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Abstract Here, we describe the current approaches
to genetic and genomic analysis in IRD, the
shortfalls and advantages of gene panel test-
ing, WES and WGS in the context of single
nucleotide, structural and copy number vari-
ants in coding, non-coding and intractable
genomic regions.

Looking ahead, the missing heritabil-
ity in IRD may be consequent on a number
of factors: new genes, ignored or undetect-
able variants, new diseases for known genes,
etc. Improved detection of genomic variation
afforded by WGS paired with expanded vari-
ant databases, advances in variant interpre-
tation, developing our understanding of the
effect of non-coding variation using mul-
tiomics and integrating deep phenotyping and
genomic data into machine learning tools will
be the driving forces in better diagnosis of rare

Inherited retinal disease (IRD) is a major
global cause of blindness caused by mutations
in a wide spectrum of genes essential to the
retinal structure, maintenance and function.
Current clinical diagnostic strategies in the
UK are focused on targeted gene panel test-
ing either by enrichment or virtually. Whole
exome and genome sequencing (WES and
WGS) have been used in rare disease genetic
discovery now for a decade and are being inte-
grated into many research pipelines and diag-
nostic strategies exemplified by the Genomics
England 100,000 genomes project.

K. Oprych di . .
isease and discovery of novel causes of dis-

Great Ormond Street Hospital for Children, . Y .

London, UK ease in the post-genomic era.

R. S. Silva

UCL Institute of Ophthalmology, London, UK Keywords

N. Pontikos Inherited retinal disease - Molecular genetics

UCL Institute of Ophthalmology, London, UK Whole exome sequencing - Whole genome

Moorfields Eye Hospital, London, UK sequencing - 100,000 genomes project

G. Arno (54) Missing heritability - Multiomics - Artificial

Great Ormond Street Hospital for Children, intelligence

London, UK

UCL Institute of Ophthalmology, London, UK

Moorfields Eye Hospital, London, UK
e-mail: g.arno@ucl.ac.uk

© Springer Nature Singapore Pte Ltd. 2021 153
G. Prakash, T. Iwata (eds.), Advances in Vision Research, Volume 111, Essentials in Ophthalmology,
https://doi.org/10.1007/978-981-15-9184-6_12


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-9184-6_12&domain=pdf
https://doi.org/10.1007/978-981-15-9184-6_12#DOI
mailto:g.arno@ucl.ac.uk

154

K. Oprych et al.

12.1 Background

Inherited retinal disease (IRD) defines a broad
spectrum of disorders characterised by retinal
cell dysfunction and/or cell death, together repre-
senting a leading cause of visual impairment and
blindness worldwide [1-3]. They affect an esti-
mated 1 in 2000 individuals and over two million
people globally [4].

The IRD spectrum of disease demonstrates
vast phenotypic variability across multiple
clinical parameters including the age of onset,
severity and progression and can be broadly clas-
sified based on the primary cell type affected, rate
of degeneration and whether the retinal disease
occurs in isolation or with additional systemic
features [4, 5]. Fundus imaging and functional
testing with electroretinography are used for deep
phenotyping and classification within IRD. The
most common form of IRD is rod-cone dystro-
phy (or retinitis pigmentosa, (RP)) which has
a prevalence of 1 in 4000 worldwide [6] while
the commonest single-gene recessive disease is
ABCA4-retinopathy with a carrier frequency esti-
mated at 1 in 25-50 [7, 8] .

Retinal disease is a common presenting fea-
ture of a number of syndromic conditions includ-
ing ciliopathies, lysosomal storage diseases and
metabolic disorders: Usher’s syndrome, Bardet
Biedl syndrome (BBS), Senior-Loken syndrome
and Joubert Syndrome being a few examples,
and inheritance patterns for both non-syndromic
and syndromic IRD can be autosomal dominant,
recessive, X-linked and mitochondrial [4].

12.2 Genetics of IRD

Since the discovery of RHO, as the first gene is
known to cause autosomal dominant RP by link-
age and Sanger sequencing of gene candidates
in 1990 [9], technological advancements have
enabled the discovery of over 270 genes respon-
sible for IRD (https://sph.uth.edu/retnet/) with
many thousands of pathogenic and candidate
variants now reported. There is indeed vast allelic
and genetic heterogeneity within IRD making
a hugely complex disease model. This can be

exemplified by broad phenotypic variability con-
sequent upon single genes and indeed single vari-
ants (eg: CRX) [10] and conversely many variants
in many genes leading to an almost indistinguish-
able phenotype (eg: rod-cone dystrophy or RP).
Some IRD genes also demonstrate incomplete
penetrance, such as PRPF31 which encodes
precursor mRNA-processing factor 31, a ubig-
uitously expressed protein that is required for
correct splicing of pre-mRNA transcripts [11].
Haploinsufficiency for PRPF31 leads to symp-
tomatic adRP in an estimated 50-60% of carriers
and the rescue of the phenotype is thought to be
consequent upon a second genetic determinant at
the same locus on the trans allele [12]. A molecu-
lar diagnosis is important for more accurate risk
predictions in these cases, where the inheritance
pattern will be more challenging to recognise.

12.3 Genetic Screening
Approaches

A molecular diagnosis provides many benefits to
patients and families with rare disease; it enables
the provision of more accurate information
regarding risk predictions, prognosis and investi-
gations, improved clinical care and management,
access to treatments (current or emerging) and
allows families to put a name to their genetic dis-
ease with associated non-clinical benefits.

Precise genotyping will become essential with
the expansion of gene therapy in research and
clinical settings [13, 14]. Of note, patients value
having a molecular diagnosis and the option of
predictive testing and are hopeful for emerging
therapies for family members [15].

Current genetic screening available for IRD
is territory dependant, in the UK this includes
single-gene test Sanger sequencing, targeted
gene panels and unbiased testing: whole exome
and whole genome sequencing (WES and WGS).
Deciding on the best option is directed by cost,
setting (i.e. research or clinical setting) and con-
fidence regarding the expected genotype. Where
the phenotype is highly suggestive of a specific
gene, such as BESTI [16], CHM [17], TIMP3
[18], EFEMPI [19], CIQTNF5 [20], Sanger
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sequencing is still likely to be the initial approach
to molecular diagnosis. However, in general, the
vast heterogeneity of IRD means that consecu-
tive sequencing of genes is an expensive, time-
consuming and logistically challenging approach
to establishing the molecular diagnosis [21].
Consequently, a comprehensive approach is
required if pathogenic variants are not to be over-
looked and for new genotype-phenotype correla-
tions to be discovered.

The development of massively parallel sequenc-
ing, also known as next-generation sequencing
(NGS) has revolutionised genetic discovery and
molecular diagnostic testing for IRD and other
Mendelian conditions [22-24]. NGS is a power-
ful high-throughput technology that can perform
parallel sequencing of DNA on a vast scale and
sequence an entire genome in a single experiment.
Such techniques are now more frequently becom-
ing the first-line diagnostic tool [21].

The spectrum of massively parallel sequenc-
ing platforms is broad, relying on a wide range
of targeting chemistries, read length, sequencing
technology and data processing. For example,
DNA library preparation for massively paral-
lel sequencing can be performed in a number of
ways, including enrichment through polymerase
chain reaction (PCR) amplification or captur-
ing regions with DNA probes or the relatively
unbiased PCR-free whole genome sequencing
(WGS). For the purpose of this review, we will
break down the methods based on this into three
sub-groups: targeted gene panel testing, whole
exome sequencing (WES) and WGS.

12.3.1 Targeted Gene Panels

In the UK, currently the commonest approach to
IRD molecular testing is using an NGS-based tar-
geted gene panel. Selected genes that are known to
be associated with IRD, and increasingly, regions
known to harbour pathogenic non-coding vari-
ants, are targeted for NGS using an enrichment
step. One of the first of these for IRD was a 105-
gene panel first trialled in RP cases [21]. Prior to
this, routine access to genetic testing for IRD was
limited in the UK to direct Sanger sequencing of

single genes which was predominantly aimed at
autosomal dominant RP and X-linked RP patients
[21] or microarray analysis for known mutations
(APEX array Asper Ophthalmics, Tartu, Estonia)
[25]. The introduction of NGS gene panel test-
ing was able to improve the diagnostic rates to
approximately 80% in adRP cases and from 24%
to 51% for broader IRD cohorts, demonstrating
the advantage of this technology and the impor-
tance of wider access to genetic testing [21, 26].
Diagnostic rates were much higher in a paedi-
atric cohort, with almost 80% of cases having a
molecular diagnosis confirmed across all paediat-
ric IRD [27]. Clinical assessment of children can
be challenging due to limited cooperation and
because the full phenotype may not yet be appar-
ent, so early molecular diagnosis can facilitate
the progress of children onto specific care path-
ways for screening and monitoring [27].

There are however several areas where tar-
geted gene panels will miss diagnoses. Perhaps
the greatest drawback of targeted panel testing is
that they may be out of date often even before
they can be properly implemented and continu-
ously require updates as novel gene discoveries
are made or important intronic variants in known
IRD genes are identified [27, 28]. When panels
are used in a clinical setting this requires exten-
sive validation procedures which will limit the
frequency of updates.

Furthermore, the ability of targeted enrich-
ment to identify structural variants (SV) and
copy number variants (CNV) is limited to read
depth analysis for detection of alterations in dos-
age afforded by high coverage depth of targeted
genes thus enabling effective detection of copy
loss/gain [29]. Structural rearrangements are
emerging as an important cause of IRD, account-
ing for significant proportions of disease alleles
in recent studies [30, 31] and include variants not
detectable by dosage analysis alone, for example,
inversions, translocations and complex structural
rearrangements with breakpoints rarely found in
coding regions and thus may evade detection [28,
32]. Alternative genetic approaches such as CGH
array and SNP array platforms may be used to
augment the diagnostic pipeline and can improve
diagnostic rates by an estimated 7% [33].
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An argument against expanded analysis
afforded by WES and WGS in the clinical set-
ting is that diagnostic reporting of genetic vari-
ants must be rigorously validated. Therefore,
clinical diagnostics must be focused on identify-
ing ‘provable’ disease-associated variants, those
being variants in known genes with a demon-
strable protein-altering pathogenic mechanism
be it the loss of function, damaging missense or
splice altering variants. Although variants identi-
fied outside of the protein-coding regions, deep
intronic and regulatory variants and novel gene
associations are of great interest for the advance-
ment of our understanding of the rare disease,
they are difficult for clinical scientists to inter-
pret. Therefore, the choice of genetic analysis for
clinical diagnostics is a complex and carefully
considered balance between the cost/benefit of
applying WES/WGS versus gene panels.

12.3.2 Whole Exome Sequencing

Targeting of massively parallel sequencing to
the exons of protein-coding genes, WES has
become the widest used method for variant
discovery studies in Mendelian disease in the
research setting since the first gene discovery
was reported a decade ago [22]. More recently,
WES has been evaluated for use in the clinical
diagnostic setting for IRD [31, 34-37]. With this
technique, a ‘virtual gene panel’ may be applied
targeting the analysis only on known IRD genes.
It is predicted that more than 85% of disease-
causing mutations are located in the exome [38].
Advantages of WES (and WGS) over panel-
based testing is that disease-causing variants in
off-panel genes are captured and as discoveries
are made, reanalysis of unsolved patient cohorts
is possible in light of new findings without the
need to perform additional and costly experi-
ments. Additional considerations with WES
(and WGS) include the potential for identifica-
tion of incidental findings; the American College
of Medical Genetics (ACMG) has provided a
recommended list of 59 highly penetrant genes
that ought to be reported when WES and WGS

are undertaken [39], although in the UK there is
still debate about reporting of secondary findings
[40-42].

WES has been reported to successfully iden-
tify the molecular cause of IRD in approximately
50-80% of cases in selected cohorts [34-37].
However, the coverage of known IRD genes by
WES has been reported to be less effective than
targeted panel tests [28, 43]. Consequently, clini-
cal services currently prefer panel testing as the
first-tier choice to IRD molecular diagnosis as it
is cheaper, quicker, more sensitive and limits sec-
ondary findings [28, 44].

One of the main limitations of WES is that
many regions of the genome known to harbour
well characterised pathogenic variants exist out-
side of the coverage of WES enrichment Kkits.
Therefore, it will not identify the increasing num-
ber of pathogenic non-coding variants account-
ing for a significant proportion of the missing
heritability in IRD [31]. In addition, like targeted
capture panels, enrichment is an integral part of
the library prep methodology, thus leading to an
artificially distributed coverage depth across the
exome and challenges with read depth interpreta-
tion for SV/CNV detection. This is compounded
by the fact that breakpoints in non-coding regions
cannot be identified making confident calling dif-
ficult in many cases and validation more compli-
cated, having to rely on qPCR, aCGH or MLPA
in many cases.

12.3.3 Whole Genome Sequencing

WGS is the most comprehensive short-read
sequencing technique for genome analysis,
enabling interrogation of over 95% of the 3 bil-
lion nucleotide human genome. Superiority over
other NGS technologies is evident from head-to-
head comparison of coverage, diagnostic rates
and by using WGS after other NGS methods
have failed to identify causative variants [45—48],
with Ellingford et al. [24] extrapolating a 29%
improvement of WGS over targeted gene pan-
els and Carss et al. [31] finding a 6% improve-
ment of WGS over WES. The reasons for the
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improvement in detection rates over other NGS
techniques are multiple, including identification
of pathogenic variants in non-coding regions, GC
rich regions and structural variations.

The introns of genes associated with
Mendelian disease may harbour pathogenic vari-
ants. Identifying pathogenic non-coding variants
amongst all of the benign variations is inherently
challenging: a frequent analogy being the ‘nee-
dle in a haystack’ due to the 3—4 million vari-
ants from the reference genome harboured in the
average [llumina short-read sequencing genome.
Therefore, accurate prediction of the effect of
non-coding variants will prove key in delineating
which variants are likely pathogenic [49].

Intronic variants are an important contributor
to IRD causation through disruption of flanking
splice sites and altering the strength of deeply
intronic cryptic splice sites, resulting in cryptic
splicing and protein disruption across many genes
including CHM, ABCA4, USH2A and CEP290
[24, 31, 50-55]. Causative intronic variants do
account for significant proportions of unsolved
cases with the CEP290 ¢.2991 + 1655A > G vari-
ant alone accounting for up to 21% of cases of
LCA [56].

Furthermore, exonic variants may evade
enrichment; GC rich regions are highly stable and
therefore resistant to the denaturation stage of
PCR resulting in poor coverage of these regions
in certain WES applications. Carss et al. [31]
demonstrated that in a patient with Leber con-
genital amaurosis, WGS identified heterozygous
variants in exon 1 of GUCY2D, which has GC
content of 76%, which at the time, WES would
not have captured.

CNV and SV detection and characterisation
using WES have inherent difficulties in that the
breakpoints are often not covered at all mean-
ing the only mechanism of detection available is
based on the read depth [57]. Although effective,
the lack of coverage uniformity that WES pro-
vides limiting and complex SV, inversions, trans-
locations, etc. will be impossible to determine
without a clear loss/gain. WGS on the other-hand
enables incorporation of read depth analysis and
split-read data analysis into bioinformatic pipe-

lines which can detect complex structural vari-
ants and resolve breakpoints to the nucleotide
level [31, 58, 59]. For example, in a patient with
typical RP, WGS identified a structural variant
in EYS which caused a 55 kb deletion (chr6:
65,602,819-65,658,187del) that encompassed
exons 15-18, with both breakpoints deeply
intronic, missed by WES [31]. With an estimated
5% of IRD patients harbouring a pathogenic SV/
CNYV, these variants are likely to account for a
significant proportion of missing heritability by
WES studies [31].

Finally, WGS also allows retrospective inter-
rogation of the data as new IRD genes and patho-
genic noncoding genes are discovered. Whilst
targeted gene panels do include some non-coding
variants the panels quickly become out of date.
For example, Elllingford et al. [32] discovered
intronic variants in ABCA4 and GPR9S, as well
as a new IRD gene (TRPM1), when completing
WGS in cases unsolved following a targeted gene
panel because they were unknown at the time of
panel design.

Areas that remain intractable to all NGS meth-
ods are those with highly repetitive regions and
homologous pseudogenes due to the inevitable
misalignment and mapping problems associated
with short-read sequencing in these regions [31,
32]. The final exon of RPGR (ORF15) is a key
example that highlights this issue and accounts
for the majority of X-linked RP and hence, addi-
tional testing with optimised Sanger protocols is
required to identify pathogenic variants for these
cases [31, 60]. This is an issue that single mole-
cule, long-read sequencing (aka third-generation
sequencing) should resolve with read lengths
of >20 kB enabling correct alignment and read
through of repetitive sequences [61].

In the UK, clinical genetics is undergoing a
revolution exemplified by the completion of the
sequencing of 100,000 genomes from 70,000
individuals as part of the Genomics England
100,000 genomes project (100KGP). Funded
by NHS-England, this study sequenced the
genomes of some 3500 NHS patients with IRD
[62]. Predominantly recruiting family trios (unaf-
fected parents with affected offspring) in the rare



158

K. Oprych et al.

disease cohort provides unprecedented power for
providing individuals with molecular diagnoses
and making the discovery of new pathogenic vari-
ants and disease-associated genes, since de novo
mutations in affected individuals, compound het-
erozygosity and homozygosity are readily appar-
ent. Furthermore, it has launched the development
and integration of WGS within a mainstream
health service with the necessary infrastructure,
education, research and industrial partnerships
that are fundamental for NHS patients to benefit
and for management of the vast amounts of data
generated [63]. The cost-effectiveness of WGS
over other NGS technologies for IRD and other
disorders is not yet well characterised, and inter-
preting the health economics of these investiga-
tions is more complicated still [64]. However,
with the expansion and development of the
global genomic industry [65], the price of WGS
continues to fall and WGS is likely to become the
most cost-effective and comprehensive molecu-
lar diagnosis in IRD and similar conditions.
Genomics England Interpretation Partnerships
(GeCIP) have been established in this unique
project to combine the expertise of researchers
and clinicians to critically analyse the data from
the 100KGP and embed research in clinical care
[62, 66] with great promise for novel discoveries
in IRD genetics [67-69].

12.4 Missing Heritability
in Retinal Disease

Currently 40-60% [23, 24, 28, 31, 35, 37] of
cases remain without a molecular diagnosis fol-
lowing NGS, depending on cohort differences
and technologies used. There are a number of
explanations that may accumulatively explain the
missing heritability of IRD. Undetected variants
in known IRD genes: many patients who undergo
NGS testing are found to harbour a single dis-
ease allele in a compatible known recessive gene
[31]. In such cases, it is likely that an unidentified
variant in the same gene is present on the second
allele. As discussed above, intronic variant and
structural rearrangements including complex SV

are emerging as important disease alleles, per-
haps representing as high as 10-20% of muta-
tions. In addition, variants in regulatory regions
affecting promoters, enhancers and transcription
factor binding sequences are further areas that
remain difficult to elucidate. Several examples of
regulatory region pathogenic variants have been
well characterised to date in genes including
EYS, NMNATI and CHM [70-72].

As researchers and clinical scientists employ
less biased genetic strategies in the search for
causative variants in Mendelian disease, the spec-
trum of pathogenic variants in syndromic disease
genes becomes broader. There are many reports
now in the literature of non-syndromic IRD cases
with identified pathogenic or likely pathogenic
variants in syndromic disease genes. This emerg-
ing phenomenon may represent the mild end of
the syndromic disease spectrum with presumed
hypomorphic alleles [31, 73—77] or novel asso-
ciations, thought to represent different mecha-
nisms of disease [78]. These examples highlight
the importance of incorporating syndromic dis-
ease genes with a retinal component into targeted
gene panels as well as virtual panels for WES/
WGS in IRD testing strategies (https://panelapp.
genomicsengland.co.uk/).

12.5 Multiomics

Now that whole genome analysis is quickly
becoming the preferred tool of choice for
identification of disease-causing variants for
inherited disorders, it allows the identification
of reported or novel variants that can affect
gene expression, protein function, regulatory
sequences or protein level, including by SV/
CNV. However, the unbiased approach of read-
ing an entire genome comes with a liability of
overloading data.

Accomplishing the task of finding the causative
variant(s), and potentially novel disease-causing
genes, may be facilitated by the integration of
information from different omics approaches, as
well as patient phenotypic stratification and the
reference population. The next layer of informa-
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tion comes from the investigation of genomic,
epigenetics and cellular mechanisms that sheds
light on the interface of DNA-RNA-Protein
dynamics.

The DNA molecule harbours a great deal of
information beyond its linear sequence. In fact,
genes account for only 2% of the pool of genomic
material. The remaining 98% non-coding frac-
tion is mainly made up of repetitive sequences
that have a structural function in chromosome
topology, but other parts are conserved across
species and have regulatory activity. Cis-acting
regulatory elements account for 6% of DNA,
three times the equivalent of coding genes. But
how does it all connect?

The 2 metre-long DNA molecule is found in
the nucleus wrapped around octamers of 4 core
protein histones that have amino acids tails that
can be modified. The type of post-translational
modification (e.g.: acetylation and methylation)
and the amino acid location within the tail, impact
directly on how compacted the DNA is in that
particular stretch, and the different combinations,
similarly to the nucleotides, work as a histone
code. The linear gene sequence is composed of
the promoter region, the gene body that accounts
for the transcribed sequence, and the 5" and 3’
untranslated regions (UTRs). Actively tran-
scribed genes and regulatory sequences have open
conformations and specific histone modifications
(e.g.: Histone 3 Lysine 4 tri-methyl (H3K4me3),
H3K27ac), which are associated with euchroma-
tin, while repressed genes and elements are found
tightly compacted and are decorated with histone
marks associated with facultative heterochro-
matin (H3K27me3). A third state of chromatin,
constitutive heterochromatin is associated with
repetitive regions, including centromeric and
telomeric regions of the chromosome, mainly
supporting structural functions. These are deco-
rated by silencing marks (such as H3K9me3 and
H4K20me). Another level of information is the
sequence position. DNA is organised in domains
that are orderly insulated in the genome and pref-
erentially interact with specific sequence regions.
These are tightly associated with chromatin state.
Furthermore, within the interacting domain, we

find specific short or long-range cis-interacting
elements, also known as enhancers. When active,
these elements are bound by transcription activa-
tors or repressors that have a critical function in
gene regulation. Promoter-enhancer interactions
are often mediated by DNA looping [79] and are
maintained by specific architectural factors and
boundary insulator elements. The perturbation of
this 3D structure can lead to gene mis-expression
or ectopic expression [80, 81]. Therefore, faith-
ful genome organisation and chromatin acces-
sibility are key to ensure precise expression
patterns. Pinpointing the exact molecular mecha-
nisms driving genetic disease can be challenging,
especially in the context of tissue development.
The cell type can also exert a variance since the
same gene could have different expression pat-
terns and/or be regulated by different regulatory
elements [82]. Assessing enhancer function and
activity is hindered by the high level of enhancer
redundancy [83].

Genome-wide profiling of chromatin immuno-
precipitation sites for histone modifications and
transcription factors, as well as DNA interacting
domains by chromosome capture conformation,
are fast being employed in the context of eye dis-
orders and development [84-87]. Additionally,
DNA methylation, DNA accessibility (includ-
ing ATAC-seq), RNA sequencing of the different
coding and non-coding transcripts, and proteomic
assays, can further highlight genomic and genetic
components that are preferentially important in
the context of ocular development and disease
[86, 88-91]. These approaches have contributed
towards the identification of novel causative non-
coding variants in eye disease [92-95].

A pertinent example of the employment of
these NGS techniques is the discovery of the
causative variants for North Carolina macular
dystrophy (NCMD) and Progressive bifocal cho-
rioretinal atrophy (PBCRA), two rare dominantly
inherited disorders that affect central vision from
birth [reviewed in reference 18]. Two linked loci
had been identified at 5p21 and 6q16 [96-100],
and in spite of many gene-sequencing approaches,
no coding defect could be recognised. Moving
the approach to genome-wide scale finally unrav-
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elled the nature of the causal variants. So far 5
single nucleotide variants (SNVs) and 6 indepen-
dent tandem duplications were identified on both
loci. All 6 SNVs were found in two clusters in 6q,
15 kb and 7 kb upstream of the PRDM13 tran-
scription start site, where both clusters were found
located in DNase hypersensitive sites [92, 95].
The 3 tandem duplications at 6q also span these
sites and include PRDM 13 sequence duplication
[92, 101, 102]. In 5p21, three independent struc-
tural variants were identified with a combined
shared region of 39 kb. This critical region for the
phenotype is located in a gene desert downstream
of IRXI and upstream of ADAMTSI6 [92, 94].
DNase-seq from human foetal retina also identi-
fied active sites at a restricted time during retinal
development. Critically it was also proven that
NCMD and PBCRA may represent a spectrum
of the same disorder, dependent on the extent
of dysregulation of the target genes affected by
these regulatory variants. The most likely patho-
genic mechanism is a gain of function, although
it remains to be proven, due to constrains of mod-
elling macula development.

Advances in sequencing technologies have
also allowed the mainstream use of long-read
sequencing, which has opened new views on
novel RNA splicing variants and DNA struc-
tural variants complexity [103]. Additionally, the
decrease in cost has spiked the use of single-cell
technologies. Droplet-based single-cell sequenc-
ing was initially applied in adult mouse retina
[104]. More recently it was applied in develop-
ing and adult primate retinas [105-107]. In the
latest study, it was particularly used to compare
primate-specific cell types such as foveal cells
[106]. This has particular interest towards dis-
secting phenotypic aspects of eye disease, such
as macular disorders.

Large scale studies adapting trio-based
sequencing (GE 100KGP [62]; Deciphering
Developmental Disorders, [108]), have to lead the
way into personalised medicine. This approach
allows significant reduction of candidate vari-
ants, and additionally, allows phasing of genomes

and variants; de novo mutations and rare chro-
mosomic phenomenon can also be readily iden-
tified. Combined these events are responsible
for genetic diversity within the population and
potentially within different tissues of an individ-
ual, since they can occur as germline mutations
or in somatic tissue. This genetic diversity under-
lies human physiology and potentially accounts
for both rare and common diseases. Furthermore,
mosaicism may explain certain aspects of human
disease such as penetrance and severity of the
disorder [95, 109-111].

On certain occasions, even after the inte-
gration of all levels of information described
above, the number of variants of unknown sig-
nificance (VUS) can be substantial. VUS cannot
be systematically tested individually and despite
major improvements of in silico predictions
[112], there is still a high level of inaccuracy,
especially for the case of non-coding variants.
High-throughput techniques have emerged with
the potential to answer some of these questions.
Saturation genome editing (SGE) resorts to the
use of CRISPR-cas9 to create a library of hun-
dreds of mutations that are tested in vitro and
assayed in a single assay for a number of genes
[113]. A similar mutagenesis based method was
used to recreate 210 variants in Rhodopsin to test
the effect on the expression of the protein [114].
As with any technique, the limitations of both
these procedures are reliant on the metric used
for inferring the causal consequence on gene
expression.

The systematic combination of the different
molecular approaches allows the identification
of specific gene regulatory networks, adding
instrumental power to achieving a personalised
genomic analysis. Understanding the patho-
mechanism is fundamental for the patient and
family members’ prognostic, developing novel
therapeutic strategies and selecting suitable par-
ticipants for clinical trials. Non-coding variants
present great potential for new pharmacological
targets of intervention, since they avoid risk for
off-target gene sequence alterations [115].
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12.6 Imaging, Genetics
and Artificial Intelligence
for Inherited Retinal Disease

Analysis

In the era of big data and global collaborations,
computational methods are an essential part of
rare disease genetic diagnosis and researchers
in the IRD sphere are leading these advances.
Computational tools have long been used for
bioinformatics analysis for processing genetic
data but now are also becoming part of phe-
notype analysis and clinical decision support.
Combining approaches in genomic data inter-
pretation with phenotype analysis tools will lead
to better understanding through improved data
integration, which coupled with artificial intel-
ligence, will yield advances in genetic diagnosis
and improved efficiency in clinical practice.

Next-generation sequencing technologies such
as WGS offer us the most complete view of a
human genome yet. However, as described above
WGS detects hundreds of thousands of rare vari-
ants per individual posing a significant challenge in
the interpretation of disease causality. Furthermore,
many of these mutations occur in poorly character-
ised regions of the human genome.

Detailed phenotyping by experienced clini-
cians through careful patient interrogation and
clinical tests, such as electroretinograms and
detailed retinal imaging, can greatly aid the pro-
cess of identifying the likely disease-causing
mutations by identifying similarities with previ-
ously genetically diagnosed cases thus narrowing
the search space for genetic mutations.

The description and definitions of phenotypes
can vary widely between clinicians. This com-
plicates meaningful comparisons across genetic
cases and makes it harder to identify genes to
phenotype correlations in IRD. This also makes
computational analysis of phenotypes intractable.
There have been many efforts to standardise phe-
notypes through the introduction of controlled
vocabularies of clinical terms using encoding
schemes such as SNOMEDCT and the UMLS
[116]. For rare diseases such as IRD, the Human

Phenotype Ontology (HPO) [117] is established
as the favoured option and is now adopted by
large projects such as the 100,000 genomes proj-
ect led by Genomics England.

HPO terms are used in computational
approaches to prioritise disease-causing variants
and uncover novel gene to phenotype associa-
tions. Exomiser [118] prioritises variants based
on phenotype similarity with published OMIM
conditions, model organisms and gene pathways.
Bevimed [119] uncovers gene to phenotype rela-
tionships based on phenotype similarity regres-
sions using Bayesian statistics.

HPO descriptions are a first step towards
enabling the integration of phenotype and genetic
data to match patients with similar clinical fea-
tures. Nonetheless annotating genetic cases with
HPO terms still requires manual input which is
difficult to fit into the already busy clinical work-
flow of large ophthalmic hospitals. Therefore,
solutions are sought which facilitate the collec-
tion of HPO terms such as, making them part of
the electronic health record entry system [120],
by extracting these terms automatically from
patient notes using natural language process-
ing techniques, or even directly from imaging,
ERGs or visual fields, are sought. A limitation of
HPO terms is that they rely on subjective clinical
terms. A more objective approach is to directly
analyse the primary source of these HPO terms
such as the imaging data.

Retinal imaging technologies are now widely
and extensively used in ophthalmology due to
modern advances in the field such as Optical
Coherence Tomography (OCT), which allows
detailed imaging of the layers of the retina, detec-
tion of oedemas, drusen and various other features
symptomatic of retinal disease. Additionally,
given the accessibility of the eye, retinal imag-
ing is both very efficient and cost-effective and
is now not only part of routine care at ophthalmic
hospitals but also available to community opti-
cians [121]. However, the interpretation of these
images requires expertise acquired through years
of training, and for IRD in particular, which are
very rare and thus hard to recognise, these images
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need to be inspected by clinical experts with in-
depth knowledge of genetics, of which they are
very few worldwide.

Such an IRD expert may be able to recognise
the pattern of retinal deterioration which are gene
specific and make prognosis as to the develop-
ment of the disease [122, 123]. Nonetheless,
this remains a subjective process dependent on
the skills and experience of the clinician. There
is also a shortage of such experts worldwide and
this gap is increasing with the spread and acces-
sibility to these new technologies. The gap is
unlikely to close given that this knowledge takes
years of experience to acquire.

Beyond the problem of shortage of experts,
human-interpretation is also limited to recognis-
ing IRD genes by looking for known features.
However there are also potentially new IRD
gene-specific features in images which can only
be discovered once we pool sufficient data.

The promise of Artificial Intelligence (Al) is
to provide a more scalable, efficient and objec-
tive solution to IRD genetic diagnosis by training
a neural network on retinal images of as many
confirmed genetically diagnosed cases of IRD
as possible. The trained Al could then suggest a
gene given a retinal image from an IRD patient.
This should lead to a more objective form of
clinical diagnosis and has the potential of cap-
turing the image pattern-recognition skills of the
most advanced clinicians into a neural network
and making them available as a clinical deci-
sion support tool. Along with aiding in finding
the most likely genetic region affected which
can help identify hard to detect genetic causes
such as structural variants, non-coding muta-
tions and silent mutations, this could also guide
the clinician as to which genetic test is the most
appropriate.

There are reasons to be optimistic that this
approach can work, as Al has recently shown good
results when applied to triaging eye scan from
age-related macular degeneration and diabetic
patients [124]. This approach has particularly
illustrated the utility of a type of neural network,
known as segmentation neural networks, are able
to identify features in an image such as macular
holes, odemas [125], drusens, and these can aid

the quantitative analysis of these and link them to
disease. These segmentations were then used as
input to a second type of neural networks, known
as classification neural networks. It is also pos-
sible to run a classification neural network known
as convolutional neural network directly on the
pixel intensities of images [126, 127]. However,
the challenge is then to deconvolute the features
that were used in predicting the outcome in order
to explain the classification process.

A concrete proof-of-concept applied to
IRD has recently been published by Fujinami-
Yokokawa et al. in 2017 [128]. They trained a
four-class CNN classifier to distinguish foveal
OCT slices between three types of IRD patients
with RPILI, EYS and ABCA4 retinopathies and
healthy patients. The IRD patients had confirmed
disease-causing mutations in these genes.

Nonetheless, these approaches are limited by
the amount of training data which is why interna-
tional data-sharing collaborations are particularly
important to augment these training data-sets,
especially for rare disease. One advantage of
these Al approaches when applied to IRD over
common disorders such age-related macular
degeneration and diabetic retinopathy, is that
the training labels are more reliable as they do
not depend on subjective clinical interpretation,
for example, wet vs dry, but instead on objective
genetic data.

12.7 Conclusions

The continuous evolution of high-throughput
sequencing technologies has critically advanced
our knowledge on the human genome. This
genomic revolution has enabled the incorpora-
tion of WGS into clinical diagnostic pipelines
and led to the generation of unprecedented vol-
umes of data, carrying associated implications
in variant interpretation. The identification and
characterisation of human genes and non-coding
regulatory regions have revolutionised the field
of human genetics and its application in the clini-
cal setting by providing more efficient diagnos-
tics and potential new pharmacological targets
for intervention in a personalised fashion.
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As NGS technology continues to develop, we
will gain further insight into the role of genetic
variation in human biology and disease, which
will grant us a better understanding of the mech-
anism by which variants affect gene expression
in the dynamic context of a cell, a tissue and the
integration of all systems in the single organism.
It is clear that as our ability to interpret genomic
variation and the effect of non-coding variants
improves, the advantages of WGS in the clinical
realm will far outweigh its limitations perhaps
leading to the replacement of targeted gene pan-
els or WES as a clinical tool.

Indeed, as genetics and imaging become
more accessible to the general public thanks to
direct-to-consumer genetic testing, eye scanners
used as part of eye-tests by community opticians,
portable and home devices being developed, it is
important to also democratise the interpretation
knowledge of these complex data to avoid the
risks and dangers of misinterpretation [129].
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