicated to be affected by the deletion (F: 

ATGGTGGGAGATGAAAGCCA, R: GCATTTGAGAAGCCACCACA, Target: 

chr6:65635027-65635338 hg19, 311bp). This confirmed the presence of the 

deletion and informed long range primer design. Following confirmation, long-

range PCR primers were designed to flank the deletion. Primer pair 2 yielded 

a 5 kb product which is significantly smaller than the 112 kb predicted from 

reference data (Figure 4.5). 
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Figure 4.5 Gel electrophoresis of long-range PCR product spanning 
putative EYS deletion. 

Long-range PCR was performed using the SequelPrepä kit at an 

annealing temperature of 58 °C. Amplification of primer set 1 using 

control genomic DNA (C) resulted in a 7 kb product and no product from 

amplification of the patient DNA (P). Amplification using primer set 2 

resulted in a 5 kb product (P*) from the patient DNA, which was 

sequenced on a Flongle flowcell, and no product from the control. Both 

primer sets were used in the no template control (N). The size of the 

products is indicated by a Thermo Scientific GeneRuler 1 kb plus ladder. 

 

Nanopore sequencing of this product resulted in characterisation of a novel 

107 kb deletion encompassing exons 16 to 21 of EYS, (NM_001292009.1) 

g.65529289_65636754del (hg19) (Figure 4.6). This is also predicted to be an 

out of frame deletion. The new reading frame in EYS introduces a premature 

stop codon four amino acids after the deletion in exon 22, likely resulting in 

nonsense mediated decay and no functional protein (due to transcript 

degradation). Additionally, this deletion overlaps with similar previously 

identified pathogenic deletions in EYS (Abd El-Aziz et al., 2008; Itsara et al., 

2009; Cooper et al., 2011; Collins et al., 2020). 
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Figure 4.6 Nucleotide resolution of the breakpoint of large deletion in 
EYS.  

Long-read data characterising a deletion in CNGB1. The top track shows 

a representation of the deletion at the target locus. The middle track 

shows the reads as viewed in IGV. The displayed reads are a 1% 

downsample of the total yield. The bottom panel shows the nanopore 

data providing nucleotide resolution of the breakpoint.  

 

4.2.2.4  Characterizing a heterozygous deletion in PRPF31 

Case 4 (Proband 769) had a diagnosis of autosomal dominant RP. Prior to 

this study, ExomeDepth was used on WES data which identified a putative 

heterozygous deletion of the first non-coding exon of PRPF31 (Table 4.1). 

The deletion was estimated to be a maximum of 8.6 kb based on available 

sequence data. The deletion was confirmed by long-range PCR across the 

suspected locus. A band of alternate size was visible in the affected 

heterozygous case and an affected family member compared to the control 

using primer pair 1 (Figure 4.7). 
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Figure 4.7 Gel electrophoresis of long-range PCR product spanning 
putative PRPF31 deletion. 

Long-range PCR was performed using the SequelPrepä kit at an 

annealing temperature of 58 °C. In this case, the proband (P, Proband 

ID 769) and an affected family member (5359) were both tested. 

Amplification using primer set 1 resulted in an approximately 10 kb 

product in the control (C) compared to an approximately 7 kb product in 

the affected patients. Amplification using primer set 2 resulted in multiple 

products from both the control and the patients. The amplification 

product from the proband using primer set 1 (P*) was sequenced using 

a Flongle flowcell. No products were visible in the no template control 

(N). The size of the products is indicated by a Thermo Scientific 1 kb plus 

ladder. 

 

Nanopore sequencing of the PCR products characterised a 2.4 kb 

heterozygous deletion encompassing exon 1 of PRPF31 (NM_015629.4) as 

well as exons 1 and 2 of the overlapping gene TFPT, (NM_013342.4) 

g.54617206_54619550delinsG (hg19) (Figure 4.8). As the deleted allele is 

smaller than the wild type allele, it will preferentially amplify and sequence. As 

such, approximately 90% of the reads at this location originated from the 

deleted allele. Because of this no wild type product was visible during gel 

electrophoresis. The deletion appears to be novel although pathogenic 

deletions encompassing the first non-coding exon of PRPF31 have recently 

been reported (Ruberto et al., 2021). This has been predicted to result in 

reduced transcription of PRPF31, resulting in pathogenic haploinsufficiency 

(Ruberto et al., 2021). 

 

prpf3
1

20 kb
10 kb

7 kb
5 kb
4 kb
3 kb
2 kb

1.5 kb

N {C {C PP* N5359} 5359}

Primer 
Set 1

Primer 
Set 2



 120 

 

Figure 4.8 Nucleotide resolution of the breakpoint of large deletion in 
PRPF31.  

Long-read data characterising deletion PRPF31. The top track shows a 

representation of the deletion at the target locus. The middle track shows 

the cumulative reads as viewed in IGV. The displayed reads are a 1% 

down sample of the total yield. The bottom panel shows the nanopore 

data providing single nucleotide resolution of the breakpoint. The variant 

containing allele and unaffected allele have been separated. A point 

mutation on the same allele is indicated by a *. An insertion of a G is 

indicated by ins G. 

 

A long-range PCR assay was then used to segregate this deletion. A primer 

set was designed to more robustly capture both alleles (F: 

GAGACAAAGGGGTGACAGGA, R: AAACTTGCCCCGACAAAGTC, 7153bp 

in wild type, 5464bp expected in deleted allele). This was used to segregate 

the deletion in available family members. During segregation, it was observed 

that this pedigree shared a rare second name and phenotype with a seemingly 

unrelated pedigree. The segregation assay confirmed that this pedigree 

shared the same deletion and are likely to be related (Figure 4.9). 
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Figure 4.9 Segregation analysis of PRPF31 deletion. 

A long-range PCR assay was developed to segregate the heterozygous 

deletion in PRPF31. This assay consisted of a long-range PCR spanning 

the characterised deletion. Amplification of this resulted in an 

approximately 7 kb product amplified from the wild type allele and an 

approximately 5.5 kb product amplified from the affected allele. This 

confirmed the deletion was present in all affected cases, and was 

present in a single unaffected case, demonstrating the reduced 

penetrance of PRPF31 associated RP. An additional pedigree was 

identified with the same second name and a similar phenotype. 

Segregation analysis of BB4395 demonstrated the deletion was also 

present in this case. No template control is indicated by N, positive 

control is indicated by C, fragment size indicated by an NEB 1 kb plus 

ladder. The proband is indicated by an arrow (BB769). 

 

4.2.2.5  Confirming the deletions by Sanger sequencing 

All of the characterised deletions were confirmed by Sanger sequencing of 

the breakpoint in the proband. This was performed by reamplifying the long-

range PCR products sequenced on the nanopore using the primers listed in 

Table 4.4. Sanger sequencing was also performed on standard PCR products 

of the breakpoint in a control. This confirmed that in all cases, the nucleotide 

resolution of the breakpoint obtained through nanopore sequencing was 

accurate (Figure 4.10). 
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Table 4.4 Primers used for Sanger sequence confirmation of breakpoint characterisation 
The primers which were used for Sanger sequencing are highlighted in bold. All coordinates refer to hg19.  

Case ID Case  Target 
Gene Breakpoint Forward Reverse Location  Reference 

size (bp) 

Expected 
size with 
deletion 

(bp) 

4755 Case 1  CNGA1 

Deletion 
breakpoint AATGGGGTCAAGCATCAGGT TCATGGGTCTTGGCTTCTCC chr4:47931825-

47947354 15530 454 
Wild type 
Upstream  AATGGGGTCAAGCATCAGGT AGGGGACATGGGACTCTAGT chr4:47931825-

47931976 472 N/A 
Wild type 
Downstream  AGAGGGCTCAAAGGATGCAA AAGCCACCATGCCCTACTAG chr4:47946670-

47947115  445 N/A 

2249 Case 2 CNGB1 

Deletion 
breakpoint TTCGGCCTCACACCTGTAAT ATGGAGTTTCTGGCCCCTAC chr16:5793712

3-57947074 9952 478 
Wild type 
Upstream  TTCGGCCTCACACCTGTAAT TGTCTCTGAGGTCCCGAGTA chr16:5793712

3-57937629 507 N/A 
Wild type 
Downstream  TTCGCTGCAATGCTGGTAAG CCTCCTCTCCCTCCAGTACA chr16:5794626

0-57946914 446 N/A 

644 Case 3 EYS 

Deletion 
breakpoint GCATTGCACCATAGAGAAAGC TGCAAAGCCATACATCAAGACA chr6:65529027-

65636958 107932 466 
Wild type 
Upstream  GCATTGCACCATAGAGAAAGC CACACCGCTTACCTAGATCCT chr6:65529027-

65529968 963 N/A 
Wild type 
Downstream  N/A N/A N/A N/A N/A 

769 Case 4 PRPF31 

Deletion 
breakpoint AGACCTGATGCTGTTCCTCC AGCCTGGCCAACATAGTGAA chr19:5461693

3-54619799 2867 473 
Wild type 
Upstream  AGACCTGATGCTGTTCCTCC ACCCTTCTCCTCTCCTCCAT chr19:5461693

3-54617466 543 N/A 
Wild type 
Downstream  TGGGTCTGGGAGAAGAAGTG ACTTTTGGGTAAACAGGCTGT chr19:5461922

0-54619910 691 N/A 
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Figure 4.10 Sanger sequence verification of breakpoints characterised by nanopore sequencing.  
For all cases, the breakpoints were verified using nested PCR and Sanger sequencing. This confirmed the nucleotide 
resolution obtained by nanopore sequencing. An inserted G is indicated by *. 
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4.2.2.6  Attempts to characterise a deletion in NDP 

Despite this success, this assay was not successful in all examined cases. 
Case 5 (Proband F1265) had a diagnosis of Familial Exudative 
Vitreoretinopathy (FEVR). ExomeDepth analysis previously performed on 
WES data indicated a hemizygous deletion affecting exon 3 of NDP (Table 
4.1). Prior attempts at characterising this deletion by PCR and Sanger 
sequencing were unsuccessful (Figure 4.11). The deletion was estimated to 
be a maximum of 55 kb based on available sequence data. The deletion was 
confirmed by standard PCR of exon 3 (Forward: 
CCAAACACTGACAGCCTGAC, Reverse: CCGGTACATCCTCTCCTGTC, 
chrX:43808688-43809094 hg19, 406bp).  

 

 

Figure 4.11 Exome depth analysis of NDP deletion 
The deletion in NDP was discovered by prior ExomeDepth analysis of 
WES sequence data. Reproduced with permission from (Panagiotou, 
2018) 

 

A number of standard PCRs were performed in the inter-genic sequence 
between exon 3 of NDP and MAOB to inform the design of long range PCR 
primers (Figure 4.12). Full primer details available in Appendix 3 This 
indicated the maximum size of the deletion was 9 kb. Two long-range PCR 
primers were designed spanning the putative deletion Table 4.2). Two 
products of approximately 3 kb were obtained using primer set 2, in 
comparison to the 7 kb product obtained in the control case (Figure 4.13).  
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Figure 4.12 Standard PCRs to confirm deletion in NDP 
A standard PCR was performed to confirm the presence of the deletion 
(red bar, bottom track) in NDP (blue, top track). Following this, seven 
standard PCRs were performed to inform long-range primer design 
(green bars indicate PCRs which were successful in Case 5). This 
indicated the maximum size of the deletion was 9 kb. 

Figure 4.13 Off target long-range PCR of NDP deletion 
Re-optimization of the primers (annealing temperature 54 °C) designed 
to span the deletion in NDP resulted in two products of approximately 3 
kb, smaller than the 7 kb reference allele. However, nanopore 
sequencing revealed that this product was off target. No template control 
is indicated by N. Positive control is indicated by C. PCR products 
resulting from amplification of the case are indicated by P, products 
which were sequenced are indicated by P*. Fragment size indicated by 
a ThermoFisher GeneRuler 1 kb plus ladder.  

 

This case was sequenced on a Flongle, however no reads were obtained at 
the region of interest. By using Samtools Depth (Section 2.7.2) it was found 
that high numbers of off target reads were obtained at ITPK1: NM013216.6, 
chr14:93406068-93582263 (maximum coverage of 39,669 ×), and 1.5 kb 
downstream of LRRC4C: NM_020929.2, chr11:40135751-41481186 
(maximum coverage of 45,478 ×). Further attempts at PCR design and 
optimization did not yield a unique product (Table 4.2). 
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4.2.3  Repeat elements and deletion formation in IRD cases 

The nucleotide resolution characterisation of the breakpoints in the successful 
cases allowed for association of the deletions with nearby repetitive elements 
through UCSC and IGV (section 2.7.1). Examination of the deletion in Case 1 
found that the breakpoints in CNGA1 overlapped two common repeats, a long 
interspersed nuclear element (LINE) and a large long terminal repeat (LTR) 
(Figure 4.14a). Additionally, the LINE element was flanked by smaller LTRs. 
While the repeat elements on either side of the breakpoint shared regions of 
microhomology, examination using BLAST did not reveal any large 
homologous regions making it unlikely non-allelic homologous recombination 
was responsible for the deletion in this case.  

 

Figure 4.14 High copy repeats and repetitive elements at the breakpoints 
of characterised deletions in IRD cases. 
The nucleotide resolution of the breakpoints in Cases 1-4 allowed for 
characterisation of the breakpoints in these cases. All breakpoints 
(indicated by red dashed lines) were situated in or near to repeats and 
repetitive elements (coloured bars). All indicated distances are 
approximate.  
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Analysis of the deleted region in DECIPHER found that the region overlaps 
with a number of large pathogenic copy number variants, however no CNVs 
of similar size were found at this location (Figure 4.15) 
(www.deciphergenomics.org, accessed 7/3/2023). It can be speculated that 
the repeat elements at this locus formed secondary structures, or that there 
was a double stranded break at this locus which was repaired using an error 
prone mechanism due to the homology present. 

 

 

Figure 4.15 Known CNVs at deletion in CNGA1 through DECIPHER 
Examination of DECIPHER revealed a number of pathogenic and likely 
pathogenic deletions (red bars) in CNGA1, however none of these were 
of a similar size to the one observed in this experiment (indicated by the 
grey vertical bar).  

 

Examination of repeat elements in proximity to the deletion in Case 2 found 
that the breakpoints in this deletion were situated in a region of CNGB1 
composed of multiple high copy repeats such as Alus and mammalian-wide 
interspersed repeat (MIR) elements (Figure 4.14b). There were AluJo 
elements on either side of the deletion which shared 72.89% sequence 
identity. Additionally, both AluJo elements were flanked by other repeat 
elements. It is possible that the Alu elements are responsible for the deletion 
in this case, either by Alu mediated recombination, interaction during 
retrotransposition of these elements or interaction during DNA repair. 

CNGA1
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Interrogation of DECIPHER found that a number of pathogenic CNVs were 
found at this location, but none were smaller than 1 Mb. However, a deletion 
was found in gnomAD originating from a single East Asian individual, 
DEL_16_154684 (gnomAD, accessed through UCSC 7/3/2023). Further 
examination of this showed that the downstream breakpoint in this deletion 
was 304 bases downstream of the deletion characterised in this experiment 
(Figure 4.16). It is possible that the common repeats at this location were 
responsible for the formation of the deletion in both these cases. 

 

 

Figure 4.16 IGV image showing position of CNGB1 deletion relative to 
gnomAD variant 
Interrogation of gnomAD revealed a 19,826 bp heterozygous deletion in 
an individual in gnomAD. This overlapped the deletion found in Case 2, 
with downstream breakpoints 304 bases apart.  

 

Examination of the deletion in Case 3 found that the breakpoints were in close 
proximity to multiple high copy repeats in EYS (Figure 4.14c). The numerous 
large high copy repeats may have reduced genomic stability at this locus, 
resulting in the observed deletion. EYS is the largest gene expressed in the 
human eye and genomic instability resulting in pathogenic CNVs has 
previously been observed (Abd El-Aziz et al., 2008) (Figure 4.17). A large 
deletion of exon 15-19 has been observed in a homozygous state (Abd El-
Aziz et al., 2008). Additionally, a large deletion encompassing exon 12 was 
observed in a compound heterozygous state (Abd El-Aziz et al., 2008). 
Consistent with this, this deletion overlaps many other observed CNVs 
(Database of Genomic Variants, accessed through UCSC 21/1/22). The 
breakpoints observed in this case are close to breakpoints observed in other 
deletions in EYS. (Itsara et al., 2009; Cooper et al., 2011; Collins et al., 2020). 
This strongly indicates that the high copy repeats observed at the breakpoints 
in this case are likely to greatly reduce genomic stability and prompt CNV 
formation. 
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Figure 4.17 DECIPHER output showing a large number of deletions at 
EYS 
Interrogation of DECIPHER revealed a large number of pathogenic 
deletions (red bars) overlapping the deletion observed in Case 3 (grey 
vertical bar). Many of the breakpoints in these deletions were close to 
the breakpoints observed in Case 3, highlighting this as a region of 
reduced genomic stability.  

 

The breakpoints of the deletion in Case 4 were situated in a region with many 
high copy repeats (Figure 4.14d). It is likely that the presence and orientation 
of these elements were the drivers of the CNV formation in this pedigree. 
Deletions of the first non-coding exon of PRPF31 (as observed here) have 
previously been attested to cause disease by disruption of promoter 
sequences, thereby reducing mRNA levels and causing disease by 
haploinsufficiency (Ruberto et al., 2021). The presence of high copy repeats 
in this locus have been proposed to cause genomic instability, resulting in 
deletion of all or part of PRPF31 (Sullivan et al., 2006; Ruberto et al., 2021).  

  

EYs
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4.3  Discussion 

Here, a method to quickly and accurately characterise putative deletion 
variants detected by targeted NGS has been described. The method uses 
long-range PCR combined with long-read nanopore sequencing to enable 
single-nucleotide characterisation of the deletion breakpoints. This method 
was used to characterise the breakpoints of pathogenic deletions in PRPF31, 
EYS, CNGA1 and CNGB1. Attempts to characterise a deletion in NDP were 
unsuccessful. For the cases which were successfully characterised, high read 
depth and unambiguous mapping of long-reads allowed nucleotide resolution 
of the breakpoints in all cases, even in repetitive regions and of complex 
breakpoints. This data was then verified by Sanger sequencing in all cases. 
This allowed correlation with nearby repetitive elements and assessment of 
the cause of the deletions. This method promises to be a useful approach to 
quickly characterise deletions detected by targeted sequencing.  

 

4.3.1 Copy number variants 

CNVs were first recognised during Drosophila studies, before the structure of 
DNA had been characterised (Tice, 1914; Bridges, 1936). Later, CNVs were 
also recognised as an important cause of genetic disease in humans 
(Jacobson et al., 1964). For a long period, CNVs were assumed to be rare 
and generally disease causing, however it is now known that CNVs are a 
frequently occurring feature of the human genome, and many CNVs represent 
benign polymorphisms (Sebat et al., 2004; Iafrate et al., 2004). It has been 
estimated that on average between 4.8% and 9.5% of the genome is affected 
by CNVs (Zarrei et al., 2015). This results in CNVs being responsible for 3-10 
times more genomic difference between individuals than SNPs (Pang et al., 
2010; Alkan et al., 2011; Sudmant et al., 2015).  

 

4.3.1.1 CNV Formation  

The mechanisms of CNV formation are typically inferred by studying the 
sequences at the breakpoints of CNVs. This has revealed a variety of 
mechanisms, many relating to DNA recombination, DNA replication and DNA 
repair processes, prompted by structural features at the breakpoints of the 
CNV (Lupski, 1998). The most common cause of CNVs are recombination 
events, in particular non-allelic homologous recombination (NAHR) (Shaikh et 
al., 2000; Stankiewicz and Lupski, 2002; Erdogan et al., 2006). 



 131 

 

CNVs can occur during replication due to replication stress induced by 
metabolic conditions, DNA damage or secondary DNA structures. Interaction 
between sequence motifs has been shown to result in the formation of 
secondary DNA structures (Chou et al., 2003). These structures have been 
associated with errors during replication resulting in CNVs (Bacolla et al., 
2001; Bacolla et al., 2004). Additionally, low copy repeats have been 
associated with non-B DNA structures (in particular cruciform structures) such 
as those bordering 22q11, indicating a possible source of CNVs at this locus 
(Richardson and Jasin, 2000; Edelmann et al., 2001; Kurahashi and Emanuel, 
2001). 

 

CNVs also commonly form through DNA repair processes. Double stranded 
breaks are common events which have a variety of causes, such as from 
mechanical stress placed on the cell during mitosis and from environmental 
stresses including ionizing radiation and reactive oxygen species (Chance et 
al., 1979; Fouladi et al., 2000; Lo et al., 2002; Riballo et al., 2004). When a 
double stranded break is encountered, a number of repair mechanisms are 
utilized, generally dependent on the availability of homologous DNA (Lieber, 
2010). If no homology is detected, non-homologous end joining is used 
(Lobban and Kaiser, 1973). This frequently results in addition or loss of 
nucleotides, resulting in small indels and rearrangements (Lieber et al., 2003). 
Depending on the level of homology present at the breakage site, 
microhomology mediated end joining (Zhong et al., 2002) or homologous 
recombination can be used to repair the CNV (Smithies et al., 1971; Smith, 
1972; Hanawalt, 1972).  

 

Microhomology mediated end joining is error prone, often resulting in 
insertions, deletions and point mutations at the breakage (Arana et al., 2008; 
Mateos-Gomez et al., 2015). Microhomology mediated end joining has been 
linked to complex breakpoints in diseases such as cancer (Lee et al., 2007; 
Zhang et al., 2013; Willis et al., 2015). Regardless of the repair mechanism 
used, double stranded breaks can interact, resulting in pathological 
rearrangements. Breaks which are spatially linked but genomically distant can 
interact, resulting in CNVs and rearrangements (Zhang et al., 2012; Roukos 
et al., 2013). CNVs resulting from double strand break repair have been linked 
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to pathological outcomes such as cancer and chromosomal abnormalities 
(Willis et al., 2015). 

 

4.3.1.2 Repeat elements and CNV formation 

CNVs can be separated into recurrent CNVs and non-recurrent CNVs. 
Recurrent CNVs are found in unrelated individuals and across individuals are 
generally a similar size, share similar breakpoints and genomic content 
(Smajlagić et al., 2020). Recurrent CNVs arise in regions of the genome which 
are less stable due to the surrounding genomic architecture (Stankiewicz and 
Lupski, 2002). Recurrent CNVs have been associated with a range of rare 
disorders such as Williams-Beuren syndrome, Prader–Willi/Angelman 
syndrome, 16p11.2 microdeletion- and microduplication syndrome, and 
22q11 deletion syndrome (Cooper et al., 2011).  

 

In contrast, non-recurrent CNVs (such as those characterised as part of this 
study) typically differ in size and breakpoints but may overlap with other non-
recurrent CNVs. The breakpoints of non-recurrent CNVs typically overlap high 
copy repeat motifs such as mobile elements. Mobile elements such as 
retrotransposons are ‘selfish elements’ which replicate throughout the 
genome, either autonomously or non-autonomously (McClintock, 1950). They 
constitute approximately 45% of the human genome and have been 
implicated in the promotion of NAHR resulting in non-recurrent CNVs (Beck 
et al., 2011; Deininger, 2011; Robberecht et al., 2013). Mobile elements have 
been associated with a number of human diseases. They have been shown 
to do this both by inserting into loci such as coding sequences, as well as by 
reducing genomic stability (Kazazian et al., 1988). 

 

Long interspersed nuclear elements (LINEs) are common mobile elements in 
the human genome (Dombroski et al., 1991; Kazazian and Moran, 1998; de 
Koning et al., 2011). It has been proposed that LINEs can stimulate NAHR if 
they have a common homologous sequence of at least 1 kb and share 96% 
sequence identity in their homologous regions (Startek et al., 2015). LINEs 
have been implicated in pathogenic CNVs resulting from NAHR in diseases 
such as kinase deficiency and Mesomelia-synostoses syndrome (Burwinkel 
and Kilimann, 1998; Robberecht et al., 2013; Kohmoto et al., 2017).  
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The most common class of Short Interspersed Elements (SINEs) are Alus 
which constitute approximately 10% of the human genome (Batzer and 
Deininger, 2002; Deininger, 2011). Alus have been demonstrated to be an 
important driver of CNV formation. Alu elements have been reported to prompt 
NAHR resulting in CNV formation, resulting in a variety of diseases such as 
hypercholesterolemia and Smith-Magenis syndrome (Lehrman et al., 1985; 
Shaw and Lupski, 2005). Alus have been linked to more than 500 deletions 
and CNVs mediated by unequal crossover events prompted by Alus have 
been demonstrated in more than 70 diseases (Sen et al., 2006; Cordaux and 
Batzer, 2009; Konkel and Batzer, 2010; Haig H. Kazazian and Moran, 2017). 

 

The influence of high copy repeats on non-recurrent CNV formation can be 
seen in the deletions characterised in this experiment. All of the deletions 
studied are characteristically bordered by high copy repeats such as LINEs 
and Alus, implicating the involvement of these elements in the deletion. As 
such, it is important to fully characterise detected CNVs to accurately 
associate the breakpoint with nearby genomic architecture and to use this to 
elucidate the cause of the CNV formation. 

 

4.3.2  CNVs and disease 

While CNVs are common in the genome and frequently benign, they are 
recognised as an important, albeit difficult-to-characterise cause of disease. 
Reflecting this, ACMG guidelines for categorising CNVs were published in 
2020 (Riggs et al., 2020). CNVs are an important driver of human disease in 
many categories including susceptibility to disease, Mendelian traits and 
complex genetic traits (Gonzalez et al., 2005). CNV formation has been 
shown to cause disease through a variety of mechanisms. As can be seen in 
the deletions characterised in this experiment, CNV formation can directly 
affect the coding sequence of genes, either by affecting the entire gene, 
multiple exons or single exons.  

 

Case 1 (4755) and Case 2 (2249) had deletions involving the human cGMP-
gated cation channel which is a vital part of the phototransduction cascade 
(Section 1.2.1.3). It is heterotetrameric, consisting of an A subunit (CNGA1) 
(Dhallan et al., 1992; Dryja et al., 1995) and a B subunit (CNGB1) (Ardell et 
al., 1995; Ardell et al., 1996). Mutations in CNGA1 have been associated with 
autosomal recessive RP, with characteristic progressive photoreceptor death 
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(Pittlers et al., 1992). The deletion observed in Case 1 encompassed 71% of 
the coding sequence, likely indicating a total loss of function and resulting in 
non-stop decay as the stop codon was deleted (Vasudevan et al., 2002). 

 

Mutations in CNGB1 as observed in Case 2 have been associated with 
autosomal recessive RP (Bareil et al., 2001; Kondo et al., 2004; Fu et al., 
2013). A similar deletion was found in one individual in gnomAD 
(DEL_16_154684). The deletion observed in this experiment is likely a total 
loss of function as nonsense mediated decay is likely to occur due to an 
introduced stop codon shortly after the deletion.  

 

Mutations in EYS as observed in Case 3 have been associated with 
autosomal recessive RP (Abd El-Aziz et al., 2008). Additionally, large CNVs 
in EYS as observed in this experiment have been observed to cause 
pathogenic total loss of function (Abd El-Aziz et al., 2008). Similarly to CNGB1, 
the deletion observed in this experiment likely results in nonsense mediated 
decay as a stop codon is introduced.  

 

CNVs can also cause disease by disrupting gene regulation through a variety 
of mechanisms. CNVs have been observed to effect the genomic 
conformation of a region, leading to novel regulatory interactions. For 
example, deletions have been observed creating a novel topologically 
associated domain (TAD), resulting in pathogenic mis-regulation of GDPD1 
(de Bruijn et al., 2020). CNVs have also been observed to pathologically effect 
regulatory RNAs. CNVs affecting small non-coding RNAs, miRNAs, piRNAs, 
tRNAs and long-non coding RNAs have been shown to affect regulation, 
including altering tissue specific expression (Sahoo et al., 2008; 
Marcinkowska et al., 2011; Gould et al., 2012; Iben and Maraia, 2014; 
Kumaran et al., 2018; Liu et al., 2019).  

 

CNVs can also directly affect the regulatory elements of a gene. Deletions 
altering distal enhancers have been observed to pathogenically disrupt 
regulation (Ghiasvand et al., 2011). As discussed, repetitive elements have 
been demonstrated to form non-B DNA conformations such as cruciform, 
triplexes, slipped hairpins, tetraplexes and Z conformations. The formation of 
non-B DNA structures has been shown to cause CNVs, however these 
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elements have also been demonstrated to be enriched in the promotor 
sequences of genes, indicating secondary structures play an important 
regulatory role as well as prompting CNV formation (Conrad et al., 2009).  

 

The role of regulatory elements in prompting CNV formation has been 
previously observed at the PRPF31 locus as can be seen in Case 4 (Sullivan 
et al., 2006; Ruberto et al., 2021). PRPF31 is a vital component of the 
spliceosome and is ubiquitously expressed. Complete loss of function of 
PRPF31 is not compatible with life, however heterozygous mutations have 
been associated with autosomal dominant RP with incomplete penetrance 
(Weidenhammer et al., 1996; Vithana et al., 2001). Incomplete disease 
penetrance was also observed in the pedigree examined in this experiment. 
Disease penetrance and severity is mediated by expression levels of the 
unmutated copy of PRPF31 (Vithana et al., 2003; Rivolta et al., 2006).  

 

4.3.3  Methods to detect CNVs  

From this it is clear that CNVs play an important role in human disease and 
that their detection and characterisation is important to increase diagnostic 
rates in the study of IRDs. It is also clear that methods to detect CNVs must 
be able to do so at high resolution, as the characterisation of the breakpoints 
of the CNV is crucial for understanding their formation and role in disease and 
cascade testing of family members. 

 

4.3.3.1  Cytogenetic and hybridization techniques 

The development of increasingly sensitive methods to detect CNVs has 
reduced the size of CNVs which can be detected and characterised. Initial 
methods to detect CNVs were primarily chromosome banding techniques 
such as Q banding and G banding (Caspersson et al., 1968; Seabright, 1971). 
This limited the size of CNV which could be detected to large scale genomic 
rearrangements. While large rearrangements could be detected at high 
sensitivity, this was still limited to approximately 5 Mb (Haraksingh et al., 
2017).  

 

The development of hybridization techniques such as Fluorescent In Situ 
Hybridization (FISH) and Comparative Genomic Hybridization (CGH) greatly 
increased sensitivity and resolution (Langer-Safer et al., 1982; Kallioniemi et 
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al., 1992). These techniques use hybridized probes to compare fluorescent 
signals from chromosomes derived from a case of interest compared to a 
control to identify CNVs. A further development of CGH, array-CGH, has 
become a standard for CNV screening (Guo et al., 2013). During array-CGH, 
DNA fragments from the case and the control are fluorescently tagged and 
co-hybridized to an array of fixed probes. Fluorescence is then measured and 
compared, allowing rapid and accurate genome wide CNV detection (Solinas-
Toldo et al., 1997). However, array-CGH is relatively expensive, can only 
detect unbalanced structural variants, and can only detect CNVs of 
sequences present in the reference which was used to design the probes. 
CNVs undetected in the reference and novel sequences inserted into the case 
of interest will not be detected by array CGH (Kidd et al., 2010).  

 

Modified PCR-based methods have also been developed for the detection of 
CNVs. These include qPCR, where the number of copies of product 
generated during amplification is measured, QF-PCR where the signal 
strength of the targets are quantified using capillary electrophoresis and 
multiplex ligation-dependent probe amplification  (Higuchi et al., 1993; Yau et 
al., 1996; Heid et al., 1996; Schouten et al., 2002).  

 

While the methods described above are effective and are commonly used for 
CNV detection, they are ill suited for high resolution detection of small CNVs 
and also don’t provide molecular level breakpoint information. They are 
therefore being replaced by NGS-based approaches.  

 

4.3.3.2  Next generation sequencing and CNVs 

The development of NGS has significantly altered CNV discovery pipelines. 
While the methods described above are still frequently used as a high 
throughput screening tool, particularly for larger genomic rearrangements, it 
is becoming increasingly common to perform NGS as a first line test. NGS 
based techniques are typically more sensitive than comparative methods and 
provide additional sequence information. It is becoming common practice to 
perform NGS and then use a method such as MLPA to validate potential 
CNVs (Moreno-Cabrera et al., 2020). Typically, when NGS is performed, it is 
desirable to detect small CNVs affecting a portion of a gene or a single exon. 
Methods to detect CNVs from NGS data can typically be divided into methods 
which use read pairs, methods which compare read depth such as 
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ExomeDepth (Plagnol et al., 2012), methods which analyse split reads and 
methods which assemble contigs (Alkan et al., 2011; Zhou et al., 2018). It is 
common practice to use a combination of methods to increase sensitivity 
(Coutelier et al., 2021). Methods which compare read depth can only detect 
unbalanced CNVs. NGS based methods which use read pairs and split reads 
can in theory detect all types of CNVs however they require high quality data 
covering the entire region of interest to do so (Singh et al., 2021) 

 

As discussed previously, NGS typically is performed as targeted sequencing, 
WES or WGS. WGS is very effective at CNV detection as the entire genome 
will be covered. As a consequence of this, it is common to capture the 
breakpoints of the CNV, allowing nucleotide or near nucleotide resolution of 
the breakpoint. A number of tools have been developed to great effect to 
detect CNVs from WGS datasets using all of the above methods, such as 
SVRare, CoNVaDING and CODEX2 (Ye et al., 2009; Chen et al., 2009; 
Handsaker et al., 2011; Abyzov et al., 2011; Rausch et al., 2012; Layer et al., 
2014; Yu et al., 2022). These tools have been highly successful at increasing 
sensitivity and throughput, however they commonly result in high numbers of 
putative CNVs which must be parsed and validated (Sedlazeck et al., 2018). 
In spite of this it has been estimated that approximately 83% of insertions are 
missed by even WGS (Chaisson et al., 2019). 

 

To decrease costs, NGS is typically performed on targeted regions of the 
genome as an initial test. This leads to unique challenges for CNV detection. 
The methods developed for WGS datasets are typically accurate but are not 
as suitable for targeted sequencing data. While many tools have been 
developed to do this on targeted data (typically using comparative read 
depths), this is still a significant challenge (Talevich et al., 2016; Johansson et 
al., 2016; Povysil et al., 2017; Chiang et al., 2019). Typically, the breakpoints 
of a CNV are not captured by targeted sequencing, reducing the resolution of 
the putative CNV to exon level. 

 

Additionally, when CNVs are detected through NGS, large amounts of 
putative variants are typically identified, generally due to areas of reduced 
coverage or quality. As such, it is common practice to verify the existence of 
putative CNVs through an independent method, commonly independent PCR 
and Sanger Sequencing. This can present its own set of challenges. For CNVs 
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detected through WGS, the breakpoints of the CNV may not be captured. As 
the breakpoints of CNVs frequently overlap repetitive regions, it can be 
impossible to unambiguously map short reads to these regions. As such, 
Sanger sequencing is generally performed to verify the existence of the CNV 
and to fully characterise the breakpoints. Further, the breakpoints of CNVs 
detected during targeted sequencing are not commonly captured, as was the 
case with all of the deletions characterised in this experiment. In these cases, 
it is generally necessary to attempt to produce a PCR product spanning the 
breakpoint which can then be sequenced using Sanger sequencing to allow 
breakpoint characterisation. As it is common for there to be no available 
sequence data in the introns, this typically results in a large locus which must 
be characterised.  

 

For some CNVs, such as homozygous deletions, it is possible to use multiple 
PCRs to map the breakpoint of the deletion, a process known as PCR-
walking. For other types of CNVs, such as heterozygous CNVs, it is instead 
necessary to attempt to blindly span the breakpoint of the CNV. This is 
frequently a laborious, time consuming process which is frequently 
unsuccessful.  

 

4.3.3.3  Long-read sequencing and CNVs 

Long reads have significant advantages over NGS for CNV detection. As the 
resulting reads are long, it is not uncommon to capture smaller CNVs in a 
single read. This is particularly the case for deletions, where the affected allele 
will be shorter than the unaffected allele. For example, in the method 
developed in this experiment, all of the characterised deletions were 
encompassed by single long-reads at high read depth, allowing nucleotide 
resolution of their breakpoints.  

 

Long-reads are significantly better at sequencing repetitive and duplicated 
regions of the genome such as Alus and pseudogenes. Regions such as these 
are generally intractable to NGS (Mandelker et al., 2016). As has been 
discussed, these highly repetitive, low complexity regions are more likely to 
promote CNV formation. Long-reads are superior at correctly characterising 
CNVs involving these features. For example long-read WGS of a series of 
cases who were negative following WGS revealed an additional 54,900 small 
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CNVs on average per case, 73% of which were in regions poorly covered by 
NGS (Sanford Kobayashi et al., 2022).  

 

In humans, tissue-specific genes have been shown to vary in copy number 
more frequently than ubiquitously expressed genes, leading to the CNV-
mediated formation of tissue specific gene families such as the opsin array, 
haemoglobin and myoglobin and olfactory genes (Gilad et al., 2004; Young et 
al., 2008; Storz, 2016). Pathogenic CNVs are common at these gene clusters, 
however they are extremely difficult to characterise by NGS due to their highly 
homologous nature. For example, the middle-wavelength and long-
wavelength opsins (OPN1MW and OPN1LW) are located in close proximity in 
the opsin array (Nathans et al., 1986; Vollrath et al., 1988; Wang et al., 1992; 
Wang et al., 1999; Smallwood et al., 2002). These genes share 98% 
sequence homology and are generally extremely difficult to sequence using 
NGS (Mandelker et al., 2016; Nash et al., 2022a; Haer-Wigman et al., 2022). 
Mutations in the opsin array, and particularly CNVs due to recombination 
events, cause a wide spectrum of natural variation in vision as well as a 
number of vision deficiencies. As genetic diagnosis is difficult, these frequently 
remain underdiagnosed. Long-read sequencing has been used to accurately 
sequence the opsin array and characterise a spectrum of pathogenic 
recombination (Haer-Wigman et al., 2022).  

 

Further, methods have been developed using the properties of specific long-
read sequencing platforms. For example, nanopore sequencing allows base 
calling in real time. As the reads generated are distributed randomly 
throughout the genome, it is possible to use this to infer the existence of CNVs 
as the run is ongoing. This has been used to detect CNVs at a similar 
resolution to array based methodologies after 6-12 hours of sequencing (Magi 
et al., 2019).  

 

4.3.3.4  Comparison of characterising a deletion by Sanger sequencing 
and nanopore sequencing 

The method presented here represents one component of an emerging field 
of long-read sequencing methods which will allow for higher throughput and 
more thorough detection and characterisation of CNVs. This method has a 
number of significant advantages over comparative techniques to 
characterise detected CNVs. This can best be discussed by comparison with 
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the methodology used by Ruberto and colleagues to characterise a novel 
PRPF31 deletion (Ruberto et al., 2021). While they were able to thoroughly 
characterise this deletion and investigate its effects, the workflow available for 
use in their study was less efficient than the method presented here.  

 

In their study, Ruberto and colleagues investigated two unrelated pedigrees 
with autosomal dominant RP. The probands of these pedigrees had 
undergone WES which was subsequently negative. To further investigate 
these cases, array-CGH targeting the exons of PRPF31 (on one pedigree) 
and MLPA targeting PRPF31 (on the other) were used. Array-CGH indicated 
a putative heterozygous deletion of exon 1 and possibly other regions of the 
gene. MLPA also indicated a putative heterozygous deletion of exon 1. To 
further characterise the putative heterozygous deletion, a series of 12 real-
time PCRs were performed to map the extent of the deletion. When the extent 
of the deletion was mapped, a long-range PCR was performed to span the 
deletion. This PCR product was then sequenced by Sanger sequencing using 
16 different primer sets spanning the fragment. This resulted in nucleotide 
resolution of the breakpoint. While this was successful and allowed for 
detection and thorough characterisation of the deletion in PRPF31, it 
represents a much more laborious workflow compared to that which was used 
here. In comparison, the deletion in PRPF31 characterised in this experiment 
was initially identified through WES. Primers were then situated at the next 
locus with sequence which was identified as not affected by the deletion (exon 
2 of PRPF31 and exon 3 of TPFT). This amplicon was then sequenced on a 
Flongle, allowing nucleotide resolution of this deletion in a single step.  

 

This method also has a number of other advantages compared to other 
methods. As the long-range PCR is generally robust, it is generally possible 
to situate the primers to avoid repetitive regions which are common at the 
breakpoints of CNVs. It is also not necessary to generate a unique PCR 
product as demonstrated here. During nanopore sequencing any off target 
products which are generated by PCR will map to different parts of the 
genome and so can be sequenced along with the target band. In contrast if 
Sanger sequencing is performed, it is necessary to obtain unique PCR 
products by further optimization or cutting the band of interest out of the gel. 
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Finally, this is a cost effective method with comparatively simple library 
preparation and reduced laboratory time compared to other CNV detection 
methods. Each case was done using a single Flongle. At a cost of 
approximately £70 per Flongle (https://nanoporetech.com/products/Flongle 
accessed 3/3/2023), this is lower than multiple rounds of qPCR and Sanger 
sequencing. Additionally, this method could be performed at an even lower 
cost per sample if multiple amplicons were sequenced on a single Flongle. 
While it was not tested as part of this study, if amplicons targeting different 
loci were used there is no reason that this could not be done without 
barcoding. 

 

However, while this method is effective at characterising deletions, it is not 
effective at characterising insertions. While characterising a deletion, the 
deleted allele is preferentially amplified, resulting in high coverage of the 
deleted allele. In this experiment, this resulted in the wild type allele having 
90% reduced read depth compared to the allele containing the deletion. In 
contrast, when characterising an insertion, the unaffected allele will 
preferentially amplify resulting in low read depth of the affected allele.  

 

While this method was successfully used to characterise four deletions, it was 
not possible to amplify the putative deletion in NDP. While the presence of a 
CNV was confirmed by a number of standard PCRs, it is possible that this is 
not a deletion as originally thought and is instead a more complex 
rearrangement which was intractable to amplification. To characterise the 
CNV in this case, it would be useful to perform an alternate method such as 
WGS. However, if the CNV is a complex rearrangement, it is possible that 
NGS would not be suitable for characterising this. A long-read method such 
as ultra-long read nanopore sequencing (Section 3.2) or long-read WGS 
would be perhaps more appropriate for the characterisation of this variant 
(Bowden et al., 2019; Martignano et al., 2021).  

 

As demonstrated, this is an effective method to characterise previously 
detected deletions. It is both faster and provides higher resolution than 
previously used methods such as aCGH or MLPA. It is also less expensive 
than performing WGS to fully characterise a detected deletion. In particular, 
this method is more efficient than PCR walking and Sanger sequencing, as 
can be seen by comparison with the workflow used by Ruberto and 
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colleagues. However, this method is primarily effective for deletions detected 
through targeted sequencing. As the cost of WGS continues to fall, this 
method will become less relevant as nucleotide resolution of the breakpoints 
is obtained during initial sequencing. In particular, if the cost of long-read WGS 
falls sufficiently for routine screening, then very high resolution 
characterisation will be routinely possible. In the interim, this method is a cost 
effective and efficient tool to characterise deletions.  

 

4.4  Summary  

In this chapter, a novel method to cost-effectively characterise deletions to a 
nucleotide resolution has been described. This was used to characterise four 
pathogenic deletions in IRD-related genes, however an additional case was 
unsuccessful. Nucleotide resolution of the four characterised deletions 
allowed accurate associations with nearby high copy repeats in all cases, 
allowing for speculation as to the mechanism of deletion in these cases. This 
method represents a high throughput, cost effective method to characterise 
deletions previously detected through targeted NGS due to fast library 
preparation and potential for scaling to higher throughputs.  
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5 smMIPs Screening of Macular Dystrophy Cases 

5.1  Introduction 

Studies aiming to screen large cohorts of patients with IRDs have made use 
of increasingly advanced enrichment techniques, sequencing technologies 
and improved standards in variant analysis to increase solve rates. In 
particular, smMIPs based panels have been an effective strategy to screen 
large cohorts of patients (Hiatt et al., 2013) (Section 1.4.1.1). Each smMIP is 
a probe which can amplify a single target locus, and many smMIPs probes 
can be used in parallel to screen either a single large area or multiple target 
areas at sites around the genome. smMIPs panels can therefore efficiently 
screen large cohorts of patients for mutations in a panel of candidate genes 
implicated in a given inherited disease. 

 

The laboratory of Prof Frans Cremers in Radboud MC have used a series of 
smMIPs based panels to screen candidate genes or gene regions in large 
cohorts of patients with IRDs (Khan et al., 2019; Khan et al., 2020). The 
Radboud MC group had recently developed an improved panel targeting 107 
loci associated with Mendelian forms of MD and age related macular 
dystrophy (AMD). This panel had previously been tested on a cohort of 379 
probands with a variety of MDs and was found to facilitate robust genetic 
screen of this patient group, confidently solving 38% of cases and highlighting 
candidate variants in a number of others (Hitti-Malin et al., 2022).  

 

Cases in the Leeds retinal dystrophy cohort with phenotypes suggesting 
ABCA4 disease had not been actively worked on for a number of years, as 
researchers in the Leeds group focused primarily on genes and phenotypes 
other than those relevant to ABCA4. As a result, there was a cohort of cases 
with macular phenotypes which had either not been previously screened or 
had had only limited screening. In collaboration with Cremers and colleagues, 
a series of 57 UK cases with macular dystrophies were therefore sequenced 
using the Nijmegen 107 gene MD smMIPs panel as part of a larger screen.  

 

The Leeds cases to be screened were selected, DNA was obtained and DNA 
quality checked by the author. smMIPs library preparation, sequencing and 
much of the bioinformatics analysis was performed by the Nijmegen group 
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(Khan et al., 2019). Read depth and CNV analysis for the Leeds cohort was 
carried out by the author. The clinical relevance of the variants was then 
interpreted by the author and a selection of variants were verified and, where 
possible, segregated by independent sequencing. The results of this screen 
provided confirmation of the efficacy of this screening approach, revealed a 
much higher “solved” rate of 63% in the Leeds cohort, and were used to 
confirm correlation of specific genotypes with phenotypes in a model of 
ABCA4 disease progression put forward by the Nijmegen group and others 
(Cremers et al., 2020). These findings were published as a collaboration 
between the Leeds and Nijmegen groups (Mc Clinton et al., 2023).  

 

5.2  Results 

5.2.1  Case Selection 

A cohort of 57 unsolved probands were selected from the Leeds Retinal 
dystrophy cohort of over 4000 IRD cases, for participation in this study 
(Appendix 8). All cases had been diagnosed with either STGD, a STGD-like 

phenotype, MD or retinal dystrophy, characterized by primarily macular or 
cone involvement, and were diagnosed and recruited by either Mr Martin 
McKibbin (St James’s University Hospital) or Mr David Steel (Sunderland Eye 
Infirmary).  

 

5.2.2  smMIPs sequencing 

As described in Section 2.8.1, genomic DNA samples were quantified by 
Qubit Fluorometer and diluted to a DNA concentration of 15-25 ng/μl prior to 
library preparation. DNA quality and quantity for all samples was verified by 
gel electrophoresis and comparison to lambda bacteriophage DNA (Figure 
5.1). All samples that were of sufficient DNA quantity and did not appear 
severely degraded on gel electrophoresis were sent to the Nijmegen group for 
inclusion in their smMIPs screening programme. 
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Figure 5.1 Gel electrophoresis verification of samples for smMIPs 
screening 
DNA quality was verified by gel electrophoresis of patient samples (50 
ng of undigested genomic DNA, lanes 2-25) compared to lambda 
bacteriophage genomic DNA (l, lanes 26-30 with increasing 
concentration) and a Thermo Scientific 1 kb plus Gene Ruler (0.5 μg, 
lane 1). This was done for all samples using a 0.5% w/v agarose gel. 
DNA quality for sample 1984 was deemed to be too low to proceed to 
library preparation. 

 

Target capture was performed in the laboratory of Prof Frans Cremers 
(Radboud MC) using Molecular Loop Biosciences smMIPs (Section 1.4.1.2). 
This panel was optimized using a cohort screened prior to this study (Hitti-
Malin et al., 2022). The panel used on average eight smMIPs targeting each 
nucleotide, resulting in in 16,973 smMIPs targeting 107 genomic loci, totalling 
436,017 nucleotides of target sequence (Hitti-Malin et al., 2022). A full target 
list is detailed in Appendix 7 This panel also targeted loci associated with 
AMD, but these loci were not considered during variant analysis and 
interpretation carried out for this study.  

 

This smMIP panel targeting MD loci generated excellent coverage, as 
calculated by the author. The 16,973 smMIP panel, used across the 57 MD 
samples, generated a mean of 59.01 reads per smMIP in each patient. 
However, each target nucleotide is targeted by up to eight smMIPs, increasing 
the per-base coverage and the robustness of the panel. There were 1,086 
probes which yielded less than mean 1 reads across the 57 cases, but these 
were generally compensated for by other probes. For example, a probe 
targeting the 5¢ region of ABCA4 exon 18 generated an average of less than 
1 read per case across the 57 cases. However due to 7 other probes targeting 
this locus, the mean coverage at this locus was 830 × (Figure 5.2). Despite 
this, even with multiple probes targeting each locus, there was uneven 
coverage between some targets. As an example, across the 57 cases there 

https://www.fishersci.com/shop/products/fermentas-generuler-1kb-plus-dna-ladder/p-4529751
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were on average 115 reads per smMIP captured by the 587 smMIPs targeting 
ABCA4 in each case (i.e. on average 115 reads per smMIP per sample across 
the 57 cases). In contrast, the 46 smMIPs targeting the highly repetitive, 
purine-rich ORF15 region of RPGR only generated mean 44.84 reads per 
smMIP across the 57 samples.  

 

 

Figure 5.2 Multiple tiled smMIPs increased target coverage 
The top panel shows the cumulative reads in a sample case (5863). The 
middle panels shows the aligned reads for each case, and the smMIPs 
targeted at this locus. The bottom panel shows the location in relation to 
ABCA4. smMIP MD_00449 (highlighted in red) targeted chr1:94522281-
94533505 (hg19) but generated no reads. However, the 3¢ end of this 
target was covered by seven other probes, resulting in 878 × reads at 
this locus in this case.  

 

There were an average of 1,003,127.25 reads generated by all of the smMIPs 
for each sample. Each smMIP targeted an average of 223.59 nt, resulting in 
mean 224,289,223 sequenced bases per sample. This panel targeted 
436,017 target nucleotides in total, meaning the average per base coverage 
across the 57 samples was 514.40 ×. This corresponded to high coverage of 
called variants. There were 84 variants identified in this screen with a mean 
coverage of 721.72 × (Table 5.1).  

  

Exon 18

Cumulative 
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Aligned 
reads

smMIPs

ABCA4
NM_000350.3

878x
0x

Chr1:94522281 Chr1:94522505

MD_00449
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Table 5.1 Coverage per sample in smMIPs screen 
Cases with less than 400,000 reads are highlighted in bold text. 

Case Total reads Reads per 
smMIP 

Mean 1003127.254 59.101 

01337 1446134.5 85.202 

1437 1399335 82.445 

1746 832798.5 49.066 

1808 1482013 87.316 

2190 830941 48.957 

2196 1415789 83.414 

2215 808847.5 47.655 

2272 1227208 72.304 

2469 1343871.5 79.177 

2729 796678 46.938 

2843 679346 40.025 

3528 1003243.5 59.108 

3536 925926.5 54.553 

3615 1636096.5 96.394 

3616 899043.5 52.969 

3654 1166656.5 68.736 

3656 1147160 67.587 

3670 1008370 59.410 

3798 905824 53.369 

3941 726352.5 42.795 

4030 1090890 64.272 

4126 894851.5 52.722 

4168 1148468 67.664 

4169 801945 47.248 

4172 756734.5 44.585 

4181 1065906 62.800 

4187 679034 40.007 

4203 448584 26.429 

4756 138518 8.161 

4759 377359.5 22.233 

4767 1002152.5 59.044 

5152 873897 51.487 

5202 1117740 65.854 

5219 897309.5 52.867 

5225 177901 10.481 
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5258 833166 49.088 

5270 1017196.5 59.930 

5274 20504.5 1.208 

5349 1266184.5 74.600 

5604 1768658.5 104.204 

5607 1285556 75.741 

5608 828047 48.786 

5609 1040233 61.288 

5610 524399 30.896 

5851 1130620 66.613 

5852 1095314 64.533 

5853 1360706 80.169 

5854 1443879.5 85.069 

5855 1322080.5 77.893 

5857 1179173 69.473 

5859 1068216.5 62.936 

5860 1099182.5 64.761 

5861 1224102.5 72.121 

5862 1393082 82.076 

5863 807874.5 47.598 

5864 1298420.5 76.499 

5865 1018731.5 60.021 

 

5.2.3   Variant analysis  

5.2.3.1  CNV analysis  

CNV analysis was performed using an excel script provided by Dr Rebekkah 
Hitti-Malin and Zelia Corradi (Radboud MC) (Khan et al., 2020; Hitti-Malin et 
al., 2022). Briefly this consisted of calculating the average per smMIP target 
coverage across all patients in the run and comparing each target in a patient 
to the average coverage of that target (Section 1.8.2) (Appendix 2). This was 
performed for all samples in this screen. However no CNVs were identified 
(Figure 5.3). There were four cases with less than 400,000 reads (probands 
5225, 5274, 4756 and 4759). Due to the generally reduced coverage 
compared to the rest of the samples it was not possible to search for CNVs 
by comparing coverage in these cases.  
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Figure 5.3 Putative deletion found through smMIPs sequencing in a case with reduced reads 
A) The coverage for 30 smMIPs (rows) for 10 cases (columns) is shown. Each cell shows the ratio (R) of the observed 
coverage compared to the expected coverage from the rest of the run, where a value of 1 indicates the smMIP generated 
as many reads in that case as expected from the rest of the sequencing run. Potential duplications were examined in a 
separate analysis. A putative deletion of exon 7 of ABCA4 was identified in case 5225, however this case had 177,901 
reads in total compared to a mean of 1,003,127 reads per sample for the rest of the cases. At this locus, case 5607 had 
a max read depth of 1586 reads, compared to 749 reads for case 5225. B) The putative deletion was compared to a 
control (5607) with 1,285,556 reads. C) While there are very few reads aligned to exon 7 of case 5225, this case had 
generally amplified poorly and as such it was not possible to determine whether there was a deletion by comparing 
coverage. 

52255607

Chr1:94546811
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Ratio of coverage per smMIP
(R)

0.65 ≤ R ≤ 1.2 : normal
1.2 < R ≤ 1.7: heterozygous duplication
R > 1.7 : homozygous duplication

0.1 ≤ R < 0.65 : heterozygous deletion 

R < 0.1 : homozygous deletion 
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5.2.3.2  Variant confirmation and segregation  

To independently ensure the quality of the results, variants in seven cases 

(16/84 variants, 20% of variants) were confirmed by independent PCR 

amplification and sequencing (Table 5.2). Three of these cases were 

sequenced by long-range PCR and nanopore sequencing as part of an assay 

to phase the variants of interest (Section 3.2.5). The remaining four cases 

were sequenced by standard PCR and Sanger sequencing (Appendix 9). 

Examples of variants characterised by each of these approaches is illustrated 

in Figure 5.4. In all cases, the variants identified in smMIPs screening were 

confirmed by Sanger or nanopore sequencing. 

 

 

Figure 5.4 Verification of smMIPs results 
Pathogenic ABCA4 variants were found in case 5607 by smMIPs 

screening (top left). These were confirmed to be present using long-

range PCR and nanopore sequencing (bottom left). A pathogenic 

variant was found in PRPH2 in case 4767 (top right). This was 

confirmed by independent PCR and Sanger sequencing (bottom right).  
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Table 5.2 Variants confirmed by independent sequencing 

Case Gene Allele 1 (cDNA) Allele 2 (cDNA) Sequencing method 

1746 ABCA4 c.[2588G>C(;)c.5603A>T] c.5603A>T(;)c.5461-10T>C Sanger  

3536 ABCA4 c.3113C>T c.1906C>T Nanopore  

4767 PRPH2 c.394del -- Sanger 

5607 ABCA4 c.3259G>A c.6089G>A Nanopore  

5857 ABCA4 c.6229C>T c.6229C>T Sanger 

5863 ABCA4 c.[2588G>C(;)c.5603A>T] c.4537del Nanopore  

3656 ABCA4 c.4139C>T c.5882G>A Sanger 

 

Segregation analysis was not possible for most cases due to a lack of 

available familial DNA. For cases with a mutation in a gene associated with 

dominant disease, this prevented confident association of the variant in 

question with the disease phenotype. This also limited variant interpretation 

for cases with compound heterozygous variants in genes associated with 

recessive disease as it was not possible to phase the variants in these cases. 

Efforts to phase variants in ABCA4 by long-read sequencing were 

unsuccessful (Section 3.2.5). It was possible to segregate the pathogenic 

variants in three pedigrees (Appendix 9). An example pedigree with a variant 

in PRPH2 is reported in Figure 5.5.  

 

As phasing of compound heterozygous variants was not possible, compound 

heterozygous variants were assumed to be in trans except when known 

complex alleles were present. As this precluded assignment of haplotypes, 

classified cases were classed as “Very Likely Solved”, “Possibly Solved” or 

“Unsolved” (Table 2.1). This was also used for variants which were 

segregated for consistency. 
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Figure 5.5 Segregation analysis of PRPH2 variant 
A pathogenic PRPH2 variant was found in proband 4767 which 

segregated with the phenotype. The phenotype was diagnosed by 

clinical examination by Mr Martin McKibbin as autosomal dominant 

STGD.  

 

5.2.4  Screen results  

All variants were assessed using ACMG guidelines through Franklin. For 

cases with variants in ABCA4, variant grading published by Cremers and 

colleagues was used in addition (Cornelis et al., 2021) (Section 2.8.4).. This 

screen resulted in high solve rates, with thirty-five cases (60%) considered 

very likely solved, one considered possibly solved and 21 remaining 

genetically unsolved. All four cases with reduced coverage were unsolved. 

This resulted in an overall diagnostic yield of 63.2%. Solved cases with their 

identified variants are listed in Table 5.3.  
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Table 5.3 Identified variants considered to very likely or possibly solve probands 
Novel variants are highlighted in bold text. As segregation analysis was not possible for most cases, variants were 
distributed on two alleles from 5¢ to 3¢ considering proximity. For cases with three or more variants, the variants which 
were located closer together were considered as one allele. When more than one allele is listed, the allele which is 5¢ 
is listed as Allele 1. When variants c.5461-10T>C and c.5603A>T, or variant c.2588G>C and c.5603A>T in ABCA4 
were found in the same patient, they are reported as complex alleles, as they are found in these combinations in >95% 
of reported STGD cases. ACMG classifications were obtained using Franklin by Genoox. P = Pathogenic, LP = Likely 
pathogenic, VUS = Variant of uncertain significance, LB = likely benign. # = Segregation analysis was performed. 

Case 
ID Gene 

Allele 1 Allele 2 

cDNA Protein ACMG cDNA Protein ACMG 

1337 ABCA4 c.5603A>T(;)5819T>C p.(Asn1868Ile)(;)(Leu1940Pro) 
VUS, 
LP c.6817-2A>C p.(?) P 

1746# ABCA4 c.[2588G>C;5603A>T] 
p.[Gly863Ala,Gly863de];(Asn186
8Ile)] P c.[5461-10T>C;5603A>T] 

p.[[Thr1821Aspfs*6,Thr1821Valfs*13];(As
n1868Ile)] P 

1808 ABCA4 
c.[5461-10T>C; 
5603A>T] 

p.[[Thr1821Aspfs*6,Thr1821Valfs
*13];(Asn1868Ile)] P c.5882G>A p.(Gly1961Glu) P 

2469 ABCA4 
c.[2588G>C; 
5603A>T] 

p.[[Gly863Ala,Gly863del];(Asn18
68Ile)] P c.[5461-10T>C;5603A>T] 

p.[[Thr1821Aspfs*6,Thr1821Valfs*13];(As
n1868Ile)] P 

2843 ABCA4 
c.4016G>A(;) 
5313-1_5313del p.(Cys1339Tyr)(;)(?) 

VUS, 
P c.6088C>T p.(Arg2030*) P 

3536# ABCA4 c.3113C>T p.(Ala1038Val) P c.1906C>T p.(Gln636*) P 

3616 ABCA4 c.4469G>A p.(Cys1490Tyr) P c.5603A>T p.(Asn1868Ile) VUS 

PRPH2 c.623G>A p.(Gly208Asp) P -- -- -- 

3656# ABCA4 c.4139C>T p.(Pro1380Leu) P c.5882G>A p.(Gly1961Glu) P 

4126 ABCA4 
c.4774-27T>C(;) 
5196+1137G>A p.[?] (;)[=;Met1733Glufs*78] LB, P c.[5461-10T>C;5603A>T] 

p.[[Thr1821Aspfs*6,Thr1821Valfs*13];(As
n1868Ile)] P 

5219 ABCA4 c.634C>T p.(Arg212Cys) P c.[5461-10T>C;5603A>T] 
p.[[Thr1821Aspfs*6,Thr1821Valfs*13];(As
n1868Ile)] P 

5270 ABCA4 c.1906C>T p.(Gln636*) P c.[2588G>C;5603A>T] p.[[Gly863Ala,Gly863del];(Asn1868Ile)] P 

5349 ABCA4 c.1906C>T p.(Gln636*) P c.5603A>T p.(Asn1868Ile) VUS 

5604 ABCA4 c.4577C>T(;)4469G>A p.(Thr1526Met)(;)(Cys1490Tyr) P, P c.5603A>T p.(Asn1868Ile) VUS 

5607# ABCA4 c.3259G>A p.(Glu1087Lys) P c.6089G>A p.(Arg2030Gln) P 

5608 ABCA4 c.[2588G>C;5603A>T] 
p.[[Gly863Ala,Gly863del];(Asn18
68Ile)] P c.[5461-10T>C;5603A>T] 

p.[[Thr1821Aspfs*6,Thr1821Valfs*13];(As
n1868Ile)] P 

5609 ABCA4 c.4139C>T p.(Pro1380Leu) P c.4139C>T p.(Pro1380Leu) P 
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5851 ABCA4 c.1282del p.(Val428Serfs*7) P c.6320G>A p.(Arg2107His) P 

5852 ABCA4 c.[2588G>C;5603A>T] 
p.[[Gly863Ala,Gly863del];(Asn18
68Ile)] P c.[5461-10T>C;5603A>T] 

p.[[Thr1821Aspfs*6,Thr1821Valfs*13];(As
n1868Ile)] P 

5853 ABCA4 c.365_366insCA p.(Gly123Metfs*32) P 
c.5560G>T(;)5603A>T(;)5
882G>A  

p.(Val1854Leu)(;)(Asn1868Ile)(;)(Gly1961
Glu) 

LP, 
VUS, P  

5854 ABCA4 c.4195G>A p.(Glu1399Lys) LP c.5318C>T p.(Ala1773Val) P 

5857# ABCA4 c.6229C>T p.(Arg2077Trp) P c.6229C>T p.(Arg2077Trp) P 

5860 ABCA4 c.4326C>A p.(Asn1442Lys) LP c.5882G>A p.(Gly1961Glu) P 

5861 ABCA4 c.5714+5G>A p.[=,Glu1863Leufs*33] P c.[5461-10T>C;5603A>T] 
p.[[Thr1821Aspfs*6,Thr1821Valfs*13];(As
n1868Ile)] VUS, P 

5862 ABCA4 c.1906C>T p.(Gln636*) P c.4577C>T p.(Thr1526Met) P 

5863# ABCA4 
c.[2588G>C; 
5603A>T] 

p.[[Gly863Ala,Gly863del];(Asn18
68Ile)] P c.4537del p.(Gln1513Argfs*13) P 

5864 ABCA4 c.1253T>C p.(Phe418Ser) P c.1317G>A p.(Trp439*) P 

5865 ABCA4 c.1906C>T p.(Gln636*) P c.5603A>T p.(Asn1868Ile) VUS 

3670 BEST1 c.728C>T p.(Ala243Val) P -- -- -- 

3654 BEST1 c.889C>T p.(Pro297Ser) P -- -- -- 

4030 C1QTNF5 c.489C>G p.(Ser163Arg) P -- -- -- 

5258 CRB1 c.249T>A p.(Tyr83*) LP c.2506C>A p.(Pro836Thr) LP 

3615 PROM1 c.1117C>T p.(Arg373Cys) P -- -- -- 

5610 PROM1 c.1117C>T p.(Arg373Cys) P -- -- -- 

3798 PRPH2 c.638G>A p.(Cys213Tyr) P -- -- -- 

4767# PRPH2 c.394del p.(Gln132Lysfs*7) P -- -- -- 

5855 PRPH2 c.291G>A p.(Trp97*) LP -- -- -- 
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The majority of cases were genetically explained by variants in ABCA4 (N=27, 
75%). Variants in other genes represented 25% (n=9) of the solved cases: 
PRPH2, BEST1, PROM1, CRB1 and C1QTNF5 were represented. Of the 
variants implicated in the cases considered solved or very likely solved, 56 
(77.78%) were considered pathogenic by ACMG guidelines, eight were VUS, 
and seven variants were likely pathogenic. One variant was considered likely 
benign by ACMG guidelines: ABCA4: c.4774-27T>C. This variant was also 
highlighted in ClinVar as benign although the evidence for this is weak 
(RCV000253178.1). Further, this variant was not predicted by SpliceAI to alter 
splicing (score 0.03). However this variant is extremely rare in the general 
population (gnomAD: 4/280514 alleles, 0.00001426 allele frequency) and the 
variant was found in a case (4126) with three other ABCA4 variants. As such 
it was reported as it may have an impact on the disease progression.  

 

Four novel variants (not found in gnomAD Aggregate, ClinVar or LOVD) were 
identified in this screen, two of which were found in ABCA4 (Table 5.4). The 
first of these was a 2 bp deletion identified at the start of exon 38 in case 2843 
(chr1:94480246_94480247delTC hg19, NM_000350.3, c.5313-1_5313del, 
p.(Trp1772fs*6)), found in 0/251486 alleles in gnomAD aggregate. This 
mutation was found as a compound heterozygote assumed to be in trans with 
a known pathogenic premature stop codon. It deletes the in-variant splice 
acceptor site and was considered to be likely pathogenic by prediction using 
Franklin. Examination using SpliceAI predicted this variant was likely to affect 
splicing (score 0.91). This variant is predicted to be deleterious by Mutation 
Taster (196|4 Deleterious|Benign). This variant is likely to result in a complete 
loss of function as the resulting transcript is predicted to undergo NMD 
(MutationTaster). Deletion of the splice acceptor site likely causes skipping of 
exon 38 (Anna and Monika, 2018), resulting in a frameshift which leads to a 
premature stop codon three codons in to exon 29.  

 

The second of these ABCA4 variants was the deletion of a cytosine in exon 
10, identified in case 5851 (chr1:94544220del hg19, NM_000350.3, 
c.1282del, p.(Val428Serfs*7)), again as a compound heterozygous variant 
assumed to be in trans with a known pathogenic missense variant. This 
variant was found in 0/251486 alleles in gnomAD aggregate. This variant was 
considered to be likely pathogenic by prediction using Franklin. Prediction 
using MutationTaster found this variant was considered deleterious (200|0). 
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This variant is also predicted to cause NMD (prediction by MutationTaster), 
resulting in a total loss of function.  

 

Additionally, an ultra-rare ABCA4 variant in exon 4 variant was found in case 
5853 (chr1:94574209_94574210insTG hg 19, NM_000350.3, 
c.365_366insCA, p.(Gly123Metfs*32)). This variant was found in only one 
other individual in gnomAD (allele frequency 0.000003976). It was considered 
to be likely pathogenic by prediction using Franklin, while MutationTaster 
considered it to be deleterious (196|4). This variant is also predicted to cause 
NMD in the indicated transcript (prediction by MutationTaster), resulting in a 
total loss of function.  

 

A novel nonsense variant was also found in case 5258 in exon 8 of CRB1 
(chr1:197391064 T>A hg19, NM_201253.3 c.2106T>A p.(Tyr702*)). This 
variant was found in a putative compound heterozygous state and was 
assumed to be in trans with a CRB1 known pathogenic missense variant. It is 
absent from gnomAD aggregate (0/249110 alleles). This variant was 
considered to be likely pathogenic by prediction using Franklin and deleterious 
using Mutation Taster (200|0). It introduces a premature stop, likely resulting 
in NMD (prediction by MutationTaster).  

 

The final novel variant was a heterozygous nonsense variant found in exon 1 
of PRPH2 in case 5852 (chr6:42689782 C>T hg19, NM_000322.5, c.291G>A, 
p.(Trp97*), found in 0/251302 individuals in gnomAD aggregate. This variant 
was considered to be likely pathogenic by Franklin and deleterious by 
MutationTaster (194|6) and, being a nonsense variant, is likely to result in 
complete loss of function.  

 

5.2.4.1  Complex alleles in ABCA4 

As detailed in Table 3, of the 27 solved cases with causative variants in 
ABCA4, 13 had two pathogenic ABCA4 variants, eight had three pathogenic 
ABCA4 variants (probands 1337, 1808, 2843, 5219, 5270, 5604, 5861, 5863) 
and, six cases had four pathogenic ABCA4 variants (probands 1746, 2469, 
4126, 5608, 5852, 5853). For cases with more than two pathogenic variants 
in ABCA4, the variants which were located closer together were considered 
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as a single allele. This cannot be determined with certainty without 
establishing the phase of the variants. 

 

However, some known ABCA4 variants have previously been demonstrated 
to almost always occur in cis as a single complex allele. These variants are in 
linkage disequilibrium and are more likely than would otherwise be expected 
to appear together on the same allele. The common ABCA4:c.5603A>T, 
p.(Asn1868Ile) variant has been found to be a part of two of these complex 
alleles; c.[2588G>C;5603A>T] (Zernant et al., 2017) and c.[c.5603A>T;5461-
10T>C] (Khan et al., 2020). In cases in this screen with these variants, it was 
assumed that the variants previously shown to be found as a single complex 
allele were in cis. The complex allele c.[2588G>C;5603A>T] was observed 
seven times in this screen and c.[c.5603A>T;5461-10T>C] was observed nine 
times. Four probands shared the genotype; ABCA4: 
c.[2588G>A;5603A>T];[5461-10T>C;5603A>T]. Neither c.2588G>C or 
c.5461-10T>C were observed in a case without c.5603A>T also present. As 
a result, it is highly likely that in these cases the variants are arranged as 
complex alleles, as assumed and as previously published.  

 

The ABCA4:c.5603A>T variant was present in a heterozygous state in 12/27 
of the cases genetically explained by ABCA4 variants and in a homozygous 
state in four of these cases. This variant was assumed to be part of a complex 
allele in 10/16 of the solved cases in which it was found. Additionally, there 
were seven unsolved cases with one ABCA4 variant (Table 5), 
ABCA4:c.5603A>T was present in five of these cases. In total, 
ABCA4:c.5603A>T was present in 20 of 57 cases in this cohort, representing 
an enrichment compared to the general population (allele frequency 0.351 in 
this cohort, 0.04219 in gnomAD Aggregated). Based on this frequency, this 
variant would be expected in 2.4 cases in this cohort. This represents an 8.33-
fold enrichment compared to the expected (hypergeometric p=2.01e-14). The 
CNV analysis was repeated for all unsolved cases with single variants, 
however this did not yield any additional findings. 
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Table 5.4 Novel pathogenic variants identified in this study 
MutationTaster Tree vote Deleterious|Benign shows the weighting that a variant is considered to be deleterious or 
benign. CADD Phred scores ≥10 represent variants which are predicted to be top the 10% of pathogenic variants, ≥20 
are the top 1% and ≥30 are the top 0.1% (Kircher et al., 2014). Coordinates refer to hg19.  

Case  Gene 
Reference 

Transcript  
Coordinates cDNA Protein  Exon  

Frequency in 

gnomAD 

Reads 

total/Reads 

with variant 

MutationTaster 

(Tree vote) 

CADD 

Phred 

score  

2843 ABCA4 NM_000350.3 
chr1:94480246_ 

94480247 delTC 
c.5313-1_5313del p.Trp1772fs*6 38 0/251486 237/127 Deleterious 198|2 33 

5851 ABCA4 NM_000350.3 chr1:94544220 del c.1282del p.Val428Serfs* 10 0/251486 357/186 Deleterious 200|0 13.87 

5853 ABCA4 NM_000350.3 
chr1:94574209_ 

94574210 insTG 
c.365_366insCA p.Gly123fs*32 4 1/251486 997/479 Deleterious 196|4 8.649 

5258 CRB1 NM_201253.3 chr1:197391064 T>A c.2106T>A p.Tyr702* 6 0/249110 500/263 Deleterious 200|0 24.8 

5852 PRPH2 NM_000322.5 chr6:42689782 C>T c.291G>A p.Trp97* 1 0/251302 326/158 Deleterious 194|6 37 
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Table 5.5 Findings in unsolved probands and incidental findings in solved probands from smMIPS analysis 
(A) Non-ABCA4 variants identified in unsolved probands. (B) ABCA4 frequent mild variants identified in unsolved 
probands. (C) Additional sequencing findings in solved probands.  

  Patient 
ID Gender Status Gene Transcript 

Inheritance 
Pattern for 

MD 

Allele  
Zygosity ACMG 

Frequency 
(gnomAD 

Aggregated)  cDNA Protein 

A 

4168 M Unsolved CLN3 NM_001042432.2 AR c.1141C>T p.(Arg381Trp) Het P 0.000067 
4756 M Unsolved TIMP3 NM_000362.5 AD c.484G>A p.(Glu162Lys) Het VUS 0 
5152 F Unsolved RP1L1 NM_178857 AD, AR c.190C>T p.(Leu64Phe) Het VUS 0.0000351 
5202 F Unsolved IFT81 NM_014055.4 AR c.899_900insT p.(Glu301Argfs*8) Het P 0.000011 
5225  M Unsolved EHMT2 NM_006709.5 AR c.38C>A p.(Ala13Asp) Hom VUS 0 

B 

2272 M Unsolved ABCA4 NM_000350.3 AR c.5603A>T p.(Asn1868Ile) Het VUS 0.042191 
3528 F Unsolved ABCA4 NM_000350.3 AR c.5603A>T p.(Asn1868Ile) Het VUS 0.042191 
4181 F Unsolved ABCA4 NM_000350.3 AR c.5603A>T p.(Asn1868Ile) Het VUS 0.042191 
5859 F Unsolved ABCA4 NM_000350.3 AR c.5882G>A p.(Gly1961Glu) Het P 0.004564 

C 

3670 F Solved by 
BEST1 variants ABCA4 NM_000350.3 AR c.5603A>T p.(Asn1868Ile) Het VUS 0.042191 

5219 M Solved by 
ABCA4 variants IMPG1 NM_001563.4 AD, AR c.1157C>A p.(Ala386Asp) Het LP 0.000078 

5258 F Solved by CRB1 
variants RP1  NM_006269.2 AR c.4603C>G p.(Pro1535Ala) Het VUS 0.000028 

5607 F Solved by 
ABCA4 variants FBN2 NM_001999.4 AD c.1742A>T p.(Gln581Leu) Het VUS 0 

5608 F Solved by 
ABCA4 variants BEST1 NM_004183.4 AR, AD c.1175G>A  p.(Arg392His) Het VUS 0.000064 

5857 M Solved by 
ABCA4 variants CNGA3 NM_001298.3 AR c.1279C>T p.(Arg427Cys) Het P 0.00039 

3656 F Solved by 
ABCA4 variants CACNA1F NM_001256789.3 X-Linked 

recessive c.5585G>A p.(Arg1862His) Hom VUS 0.00003 
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5.2.5  Genotype-phenotype correlation  

To determine whether this cohort of patients included cases with phenocopies 
of ABCA4-related disease, the phenotypes of the 27 cases genetically 
explained by variants in ABCA4-related disease were contrasted with the 
phenotypes of the nine cases with central retinal disease caused by variants 
in genes other than ABCA4. All 27 cases with pathogenic variants in ABCA4 
were correctly identified by clinical examination as ABCA4-related disease 
(i.e. STGD1). For nine cases that were genetically solved by variants in other 
genes, only two were erroneously identified as STGD (probands 4767 and 
5855). These cases had heterozygous variants in PRPH2, a well-known 
phenocopy of ABCA4 (Kniazeva et al., 1999; Cideciyan et al., 2005). 
Furthermore, proband 4767 had a diagnosis of autosomal dominant STGD, 
which is commonly attributed to PRPH2. Of the unsolved cases, there were 
diagnoses of STGD (N=4), MD (N=6), cone-rod dystrophy (N=10) and one 
diagnosis of North Carolina macular dystrophy. These cases will be taken 
forward for WES or WGS. Alternatively, cases with phenotypes indicating 
ABCA4 disease may be taken forward for an smMIPs panel covering the 
entirety of ABCA4 (Khan et al., 2020).  

 

For cases with pathogenic variants in ABCA4, it was possible to compare the 
phenotype with a model of ABCA4-related disease proposed by Cremers and 
colleagues (Cremers et al., 2020). This was done in collaboration with Zelia 
Corradi (Radboud MC) and Mr Martin McKibbin. The previously calculated 
severity of ABCA4 variants (Cornelis et al., 2022) was compared with age at 
diagnosis, peripheral involvement and progression of disease, in light of the 
model proposed by Cremers and colleagues (Figure 5.6).  
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Figure 5.6 Model of 
ABCA4 disease 
progression 
proposed by 
Cremers and 
colleagues. 
The cases with 
ABCA4-related 
disease were 
compared to the 
pictured model, 
according to grading 
performed by Mr 
Martin McKibbin. 
Reproduced with 
permission from 
(Cremers et al., 
2020). 
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This analysis was possible for 25 of 27 cases which were genetically 
explained by biallelic variants in ABCA4, while for the remaining two there was 
insufficient diagnostic information. It was found that for 18 of these 25 cases, 
the genotype-phenotype relationship was as predicted by the scoring model. 
Three exemplar cases are displayed in Figure 5.7A-C. Of the 18 cases that fit 
with the model, eight had more than two pathogenic variants in ABCA4. 
However, each of these cases included variants that are known to coexist in 
complex alleles composed of two or more variants that have been observed 
previously in cis, allowing the phase of these cases to be assumed with a high 
degree of confidence. This is highlighted in Figure 5.7D, where assuming the 
presence of the known complex alleles, a good genotype-phenotype 
correlation was obtained as proposed by the model. There were five cases 
where more than two pathogenic variants were identified but phase could not 
be established or inferred from previous studies, preventing accurate 
assessment using the model (1337, 2843, 4126, 5604, 5853). This is shown 
in the case displayed in Figure 5.7E. Here it was not possible to assume the 
phase of these variants and therefore the degree of correlation with the model 
could not be assessed. Additionally, there were two cases (3536, 5609), 
where the phenotype-genotype model did not fit with the clinically examined 
grade (Table 5.6). Therefore, in summary, of the 25 biallelic ABCA4 cases 
with sufficient clinical information available, 18 correlated with the model and 
two did not, while the remaining five could not be interpreted due to a lack of 
phasing information. 
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Figure 5.7 Exemplar genotype-phenotype correlations for ABCA4-associated disease with associated Ultra-Wide 
Field Autofluorescence images 
A, B and C show three exemplar cases which fit with the model proposed by Cremers and colleagues (Cremers et al., 
2020), based on gradings assigned by Mr Martin McKibbin, guided by definitions from Cremers and colleagues. D and 
E show two cases which show the importance of accurate phasing information for predicting the result of the mutations. 
Case 1746 has two known complex alleles, allowing the phase to be predicted with a relatively high degree of 
confidence. In contrast case 5853 has four variants which could not be phased, preventing accurate prediction (Images 
provided by Mr Martin McKibbin). Variant severity scores were obtained form Cornelis et al., 2022 and were calculated 
from the observed phenotype in affected patients. 

D) 1746

B) 5851 C) 5864

c.[2588G>C;5603A>T]*
c.[5461-10T>C;5603A>T]*

c.1282del
c.6320G>A

55 years

50 years

Grade: Transitional Predicted: Transitional

Grade: Transitional Predicted: Transitional 

E) 5853 c.365_366insCA
c.5603A>T(;)c.5560G>T(;)c.5882G>A ** 

Grade: Macular Predicted: Uncertain

30 years

Severe
Mild

Grade: Macular Predicted: Advanced

A) 5860 c.1253T>C 
c.1317G>A

Severe
Severe

68 years

Grade: Advanced Predicted: Macular

Severe
Mild

c.4326C>A
c.5882G>A

31 years

Key:
*Presumed complex alleles
**Phase unknown
Uncertain: model prediction could 
not be performed as the phase of 
the variants is unknown.

Severe
Mild
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Table 5.6 Genotype-phenotype correlation for ABCA4-associated disease.  

Grading and model comparison from Cremers et al. 2020. Identified alleles are reported in protein notation. Severity score 
for the variants was obtained from Cornelis et al. 2022. In “Diagnosis” columns, when not otherwise specified, STGD 
refers to intermediate/classical Stargardt disease. 

Case 
Clinical data Genetic data Match to 

model Age at 
grading Grade Diagnosis Allele 1 Severity  Allele 2 Severity  Diagnosis 

1337 59 3 STGD c.5603A>T(;) 
5819T>C MildLP Severe c.6817-2A>C Severe STGD Uncertain 

1746 55 3 STGD c.[2588G>C; 
5603A>T] Mild c.[5461-10T>C; 

5603A>T] Severe STGD Yes 

1808 34 1 STGD c.[5461-
10T>C;5603A>T] Severe c.5882G>A Mild STGD Yes 

2469 36 3 STGD c.[2588G>C; 
5603A>T] Mild c.[5461-10T>C; 

5603A>T] Severe STGD 
Yes 

2843 22 3 CRD c.4016G>A(;) 
5313-1_5313del 

Unknown 
Severe c.6088C>T Severe STGD Uncertain 

3536 60 ½ Late onset 
STGD c.3113C>T Mild c.1906C>T Severe STGD No 

4126 13 ½ STGD c.4774-27T>C(;) 
5196+1137G>A Benign Mild c.[5461-10T>C; 

5603A>T] Severe STGD Uncertain 

5219 68 4 Early onset 
STGD c.634C>T Severe c.[5461-10T>C; 

5603A>T] Severe Early onset STGD Yes 
5349 40 2 STGD c.1906C>T Severe c.5603A>T MildLP STGD Yes 

5604 54 4 STGD c.4577C>T(;) 
4469G>A 

Moderate 
Severe c.5603A>T MildLP STGD Uncertain 

5607 33 2 STGD c.3259G>A Severe c.6089G>A Mild STGD Yes 

5608 45 3 STGD c.[2588G>C; 
5603A>T] Mild c.[5461-10T>C; 

5603A>T] Severe STGD 
Yes 

5609 37 4 STGD c.4139C>T Moderate c.4139C>T Moderate STGD No 
5851 50 3 STGD c.1282del Severe c.6320G>A Mild STGD Yes 

5852 66 3 STGD c.[2588G>C; 
5603A>T] Mild c.[5461-10T>C; 

5603A>T] Severe STGD 
Yes 

5853 30 1 STGD c.365_366insCA Severe c.5560G>T(;)5603A>T(;) 
5882G>A  Severe, MildLP, Mild STGD Uncertain 

5854 36 2 STGD c.4195G>A Mild c.5318C>T Severe STGD Yes 

5857 20 3 Early onset 
STGD c.6229C>T Severe c.6229C>T Severe Early onset STGD Yes 
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5860 31 1 STGD c.4326C>A Severe c.5882G>A Mild STGD Yes 

5861 37 3 STGD c.5714+5G>A Moderate c.[5461-10T>C; 
5603A>T] Severe STGD Yes 

5862 17 3 Early onset 
STGD c.1906C>T Severe c.4577C>T Moderate Early onset STGD Yes 

5863 42 2 STGD c.[2588G>C; 
5603A>T] Mild c.4537del Severe STGD Yes 

5864 68 4 STGD c.1253T>C Severe c.1317G>A Severe STGD Yes 
5865 49 2 STGD c.1906C>T Severe c.5603A>T MildLP STGD Yes 
3656 42 1 Occult MD c.4139C>T Moderate c.5882G>A Mild STGD Yes 

Early onset, <10 years old at onset; Intermediate, 10-40 years old at onset; late-onset, >40 year old at onset. 
In “Grade” column: 1 = Macular, 2 = Extramacular, 3 = Transitional, 4 = Advanced. STGD, Stargardt disease; CRD, 
Cone-rod dystrophy; MD, Macular dystrophy. MildLP, Mild, Low Penetrance 
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5.3  Discussion 

In this chapter, a cohort of 57 UK cases with a variety of MDs were sequenced 

using a previously established smMIPs panel targeting 71 MD loci and 36 

AMD loci. Loci associated with AMD were not analysed as part of this study. 

The application of this smMIPs screening reagent in cases from the Leeds 

IRD cohort provided further confirmation of the efficacy of the reagent and 

screening approach. This yielded high solve rates (36/57, 63.2%), consistent 

with other targeted IRD screens (Britten-Jones et al., 2023). A high proportion 

of these cases were genetically explained by variants in ABCA4. In part this 

reflects the fact that ABCA4 is the most common cause of MD. In addition, 

cases sent to the Leeds IRD research group with phenotypes suggestive of 

ABCA4-associated disease had not previously been prioritised for 

sequencing, leading to a backlog of such cases. Genetic characterisation of 

cases with pathogenic variants in ABCA4 allowed for grading of these cases 

in line with a model proposed by Cremers and colleagues. This model was 

found to be largely accurate and clinically useful, but a lack of phasing 

information in a number of cases limited the utility of the model. 

 

5.3.1  ABCA4 genotype-phenotype correlation 

The genotype-phenotype model discussed by Cremers and colleagues was 

examined (Cremers et al., 2020). Cases with confirmed ABCA4 disease 

underwent comprehensive clinical examination by Mr Martin McKibbin and Mr 

David Steel in light of the grading system used in the model. Following 

examination of the genotype-phenotype relationship in these cases, it was 

concluded that the model was accurate and clinically useful. 

 

It was not possible to phase the variants observed in ABCA4 which limited the 

application of the model in a number of cases. There were 15 cases in this 

analysis with more than two variants. However the majority (N=11) had a 

known complex allele. It was possible to grade these cases using the model 

by assuming the observed variants were in cis in a single complex allele. All 

cases with presumed complex alleles fit the model as proposed by Cremers 

and colleagues, both supporting the presumed phase of these alleles and 

underscoring the accuracy of the model. 
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It was valuable to be able to presume the phase of these complex alleles as 

they are commonly observed in ABCA4 and result in an altered affect 

compared to considering the variants in isolation. ABCA4: 

c.[2588G>A;5603A>T] has been observed to be present in up to 50% of all 

ABCA4 complex alleles, an observation which was replicated in this cohort 

(six of 11 individuals with presumed complex alleles) (Zernant et al., 2017; 

Runhart et al., 2018). The c.2588G>A variant has been proposed to act as a 

modifier of the c.5603A>T as opposed to acting as a pathogenic variant in 

isolation (Zernant et al., 2017; Runhart et al., 2018). The c.2588G>A variant 

was not observed without c.5603A>T in this screen, supporting previous 

observations that these variants are in linkage disequilibrium. Of further 

interest, there were four probands who shared the genotype; ABCA4: 

c.[2588G>A;5603A>T];[5461-10T>C;5603A>T]. In all cases in which it was 

observed in this screen, this allele combination of a mild-complete penetrant 

allele and severe allele resulted in ‘classic’ STGD, progressing to an 

advanced disease stage by the 6th decade, as observed previously and 

predicted by the model (Runhart et al., 2018). It was possible to use the model 

to assess the genotype-phenotype relationship in 25 cases in this screen, of 

which five cases could not be interpreted. If these variants had not been 

treated as a single complex allele, it would not have been possible to employ 

the model in a further 11 cases, severely limiting its utility. 

 

There were four cases with four variants in ABCA4 (4126, 5608, 5852, and 

5853). It was possible to use the model in two of the cases (5608 and 5852), 

both of which had ABCA4:c.[2588G>C;5603A>T];[5461-10T>C;5603A>T]. In 

both of these cases, the phenotype was as predicted by the model. For the 

other two cases, it was not possible to use the model as the haplotypes could 

not be assigned. However it is possible to use the model to speculate as to 

the haplotypes in these cases.  

 

Case 4126 exhibited a macular phenotype at age 13, indicating that there 

were two deleterious alleles present. This case contained a benign allele 

(c.4774-27T>C), a mild allele (c.5196+1137G>A) and a severe allele (c.[5461-

10T>C;5603A>T]). This phenotype is more severe than would be expected 

from the combination of a mild allele and a severe allele. As such it is possible 

that the benign variant is in cis with c.5196+1137G>A and the resulting allele 

has a stronger affect than would otherwise be expected, or that other 

undiscovered modifiers may be playing a role in this case.  
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Case 5853 exhibited a macular phenotype at age 30. This case contained two 

severe alleles (c.365_366insCA, and c.5560G>T), a mild allele associated 

with low penetrance (c.5603A>T) and a mild allele (c.5882G>A). While it is 

not possible to assign these variants to haplotypes, the relatively mild 

phenotype likely indicates that the severe alleles may be on the same allele, 

with one or more mild alleles on the other allele. The phenotype-genotype 

model proposed by Cremers and colleagues suggests that genotypes with 

c.5882G>A as one of the alleles exhibit a macular phenotype at 30 years old, 

as was observed in this case (Zernant et al., 2017; Cremers et al., 2020). As 

such it is possible that the haplotypes are arranged as 

c.[5882G>A];[365_366insCA;5560G>T;5603A>T]. While these arrangements 

are possible considering the available information, phasing of the variants in 

both cases is required to definitively discriminate these haplotypes. 

 

In addition to pathogenic variants in ABCA4, six cases harboured additional 

variants in MD genes (3616: PRPH2, 5219: IMPG1, 5857: CNGA3, 5607: 

FBN2, 5608: BEST1, and 3656: CACNA1F). These variants were considered 

when deciding whether it was appropriate to apply the genotype-phenotype 

model.  

 

Of interest, a single case, 3616, had pathogenic variants which could be 

considered causal in both ABCA4 (c.[4469G>A];[5603A>T]) and PRPH2 

(c.623G>A, p.(Gly208Asp)). This was a sporadic case so it was not possible 

to determine whether there was a dominant or recessive inheritance pattern. 

However, this case had a diagnosis of ‘classical STGD’. ABCA4:c.4469G>A 

is predicted to alter splicing (SpliceAI 0.8) and has been shown to result in 

mis-splicing in minigene assays (Heidi L. et al., 2017). In vivo experiments 

have found that this variant results in mis-localisation of ABCA4 and was also 

found to result in reduced ABCA4 activity in vitro (Sun et al., 2000; 

Wiszniewski et al., 2005). This variant is considered a severe variant (Cornelis 

et al., 2021). In this case, this variant was assumed to be in trans with 

c.5603A>T, resulting in relatively mild disease (Zernant et al., 2017; Cremers 

et al., 2020). When only considering the ABCA4 variants, this case fits within 

the genotype-phenotype model as proposed by Cremers and colleagues, 

exhibiting a macular phenotype at age 40. However this case was not included 

in the analysis using the genotype-phenotype model as the presence of the 

pathogenic PRPH2 variant will have an unknown effect on disease 

progression in future.  
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It has previously been observed that variants in PRPH2 can modify the 

disease progression of ABCA4-associated disease. A PRPH2 haplotype has 

been observed acting as a trans acting modifier, increasing the penetrance of 

ABCA4 variants (Zernant et al., 2022). It has also previously been observed 

that ABCA4 mutations can affect the phenotype of PRPH2-associated 

disease caused by the common PRPH2:p.R172W variant (Poloschek et al., 

2010). Further, the PRPH2 variant observed in this case, PRPH2:c.623G>A, 

is a variant which is considered pathogenic by ACMG standards, and which 

has been observed in cases with a variety of IRDs, in particular cone 

dystrophy, and autosomal dominant RP (Manes et al., 2015; da Palma et al., 

2019). This variant has also been associated with dominant cone rod 

dystrophy with incomplete penetrance (Soucy et al., 2023). As a result, it is 

difficult to use the model to grade this case.  

 

It has previously been observed that the ABCA4:c.5603A>T variant when in 

trans with a severe allele causes disease with reduced penetrance (Zernant 

et al., 2017). It is likely that the presence of pathogenic variants in both PRPH2 

and ABCA4 increased the penetrance of the disease phenotype. If DNA from 

other family members became available in the future, it would be of interest to 

segregate these variants and observe whether the PRPH2 variant increases 

the penetrance of the ABCA4 phenotype and vice versa. In addition it would 

be of interest to follow-up this case in the future and determine whether future 

disease progression is more severe than expected due to the presence of the 

PRPH2 variant. 

 

Case 5219 had a diagnosis of STGD and analysis with the ABCA4 genotype-

phenotype model found that the genotype (ABCA4:c.[634C>T];[5461-

10T>C;5603A>T]) caused a phenotype consistent with prediction from the 

model. This case additionally had a likely pathogenic variant in IMPG1: 

c.1157C>A. Mutations in IMPG1 have been found in cases with vitelliform MD 

and RP (Carss et al., 2017; Olivier et al., 2021). While it is possible that this 

variant will modify the disease course in the future, IMPG1 has not been 

reported as a trans acting modifier of ABCA4 variants in the past. An IRD case 

has been observed with single pathogenic variants in ABCA4, IMPG1 and 

other genes associated with MD (Lofaro et al., 2021). As IMPG1 is not a 

reported modifier of ABCA4-associated disease and dysfunction in the two 

genes results in distinct phenotypes, it was decided that this case could be 

graded using the model.  
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Case 5857 had a diagnosis of early onset STGD, consistent with the 

prediction from the genotype-phenotype model for a homozygous severe 

ABCA4 variant, c.6229C>T. Additionally, this case was found to harbour a 

variant in CNGA3 (CNGA3: c.1279C>T, p.(Arg427Cys)). This variant was 

deemed unlikely to affect the progression of the ABCA4-associated 

phenotype in this case. This variant is primarily associated with 

achromatopsia (Wissinger et al., 2001; Doucette et al., 2013; Yousaf et al., 

2022). Additionally, while this variant is pathogenic by ACMG standards, 

mutations in CNGA3 cause disease in an autosomal recessive inheritance 

pattern and only a single CNGA3 variant was found. As such this case was 

deemed to be suitable for grading with the ABCA4 phenotype-genotype 

model.  

 

Cases 5607, 5608 and 3656 were found to harbour additional mutations in 

FBN2, BEST1 and CACNA1F respectively. Each of the variants in these 

genes were found to be VUS by ACMG guidelines. As a result, it was decided 

that these variants were unlikely to affect the progression of the ABCA4-
associated phenotype and that these cases could be graded using the 

genotype-phenotype model. In all three cases, the phenotype was as 

predicted by the model, further indicating that these variants were unlikely to 

have an effect.  

 

There were seven cases that did not definitively fit within the model. Five of 

these are due to the presence of more than two variants which could not be 

phased (1337, 2843, 4126, 5604, 5853). Two cases, 3536 and 5609 did not 

fit within the model. Case 3536 exhibited a far milder phenotype than 

expected, while case 5609 exhibited a more severe phenotype. Further 

sequencing of these case and others may uncover previously undiscovered 

relationships between variants which may explain this. In addition, further 

screening of cases may allow for the discovery of additional complex alleles, 

permitting relatively confident segregation of variants into known complex 

alleles. In the cases with more than two variants in this screen, phasing of the 

variants found in these cases may allow for association of the resulting 

genotypes with their phenotypes. Finally, further screening of more patients, 

including screening intronic sequences, may uncover further deep-intronic 

variants and modifier alleles, allowing further refinement of the genotype-

phenotype model.  
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5.3.2 Genes found to be mutated by smMIPs sequencing  

Many cases with IRDs are solved by variants in a relatively small number of 

genes reflecting both increased rates of disease associated with those genes, 

and better characterisation of those targets. As a result most screens of IRD 

cohorts use targeted sequencing panels, reducing costs while solving many 

cases (Britten-Jones et al., 2023). In one large IRD screen, 71.2% of cases 

were solved by variants in 20 genes, while in another, 68% cases were solved 

by mutations in just 10 genes (Goetz et al., 2020; Pontikos et al., 2020). The 

genes most commonly found to be mutated in cases with MD include ABCA4, 

PRPH2, CRB1, PROM1, and BEST1 (Pontikos et al., 2020).  

 

This screen was designed to target a large number of loci associated with 

macular disease. As many genes were targeted, this allowed for detection of 

variants which are less commonly implicated in MD (for example C1QTNF5). 

Additionally, it was possible to search for trans acting modifiers to the disease 

phenotype and to have increased confidence in findings in the cases which 

were solved. Although 71 loci associated with MD were targeted, only a small 

number of genes yielded causative variants Figure 5.8.  

 

 

Figure 5.8 Genes implicated in solved cases in smMIPs screen 
The majority of cases were solved by mutations in a small number of 
genes, in particular ABCA4 (75% of solved cases, N=27). PRPH2 (N=4), 
CRB1 (N=1), PROM1 (N=2), BEST1 (N=2), C1QTNF5 (N=1) were also 
implicated. 
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5.3.2.1 ABCA4  

The majority (75%) of cases were solved by mutations in ABCA4. ABCA4 is 

the most commonly mutated gene in IRDs and pathogenic mutations in 

ABCA4 result in a variety of phenotypes which primarily affect the macula 

(Section 1.3.1.1). The probands selected for inclusion in this screen were 

selected based on a diagnosis of a macular dystrophy and it is to be expected 

that many would have pathogenic ABCA4 mutations. In addition, cases with 

a phenotype which was likely due to mutations in ABCA4 had not been 

prioritised for screening prior to this study. Because of this, the unscreened 

cases with macular phenotypes were biased towards ABCA4. In total 26/57 

cases in this screen had a diagnosis of STGD following clinical examination 

and 18 of these cases were solved by pathogenic variants in ABCA4.  

 

It has previously been observed that 10-15% of cases clinically diagnosed 

with a phenotype likely caused by ABCA4-associated disease are caused by 

mutations in genes other than ABCA4 (Cremers et al., 2020). In this screen, 

four cases with a diagnosis of STGD were found to harbour pathogenic 

mutations in genes other than ABCA4 (namely PRPH2 and C1QTNF5). 

PRPH2 has been previously identified as the most commonly mutated gene 

other than ABCA4 in cases with a clinical diagnosis of STGD (Wolock et al., 

2019a), an observation which was also made in this screen.  

 

ABCA4 is a flippase with a crucial role in the visual cycle. Pathogenic variants 

in ABCA4 result in characteristic build-up of lipofuscin, resulting in damage to 

the macula (Section 1.3.1.2). Over 2000 known variants are listed in the LOVD 

entry for ABCA4, reflecting the effort of many research groups to 

comprehensively catalogue known variants in ABCA4. Previously proposed 

categorizations of the severity of known variants in ABCA4 (Cornelis et al., 

2022) were used for grading ABCA4 variants in this experiment. ABCA4 has 

been extensively studied in the past, and this allowed for more confident 

assessment of the variants observed in this screen.  

 

5.3.2.2  PRPH2  

The gene next most commonly carrying pathogenic variants in cases in this 

cohort was PRPH2 (OMIM 179605), with four cases explained by mutations 

in this gene. These were 3616 (PRPH2:c.623G>A, p.(Gly208Asp)), 3798 
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(PRPH2:c.638G>A, p.(Cys213Tyr)), 4767 (PRPH2:c.394del, 

p.(Gln132Lysfs*7)) and 5855 (PRPH2: c.291G>A, p.(Trp97*)). Mutations in 

PRPH2 predominantly cause autosomal dominant MD (Peeters et al., 2021), 

and accordingly all of the PRPH2 variants observed in this screen were 

heterozygous and predicted to be pathogenic or likely pathogenic.  

 

PRPH2:c.623G>A is a common cause of PRPH2 associated disease, with 31 

entries on LOVD and 9 submissions to ClinVar (VCV000437965.13), where it 

has been listed as causing STGD, MD and pigmentary retinal dystrophy. It is 

the most common pathogenic PRPH2 variant in gnomAD (Reeves et al., 

2020). While this variant has been reported in ClinVar as a cause of STGD 

(VCV000437965.13), this case (3616) also had pathogenic ABCA4 variants. 

PRPH2:c.638G>A is also a relatively common cause of PRPH2 associated 

disease. It has been reported 13 times in LOVD (www.lovd.nl, accessed 

10/4/2021) and is reported as Pathogenic/Likely Pathogenic in ClinVar. With 

6 submissions (VCV000098692.11), where it has been listed as causing 

STGD, pattern MD and retinal dystrophy. PRPH2:c.394del is also a relatively 

common cause of PRPH2 disease. Previous studies estimated it to be among 

the 10 most common pathogenic PRPH2 variants (Ba-Abbad et al., 2014; 

Reeves et al., 2020). It has previously been listed in LOVD (6 entries) and 

ClinVar, with 4 submissions (VCV000684461.10), where it has been listed as 

a cause of STGD and RP. Finally, PRPH2: c.291G>A is a novel variant which 

was found in this screen. Prediction using multiple prediction tools found that 

it is likely to be pathogenic, resulting in NMD of the transcript.  

 

PRPH2 is a tetraspanin which localises to the outer segments of rods and 

cones. PRPH2 interacts with itself or with ROM1 to form complexes which are 

required for outer segment formation and organisation (Tebbe et al., 2020a). 

Mutations in PRPH2 have been demonstrated to result in disorganized outer 

segment discs (Tebbe et al., 2020a), leading to both autosomal dominant 

(Farrar et al., 1991; Kajiwara et al., 1991) and autosomal recessive MD (Wells 

et al., 1993; Boon et al., 2007). PRPH2 also has an important role in the 

maintenance and cycling of outer segments, dysfunction of which has been 

associated with progressive retinal damage (Tebbe et al., 2020a). 
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5.3.2.3  PROM1 

Two cases were explained by mutations in PROM1 (OMIM 604365) both of 

which had PROM1: c.1117C>T, p.(Arg373Cys). Mutations in PROM1 have 

been observed to cause autosomal dominant and recessive MD (Yang et al., 

2008b) as well as autosomal recessive RP (Zhang et al., 2007). This variant 

is the most common cause of PROM1-associated disease, with 115 entries 

on LOVD and 17 entries on ClinVar (VCV000005610.33) where it listed as 

causing STGD4, MD and cone-rod dystrophy. Probands 3615 and 5610 had 

diagnoses of Best disease and cone rod dystrophy respectively. This variant 

has previously been found to result in a bull’s eye phenotype, characteristic of 

STGD4 (Michaelides et al., 2010; Kim et al., 2017). While this variant is the 

most common cause of PROM1-associated disease, it is possible the two 

cases are related. Visual examination of PROM1 did not reveal variants which 

could be used to discriminate whether the samples were related.  

 

PROM1 is a penta-span transmembrane protein which localises to microvilli, 

with important functions in stem cells and a number of progenitor cells (Bahn 

and Ko, 2023). PROM1 is expressed in a variety of tissues including the brain, 

colon, liver and lung (Yu et al., 2002). In the retina, the exact mechanism of 

PROM1-associated disease remains under investigation. Drosophila with 

mutant prom do not develop functional microvilli in the photoreceptor, leading 

to photoreceptor degeneration (Gurudev et al., 2014). In humans, disrupted 

disc morphogenesis due to mutations in PROM1 has been associated with 

progressive thinning of the retina (Zacchigna et al., 2009; Kobayashi et al., 

2021). Mutations in PROM1 result in a similar phenotype to ABCA4-

associated disease and a pedigree has been reported in the literature with 

both PROM1 and ABCA4 mutations, resulting in an altered phenotype (Imani 

et al., 2017; W. Lee et al., 2019). PROM1 deficient mice show downregulation 

of ABCA4, presumably causing downstream dysregulation of the visual cycle 

and suggesting a possible mechanism for the similarity between the two 

phenotypes (W. Lee et al., 2019).  

 

5.3.2.4  BEST1 

Two cases were also solved by heterozygous mutations in BEST1 (OMIM 

607854), 3654 (BEST1:c.889C>T, p.(Pro297Ser)) and 3670 

(BEST1:c.728C>T, p.(Ala243Val)). Both cases had diagnoses of MD. 

Mutations in BEST1 cause a range of Bestrophinopathies (Ramsden et al., 
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2012) which can primarily affect the macula, such as Best disease (Petrukhin 

et al., 1998), or the peripheral retina such as RP (Grewal et al., 2021). BEST1: 

c.889C>T is a previously reported cause of BEST1-associated disease, with 

18 entries on LOVD and 8 entries on ClinVar (VCV000099766.20). Previous 

reports have also found that this mutation causes MD (Haer-Wigman et al., 

2017; Weisschuh et al., 2020), as was the case in this study. BEST1: 

c.728C>T is a common cause of BEST1-associated disease, with 56 entries 

on LOVD and 10 submissions to ClinVar (VCV000002737.26). This variant 

has previously been reported to cause a range of phenotypes, including MD. 

Of interest, this mutation has previously been linked to a characteristic pattern 

dystrophy with a later age of onset and has also been hypothesised to have a 

milder effect on channel activity (Yu et al., 2006; Khan et al., 2018).  

 

In the eye, BEST1 is exclusively expressed in the RPE (Esumi et al., 2009). 

BEST1 encodes a Ca2+ responsive chloride channel (Sun et al., 2002; 

Marmorstein et al., 2015). BEST1 channels have been observed to be 

permeable to other molecules, suggesting additional roles in homeostasis and 

neurotransmitter release (Grewal et al., 2021). The role of BEST1 mutations 

in disease is still a subject of investigation although it has been suggested that 

that altered channel permeability leads to progressive retinal damage 

(Wittström et al., 2011).  

 

5.3.2.5  C1QTNF5 

A single case was solved by a pathogenic variant in C1QTNF5 (OMIM 

608752), 4030 (C1QTNF5: c.489C>G, p.(Ser163Arg)). Mutations in 

C1QTNF5 have been associated with dominant, late onset retinal 

degeneration (LORD) (Hayward et al., 2003a; Xu et al., 2022). This variant is 

the most common pathogenic variant in C1QTNF5 (Hayward et al., 2003a; 

Stanton et al., 2017), and has 15 entries in LOVD and 7 entries on ClinVar 

(VCV000002126.12). C1QTNF5 encodes a multimeric protein which has been 

suggested to form an extracellular complex with MFRP and facilitate adhesion 

of the RPE (Hayward et al., 2003b; Wong et al., 2008). In vitro experiments 

have found a dominant negative mechanism resulting in reduced stability of 

wild type C1QTNF5 (Stanton et al., 2017) and dysfunction of the visual cycle, 

resulting in extracellular deposit formation (Papastavrou et al., 2015).  

 



 176 

5.3.2.6  CRB1 

A single case (5258) was solved by the identification of pathogenic variants in 

CRB1 (OMIM 604210), (CRB1:c.2106T>A p.(Tyr702*); c.2506C>A, 

p.(Pro836Thr) NM_201253.3). This case had a diagnosis of cone-rod 

dystrophy with an unknown inheritance pattern. Mutations in CRB1 are 

commonly associated with RP and Leber congenital amaurosis (LCA) (Den 

Hollander et al., 2004; Henderson et al., 2011; Bujakowska et al., 2012) 

although macular phenotypes associated with CRB1 mutations have also 

been reported (Henderson et al., 2011; Oh et al., 2021). Mutations in CRB1 

are associated with significant phenotypic variability, even within pedigrees 

(Bujakowska et al., 2012). CRB1 is a member of the Crumbs homologue 

family (Pellissier et al., 2013). CRB1, CRB2 and CRB3 form a complex which 

is involved in cell adhesion, polarity and communication and has been 

theorised to be crucial for morphogenesis and subsequent function (Cho et 

al., 2012; Alves, Pellissier and Wijnholds, 2014; Alves, Pellissier, Vos, et al., 

2014). In particular, CRB1 has been observed to be vital for integrity of the 

junctions between Muller glia cells and photoreceptors (Quinn et al., 2017). 

 

CRB1: c.2106T>A p.(Tyr702*) is a novel variant which is likely to result in a 

complete loss of function, and is located in exon 6 of CRB1. Other null 

mutations in this exon have been reported (LOVD), including CRB1: 

c.2107G>T p.(Glu703*) which has previously been reported as the pathogenic 

variant in a pedigree with LCA which displayed phenotypic variability (Saberi 

et al., 2019). CRB1:c.2506 C>A p.(Pro836Thr) has previously been reported 

19 times on LOVD. This mutation has previously been associated with cone 

rod dystrophy in a homozygous case (Saberi et al., 2019) and with early onset 

retinal dystrophy in a compound heterozygous case (Henderson et al., 2011). 

This mutation affects the AG laminin like domain of CRB1 (Bujakowska et al., 

2012) and is located in exon 7, which has previously been observed to be the 

most frequently mutated exon in screens of CRB1 (Bujakowska et al., 2012) . 

Of interest, it has been suggested that the canonical isoform of CRB1 

(NM_201253.3) is not the major transcript in human, and that a previously 

undiscovered isoform is crucial for junction functioning (Ray et al., 2020). 

 

5.3.3  Unsolved cases 

Variants were identified in MD associated genes in six unsolved cases (4168: 

CLN3, 4181: RP1L1, 4756: TIMP3, 5152: RP1L1, 5202: IFT81, 5225: 
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EHMT2). The variants found in EHMT2, TIMP3 and RP1L1 were all 

considered VUS by ACMG standards. These variants were reported as it is 

possible that they may in future be found to be clinically relevant in these 

cases, but at present they are considered likely to be polymorphisms. 

 

Pathogenic variants in genes associated with autosomal recessive disease 

were found in 4168 (CLN3:c.1141C>T, p.(Arg381Trp)) and 5202 (IFT81: 

c.899_900insT, p.(Glu301Argfs*8)). Case 4168 had a family history which 

suggested autosomal dominant disease and mutations in CLN3 are primarily 

associated with recessive disease (Smirnov et al., 2021). As such it is unlikely 

that CLN3 is the cause of disease in this case. Mutations in CLN3 may also 

cause syndromic neurological disruptions which can appear later in life (Mirza 

et al., 2019). If these do manifest in this case, this would be more indicative of 

CLN3-associated disease.  

 

For case 5202, it is possible that there is a second, undiscovered mutation in 

IFT81. Mutations in IFT81 may also cause syndromic or non-syndromic IRD 

(Dharmat et al., 2017). In the case of syndromic disease, cases present with 

short-rib polydactyly syndrome (Duran et al., 2016). It is possible that this case 

had the syndromic form of disease and this information was not available, 

although this is unlikely.  

 

In this screen there were four unsolved cases with frequent mild ABCA4 

variants (2272, 3528, 4181, and 5859). In these cases, no additional 

pathogenic ABCA4 variants were discovered, indicating that these variants 

are likely polymorphisms. However, again it is possible that undiscovered 

deep intronic or other missed variants may be present on the second ABCA4 

allele in these cases. Further sequencing, in particular of the entire ABCA4 

locus may uncover the second variant in these cases.  

 

For all unsolved cases, further sequencing may prove fruitful. This screen 

largely targeted the exons of genes implicated in MD. As such it is possible 

that causative mutations in the introns of screened genes or in intragenic 

sequences were not captured. Variants in the introns of genes may create 

non-canonical splice sites, leading to pathogenic mis-splicing (Sangermano 

et al., 2018). Variants in the regulatory elements of genes may pathogenically 
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disrupt their expression. For example, one case had a diagnosis of North 

Carolina MD (3528). North Carolina MD is caused by mutations upstream of 

PRDM13 which result in mis-regulation (Green et al., 2021). WGS has been 

estimated to increase solve rates by 29%, but at a significantly increased per 

sample cost (Ellingford et al., 2016). In addition, it is possible that unsolved 

cases in this screen may harbour pathogenic variants in novel IRD associated 

genes. More widespread sequencing, in particular WGS, may uncover 

variants in the unsolved cases which were not targeted by this smMIPs 

screen.  

 

Further, a number of loci were less well covered by this panel. These areas 

are generally not well covered by Illumina based NGS and include purine rich 

regions such as ORF15 of RPGR (Chiang et al., 2018) and the opsin array 

(Nash et al., 2022a). Although these regions were targeted in this panel, the 

reduced coverage and mapping quality of reads at these regions reduced 

confidence in the observed variants and it is possible that some of the 

unsolved cases in this screen harbour causative mutations in loci which were 

relatively poorly covered by this screen. For unsolved cases, assays which 

specifically target these hard to sequence areas may be of use (Chiang et al., 

2018; Khateb et al., 2022).  

 

Additionally, targeted sequencing panels struggle to detect CNVs and 

structural variants (Section 4.3.3.2). Although CNV analysis was performed, 

no CNVs were identified in this screen. CNVs have been previously estimated 

to be a cause of missing variants in 9% of IRD cases (Zampaglione et al., 

2020). A major advantage of using WGS as opposed to targeted sequencing 

is that CNVs which do not directly affect the coding sequencing of the gene 

may also be detected. CNVs in the non-coding sequence can result in mis-

regulation and have previously been implicated in the creation of pathogenic 

novel topologically associated domains (TADs) (de Bruijn et al., 2020). More 

widespread sequencing, in particular WGS may detect pathogenic classes of 

variants such as CNVs which were undetected in this screen. 

 

5.4  Summary 

In this chapter, a cohort of 57 cases with macular dystrophies were sequenced 

by a targeted panel approach using smMIPs based enrichment. 36 (63.2%) 
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cases were found to carry likely causative mutations in MD genes after 

screening at a very low per sample cost, supporting the use of smMIPs based 

targeted sequencing as an initial screening tool. This also allowed for 

verification of the smMIPs panel used by the Nijmegen group. A proportion of 

the variants identified were retested by an independent sequencing method 

and all were confirmed. 

 

75% (27/36) of the solved cases were genetically explained by variants in 

ABCA4 and two novel pathogenic variants in ABCA4 were found during this 

screen. Additionally, a novel variant was found in PRPH2 and CRB1 

respectively. Thorough clinical examination allowed comparison of the 

genotype-phenotype relationship of cases with ABCA4-related disease to a 

model proposed by Cremers and colleagues. This comparison found that this 

model is largely accurate and clinically useful, providing a likely prognosis that 

is accurate in the majority of cases. A number of cases had more than two 

variants which could not be accurately phased, limiting the implementation of 

the model on these cases. Importantly, the results of screen also provide 

diagnostic information to 36 individuals affected by MD who previously did not 

have a genetic diagnosis, although these results are a research result and 

should be verified by an accredited diagnostic laboratory. 
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6  General Discussion 

The aims of this project were to study ABCA4-related disease and associated 

disorders, and to develop new methods to increase molecular diagnostic 

rates. The advent of long-read sequencing has opened up new avenues of 

research previously intractable to NGS-based sequencing. In Chapter 3, two 

methods to phase distal variants in ABCA4 using long-read sequencing were 

developed. In Chapter 4, a method to quickly and effectively confirm and 

characterise deletions found through exon-based technologies in IRD genes 

using long-read sequencing was established and tested on a series of cases. 

In Chapter 5, a cohort of cases with macular dystrophies were screened using 

an smMIPs-based macular disease panel to genetically diagnose these 

cases. 

 

6.1  Future of genetic testing 

Rare diseases such as IRDs collectively represent a significant disease 

burden. The lifetime risk of a rare disease is 1 in 17 in the UK, and over 80% 

of rare conditions are estimated to have a genetic cause (Brittain et al., 2017). 

Obtaining an accurate genetic diagnosis is of great importance for those 

affected. A genetic diagnosis has been shown to help patients with IRDs by 

helping them adjust to the condition, providing a clearer prognosis and aiding 

decision making and family planning (Hayeems et al., 2005; Combs et al., 

2013; Britten-Jones et al., 2022). While it is difficult to adjust to non-actionable 

results (results indicating a genetic disease with no available therapy), a 

common theme is that “if I know, it might be difficult to deal with, but at least 
I’ll know” (McVeigh et al., 2019). In addition, there are a growing number of 

clinical trials for potential treatments of IRDs and an accurate genetic 

diagnosis is often a prerequisite for inclusion (https://clinicaltrials.gov/, 

accessed 27/4/2023). As such, improving diagnostic rates of genetic testing 

is an area of active research. Following genetic screening, only approximately 

two-thirds of IRD patients will receive a genetic diagnosis (Britten-Jones et al., 

2023). This research can be divided into improving sequencing technologies 

to capture more potentially pathogenic variants, and classifying the variants 

which are found during sequencing.  

 



 181 

6.1.1  Improved sequencing technologies 

6.1.1.1  The falling cost of NGS 

At present, for individuals undergoing genetic testing, targeted sequencing is 

typically performed as a frontline test for many genetic diseases, followed by 

more widespread screening such as WES or WGS for cases which are 

negative. Targeted sequencing panels will likely remain an important part of 

genetic testing in the future, in particular in geographic regions with less 

developed genetic screening programmes. An advantage of targeted panels 

such as smMIPs (Chapter 5) is that they can be adapted to new target loci as 

they are identified. As the cost of sequencing and targeting technologies 

continues to fall, the shift to targeting the entire locus of genes which are 

commonly mutated in IRDs, known as whole gene sequencing (GS) may 

improve solve rates in panel-based approaches (Khan et al., 2020; Dockery 

et al., 2021). This improvement is caused by allowing for the detection and 

study of non-coding variants such as deep intronic variants which are not 

commonly covered in targeted panels and remain difficult to interpret when 

detected. Deep intronic variants have been estimated to be ~2% of pathogenic 

variants in ABCA4 but are not commonly covered in targeted screens at 

present (Cremers et al., 2020). Four unsolved cases which were screened 

using an smMIPs panel (Table 5.5) were found to harbour a single variant in 

ABCA4. If future targeted panels covered the entire ABCA4 locus, it would 

have been possible to search for a second, non-exonic variant in these cases 

or to exclude the single variants as coincidental findings which are not related 

to disease in these individuals.  

 

As the cost of NGS continues to fall, there is a continuing shift towards 

screening more of the genome as a front line test. At present, soon to be 

released instruments may allow for $200 whole genome short-read 

sequencing (https://www.illumina.com/systems/sequencing-

platforms/novaseq-x-plus.html, https://www.elementbiosciences.com/200-

dollar-genome accessed 21/2/2023). It has been suggested previously that 

WGS may be a more cost effective front line test compared to targeted 

sequencing as the cost of WGS falls (Lionel et al., 2018). This is reflected in 

an ongoing shift towards more routine use of WGS as standard, in particular 

in the UK NHS and through programmes such as the 100,000 Genomes 

Project and elsewhere (Turro et al., 2020; Costain et al., 2021; Trotman et al., 

2022). However, the very large size of WGS files and increased data analysis 

requirements remain a significant issue. To compensate for this, it is common 
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practice to sequence the entire genome but only analyse panels of relevant 

genes (Martin et al., 2019). This is a good compromise as many IRD cases 

are genetically explained by mutations in a small number of genes while 

reducing the amount of incidental findings (Stone et al., 2017). As the entire 

genome is covered, unsolved cases following panel analysis can then be 

analysed for causative variants in other genes.  

 

A possible future workflow for cases undergoing screening may be that cases 

with a phenotype highly suggestive of variants in a known gene, for example 

ABCA4-associated disease, will undergo targeted sequencing. This targeted 

sequencing will cover the entire gene of interest, allowing for high confidence 

examination of these loci at relatively low cost. Following analysis, any 

unsolved cases will then undergo WGS. In parallel, any cases with a less 

determinate phenotype will undergo WGS as a first test. When possible, direct 

relatives will also undergo WGS concurrently, allowing for the segregation of 

variants found during initial testing (French et al., 2022). This possible future 

parallel workflow may allow for cost effective diagnosis for cases with variants 

in well characterised genes, and effective examination in other cases.  

 

6.1.1.2  Long-read sequencing 

As the cost of long-read sequencing falls, the increased use of these 

technologies will increase solve rates still further by allowing for sequencing 

of regions currently intractable to short-read NGS. It has been estimated that 

4264 exons in 619 clinically relevant genes have 100% homology to other loci 

and as a result it is very challenging to align the resulting NGS reads 

(Mandelker et al., 2016). Using long-read sequencing, it is now possible to 

sequence the entire chromosome from telomere to telomere, although this 

remains challenging (Nurk et al., 2022). Future screening using long-read 

sequencing will likely allow for sequencing of the entire genome, allowing for 

all potentially relevant loci to be covered.  

 

Similarly, some categories of variants are challenging to detect and categorise 

by NGS but are more tractable to long-read sequencing, in particular CNVs 

and structural re-arrangements (Section 4.3.3.2). As an example of this, a 

study examining high quality WGS datasets found 4,442 structural variants 

per genome (Abel et al., 2020), however a similar study using both short read 

and long-read sequencing data found 27,622 structural variants per genome 
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(Chaisson et al., 2019). It has been estimated that structural variants account 

for up to 17.2% of deleterious alleles and that these may represent a 

significant and understudied group of disease causing variants in both 

Mendelian and complex disorders (Chiang et al., 2017; Chaisson et al., 2019; 

Abel et al., 2020). More routine use of long-read sequencing will allow for more 

reliable CNV detection which will allow for the full impact of these variant types 

in IRDs to be studied.  

 

While long-read sequencing technologies are powerful and promise to 

significantly advance genetic testing, currently they are significantly more 

expensive than comparable methods (Section 1.4.2-1.4.3). Further, to obtain 

long read lengths using these platforms, specialist DNA preparation methods 

are required, often requiring expensive equipment. For example, while it was 

possible to obtain reads from unamplified genomic DNA which spanned the 

length of ABCA4 using CATCH (Section 3.2.6), this required a fresh blood 

extraction and a HLS-CATCH machine. These limitations are likely to be 

addressed as the technology continues to develop. While currently non-

standard DNA extraction and handling is required for use with long-read 

sequencing platforms, if these technologies become more common place then 

the processes surrounding their use will also likely be improved. If the cost of 

long-read sequencing continues to fall, it is possible that in the future long-

read WGS will be used routinely, allowing for even more effective sequencing 

of the genome.  

 

In particular, the increased use of single-molecule long-read sequencers will 

allow for the phasing of variants of interest. At present, this remains 

challenging as the high cost of these technologies require enrichment of target 

sequences. In Chapter 3, targeting ABCA4 using long-range PCR introduced 

artefacts and practical difficulties, however there were no significant 

confounding issues introduced by the long-read sequencer when amplification 

free enrichment was used. As the cost of long-read sequencing continues to 

fall, adapted DNA handling processes and routine amplification free long-read 

WGS using large sequencing platforms such as the PromethION will likely 

allow for routine phasing of large genes such as ABCA4. As this occurs, it is 

likely that it will no longer be sufficient to assume the phase of variants of 

interest.  
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6.1.2  Interpreting found variants  

Screening more of the genome through more routine WGS, and future use of 

long-read WGS, will likely increase molecular diagnostic rates for patients with 

IRDs by capturing clinically relevant variants which are not captured by 

targeted sequencing panels. However undoubtedly the largest bottleneck to 

obtaining a genetic diagnosis for an IRD is the classification of the large 

numbers of variants which are found during screening.  

 

As more of the genome is sequenced, more variants are found which must be 

examined. For example, in Chapter 5 a targeted panel covering 107 loci 

associated with MD and AMD was used. This sequencing resulted in 955 

variants per case found prior to filtering. In contrast, following WGS as many 

as 3.1×106 SNVs per individual have been reported (Vidal et al., 2019). This 

represents a massive challenge to search for clinically relevant variants when 

WGS is used.  

 

Most variants which are found during genetic screening are benign 

polymorphisms with no impact on the genetic disease in question. Following 

filtering and examination, many of the variants which are still considered are 

of uncertain significance. In ClinVar, 42% of variants are categorised as VUS 

(Iancu et al., 2021). This directly impedes the genetic diagnosis of cases with 

IRDs. In one IRD cohort, 17% of the cohort were unsolved pending 

classification of at least one VUS (Iancu et al., 2021). Similarly, both cases in 

Chapter 3 which underwent CATCH had at least one VUS in ABCA4 and in 

Chapter 5, six unsolved cases had a VUS in genes relevant to MD.  

 

In silico prediction tools have been developed which are effective at 

preliminary classification of variants, such as CADD (Kircher et al., 2014) and 

MutationTaster (Schwarz et al., 2014). However, these tools often contradict 

when interpreting variants with a less clear effect. Variant interpretation 

standards are also important for consistent interpretation and reporting of 

found variants. The most commonly used variant interpretation guideline is 

the ACMG standards (Richards et al., 2015). These standards were used to 

assess the variants assayed in Chapter 3 and to parse the variants found in 

Chapter 5. A systemic review of NGS screens of IRD cohorts found that of 80 

studies published after 2015, an increased diagnostic yield was found in 

screens which adhered to ACMG guidelines (Britten-Jones et al., 2023). 
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Although in silico prediction tools and variant interpretation guidelines are 

important, even when these are used many found variants are considered 

VUS.  

 

When variants in coding sequences are interpreted, they are generally 

considered in the context of the canonical transcript of the gene. However, 

novel transcripts for genes relevant to IRDs are continuously being discovered 

(Aísa-Marín et al., 2021). A recent analysis found ~23 transcripts per gene 

associated with IRDs, of which ~15 were novel (Ruiz-Ceja et al., 2023). This 

analysis discovered novel transcripts in genes examined in this study, 

including ABCA4 and PRPH2. In addition, long-read sequencing may be more 

effective at sequencing RNA than NGS, resulting in novel transcripts which 

were previously missed. A recent study using PacBio sequencing reported a 

novel isoform of CRB1 which is the most abundantly expressed in the retina 

(Ray et al., 2020). Further, where the effected transcript is expressed is an 

important consideration. Variants which have a minor effect on the canonical 

transcript, may have a pathogenic effect on a retina specific transcript (Vig et 

al., 2020). It has previously been suggested that IRD causing mutations may 

affect unannotated transcripts and the full impact of this remains to be seen 

(Aísa-Marín et al., 2021).  

 

Variants which effect the non-coding genome are a particular challenge to 

classify. It has been estimated that 9% of IRD causing mutations affect 

splicing (Ruiz-Ceja et al., 2023). Many variants in the intronic sequences of 

genes associated with IRD will have an unclear effect on splicing, and it can 

be challenging to classify these variants. It is also likely that synonymous 

variants which are currently not considered to be pathogenic have an 

unforeseen effect on splicing. The mechanisms which regulate splicing, such 

as exonic and intronic splice enhancers and inhibitors are still under 

investigation and disruption of these mechanisms may be an under-

appreciated cause of disease in some cases (Qian et al., 2021; Mauro-

Herrera et al., 2021). As a result the effect of variants in the non-coding 

sequences of genes is generally more difficult to estimate than genes which 

effect the coding sequence.  

 

Beyond variants in genes, the mechanism and impact of intra-genic variation 

is only beginning to be understood. Structural variants may affect the genomic 
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conformation of a locus, resulting in pathogenic mis-regulation of IRD 

associated genes (de Bruijn et al., 2020). Over 80% of transcripts are non-

coding RNAs and variants affecting these are increasingly recognised as an 

important cause of IRDs (Sun et al., 2020). Pathogenic mutations in a diverse 

range of non-coding RNAs including microRNAs, long noncoding RNAs, and 

circular RNAs have all been associated with damage to the retina (Conte et 

al., 2015; Chen et al., 2017; Cao et al., 2019). Pathogenic variants may affect 

the cis-regulatory elements controlling gene expression (Green et al., 2021). 

The full impact of these variant classes remains to be seen and continuing 

research to annotate the non-coding genome will help to uncover the role of 

these variants in IRD (Cheung et al., 2019; French and Edwards, 2020; 

Waldern et al., 2022).  

 

6.1.2.1  Incomplete penetrance  

Phenotypes with reduced penetrance remain a confounding issue for 

classifying variants found during sequencing. As many as 1 in 6 genes are 

associated with variable penetrance of the associated phenotype (Green et 

al., 2020). Many of the genes found to be mutated in this study, including 

ABCA4, PRPH2, BEST1 and PRPF31, have been associated with variable 

penetrance (Green et al., 2020). This makes it more challenging to categorise 

variants in these genes as they may be present in non-affected individuals in 

the examined pedigrees. For example, the deletion affecting PRPF31 which 

was characterised in Chapter 4 was found to be present in an unaffected 

individual in the proband’s pedigree.  

 

An incomplete understanding of the mechanisms of incomplete penetrance 

impedes family planning for affected individuals. The exact mechanism of 

incomplete penetrance is likely to vary between affected genes. Variable gene 

expression levels have been implicated as one potential mechanism of 

variable penetrance (Green et al., 2020), for example variable expression of 

PRPF31 has been linked to variable penetrance of the associated phenotype 

(Rose et al., 2016).  

 

Modifier alleles have been proposed as another mechanism of incomplete 

penetrance. Trans acting modifiers have been associated with increased 

penetrance of the disease phenotype. For example, variants in PRPH2 have 

been observed acting as a trans acting modifier, increasing the penetrance of 



 187 

an ABCA4-associated phenotype (Section 5.3.1). It is frequently only possible 

to identify these interactions by comprehensive examination of pedigrees, as 

well as screening of large cohorts of patients (Zernant et al., 2017). However, 

as IRDs are individually rare, it can be challenging to identify suitable 

pedigrees which can be studied. For example, the case identified in Chapter 

5 with pathogenic variants in both PRPH2 and ABCA4 was a singleton case. 

As such, it was not possible to examine whether these variants affected the 

penetrance of the disease phenotype. Large cohorts are more powerful for 

uncovering these variant interactions, for example the smMIPs based panel 

which was used in Chapter 5 has been used to screen large cohorts of IRD 

patients (Khan et al., 2019; Khan et al., 2020; Hitti-Malin et al., 2022; 

Panneman et al., 2022). Further study of the mechanisms of incomplete 

penetrance will likely have a significant impact on variant categorisation in the 

future.  

 

6.1.2.2  Functional assays  

Ideally functional assays would be performed to infer the clinical relevance of 

all identified variants of uncertain significance. While these assays are time 

consuming, they are essential for the investigation of variants that are too rare 

to obtain genetic proof of their involvement in IRDs.  

 

The most comprehensive method to assay the effect of mutations in a gene 

implicated in IRDs is the use of animal models. While mouse models have 

been used extensively, this is complicated by the fact that mice do not have a 

macula, limiting modelling of macular diseases (Molday et al., 2018). As such, 

other animal models have also been used including canine models and 

zebrafish (Mäkeläinen et al., 2019; Perkins, 2022). Animal models have been 

invaluable for studying the effect of specific mutations and the role of the 

affected protein (Tebbe et al., 2020b; Tebbe et al., 2023). Animal models have 

also been used to estimate the effect of modifier alleles on the disease 

phenotype (Meyer and Anderson, 2017). While animal models are useful, 

there are significant differences in the genomic architecture and anatomy 

between the models and humans which can limit the translation of findings in 

animal models to humans (Slijkerman et al., 2015).  

 

As a result, another approach is using cultured retinal and RPE organoids to 

model disease mechanisms. Patient derived organoids from induced 
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pluripotent stem cells have been used to model the effect of specific variants 

on the affected cells (Buskin et al., 2018; Watson and Lako, 2022; Su et al., 

2022). Organoids are advantageous compared to animal models as they 

share the genomic architecture of the patient in question.  

 

For variants which are thought to affect splicing, a variety of splicing assays 

have been developed such as amplification of RNA obtained from biopsies for 

clinical accessible tissue and non-accessible tissues (Aicher et al., 2020; 

Nash et al., 2022b). In vitro assays have also been used extensively, in 

particular mini-gene assays. In these assays, a plasmid containing the variant 

containing exon and surrounding introns is transfected into a cell line and the 

effect on splicing can then be examined (Desviat et al., 2012). These have 

been used to investigate variants thought to alter splicing in genes found to 

be mutated in this project such as BEST1, PRPH2 and PROM1 (Becirovic et 

al., 2016; Weisschuh et al., 2021; Rodriguez-Muñoz et al., 2022). This has 

also been done extensively in ABCA4 using midi-genes, constructs which 

contain more of the gene of interest (Sangermano et al., 2018). The impact of 

the variants which were phased using CATCH (Section 3.2.6) on splicing will 

be investigated using a midi-gene assay.  

 

While these assays are valuable tools to assess the effect on proper splicing, 

the splice environment in the HEK293T cells which are commonly used does 

not reflect the retina and the effect of these variants may be different when 

examined in photoreceptors derived from induced pluripotent stem cells (Aísa-

Marín et al., 2021).  

 

Other functional experiments include assays to indirectly measure the activity 

of the affected protein, for example by measuring transport activity and 

ATPase activity to indirectly assay residual ABCA4 function (Zhang et al., 

2015). While these assays are valuable tools, their results do not always 

reflect observations made of the resulting phenotypes in patients (Cremers et 

al., 2020). This may reflect undiscovered modifiers in the patients which are 

affecting the phenotype, or that the result of the assays do not fully reflect the 

biological situation. Although these assays have their limitations, they are an 

invaluable tool to assay the impact of VUS and to investigate the function of 

the affected proteins.  
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6.1.2.3  Re-analysing datasets 

A valuable tool to increase solve rates is the re-analysis of previously 

sequenced cases. Updates to base callers, aligners and variant callers can 

improve data quality, and increased knowledge of disease mechanisms can 

lead to increased solve rates (Sarmady and Abou Tayoun, 2018; Dai et al., 

2022). However this process is labour and time intensive. A meta-review of 

studies which re-examined previous NGS found that this yielded an additional 

solve rate of approximately 10% (Dai et al., 2022). Performing CNV analysis 

on targeted sequencing data can also improve solve rates by around 10% in 

IRD screens (Zampaglione et al., 2020). Reanalysing previously sequenced 

datasets also allows reinterpretation of variants previously considered VUS. 

The common ABCA4:c.5603A>T variant until relatively recently was 

considered a VUS. Reclassification of this variant as pathogenic solved more 

than 50% of cases with a single known pathogenic variant in ABCA4 at the 

time (Zernant et al., 2017). If this variant had not been reclassified, it would 

have limited genetic characterisation in 15 cases sequenced using the 

smMIPs panel (Section 5.2.5). As such, periodic reanalysis of previously 

screened cases is an important tool as the understanding of the genetics of 

IRDs continues to advance. In addition, combining previously performed 

sequencing with novel methods to detect challenging variant classes such as 

CNVs has been used to increase diagnostic rates for IRD cohorts (de Bruijn 

et al., 2023).  

 

Automated pipelines and AI have been proposed as solutions to improving 

variant interpretation, reporting and cohort re-examination (Ji et al., 2021). 

NGS data is generally inconsistent and of variable quality, with heterogenous 

data sources, screening methods and reporting standards. This introduces a 

challenge for the creation of automated analysis programmes. Despite this, a 

number of automated pipelines have been used to make diagnoses (Baker et 

al., 2019; Lassmann et al., 2020) and these have already been used to 

achieve similar solve rates to humans when re-examining NGS datasets (Dai 

et al., 2022). Exhaustive characterisation of model genes such as ABCA4 may 

allow training of machine learning pipelines for application to other genes. This 

may be of particular value for the detection and classification of non-coding 

variants.  
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While automation and AI-based tools have the power to aid analysis, these 

programmes are not at the stage where they can be used to replace manual 

analysis. All examined variants in this study were classified using ACMG 

guidelines automatically generated by Franklin 

(https://franklin.genoox.com/clinical-db/home, accessed 25/5/2023). While 

this was useful for initial categorisation of the queried variants, all variants 

were also examined using independent sources such as ClinVar, LOVD and 

additional in silico prediction tools. While automated tools such as Franklin 

aided the analysis of variants in this study, they were used to supplement 

manual analysis rather than replace it.  

 

6.1.2.4  Improving reference sequences 

Another area which has the potential to improve solve rates is the 

improvement of reference sequences. A major drawback of the reference 

genome is that it is constructed using a relatively small number of well 

characterised samples. For example, 93% of GRCh38 is derived from just 11 

individuals and 70% of the primary assembly is from a single individual 

(RPC1-11) (https://www.ncbi.nlm.nih.gov/grc/help/faq/#human-reference-

genome-individuals, accessed 30/3/2023). This presents a source of potential 

bias in a number of ways. Firstly, the reference may not be representative of 

the typical genome, for example the reference genome was found to be at a 

higher risk for diabetes than a healthy control (Chen and Butte, 2011). As the 

reference is largely from a small number of sources, this can result in issues 

such as reference alignment bias (Barbitoff et al., 2017; Ballouz et al., 2019). 

Additionally, the reference genome may struggle to represent the full scope of 

variation. In particular, the reference genome is not as long as other genomes 

which have been sequenced and structural variation may be challenging to 

represent or interpret using the reference (Ballouz et al., 2019). Further, while 

presenting the reference as a haploid assembly is convenient and simplifies 

analysis and interpretation, it is not representative of the diploid genome. This 

leads to challenges when the haploid reference genome is not representative 

of the biological situation (Weisenfeld et al., 2017). Finally, reference 

genomes and genomic data bases are biased towards individuals of 

European descent which confounds estimation of the frequency of variants of 

interest (Popejoy and Fullerton, 2016). As variant detection is largely by 

comparison to a reference, this can confound identification of novel structural 

variants and SNVs in understudied populations. This also significantly limits 
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the study of population specific variants which are common in ABCA4 in 

particular (Cremers et al., 2020).  

 

An alternate approach which may reduce these issues is pangenomics. In this 

approach, rather than aligning sequences of interest to a single reference, the 

entire genetic diversity from the sequenced samples is captured (typically in 

a pangenome graph), reducing bias and capturing sequences which may not 

be present in the reference genome (Liao et al., 2022). Pangenome assembly 

requires high quality long reads, but if this challenge is addressed it promises 

to be a significant improvement compared to using a single reference 

(Eizenga et al., 2020). Pangenome graphs have already been demonstrated 

to be superior at CNV detection and can be stored at 3-6 Gb without 

decreasing the quality of the data (Eizenga et al., 2020; Rautiainen et al., 

2023; Jiang et al., 2023). As long-read WGS is used more routinely, it is 

possible that there may be a migration to pangenomic based alignments. This 

has the potential to increase solve rates by aiding the analysis of interactions 

such as trans and cis acting modifiers.  

 

6.2  Therapies for IRD 

Continuing to improve our understanding of the genetic mechanisms of 

disease is key for the design and implementation of therapies to treat IRDs. 

Screening large cohorts of patients, for example by smMIPs based 

sequencing, allows for the identification of common variants which may be 

suitable targets and to identify cases with specific variants who may benefit 

from inclusion in ongoing trials. For example, following screening with 

smMIPs, there were eight cases identified with ABCA4: c.5461-10T>C 

(Section 5.2.4). This is a target for antisense oligonucleotide (AON) therapy 

(see below) which is under active investigation (Kaltak et al., 2023) and these 

cases may benefit in the future from this.  

 

It is also important for the clinical relevance of pathogenic variants to be 

understood prior to targeting. Phasing of the associated variants by assays 

such as long-read sequencing allows for accurate haplotypes to be observed 

Section 3.2). If cases are included in a trial with incorrectly inferred haplotypes, 

this may result in the treatment incorrectly appearing to be ineffective (for 

example if the variants which are thought to be causative are in cis and there 
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is a third undiscovered variant in trans), which may lead to effective therapies 

being wrongly rejected. 

 

As such, in addition to providing direct benefit to patients by informing family 

planning and genetic counselling, an accurate molecular diagnosis is key for 

patients to partake in a growing number of clinical trials. Until very recently, 

there were no therapies available to slow vision loss caused by IRDs (Britten-

Jones et al., 2022). However, therapies targeting IRDs are an area of very 

active research and a broad spectrum of approaches are under development 

(Vázquez-Domínguez et al., 2019; Britten-Jones et al., 2022). In particular, 

gene therapies are an area of active research and are a promising avenue to 

treat IRDs. The retina has a number of advantages for targeting with gene 

therapies. It has comparatively non-invasive examination routes and 

administration generally does not result in systemic effects compared to other 

tissues. (J.H. Lee et al., 2019). Patients often notice changes in vision early 

compared to other symptoms, allowing for diagnosis before widespread cell 

death. The retina is also a relatively small environment, requiring only small 

doses of vector (J.H. Lee et al., 2019).  

 

A number of delivery vectors for gene therapies have been explored including 

the use of viral and non-viral vectors. The first adeno-associated virus (AAV) 

gene therapy was approved for an IRD. Luxterna is an AAV-based gene-

therapy delivered to the RPE, where it delivers functional RPE65 cDNA 

(Russell et al., 2017). A variety of non-viral vectors such as nanoparticles have 

also been developed (Sun et al., 2022). A number of gene replacement 

therapies for IRDs are under investigation with trials targeting CHM 

(Dimopoulos et al., 2018; Fischer et al., 2019), ND4 (Guy et al., 2017; Fischer 

et al., 2019), CNGA3 (Fischer et al., 2020), and RPGR (Cehajic-Kapetanovic 

et al., 2020). 

 

Similarly, a number of approaches have been developed which seek to 

directly edit genomic DNA in vivo, commonly using CRISPR-Cas9 complexes 

(Pulman et al., 2022). This approach has been used successfully in IRDs, with 

clinical trials underway to rescue CEP290 associated LCA (Maeder et al., 

2019). These also commonly use AAV vectors for CRISPR-Cas9 complex 

delivery. However this results in sustained Cas9 expression with potential 

negative effects for wider genome stability (Hanlon et al., 2019). 



 193 

 

Other avenues include efforts to indirectly correct the pathogenic variant by 

modulating splicing, for example using antisense oligonucleotides (AONs) 

which can rescue splice defects by binding to pre-mRNA and altering splicing 

or degrading pathogenic transcripts (Hammond and Wood, 2011). AONs were 

first approved for use on Duchenne muscular dystrophy to skip an exon and 

restore the reading frame (Niks and Aartsma-Rus, 2016). These have shown 

promise in vitro and in vivo for correcting splice defects in IRD genes (Garanto 

et al., 2016; Duijkers et al., 2018; Tomkiewicz et al., 2021; Suárez-Herrera et 

al., 2022; Kaltak et al., 2023). 

 

In parallel, gene agnostic approaches are also under development. These 

also have the added benefit that they can be useful for patients with significant 

damage to the retina. These include strategies seeking to replace or augment 

the affected cells, which may be particularly effective for cases with 

widespread damage to of loss of the affected cells (Battu et al., 2022; John et 

al., 2023). Other approaches include bypassing the affected cells, for example 

by introducing photoreceptive proteins to downstream neurons in a retina 

where photoreceptors have been lost through disease (Simunovic et al., 2019; 

Prosseda et al., 2022). Another way to treat complete photoreceptor loss is 

through the use of retinal implants, although these remain early in 

development and current versions can only restore limited visual capability 

(Suaning et al., 2014; Küçükoğlu et al., 2022).  

 

6.2.1  Therapies for ABCA4 disease 

As variants in ABCA4 are a common cause of disease, it is no surprise that 

therapies targeting ABCA4 are an active area of research. However, ABCA4 

represents a challenging therapeutic target and therapies lag behind those 

developed for other genes (Piotter et al., 2021).  

 

Gene replacement therapies targeting ABCA4 have been the subject of 

intense research. While AAV vectors are very commonly used, AAVs only 

have a carrying capacity of ~4.7 kb (Grieger and Samulski, 2005) while the 

ABCA4 gene encodes a 6.8 kb transcript (Piotter et al., 2022). Alternative viral 

and non-viral vectors have been explored, including using lentivirus, 

nanoparticles, equine infectious anaemia virus, and dual AAV vectors have 
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been developed for ABCA4 (Parker et al., 2016; Dyka et al., 2019; Parker et 

al., 2022; Sun et al., 2022).  

 

Gene editing approaches have also been explored to rescue ABCA4 

mutations. A large proportion (~63%) of pathogenic ABCA4 mutations are 

theoretically amenable to gene editing and 35-47% of these are within range 

of a PAM site which is required for targeting with CRISPR/Cas9 (Piotter et al., 

2022). Methods to edit single bases such as base editing and prime editing 

are also being explored (Komor et al., 2016; Anzalone et al., 2019). ABCA4 

exhibits a very broad range of pathogenic mutations (>2000 LOVD, 

https://www.lovd.nl/ accessed 30/3/2023), potentially requiring targeting of a 

large number of variants. However it has been estimated that correction of the 

5 most common pathogenic ABCA4 variants would be beneficial in up to 21% 

of cases (Piotter et al., 2022).  

 

In addition, AONs targeting ABCA4 have been used to rescue splice defects 
in vivo (Tomkiewicz et al., 2021; Suárez-Herrera et al., 2022) and proposed 

as a potential therapy for the common ABCA4: c.5461-10T>C variant (Kaltak 

et al., 2022). A number of small molecule therapies have also been tested, 

aiming to modulate the visual cycle or reduce oxidative stress, but these have 

reported mixed results (Issa et al., 2015; MacDonald and Sieving, 2018; 

Piccardi et al., 2019; Piotter et al., 2021).  

 

Cell replacement therapies have also been trialled for ABCA4 disease, aiming 

to deliver functional RPE cells to the retina (Schwartz et al., 2012; Song et al., 

2015). In isolation this approach may only temporarily alleviate disease 

progression as ABCA4 dysfunction in the photoreceptors will still result in 

cumulative damage.  

 

6.3  Future work 

In addition to the topics already discussed, there are other research areas 

which remain under explored in the study of ABCA4 and IRDs more generally. 

The frequency of ABCA4-associated disease remains difficult to estimate. 

While a frequency of 1 in 6,578 has been proposed (Hanany et al., 2020), this 

remains an area of debate. As there is significant phenotype variability, it is 
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likely that many individuals with mild disease are not screened and as a result 

it is difficult to accurately estimate the frequency of ABCA4-associated 

disease. Further, the population carrier rate is also difficult to estimate and 

likely varies significantly between populations with a high number of founder 

mutations in ABCA4 (Cremers et al., 2020). Continuing to screen more 

populations is valuable for the identification of potential therapy targets, for 

example for variants which are rare in the general population but more 

common in a subpopulation.  

 

Further, the interaction with cis and trans acting modifiers, as well as 

environmental affects remains to be fully explored. Some of these modifiers 

have already been identified, for example the role of PRPH2 variants 

(Poloschek et al., 2010; Zernant et al., 2022). The interaction of these 

modifiers may go some way to explaining the phenotypic variability which is 

observed in pedigrees affected by ABCA4-associated disease. The 

identification of modifiers of ABCA4-disease requires both the study of large 

cohorts, and the in depth examination of large pedigrees. The continued 

uptake of long-read sequencing technologies will greatly aid this process. 

 

The methods used in Chapter 3, long-range PCR with nanopore sequencing 

and CATCH with long-range sequencing, (and future use of long-read WGS) 

promise to be an effective method for phasing variants of interest in ABCA4. 

This will be useful for the identification of complex alleles and modifier variants 

moving forwards. However, these methods did have limitations which 

impacted their use. While long-range PCR was a cost effective method 

designed for use on samples which had been repeatedly freeze thawed, the 

relatively short read lengths introduced difficulties in creating larger phase 

blocks, which limited the utility of this method. In contrast, CATCH allowed for 

high confidence phasing of distal variants in ABCA4, but required a fresh 

blood extraction and specialist equipment. There remains a trade-off between 

the read length which is obtained and the practical utility of the workflow for 

methods which use long-read sequencing. When fresh samples can be 

obtained, the full potential of long-read sequencing methods such as CATCH 

is clear. In future, more routine long-read sequencing, in particular long-read 

WGS, will require updated best practices for DNA extraction, handling and 

storage.  
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The work which has been undertaken to elucidate the mechanism of ABCA4-

related disease, including in this study, will contribute to the implementation 

of personalised medicine for people affected by ABCA4-associated disease. 

The benefits of personalised medicine have been proposed frequently in the 

past and cost effective sequencing has started to allow for its implementation 

(Harvey et al., 2012; Brittain et al., 2017; Vicente et al., 2020). This can range 

from personalised lifestyle alterations to personalised therapies and treatment 

regimens (Brittain et al., 2017; Essadi et al., 2023). While the promise of 

personalised medicine has potential widespread and significant positive 

impacts on human health worldwide, significant ethical challenges remain to 

ensure that this continues. In the past, wilfully misunderstood and 

mischaracterised genetic concepts have been used to justify racism, 

discrimination and ethnic cleansing (Farber, 2008). It is worth remembering 

that many human genetics department began as eugenics departments 

(Rutherford, 2023), and safeguards are required to continue to protect 

patients. It is also important that patients are able to undergo genetic testing 

without future financial penalty, for example from increased insurance costs. 

Increasingly sophisticated and personalised genetic screening increases the 

vulnerability of the resulting data. It is also important that the befits of genetic 

research are accessible to as many people as possible. While the cost of 

genetic screening continues to fall, comprehensive screening, in particular 

long-read WGS is very expensive. In addition, personalised treatments such 

as gene therapies are often extremely expensive, leading to debates on 

whether these should be funded at patient expense. It would be a poor 

outcome if, from all of the work which has gone into genetic research, 

comprehensive genetic screening and personalised therapies were available 

only to a small number of people. 

 

This project was undertaken as part of the StarT consortium which was 

established to investigate ABCA4-associated disease in detail. In addition to 

the results of this study, the outcomes of the other projects in the consortium 

will add to the growing body of work which will characterise ABCA4-

associated disease and allow ABCA4 to be used as a model gene for other 

genes implicated in IRDs. As mutations in ABCA4 are the most common 

cause of IRD, by drawing together all of the samples available to the members 

of the consortium into a single large cohort, it was possible to investigate 

disease mechanisms which would have been difficult using smaller cohorts. 

The other projects in the consortium focused on diverse topics such as the 
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regulation of ABCA4 expression, identification of novel transcripts of ABCA4, 

the identification of novel pathogenic variants in ABCA4, the development of 

potential therapies for ABCA4-associated disease and novel models of 

ABCA4 (Corradi et al., 2022; De Angeli et al., 2022; Kaltak et al., 2023; Ruiz-

Ceja et al., 2023). This work will further characterise ABCA4, elucidate the 

mechanisms of ABCA4-associated disease and will also indicate areas of 

research which are likely to be relevant for other genes associated with 

recessive IRDs.  

 

In conclusion, although further research is required, the work in this thesis 

promises to be of direct benefit to patients with IRDs. The development of 

long-read sequencing methods to phase distal variants in IRD-related genes 

such as ABCA4 will allow for the study of complex alleles and modifier alleles, 

although further research is required to allow for the widespread use of these 

methods. In addition, long-read sequencing allowed for the comprehensive 

characterisation of causative deletions in IRD genes, facilitating 

characterisation of these variants at high resolution. Finally a cost effective 

panel was used to provide a genetic diagnosis to 36 patients (following 

confirmation by an accredited clinical laboratory), providing a direct benefits 

to the patients and their families. This also resulted in the discovery of four 

novel, clinically relevant variants which add to a growing body of evidence 

which can be used to infer the mechanism of disease in the affected genes. 
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8 Appendices  

8.1  Appendix 1 - Bioinformatic commands  

8.1.1  Nanopore sequence analysis 

Basecalling: 

# Request Nvidia node 

#$ -l coproc_v100=1 

$module load singularity 

$module load cuda/10.1.168 

$singularity run --nv --bind /nobackup:/nobackup 

/nobackup/containers/guppy-gpu-5.0.16.simg guppy_basecaller -x “cuda:0” -

i /nobackup/medbmccb/LR_PCR/2249_CNGB1/fast5 -s 

/nobackup/medbmccb/LR_PCR/2249_CNGB1 --flowcell FLO-MIN106 --kit 

SQK-LSK109 

 

Define Variables: 

SAMPLE_DIR_PATH=$(pwd) 

SAMPLE_DIR=$SAMPLE_DIR_PATH/${PATIENT} 

FASTQ_SUBDIR=”fastq” 

FAST5_SUBDIR=”fast5” 

FASTQ=${SAMPLE_DIR}/${FASTQ_SUBDIR} 

FAST5=${SAMPLE_DIR}/${FAST5_SUBDIR} 

 

Compress and merge fastq files: 

$gzip ${FASTQ}/*.fastq 

$cat ${FASTQ}/*.fastq.gz >> ${FASTQ}/${PATIENT}.concat.fastq.gz 

 

Porechop: 

$porechop --discard_middle -i ${FASTQ}/${PATIENT}.concat.fastq -o 

${FASTQ}/${PATIENT}.concat.adapt.trim.fastq >> 
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${FASTQ}/${PATIENT}.adapt.trim.log.std.out >> 

${FASTQ}/${PATIENT}.adapt.trim.log.std.err 

 

Generate run statistics and filter reads: 

$NanoStat --fastq ${FASTQ}/${PATIENT}.concat.adapt.trim.fastq  

> ${FASTQ}/${PATIENT}.unfiltered.nanostat 

 

$NanoFilt ${FASTQ}/${PATIENT}.concat.adapt.trim.fastq -q ${Q} 

 --headcrop ${HEADCROP} --length ${LENGTH} --maxlength 

${MAXLENGTH} | gzip  

> ${FASTQ}/${PATIENT}.concat.adapt.trim.filt.fastq.gz 

 

NanoStat --fastq ${FASTQ}/${PATIENT}.concat.adapt.trim.filt.fastq.gz > 

${FASTQ}/${PATIENT}.filtered.nanostat 

 

Alignment: 

$minimap2 -ax map-ont -t 3 /nobackup/medbmccb/references/golden_path/ 

hg19.fa ${PATIENT}.concat.adapt.trim.filt.fastq.gz 2>> 

${PATIENT}.minimap.std.err >> ${PATIENT}.concat.sam 

 

Sort and index SAM: 

$samtools view -bh ${PATIENT}.concat.sam > ${PATIENT}.concat.bam 

$samtools sort -o ${PATIENT}.concat.sorted.bam ${PATIENT}.concat.bam 

$samtools index ${PATIENT}.concat.sorted.bam 

 

Downsample SAM: 

$samtools view -q 60 -bh -s 0.01 ${PATIENT}.concat.sorted.bam  

> ${PATIENT}.concat.sorted.0.01.bam 

$samtools index ${PATIENT}.concat.sorted.0.01.bam 
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Variant Calling with Nanopolish: 

$gunzip ${FASTQ}/${PATIENT}.concat.adapt.trim.filt.fastq.gz 

$nanopolish index -d /nobackup/medbmccb/LR_PCR/${PATIENT}  

/fast5 ${FASTQ}/${PATIENT}.concat.adapt.trim.filt.fastq 

 

nanopolish variants --faster --snps -m ${M2} --window chr1:94431793-

94603221 -t 10 --ploidy 2 --verbose --outfile ${FASTQ}/${PATIENT}_above-

${M2}_snps.vcf --reads ${FASTQ}/${PATIENT}.concat.adapt.trim.filt.fastq --

bam ${FASTQ}/${PATIENT}.concat.sorted.bam --genome 

/nobackup/medbmccb/references/golden_path/hg19.fa 

2>>${FASTQ}/${PATIENT}_above-${M2}.nanopolish.log 

 

Variant calling with Longshot: 

$longshot --strand_bias_pvalue_cutoff 0.01 -S -r chr1:94441353-94600611 -

E 0.25 -C 100000 --bam ceph-new-primers.concat.sorted.bam --ref 

/nobackup/medbmccb/references/golden_path/hg19.fa  --out ceph-new-

primers_strand0.01_E0.33_longshot.vcf 2>>longshot.log 

 

Variant calling with Medaka: 

$medaka_variant -i 1343.concat.sorted.bam -r chr1:94456209-94590257 -o . 

-f /nobackup/medbmccb/references/golden_path/hg19.fa -N 15 -P 12 

 

Filter Medaka VCF: 

$grep PASS round_1.vcf > filtered_round1.vcf 

 

Variant calling with Clair3, without phasing: 

MODEL_NAME=r941_prom_sup_g5014 

SAMPLE=CATCH_ABCA4_pass_only 

GENOME=hg38 

 

$run_clair3.sh --bam_fn=${SAMPLE}.concat.sorted.bam --

ref_fn=/nobackup/medbmccb/references/golden_path/${GENOME}.fa --
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threads=3 --platform=”ont” --

model_path=”/home/home02/medbmccb/miniconda3/envs/clair3/bin/models/

${MODEL_NAME}” --output=. 

 

Variant calling with clair3, with phasing: 

$run_clair3.sh --bam_fn=${SAMPLE}.concat.sorted.bam --

bed_fn=/nobackup//medbmccb/references/ABCA4_bed_files/ABCA4_${GE

NOME}.bed --enable_phasing --

whatshap=/home/home02/medbmccb/miniconda3/envs/clair3/bin/whatshap-

-ref_fn=/nobackup/medbmccb/references/golden_path/${GENOME}.fa --

threads=3 --platform=”ont” --

model_path=”/home/home02/medbmccb/miniconda3/envs 

/clair3/bin/models/${MODEL_NAME}” --output=. 

 

Change read group in bam to ‘sample’: 

$picard AddOrReplaceReadGroups  

i= ${FASTQ}/${PATIENT}.concat.sorted.bam 

o=${FASTQ}/${PATIENT}.concat.sorted.withrg.bam RGID=1 RGLB=lib1 

RGPL=ont RGPU=unit1 RGSM=sample 

$samtools index ${FASTQ}/${PATIENT}.concat.sorted.withrg.bam 

 

Phase reads: 

$tabix ${FASTQ}/${PATIENT}_above-${M2}_snps.vcf 

$whatshap phase ${FASTQ}/${PATIENT}_above-${M2}_snps.vcf 

${FASTQ}/${PATIENT}.concat.sorted.withrg.bam --ignore-read-groups -o 

${FASTQ}/${PATIENT}_above-${M2}_snps.phased.vcf -r 

/nobackup/medbmccb/references/golden_path/hg19.fa 

2>>${FASTQ}/${PATIENT}.phasing.log 

$bgzip ${FASTQ}/${PATIENT}_above-${M2}_snps.phased.vcf 

$tabix ${FASTQ}/${PATIENT}_above-${M2}_snps.phased.vcf.gz 

 

Haplotag reads: 
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$whatshap haplotag ${FASTQ}/${PATIENT}_above-

${M2}_snps.phased.vcf.gz ${FASTQ}/${PATIENT}.concat.sorted.withrg.bam 

-o ${FASTQ}/${PATIENT}.phased.bam --reference 

/nobackup/medbmccb/references/golden_path/hg19.fa 2>>haplotag.log 

 

Manually check variants per overlap: 

$bedtools intersect -a ${FASTQ}/${PATIENT}_above-${M}snps.vcf -b 

/nobackup/medbmccb/references/ABCA4_bed_files/ABCA4_LR_PCR_exten

sions_overlaps.bed -wo > ${FASTQ}/${PATIENT}._above-

${M}_snps_in_extended_overlaps.vcf 

 

1.1.1 Nanopore sequence accuracy assay 

Change headers in Platinum VCFs: 

$awk ‘{if($0 !~ /^#/) print “chr”$0; else print $0}’ 

HG001_GRCh37_1_22_v4.2.1_benchmark.vcf > 

HG001_GRCh37_1_22_v4.2.1_benchmark_headers.vcf 

 

Isolate variants in ABCA4: 

$bedtools intersect -a 

HG001_GRCh37_1_22_v4.2.1_benchmark_headers.vcf -b 

/nobackup/medbmccb/references/ABCA4_bed_files/ABCA4_hg19.bed -wo > 

HG001_GRCh37_1_22_v4.2.1_benchmark_headers_ABCA4.vcf 

 

Remove indels: 

$Vcftools --vcf 

HG001_GRCh37_1_22_v4.2.1_benchmark_headers_ABCA4.vcf --remove-

indels --recode --recode-INFO-all --out 

HG001_GRCh37_1_22_v4.2.1_benchmark_headers_ABCA4_snps.vcf 

 

Compare VCFs: 

$vcftools --diff CEPH/vcfs/CEPH_nanopolish.0.33.vcf --vcf 

1343.WGS_ABCA4.vcf --diff-site --not-chr chrM --out 

HG001_GRCh37_1_22_v4.2.1_benchmark_headers_ABCA4_snps.vcf 
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Visualise using R: 

ggplot(ceph25_0.33snps_overlaps_organised,aes(a,b,color=c))+geom_point

(size=1) + labs(title=”Concordance NA12878”, 

subtitle=expression(paste(“Variants Across “, italic(“ABCA4 “), “Compared to 

benchmark VCF (m=0.33)”)), y = “Base Fraction”, color=”Key”, 

x=”Overlapping Amplicons”) 

+scale_y_continuous(breaks=scales::pretty_breaks(n=10))+ 

theme(axis.text.x = element_text(angle = 90, vjust = 0.5, hjust=1))+ 

scale_color_manual(values=c(“black”, “red”, “lightskyblue”)) + 

theme(panel.background = element_rect(fill = ‘white’, colour = ‘white’)) 

+theme(panel.grid.major=element_line(colour=”grey75”),panel.grid.minor=el

ement_line(colour=”white”)) + geom_hline(yintercept=0.33, 

linetype=”dashed”, color = “red”) 

 

1.1.2  Chimerism analysis 

Set variables: 

POS=94532013 

AMP=L10 

 

Tag reads with variant: 

$java -jar ~/jvarkit/dist/biostar214299.jar -p ${POS}.tsv ${AMP}.bam > 

ceph_${POS}_${AMP}_tagged.sam 

 

Separate reads into separate BAMs by variant: 

$samtools view -bh -r HapT ceph_${POS}_${AMP}_tagged.sam > 

ceph_${POS}_${AMP}_tagged_HapT.bam 

$samtools view -bh -r HapA ceph_${POS}_${AMP}_tagged.sam > 

ceph_${POS}_${AMP}_tagged_HapA.bam 

 

$samtools view -bh -r HapC ceph_${POS}_${AMP}_tagged.sam > 

ceph_${POS}_${AMP}_tagged_HapC.bam 
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$samtools view -bh -r HapG ceph_${POS}_${AMP}_tagged.sam > 

ceph_${POS}_${AMP}_tagged_HapG.bam 

$samtools index ceph_${POS}_${AMP}_tagged_HapG.bam 

$samtools index ceph_${POS}_${AMP}_tagged_HapC.bam 

$samtools index ceph_${POS}_${AMP}_tagged_HapA.bam 

$samtools index ceph_${POS}_${AMP}_tagged_HapT.bam 

 

8.2  Appendix 2 - smMIPs CNV analysis  

• Calculate the sum of all mapped reads for each patient  

• Calculate the average coverage per smMIP target across all patients 

in the run 

o The number of reads per target divided by the total read count 

per proband 

o Remove samples with less than 400,000 total reads  

• Normalize the coverage in each sample 

o Calculate the average coverage per smMIP target across all 

patients in the run 

o Results in the Average coverage of each target of a proband 

divided by the average coverage of each target in all probands 

• Compare the patient to the group: ratio R = (average coverage of 

each target of a patient)/(average coverage of each target in all 

patients). This number should range from 0 to 2 (approximately). 

o Use a color code to visualize deletions and duplications 

• Thresholds used for interpretation 

o R < 0.1 : homozygous deletion - dark green 

o ≤ R < 0.65 : heterozygous deletion - light green 

o 0.65 ≤ R ≤ 1.2 : normal  

o < R ≤ 1.7: heterozygous duplication - light red 

o R > 1.7 : homozygous duplication - dark red 
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Calculate the sum of all reads 
for each patient

Calculate the average 
coverage per smMIP target 

across all patients in the run
Normalize the coverage in 

each sample Calculate R

Remove samples with less 
than 400,000 total reads 

Calculate the average 
coverage per smMIP target in 

each patient

R

R > 1.7 : 
homozygous 
duplication

1.2 < R ≤ 1.7: 
heterozygous 
duplication

R < 0.1 : 
homozygous 

deletion

0.1 ≤ R < 0.65 : 
Heterozygous 

deletion

(Read count per smMIP/Total 
number of reads per patient)

(Average coverage of each 
target of a patient/Average 

coverage of each target in all 
patients)
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8.3  Appendix 3 - PCR Primers 

8.3.1  Long-range Primers to phase ABCA4 

Primers introduced following redesign are highlighted in red text. All coordinates refer to genome build hg19.  

Amplicon 
name 

Amplicon coordinates 
(chromosome:start-stop) Amplicon size (bp) Forward (5¢-3¢) Reverse (5¢-3¢) 

Annealing Temperature (ºC) 

35 cycles 25 cycles  

S1 chr1:94581079-94587651 6572 tatgggccctcatcacactc gggttcctatccagcctgtt 58 54 

S2 chr1:94576013-94583016 7003 tgtcagctcatcctccacag accaggtatctcagttttcacc 58 54 

S3 chr1:94571091-94577994 6903 tgtttgctttgttgttgctagt ctgggagcctgaggaaagaa 58 54 

S4 chr1:94566272-94573027 6755 tcacgtgtgtagtaggctcc taagaccccaggcagaaagg 58 54 

L4 chr1:94562394-94570893 8499 cccttctccccagcaagata gacgagaggattgcacgaac 58 54 

L5 chr1:94556161-94564368 8207 CTTCAAGCTCTTCCGTGTGg gcccctcctagctattcctg 58 54 

S7 chr1:94550053-94558218 8165 ttcacatacccaagagccca  gtctttgcccctctcctctt 58 54 

S8 chr1:94544899-94552183 7284 tggggaagtttgcagagaca TGCAGGTGAATCAGGAGTGT 58 54 

S8.2 chr1:94540974-94547825 6851 acaccatttgacctgagaaca cgcttagtagttgcctgcag 58 54 

L8.2 chr1:94537456-94546134 8678 GGTGCTCTCCTTCAACTGGT Acgatcccctgatttctccc 58 54 

S10 chr1:94534599-94541790 7191 ctgttggtctggctcctgta gttggttgttttgctggcac 58 54 

L9 chr1:94531257-94539449 8192 gctctgttgcttcatttgtgc tatgggcagaggaacacagg 58 54 

L10 chr1:94524472-94533111 8639 gcaaggaagacaaagcacct gacaagggaaaggtgggaga 58 54 

L11 chr1:94517468-94526499 9031 tgcttcagggctaacatgga agcaacagcaagaccaataatct 58 54 

L12 chr1:94510646-94519610 8964 TGGTCTCCAAGTCAGCCAAT AAAGGTGTTCGGTGCATGAC 58 N/A 

E_L12_2 chr1:94510646-94522068 11422 TGGTCTCCAAGTCAGCCAAT GGGTCCACTTTGCCTTTGAC 55 51 

L13 chr1:94503740-94512558 8818 TGTGGACCGTCTGAACATCA tgcggtgcgtatcatagact 58 N/A 

E_L13 chr1:94501620-94512558 10938 AACCAGATCACCGCATTCCT ACAGAGATGGATCAGAGGCC 55 51 

L14 chr1:94497123-94506013 8890 ttcctatgtccatccacggg ttctttgctaggggaggtcc 58 N/A 

E_L14 chr1:94496875-94508372 11497 GGTGGACCCTTACTCGAGAC TGGTGGCCACTGAAGAATCT 55 51 



 272 

S18 chr1:94494792-94501639 6847 gacagctggcagagtcctta tgaagcttttggtgagtggc 58 54 

S19 chr1:94489852-94496894 7042 agattcttcagtggccacca cttgttctgatacgggctgc 58 54 

E_S20 chr1:94482132-94491845 9713 agttgggagtgagagaagcc cttgttctgatacgggctgc 58 54 

S20 chr1:94484945-94491845 6900 tggcaggagagagagaaaca ttcgggctcctagttctgtg 58 N/A 

E_L17.2 chr1:94477294-94488723 11429 CATTCCCTGATGTGGCGTTT CCGAGGCTAACTGTGAGGAA 54 51 

L17.2 chr1:94477231-94486075 8844 tcgtgtgtctccttccagtc ttcccctttgtctagccagg 58 N/A 

L18 chr1:94470930-94479249 8319 ccagagacagatggccaaac tgcactctcatgaaacaggc 58 54 

L19 chr1:94464973-94472982 8009 tcctctgttgggatggattct gagtggtggtaagggctgat 58 54 

L20 chr1:94457435-94466789 9354 aagtgaggggagtgactgtg acgacgaagcccatctctag 54 51 

 

8.3.2  Primers for PCR walking of NDP deletion 

All coordinates refer to genome build hg19.  

Amplicon name Amplicon coordinates 
(chromosome:start-stop) 

Amplicon 
size (bp) Forward (5¢-3¢) Reverse (5¢-3¢) 

Annealing 
Temperature 

(ºC) 

NDP_intergenic_1 chrX:43754040-43754446 406 TGCTCCTAGAAAGACTGATGTGA GGTGAAGCCCCATCTCTACT 58 

NDP_intergenic_2 chrX:43765720-43766126 406 GCACACCTATCCCCTAACCT CCAGTTAGGGTGGTCAGATACA 58 

NDP_intergenic_3 chrX:43777485-43777891 406 ACTGAACATGGTGGCAATCA ACCATTTCATTGTTTAGGCACAT 55 

NDP_intergenic_4 chrX:43789146-43789552 406 GGCTGGCTGGTCTAGAATGA CTACCCAGGAACCCTCACTG 58 

NDP_intergenic_5 chrX:43800109-43800515 406 TCTGCCCACTGTTTCTGAGT ACTCTTCCTCCCTCTTCCCT 58 

NDP_intergenic_6 chrX:43803091-43803406 315 CTAGCCCCAGAGTTCATGCT AAGCCACAAGAAACCACAGC 55 

NDP_intergenic_7 chrX:43806152-43806602 450 CAGTTTACAGGAGGCTTGCC TGGCGAGACAGGGTAAAGTT 58 
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8.4 Appendix 4 - IGV screenshot of BACs used to optimize long-range ABCA4 primers 

 

8.5 Appendix 5 - Full list of variants used to compare concordance of haplotypes from nanopore 
data and platinum VCF 

Position 
(hg19) 

Publicly available dataset Phased nanopore dataset 

Case 1 (NA12878) Case 1 (NA12878) 

Haplotype 1 Haplotype 2 Haplotype 1 Haplotype 2 

94465132 T G G T 

94466154 T C C T 

94466659 A G G A 

94468808 T T T T 

94469140 A T T A 

94469168 T A A T 

94469175 T C C T 

94469573 G T T G 

94470047 A A A A 

94470426 T A A T 

94471075 G G G G 

94471154 C T T C 

94471519 C T T C 
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94471948 C A A C 

94472275 G A A G 

94472489 C C C C 

94472520 A G G A 

94472814 G A A G 

94472820 T C C T 

94472845 G C     

94472862     C T 

94472909 G A A G 

94473479 C T T C 

94473557 C T T C 

94473605 A G G A 

94473845 T C     

94473864 C T T C 

94473896 G T T G 

94474020 A A A A 

94474185 A C C A 

94474328 T C C T 

94474452 T G G T 

94474647 G C C G 

94474727 A G G A 

94474872 G A A G 

94474961 T C C T 

94476035 C T T C 

94476388 C G G C 

94476555 A G G A 

94476605     C T 

94476695 C T T C 
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94477232 G G G G 

94477278 C T T C 

94477634 G A     

94477649 C G     

94477893 C C C C 

94478425 T T T T 

94478562 C C C C 

94478573 T C C T 

94478847 G A A G 

94479338 C T     

94479468 C T     

94480037 C T     

94480439 C C C C 

94480529 C C C C 

94480991 C C C C 

94481068 G G G G 

94481596 G G G G 

94481929 C T     

94482354 T C C T 

94484608     A A 

94484705 C C C C 

94485600 C C C C 

94486355 G A A G 

94486587 T G G T 

94487354 G A A G 

94488103 C C C C 

94488326 T A A T 

94488497 A A A A 
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94489553 T T T T 

94489975 C C C C 

94491468 A A A A 

94492773 T C T C 

94494223 T G T G 

94494231 A G A G 

94495407 C T C T 

94495417 C T C T 

94495487 G A G A 

94495816 T C     

94495930 C C C C 

94496253 G A G A 

94497178 A A A A 

94498133 G A G A 

94498203 G A     

94499133 T C T C 

94499732 C T C T 

94499876 C G C G 

94500012 T C T C 

94501594 A C A C 

94501799 C T C T 

94503197 A C     

94504545 C T C T 

94505971 G A G A 

94512124 G G G G 

94512360 A G A G 

94512565 C T C T 

94512893 C T C T 
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94512911 G C G C 

94513101 T C T C 

94513142 A G A G 

94513493 G G G G 

94514070 A G A G 

94515630 A G A G 

94515870 G C G C 

94516474 T C T C 

94520451 G T G T 

94522925 A G A G 

94523113 G A G A 

94524186 A G A G 

94524784 A G A G 

94524825 A G A G 

94525623 G G G G 

94526044 A G A G 

94527088 T C T C 

94528363 T C T C 

94529743 G G G G 

94529895 C T C T 

94530163 A A A A 

94530337 G G G G 

94530518 C C C C 

94531013 C C C C 

94531081 C T C T 

94531192 G G G G 

94531324 C C C C 

94531439 A A A A 
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94531606 C G C G 

94532013 T C T C 

94532262 C C C C 

94532562 C C C C 

94533014 C T C T 

94533990 T T T T 

94534980 G C G C 

94535174 G A G A 

94536067 T C T C 

94537560 C G C G 

94537977 C C C C 

94540069 C G C G 

94542770 T G T G 

94544276 A G A G 

94545160 T C T C 

94547889 G A G A 

94549083 C T C T 

94550715     A G 

94553092 C T C T 

94553438 T C T C 

94554453 A G A G 

94555166 T C T C 

94556861     G A 

94556894 G A G A 

94557106 G A G A 

94557357 C T C T 

94557434 C T C T 

94558425 C T C T 
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94558774 G C G C 

94559715 A G A G 

94560938 A A A A 

94561272 C A C A 

94561489 G G G G 

94562084 T C T C 

94562924 T C T C 

94563476 G T     

94563916 C C C C 

94565430 C G C G 

94565577 A G A G 

94566683     C C 

94567223 T C G A 

94568104 A A A A 

94568822 C C C C 

94569504 G A G A 

94570154 A A A A 

94570189 C G C G 

94570234 G T G T 

94570625 A G A G 

94572270 G G G G 

94572434 T C T C 

94572614 T C T C 

94572890 A C A C 

94573722 G T G T 

94573798 C C C C 

94573920 A G A G 

94574053 C A C A 
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94574808 A G A G 

94574915 C T C T 

94575440 A G     

94575978 T C T C 

94576360 A G A G 

94576524 G C G C 

94576664 A G A G 

94576893 G A     

94576968 T C     

94577410 T C T C 

94577423 T C T C 

94577462 G T G T 

94578317 C A C A 

94578548 C C C C 

94579039 A G A G 

94579053 G A     

94579426 C T C T 

94579672 A G A G 

94579829 C C C C 

94580059     C T 

94580233 T C T C 

94580874 C T C T 

94580906 T C T C 

94581119 T C T C 

94581125 A A A A 

94581258 T A T A 

94581348 T T T T 

94581456 C G C G 
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94581529 G A G A 

94581540 T C T C 

94582249 G T G T 

94582492 C T     

94583038     G A 

94583296 C C C C 

94583589 A G A G 

94583698 T G T G 

94584172 C T C T 

94584290 C T C T 

94584362 C G C G 

94585009 T C     

94585736 C C C C 

 

8.6  Appendix 6 - Full results of variant callers 

Nanopolish  

Truth Set Case Filtering Custom Parameters Concordance Results (%) 

    Q Max Length Base Fraction Indels? True 
Positive 

False 
Negative 

False 
Positive Sensitivity Precision 

1343 WGS Case A. LORD 10 9000 0.35 Yes 100 33 2 75.19 98.04 

1343 WGS Case A. LORD 10 9000 0.2 Yes 104 27 41 79.39 71.72 

1343 WGS Case A. LORD 7 10000 0.2 Yes 104 27 48 79.39 68.42 

1343 WGS Case A. LORD 7 10000 0.3 Yes 100 31 7 76.34 93.46 

1343 WGS Case A. LORD 7 10000 0.35 No 92 42 0 68.66 100.00 

1343 WGS Case A. LORD 7 10000 0.2 No 93 39 15 70.45 86.11 
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1343 WGS Case A. LORD 10 9000 0.32 Yes 100 31 6 76.34 94.34 

1343 WGS Case A. LORD 10 9000 0.33 Yes 100 32 4 75.76 96.15 

1343 WGS Case A. LORD 10 9000 0.3 Yes 100 31 6 76.34 94.34 

Medaka  

Truth Set Case Filtering Custom Parameters Concordance Results (%) 

   
Q Max Length SNPs filter Indels filter True 

Positive 
False 

Negative 
False 

Positive Sensitivity Precision 

1343 WGS Case A. LORD 7 10000 12 15 98 34 3 74.24 97.03 

1343 WGS Case A. LORD 7 10000 Default Default 111 20 11 84.73 90.98 

1343 WGS Case A. LORD 10 9000 10 13 98 34 4 74.24 96.08 

1343 WGS Case A. LORD 10 9000 9 11 109 20 127 84.50 46.19 

1343 WGS Case A. LORD 7 10000 9 11 102 30 3 77.27 97.14 

1343 WGS Case A. LORD 10 9000 13 16 103 28 88 78.63 53.93 

1343 WGS Case A. LORD 10 9000 18 20 95 36 55 72.52 63.33 

NanoPolish 

Truth Set Case Filtering Custom Parameters Concordance Results (%) 

    
Q Max Length Base Fraction Indels? True 

Positive 
False 

Negative 
False 

Positive Sensitivity Precision 

GIAB VCF Case A. NA12878 10 10000 0.33 Yes 195 57 12 77.38 94.20 

GIAB VCF Case A. NA12878 10 10000 0.2 Yes 231 19 63 92.40 78.57 

GIAB VCF Case A. NA12878 10 10000 0.2 No 217 35 29 86.11 88.21 

GIAB VCF Case A. NA12878 10 10000 0.3 Yes 209 43 17 82.94 92.48 

GIAB VCF Case A. NA12878 10 10000 0.3 No 202 50 10 80.16 95.28 

GIAB VCF Case A. NA12878 10 10000 0.25 No 212 40 18 84.13 92.17 

GIAB VCF# Case A. NA12878 10 10000 0.2 No 217 6 32 97.31 87.15 
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GIAB VCF# Case A. NA12878 10 10000 0.25 No 212 11 21 95.07 90.99 

GIAB VCF# Case A. NA12878 10 10000 0.27 No 208 44 16 82.54 92.86 

GIAB VCF C. NA12878 10 14500 0.33 Yes 213 39 15 84.52 93.42 

GIAB VCF C. NA12878 10 14500 0.2 No 219 33 28 86.90 88.66 

GIAB VCF# C. NA12878 10 14500 0.3 No 209 15 9 93.30 95.87 

GIAB VCF# C. NA12878 10 14500 0.35 No 200 24 7 89.29 96.62 

GIAB VCF C. NA12878 10 14500 0.3 Yes 221 34 19 86.67 92.08 

GIAB VCF C. NA12878 10 14500 0.35 Yes 212 43 11 83.14 95.07 

GIAB VCF# C. NA12878 10 14500 0.25 No 215 9 25 95.98 89.58 

GIAB VCF# C. NA12878 10 14500 0.33 No 204 20 7* 91.07 96.68 

Longshot 

Truth Set Case Filtering Custom Parameters Concordance Results (%) 

    
Q Max Length Parameters Indels? True 

Positive 
False 

Negative 
False 

Positive Sensitivity Precision 

GIAB VCF C. NA12878 10 14500 Default Yes 114 132 5 46.34 95.80 

GIAB VCF C. NA12878 10 14500 Default Yes 117 115 5 50.43 95.90 

Clair3 

Truth Set Case Filtering Custom Parameters Concordance Results (%) 

    
Q Max Length Parameters Indels? True 

Positive 
False 

Negative 
False 

Positive Sensitivity Precision 

GIAB VCF C. NA12878 10 14500 Default Yes 245 15 18 94.23 93.16 

GIAB VCF# C. NA12878 10 14500 Default No 222 6 6* 97.37 96.94 
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8.7  Appendix 7 - Target list of smMIPs panel 

Gene/Locus Associated 
disorder  

Gene/Locus Associated 
disorder 

ABCA1 AMD  FBN2 MD/AMD 

ABCA4 MD/RP-LCA  GNAT2 MD 

ADAM19 AMD  GUCA1A MD 

ADAM9 MD  GUCY2D MD/RP-LCA 

AIPL1 MD/RP-LCA  HK1 MD/RP-LCA 

APOE AMD  HMCN1 MD 

ARHGEF18 MD/RP-LCA  HTRA1 AMD 

ARMS2 AMD  IFT81 MD 

ATF6 MD  IMPG1 MD 

BCAR1 AMD  IMPG2 MD/RP-LCA 

BEST1 MD/RP-LCA  IRX1/MCDR3 locus MD 

C1QTNF5 MD  KCNV2 MD 

C2 AMD  KIR2DL4 AMD 

C21orf2 
(CFAP410) MD 

 
LIPC AMD 

C2ORF71 
(PCARE) MD/RP-LCA 

 
MFSD8 MD 

C3 AMD  NMNAT1 MD/RP-LCA 

C8ORF37 MD/RP-LCA  OPN1LW MD 

C9 AMD  OPN1MW MD 

CABP4 MD/RP-LCA  OPN1SW MD 

CACNA1F MD  OTX2 MD/RP-LCA 

CACNA2D4 MD  PDE6C MD 

CD46 AMD  PDE6H MD 

CD55 AMD  PHF12 AMD 

CDH3 MD  PITPNM3 MD 

CDHR1 MD  POC1B MD 

CEP250 MD 
 

PRDM13/MCDR1 
locus MD 

CEP78 MD  PROM1 MD/RP-LCA 

CERKL MD/RP-LCA  PRPH2 MD/RP-LCA 

CETP AMD  PUS7 AMD 

CFB AMD  RAB28 MD 

CFH MD/AMD  RAX2 MD 

CFHR1 AMD  RDH12 MD/RP-LCA 

CFHR2 AMD  RDH5 MD 

CFHR3 AMD  RIMS1 MD 

CFHR4 AMD 
 

RLBP1 AMD/RP-
LCA 
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CFHR5 AMD  ROM1 MD/RP-LCA 

CFI AMD  RP1 MD/RP-LCA 

CLN3 MD/RP-LCA  RP1L1 MD/RP-LCA 

CNGA3 MD  RPGR MD/RP-LCA 

CNGB3 MD  RPGRIP1 MD/RP-LCA 

CNNM4 MD  RPGRorf15 MD 

COL4A5 AMD  RS1 MD 

COL8A1 AMD  RXFP2 AMD 

CRB1 MD/RP-LCA  SCN10A AMD 

CRX MD/RP-LCA  SLC16A8 AMD 

CTNNA1 MD  SPEF2 AMD 

CYMD locus MD  TACC2 AMD 

DRAM2 MD 
 

TIMP3 AMD/RP-
LCA 

EFEMP1 MD  TLCD3B MD 

ELOVL4 MD  TTLL5 MD 

ESRRA AMD  TULP1 MD/RP-LCA 

EYS MD/RP-LCA  UNC119 MD 

   VPS13B AMD 

8.8 Appendix 8 - Full cohort screened using smMIPs panel 

STGD=Stargardt, CRD=Cone-rod dystrophy, RP=Retinitis Pigmentosa, MD, 
Macular Dystrophy, AD=Autosomal Dominant, AR=Automosomal Recessive  

Case Gender Disease  Inheritance 
Pattern  

127 M STGD ? 
1337 F STGD ? 

1437 M CRD ? 
1746 M STGD AR 
1808 F STGD ? 

2190 F CRD ? 

2196 F CRD ? 

2215 F CRD ? 
2272 M CRD ? 
2469 M STGD Sporadic 
2729 M CRD ? 
2843 M Inverse RP ? 

3528 F 
North Carolina 
MD AD 

3536 F MD ? 
3615 M Best Disease ? 
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3616 M STGD ? 
3654 F MD ? 
3656 F Occult MD ? 
3670 F MD ? 

3787 M 
Pattern 
dystrophy ? 

3798 F STGD ? 

3941 M MD ? 

3962 M MD ? 
4030 M STGD AD 
4048 M CRD ? 
4126 F STGD ? 
4168 M MD ? 

4172 M CRD ? 
4181 F MD ? 

4187 F MD ? 

4203 M MD ? 
4756 M CRD ? 
4767 F STGD AD 
5152 F MD AR 
5202 F STGD ? 
5219 M MD Sporadic 
5225 M MD ? 
5258 F CRD Sporadic 
5270 M CRD AD 
5349 M MD ? 

5604 M STGD ? 
5607 F STGD ? 
5608 F STGD ? 
5609 F STGD ? 
5610 F CRD AR 
5851 M STGD ? 
5852 F STGD ? 
5853 F STGD ? 
5854 M STGD ? 
5855 M STGD ? 
5857 M MD ? 
5859 F STGD ? 
5860 F STGD ? 
5861 M STGD ? 
5862 M STGD Sporadic 
5863 F STGD ? 
5864 M STGD ? 
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5865 M MD ? 

8.9 Appendix 9 - Sanger sequence verification of smMIPs 
results 

8.9.1 Verification and segregation of ABCA4 variants in proband 
1746 

 

8.9.2 Verification of ABCA4 variants found in proband 3656 

 

8.9.3 Verification and segregation of homozygous ABCA4 variant 
found in case 5857 

 

1746 410/1745

?? c.5603A>T 410

c.2588G

410

1746

c.5461-10T>C

410

1746

c.5882G>A

3656

3654 
(control)

c.4139C>T

3656

3654 
(control)

5857

5856

5858

c.6229C>T

5857 5858

??

5856


