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Abstract
Early onset retinal dystrophies (EORD) are a group of disorders presenting in
childhood with degenerative abnormalities in photoreceptor cells. They are one of the
leading causes of sight impairment in the United Kingdom. Since the initial discovery of
Rho causing dominant retinitis pigmentosa in 1990, more than 160 genes have been
associated with retinal dystrophy. Many, including CRB1, CRX, and RPE65 exhibit
phenotypic heterogeneity and have been associated with more than one retinal
disorder. Increasingly, with the advent of next generation sequencing, the association
of non-syndromic retinal dystrophy with mutations in syndromic genes has been
reported including CEP290, CLN3, and BBS1.
In this thesis, a large cohort of patients with EORD underwent both detailed
phenotyping to characterise their condition and molecular genetic investigations to
identify and investigate the underlying causative variants. Many areas of the presented
research were driven by novel findings on whole-exome sequencing such as the
association of IFT140 with non-syndromic retinal dystrophy or CRX with macular
dystrophy. Other areas were driven by unusual groups of patients with limited
published data on their condition such as COL18A1 and Knobloch syndrome, with
novel phenotypic features of cone-rod dysfunction and pigmentary glaucoma. Sanger
sequencing was performed for confirmation and segregation of identified variants but in
addition, for investigation of phenotypically similar patient panels for unusual gene
associations. This included systemically mild Hermansky-Pudlak syndrome due to
HPS6, juvenile macular dystrophy and CDH3, macular dystrophy and CRX and
microcephaly with familial exudative vitreoretinopathy due to LRP5. Functional
investigation of missense variants in IFT140 related retinal dystrophy was performed
with transient cell transfection. This thesis highlights the vast heterogeneity of rare
forms of EORD, presents novel clinical and molecular data and describes the key
features of conditions to aid diagnosis and opportunities for future research.
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Introduction

1 Introduction
Early-onset retinal dystrophies (EORD) are inherited disorders presenting in childhood
with visual impairment due to degenerative abnormalities of photoreceptors. EORD is
an important cause of visual impairment registration in the United Kingdom.1 The
reported prevalence of both isolated and syndromic retinal dystrophy in children from a
Danish population study was 13 in 100,000 with the majority of affected patients having
Leber congenital amaurosis (LCA) or rod-cone dystrophy (RCD).2 Approximately 57%
of cases are non-syndromic with the most common syndromic cause being Usher
syndrome in which RCD and sensorineural hearing impairment coincide.2 Prevalence
and genetic aetiology vary geographically with more isolated or consanguineous
communities demonstrating a greater burden of disease.3
Since the initial discovery of Rho causing dominant RCD in 1990, more than 160 genes
have been associated with retinal dystrophy.4, 5 Many, including CRB1, CRX, GUCY2D
and RPE65 exhibit phenotypic heterogeneity and have been associated with more than
one retinal disorder.6-9 Increasingly, with the advent of next generation sequencing
(NGS), the association of non-syndromic retinal dystrophy with mutations in syndromic
genes has been reported including CEP290, CLN3, and BBS1.10-12 This clinical and
molecular heterogeneity presents a diagnostic challenge.
NGS techniques including whole-exome screening (WES), allow parallel screening of
multiple genes. Approximately 55% of non-syndromic retinal dystrophies and 80% of
syndromic retinal dystrophies can achieve molecular diagnosis by WES.13-15 The
remaining unsolved cases can be explained by missed variants on exome due to poor
coverage, for instance the ORF15 region of RPGR, variants assumed to be nonpathogenic but in fact important for splicing, novel genes, copy number variants and
non-coding region variants.10 These non-coding region variants can arise within
promoters such as the locus control region of opsin genes and within introns creating
alternate splice sites such as the common intronic variant in CEP290 related disease,
c.2991+1655A>G.12, 16, 17 Whole genome sequencing (WGS), has better coverage of
regions that may not be covered well in WES.15 In addition, WGS will help identify copy
number variants and non-coding region variants that may be responsible for disease.18
Ultimately, combined approaches with WGS and RNA analysis may be needed to
solve undiagnosed cases.
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Introduction

1.1 The neurosensory retina
The neuroretina is the light sensitive structure within the eye responsible for
transducing photons of incident light in to electrical signals to be interpreted by the
brain as images. Light enters the eye through the cornea, aqueous humour, pupillary
aperture of the iris, lens and vitreous humour, with the cornea and lens the refractive
structures that focus the light on to the retina. The laminated neuroretina comprises
multiple different cell types to interpret and perform initial processing of these signals
supported by the underlying retinal pigment epithelium (RPE, figure 1-1).

Figure 1-1: Retinal layers
Layers of the retina with superimposed basic cone photoreceptor cell circuitry (adapted from
19
20
Fariss 2000 and Busskamp 2010 ). RPE, retinal pigment epithelium; OS, outer segment;
ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner
plexiform layer; GCL, ganglion cell layer; cPR, cone photoreceptor; ON and OFF bipolar cells in
the INL and GCL layers. Scale bar 20µm.

The neurosensory retina comprises 6 broad types of neural cells, rod and cone
photoreceptors, bipolar, horizontal, amacrine and ganglion cells as well as one main
type of glial cell, the Müller glial cell. There are actually more than 60 diverse sub-types
of neural cells reflecting the complex processing of the retina.21 Rod and cone
photoreceptors comprise an inner segment containing the cell body, a connecting
cilium and an outer segment. The outer segments are highly modified, photosensitive
cilia, containing the membranous discs for phototransduction. They lack any capability
12
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for protein production and rely on the intraflagellar transport (IFT) system, which
comprises large protein complexes for transport from the cell body to cilium tip and
back.22 23 There are an estimated one thousand stacked discs in the rod outer segment
which are discrete from the plasma membrane and extracellular space, whereas in the
cone outer segment there are a series of membrane evaginations exposed to the
extracellular space.24 Ten percent of the discs in rods undergo distal shedding and
phagocytosis by the RPE at daily onset of light, whilst new discs are formed at the
base of the outer segment with an analogous process occurring in the cone outer
segment.24, 25 There are approximately 4.6 million cones which comprise 3 types, longwavelength sensitive (L), medium-wavelength sensitive (M) and short-wavelength
sensitive (S).26 Colour vision arises from two cone-opponent systems, the red-green
system from compared responses between L- and M-cones and the blue-yellow
system in which S-cone responses are compared to a combined L- and M-cone
response.27 There are 92 million rod photoreceptors with the highest density in a ring at
the eccentricity of the optic disc and an absence of rods from the central fovea which is
populated exclusively by cones.26 Photoreceptor outer segments interdigitate with the
underlying RPE, their cell bodies are located in the outer nuclear layer and their axonal
processes form synapses in the outer plexiform layer with bipolar and horizontal cells.
There are approximately 12 types of bipolar cell, 11 of which are cone specific and
each connect to multiple cone photoreceptors.21 Responses can be broadly classified
in to ON and OFF channels which respond differently to light input and synapse with
ganglion ON and OFF bipolar cells directly or via amacrine cells.21 Rod photoreceptors
synapse with rod bipolar cells and then to amacrine cells. Amacrine cells, of which
there are approximately 30 types, act as modifiers of bipolar and ganglion cell
responses. The axonal processes of ganglion cells radiate across the retina, become
the optic nerve, and then decussate in the optic chiasm before synapsing
predominantly in the lateral geniculate nucleus. An additional photosensitive pigment,
melanopsin also known as opsin 4, is found within a small subset of intrinsically
photosensitive retinal ganglion cells with non-visual roles in circadian rhythm and the
pupillary light reflex.28 The major target of intrinsically photosensitive retinal ganglion
cells is the suprachiasmatic nuclei, in which the main circadian clock in mammals is
found.29
The main non-neuronal cell of the retina, the Müller glia extend from the
photoreceptors to the inner limiting membrane and have roles in retinal development,
the visual cycle of cones and retinal neuron cell metabolism.30, 31 There are outer and
inner plexi of retinal vessels throughout the retina except for a central foveal avascular
zone of approximate diameter 450µm, essential for clear vision by reducing light
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scatter due to blood vessels.32 The RPE comprises a single pigmented layer of cells
essential in retinal metabolism and retinal structure. Underneath the RPE lies the
choroid comprising Bruch’s membrane, a capillary network, the choriocapillaris and the
large choroidal vessels.

1.1.1 Retinal development
Multi-potential retinal progenitor cells can form any of the 6 retinal neurons or 1 retinal
glial cell dependent on the temporal and spatial expression of transcription factors
including PAX6, SOX2 and VSX2.33, 34 Ganglion cells are the initial cell type to appear.
In humans, differentiation arises first in the fovea with the peripheral retina laminated
by week 30 of gestation.35 The foveal pit is created by displacement of inner retinal
layers out of the centre. Photoreceptor maturation, in particular the lengthening of outer
segments, continues after birth, is initially most developed in non-foveal regions and
continues up until the age of approximately 13 years.36 In addition, the ONL thickens in
the fovea from approximately 3 weeks of age onwards due to central cone packing.
This developmental process has implications on visual function, with infants having
poor central vision.
Retinal vasculogenesis begins in the inner retina at the optic nerve head and radiates
outwards, reaching the peripheral retina just before birth.32 The deeper retinal capillary
networks arise by angiogenic sprouting from the inner retinal vessels. The process is
regulated by pro and inhibitory angiogenic factors such as vascular endothelial growth
factor (VEGF). Components of the Wnt signalling pathway, including FZD4, Norrin and
LRP5 are central regulators of vascular endothelial cell development and are essential
for normal retinal vascular growth and organisation.37

1.1.2 Phototransduction and the visual cycle
Phototransduction is the process by which a photon of light is absorbed by light
sensitive pigment in rods (rhodopsin) and cones (cone opsins) and converted in to an
electrical signal (figure 1-2). Rhodopsin and the cone opsins comprise an opsin protein
covalently bound to a light sensitive chromophore, 11-cis-retinaldehyde.38 Upon light
stimulation, this is isomerised to all-trans-retinaldehyde which induces conformational
changes within the protein to an activated state.38 The activated opsin binds to a Gprotein, transducin, with subsequent activation of cGMP phosphodiesterase (PDE)
resulting in decreased cGMP concentration and a consequent decrease of intra-discal
calcium concentration by closure of cation gated channels. Reduced calcium leads to
hyperpolarisation of the membrane forming the basis of generation of an electrical
signal from a photon of light. Opsins are inactivated by phosphorylation and arrestin
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binding. Restoration to the dark-adapted state relies on the function of guanylate
cyclase to restore cGMP levels and re-open the cGMP gated cation channels.
Recycling of chromophores to regenerate 11-cis-retinaldehyde is an enzymatic process
known as the visual cycle and arises in the RPE (figure 1-2).38 All-trans-retinal diffuses
from the disc membrane in to the cytoplasm or is transported via the transmembrane
ATP-binding cassette, subfamily A, member 4 (ABCA4) in to the cytoplasm where it is
reduced to all-trans-retinol by retinal dehydrogenases (RDH) including RDH12.39 It then
diffuses bound to binding proteins including interstitial retinol-binding protein (IRBP) in
to the RPE where lecithin retinol acyltransferase (LRAT) esterification forms fatty acid
retinal esters. The esters undergo isomerisation by retinal pigment epithelium-specific
protein, 65kDa (RPE65) to form 11-cis-retinol which is oxidised to the 11-cis-retinal
form by 11-cis-RDHs including RDH5.40-42 The 11-cis-retinal diffuses back in to the
outer segment again bound to IRBP to reform the stable opsin (or rhodopsin) pigment.
Mutations in genes encoding the key proteins involved in phototransduction and the
visual cycle are associated with a range of inherited retinal dystrophies. This includes
GUCY2D related LCA, RPE65 related LCA and RCD, LRAT related LCA, RDH5
related fundus albipunctatus, RBP3 (encoding IRBP) related retinal dystrophy, RDH12
related LCA, ABCA4 related cone-rod dystrophy (CORD) and macular dystrophy (MD)
and achromatopsia due to mutations in cone specific phototransduction genes GNAT2,
PDE6C, CNGA3, CNGB3 and PDE6H .43-50
There is an alternative cone-specific second pathway present in Müller cells in which
11-cis-retinol is generated which cones but not rods can use to regenerate their
chromophores.31 The enzyme that catalyses the production of 11-cis-retinol is thought
to be multifunctional O-acyltransferase (MFAT).31
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Figure 1-2: Schematic representation of transduction and the visual cycle
38

Image based on Palczewski 2014. Opsin in the outer segment disc membrane is activated by
a photon of light. All-trans-retinal is converted in the photoreceptor cytoplasm to all-trans-retinol
by all-trans retinal dehydrogenase (atRDH). This is transported by IRBP in to the RPE where
LRAT converts it to all-trans-retinyl esters. RPE65 isomerises this to 11-cis-retinol, RDH5
dehydrogenases this to 11-cis-retinal which IRBP transports back in to the photoreceptor outer
segment for re-association with opsin.

1.2 Clinical assessment
Assessment of visual function and examination of ocular pathology are readily
achieved in the clinical setting. Visual acuity, colour vision and fields are objective
measurements of visual deficit. Slit lamp biomicroscopy through a dilated pupil permits
direct visualisation of fundus changes which may be more apparent on retinal imaging.

1.2.1 Visual function
Visual acuity is a measurement of the ability to discriminate 2 points at a distance. The
greatest acuity is found in the central fovea where the resolving power can reach 14
seconds of arc, greater than the angle subtended by a single cone partly due to
complex retinal neuron processing and higher cortical processing.51 In infancy, visual
acuity is reduced due to a lack of foveal maturation with foveal cone density rapidly
increasing over the first 8 months of life.52 In addition, infants are hypermetropic due to
the relatively small eyeball size with the process of emmetropisation occurring as the
eye grows. High refractive errors are frequently found in retinal dystrophies possibly
reflecting abnormal emmetropisation due to reduced vision.53
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Methods for assessing visual acuity are dependent on age and the presence of
developmental delay. Optotypes are standardised pictures or letters for testing vision
that represent the minimum distance between 2 points that the average person can
resolve, specifically 1 minute of arc which is the thickness of the lines used in each
optotype when viewed at a fixed distance.54
In infants, forced-choice preferential looking cards are used which have a black and
white grating pattern.52 The Cardiff acuity test, employ a similar preferential looking
system but with vanishing optotypes using recognisable shapes such as a fish or a
ship and are used from 6 months up to 2 years of age (figure 1-3). Once children are
verbal and able to recognise pictures, usually from the age of 2 years, Kay pictures are
used of varying size to represent specific visual acuity levels.55 Once able to read,
Snellen or logarithm of the Minimum Angle of Resolution (logMAR) visual acuity charts
are used with decreasing sizes of optotypes. Patients are tested uniocularly with
refractive correction and additionally with a pinhole. Snellen charts have a number of
limitations including non-uniform progression in letter size and a different number of
letters per line, the logMAR chart is more accurate in this regard.56 Within this thesis,
variable methods of visual acuity measurements over time were frequently found. To
enable comparison, all acuities were converted between Snellen and logMAR using a
conversion table (table 1-1).

Figure 1-3: Examples of visual acuity tests
Adapted from www.kaypictures.co.uk and www.haagstreituk.com. From left to right; the Cardiff
acuity test, Kay picture test, logMAR chart.

Colour vision is routinely tested with either the Ishihara or Hardy-Rand-Rittler (HRR)
tests, which are both pseudoisochromatic. The latter is the most accurate in identifying
colour defects consistent with cone abnormalities as it tests all 3 components of colour
vision including tritan function and can be performed in young children.57 Reduced
visual acuity can limit testing but only once worse than 0.72 logMAR for Ishihara plates
and 1.10 logMAR for HRR plates.58
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Snellen visual acuity

log MAR visual acuity

6/3.8

-0.2

6/4.8

-0.1

6/6

0.0

6/7.5

0.1

6/9

0.18

6/9.5

0.20

6/12

0.3

6/15

0.4

6/18

0.48

6/19

0.50

6/24

0.60

6/30

0.70

6/38

0.80

6/48

0.90

6/60

1.00

6/75

1.10

6/90

1.18

6/95

1.20

6/120

1.30

6/150

1.40

6/190

1.50

6/240

1.60

6/600

2.00

Table 1-1: Conversion between Snellen and logMAR visual acuity
Adapted from Gregori 2010

59

Visual field testing permits an assessment of central regions of missing vision
(scotomas) or of peripheral field defects. Visual fields to confrontation are also used as
a rapid screening method for deficits. Formal visual fields are an objective method for
monitoring progression over time and in addition are used to assess eligibility to drive.
Within the clinic two main types of testing are used; the first a type of kinetic uniocular
visual field (Goldmann, Haag Streit, Bern, Switzerland) with a moving stimulus of
varying brightness and size; the second with a static stimulus using the Humphrey
Field Analyzer II (Carl Zeiss Meditec AG, Oberkochen, Germany) to produce uniocular
Humphrey 24-2 and 30-2 threshold visual fields or suprathreshold binocular (driving)
Esterman visual fields. Goldmann visual field defects have been shown to correlate
with wide-field autofluorescence imaging defects in patients with retinal dystrophy. 60

1.2.2 Ophthalmoscopy and retinal imaging
Binocular biomicroscopy with a slit lamp permits a stereoscopic, magnified examination
of the eye with a double aspheric high-power positive lens used to focus on the fundus.
Colour fundus photography allows accurate documentation of fundus changes and can
18
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be performed in cooperative young children with a variety of cameras as described in
methods. Particularly useful in the assessment of retinal dystrophy patients are fundus
autofluorescence (FAF) imaging and optical coherence tomography (OCT). FAF can
demonstrate areas of retinal dysfunction or atrophy not necessarily apparent on colour
images. OCT provides a high resolution cross-sectional image of the retinal layers to
allow quantifiable assessment of any changes in thickness or atrophy, as well as any
intraretinal cystoid macular oedema, a frequent complication of RCD.61 These imaging
techniques are further described in methods.

1.3 Molecular genetics
The human mitochondrial genome was first deciphered in 1981 but it was only in 2004
that a near complete human nuclear genome was published.62, 63 The Human Genome
Project involved more than 20 groups across 6 countries from 1990 to 2004 at an
estimated cost of 3 billion dollars.64 Approximately 99% of the 3.1 gigabase genome
was covered with the remainder consisting mainly of heterochromatin, a permanently
condensed, transcriptionally inactive and highly repetitive DNA that is particularly
challenging to sequence.65 With the development of new sequencing technologies, the
cost of a whole genome is now available for less than £1000.64
The emergence of new sequencing technology has greatly changed the approach to
the molecular investigation of patients with parallel sequencing of multiple copies of
fragmented DNA allowing a rapid and cost-effective approach to investigation.
Previously Sanger sequencing of candidate genes, linkage analysis and arrayed primer
extension (APEX) microarray screening were the only investigative options.
Subsequently, NGS became routinely available with a large number of patients
investigated by gene panels (Manchester Centre for Genomic Medicine), WES and
WGS. In the research setting, we have performed WES on >100 patients with EORD.
We have been able to recruit patients in to national research projects employing NGS
techniques thus providing a funded route for investigating patients. This has included
the National Institute for Health Research (NIHR) BioResource funded Specialist
Pathology: Evaluating Exomes in Diagnostics (SPEED) study based at the Cambridge
Biomedical Centre to which >500 patients have been contributed from Moorfields.
Initially WES was performed but the majority of patients have undergone WGS as the
cost difference became minimal. A second project to which large numbers of patients
are being recruited is the 100,000 Genomes Project. This was devised in 2012 to
sequence 100,000 whole genomes from 70,000 people with rare diseases and cancer
with the aim of driving research, developing a genomic medicine service for the NHS
and improving diagnosis and treatment (www.genomicsengland.co.uk). I was involved
in running the pilot phase of this project in November 2013.
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Within this thesis, patients have been molecularly solved by a variety of methods
including Sanger sequencing, a tool which still provides a rapid and cheap screening
approach for panels of unsolved patients and for confirmation of variants found by
other methods.

1.3.1 Mendelian inheritance
The approach to the investigation of the majority of EORD patients relies on the
assumption of Mendelian or monogenic inheritance in which an alteration in the genetic
code at a single locus leads to an abnormal phenotypic expression. A trait or condition
that follows Mendelian inheritance may demonstrate a recognisable pedigree pattern to
determine likely inheritance. There are a number of caveats to this. An autosomal
dominant pedigree may not be apparent if there is variable expressivity or de novo
disease, features found in CRX related retinal dystrophy, or if there is variable
penetrance as found in PRPF31 related RCD (figure 1-4).7, 66 In autosomal recessive
inheritance, a pedigree may appear pseudo-dominant if the condition is common in the
population or if there is extended consanguinity within the family. X-linked dominant
disease may resemble a dominant pedigree except that there can be no male to male
transmission. The pedigree may resemble that of mitochondrial inheritance with only
female transmission possible but both males and females affected. If the condition is
fatal in utero to males then only females within the pedigree will be affected as typically
found in conditions such as incontinentia pigmenti.67 In X-linked recessive disease,
there is also no male to male transmission and in theory only males should be affected.
However, female carriers can have phenotypic manifestations of disease due to
skewed X-inactivation. This is apparent in conditions such as X-linked RCD.68
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Figure 1-4: Pedigree examples

21

Introduction

1.4 Types of retinal dystrophy
1.4.1 Leber congenital amaurosis
At the most severe end of the spectrum is Leber Congenital Amaurosis (LCA, MIM#
204000), a clinically and genetically heterogeneous condition characterised by onset at
birth or in infancy, nystagmus and an absence of photoreceptor responses on ERG.69 It
was first described by Theodore Leber a German Ophthalmologist in 1869.70 It
accounts for at least 5% of all retinal dystrophies and 20% of children attending
schools for the visually impaired with an estimated incidence of 1 in 81000 to 1 in
30000 live births.71 LCA may be isolated to ocular involvement or arise as part of a
syndrome. The prognosis depends on the underlying genetic defect. For instance,
patients with RPE65 related disease have a better prognosis than GUCY2D.69, 72
In LCA, at least 17 genes have been identified to date. All are recessively inherited
apart from CRX which is predominantly dominant with a high rate of de novo mutations
and 3 reports of sporadic heterozygous IMPDH1 related LCA.73-75 Disease manifests
by variable mechanisms (table 1-2). The regulation of phototransduction by intracellular
cGMP is abnormal in LCA due to mutations in GUCY2D which encodes a membrane
bound guanylate cyclase in photoreceptor outer segments.50 Phototransduction is also
affected by mutations in RPE65, RDH12 and LRAT which encode enzymes essential in
the retinol metabolism pathway.43, 45, 76 Abnormal photoreceptor development and
survival arises in CRX related disease.77 Abnormal cilia metabolism or protein
trafficking is found in AIPL1, LCA5, RPGRIP1, CEP290, SPATA7, TULP1, RD3 and
IQCB1 disease.12, 78-85 Abnormal function of the RPE inwardly rectifying potassium
channel Kir7.1 is found in KCNJ13 related disease leading to an abnormal membrane
resting potential.86 Mutations in IMPDH1 may be pathogenic by impairing regulation of
translation at polyribosomes.87
Patients with LCA present with profound visual loss from birth or within the first few
months of life, with a typical final visual acuity of 3/60 Snellen to perception of light.69, 72
Other features include pendular nystagmus, roving eye movements, sluggish or absent
pupillary responses, high refractive error and the oculodigital sign where repetitive eye
poking leads to loss of orbital fat, enophthalmos and eventually cataract and
keratoconus. Photoattraction may be noted and conversely, although less commonly
photodysphoria (extreme photophobia), a feature of GUCY2D related disease.72 Of
note, visual function (acuity and fields) can vary significantly between visits and this is
of particular relevance when considering clinical trials as the inter-test variability needs
to be taken in to account.88
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Phenotype,
MIM #

Gene
symbol,
MIM

Chromo
somal
locus

Protein name (and
function)

Key defining clinical
features

First
published

LCA1
204000

GUCY2D
600179

17p13.1

Guanylate cyclase 2D
(hydrolysis cGMP)

Perrault
50
1996

LCA2
204100

RPE65
180069

1p31.31p31.2

Retinoid isomerohydrolase
(phototransduction)

LCA3
604232

SPATA7
609868

14q31.3

LCA4
604393

AIPL1
604392

17p13.2

Atrophic maculopathy,
severe early visual loss

Sohocki
90
2000

LCA5
604537

LCA5
611408

6q14.1

Spermatogenesis-associated
protein 7 (cilial protein
trafficking)
Aryl-hydrocarbon-interacting
protein-like 1 (PDE6
chaperone)
Lebercilin
(cilial transport)

Very poor vision, severe
photoaversion, normal
fundus early on
Relatively good early vision
early on, featureless fundus,
low autofluorescence
Retinal atrophy, attenuated
vessels

Macula dysplasia/atrophy

LCA6
613826

RPGRIP1
605446

14q11.2

den
Hollander
78
2007
79
Dryja 2001

LCA7
613829

CRX
602225

19q13.33

LCA8
613835

CRB1
604210

1q31.3

LCA9
608553

NMNAT1
608700

1p36.22

LCA10
611755

CEP290
610142

12q21.32

LCA11
146690

IMPDH1
146690

7q32.1

LCA12
610612
LCA13
612712

RD3
180040
RDH12
608830

1q32.3

LCA14
613341

LRAT
604863

4q32.1

LCA15
613843

TULP1
602280

6p21.31

LCA16
614186

KCNJ13
603208

2q37.1

Inward rectifier potassium
channel 13 (RPE potassium
channel)

SLSN5
609254

IQCB1
609237

3q13.33

IQ motif-containing protein
B1 (ciliary protein)

14q24.1

Retinitis pigmentosa GTPase
regulator-interacting protein
(cilial transport)
Cone-rod homeobox protein
(photoreceptor development
and survival)
Crumbs homolog 1
(Müller cell photoreceptor
interaction and
photoreceptor cell structure)
Nicotinomide
mononucleotide
adenylytransferases 1
(NAD+ biosynthesis and
neuroprotection)
Centrosomal protein of 290
kDa (cilial transport)

Severe vision loss, initial
normal fundus progresses to
pigmentary retinopathy
Severe vision loss, macula
atrophy, AD or sporadic

Inosine-5’-monophosphate
dehydrogenase 1 (guanine
synthesis and translation
regulation)
Protein RD3 (trafficking of
guanylate cyclase 1)
Retinol dehydrogenase 12
(phototransduction)

Diffuse RPE mottling, no
pigmentary deposits

Lecithin retinal
acyltransferase
(phototransduction)
Tubby-related protein 1
(cilial transport)

Marlhens
43
1997
89

Wang 2009

Freund
77
1998

Nummular pigmentation,
para-arteriolar RPE sparing,
thickened and disorganised
retina, Coat’s like response

Lotery
91
2001

Atrophic macular lesions

Falk
93
Perrault ,
94
Chiang ,
Koenekoop
95
, all 2012

Minimal fundus abnormalities
in infancy

den
Hollander
12
2006
Bowne
74
2006

Atrophic macular lesion
Bone spicule pigmentation
and maculopathy, may get
Coats like response
Low autofluorescence

Pigmentary retinopathy,
reading vision in early stages

Early poor vision, gradual
progression, posterior pole
dense nummular RPE
pigmentation
Relatively preserved central
RPE and photoreceptors,
peripheral granular RPE
change

92

Friedman
96
2006
Janecke
76
2004
Thompson
45
2001
Hagstrom
97
1998
Banerjee
98
1998
Sergouniotis
86
2011

EstradaCuzcano
85
2011
84
Stone 2011

Table 1-2: Reported LCA genes, protein function and key features
SLSN5, Senior-Loken syndrome 5
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The fundus appearance may initially be normal or show macular atrophic change with
a pigmentary retinopathy tending to develop over time. Other reported changes include
disc pallor, vessel attenuation, optic disc drusen, optic disc oedema, flecked retina and
nummular pigmentation. Fundus appearances vary by genetic cause (table 1-2).
Fundus imaging may be limited in LCA from poor fixation due to young age, low vision,
nystagmus or photophobia or poor image quality from nystagmus. Imaging as part of
an examination under anaesthesia can be achieved using handheld instruments for
fundus photography, FAF imaging and OCT. FAF imaging may be normal in LCA, or
more commonly show a ring of increased autofluorescence parafoveally indicating
abnormal accumulation of lipofuscin in the post mitotic RPE cell, with reduced
autofluorescence around the arcades indicating RPE atrophy.99, 100 In RPE65 related
disease, the fundus appearance is usually normal in childhood but the FAF is
universally severely reduced throughout the retina due to a lack of lipofuscin production
from abnormal retinol metabolism.101 Patients with LCA, poor vision and undetectable
ERG may still have normal or minimally decreased autofluorescence. This suggests
that the RPE–photoreceptor complex is, at least in part, functionally and anatomically
intact. This finding would have implications for future treatment, indicating that
photoreceptor function may still be rescuable in such patients.
Electrodiagnostic testing although technically difficult in early childhood, is a key
investigation to distinguish LCA from other early onset inherited retinal dystrophies
presenting with nystagmus and poor vision such as congenital stationery night
blindness and achromatopsia.102 The ERG in LCA for both photopic and scotopic
responses is undetectable or severely abnormal. In congenital stationery night
blindness the ERG shows a diminished scotopic b wave in the presence of a normal a
wave. In achromatopsia (which may present very similarly to GUCY2D related LCA
with photoaversion) the photopic responses are generally non-recordable with
preserved scotopic (rod specific) responses.
Systemic assessment and relevant investigations are necessary for all LCA patients to
exclude an underlying syndromic diagnosis or potential associated systemic findings.
These include learning difficulties, found in 19.8% of LCA patients, neurological
disorders including epilepsy, cerebellar vermis hypoplasia, renal impairment and
cardiomyopathy.12, 103-105 Syndromic features may not be present at diagnosis but may
develop later. For instance, Senior-Loken syndrome characterised by nephronophthisis
and LCA and linked to 5 genes, usually presents in the first decade, but renal failure
may not present until the second decade, if at all.84, 85, 106 The advent of molecular
diagnosis via NGS may impact on the approach to systemic investigation of patients. A
molecular diagnosis of non-syndromic retinal dystrophy may indicate no further
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investigations are needed but conversely the identification of a syndromic cause such
as a gene causing Joubert syndrome would allow targeted systemic investigation.

1.4.2 Rod cone dystrophy
In RCD, also known as retinitis pigmentosa, patients generally present in childhood or
adolescence with symptoms of nyctalopia, a pigmentary retinopathy often described as
bone spicules from intra-retinal pigmentary migration and ERG abnormalities
predominantly affecting rod function first.107, 108 Retinal degeneration starts in the midperiphery with loss of photoreceptors and mid-peripheral field loss. As the condition
progresses, degeneration advances anteriorly and posteriorly reducing the visual field
and ultimately affecting the central vision. Loss of vision occurs in adult life at an age
depending on the underlying genetic cause.109 Age of onset and visual prognosis are
very variable. Other features include vascular attenuation, waxy disc pallor, cataract
and cystoid macular oedema.
From a large series, dominant disease accounted for 20% of cases, recessive
(classified based on consanguinity or more than 1 affected sibling) for 15%, X-linked
for 7%, with 43% sporadic/simplex cases.110 Sporadic cases are often assumed to be
recessive in origin although a significant minority will represent de novo dominant
disease, X-linked (for males), mitochondrial or uniparental isodisomy.107 WES
investigations of sporadic cases have identified mutations in dominant genes in 1019%, which may result from de novo mutations or incomplete penetrance in parents.10,
13

The first reported genetic cause of any RCD was of a mutation in the RHO gene

which encodes the visual pigment for rod photoreceptors and is associated with
dominantly and recessively inherited RCD.4, 111
Non-syndromic recessive RCD has been associated with more than 60 genes.107, 112, 113
Dominantly inherited RCD is most commonly found to be due to RHO in 25% of
cases.107 Incomplete penetrance in dominant disease (which may initially mask the true
inheritance pattern when analysing the pedigree) has been reported with RP1 and premRNA splicing factors such as PRPF31.114, 115 X-linked RCD presents earlier, is
associated with childhood myopia and progresses more rapidly than other forms of
RCD.109 It usually manifests severe disease only in males. The phenotype in carrier
females can be very variable from no abnormalities through to severe disease
presumed to be related to random X-inactivation. In most families, the examination of
carrier females is informative with abnormalities of the retina including a tapetal reflex
and sectoral peripheral bone spicule pigmentation.68 Three genes have been
associated with X-linked RCD, RPGR, RP2 and OFD1 although the latter has only
been found in 1 family to date.116 73% of cases are due to mutations in RPGR with
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66% of these clustered in the ORF15 region.117 Mutations within the ORF15 region of
RPGR have also been shown to cause X-linked CORD.118

1.4.3 Cone rod dystrophy
CORD is less common than RCD arising in 1 in 80,000 from one large population
study.108 Patients present in childhood at a mean age of 11 years with disturbance of
central visual function manifesting with reduced visual acuity, symptoms of blur,
reduced colour vision and central scotoma.119, 120 Bulls-eye maculopathy is an early
finding with retinal thinning on OCT. As the disease progresses, nyctalopia occurs and
peripheral pigmentation increases. Severe sight impairment occurs by a mean age of
35 years.120 Recessive mutations account for 90% of CORD cases with ABCA4 the
most commonly identified gene.120 119

1.4.4 Macular dystrophy
Childhood onset macular dystrophies arise less frequently than pigmentary
retinopathies. Most common are Stargardt disease and Best’s disease with several
other less common types including pattern dystrophy from PRPH2 and X-linked
retinoschisis from mutations in RS1.110, 121 Recessive mutations in ABCA4 can cause
CORD or RCD but most commonly cause Stargardt disease, a juvenile onset macular
dystrophy characterised by yellow pisciform fleck deposits in the posterior pole. In
Stargardt approximately half of patients have full field ERG abnormalities which
represent peripheral photoreceptor dysfunction and are used as a marker of severity of
disease.122 Best’s vitelliform macular dystrophy presents in the 2nd decade with reduced
visual acuity, yellow macular lesions and an abnormal electroculogram due to BEST1
mutations.123 There is significant intra-familial variability in severity. Rarely, bi-allelic
mutations in BEST1 cause a vitelliform dystrophy which is multifocal and has ERG
abnormalities in adulthood.124

1.4.5 Abnormal retinal vasculogenesis
Inherited disorders of retinal vascular development include familial exudative
vitreoretinopathy (FEVR) and incontinentia pigmenti (IP). FEVR presents in infancy or
early childhood with reduced vision and photoreceptor dysfunction as a consequence
of complications including macular ectopia, retinal detachment and exudation.125, 126
Mutations in genes of the Wnt signalling pathway NDP, LRP5, TSPAN12 and FZD4,
which regulate normal retinal vascular growth in utero, are associated with
approximately 50% of familial exudative vitreoretinopathy (FEVR) cases.125 FEVR is
characterised by variable expression and inheritance patterns.126 IP is a systemic
disorder of ectodermal cells due to mutations in IKBKG important in inflammatory and
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apoptotic pathways.67 Retinal vascular abnormalities may be present from birth and
can lead to retinal detachment and vision loss.127

1.4.6 Syndromic retinal dystrophies
Children presenting to the ophthalmologist may have a known syndromic manifestation
of disease or may develop syndromic manifestations. As such, routine paediatric
assessment of EORD patients is important. Syndromic manifestations may be
apparent at presentation, for instance sensorineural hearing loss in Ushers syndrome,
polydactylyl in Bardet-Biedl syndrome and lack of cutaneous pigmentation in
oculocutaneous albinism. Systemic associations may develop later, for instance in
juvenile neuronal ceroid lipofuscinosis due to mutations in CLN3, a rapidly progressive
retinal dystrophy presenting age 6-8 years precedes the onset of neurological
decline.128

1.5 Thesis aims
Detailed phenotypic and molecular analysis is incomplete for many sub-groups of
EORD. This clinical characterisation is important for an accurate and timely diagnosis;
appropriate and selective investigations; family counselling of prognosis and
recurrence risks and options for pre-implantation diagnosis or pre-natal diagnosis;
understanding of rate and degree of degeneration to target potential treatments to
effective treatment windows; understanding of disease pathways to identify potential
novel treatment targets; and selection of molecularly confirmed patients for treatment
trials. By investigating groups of similar patients both molecularly and clinically, using
the latest techniques available, insight in to phenotypes and novel molecular
aetiologies should be achieved.
The main aims of this thesis are to:
-

Phenotypically characterise cohorts of patients defined by molecular cause (proven
or likely) by detailed history, examination, retinal imaging, electrophysiology and
where appropriate systemic investigations in conjunction with paediatricians and
clinical geneticists

-

Develop practical skills to enable molecular investigation including Sanger
sequencing, cell studies and zebrafish studies

-

Perform targeted molecular screening of patients and family segregation

-

Investigate identified variants from WES

-

Develop the skills to interrogate databases and utilise bioinformatic tools to
interpret and investigate molecular data

-

Investigate potential phenotype-genotype correlation
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2 Methods
2.1 Clinical methods
Ethical approval was obtained from the Research Ethics Committee, Moorfields Eye
Hospital (reference MOOA1014). The study protocol adhered to the tenets of the
Declaration of Helsinki. Written, informed consent was obtained from all participants
prior to their inclusion in this study with parental written consent provided on behalf of
the children involved in this study.
Patients and their relatives were examined and investigated within the inherited retinal
eye disease clinics at Moorfields Eye Hospital, London and Great Ormond Street
Hospital, London. I examined the majority of patients reported in this thesis. When this
was not possible, for instance the patients were no longer under the care of the
hospital or lived too far away for further review to be logistically possible, the prior
assessment by one of my 2 supervisors was used. Within each chapter, the role of the
examiner is made clear.
When relevant, relatives would be examined and investigated. Examination of available
relatives is particularly useful in retinal genetics clinics, where clues to the diagnosis
and inheritance pattern may be found. For instance, in a male patient presenting in the
first decade with nyctalopia, high myopia and fundus signs consistent with a rod-cone
dystrophy, examination of his mother may be informative. Carrier females in X-linked
RCD may have abnormalities of the retina including a tapetal reflex and sectoral
peripheral bone spicule pigmentation.68

2.1.1 History and examination
A detailed history provides vital information as to the possible type of retinal disease,
its potential inheritance and its impact on the patient and their family. In taking a
medical history I enquired about specific ocular presenting symptoms including:
nyctalopia, field loss (difficulty on stairs, bumping in to things), central vision
disturbance (reading, faces, colours), photophobia, photoattraction, eye poking,
glasses, and previous ocular surgery (eg cataract). I also enquired about any signs or
symptoms of syndromic disease such as extra digits/skin tags on hands or feet (or
scars if removed), renal impairment, deafness, anosmia, learning difficulties,
developmental delay, obesity, skeletal abnormalities (such as hip dysplasia, shortened
ribs), poor balance, cardiomyopathy, peripheral neuropathy, pituitary failure and
bleeding diathesis. Some syndromic features may not be apparent at presentation but
develop later, such as LCA with renal failure due to nephronophthsis which usually
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develops in the first decade but may not present until the second decade.84 Additionally
for children I enquired about birth history, development, schooling and support in place.
For adults it was important to note employment and difficulties working, driving and
support. When visual deterioration met the criteria, registration as sight impaired or
severely sight impaired was discussed. A detailed family history was taken and a
pedigree drawn. This was helpful in determining likely inheritance pattern.
Consanguinity was always documented.
Ocular examination of the patient included best corrected visual acuity, colour vision,
and visual fields (as described above). Slit lamp biomicroscopy of the anterior segment
was performed specifically looking for any relevant signs such as keratoconus, iris
transillumination, anterior segment dysgenesis, cataract or raised intra-ocular pressure.
A dilated fundus examination permitted assessment of the appearance of the optic disc
and vessels and the distribution, type and pattern of any pigmentary change. Additional
features included macular lesions such as vitelliform lesions or flecks, exudation,
telangiectasia, haemorrhage, and schisis. In children too young for slit lamp
examination, a hand-held slit lamp and an indirect ophthalmoscope were used.
Systemic assessment included external examination of the patient for any apparent
dysmorphic features such as saddle-nose, microcephaly, short stature, scars on
hands/feet, extra digits or sparse scalp hair. Growth parameters in children were
measured when relevant.

2.1.2 Retinal imaging
All patients, age permitting underwent retinal imaging which is useful for documentation
of findings and for objective monitoring of progression. Colour fundus images were
obtained by 35 degree (Topcon Great Britain Ltd, Berkshire, UK), ultra-widefield
confocal scanning laser imaging (Optos plc, Dunfermline, UK), or RetCam imaging
(Clarity Medical Systems Inc, California, USA).
Conventional Topcon white-light 35 degree images would typically be obtained in 9
positions of gaze to cover the entire fundus through a dilated pupil (figure 2-1). An
Optos image covers 200 degrees and encompasses the peripheral retina, particularly
useful in the paediatric setting and for patients with limited cooperation as a single
image may be sufficient once the dilated pupil is properly aligned. Optos images were
acquired by laser scanning ophthalmoscopy using 2 lasers, 532nm green (to image
retina) and 633nm red (to image RPE and choroid, www.optos.com). The RetCam was
used for examination of supine patients, most typically during examination under
anaesthesia in theatre again through a dilated pupil. Images were acquired using a
corneal contact probe with white light and a field of approximately 130 degrees.
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Figure 2-1: Example colour fundus imaging
Left eye of a 12 year boy with enhanced S-cone syndrome. Due to the wavelength of laser
used, Optos images have an artificial appearance which can be altered to more realistic retinal
colours using the product software. There are frequently artefacts from eyelashes (seen
superiorly and inferiorly) and from fingers holding up eyelids (top right).

Fundus autofluorescence (FAF) imaging may highlight abnormalities in retinal
dystrophy not visible ophthalmoscopically and can be a useful parameter for monitoring
disease progression (figure 2-2). The RPE phagocytoses shed outer segments of
photoreceptors with lipofuscin accumulating in lysosomes in the RPE as a by-product
of this process.129 When stimulated by blue light, the lipofuscin pigments naturally
fluoresce. Normally, the optic disc and retinal vessels appear dark, the AF signal is
most intense 5-15 degrees temporal to the fovea and the fovea itself appears dark due
to the absorption of 488nm light by the macular pigments with some absorption by
melanin granules in the RPE.130 In early stages of retinal dystrophy, increased
autofluorescence is indicative of RPE dysfunction prior to atrophy and in RCD is
classically seen as a ring in the macula.131 Regions of reduced AF may be seen prior to
any visible atrophic changes ophthalmoscopically. This loss of AF is indicative of
severe damage to the retinal pigment epithelium (RPE) and subsequent atrophy of the
overlying neurosensory retina. In this study, FAF imaging was most frequently
performed using 30 or 55 degree imaging (Spectralis, Heidelberg Engineering Ltd,
Heidelberg, Germany). The Spectralis is a confocal scanning laser ophthalmoscope
which continually scans the retina. Laser excitation of 488nm was used with an
emission detection filter of 500nm. The Optos ultra wide-field was also used for FAF
imaging and these images can be used to estimate the visual field.60

Figure 2-2: Examples of FAF imaging
Left eye of a 12 year boy with enhanced S-cone syndrome demonstrating different sizes of
fields with different imaging modalities.
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Spectral domain OCT scans (Spectralis) were used to create cross-sectional images of
retinal layers, RPE and choroid (figure 2-3). An 870nm superluminescent diode was
used across a 30 degree field with reflected light from a spectrum of wavelengths then
measured. The speed of reflection and wavelength were processed to build up an
image of the reflective surfaces. Images were measured at 40,000 A-scans per second
giving a high axial resolution of 7 µm to a depth of 1.9mm
(www.heidelbergengineering.com). OCT images demonstrate a number of features in
retinal dystrophy, including loss of retinal layers, RPE or choroid, disorganised
lamination, macular oedema and outer retinal tubulations (ORTs).132 In RCD, the inner
segment ellipsoid (ISe) band is typically lost in the peripheral macula with progressive
loss towards the fovea a marker of progression.133

Figure 2-3: Example of OCT imaging with layer segmentation
Left OCT of patient with enhanced S-cone syndrome with individual layers labelled. Infrared
image on left represents multiple scan positions with the highlighted arrow corresponding to the
OCT image illustrated on the right. The outer segment/RPE band can be differentiated from the
RPE in high quality scans only. Note, subfoveally the increased black space representing the
increased outer segments in this region. Also note, nasally disrupted ISe band.

Fundus fluorescein angiography (FFA) is a technique to visualise retinal vessels and to
a lesser extent the choroidal circulation (figure 2-4). Intravenous fluorescein is injected
and consecutive fundus images taken with a blue excitation light of 488nm and a
500nm filter to isolate the fluorescence only. This technique is particularly useful in
conditions where there may be abnormal vascular development such as familial
exudative vitreoretinopathy, in telangiectasia and exudation and in choroidal
neovascular membranes of the macula. FFAs can be performed using the Topcon
system, Optos, RetCam or Spectralis. Optos FFA is particularly useful if peripheral
images are needed. However, limited normative data can make interpreting these
images challenging. Peripheral vascular abnormalities have been found in normal
patients and areas of non-perfusion have been found in patients with high myopia.134
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Figure 2-4: Examples of fundus fluorescein angiograms
Top, 31 year old untreated familial exudative vitreoretinopathy (FEVR); Optos image of left eye
with temporal incomplete vascularisation and abnormal vascular malformations. Middle, 7
weeks old boy, poor eye contact, nystagmus and microcephaly; RetCam image of right retinal
fold, incomplete peripheral vascularisation evident on FFA. Bottom, 11 year old with PNPLA6
related chorioretinopathy and a secondary right choroidal neovascular membrane (CNVM);
Optos colour image of right eye, Spectralis FFA of posterior pole, no leak from CNVM.

2.1.3 Electrophysiology
The majority of patients presenting with symptoms related to retinal dystrophy undergo
electrophysiological testing to objectively assess the function of the visual pathways,
localise disease and estimate visual disability. The interpretation of reporting of these is
performed by Prof Graham Holder and Dr Anthony Robson, and the ERG figures and
interpretations within this thesis have been provided by them.
Electrodiagnostic tests (EDTs) comprise the electroretinogram (ERG) which measures
the mass response from photoreceptors and the inner retina; the pattern ERG (PERG)
which measures the macula photoreceptor and retinal ganglion cell responses; the
electrooculogram (EOG) for examining RPE function; and the visual evoked potential
(VEP) which assesses intracranial pathways. In this thesis the main investigative
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methods of relevance were the ERG, PERG and VEP. The ERG can be particularly
useful in infants presenting with nystagmus and poor visual responses, to readily
distinguish between LCA or less severe conditions such as achromatopsia. ERG
responses can be pathognomonic of certain conditions including enhanced S-cone
syndrome due to NR2E3 mutations and cone dystrophy with supernormal rod ERG due
to KCNV2 mutations.135
Recordings were performed to standards published by the International Society for
Clinical Electrophysiology of Vision (ISCEV) to ensure the stimulus parameters and
adaptive state of the eye at recording (dark or light adapted duration) were comparable
and meaningful.136, 137 Recordings were performed with gold foil corneal electrodes but
in infants and young children these were not usually tolerated and skin electrodes were
used with modified protocols.138 Abnormal retinal function was determined by reduced
(or less commonly abnormally increased) amplitude and by delayed timing of
responses.
The basic protocols for ERG recordings are broadly divided in to 4 categories: dark
adapted (DA) 0.01, DA 10.0, light adapted (LA) 30Hz and LA 3.0 (figure 2-5). Dark
adaptation was performed by patching the eye for 20 minutes to obtain maximal
information about rod-driven responses. Flash stimuli were delivered by a Ganzfeld
bowl to achieve whole field, uniform illumination with units of candela-seconds per
meter squared (cd.s.m-2). DA 0.01 comprised a 0.01 cd.s.m-2 dim stimulus generating a
b-wave that reflects rod pathways. DA 10.0 comprised a 10.0 cd.s.m-2 stimulus
generating an a-wave which reflects combined photoreceptor responses and ON
pathways, and a b-wave that reflects predominantly rod ON bipolar cells. In practice
the DA 10.0 was predominantly used for interpreting rod and inner retinal cell
dysfunction. Depending on the machine used, some recordings were with a 11 cd.s.m-2
stimulus. Light adaptation was performed using a 30 cd m-2 stimulus from the Ganzfeld
bowl for at least 10 minutes. LA 30Hz flicker was a 3.0 cd.s.m-2 stimulus delivered at a
frequency of approximately 30Hz, which generates a cone isolated response due to the
poor temporal resolution of rods and rod-saturating background. LA 3.0 was a single
flash 3.0 cd.s.m-2 stimulus generating an a-wave reflecting predominantly cone function
and a b-wave that reflects ON and OFF bipolar cells. Further specific testing was
performed when indicated for instance S-cone specific ERG or ON and OFF bipolar
cell recordings. ERGs were recorded with the pupil dilated except in young
children/infants.
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Figure 2-5: Electroretinogram and pattern electroretinogram examples
All patients shown have CRX mutations. Patient with macular dystrophy demonstrates
subnormal PERG with normal ERGs for age (53 years at ERG). Patient with CORD,
demonstrates subnormal rod and bright flash ERGs (DA 0.01; DA 11.0), delayed and subnormal
cone flicker ERGs (LA 3.0 30Hz) and markedly subnormal single flash ERG (LA 3.0 2Hz) with
undetectable PERG. Patient with RCD, demonstrates undetectable rod ERG (DA 0.01), severe
reduction in the bright flash ERGs (DA 11.0) and markedly delayed and subnormal cone flicker
and single flash ERGs (LA 3.0 30Hz; LA 3.0). PERG was unrecordable due to nystagmus.

PERG recordings were performed with a black and white checkerboard of constant
mean luminance with an undilated pupil and refractive correction. The test required
central fixation for good quality recordings. Recordings measured the response of the
retina stimulated by this contrasting image reflecting function of the central macula. It is
useful for assessing macular involvement in a retinal dystrophy (figure 2-5) and in
differentiating macula or ganglion cell related visual loss.139 Two main components
were measured, the P50 at approximately 50msec which reflects the function of the
macula and the N95 component reflecting retinal ganglion cell function.
The VEP was recorded using occipitally placed skin electrodes with monocular
stimulation from a black and white checkerboard.140 Relevant applications include;
investigating demyelinating optic nerve disease in which the pattern VEP is delayed in
the presence of a normal PERG; assessing chiasmal misrouting in oculocutaneous
albinism in which the majority of optic nerve fibres decussate contralaterally; and
demonstrating normal responses and objective visual acuity in non-organic visual
loss.141, 142
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2.2 Molecular genetic methods
For the majority of patients reported within this thesis, I performed molecular
investigations with Sanger sequencing. Patients were either undiagnosed and for
candidate gene screening or they had undergone NGS and were for further
investigation and co-segregation. Within each chapter, my role in the genetic
investigations is detailed.

2.2.1 DNA isolation and quantification
Genomic DNA was isolated from peripheral blood lymphocytes, saliva or buccal swabs,
using the Puregene kit (Gentra Puregene Blood and Tissue Extraction Kit, QIAGEN,
Manchester, UK) by colleagues within the Institute (Beverley Scott and Naushin
Waseem). DNA samples may have already been obtained. Otherwise patients and
relatives were contacted for samples or recruited within clinic. I performed the majority
of this additional sampling.
Extracted DNA was quantified using a spectrophotometer (NanoDrop 2000, Thermo
Fisher Scientific, Waltham, MA, USA) and 1µl of the DNA sample. The
spectrophotometer uses a wide spectral range of light stimulation from ultraviolet to
visible light (190-840nm) and a photodetector to measure the absorbance of a sample.
DNA has a peak absorbance at 260nm, protein at 280nm. The transmittance of a
substance is related to its optical depth and its absorbance; this is known as the BeerLambert law and this principle is used to calculate the concentration of a sample based
on a 50µg/ml DNA sample at 260nm absorbance having an optical density of 1. The
quality of DNA was also assessed using a purity ratio, A260/A280 with an optimal ratio
of 1.8 indicating low amounts of contaminating protein and values below 1.6 indicating
high protein contamination. DNA was diluted to 50ng/µl for use in reactions.

2.2.2 Polymerase chain reaction
In vitro cloning of DNA fragments by polymerase chain reaction (PCR) is a rapid, and
sensitive method of amplifying even tiny amounts of DNA.65 Within the laboratory, PCR
was performed to selectively amplify a region of DNA under investigation using
specifically designed oligonucleotide sequences (primers) acting at target sequences
surrounding an exon. Primers were designed in a 5’ to 3’ direction to direct synthesis of
a complementary DNA strand towards the other primer binding site. Each newly
synthesised strand thus acting as a template for further reactions, creating an
exponential reaction for DNA production.
There are 3 steps to the PCR process (figure 2-6):
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1) Denaturation: DNA is heated to a temperature sufficient to break the hydrogen
bonds and separate the double-stranded DNA in to 2 complementary strands
2) Primer annealing: primers bind to complementary sequences on the singlestranded DNA
3) DNA synthesis: DNA polymerase initiates the synthesis of new DNA strands by
the addition of synthetic deoxynucleoside triphosphates (dNTPs), specifically
dATP, dCTP, dGTP and dTTP.

Figure 2-6: Polymerase chain reaction
The process was repeated for approximately 30 cycles to generate sufficient DNA to
sequence (table 2-1). PCR was performed in a thermal cycler (Bio-Rad C1000, BioRad Laboratories, California, USA). The reagents comprised DNA, Taq DNA
polymerase, reaction buffer, magnesium chloride (MgCl2), dNTPs and primers.
Standard PCR reaction, 20 μl vol
Step

Condition

1

95°C 300 secs

2

95°C 30 secs

3

X°C 30 secs

4

72°C 60 secs

Go to step 2, 34 times
5

72°C 420 secs

6

4°C 120 secs

Table 2-1: PCR protocol
X is the PCR specific temperature

Taq polymerases are heat resistant DNA polymerases derived from a microorganism,
Thermus aquaticus that exists in naturally hot environments. These enzymes can
withstand the initial 95°C denaturation step. The standard Taq polymerase used in the
lab was BIOTAQ (BIOTAQ™ DNA Polymerase, Bioline, London, UK, table 2-2). In
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cases where PCR reactions were weak or sub-optimal, MyTaq (MyTaq™ DNA
Polymerase, Bioline) was used (table 2-2). MyTaq has increased affinity for DNA.
BIOTAQ mix, total vol
20μl

Final
concentration

MyTaq mix, total vol
20μl

Final
concentration

10x reaction
buffer

2μl

1x

5x reaction
buffer

4μl

1x

Primer forward
(10μM)

0.8μl

0.4μM

Primer forward
(10μM)

0.8μl

0.4μM

Primer reverse
(10μM)

0.8μl

0.4μM

Primer reverse
(10μM)

0.8μl

0.4μM

BIOTAQ
(5 units/μl)

0.2μl

1 unit/reaction

MyTaq

0.2μl

1 unit/reaction

dNTPs

2μl

0.2mM

DNA

50ng

-

0.6μl

1.5mM

Water

13.2μl

-

DNA

50ng

-

Water

12.6μl

-

(5 units/μl)

(2mM)
MgCl2
(50mM)

Table 2-2: BIOTAQ and MyTaq protocols for PCR
The ammonium based reaction buffers (containing ammonium sulphate and Trishydrochloride) and MgCl2 provided optimal reaction conditions. The MyTaq 5x reaction
buffer contains dNTPs and MgCl2. For those PCR products with an unavoidably high
GC content (typically >60%), 8% dimethyl sulphoxide (DMSO) was added to the
protocol. DMSO is thought to reduce the formation of secondary structures by binding
the major and minor grooves of DNA strands.143
Primers (typical 18-25 nucleotides) were designed using open-source software at
Primer3plus.com with gene sequences from Ensembl accessed at
http://www.ensembl.org.144 Primer pairs were selected based on similar predicted
melting temperatures, an optimal GC content (<60%) and an amplicon size <1000
base pair (bp) to avoid difficulties in amplification and sequencing. Primers with high
GC content would be more likely to dimerise or form secondary structures. Primer pairs
were run through in silico PCR software at UCSC genome browser
(https://genome.ucsc.edu/cgi-bin/hgPcr) to ensure they would specifically anneal only
to the area of interest without any other alternative binding sites in the genome.
Lyophilised primers were re-suspended in sterile water at 100mM and stored at -20ºC
with a working stock of 200µl of 10mM primer stored at 4ºC.
PCR reactions were first optimised using a temperature gradient protocol to determine
the optimal primer annealing temperature to minimise non-specific amplification and
ensure a high yield of PCR product. The temperature gradient would typically be run
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from 50-65°C (figure 2-7). The resulting PCR products were separated by size using
agarose gel electrophoresis. 4µl of PCR product was mixed with 1µl of loading buffer
(bromophenol blue/xylene cyanol/Ficoll) and electrophoresed for 30-40 minutes at
150V constant voltage through a 2% agarose gel containing 5µl/100ml of SafeView
reagent (Applied Biological Materials Inc, Richmond, BC, Canada) in TBE
(Tris/borate/EDTA, Thermo Fisher Scientific) buffer. An appropriate molecular weight
marker was used, most typically HyperLadder IV (Bioline Reagents Limited, London,
UK). The gel was imaged using an ultraviolet transilluminator and photographed using
an orange filter.

Figure 2-7: Temperature gradient optimisation example
Agarose gel electrophoresis image of RDH12 exon 7 run with BIOTAQ. 65°C was the optimal
temperature chosen from this experiment as it was the highest temperature with a clear band.

2.2.3 Sanger sequencing
Dye-terminator dideoxynucleotide DNA sequencing, more commonly known as Sanger
sequencing, is an enzymatic process for interpreting the nucleotide order within a
specific length of DNA.65 The original method as described in the 1970s generated
newly synthesised DNA strands of sequential lengths depending on the incorporation
of a dideoxynucleotide chain terminator in to the new strand, that could be separated
on a polyacrylamide gel.145 Automated sequencing machines are now used with 4
fluorescent labels of differing emission wavelengths that are detected as the DNA
sample migrates past a laser and camera at a fixed point during electrophoresis
through a polyacrylamide gel capillary.146
The PCR product was sequenced in a number of steps. Prior to sequencing,
unincorporated primers and nucleotides were removed to avoid contamination of
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downstream sequencing reactions or alteration of the dNTP:dye-terminator ratio. The
product was cleaned up of primers and free dNTPs using a combination of
Exonuclease I (ThermoFisher Scientific) and FastAP shrimp alkaline phosphatase
(ThermoFisher Scientific). The former removes primers and acts on single stranded
DNA such that the double stranded PCR product is not digested; the latter inactivates
the dNTPs by dephosphorylating them. 3.2µl of enzyme mix containing 2 units of Exo I
and 2 units of FastAP was added per PCR reaction and incubated for 60 minutes at
37°C followed by inactivation for 20 minutes at 80°C then cooled to 4°C for 5 minutes.
Sequencing of the amplified product was performed using BigDye terminator chemistry
(table 2-3, BigDye Terminator Cycle Sequencing Kit, v.3.1; Thermo Fisher Scientific).
This kit contains a DNA polymerase and fluorescently labelled dNTPs.
BigDye reaction

Mix, total 10μl

Step

Condition

1

96°C 120 secs

2

96°C 10 secs

BigDye

1μl

3

50°C 5 secs

Template

1.5μl

4

60°C 240 secs

Primer

0.5μl

Water

7μl

Go to step 2, 24 times
5

4°C 120 secs

Table 2-3: BigDye reaction
Free nucleotides and enzyme were then cleaned up by using sequencing clean-up
filter plates (Montage SEQ96, Millipore Ltd, Watford, UK) with a vacuum pump
according to manufacturer instructions and then re-suspended in 12µl of sterile water.
Finally, the samples were loaded on to an automated capillary sequencer (Applied
Biosystems 3730 DNA Analyzer) run by colleagues within the Institute (Naushin
Waseem and Beverley Scott).

2.2.4 Next generation sequencing
2.2.4.1 Massively parallel sequencing
Patients were selected for WES based on prior molecular investigations including
candidate gene screening, APEX microarray, single nucleotide polymorphism (SNP)
microarray, homozygosity mapping and NGS gene panel screening. WES was
predominantly performed at AROS Applied Biotechnology (Aarhus, Denmark), with
alignment and variant calling performed by a colleague (Vincent Plagnol) at the UCL
Genetics Institute. Further variant filtering and interpretation was predominantly
performed by the post-doctoral fellow within the laboratory, Dr Gavin Arno as well as by
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Prof Andrew Webster. WES was performed using SureSelect XT Human All Exon
capture (Agilent Technologies Inc., Santa Clara, USA). In brief, for this type of massive
parallel sequencing, patient DNA was digested in to randomly sheared, adaptor-ligated
and PCR-amplified fragments.147 These were mixed with a pool of biotinylated RNA
capture probes (designed to cover the whole exome) that then attached to streptavidincoated magnetic beads. These were then selectively PCR amplified with paired-end
sequencing performed using the Illumina HiSeq2500 sequencer (Illumina, San Diego,
CA). The fluorescence emitted for each incorporated dNTP was recorded to determine
the sequence. Approximate read-depths and coverage were 30x minimum for 75% of
the exome and 10x minimum for 90% of the exome.

2.2.4.2 Variant call alignment and analysis
The resulting raw data required extensive processing. The raw FASTQ files containing
FASTA formatted text-based sequence and quality data for each read were aligned to
the Genome Reference Consortium human genome build 37 (GRCh37) using
Novoalign (Novocraft Technologies, Selangor, Malaysia) version 2.08.03. Duplicate
reads were identified using Markduplicates (Picard Tools, Broad Institute, Cambridge,
Ma, USA, http://broadinstitute.github.io/picard). The Haplotype Caller module of the
Genome Analysis ToolKit (GATK, version 3.3-0, Broad Institute,
www.broadinstitute.org/GATK) was used to identify sequence variants. The resulting
genomic variant call format (VCF) file was further analysed using the GenotypeGVCFs
module (of GATK) for final variant calling. Variant quality scores were recalibrated
according to GATK best practice separately for single nucleotide variants and
insertions/deletions. Finally, the resulting variants were annotated using ANNOVAR
(www.openbioinformatics.org) based on Ensembl gene and transcript definitions.
Candidate variants were filtered based on function (non-synonymous missense,
presumed loss of function, splicing defined as intronic sites within 5 bp of exon-intron
junction) and a minor allele frequency (MAF) <0.5% (as compared with an internal
control group of 3000 clinical exomes, UCL-exomes consortium and the NHLBI GO
Exome Sequencing Project dataset, EVS, Seattle, WA available at
http://evs.gs.washington.edu/EVS/). Variants in know retinal dystrophy genes would be
investigated first with this analysis predominantly performed by Dr Arno and Prof
Webster and to a lesser extent by myself. If potentially pathogenic variants in known
retinal dystrophy genes were not found, the other variants were investigated to try and
identify candidate genes. This approach would involve investigating known reports of
protein function, animal models, orthologues and human paralogues.
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2.2.4.3 Whole genome sequencing
In WGS, there is no targeted capture of regions of interest and no PCR step. This
results in less bias, improved coverage of regions difficult to PCR such as repetitive
regions or GC rich first exons, allows investigation of deep intronic variants and
regulatory regions that may not be covered with other methods and better identifies
copy number variants (CNVs).148 In practice, the coverage is approximately 95% of the
genome with a lower read-depth than WES at 15x.
WGS was performed as part of the NIHR BioResource Rare-diseases SPEED study
using the Illumina TruSeq DNA PCR-Free Sample preparation kit (Illumina Inc.) and
sequenced using an Illumina HiSeq 2500. Alignment and variant calling was performed
by Dr Keren Carss (NIHR BioResource - Rare Diseases, Department of Haematology,
University of Cambridge, Cambridge, UK). Reads were aligned to the Genome
Reference Consortium human genome build 37 (GRCh37) using Isaac Genome
Alignment Software (version 01.14, Illumina Inc.).149 Single nucleotide variations and
small insertion deletions were identified using Isaac Variant Caller (version 2.0.17).149

2.2.5 Other molecular investigations
NGS of the coding regions of 105 retinal genes (table 2-4) and subsequently 176
retinal genes (table 2-5) was performed at the Manchester Centre for Genomic
Medicine (Manchester, UK) with enrichment using a SureSelect Target Enrichment Kit
(Agilent Technologies Inc., Santa Clara, USA) then sequenced on the HiSeq 2500
(Illumina Inc., San Diego, CA).14 Sequenced reads were aligned to the human
reference sequence hg19 (build GRCh37) with the Burrows-Wheeler aligner (BWA
v0.6.2).150 The genome analysis tool kit (GATKlite v2.0.39) was used for base quality
score recalibration and indel realignment prior to variant calling using the
UnifiedGenotyper.151 This gene panel was frequently used for screening undiagnosed
patients as a rapid and cost-effective method from clinic with variant interpretation
performed by the Manchester Centre providing a variant list from their analysis and
most likely causative candidates.
Autozygosity mapping has frequently been used within the department for
consanguineous families. The underlying principle is that non-random mating leads to
inheritance of identical ancestral alleles. Regions of homozygous DNA >5Mb are
generally not seen in non-consanguineous mating; larger homozygous tracts are
identical by descent, and indicate parental consanguinity.152 For recessive disease, the
degree of consanguinity is directly correlated to the risk of disease. Homozygosity
mapping of multiple family members can highlight a candidate gene for sequence
analysis. This investigation of homozygous regions was performed using a SNP
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microarray containing 730,525 SNPs (OmniExpress, Illumina Inc., San Diego, Ca,
USA) at the Institute of Child Health (London, UK) and was additionally performed on
exome data.
ABCA4

CEP290

GNAT2

NDP

RBP3

SAG

ADAM9

CERKL

GPR98

NR2E3

RD3

SEMA4A

AIPL1

CHM

GUCA1A

NRL

RDH12

SNRNP200

ARL6

CLRN1

GUCA1B

OTX2

RDH5

SPATA7

BBS1

CNGA1

GUCY2D

PCDH15

RGR

TEAD1

BBS10

CNGA3

IDH3B

PDE6A

RGS9

TIMP3

BBS12

CNGB1

IDH3B

PDE6B

RHO

TOPORS

BBS2

CNGB3

IMPDH1

PDE6C

RIMS1

TRIM32

BBS4

CRB1

IMPG2

PDE6G

RLBP1

TTC8

BBS5

CRX

KCNV2

PITPNM3

ROM1

TULP1

BBS7

DFNB31

KLHL7

PRCD

RP1

UNC119

BBS9

DHDDS

LCA5

PROM1

RP1L1

USH1C

BEST1

EFEMP1

LRAT

PRPF3

RP2

USH1G

C1QTNF5

ELOVL4

LRP5

PRPF31

RP9

USH2A

CA4

EYS

MERTK

PRPF6

RPE65

ZNF513

CACNA2D4

FAM161A

MKKS

PRPF8

RPGR

CDH23

FSCN2

MKS1

PRPH2

RPGRIP1

CDHR1

FZD4

MYO7A

RAX2

RS1

Table 2-4: List of 105 retinal genes in Manchester panel
Note, ORF15 region of RPGR poorly covered

ABHD12

CDH3

GPR179

LZTFL1

PEX1

TSPAN12

ACBD5

CEP164

GRM6

MFRP

PEX2

TUB

ADAMTS18

CIB2

HARS

MVK

PEX7

VCAN

AHI1

CLN3

HMX1

NEK2

PHYH

VPS13B

ARL2BP

CNNM4

IFT140

NMNAT1

PLA2G5

WDR19

BB1P1

CSPP1

IMPG1

NPHP1

PRPF4

ZNF423

C21orf2

CYP4V2

INPP5E

NPHP3

RAB28

C2ORF86

DTHD1

INVS

NPHP4

RBP4

C8ORF37

EMC1

IQCB1

NYX

RPGRIP1L

CABP4

FLVCR1

ITM2B

OAT

SDCCAG8

CACNA1F

GNAT1

KCNJ13

OFD1

SLC24A1

CAPN5

GNPTG

KIAA1549

PANK2

TMEM237

CC2D2A

GPR125

KIF11

PCYT1A

TRPM1

Table 2-5: List of additional retinal genes in 176 gene panel
APEX microarray screening (Asper Biotech Ltd.), was performed on patients prior to
my study using a genotyping microarray containing specific disease causing variants
and common polymorphisms. For LCA this comprised >300 variants for 8 retinal
dystrophy genes (AIPL1, CRB1, CRX, GUCY2D, RPE65, RPGRIP1, LRAT and
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MERTK) with an autosomal recessive RCD screen containing >700 disease causing
variants for 28 retinal dystrophy genes (ABCA4, AIPL1, CERKL, CNGA1, CNGA3,
CNGB3, CRB1, EYS, GRK1, IMPG2, LRAT, MERTK, PDE6A, PDE6B, NR2E3,
PROM1, RBP3, RDH12, RGR, RHO, RLBP1, RP1, RPE65, SAG, TULP1, CLRN1 and
USH2A).153, 154

2.2.6 Variant analysis and functional predictive tools
Variants were interrogated using the GenBank accession number from the National
Institute for Health publically available genetic sequence database with nucleotide
position 1 corresponding to the A of the ATG translation initiation codon.155

2.2.6.1 Determining novelty
Variants were identified as novel if not previously reported in the literature and if absent
from open-source variant databases namely dbSNP available at
http://www.ncbi.nlm.nih.gov/projects/SNP/, EVS, 1000 genomes project available at
http://www.1000genomes.org/ and the Exome Aggregation Consortium (ExAC,
Cambridge, MA) available at http://exac.broadinstitute.org.156 The ExAC database
became publically available in late 2014 and comprises >60,000 exomes collated to
determine MAF of a variant. Frequently, a pathogenic variant not previously reported in
an affected patient, would be identified in the ExAC database but at a very low
frequency (<0.0001) consistent with rare disease.

2.2.6.2 Predicting pathogenicity
Various in silico tools were used to estimate the pathogenicity of novel variants. These
included the open-source predictive algorithms for missense variant of ‘Sorting
Intolerant from Tolerant’ (SIFT) available at http://sift.jcvi.org and Polymorphism
Phenotyping v2 (PolyPhen2) available at http://genetics.bwh.harvard.edu/pph2 with a
score <0.05 indicating pathogenicity for SIFT and a score of ≥0.90-<0.95 indicating
possibly damaging and ≥0.95 probably damaging for Polyphen2.157, 158 For splice site
variants, Splice Site Prediction by Neural Network at
http://www.fruitfly.org/seq_tools/splice.html and Human Splicing Finder (HSF) at
www.umd.be/HSF3 were used.159, 160 Conservation of residues between orthologues
and between human paralogues was analysed using Clustal Omega accessed at
http://www.ebi.ac.uk/Tools/msa/clustalo/ with protein sequences to be aligned identified
from Ensembl.161 Conservation across species indicates importance of that residue in
protein function. Both SIFT and Polyphen2 work in part by analysing conservation.
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2.2.6.3 Protein modelling
A polypeptide may be subject to post-translational modification such as the methylation
of cone transducin.162 The secondary structure motifs such as the α-helix may be
partially predicted from the amino acid sequence but the three-dimensional tertiary
structure of a protein may only be deduced experimentally. This includes X-ray
crystallography or nuclear magnetic resonance spectroscopy with this information
curated, annotated and made freely available within the Protein Data Bank
(www.pdb.org).163 The UniProt Knowledgebase (www.uniprot.org) is an open-source
resource of protein sequence and functional information with manual curation of the
Swiss-Prot section.164 For proteins without experimental data, modelling of the
crystalline structure can be performed using tools such as Visual Molecular Dynamics
(VMD accessed at http://www.ks.uiuc.edu/Research/vmd/) based on paralogues and
sequence information. VMD is developed with NIH support by the Theoretical and
Computational Biophysics group at the Beckman Institute, University of Illinois at
Urbana-Champaign, USA.
Complex structural motifs form protein domains essential for protein function and
interactions. Mutations leading to altered residues within these domains may introduce
structural change to the shape of the protein, may alter protein interactions or may be
tolerated.

2.3 Cell studies
Under supervision by a colleague (Nicholas Owen) within our lab at the Institute of
Ophthalmology, an in vitro experiment was designed to perform transient plasmid
transfection of hTERT-RPE1 cells. I performed all experiments. This necessitated
learning how to first transform XL1-Blue Supercompetent cells to synthesis plasmid
DNA; perform Maxiprep, site directed mutagenesis and Miniprep; grow, split, freeze,
resurrect and transfect cells using a class II biological safety cabinet; immunostain; and
use a confocal microscope.

2.3.1.1 Plasmid transformation of cells
The initial experiment required transforming XL1-Blue Supercompetent cells (#200236,
Agilent Technologies, Santa Clara, Ca, USA) with a WT and mutated (E664K) pCMVIFT140-Myc-DDK plasmid (#RC207528, Origene, Rockville, MD, USA, both gifted from
a colleague in France) in order to make large quantities of plasmid DNA. All
procedures were performed using sterile plasticware on the laboratory bench using a
Bunsen burner to minimise contamination.
Transformation was performed according to the following protocol:
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1. LB agar plates: 400ml water and 16g LB agar was autoclaved in a 500ml conical
flask, once cooled slightly antibiotic was added (100 µg/µl, ampicillin for pUC18
control, kanamycin for IFT140 plasmid), poured in to plates, stored agar side up
2. XL1-blue cells (from -80 °C freezer) were rapidly thawed by hand and added to
labelled microcentrifuge tubes on ice, 50µl per experiment (plus 2 controls, pUC18
plasmid, known efficiency of ≥1.0 x 109 colony forming units/µg, and no DNA)
3. 0.85µl of β-mercaptoethanol was added to each tube and gently swirled
4. This was placed on ice for 10 minutes and swirled gently every 2 minutes
5. 50ng DNA plasmid (at 100ng/µl) was added (or 0.1ng (1µl) of pUC18), and swirled
gently
6. Ice 30 minutes
7. Samples were heat pulsed at 42°C for 45 seconds exactly (water bath used)
8. Ice for 2 minutes
9. 200µl S.O.C. medium was added
10. Incubated for 1 hour at 37°C with shaking at 225-250rpm
11. Plated on LB agar plates using sterile technique with Bunsen burner, glass rod and
100% ethanol, 50µl and 150µl volumes both used per experiment
12. Incubated at 37°C overnight
13. Colonies counted next day- efficiency assessed by counting pUC18, expect >100
colonies per 1µl plated
This resulted in <10 colonies per plate, with no colonies on the control negative DNA
plate and initially, <10 on the pUC18 plate indicating low efficiency. This markedly
improved with practice until there were >100 colonies on the pUC18 plate.

2.3.1.2 Culture of single colonies
Due to the low numbers of colonies, all were cultured and sequenced:
1. Under sterile conditions 3-4ml of sterile LB broth + 3-4 µl kanamycin were added to
a 50ml conical centrifuge tube
2. A single colony, was picked using a 10µl pipette tip with the whole tip placed in to
the conical tube
3. Incubated at 37°C at 225rpm for 6 hours minimum
4. Under sterile conditions, 1.5ml was taken from the tube and added to a 50ml LB
broth bottle, 2 made per experiment
5. Incubated overnight at 37°C at 225rpm
6. A glycerol stock was made of the resulting mix for storage in -80°C freezer for
future source of original clone: 0.5ml of overnight mix + 0.5ml 8% sterile glycerol in
a 1.5 ml microcentrifuge tubes
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Maxiprep was then performed on the overnight culture using the EndoFree plasmid
Maxi kit (QIAGEN, Dusseldorf, Germany) and an adapted manufacturer’s protocol. This
resulted in >900ng/µl of plasmid DNA per plasmid type with an overall approximate
volume of 0.7ml per plasmid.

2.3.1.3 Sequencing of plasmid open reading frame
Primer pairs were designed to sequence the open reading frame (ORF) of the plasmid
(table 2-6). Gradient optimisation of primer pairs was performed with template at
100ng/µl. VP1.5 and XL39 are plasmid specific primer sequences located before and
after the ORF respectively.
Name

Primer forward 5’ → 3’

Primer reverse 5’ → 3’

VP1.5/IFTORF1R

GGACTTTCCAAAATGTCG

AGTGCCTCCCTCTTCTCCAT

IFTORF 2

GAAGGGCAAGACCACTCAGG

TCCACTGATGTGCATGTCGG

IFTORF 3

TGTCGTCACACTTCCACCAG

CTTCGCATACAAACAGCCGG

IFTORF 4

GCAAGAGACTAATAAGAGCCACC

CATGTTCCCCAGGCACACC

IFTORF 5

TCAAAAGTGAGGCCGTCTGG

CTCCTCCTGGCTCTCGTACT

IFTORF 6

CTTCTCCCTGGTCCGCATC

CGTGTACTTCTTGGTGGCCA

IFTORF 7F/XL39

GAGCATCACCGAGGAGATGG

ATTAGGACAAGGCTGGTGGG

Table 2-6: Primer pairs for sequencing plasmid open reading frame
All reactions were performed with BIOTAQ DNA polymerase at 68°C. Both WT and
E664K plasmids were checked for the correct sequence. This identified 2 additional
variants in the E664K plasmid; both were synonymous.

2.3.1.4 Site directed mutagenesis
Four plasmid clones were generated by site directed mutagenesis (SDM) using a PCR
based method. Primer pairs were designed to be complementary, 25-40bp length with
the desired mutation central to the primer sequence, terminating with either a G or C
and a total GC content not more than 40% (table 2-7). Primers were PAGE
(Polyacrylamide gel purification) purified to give the highest percentage of mutagenized
clones. The melting temperature (Tm) was checked to be approximately 10°C above
the extension temperature where Tm=81.5+0.41(%GC)-675/N-%mismatch (N, primer
length, bps).
SDM was performed using Turbo DNA polymerase (Agilent Technologies, table 2-8
and 2-9, figure 2-8).
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Primer forward 5’ → 3’

Primer reverse 5’ → 3’

c.1319 T>C

CATGTCGGTGCGCGGGCTGTGT

GTCGCACACAGCCCGCGCACCGA

(p.Leu440Pro)

GCGAC

CATG

c.1451C>T

GGACCTTCTTGTGTGAGATGCC

GCATTGCTAACACAGGCATCTCAC

(p.Thr484Met)

TGTGTTAGCAATGC

ACAAGAAGGTCC

c.2330T>G

GAAGCTGAAGTGGCGCATGGCG

CGGGACGCCATGCGCCACTTCAG

(p.Leu777Arg)

TCCCG

CTTC

c.2815T>C

GCAGGTCCTCCGGCAGCATCCT

CCCAGGATGCTGCCGGAGGACCT

(p.Ser939Pro)

GGG

GC

Plasmid
mutant

Table 2-7: Primer pairs for site directed mutagenesis

Component

Volume

Final concentration

10x PCR Buffer

5 µl

1x

10mM dNTP

1 µl

0.2mM

DNA template

1/2/8 µl (5/10/40ng)

-

Turbo DNA polymerase 2.5 units/µl

1 µl

2.5 units/reaction

Primer forward, 10µM

1.1 µl

0.22µM

Primer reverse, 10µM

1.1 µl

0.22µM

Water

39.8/38.8/32.8 µl

-

Total volume

50 µl

Table 2-8: Reaction mix for SDM
SDM procedure:
Step

Temperature

Time

1 Denature

95°C

30 seconds

2

95°C

30 seconds

3 Annealing/extension

50°C

1 minute

4

68°C

2 minutes/kb of plasmid

Ice

2 minutes

Go to step 2, 11 times
5 Terminate

Table 2-9: Reaction steps for SDM
From each sample, 10 µl of PCR product was reserved. To the PCR reaction mix 1 µl
of DpnI restriction enzyme (10 units/ µl, Thermo Fisher Scientific, Waltham, MA, USA)
was added and incubated at 37°C for 1 hour to cleave the parental dsDNA. Samples
were then run on an agarose gel, with each quantity of DNA template (10 µl product
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with 2 µl dye) both digested and undigested, aiming to see a difference between the
two to select the DNA quantity that optimally worked.

Figure 2-8: Agarose gel of PCR site directed mutagenesis
For each generated mutant, samples were run with undigested and digested products for each
of 5ng, 10ng, 40ng, no polymerase and no template giving a total of 10 wells per mutant.

Following this XL1-blue cells were transformed with the PCR product using the same
procedure as above, but using 5 µl of the digested product. The initial attempt at
transformation failed for all products. SDM was repeated for the L440P and L777R.
Repeat transformation worked for all products with 2-5 colonies grown per plate (figure
2-9, example of the 5ng S939P agar plate with 2 colonies grown). For large numbers of
colonies, colony PCR using restriction enzymes would have been used to identify
correctly mutated colonies. However, given the small number of colonies, each colony
was cultured. Single colony culture was performed as above followed by Miniprep of
each colony for DNA extraction and sequencing. Miniprep was performed using the
(QIAprep Spin Miniprep Kit (QIAGEN) and an adapted manufacturer’s protocol with the
resulting isolated DNA sequenced (table 2-6).

Figure 2-9: Overnight LB agar plate culture of XL1-blue supercompetent cells
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From sequence results, the colony with successful mutagenesis was identified and an
overnight culture performed from the glycerol stock (all under sterile technique):
1. 50ml flat bottomed tube with 4ml LB broth and 4µl kanamycin was prepared
2. Using a 10µl pipette tip, a sample was scraped from the top of the glycerol stock
and dropped in to the tube
3. Incubated at 37°C, 220rpm for 6 hours
4. 1.5ml of started culture was added to each of 2 conical flasks with 50ml LB broth +
50µl kanamycin
5. Incubated at 37°C, 220rpm overnight
Maxiprep was then performed to again yield >900ng/µl of plasmid DNA per plasmid
type with an overall approximate volume of 0.7ml per plasmid.

2.3.1.5 Culture of hTERT-RPE1 cells
Cultured hTERT-RPE1 cells (gifted from colleague in lab) were stored in an incubator
at 37°C with 5% CO2. To work with cells, a class II biological safety cabinet was used,
with all equipment sterilized with 70% alcohol prior to use. Cells were used at passage
16 (p16) to p28, therefore a frozen stock was made at an early passage of p16.
Cell culture protocol:
1. DMEM (DMEM/F12 GlutaMAX, Thermo Fisher Scientific) containing 50ml FBS
(foetal bovine serum, Labtech, Uckfield, UK) was warmed in a 37°C incubator, a
5ml trypsin (trypsin-EDTA, phenol red, Thermo Fisher Scientific) aliquot was taken
out of the -20ºC freezer to thaw
2. Cells were inspected under microscope
3. In hood, DMEM+FBS was removed
4. Cells were washed with 10ml HBSS (Thermo Fisher Scientific), wash was removed
5. 5ml trypsin was added to lift cells off flask surface
6. Incubated 5-10 minutes at 37°C, ensuring minimum time was used
7. 5-6ml DMEM+FBS was added to flask then all contents were removed to 15ml tube
8. Cells were counted with a haemocytometer: 25µl of sample were added to top and
bottom, central 5x5 grids counted with top and right-sided lines only counted for
cells touching sides of boxes, average number from 2 central grids were counted
eg 200 equivalent to 200 x 104 (20 x 105).
9. A new flask containing 20ml DMEM+FBS was then re-seeded at cell concentration
required, typically 1 x105 to allow twice weekly splitting, eg from count above 1ml
was added to give an approximate 1 in 20 ratio, cell confluence was required
quicker, 1.5ml was added etc.
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10. The flask was labelled with passage, sprayed with 70% ethanol and placed in
incubator
11. Confluency, debris and infection check were performed daily
12. Remainder of cells were used to seed cover slips/ frozen
Freezing of cells:
1. From cell splitting, cells were pelleted in a 15ml tube in a centrifuge at high speed,
for 5 minutes
2. Resuspended in freeze medium (table 2-10), volume to make 1 x106 concentration
3. Frozen in 1ml aliquots in cryogenic tubes, 3 hours in -20°C then moved to -80°C
Component

Volume

10% DMSO

1ml

60% FBS

6ml

DMEM+FBS

3ml

Total

10ml (scale as appropriate)

Table 2-10: Freeze medium components
Resurrecting cells:
1. DMEM+FBS medium was warmed and 10ml added to a 15ml tube
2. Cells were removed from -80 freezer, rapidly thawed in hand
3. 1ml cells was added to 10ml medium
4. Spun at 1000rpm for 8 minutes
5. Medium was tipped off and pellet flicked to re-suspend
6. 10ml medium was added and pipetted to mix
7. Added to a flask already containing 10ml medium

2.3.1.6 Transient transfection of hTERT-RPE1 cells
Transient transfection was achieved using Lipofectamine® LTX Reagent with PLUS™
(Thermo Fisher Scientific). A 12 well plate was used for which the surface area per well
is 4cm2 requiring 1ml volume of plating medium. The experiments were designed to
include each plasmid under investigation with 2 control wells per plasmid; the first
control contained no DNA, the second control contained both no DNA and no primary
antibody.
1. In a class II biological safety cabinet, single round cover slips were sterilised (using
100% ethanol and flame) and placed in to each well
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2. Cultured hTERT-RPE1 cells were seeded at 1x105/well in 1ml of DMEM+FBS
medium and incubated in a sterile incubator at 37°C with 5% CO2
3. 50-80% confluency was required before transfection (approx. 24 hours)
4. The medium was removed and 800 µl warmed OptiMEM-I reduced serum medium
(Thermo Fisher Scientific) added per well
5. For each experiment, in a 1.5ml microcentrifuge tube, plasmid DNA was diluted in
200 µl OptiMEM-I reduced serum medium, and mixed gently
6. PLUS reagent was added to the diluted DNA
7. This was mixed gently, then incubated for 5 minutes at room temperature
8. Lipofectamine LTX was added (avoiding tube sides), and mixed thoroughly, then
incubated for 30 minutes at room temperature
9. DNA-lipid complexes were added drop-wise to the wells, mixed by gently rocking
10. Wells were incubated in 5% CO2 incubator at 37°C
11. After 4-6 hours if cells dying then the medium was changed to DMEM+FBS
12. After 24 hours serum starvation was performed in order to ciliate cells, by removing
OptiMEM-I, washing with 1ml DMEM (no FBS) and then adding 1ml DMEM (no
FBS) and incubating for 24 hours
Fixation/permeabilisation
1. All steps were performed at room temperature, culture media was removed and
each well washed with 1ml phosphate buffered saline (PBS, Sigma-Aldrich) 3 x 10
minutes
2. Fixed for 10 minutes using 4% fresh/thawed paraformaldehyde (PFA, SigmaAldrich) in PBS
3. Washed with PBS 3 x 10 minutes
4. Permeablised with 0.5% Triton X-100(Sigma-Aldrich) in PBS, 15 minutes
5. Washed with PBS 3 x 10 minutes
Immunostaining
1. Cells were blocked with 400µl 5% normal donkey serum (NDS, Abcam, Cambridge,
UK) diluted in PBS for 1 hour at room temperature
2. Primary antibodies were prepared in 1% NDS + PBS, 300 µl per well
3. Blocking solution was removed and replaced with antibody dilutions
4. The 12-well plate was sealed and incubated overnight at 4°C
5. Next day, solutions were removed and washed with PBS 3 x 10 minutes
6. The following steps were all performed in dim lighting at room temperature
7. Secondary antibodies were prepared in 1% NDS + PBS, typically at 1:300
8. Final wash solution was removed and secondaries added
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9. If low on antibody stock, cover slips were removed from the well and 140 µl solution
dropped carefully on to each slip
10. Incubated 1 hour
11. Washed with PBS 3 x 10 minutes
12. Mounted with Prolong Gold Antifade Mountant with DAPI (Thermo Fisher Scientific)
13. Allowed to dry minimum 2 hours, preferably overnight before imaging
Cells were immunostained with primary antibodies to the C-terminal Myc-DDK tag of
the plasmid (1:5000 rat Anti-DYKDDDDK Tag Antibody, 200473, Agilent
Technologies), basal body (1:1000 rabbit anti-pericentrin, Sigma-Aldrich, Dorset, UK)
and secondarily stained with 1:300 donkey Alexa Fluor® 488 conjugated anti-rat
(Thermo Fisher Technologies) and 1:300 donkey Alexa Fluor® 647 conjugated antirabbit (Thermo Fisher Technologies). In addition, primary antibody to cilia was initially
used (1:1000 mouse anti-acetylated tubulin, Sigma-Aldrich) with secondary 1:300
donkey Alexa Fluor® 594 conjugated anti-mouse (Thermo Fisher Technologies).
Optimisation experiments were performed initially with 1µg of WT plasmid to determine
optimal dilution of anti-FLAG antibody, then the amount of plasmid DNA was further
optimised based on transfection efficiency (tables 2-11, 2-12).
Well

Plasmid
name

Plasmid amount,
µg

LTX amount,
µl

PLUS amount,
µl

Anti-FLAG
antibody dilution

1

WT

1

2

1

1:1000

2

WT

1

2

1

1:2000

3

WT

1

4

1

1:5000

4

WT

1

4

1

1:10000

5

WT

0

2

1

1:1000

6

WT

0

2

1

No primary

Table 2-11: Optimisation of anti-FLAG antibody

Well

Plasmid name

Plasmid amount, µg

LTX amount, µl

PLUS amount, µl

1

WT

0.25

2

1

2

WT

0.5

2

1

3

WT

1

2

1

5

WT

0

2

1

6

WT

0

2

1

Table 2-12: Optimisation of wild-type IFT140 plasmid quantity
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This determined that 1µg plasmid DNA was optimal for transfection. Ciliation was
successful for the control sample without plasmid DNA (figure 2-10) and was observed
with 0.25 µg and to a lesser extent with 0.50 µg of DNA. However transfection
efficiency was low for these amounts. At 1 µg, ciliation was inhibited but transfection
efficiency was reasonable (approximately 38%). Therefore the ciliation step and antiacetylated tubulin antibody primary were removed from the transfection procedure.

Figure 2-10: hTERT-RPE1 ciliated cells
Cells were imaged with confocal pinhole laser-scanning microscopy (Zeiss LSM 700,
Carl Zeiss Microscopy GmbH, Jena, Germany) using 4 solid-state excitation lasers
(405/444, 488, 555 and 633 nm) with 2 reflection channels simultaneously detected.
Image processing was performed with ZEN software (2012, Carl Zeiss Microscopy
GnbH). The percentage of transfected cells with localisation of IFT140 to the basal
body was calculated from a mean of 3 independent experiments with >100 cells
counted per experiment (statistical analysis with a one-way analysis of variance and
post hoc comparison using a Bonferroni correction, IBM© SPSS© Statistics version 22).
It was noted that a large degree of non-specific cytoplasmic staining was present for
the majority of transfected cells with a minority of cells expressing IFT140 at a low level
that was focal and could be localised. This low level expression was counted in the
experiment and this approach double checked with French colleagues who had initially
published the experiment.
Further clarification of observed IFT140 staining was achieved by investigating
endogenous IFT140 staining in these cells with 1:50 and 1:200 anti-IFT140 antibody
and 1:300 donkey Alexa Fluor® 647 conjugated anti-rabbit as above. This identified
non-specific endogenous nuclear staining which would have precluded interpretation of
expression differences.
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2.4 Zebrafish studies
Colleagues within the laboratory already working with zebrafish helped with the
investigation of an ift140 zebrafish morphant; their roles were in breeding and
maintaining the zebrafish, performing the microinjections, fixing and embedding, retinal
histology and Western blots. I designed the experiments, performed retinal
cryosections, immunohistochemistry, tunel assay and embryo length measurements.
Wild type (wt) AB zebrafish were bred and maintained in the University College London
animal facility according to standard protocols and the guidelines of the ARVO
Statement for the Use of Animals in Ophthalmic and Vision Research.165
Microinjection of 3ng ATG start site translation blocking
(ATCAAAATACACAGCCATGAGCTAC, GeneTools, Philomath, OR, USA) and
mismatch (MM, ATAAAAATAAACAACCATAAGATAC) morpholino, both modified with
a 3’ end with carboxyfluorescein, was performed into the yolk sac of 1-2 cell stage wt
embryos. The morphant embryos were grown at 28.5°C, observed for morphological
changes at 3 and 5 days post-fertilisation (dpf) with wholemount alcian blue (SigmaAldrich) staining to highlight cartilage structure.166 Successful knockdown of ift140 was
confirmed by western blot of morphant (both ATG and MM) and wt fish (n=20 per
group, 30ug total protein) using an IFT140 antibody (1:500 rabbit polyclonal IFT140
antibody, 17460-1-AP, Proteintech, Manchester, UK) with a beta-actin positive
antibody control (Sigma-Aldrich). In addition, simultaneous knock-down of both Tp53
and ift140 were performed to ensure that any observed phenotype was not an offtarget apoptotic effect.167
For histological analysis, embryos were fixed in 4% PFA, embedded, sectioned and
stained with toluidine blue (Sigma-Aldrich) according to previously published
protocols.168

2.4.1.1 Retinal immunohistochemistry
Immunohistochemistry was performed on 12 µm retinal cryosections that had been
fixed in 4% PFA, cryo-protected with 30% sucrose (Sigma) and embedded in TissueTek® O.C.T. Compound (Sakura Finitek Europe, Alphen aan den Rijn, The
Netherlands).
A cryostat (Leica Biosystems, Nussloch, Germany) was used to make the retinal
cryosections for immunohistochemistry. Separate experiments were performed to test
primary antibodies against green/red double cones (1:500 mouse anti-zpr-1, ZIRC,
Oregon, USA) and axons to demonstrate inner retinal layers (1:400 mouse antiacetylated tubulin, Sigma-Aldrich). Sections were secondarily stained with donkey
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Alexa Fluor® 488 conjugated anti-mouse (Thermo Fisher Scientific). Immunostaining
procedure was as follows:
1. Slides of retinal cryosections either used fresh or if from -80°C freezer, allowed to
dry for 1-2 hours
2. Washed with PBS for 10 minutes x 3
3. Blocked at room temperature for 1 hr using 20% NDS in PBS with 0.5% Triton x100
4. Removed block and covered with primary antibodies diluted in 1% NDS (in PBS
with 0.5% Triton x100) and incubated at 4°C overnight
5. Washed with PBS for 10 minutes x 3
6. Covered with secondary antibody (in dark), incubated room temperature 2-4 hours
7. Washed with PBS for 10 minutes x 3
8. Dried at room temperature
9. Mounted with ProLong Gold Antifade Mountant with DAPI and coverslips
10. Imaged with confocal microscopy (Zeiss LSM 700).

2.4.1.2 Tunel assay
For investigation of apoptosis levels, 12 µm cryosections were stained according to
manufacturer instructions using the ApopTag® Fluorescein In Situ Apoptosis Detection
Kit (Merck Millipore, Billerica, USA) and then mounted with ProLong Gold Antifade
Mountant with DAPI and imaged with confocal microscopy (Zeiss LSM 700).

2.4.1.3 Rescue experiments
For the rescue experiments, embryos were co-injected with ift140 ATG MO and 0.1
µg/µl of wt RNA or mutant mRNAs (L440P, T484M) and compared with both wt fish
and a control group injected with ift140 ATG MO only (n≥100 live embryos counted per
experiment). The mRNA was generated from plasmid constructs, linearized by SfoI
restriction enzyme digest (New England Biolabs, Inc., Hitchin, UK) followed by T7
driven in vitro transcription (mMESSAGE, mMACHINE T7 transcription kit, Life
Technologies) according to manufacturer protocols. Phenotypes were quantified at
5dpf based on morpholino length measured from snout to end of notochord using
ImageJ (statistical analysis with a 2-tailed, paired t-test, IBM© SPSS© Statistics version
22) and as a secondary measure the vertical eye diameter was also measured.169, 170
The fish were anaesthetised with 0.003% tricaine before imaging (Nikon stereoscopic
microscope). The E664K plasmid repeatedly failed transcription and so rescue was
attempted with wt, L440P and T484M RNAs only.
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3 Retinal dystrophy due to mutations in the cone-rod
homeobox gene
3.1 Introduction
The cone-rod homeobox gene CRX (MIM #602225) encodes a transcription factor vital
for both the development and survival of photoreceptors.171-173 It is expressed
predominantly in photoreceptors and the pineal gland and has a high homology to the
OTX family of homeobox genes.171, 173 It acts by binding to promoter enhancer regions
of specific retinal genes; this role is particularly important in retinal development. It is
co-expressed in the retina with other transcription factors including NRL and NR2E3.173,
174

A locus for autosomal dominant CORD (CORD2, MIM #120970) was identified in 1994
and mapped to 19q13.175 The gene responsible for CORD at this locus was identified
as CRX.171 Subsequently it became evident that mutations in CRX may be associated
with a range of different retinal phenotypes including CORD, LCA, RCD and COD.77, 176,
177

CRX mutations are rare with the majority of mutations arising de novo.73 Prior to the
research outlined in this thesis, 42 probable disease causing mutations and 1 whole
exon deletion had been reported, all in the heterozygous state except for 3 case
reports of homozygous disease in LCA and severe RCD.16, 73, 75, 77, 171, 176-199
In this study of CRX related retinal dystrophy, the phenotypic heterogeneity was
investigated. This identified a previously unreported association with adult-onset ‘bullseye’ macular dystrophy.

3.2 Methods
3.2.1 Ascertainment of patients
WES in a cohort of unsolved macular dystrophy patients identified 2 patients with
heterozygous CRX mutations, with this novel finding prompting further study of this
gene. From interrogation of the genetic database, I identified 65 unsolved probands
with adult-onset macular dystrophy or CORD and performed targeted Sanger
sequencing of all exons and intron-exon boundaries of CRX. CORD was included to
ensure all macular involving dystrophies were investigated. This identified 3 families. In
addition, from the database, 6 further molecularly solved families with LCA or childhood
onset retinal dystrophy were identified.
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3.2.2 Clinical assessment
Each patient with a CRX mutation underwent a full clinical examination including visual
acuity and dilated fundus examination. The majority of examinations were performed
by myself, but in a few patients were performed by one of my supervisors. Age
permitting, retinal fundus imaging was obtained with electrophysiology performed in all
patients.

3.2.3 Molecular investigations
In total, 11 families were solved by a combination of candidate gene Sanger
sequencing of all exons and intron-exon boundaries (5 families), APEX microarray (2
families), Manchester 105 retinal gene panel (1 family) and WES (3 families).
Confirmatory bi-directional Sanger sequencing of affected exons was performed by
myself on all 11 identified probands with segregation in available relatives. DNA was

Primer reverse 5’ → 3’

Enzyme

2

TCACATACCTAAGAGGAGAAGGAGG

TGACATACATTTCAGATGAACCC

BIOTAQ

64

389

3

TGAGGTGTAGAAGGGCAGGG

TCCAGATAGAGGAAACTGAGTGC

MyTaq

64

564

4.1

TGCAAAGTAGACAGATGTGAACCC

TGAAATAGGAGCTCGGAGACCC

BIOTAQ

64

518

4.2

TGGAGCCCAGCCTCAGAGTCC

TCTCTGTAAGCTGAACACCGAGC

MyTaq

64

564

Exon

Primer forward 5’ → 3’

Annealing
temp (°C)
Amplicon
size (bp)

amplified using specifically designed primers (table 3-1).

Table 3-1: Primer pairs for sequencing of CRX
Mutation nomenclature was assigned in accordance with GenBank Accession number
NM_000554.4.
Phenotype-genotype correlation
Age of presentation was used as a surrogate and approximate metric of severity in
order to test associations between mutation position and phenotype severity. First, a
quantitative analysis was performed of the mutations by plotting the mutation position
against age of presentation. Using the same data, the hypothesis that mutations
affecting residues earlier in the gene are generally more severe than others was tested
by computing the non-parametric Spearman correlation coefficient. Second, a
qualitative comparison was performed by dividing the mutations into two mutually
exclusive groups: missense variants affecting the homeodomain, and those that were
premature termination codons (PTCs) in the carboxyl end of the gene. A comparison of
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the median age of the two groups was made, and tested for significance using the
Mann-Whitney test. Statistical analysis was performed using IBM© SPSS© Statistics
version 22.
Conservation of CRX homeodomain residues between species and between
paralogues within humans was analysed using Clustal Omega. The locations of
mutations arising within the homeodomain were plotted against the consensus
sequences.

3.3 Results
The clinical data are summarized in table 3-2 with pedigrees shown in figure 3-1. From
the screened cohorts, 11 affected patients were ascertained with a further 7 affected
relatives from 5 families recruited giving a total of 18 affected patients from 11 families.
There were 6 simplex cases of which de novo disease could be confirmed in 3 (19090,
19512 and 20046). A dominant pedigree was evident in 4 families.
Twelve patients had generalized photoreceptor dysfunction with clinical diagnoses of
LCA (n=4), RCD (n=2), CORD (n=5) and COD (n=1). An unexpected group of adult
onset macular dystrophy in 6 patients was identified with initial identification of this
phenotype from WES of 2 patients. Two were asymptomatic with their disease
identified incidentally. One (patient 17489.2) was identified after all family members of
patient 17489.1 were examined in the clinic and the other (patient 19161.1) was
identified after routine visual field testing at the optometrist showed centrocaecal
scotomas. This patient still had acuity of 0.0 logMAR (6/6 Snellen) after 6 years of
follow-up. Deterioration of acuity with time was documented in 3 cases. Patient 4663,
the most severely affected of the macular dystrophy group, deteriorated from 0.2
logMAR (20/32 Snellen) each eye to right 1.3 logMAR (20/400 Snellen) and left 1.5
logMAR (20/630 Snellen) during 16 years follow up. Patient 16711 had incidental
peripapillary changes similar to angioid streaks without any other identifiable features
in the fundus or systemically (figure 3-2); this was thought to be an incidental finding
unrelated to his macular dystrophy.
A common fundus feature in all phenotypes was that of macular atrophy, present in 14
of 18 cases. It was not present in 2 LCA patients (examined at a young age), nor in
both members of family 17489, although these latter cases did have ISe band
disruption at the maculae on OCT (figure 3-2). Three of the 4 LCA cases had
noticeably blonde fundi at presentation.
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Family,
gender
19090
(f)
19512
(m)

Age
onset
Birth
3
mths

Age
last
rv
2
yrs
2.5
yrs

Diagnosis

Fundus

LCA

Blonde

LCA

LCA

Blonde fundus, central
macular atrophy, thin
peripheral retina
Blonde fundus

Age at last
electrophysiology,
key findings
11 mths: probably
undetectable
9 mths: undetectable

Latest VA,
logMAR, (Snellen),
refraction if known
R NPL L NPL

7 mths: markedly
attenuated
47 yrs: very severe
generalized retinal
dysfunction

R&L PL
R&L +3.50 DS
R HM L CF
R +3.25/-2.00x165
L +3.75/-3.50 x5

25 yrs: undetectable
PERG, generalized
retinal dysfunction,
cone deterioration
15 yrs: undetectable
PERG, subnormal rod,
moderately severe
reduction cone
11 yrs: Undetectable
PERG and rod ERG,
markedly subnormal
cone specific ERG

R 1.0 (6/60)
L 1.1 (6/75)
R +1.25/-2.75 x29
L +1.25/-3.00 x174
R 1.0 (6/60)
L 0.8 (6/38)
R +6.5/-3.50 x 175
L +6.00/-3.50 x 20
R 1.0 (6/60)
L 1.2 (6/95)
R +0.50 DS
L +0.50 DS

53 yrs: Bilateral
macular dysfunction,
normal ERGs
52 yrs: PERG not
definitely detectable,
normal ERGs

R 0.3 (6/12)
L 0.5 (6/19)

20046
(f)
5126.1
(m)

Birth
12
yrs

7
mths
50
yrs

5126.2
(m)

12
yrs

27
yrs

CORD

5126.3
(f)

14
yrs

25
yrs

CORD

Macular atrophy,
peripheral retinal RPE
pigment change

17489.1
(m)

3.5
yrs

16
yrs

RCD

17489.2
(f)

53
yrs

53
yrs

MD

Yellow spots R macula,
pale optic discs,
attenuated arterioles,
mid peripheral
hypopigmentation
Mild disc pallor only

18280.1
(f)

49
yrs

56
yrs

MD

Ring of RPE atrophy in
maculae

18280.2
(f)

50
yrs

56
yrs

MD

Ring of RPE atrophy in
maculae

51 yrs: Undetectable
PERG, normal ERGs

18280.3
(m)

32
yrs

42
yrs

CORD

19161.1
(f)

50
yrs

56
yrs

MD

Ring RPE atrophy in
maculae with peripheral
RPE pigmentary
change
Mild RPE mottling
maculae

19161.2
(f)

45
yrs

52
yrs

CD

Ring of RPE atrophy in
maculae

19990.1
(f)

6
yrs

27
yrs

RCD

19990.2
(f)

Birth

2
yrs

LCA

712
(f)

11
yrs

73
yrs

CORD

4663
(f)

42
yrs

67
yrs

MD

Macular atrophy,
peripheral extensive
pigmentary retinopathy
Ring of RPE atrophy in
maculae, mottled
peripheral RPE change
Pale discs, blonde
posterior pole,
attenuated arterioles,
peripheral pigmentary
clumps
Macular atrophy

35 yrs: Undetectable
PERG, subnormal rod,
markedly subnormal
cone ERG
52 yrs: Markedly
reduced PERG, normal
ERGs
48 yrs: Severely
reduced PERG, cone
ERGs reduced/delayed
26 yrs: Severe
generalised loss of
photoreceptor function
20 mths: undetectable
PERG and ERG

16711
(m)

35
yrs

63
yrs

MD

Macular atrophy

CORD

Macular & peripheral
atrophy, bone spicules,
attenuated arterioles,
pale optic discs
Macular atrophy, subtle
peripheral RPE mottling

60 yrs: PERG
undetectable on L,
residual on R, severe
cone dysfunction with
rod involvement
67 yrs: extinguished
PERG, normal ERGs
54 yrs: undetectable
PERG, normal ERGs

R&L NPL
R&L +3.00 DS

R 0.2 (6/9.5)
L 0.3 (6/12)
R +0.25/0.25 x180
L +0.25/0.25 x45
R 0.6 (6/24)
L 0.3 (6/12)
R +1.00/-0.75 x90
L +0.50 DS
R&L 1.0 (6/60)
R -2.50/-0.50 x180
L -3.50/-0.50 x180
R&L 0.0 (6/6)
Hyperopic
R 0.5 (6/19)
L 0.2 (6/9.5)
R&L +1.75 DS
R&L PL

R&L HM
R +6.00/-2.00x180
L +2.00/-1.25 x180
R 0.8 (6/38)
L 1.0 (6/60)
R -11.00/-1.00 x10
L -9.50/-2.00 x175
R 1.3 (6/120)
L 1.5 (6/190)
Hyperopic
R&L 1.0 (6/60)

Table 3-2: Key phenotypic features of patients
NPL, no perception of light; DS, dioptre sphere; PL, perception of light; HM, hand movements;
CF, counting fingers
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Figure 3-1: Pedigrees
FAF imaging and OCT scans were available in 12 of 18 patients; the LCA patients
were all too young for imaging and FAF and Spectralis OCT was unavailable in the
COD patient. FAF imaging demonstrated a reduced ring of autofluorescence parafoveally in the CORD patients, an extensive loss of autofluorescence in the RCD
patients and a ring of increased autofluorescence at the macula with loss of
autofluorescence within the ring in all macular dystrophy patients.
On OCT, 4 of the CORD patients had loss of the ISe band with outer retinal thinning at
the macula on OCT, with patient 9 showing disruption of the ISe band but no macular
thinning. The 2 patients with RCD had loss of outer retina and ISe band at the maculae
on OCT. The macular dystrophy patients had disruption of the ISe band at the maculae
on OCT with patient 17489.2 the least affected.
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Figure 3-2: Retinal imaging in CRX related retinal dystrophy
Fundus imaging of patients 5126.2, 17489.1, 17489.2, 19161.1, 18280.1, 18280.3, 16711,
4663: (a) right fundus photograph, (b) right 30 or 55 degree FAF imaging, (c) right OCT. Patient
4663, (a.1) fundus photograph from 1998, (a.2) fundus photograph from 2014

Electrophysiology was performed in all patients (figure 3-3, table 3-2). Patients with
LCA had an undetectable ERG, whereas those with later onset generalised
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photoreceptor dystrophy had subnormal and delayed full field ERGs. The PERG was
universally reduced in the macular dystrophy patients, with normal full field ERGs.

Figure 3-3: Electroretinography features
One eye of patients 19161.1, 18280.3, 17489.1 and normal control (age 24). Patient 19161.1,
macular dystrophy, demonstrates subnormal PERG with normal ERGs for age (53 years at
200, 201
ERG).
Patient 18280.3, cone-rod dystrophy, demonstrates subnormal rod and bright flash
ERGs (DA 0.01; DA 11.0), delayed and subnormal cone flicker ERGs (LA 3.0 30Hz) and
markedly subnormal single flash ERG (LA 3.0 2Hz) with undetectable PERG. Patient 17489.1,
rod-cone dystrophy, demonstrates undetectable rod ERG (DA 0.01); severe reduction in the
bright flash ERGs (DA 11.0) and markedly delayed and subnormal cone flicker and single flash
ERGs (LA 3.0 30Hz; LA 3.0 2Hz). PERG was unrecordable due to nystagmus.

Four families demonstrated intra-familial phenotypic heterogeneity (figure 3-1). Family
17489 segregated macular dystrophy and RCD; family 18280 macular dystrophy and
CORD; family 19161 macular dystrophy and cone dystrophy; and family 19990 RCD
and LCA. Family 17489 is particularly unusual as the son had early onset retinal
dystrophy with rod-cone dysfunction, the mother a mild, asymptomatic macular
dystrophy and the daughter optic atrophy with normal ERGs that presented age 3. Both
she and her father screened negative for mutations in CRX. The identified
heterozygous mutation in this family has previously been reported.178 Phenotypic
homogeneity was present in only 1 family (5126), all affected members having CORD.

62

Retinal dystrophy due to mutations in the cone-rod homeobox gene

Molecular analysis was performed on all patients and available family members (table
3-3). Seven novel mutations were identified, 6 PTCs in exon 4, and 1 missense
mutation in exon 3. The novel missense mutation is predicted to be pathogenic based
on SIFT and Polyphen2 scores. Segregation analysis confirmed de novo mutations in 3
of the LCA cases.
Family

Diagnosis

Variant: nucleotide,
protein

Predicted effect

Segregation

First
report

19090

LCA

c.570delC
(p.Tyr191Metfs*3)

PTC

Both parents negative

This paper

19512

LCA

c.571delT
(p.Tyr191Metfs*3)

PTC

Both parents negative

Rivolta
194
2001

20046

LCA

c.570delC
(p.Tyr191Metfs*3)

PTC

Both parents negative

As above

5126

CORD

c.568_590del
(p.Pro190Glyfs*38)

PTC

Present in all 3 affected
patients, other family DNA
unavailable

This paper

17489

RCD,
MD

c.121C>T
(p.Arg41Trp)

Pathogenic
SIFT 0,
Polyphen2 1.0

Present in affected patient
and affected mother,
absent in father and sister

Swain
178
1997

18280

MD,
CORD

c.774T>A
(p.Tyr258*)

PTC

Present in all 3 affected
patients, further family
DNA unavailable

This paper

19161

MD,
CD

c.605delG
(p.Cys202Sfs*17)

PTC

Present in both affected
patients, further family
DNA unavailable

This paper

19990

RCD,
LCA

c.624T>G
(p.Tyr208*)

PTC

Present in affected patient
and daughter, further
family DNA unavailable

Stone
73
2007

712

CORD

c.821delG
(p.Gly274Alafs*97)

PTC

No other DNA available

This paper

4663

MD

c.582delC
(p.Tyr195Thrfs*23)

PTC

No other DNA available

This paper

16711

MD

c.272G>A
(p.Arg91Lys)

Pathogenic
SIFT 0,
Polyphen2 0.992

No other DNA available

This paper

Table 3-3: Mutations in CRX found in this patient series
Nine further missense variants in 11 patients were identified (table 3-4). Based on
predictive algorithms, previous reports and the presence of the variant in control
population databases, 8 of these most likely represent benign changes with the ninth
predicted to be damaging but not segregating with known disease within the family.
Four of these 9 variants are novel and include 2 synonymous changes, c.355A>C
(p.Arg119Arg) and c.561C>T (p.Thr187Thr), and 2 non-synonymous changes,
c.127C>T (p.Arg43Cys) and c.526C>T (p.Arg176Trp). The novel synonymous changes
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are predicted to be tolerated on SIFT analysis, arise more than 100 base pairs from
any intron-exon boundary and are not predicted to affect splicing in silico. Variant
c.365G>A, found in 2 patients with macular dystrophy and cone dystrophy, onset
childhood and early 30’s respectively, has been previously reported as an apparently
benign variant.202 Variants c.472G>A and c.101-12A>G were found in 2 patients both
with predominantly macular dystrophy and mild full field ERG abnormalities. Both
variants have been previously reported in normal controls.178 The c.526C>T variant
was identified in a RCD patient hemizygous for a novel RPGR splice site mutation
(identified in the same exome sequencing experiment) and segregation analysis found
the same heterozygous CRX change in the mother, who had normal acuity, fundus
examination and electrophysiology at the age of 35. The c.127C>T variant predicted to
be damaging was identified in a macular dystrophy patient on exome-analysis and
subsequently also identified in her older brother and mother, both of whom are
asymptomatic but unavailable for further examination. Age of onset in this patient was
22 years old with visual acuity at last review age 27 of 1.0 logMAR each eye (20/200
Snellen)
Patient details

Variation

SIFT

Polyphen2

ExAC database

First
reported

Family 19090, father

c.355A>C
(p.Arg119Arg)

0.43

N/A

N/A

This paper

Family 20046, patient and
mother

c.196G>A
(p.Val66Ile)

1.0

0.033

358 in 121402

Vallespin
203
2007

Family 17489, patient 17489.1 ,

c.100+12C>T

N/A

N/A

17164 in 114812

Swain
178
1997

Patient with CORD

c.561C>T
(p.Thr187Thr)

0.75

N/A

N/A

This paper

Two patients cone dystrophy
and macular dystrophy

c.365G>A
(p.Gly122Asp)

0.35

0.080

1092 in 119584

Sohocki
202
2001

Patient macular dystrophy with
mild cone and rod involvement

c.472G>A
(p.Ala158Thr)

0.62

0.012

981 in 119300

Swain
178
1997

Patient macular dystrophy with
mild rod and cone involvement

c.101-12A>G

N/A

N/A

358 in 121402

rs73941294

Patient with rod cone dystrophy

c.526C>T
(p.Arg176Trp)

0.22

0.974

4 in 119782

ExAC

Patient with macular dystrophy

c.127C>T,
p.Arg43Cys

0.03

1.000

N/A

This paper

Table 3-4: Identified CRX variants of uncertain pathogenicity
A quantitative analysis was performed of the mutations by plotting the mutation position
against age of presentation. A more severely affected subset of patients could be
expected to have a lower median age of presentation than the remainder of the cohort.
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Such an analysis would be expected to demonstrate critical gene regions after which
severity might change thus exposing clinically significant functional domains.204 On
plotting the position of mutation against age of presentation (figure 3-4) there was no
evident position after which severity differed, nor was there a correlation between
position and severity (Spearman correlation coefficient rs= 0.093, p=0.787). A
comparison of median age of presentation in those with homeodomain missense
versus PTC mutations showed no statistical difference (Mann-Whitney test, U = 7.00.
p=0.634).

Figure 3-4: Mutation codon position against age of onset
Forty three mutations of possible pathogenicity have been previously reported (table 35). A further 4 variants were excluded from further analysis for the following reasons:
the first was from a single report of a mutation in exon 2, c.24dupG (p.Pro9Alafs*61) in
a patient with LCA but the mutation did not segregate with disease and the patient in
question also had severe bilateral sensorineural hearing loss, a feature not otherwise
reported with CRX mutations196; 2 mutations, c.720_742dup23 (p.Gln248Profs*19) and
c.753delC (p.Ser252Profs*119), are part of a screen on a microarray are also excluded
as they are unpublished and no further information is provided as to patient
phenotype153; the fourth, c.351dupC (p.Lys118Glnfs*56) is also unpublished.183
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Mutation- heterozygous

Protein

SIFT score

Polyphen2 score

First report

c.121C>T

p.Arg41Trp

0

1.0

Swain 1997178

c.122G>A

p.Arg41Gln

0.04

0.998

Swain 1997178

c.124G>A

p.Glu42Lys

0.03

0.997

Li 2011179

c.166G>A

p.Ala56Thr

0.23

0.96

Lotery 2000180

c.193G>C, homozygous

p.Asp65His

0

0.999

Jin 2008181

c.238G>A

p.Glu80Lys

0

0.991

Sankila 2000 182

c.239A>C

p.Glu80Ala

0

0.991

Freund 1997 171

c.239A>G

p.Glu80Gly

0.03

0.997

Huang 2012183

c.264G>T

p.Lys88Asn

0

0.999

Nichols 2010184

c.268C>T, homozygous

p.Arg90Trp

0

1.000

Swaroop 1999185

c.344G>A

p.Arg115Gln

0.58

0.999

Sohocki 2001202

c.413delT

p.Ile138Thrfs*48

N/A

N/A

Nichols 2010184

c.421delT

p.Ser141Profs*46

N/A

N/A

Zou 2013186

c.429_430delTCinsA

p.Ser143Argfs*44

N/A

N/A

Stone 200773

c.436_447del

p.Leu146_Pro149del

N/A

N/A

Sohocki 1998 176

c.447dupC

p.Ser150Leufs*24

N/A

N/A

Lines 2002187

c.458delC

p.Pro153Glnfs*34

N/A

N/A

Ziviello 2005188

c.460delA

p.Thr154Profs*33

N/A

N/A

Arcot Sadagepan 2013199

c.463_464insGGCA

p.Thr155ArgFs*20

N/A

N/A

Stone 200773

c.495delAinsTTT

p.Ala166Leufs*22

N/A

N/A

Kohl 2012189

c.502delG

p.Glu168Serfs*19

N/A

N/A

Freund 1997171

c.503_504delAG

p.Glu168Valfs*6

N/A

N/A

Freund 199877

c. 512delT

p.Leu171Cysfs*16

N/A

N/A

Perrault 2003190

c.520delG

p.Ala174Argfs*13

N/A

N/A

Nakamura 2002191

c.529delG

p.Ala177Leufs*10

N/A

N/A

Koenekoop 2002192

c.541delG

p.Ala181Profs*6

N/A

N/A

Zhang 2001193

c.570dupC

p.Tyr191Leu*45

N/A

N/A

Stone 200773

c.571delT

p.Tyr191Met*3

N/A

N/A

Rivolta 2001194

c.573T>A

p.Tyr191*

N/A

N/A

Chen 201375

c.585C>A

p.Tyr195*

N/A

N/A

Stone 200773

c.585dupC

p.Ala196Argfs*40

N/A

N/A

Sohocki 1998176

c.587-590delCCCC

p.A196Gfs*22

N/A

N/A

Swain 1997178

c.615delC

p.Ser206Profs*13

N/A

N/A

Itabashi 2004195

c.624T>G

p.Tyr208*

N/A

N/A

Stone 200773

c.636delC

p.Ser213Profs*6

N/A

N/A

Kitiratschky 2008177

c.650delG

p.Gly217Alafs*2

N/A

N/A

Freund 199877

c.709dupC

p.Leu237Profs*30

N/A

N/A

Stone 200773

c.709delC

p.Leu237Serfs*134

N/A

N/A

Silva 2000196

c.789delC

p.Val264Trpfs*107

N/A

N/A

Rivolta 2001194

c.816delCACinsAA

p.Thr273Argfs*98

N/A

N/A

Paunescu 2007197

c.887T>G

p.Phe296Cys

0

0.999

Preising 2007198

c.899A>G

p.*300Trpext*118

N/A

N/A

Eisenberger 201316

c.85-?_299+?del

Unknown

N/A

N/A

Eisenberger 201316

unless specified

Table 3-5: Previously reported mutations in CRX
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Analysis of the 43 remaining likely pathogenic mutations indicates a pattern of
missense mutations in exon 3 and PTCs in exon 4 (figure 3-5). There are 2 exceptions
to this, c.344G>A (p.Arg115Gln) located early in exon 4 and reported in a single patient
with limited phenotype and segregation data; and c.887T>G (p.Phe296Cys), located in
the extreme C terminal and reported in a single family with CORD that is predicted to
be damaging.198, 202 There is a single report of a whole exon deletion of CRX, identified
in a sibling pair with LCA who had bi-allelic disease with a compound heterozygous
missense mutation on the other allele.16

Figure 3-5: Schematic diagram of CRX structure and mutations
All published likely pathogenic mutations and 7 novel mutations from this series positioned
along gene schematic. Mutations in bold with # for patients in this series.

The CRX homeodomain is highly conserved throughout species (figure 3-6) with all
reported homeodomain mutations arising within highly conserved residues. Analysis of
the homeodomain between human paralogues reveals that 4 reported mutations arise
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in residues that are not conserved (figure 3-7); p.Glu42Lys reported to cause LCA,
p.Ala56Thr reported to cause LCA, p.Asp65His reported to cause RCD in a
homozygous state and p.Lys88Asn reported to cause LCA. All mutations found within
the homeodomain that are associated with LCA therefore alter amino acid residues
that are not conserved between paralogue human proteins.

Figure 3-6: Conservation of missense variants across species
Affected residues in this study highlighted with residue change underneath. * (asterisk) indicates
positions which have a single, fully conserved residue, a : (colon) indicates conservation
between groups of strongly similar properties, a . (period) indicates conservation between
groups of weakly similar properties.

Figure 3-7: Conservation of missense variants across human paralogues

3.4 Discussion
This series of 18 patients with retinal dystrophy consequent on CRX mutations
represents the largest series studied and identified a new associated macular
dystrophy phenotype. A group of patients with an autosomal dominant macular
dystrophy presenting in their 3rd to 5th decades is described. There was documented
progression of the macular disease. Two cases were asymptomatic at presentation.
At the severe end of the CRX disease spectrum are the LCA cases presenting in
infancy with severe loss of vision. RCD presented within the first decade of life, CORD
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in the 2nd-3rd decades and macular dystrophy in adulthood, with a range of 35 to 53
years. The macular dystrophy was characterized by a ‘bulls-eye’ appearance similar to
that observed in other macular dystrophies including the autosomal dominant form
associated with PROM1.205 Variable expressivity is also a feature of PROM1 with some
patients manifesting generalized retinal dysfunction.
Macular atrophy was present in 14 of 18 cases. Also commonly found was a disrupted
ISe band on OCT, identified in all investigated patients. Electrophysiology further
characterised the phenotypes demonstrating a normal ERG in all macular dystrophy
cases confirming that the dysfunction was confined to the macula. Two cases with
macula dystrophy have normal ERG age 60 and 67 years indicating no evidence for
peripheral retinal dysfunction developing with time. In families 17489 and 18280 who
co-segregate macular dystrophy with generalised retinal dysfunction, it is noted that the
older affected family members have the mildest phenotype.
There are 4 exons in CRX, the first non-coding, producing a 299 amino acid protein.
The protein has strong homology to OTX1 and OTX2 in 3 regions; the homeodomain at
residues 39-99 which binds to DNA, the 13 residue WSP motif at residues 158-170,
which is of unknown function, and the OTX tail at residues 284-295, a specific carboxyl
terminus motif, of unknown function.171 Broadly, the mutations that arise in the
homeodomain are missense mutations; those in the remainder of the last exon, exon 4
are PTCs with no mutation reported within the OTX tail (figure 3-5). In all cases, it is
predicted that abnormal protein is produced, as avoidance of nonsense mediated
decay (NMD) would be predicted for the premature terminations according to the
classical rules for this phenomenon.206 The significance of the two distinct classes of
mutation in the different protein regions is not clear. As noted, no clear genotypephenotype association could be deduced from the complete data set or from the cases
newly reported here.
All but 1 reported homeodomain mutation arise within the alpha helices that are
important in binding to the major groove of DNA via several hydrogen bonds, the
exception being a homozygous mutation, c.193G>C (p.Asp65His).181, 184 One
homeodomain mutation associated with LCA, c.264G>T (p.Lys74Asn) has been
demonstrated to disrupt DNA binding in a molecular model as well as interfere with the
normal function of co-expressed transcription factors such as NRL in vitro, by a
postulated dominant-negative effect184. The homeodomain mutations arise in residues
fully conserved in CRX between species but not fully conserved in human paralogues
of the CRX protein. Interestingly, all LCA associated mutations were located in nonconserved residues in these paralogues suggesting importance of these residues in
CRX specific function.
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There have been 3 reports of bi-allelic CRX disease. Two siblings with LCA have been
reported with compound heterozygous mutations, the first a missense mutation that
removes the normal translation termination codon, the second a deletion of exon 4.16
The carrier parents were asymptomatic but not examined. Two homozygous, missense
mutations have been reported, both in the homeodomain; c.193G>C (p.Asp65His) in a
sporadic patient with severe RCD and asymptomatic parents unavailable for
examination and c.268C>T (p.Arg90Trp) in a patient with LCA, his heterozygous carrier
parents having subtle cone abnormalities on ERG.181 185 In vitro studies of DNA binding
compared the p.Arg90Trp mutation to p.Arg41Trp which had been identified in CRX
related CORD.185 DNA binding was more severely affected by p.Arg41Trp. This was
thought to be consistent with the more severe symptoms found in heterozygous
p.Arg41Trp related CORD compared to the heterozygous p.Arg90Trp asymptomatic
carrier parents. However, in the series of patients reported in this thesis, affected
members of family 17489 were heterozygous for p.Arg41Trp manifesting with severe
RCD in the son and asymptomatic macular dystrophy in the mother which would not fit
with this theory. The reason for the variable severity of mutations is still to be
elucidated.
Heterozygous knockout mice (+/-) have no retinal phenotype at 6 months of age
whereas homozygous knockout mice (-/-) have severe loss of rod and cone function,
but neither types model the dominant human disease.207 A spontaneous mouse
mutant, CrxRip/+ was then identified in which a dominant PTC on one allele produced a
truncated protein and a phenotype similar to congenital, blinding, dominant CRX retinal
dystrophy in humans.208 There is a lack of normal photoreceptor differentiation in the
CrxRip/+mouse, with arrested development at an early stage and inactive and immature
photoreceptors identified histologically. There were 2 main mechanisms by which this
mutant caused disease: firstly by a lack of normal DNA binding by the CRX mutant
compared to wild type leading to loss of normal transactivation of photoreceptor genes
and secondly by a dominant negative effect of this mutant allele whereby mutant CRX
blocks the binding of wild type CRX to target genes and of OTX2 to the Nrl promoter
preventing transactivation of Nrl and in turn the transactivation of essential rod and
cone gene expression. Ectopic Nrl expression in the CrxRip/+ mouse partially rescued
the poorly differentiated rod photoreceptor precursors. Reported knock-in mouse
models have severely reduced retinal function and demonstrated the association of
CRX expression level on disease severity as well as the ability of the mutant allele to
interfere with wild type function.209 One model with a truncating mutation had more
severe disease than another, with a missense mutation mirroring the reported human
phenotypes for those specific mutations. These mouse models may provide excellent
opportunities for further functional analysis of CRX related disease and the
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investigation of potential treatments. The evidence to date, including this study and the
mouse models, suggests that haploinsufficiency of CRX is not, in itself, diseasecausing. Instead, an allele has to be both non-functional and expressed (hence the
lack of PTCs early in the gene), such that the abnormal protein partly abrogates the
normal one expressed from the other allele.
Seven novel mutations were identified; 1 missense in exon 3 with 6 PTCs in exon 4.
Four families demonstrated the large degree of clinical variability that can occur
between those sharing the same CRX mutant allele. This heterogeneity may be due to
i) the influence of polymorphisms in the CRX promoter region; ii) polymorphisms in coexpressed transcription factors such as Nrl; iii) the impact of environmental factors; iv)
stochastic factors, that is small perturbations of CRX function causing larger and later
effects on the degree of degeneration; v) variable levels of expression of the mutant
allele which in a mouse model has been correlated with variable severity or vi) variable
levels in expression of the wild-type allele which in PRPF31 related disease has been
correlated with variable penetrance.114, 209 Study of the promoter region and of RNA
transcripts may help to elucidate this further.
A further novel mutation, c.127C>T, in a patient with macular dystrophy did not
segregate with known eye disease in the family, with the asymptomatic mother and
brother heterozygous for the variant. Given the examples in this series of
asymptomatic presentation, it cannot be concluded that these other family members
are not affected. Unfortunately, examination and retinal imaging was not possible in the
family members to clarify this issue. The patient presented at age 22, younger than the
other macular dystrophy patients in this series, and also has a more severe reduction
in visual acuity than the other macular dystrophy patients.
Only 3 of the 11 reported families had a family history of possible retinal dystrophy in
antecedent generations prior to this study. Parental sequencing in 3 of the 8 other
families confirmed de novo mutations. DNA was unavailable from antecedents in the
remaining 5 families, although the observed pedigrees make it possible that these
mutations may also have arisen de novo. Alternatively, given the relatively mild
presentation of the macular dystrophy phenotype, disease in antecedents might have
been unreported. These 8 families highlight the difficulties in genetic counselling in
patients with apparent simplex retinal disease. The possibility of de novo mutation, or
mild unreported disease in antecedents, suggests a greater risk in subsequent
generations than if autosomal recessive inheritance was assumed. It would also affect
the risk to other siblings. Clinicians should therefore have a low threshold for screening
CRX in patients presenting with any of the phenotypes consistent with those presented
here.
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4 Enhanced S-cone syndrome in children
4.1 Introduction
Enhanced S-cone syndrome (ESCS, MIM 268100) is a rare, autosomal recessive
retinal dystrophy first described in 1990.210 It is one of the few disorders in which the
electrophysiological findings are pathognomonic.135, 210 Patients present with symptoms
of nyctalopia from the first decade with or without reduced vision; the visual loss may
be associated with foveal schisis.211, 212 The disorder is probably slowly progressive and
deterioration of the ERG has been demonstrated.212, 213 Adults with the disorder
characteristically show nummular pigmentary deposition at the level of the RPE outside
of the vascular arcades with or without foveal schisis-like cystic changes.212 There are
few reports of the presentation of ESCS in children: case reports of early findings
describe a normal fundus or early changes of white dots at the level of the RPE.

214-216

This prompted further investigation of a series of children with a diagnosis of ESCS
from Moorfields.
Defects in a nuclear receptor gene, NR2E3, were linked to ESCS in 2000. Mutations in
NR2E3 leading to loss of function of the transcription factor are theorised to be
pathogenic by the abnormal differentiation of post-mitotic photoreceptor precursor
cells, so altering their cell fate from rod to S-cone.217 218 To date, at least 49 mutations
have been reported with resultant phenotypes of ESCS, Goldmann-Favre syndrome
and both autosomal dominant and autosomal recessive RCD.212, 218-239 An atypical form
or ESCS due to bi-allelic NR2E3 variants has been reported in 3 patients with residual
rod function.229, 233, 240

4.2 Methods
4.2.1 Patient ascertainment
Nine patients (2 simplex cases, 2 sibling pairs and 1 sibling pair and half cousin) were
ascertained from the inherited retinal disease clinics based on a clinical and molecular
diagnosis of ESCS.

4.2.2 Clinical assessment
Each confirmed patient underwent a full clinical examination including visual acuity and
dilated ophthalmoscopic examination. I examined all patients. One patient declined
further investigations apart from molecular testing but their sibling had undergone full
investigation. All other patients had electrophysiological testing and dilated fundus
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imaging. Additional S-cone ERGs were recorded, when possible, to a 5ms blue
stimulus (445 nm, 80 cd.m-2) on a bright orange background (620nm, 560 cd.m-2); ONOFF ERGs were recorded to an orange stimulus (duration 200ms) on a green
background (530nm, 150 cd.m-2).241, 242

4.2.3 Molecular investigations
Patients identified as clinically typical for ESCS had already been screened by
colleagues within the lab for disease causing mutations. Family 2 declined further
molecular testing on the affected children, the father having already been identified as
having a homozygous variant causing his Goldmann-Favre syndrome and the related
mother being heterozygous for the same variant. This consanguineous family, who
demonstrate pseudo-dominant inheritance, has been previously reported.211, 212, 243 I
confirmed those parental mutations and performed segregation within all other families
by direct sequencing of the relevant exons and intron/exon boundaries of NR2E3 (table
4-1). Mutation nomenclature was assigned in accordance with GenBank Accession
number NM_014249.3 with nucleotide position 1 corresponding to the A of the ATG

Primer forward 5’ → 3’

Primer reverse 5’ → 3’

Enzyme

1

TGGTAATGCTGCAGGTGTGGC

TCCTTCCATGGTCCCTGCGAACC

BIOTAQ

60

482

2-3

GCGTGGGTTCGTTCAAATGCGG

CTCTCCCACTCACCATCCTCT

BIOTAQ

60

837

4-5

TGACAAGAAATGGGCAGCGGGAC

ATACTGGCGTGGGGATGTGTGTG

BIOTAQ

60

712

6-7

TCCTTGGGTGCCTGAGATGGTG

TGGGAGAGTGTGGGAGAGGCAGA

BIOTAQ

60

894

8

AATTCCTCCTGACCCACTCTGG

CTTTCGGTGGGCATTTCTGCTG

BIOTAQ

60

393

Table 4-1: Primer pairs for sequencing of NR2E3

4.3 Results
Clinical findings are summarized in table 4-2. Nine children (5 female, 4 male) from 5
families were assessed. Mean age at last review was 10.8 years (median 11 years,
range 7-15 years). Diagnostic ERG was performed in 8 patients at a mean age of 8.6
years (median 8 years, range 3-14 years). Geographic/ethnic origin was white British in
4 families and the Kashmir region of Pakistan in 1 family.
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Age last rv
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Fundus

FAF

OCT

Latest VA,
log MAR

Refraction

1.1 (f)
GC
19824

9

White dots and
nummular
pigmentation
along arcades

Diffuse paracentral
hyperfluorescence, multiple
small high density foci along
arcades, hypofluorescence
outside of the arcades

Normal

R 0.80
L 0.90

R +8.00/-3.50 x 5
L +8.50/-3.50 x 160

1.2(f)

9

White dots and
nummular
pigmentation
along arcades

Diffuse paracentral
hyperfluorescence, multiple
small high density foci along
arcades, hypofluorescence
outside of the arcades

Foveal
sparing
cysts BE

R 0.50
L 0.36

R +10.50/-1.00 x 70
L +10.00/-1.00 x 80

1.3(m)

12

Few white dots
and RPE
mottling along
arcades

Diffuse paracentral
hyperfluorescence with
multiple small high density
foci along arcades

Normal

R 0.14
L 0.74 (L
amblyopia)

R +3.00/-0.50 x 10
L +4.50 DS

2.1(f)
GC
15494

15

Subtle RPE
mottling along
arcades

Small foci of high density
along arcades

Foveal
sparing
cysts BE

R 0.1
L 0.1

R +2.50/-1.25 x 180
L +2.25/-1.25 x 180

2.2(m)

11

Normal

Small foci of high density
along arcades

Normal

R 0.00
L 0.08

R +1.00/-1.00 x 15
L +2.50/-2.25 x 170

3.1(m)
GC
19784

7

Few white dots
along superior
arcades

-

-

R 0.05
L 0.10

R +2.25/-1.00 x 180
L +3.00/-1.00 x 180

3.2(m)

9

RPE mottling
along arcades

Diffuse paracentral
hyperfluorescence with
multiple small high density
foci along arcades

Normal

R 0.14
L 0.00

R +3.50 DS
L +2.50 DS

4(f)
GC
19940

14

White dots and
nummular
pigmentation
along arcades

Diffuse paracentral
hyperfluorescence, multiple
small high density foci along
arcades, hypofluorescence
outside of the arcades

Foveal
involving
cysts BE

R 0.86
L 1.20

R +3.50/-0.50 x 21
L +3.50/-1.00 x 145

5(f)
GC
16715

11

Normal

Small foci of high density
along arcades

Normal

R 0.10
L 0.125

R +3.50/-1.50 x 20
L +4.00/-1.50 x 165

Table 4-2: Key clinical features
Longitudinal data were available in 8 patients (mean follow up 3 years; range 1-10
years). All patients reported nyctalopia although patient 3.1 only reported this from the
age of 7. No patient had nystagmus. Visual acuity ranged from 0.0 to 1.2 logMAR.
Reduced vision in both eyes (≥0.3 logMAR) with deterioration over time was recorded
in patients 1.1, 1.2 and 4, the rest retaining good visual acuity with appropriate
refractive correction. Only patient 4 had evidence of intra-retinal cysts involving the
fovea. This patient was intolerant of both topical and oral carbonic anhydrase inhibitors.
All patients had a hyperopic refractive error with mean spherical equivalent at
presentation of +4.40 D (range +1.40 D to +11.75 D) and at last review a mean of
+4.00 D (range +0.50 D to +10.00 D).
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Figure 4-1: Fundal abnormalities in paediatric enhanced S-cone syndrome
Patient 5, (a.i) and (a.ii) left normal fundal photographs, (b) abnormal fundus autofluorescence
(FAF) imaging with high density foci; Patient 2.1, (a.i) right normal fundal photograph 2006 (a.ii)
right fundal photograph 2011 with RPE mottling present (b) right FAF imaging with high density
foci; Patient 1.3, (a) right Optos fundus photograph with RPE mottling and a few white dots, (b)
FAF imaging showing diffuse paracentral hyperfluorescence and small high density foci along
arcades; Patient 1.2, (a) right Optos fundus photograph demonstrating white dots and extensive
nummular pigmentation, (b) FAF imaging demonstrating diffuse paracentral hyperfluorescence,
small high density foci and a hypofluorescent ring outside of the arcades.
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Figure 4-2: Optical coherence tomography scans
Patient 5, left normal macular OCT; Patient 2.1, right abnormal macular OCT with intra-retinal
cysts; Patient 1.2, right abnormal superior arcade OCT demonstrating disorganized architecture
and multiple hyper-reflective lesions in the outer nuclear layer (white arrow).

Two patients had a normal biomicroscopic appearance to their fundi although their FAF
imaging demonstrated foci of high density around the arcades (figure 4-1). Two had
RPE mottling only and 2 had RPE mottling with white dots. The typical adult ESCS
feature of nummular pigmentary deposits along the arcades was present in 3 patients.
There was phenotypic variability within family 1 which was independent of age; a
female patient and her female half cousin (patients 1.1, 1.2) had extensive nummular
pigmentation not present in her older male half cousin (patient 1.3, figure 4-1).
Progression of ophthalmoscopic changes was recorded in 4 patients. Patient 2.1 who
presented at age 6 years with a normal fundus appearance showed subtle RPE
mottling along the arcades at age 11 years (figure 4-1). Patient 3.1 had subtle RPE
mottling at presentation aged 4 years, and subsequently developed white dots along
the arcades from age 6. Patients 1.1 and 1.2 had nummular pigmentary lesions along
the arcades which increased during follow up periods of 2 and 3 years respectively.
FAF imaging was abnormal in 8 of 8 patients. Three patients had multiple fine foci of
increased autofluorescence associated with the arcades. Two of these patients had a
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normal fundus appearance; the third had subtle RPE mottling only. Diffuse paracentral
hyperfluorescence within the arcades in conjunction with multiple fine high density foci
alongside the arcades, was present in 5 patients. In 3 of these patients with more
severe disease, reduced autofluorescence was noted outside of the arcades in the mid
peripheral retina.
Eight patients underwent OCT; 5 had normal OCTs, 2 had evidence of macular intraretinal cysts without foveal involvement and 1 had fovea-involving cysts (figure 4-2).
Extended OCT scanning, to include the superior arcades, was performed in 2 patients.
There was loss of normal retinal architecture and small hyper-reflective lesions
throughout the outer nuclear layer.
ERGs demonstrated the characteristic features of ESCS (figure 4-3).

Figure 4-3: Electrophysiology in enhanced S-cone syndrome
a) Full-field and pattern ERGs in patient 2.1. b) Extended S-cone ERGs from the right eye of
patient 2.1. N, normal.
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The rod-specific DA 0.01 response was undetectable; brighter flash dark adapted
ERGs (DA 3.0 and DA 11.0) were of simplified, delayed waveform (figure 4-3). The
responses to the same stimuli under scotopic (DA 3.0) and photopic adaptation (LA
3.0) were of similar waveform; the 30Hz flicker ERG was profoundly delayed and
additionally was of lower amplitude than the single flash LA 3.0 ERG a-wave. S-cone
specific testing was possible in 5 children, and showed high amplitude, delayed and
simplified responses in keeping with origins in short wavelength sensitive cones, and of
similar waveform to those obtained to white light stimulation. Extended S-cone ERGs
from patient 2.1 is shown in figure 4-3b. The 200ms blue stimulus response shows
some OFF- activity, as occurs in some but not all ESCS patients.212 The photopic ONOFF- response in the patient (200ms orange flash) is markedly reduced, of simplified
waveform, and shows delay in all components.
The PERG P50 component, used to assess macular function, was within normal
amplitude limits in 2 patients, subnormal without delay in 2, delayed without amplitude
reduction in 1, and delayed and subnormal in 1 patient. PERG data from one patient
was excluded due to high levels of physiological noise. One patient did not have
electrodiagnostic testing due to parental preference but his brother has typical
electrophysiology and both have genetically confirmed disease.
Molecular genetic analysis
Mutations identified and segregation are shown in table 4-3 and figure 4-4.
Mutation

Family

SIFT

Polyphen2

First reported

119-2A>C, aberrant splicing

1 and 3

N/A

N/A

Haider 2000

c.1194delT (p.Pro399Glnfs*44)

1

N/A

N/A

This series

c.310C>T (p.Arg104Trp)

2

0.00

1.00

Haider 2000

c.1025T>C (p.Val342Ala)

3

0.00

0.996

This series

c.305C>A (p.Ala102Asp)

4

0.00

0.999

This series

c.767C>A (p.Ala256Glu)

4 and 5

0.02

0.998

Sharon 2003

c.994G>A (p.Glu332Lys)

5

0.04

0.912

This series

218

218

244

Table 4-3: Identified mutations in NR2E3
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Figure 4-4: Pedigrees and mutation distribution for the 5 affected families
* presumed genotype, DNA unavailable for testing

Family 1, a brother and sister pair and their cousin have the same compound
heterozygous change; c.119-2A>C (paternal), predicted to cause aberrant splicing and
the most common mutation reported in ESCS, and a novel PTC, c.1194delT
(p.Pro399Glnfs*44, maternal). Additional novel mutations identified were all missense,
c.1025T>C (p.Val342Ala), c.305C>A (p.Ala102Asp) and c.994G>A (p.Glu332Lys). All
novel missense mutations are predicted be pathogenic in silico (table 4-3). They all
arise in amino acids highly conserved throughout evolution as confirmed by Clustal
Omega (figure 4-5).
79

Enhanced S-cone syndrome in children

Figure 4-5: Conservation of missense mutations

4.4 Discussion
In this study, the characteristic retinal features of ESCS in children was investigated
and compared with adults with the disorder. Appropriate investigations, in particular
ERG and FAF imaging, were found to be clinically most helpful in diagnosis. Variability
of presentation and visual disability both across and within families was identified.
Most children initially lack the deep nummular pigmentation typically seen in adults,
and fundus examination may be normal at presentation in keeping with previous
reports of the paediatric phenotype in ESCS.215, 216 Patient 2.1 in this series, previously
reported to have a normal fundus appearance, now has subtle RPE mottling.211, 212
Isolated, subtle RPE changes along the arcades are a finding not previously noted in
ESCS but apparent in this series. Sub-retinal white dots without nummular
pigmentation in children have been previously reported in a series of 3 patients.214
Whilst the white dots are characteristic of ESCS, they are not diagnostic and have also
been reported in NR2E3 related autosomal recessive RCD with clumped
pigmentation.244 Previously reported complications in ESCS of choroidal neovascular
membrane or sub-retinal fibrosis were not evident in any of the present series.210, 215, 245
This series of children suggests a sequence of fundal change from normal appearance,
followed by RPE mottling along the arcades, and then the development of white dots
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followed by deep nummular pigmentary deposition. FAF imaging is particularly useful
in highlighting subtle abnormalities along the arcades in children with a normal fundus
appearance. High density foci along the arcades on FAF imaging with a normal fundal
appearance has previously been reported in an 8 year old child.211, 215 A practical
application is in determining whether other (younger) family members are affected. The
high density foci on FAF imaging do not always correspond to white dots seen
ophthalmoscopically.215 Four patients in the present series demonstrated high density
foci on FAF without white dots. These foci have been shown in a murine model to
originate from accumulations of microglial cells between the outer nuclear layer and the
RPE.246 Microglial cells are known to play a central role in chronic degenerative
conditions of the central nervous system. In adults, FAF imaging may demonstrate a
ring of relatively increased hyperfluoresence within the arcades as seen in 5 cases in
this series, a spoke-like hyperfluorescence in the macula in the presence of foveal
schisis and/or a reduction in autofluorescence anterior to the arcades in the mid
periphery of the retina.212 This latter sign was found in 3 cases in this series all of
whom have more severe disease and is thought to represent loss of photoreceptor
cells. It corresponds well to reported histology in advanced ESCS which demonstrated
relative preservation of photoreceptors in the macula and the far periphery of the retina
with loss of photoreceptors in the mid periphery.213 Monitoring of disease progression
with FAF imaging in particular the loss of autofluorescence in the mid periphery can
therefore be used as a marker of photoreceptor loss.
Intra-retinal cysts in the macula similar to adult disease, can occur in children and can
lead to loss of vision.211, 212 The majority of patients in the present series maintained
good visual acuity in keeping with other reported ESCS cases, but in 3 patients vision
deteriorated.210, 247 One case had intra-retinal cysts involving the fovea that could
explain the reduction in acuity and one had para-foveal cysts. However, these 3 cases
also had more advanced ophthalmoscopic changes with nummular pigmentation.
Two patients underwent extended OCT outside of the macula. There were intra-retinal,
hyper-reflective lesions in the outer nuclear layer, with a disorganized retinal
architecture and loss of normal lamination. This has been previously described in a
child with ESCS in the mid-periphery, and may be a useful adjunct in diagnosis and
monitoring.215, 248 The OCT findings are consistent with the previously described
histological data which found a loss of normal retinal lamination and disorganisation of
the retina.213 The disorganised retinal lamination has been suggested not to be
developmental but acquired either from ongoing proliferation in the NR2E3 deficient
retina or as a secondary proliferative response to cell death.248 Extended OCT studies
also identified thickening of the retina in particular the outer nuclear layer in a ring
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around the arcades, with thinning evident in end-stage disease.248 In CRB1 related
retinal dystrophy there is thickening and disorganisation evident throughout the retina
including the macula, a finding thought most likely to be developmental.249 Although
this has been observed at an early age it has not yet been proven to be developmental.
Electrophysiology remains the most useful investigation in ESCS due to the
pathognomonic ERG abnormalities. Additional non-standard ERG testing provides
further evidence of the disorder with S-cone specific ERGs several times the
magnitude of normal, also showing a waveform similar to that of the conventional
Ganzfeld ERG.135 Pattern ERGs were abnormal in 4 of 6 cases but were generally
better preserved than in affected adults; a previous study revealed abnormal pattern
ERGs in 16 of 16 adults including 5 with undetectable responses.212 Pathognomonic
ERGs facilitate targeted molecular diagnosis.
NR2E3 encodes a 410 amino acid, 8 exon, ligand dependent transcription factor
important in the determination of photoreceptor cell fate. NR2E3, in cell studies and the
RD7 murine model, acts in tandem with CRX to promote rod photoreceptor
differentiation and suppress the formation of cone cells.174, 250 Histopathological and
immunocytochemical analysis of a post mortem eye of one elderly patient with ESCS
showed a degenerate retina with no rods and approximately twice the number of
cones, 92% of which were short-wavelength cones.213 The NR2E3 protein constitutes a
DNA binding domain (DBD, amino acid residues 45-131) and a ligand binding domain
(LBD, amino acid residues 222-410).251 The DBD is a highly conserved region
comprising 2 ‘zinc finger’ -like structures that specifically bind to consensus sites in the
promoter regions of target genes.251 Interaction of the DBD with the homeodomain of
CRX enables NR2E3 transactivation of target genes.174, 251 Mutations in the DBD have
been shown to abolish DNA binding.252 Some but not all mutations in the LBD have
been shown to disrupt homo- and heterodimerisation.240 Reported mutations in NR2E3
are evenly split between the DBD and the LBD without any obvious clustering. Four
novel mutations are reported in this study, three of which are missense mutations
predicted to be damaging in silico; p.Ala102Asp arising within the DBD and
p.Glu332Lys and p.Val342Ala located within the LBD. The novel deletion, c.1194delT;
p.Pro399Glnfs*44, also located in the LBD, is a PTC that creates an alternative reading
frame predicted to result in a new 43 amino acid chain followed by a stop codon.
All but 1 family in this series were found to be compound heterozygous for mutations in
NR2E3, limiting the possible phenotype-genotype correlations that could be made
based on a specific type or location of mutation. At present the prognosis related to a
specific genotype is unknown and the molecular diagnosis does not alter the patient’s
management.
82

Non-syndromic retinal dystrophy due to mutations in IFT140

5 Non-syndromic retinal dystrophy due to bi-allelic
mutations in IFT140
5.1 Introduction
The outer segments of photoreceptors are highly modified, photosensitive cilia, which
lack any capability for protein production.22 Thus, they are reliant on the intraflagellar
transport (IFT) system, which comprises large protein complexes for transport from the
cell body to cilium tip and back driven by the motors kinesin-2 and dynein-2
respectively.23 The IFT-B complex is essential for cilium assembly and anterograde
transport whereas the IFT-A complex is responsible for retrograde transport, with
additional roles in anterograde transport by connecting kinesin to the IFT complex, and
in facilitating entry of proteins in to the cilium.253, 254 IFT140, a subunit of IFT-A, is vital
for both the development and the maintenance of outer segments, and has a specific
role in opsin transport across the connecting cilium.23
Mutations in IFT140 have been associated with Jeune asphyxiating thoracic dystrophy
and Mainzer-Saldino syndrome, ciliopathies forming part of a spectrum of skeletal
dysplasias now collectively termed short rib thoracic dysplasia 9 with or without
polydactyly (SRTD9, MIM#266920).255-258 First described in 1970, patients have
variable skeletal features including shortened ribs, short stature, cone-shaped
phalangeal epiphyses (pre-pubertal), brachymesophalangy, and acetabular spurring or
metaphyseal defect of the femoral head.259 Non-skeletal features in the majority of
patients include a severe early-onset retinal dystrophy, and end stage renal failure
secondary to nephronophthisis by teenage years with cerebellar ataxia, epilepsy, facial
dysmorphism, learning difficulties and cholestasis also reported.255-257
IFT140 mutations have now been identified in patients with isolated retinal
dystrophy.260, 261 Prior to these reports, 2 families from this centre were identified from
WES with non-syndromic RCD due to bi-allelic IFT140 variants and further functional
investigation of this novel finding was then planned. A further 3 families were
subsequently identified, 2 from the Manchester 176 retinal gene panel and 1 from
WGS as part of the SPEED study. Detailed characterisation of the ocular phenotype
was performed and functional analysis of 2 identified variants with protein localisation
studies in hTERT-RPE1 cells performed to support their pathogenicity. In addition,
characterisation of a zebrafish morpholino was performed as a potential animal model
of the human disease.
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5.2 Methods
5.2.1 Patient ascertainment
Two probands were initially identified by colleagues from whole exome sequencing.
Variants in IFT140 were identified as the most likely cause of their retinal dystrophy
with no other pathogenic variants in known retinal dystrophy genes. Both probands
were assessed and examined by myself and their extended family in Pakistan and New
Zealand contacted for DNA samples and segregation. All patients provided written,
informed consent. A colleague in Pakistan was able to review 2 of the affected family
members there. Three further probands were later identified, 2 from the Manchester
NGS gene panel test and the fifth from WGS as part of the SPEED study.

5.2.2 Clinical investigations
A total of 8 affected patients were studied with full ophthalmic examination (2 by
myself, 4 by my supervisors and 2 by a colleague in Pakistan) and retinal imaging.
Seven of 8 patients underwent renal function testing, 5 of 8 patients had hand x-rays.
One patient was no longer contactable despite multiple attempts and therefore
unavailable for renal function testing.

5.2.3 Molecular investigations
Patient 1.1 had been previously investigated by a negative APEX microarray. He was
then found negative by targeted NGS of the coding regions of 31 retinal dystrophy
genes performed at Bioscientia Center for Human Genetics (Ingelheim, Germany).
WES was then performed (AROS). Patient 2 was initially investigated as part of the UK
National Collaborative Usher study due to the co-existence of hearing loss with retinal
dystrophy with negative bidirectional Sanger sequencing of 9 Usher genes (MYO7A,
CDH23, PCDH15, USH1C, USH1G, USH2A, GPR98, WHRN, CLRN1) and a
candidate gene SLC4A7 as part of the UK National Collaborative Usher Study as
previously described.262 WES was then performed as above. Patients 3.1 and 4
underwent NGS of the coding regions of 176 retinal genes (Manchester). Patient 5
underwent WGS as part of the SPEED study.
Bi-directional Sanger sequencing of involved exons and intron-exon boundaries of
IFT140 was performed by my colleague in the lab for family 1, by myself on family 2, by
Manchester Genomics centre for families 3 and 4 and as part of the NIHR SPEED
study on family 5. Segregation was confirmed in available relatives. I obtained blood
samples on relatives from Pakistan and New Zealand to enable segregation. DNA was
amplified using specifically designed primers by polymerase chain reaction (PCR) and
the resulting fragments were sequenced using standard protocols (table 5-1).
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temp (°C)
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size (bp)
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13

CAGTTCCCTGTGCCTCAGAG

ACCCGGTCTCAGGTAGTTCT

BIOTAQ

65

409

19

TCTGACCATTGCCAGTGACC

TGGGCAGCATTTCATCGAGT

BIOTAQ

65

548

22

GTGCTCAGGGTCTGCAGAG

TGGCTTTGTCCAAAGGGAGG

BIOTAQ

65

423

Table 5-1: Primer pairs for Sanger sequencing of IFT140 in families 1 and 2
Nomenclature was assigned in accordance with GenBank Accession number
NM_014714.3.

5.2.4 Cell studies
Under supervision by a colleague (Nicholas Owen) within our lab at the Institute of
Ophthalmology, an in vitro experiment was designed to perform transient plasmid
transfection of hTERT-RPE1 cells to further investigate missense variants identified in
the original 2 families. I performed all experiments as described in methods section 2.3.

5.2.5 Zebrafish studies
Investigation of a zebrafish morphant was performed as described in methods section
2.4. There was limited published data on this morphant, and we hypothesised that
rescue experiments may provide further evidence of pathogenesis of the missense
variants studied.

5.3 Results
Ophthalmological and systemic findings
Five families were studied (figure 5-1). Clinical details are summarised in table 5-2. All
patients had a retinal dystrophy characterised by nyctalopia and progressive field loss,
with fundus features and electrophysiology (available in 3 patients) consistent with a
rod-cone dystrophy.
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Figure 5-1: Pedigrees of 5 families with mutation segregation
Family 1 of Northern Pakistan origin was comprised of the proband (patient 1.1) and
his 3 affected second cousins, 2 of whom (patients 1.2 and 1.3) were available for
clinical examination. Patient 1.1 was born at full term to consanguineous parents. He
was noted to have reduced night vision at 2 years of age. Fundus examination
demonstrated mild mid-peripheral retinal changes only (figure 5-2). Electroretinography
(ERG) performed age 8 demonstrated a relatively severe rod-cone dystrophy with
marked bilateral macular involvement which had progressed when repeated age 13
years. Systemically, patient 1.1 was well with no dysmorphic features and normal
growth parameters (age 13, height 50th-75th centile, weight 75th centile, head
circumference 25th centile). His fingers were noted to be long and he had no skeletal
abnormalities. Hand and hip X-rays were normal (figure 5-3). He had a history of
congenital right pelvico-ureteric junction obstruction and secondary hydronephrosis,
which required surgical correction at 4 years of age. Renal and liver function blood
tests were normal at age 13 years. Renal ultrasound demonstrated a normal left
kidney, with global cortical thinning and loss of normal corticomedullary differentiation
on the right consistent with the history of hydronephrosis.
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Age at last
review, logMAR
visual acuity
(Snellen),
refractive error

Key fundus findings

Other findings

ERG, PERG

1.1

2
years

13 years
R 0.0 (6/6)
L 0.0 (6/6)

Mid-peripheral
hypopigmented dots,
mild RPE atrophy

Humphrey VF 242: extensive loss
periphery, central
10° preserved

Age 13, residual
PERG activity,
severe loss both
rod and cone
systems

N

N

GC
17830

R +0.25/-1.25 x40
L -5.50/-0.50 x140

Ishihara: 17/17 BE

eGFR, L/min/m
(>90 normal)

2

Age
of
onset

Serum creatinine
µmol/L (70-120)

Pt

1.2

<10
years

45 years
R 0.7 (6/30)
L 0.5 (6/19)

Mid-peripheral RPE
hypopigmentation with
intra-retinal pigmentary
migration, macular
atrophy

Early cataract RE,
L cataract surgery
age 44

Not done

N

N

1.3

<10
years

44 years
R 0.3 (6/12)
L 0.3 (6/12)

Mid-peripheral RPE
hypopigmentation,
early macular atrophy

Early lens opacity

Not done

N

N

2

16
years

67 years

Posterior pole
chorioretinal atrophy,
extensive midperipheral
pigmentation, severely
attenuated vessels

Confrontation VF:
<5° BE

Not done

76

95

R cystoid macular
oedema with epiretinal
membrane, B macular
atrophy, attenuated
vessels extensive
pigmentary change

Confrontation VF:
20° on R, 10° on L

115

61

Early cataract

Age 45,
undetectable
PERG and rod
specific ERG,
markedly
subnormal cone

Marked vessel
attenuation, nasally
occluded vessels,
extensive atrophy
particularly posterior
pole, mid-peripheral
pigmentary change

Early cataract BE

Not done

91

56

Attenuated vessels,
mid-peripheral RPE
mottling

Confrontation VF:
full

Not done

77

109

Bilateral mild epiretinal
membrane, mild RPE
change in midperiphery

Early subcapsular
cataract

Age 25,
subnormal
PERG, rod
responses
undetectable,
subnormal cone

NA

NA

GC
1558

3.1
GC
4303

3.2

4
GC
21161

5
GC
20552

Late
20’s

R HM
L PL

53 years
R 0.7 (6/30)
L 1.8 (1/60)

Early
30’s

57 years

28
years

31 years

14
years

R 0.2 (6/9.5)
L 0.2 (6/9.5)

R 0.0 (6/6)
L -0.1 (6/4.8)
26 years
R 0.3 (6/12)
L 0.2 (6/9)
R -2.50/-0.75 x15
L -1.75/-1.25 x10

Cataract surgery
BE late 40’s,
myopic prior

Ishihara: R 2/17 L
4/17

Ishihara: 17/17 BE

Ishihara: R 7/17 L
17/17

Table 5-2: Clinical summary of patients with IFT140 related retinal dystrophy
eGFR, estimated glomerular filtration rate; NA, not available
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Both patients 1.2 and 1.3 developed visual symptoms in childhood with preservation of
central vision until their 40’s. They had retinal changes of RCD with attenuated vessels,
macular atrophy and mid-peripheral pigmentary change, worse in the older brother.
Neither brother had any syndromic features. Specifically, hand X-rays did not
demonstrate shortened phalanges, and renal and liver functions were normal.
Patient 2, of Caucasian British origin, first noticed nyctalopia aged 16 years with
peripheral field loss noted in his mid-20’s when he was diagnosed with RCD. Loss of
central vision occurred by 50 years of age with fundus features of a severe and
extensive pigmentary retinopathy. There was no history of skeletal or renal
abnormalities. Hand X-ray did not identify shortened phalanges, and renal function
blood tests were normal age 67 years. There was a history of progressive hearing loss
noted at the age of 4 years, which required hearing aids. Audiometry revealed
symmetrical bilateral high frequency loss and bilateral plateau loss of 25-30db in 2502000 kHz frequencies. The hearing loss was atypical for Usher syndrome. There was
no other medical history of note. His younger sister also has RCD but without hearing
loss. Clinical examination was not possible but a DNA sample was obtained.
Family 3 are from the Gujarat region of India. The proband, 3.1, noted nyctalopia in his
late 20’s and problems with glare. He noted reduced left vision at age 44 years.
Fundus examination revealed extensive pigmentary change and vessel attenuation.
ERG was consistent with severe generalised retinal dysfunction in both eyes. Patient
3.2, presented with nyctalopia and progressive peripheral field loss in her early 30’s.
When last reviewed age 57, visual acuity was still good at 0.2 logMAR each eye
(Snellen 20/32) despite marked vessel attenuation and generalised atrophy of the
posterior pole. Neither patient has any systemic manifestations. Both patients have
normal serum creatinine but estimated glomerular filtration rates (eGFR) that are
borderline and under review. Both are hypertensive on oral medications. Patient 3.2
has had stable creatinine and eGFR over 6 years of monitoring.
Family 4 are British Caucasian. The proband noted difficulty with dark and light
adaptation in his late 20’s but otherwise remains without symptoms. At last review age
31 years, visual acuity was excellent with mild retinal changes only. Systemically well,
skeletal survey, renal function and renal ultrasound were all normal.
Family 5 are from the Punjab region of Pakistan. The proband developed nyctalopia in
early teenage years without any other noticeable symptoms. When last reviewed age
26 years, the patient was systemically well with no clinically apparent syndromic
features of disease. Further investigations were unfortunately not possible as the
patient is no longer contactable.
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Figure 5-2: Retinal imaging in IFT140 related rod-cone dystrophy
(a) colour fundus photographs, (b) FAF imaging, (c) OCT.
Patient 1.1, RE (a) diffuse, mid-peripheral white dots, para-foveal atrophy in macula, (b) ring of
increased autofluorescence in macula, reduced mid-peripherally (c) centrally preserved ISe
band. Patient 1.2, LE (a) central macula atrophy, peripheral intra-retinal pigmentary migration in
regions of depigmentation. Patient 1.3, LE (a) central macular atrophy with mid-peripheral
hypopigmentation. Patient 2, LE (a) posterior pole atrophy with heavy mid-peripheral
pigmentation, (b) extensive loss of autofluorescence, (c) loss of outer retina and inner choroid.
Patient 3.2, RE. (a) macular atrophy, mid-peripheral RPE atrophy and pigment change, marked
vessel attenuation, nasal vessel occlusion, (b) reduced autofluorescence particularly in posterior
pole, (c) disorganised retina with loss of outer retina and ORT (arrowed). Patient 4, RE. (a)
attenuated vessels, mid-peripheral RPE hypopigmentation, (b) ring of increased
autofluorescence in macula, speckled reduction mid-periphery (c) ISe band preserved centrally.
Patient 5, RE. (a) mild mid-peripheral RPE atrophy, (b) ring of increased autofluorescence in
macula with small dots of reduced autofluorescence nasally, (c) ISe band preserved centrally
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Figure 5-3: Skeletal imaging in IFT140
Patient 1.1 anteroposterior (AP) x-rays of left hand and pelvis, patient 2, AP and lateral x-rays of
left and right hands. All x-rays normal.

Molecular investigations
In family 1, WES identified a homozygous variant, c.1451C>T (p.Thr484Met), with
segregation in 5 unaffected and 3 affected family members supporting causality (figure
5-1). This variant has now been reported.260 No other predicted pathogenic variants
were identified in known retinal genes. In family 2, WES identified a splice site variant
c.2399+1G>T, that has been previously reported in 4 syndromic patients and a novel
missense variant, c.2815T>C (p.Ser939Pro) predicted to be tolerated in silico.255, 256
Patient 2’s affected sister also carries both variants with his son carrying the missense
variant only, confirming that the mutations are in trans.
A targeted gene panel of 176 genes identified c.998G>A (p.Cys333Tyr) in the third
proband. This was also present in 2 other affected family members with 1 unaffected
sibling not harbouring the variant. It is therefore possible, in this non-consanguineous
family, that the affected patients are hemizygous with a deletion on the other allele.
This variant has not been reported in an affected patient before but is present in 2 of
121,370 alleles on ExAC.
Patient 4 also underwent targeted sequencing of 176 retinal genes identifying 2
variants. The first, c.1021G>A (p.Ala341Thr) has an allele frequency of 10 in 119,692
on ExAC and is predicted to be damaging in silico (SIFT 0.03, Polyphen2 1.00). The
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second, is a novel frameshifting mutation, c.1422_1423insAA (p.Arg475Asnfs*14).
Segregation in his parents confirmed the mutations to be in trans.
WGS in patient 5 identified the same homozygous variant as found in family 3. Affected
and unaffected family members overseas were unavailable for further testing.
Conservation of the missense variants identified in this study was compared to
syndromic missense variants across a diverse range of orthologues (figure 5-4).
Ala341Thr, Thr484Met and Ser939Pro are not conserved, Cys333Tyr is fully
conserved. Six of 9 syndromic missense mutations are fully conserved; 3 are not
conserved.

Figure 5-4: Conservation of missense variants
Transient cell transfection studies
Site directed mutagenesis using mutation specific complementary primer pairs
generated 4 plasmid clones. A total of 6 plasmids were used in cell transfection
experiments: 2 contained non-syndromic mutations c.1451C>T (p.Thr484Met, T484M)
and c.2815T>C (p.Ser939Pro, S939P); one a previously unreported mutation,
c.1319T>C (p.Leu440Pro, L440P), from a patient with Leber Congenital Amaurosis and
renal failure (personal communication Isabelle Perrault); a previously reported plasmid
with a syndromic mutation c.1990G>A (p.Glu664Lys,E664K);255 the WT plasmid; and a
polymorphism, c.2330T>G (p.Leu777Arg, L777R), rs34535263. Following transient
transfection of IFT140 and mutants in hTERT-RPE1 cells and subsequent
immunostaining, analysis of aberrant IFT140 localisation with the basal body was
performed (figure 5-5).
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(A) Transient transfection was performed with 6 Myc-DDK-tagged IFT140 plasmid constructs.
Cells were immunostained with primary antibodies to the IFT140 plasmid and basal body and
secondarily stained. Expressed IFT140 (white arrow) and basal body localisation was reduced
in all mutants compared with WT and L777R. Scale bar= 20µm.
(B) The percentage of transfected
cells with localisation of IFT140 to
the basal body was calculated from
a mean of 3 independent
experiments (n>100 cells).
A statistically significant difference
was found between WT and E664K,
L440P, T484M and S939P
(*** p<0.0001). There was no
statistically significant difference
found between WT and L777R, nor
between the syndromic mutants,
E664K and L440P and the nonsyndromic mutants T484M and
S939P (p=1).

Figure 5-5: Aberrant localisation of IFT140 with basal bodies in transiently
transfected hTERT-RPE1 cells.
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Transfection efficiency was 38% with generalised cytoplasmic staining frequently
observed. Those cells with specific basal body labelling by IFT140 were counted.
Statistically significant aberrant localisation was found for T484M, S939P, L440P and
E664K compared to WT and L777R (p<0.0001). No significant difference was found
between any of the 4 pathogenic mutations (T484M, S939P, L440P and E664K, p=1)
nor between the syndromic mutants L440P and E664K when compared to the nonsyndromic mutants T484M and S939P (p=1). Two control experiments using
secondary antibodies and either no plasmid DNA or no plasmid DNA and no primary
antibodies were performed each time to check for contamination (figure 5-6).

Figure 5-6: Control experiments
No aberrant staining with secondary antibodies. Scale bar= 20µm.

Characterisation of an ift140 zebrafish morphant
Colleagues within the lab performed microinjection of an ift140 translation blocking
morpholino (ift140 ATG MO) with embryos analysed at 3 and 5 dpf (figure 5-7). They
identified changes in the gross morphology with normal body axis curvature but shorter
length and smaller eyes for both ift140 ATG MO 3dpf and 5dpf morphants but with
abnormalities most obvious in the 5dpf group. In addition, there was a variable lack of
swim bladder for ift140 ATG MO at 5dpf. They performed Western blot to confirm
successful knockdown of ift140. Simultaneous knock-down of both Tp53 and ift140 at
3dpf demonstrated that the observed phenotype was still present indicating that this
was not an off-target apoptotic effect. Alcian blue cartilaginous stain was similarly
distributed between morphant and wt although development appeared either delayed
or the cartilaginous structures reduced in size in morphants. Retinal histology
demonstrated mild thickening of the inner plexiform and ganglion cells layers at 5dpf.
Apoptosis assay found no apparent difference between wt and morphant at both 3dpf
and 5dpf stages. Immunohistochemistry demonstrated reduced anti-zpr-1 (red-green
double cone staining) for 5dpf MO. Anti-acetylated tubulin was similarly distributed and
intense for wt and MO; an increased ganglion cell layer was occasionally found.
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Figure 5-7: Characterisation of an ift140 zebrafish morphant
(a) Gross morphology of 3 and 5 dpf wt ift140 ATG morphant MO, and ift140 MM MO
demonstrating similar body axis curvature but shorter length, smaller eye and variable lack of a
swimbladder (5dpf only) for the ATG MO compared to the wt and MM. Scale bar = 500µm.
(b) Western blot analysis of wt, ift140 ATG MO and ift140 MM MO (n=20 for each, 30 µg)
demonstrating successful knockdown of ift140 translation for the ATG MO.
(c) Retinal histological sections demonstrating thickening of both inner plexiform layer (IPL) and
ganglion cell layer (GCL) in MO morphants at both 3 and 5 dpf (PR, photoreceptors; ONL, outer
nuclear layer; ON, optic nerve; RPE, retinal pigment epithelium).
(d) Apoptosis assay demonstrating similar numbers of TUNEL+ve cells between wt and MO.
Scale bar= 20 µm.
(e) Alcian blue stain of lateral and transverse whole-mount zebrafish demonstrating similar
cartilage staining although structures are reduced in size for the ift140 MO (p1, pharyngeal arch
1; p2, pharyngeal arch 2; M, Meckel’s cartilage; pq, palatoquadrate; ch, ceratohyal; cb1-5,
ceratobranchials 1-5).
(f) Transverse cryosections through wt and MO retina stained with either mouse anti-zpr-1 or
mouse anti-acetylated tubulin. Mild thickening of IPL and GCL observed for anti-acetylated
tubulin 5dpf ift140 MO. Scale bar= 20 µm.
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Further investigation of missense variants was performed by attempted rescue of
morphant phenotype. I generated wt, L440P and T484M mRNAs having first checked
that there was no consensus between injected morpholino and the mRNAs using Blast.
Colleagues performed co-injection of zebrafish embryos with ift140 ATG MO and wt or
mutant mRNAs. I performed the analysis at 5dpf. As the previously described lack of
swim bladder phenotype was not found on these repeat experiments, length of fish and
vertical eye diameter were instead measured. This identified significantly smaller
lengths of 5dpf morphant fish for all mRNA types compared to wt and failed to
demonstrate rescue of phenotype with wt mRNA (figure 5-8). The eye diameter was
significantly smaller for all mRNA types with the morphant also smaller but not reaching
statistical significance (p=0.0641). However the numbers in the eye diameter group
were much smaller than the length group as only those fish with full lateral orientation
on photographs could be measured accurately.

Figure 5-8: mRNA rescue experiments of morphant phenotype
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5.4 Discussion
This series of patients with IFT140 mutations and non-syndromic retinal dystrophy
underwent detailed ophthalmic phenotyping. Systemic investigation was performed in
all but 1 patient. Five patients were in their 5th-7th decades, far older than any
previously reported patients. The patients have typical features of RCD presenting from
early childhood to the 4th decade and all are developmentally normal, with no apparent
skeletal or neurological abnormalities. Cone-shaped epiphyses are universally found
pre-pubertally in IFT140 related disease. This abnormality is not apparent in adults,
although shortening of the phalanges can still be detected.263 Hand X-rays in patients
1.2, 1.3 and 2 did not identify shortened phalanges but it remains possible that X-rays
during childhood could have revealed evidence of the cone shape abnormality. Renal
function was normal in the tested patients except for patients 3.1 and 3.2 with
borderline renal function age 53 and 57 years respectively. It is possible that this mild
renal impairment is related to IFT140 but given their age and hypertension, it may be
unrelated. Patient 1.1 had unilateral congenital pelvico-ureteric obstruction which has
not been reported in IFT140 related disease; it is likely that this is an incidental finding.
His 2 affected older second cousins have normal renal function in their 40s.
All but one of the previously reported syndromic patients with IFT140 mutations had a
severe, early-onset retinal dystrophy and undetectable or severely attenuated ERG.255257

The exception, a patient homozygous for c.699T>G (p.Ile233Met), had no evidence

of retinal dystrophy age 2 years but did have skeletal and renal manifestations.255 Of 7
patients recently reported with isolated retinal dystrophy due to IFT140, 5 have RCD
with onset of nyctalopia ranging from 7 to 33 years old, and 2 have severe early-onset
retinal dystrophy.260 There was no evidence of renal or skeletal involvement, but one
patient had hypogonadism and fatty liver which have been reported in other
ciliopathies.264, 265 It was not clear if all patients underwent systemic investigation and
renal function. A further report of 12 patients, focused on the ophthalmic phenotype,
describing it as severe with infantile onset, hyperopia and flat ERG (age <2 years-20
years). The patients reported in this present series have milder and later onset retinal
dystrophy than the majority of those previously reported with fundus features
consistent with RCD. Refraction, available in 2 patients was myopic.
All reported patients with syndromic IFT140 related ciliopathy, have developed end
stage renal failure by their second decade with the exception of 10 families
homozygous for p.Glu664Lys (reported ages 10 months -17 years).255-257, 261 The
affected children in those families presented in infancy with severe EORD consistent
with a diagnosis of LCA and with additional syndromic findings including epilepsy,
hypotonia and developmental delay. In all patients in whom hand x-rays were
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performed, cone-shaped epiphyses were identified. Systemic investigations were
unavailable for 4 families.261 The lack of overt renal dysfunction suggests a possible
genotype-phenotype correlation for this specific mutation.255, 257, 261 However, there has
been 1 reported patient homozygous for this variant with renal failure and a kidney
transplant age 17 years raising the possibility that renal dysfunction may still occur with
this allele but perhaps later than with other syndromic disease alleles.261
Phenotypic heterogeneity of several ciliopathy genes has been well established
including CEP290, IQCB1, IFT172, BBS1 and BBS3.11, 12, 85, 266, 267 In the case of
CEP290, there is evidence for a dosage-dependent phenotype with bi-allelic loss of
function mutations associated with Joubert syndrome and the common
c.2991+1655A>G splicing mutation in which a small amount of protein is still produced,
associated with LCA.12 In addition, CEP290 mutations in functionally critical regions,
despite predicted residual protein production, were associated with a more severe
phenotype.268 Three non-syndromic families in this report have bi-allelic missense
mutations, as do several of the previously reported syndromic families (table 5-3).255-257
This would suggest that phenotypic variability is not related to the type of mutation.
Only 1 patient with bi-allelic premature termination codons has been reported which
may indicate an essential developmental role for IFT140.261 Mice homozygous for
Ift140null1 die mid-gestation indicating embryonic lethality for a null phenotype.269
IFT140 is a 1462 amino acid protein encoded by 31 exons and consists of 2 types of
domain; 5 WD repeats and 9 tetratricopeptide repeats.164 Reported mutations arise
throughout the gene with no clustering or domain preference (table 5-3). Of the 4
missense variants in this report, p.Cys333Tyr and p.Ala341Thr arise within the WD5
domain but the other 2 are not located within known functional domains. Of the
previously reported syndromic mutations, 2 arise within functional domains
(p.Val292Met and p.Tyr311Cys in WD4) and the remaining 7 do not. Conservation of
missense amino acid residues in orthologues demonstrates a lack of conservation of 3
of the non-syndromic residues, with 1 fully conserved. Three of 9 syndromic mutations
are not conserved precluding any conclusion (figure 5-4). The Cys333Tyr allele was
identified in 2 families and it would suggest that this may be a retina-specific allele. The
variant Thr484Met was recently identified in conjunction with a 2nd missense variant in
a patient with non-syndromic LCA indicating that this allele may also be retina-specific.
The non-conserved Ala341Thr variant was identified in a patient with a novel
frameshifting variant; neither have been reported in an affected patient before. The
non-conserved Ser939Pro residue is predicted to be tolerated in silico and arises in
conjunction with a splice site variant previously reported in syndromic disease. These
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results may indicate that the Ala341Thr and Ser939Pro variants are less deleterious to
protein function such that there is a non-syndromic manifestation of disease.
Diagnosis
Allele 1
Perrault 2012255
MSS
c.2399+1G>T
MSS
c.932A>G ; p.Tyr311Cys
MSS
c.1990G>A ; p.Glu664Lys
MSS
c.1990G>A ; p.Glu664Lys
MSS
c.634G>A ; p.Gly212Arg
MSS
c.699T>G ; p.Ile233Met
JATD
c.2399+1G>T

Exon

Allele 2

Exon

Intron 19
9
17
17
7
7
Intron 19

17
8
17
17
29
7
7

MSS
MSS
MSS
MSS

14
8
15
5

c.1990G>A ; p.Glu664Lys
c.857_860del ; p.Ile286Lysfs*6
c.1990G>A ; p.Glu664Lys
c.1990G>A ; p.Glu664Lys
c.3916dupG ; p.Ala1306Glyfs*56
c.699T>G ; p.Ile233Met
c.634G>A ; p.Gly212Arg and/or
alteration exon 6 donor splice site
2nd allele not found
2nd allele not found
2nd allele not found
2nd allele not found

12
14
5
14
19
Intron 19
5, 7

c.874C>T ; p.V292M
c.874C>T ; p.V292M
c.454C>T ; p.Leu152Phe
c.874C>T ; p.Val292Met
2nd allele not found
c.4078T>C ; p.Cys1360Arg
c.490G>T ; p.Glu164*

8
8
5
8

Intron 19
30
19
14
4
5
5

2nd allele not found
2nd allele not found
2nd allele not found
2nd allele not found
2nd allele not found
2nd allele not found
2nd allele not found

17
17

c.1990G>A ; p.Glu664Lys
c.1990G>A ; p.Glu664Lys

17
17

31
28
7
21
11

17
17
4
12
23

13
19

c.1898_1901delATAA (p.N633Sfs*10)
c.1989C>G (p.C663W)
c.212C>T (p.P71L)
c.1377G>A (p.W459*)
c.2921C>T (p.A974V) NB presumed in
trans
c.985T>C (p.C329R)
c.1655_1656delAG (p.E522Gfs*6)

17
17
17
17
17
17
17
14
17

c.1990G>A ; p.Glu664Lys
c.1990G>A ; p.Glu664Lys
c.1990G>A ; p.Glu664Lys
c.1990G>A ; p.Glu664Lys
c.1990G>A ; p.Glu664Lys
c.1990G>A ; p.Glu664Lys
c.1990G>A ; p.Glu664Lys
c.1541_1542delinsAA
c.1990G>A ; p.Glu664Lys

17
17
17
17
17
17
17
14
17

c.1565G>A ; p.Gly522Glu
c.874G>A ; p.Val292Met
c.1727G>A ; p.Arg576Gln
c.489C>T ; p.Gly163Gly, and c.488_491del
(p.Glu164Thrfs*10) from creation donor splice site
Schmidts 2013256
JATD
c.1380delC ; p.Asn460Lysfs*28
JATD
c.1565G>A ; p.Gly522Glu
JATD
c.454C>T ; p.Leu152Phe
JATD
c.1565G>A ; p.Gly522Glu
JATD
c.2278C>T ; p.Arg759*
MSS
c. 2399+1G>T
MSS
c.418G>A ; p.Gly140Arg and c.800A>G ;
p.Glu267Gly
JATD
c.2399 +1C>A
JATD
c. 4058 G>C ; p.Pro1353Arg
JATD
c.2360 T>C, ; p.Asp787Gly
JATD
c.1541 A>T ; p.Leu514His (rs150903791)
JATD
c.329G>A ; p.Arg110His
JATD
c. 481C>A ; p.Pro161Thr
JATD
c. 481C>A ; p.Pro161Thr
Khan 2014257
MSS
c.1990G>A ; p.Glu664Lys
MSS
c.1990G>A ; p.Glu664Lys
Xu 2015
RP
c.4196T>C (p.L1399P)
RP
c.3826G>A (p.G1276R)
RP
c.650_651delTG (p.V217Gfs*2)
RP
c.2611C>T(p.R871C)
RP
C.1252G>C (p.A418P)
LCA
c.1452C>T (p.T484M)
LCA
c.2368G>A (p.E790K)
Bifari 2015
MSS
c.1990G>A ; p.Glu664Lys
EORD
c.1990G>A ; p.Glu664Lys
EORD
c.1990G>A ; p.Glu664Lys
EORD
c.1990G>A ; p.Glu664Lys
MSS
c.1990G>A ; p.Glu664Lys
EORD
c.1990G>A ; p.Glu664Lys
MSS
c.1990G>A ; p.Glu664Lys
EORD
c.1541_1542delinsAA
MSS
c.1990G>A ; p.Glu664Lys

30
6

Table 5-3: Previously reported mutations in IFT140
JATD: Jeune asphyxiating thoracic dystrophy, MSS: Mainzer-Saldino syndrome, EORD: earlyonset retinal dystrophy
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9
14

Non-syndromic retinal dystrophy due to mutations in IFT140

Transient expression of IFT140 in hTERT-RPE1 cells transfected with a Myc-DDKtagged IFT140 plasmid, demonstrated that localisation of IFT140 with the basal body
was significantly reduced in mutant cells compared with WT and L777R cells
(p<0.0001). No difference was found between the 2 missense variants from families in
this report and the 2 reported syndromic missense variants indicating a deleterious
effect on protein trafficking in vitro for all mutants studied. This supports causality of
these 2 non-syndromic missense variants in vitro.
Characterisation of an ift140 zebrafish morphant demonstrated mild abnormalities only,
indicating that in early embryonic development Ift140 is not an essential component for
cilial development in this specific model organism. Retinal characteristics of ift140
morphant zebrafish have not previously been reported but other features consistent
with a weak phenotype in particular a lack of abnormal body axis shape and olfactory
cilial defects have been described for both translation-blocking and splice site ift140
morphants.22 A more severe phenotype may present later than 5 dpf. There are limited
other animal models. Homozygous knockout Ift140null/null mice are embryonically lethal
with severe multi-system abnormalities including skeletal defects.270 Mice with selective
knockout in the renal collecting ducts (from HoxB7-Cre-driven depletion) have very
shortened or missing cilia at birth with subsequent cyst development and renal
dysfunction.269 CRISPR/CAS or Talen generated transgenic animal models may be
useful for future studies. Transgenic zebrafish generated by CRISPR/CAS would
permit investigation of the phenotype in the adult fish.
In this series, 5 families with apparently isolated RCD due to IFT140 mutations are
characterised. Given the potential for systemic complications, children with apparently
isolated retinal dystrophy due to IFT140 mutations, may need long-term systemic
investigation and renal function monitoring. However it is likely that some patients will
have isolated retinal disease and as more patients are reported, specific allele
phenotypes may emerge.
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6 Knobloch syndrome
6.1 Introduction
Knobloch syndrome is a rare, recessively inherited disorder first described in 1971 in a
family with 5 of 10 children affected by vitreoretinal degeneration, retinal detachment,
high myopia, occipital encephalocele and lens subluxation.271 The phenotypic
description has subsequently evolved with additional ocular features of cataract,
smooth irides and persistent foetal vasculature.272-274 Limited electrophysiological
characterisation has been reported in 3 patients.275, 276 Neuroradiological imaging has
revealed a variety of developmental brain anomalies including occipital skull defects
with or without encephalocele, polymicrogyria, sub-ependymal nodules and cerebellar
vermis atrophy.275, 277-280 Additional systemic findings include epilepsy, developmental
delay, and renal abnormalities. 272-274, 277, 280-284
The Knobloch locus was mapped to 21q22.3 in 1996 and COL18A1 was subsequently
identified as the causative gene.285, 286 COL18A1 encodes Collagen alpha-1(XVIII)
chain, ubiquitously expressed in vascular and epithelial basement membranes.287, 288 It
has multiple functions in ocular and neurological development including angiogenesis,
maintenance of basement membranes and in the Wnt/β-catenin signalling pathway.287
Following identification of families with this rare syndrome in the retinal genetics clinics
and review of the literature, the lack of complete published phenotypic data prompted
further study. I ensured all had neuroradiological imaging and examined all families to
ascertain key clinical, electrophysiological and molecular data. This identified novel
features including pigment dispersion syndrome and glaucoma, and cone-rod
dysfunction on electroretinography. Two patients had normal neuroradiology
highlighting the fact that some affected individuals have isolated ocular disease.
Patients may initially present to the ophthalmologist and awareness of the ocular
phenotype will aid early diagnosis, appropriate genetic counselling and monitoring for
potential complications.

6.2 Methods
6.2.1 Ascertainment of patients
Five families were ascertained from inherited retinal clinics. Four were diagnosed with
Knobloch syndrome based on clinical features and underwent COL18A1 Sanger
sequencing by colleagues. The fifth, was diagnosed after WES identified a
homozygous, previously reported variant in COL18A1 and re-examination of the
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phenotype supported Knobloch syndrome. Investigation of patient phenotype and
molecular results were conducted by myself.

6.2.2 Clinical assessment
All patients underwent retinal imaging, electrophysiology and radiological imaging of
the brain, either Magnetic Resonance Imaging (MRI) or Computed Tomography (CT)
examinations.

6.2.3 Molecular investigations
Bi-directional Sanger sequencing by colleagues in the laboratory of all 41 exons and
intron-exon boundaries of the medium isoform of COL18A1 (NM_030582.3) was
performed in an affected proband from families 1-4 and segregation confirmed in the
affected sibling and available relatives. Patients 1.1 and 5 had previously undergone
APEX microarray. Patient 5 underwent WES (AROS) with identified variants then
confirmed by Sanger sequencing in the affected proband and available relatives. A
diagnosis of Knobloch syndrome had not been clinically suspected in patient 5 prior to
WES. Two potentially pathogenic homozygous variants were identified in COL18A1

Primer forward 5’ → 3’

Primer reverse 5’ → 3’

Enzyme

18

GTTGTTAAACTACCAGCTTG

GGGACACTACAACCCACAA

MYTAQ

Amplicon size
(bp)

Exon

Annealing
temp (°C)

and RPGRIP1. I segregated the RPGRIP1 variant (primers table 6-1)

60

301

Table 6-1: Primer pair for sequencing RPGRIP1
Databases were interrogated for novel variants in COL18A1 using both the medium
isoform (NM_030582.3) and the alternate short isoform, also reported in the literature
(NM_130445.2). GenBank accession number NM_020366 was used for the RPGRIP1
variant.

6.3 Results
Key clinical features are summarised in table 6-2. Nine patients from 5 families (figure
6-1) were evaluated; ages at last review ranged from 2 to 38 years (mean 15.7, median
14). The ethnic origins were Indian, British Caucasian (2 families), Slovak and Arab. All
patients had presented in infancy with nystagmus and variable convergent or divergent
squints except for patient 3.2 who was orthophoric. All patients had severe visual
impairment with best corrected visual acuity in each eye at last review ranging from
1.06 log MAR (Snellen 6/75) to no perception of light. Patient 1.2 had stable vision of
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1.3 log MAR (Snellen 6/120) in the right eye from first review age 9 years to last review
age 21 years; patient 5 also had stable vision of 1.0 log MAR each eye over a 36 year
review period. All patients had high myopia (≥-6 dioptres) in at least 1 eye with high
myopia reported in patients 4.2 and 5 prior to cataract extraction. Five patients were
anisometropic with high myopia in 1 eye and hyperopia in the other. This was related to
lens subluxation in 2 patients (2.2 and 3.1), unilateral retinal detachment with hyperopic
shift in 1 patient (2.1) and unilateral high myopia in the right eye with near emmetropia
in the left eye from infancy in two siblings unrelated to retinal detachment (1.1 and 1.2).
These siblings had asymmetrical axial lengths as measured by B scan ultrasound age
8 years for patient 1.1 and age 19 years for patient 1.2 when the length of the myopic
eyes were 26.7mm and 27.9mm and the emmetropic 20.7mm and 21.1mm
respectively. These siblings were previously reported when children; new data in this
report, 15 years later, include visual acuity, repeat ERG, anterior segment and fundus
features and neuroradiology.289

Figure 6-1: Pedigrees and mutation segregation
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R NPL
L CF

R -17.50DS
L +1.0 DS
(atropine 1998)

+

+

+ R para-central,
circumscribed C-R
atrophy, L generalised
retinal/RPE atrophy

1.2/F

21

R 1.3 (6/120)
L PL

R -13.5/-1.00 x180
L +0.75/-1.00 x180
(subjective 2002)

+ +

+

R para-central,
circumscribed C-R
atrophy, L generalised
retinal/RPE atrophy

2.1/M
British
Caucasian
GC19526

14

R 1.9 (6/480)
L NPL

R -18.00/-2.00 x15
L +9.00DS

+

+ +

2.2/M

11

R 1.6 (6/240)
L 1.4 (6/150)

R -24.00/-2.00 x10
L +3.00/-1.50 x15

+

+ +

3.1/M
Slovak
GC20422

17

R 1.6 (6/240)
L 1.4 (6/150)

R +12.00/-2.00 x100
L -10.00/-6.00 x110
(subjective 2014)

+

3.2/F

11

R 1.2 (6/95)
L 1.4 (6/150)

R -20.00/-2.00 x100
L -19.00/-2.00 x180

+

4.1/F
Arab
GC20693

4

R 2.1 (<6/600)
L 2.1 (<6/600)

R -12.00/-2.00 x10
L -12.50 DS

4.2/M

2

R PL
L NPL

Not performed

5/F
British
Caucasian
GC18840

38

R 1.06 (6/75)
L 1.06 (6/75)

R -35 DS
L -28 DS
(pre lens removal)

Macular features

23

Retinal detachment

1.1/M
Indian
GC14449

Lens subluxation

Posterior segment
features

Cortical lens opacity

Anterior
segment
features

Iris transillumination

Refraction, under
cycloplegia unless
otherwise stated

Poor pupillary dilatation

Visual acuity,
logMAR
(Snellen
equivalent)

Persistent pupillary membrane

Age
at
last
rv,
yrs

Absent iris crypts

Patient
No./
Gender/
Ethnic
origin/
Genetic
Database
no.

+ Generalized, ill-defined
macular C-R atrophy
BE
+

Para-central welldefined C-R atrophy BE

+

+ +

Para central ill-defined
retinal/RPE atrophy BE

+

+ +

Para-central C-R
atrophy, well-defined
on R, ill-defined on L
Central, ill-defined C-R
atrophy BE

+
+ + + +

+ Central, ill-defined C-R
atrophy BE
Para-central welldefined deep large C-R
atrophy on R, smaller
and ill-defined on L

Table 6-2: Key ophthalmic features in Knobloch syndrome
C-R, chorioretinal

Anterior segment abnormalities were present in all patients except patient 4.1,
examined at age 4 years (figure 6-2). Abnormalities included poor pupillary dilatation (6
patients), absence of crypts associated with a featureless iris (5 patients), iris
transillumination (3 patients) and persistent pupillary membrane (3 patients).
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Figure 6-2: Anterior segment and retinal imaging in Knobloch Syndrome.
Patient 1.2, 21 year old female, (a) LE, featureless iris with ectropion uveae and persistent
pupillary membranes, (b) RE and (c) LE colour fundus photographs, bilateral macular atrophy
and hyperpigmentary change, R tessellated fundus; Patient 2.2, 14 year old male, (a) L
inferotemporal lens subluxation (b) L Optos widefield colour and (C) L Optos autofluorescence
imaging features of peripapillary atrophy, macula atrophy, tessellated blonde fundi,
circumscribed loss of autofluorescence in posterior poles, inferotemporal artefact in fundus
image from subluxated disc; Patient 3.2, age 11 years, RE (a) right featureless iris, cortical lens
opacity with inferotemporal lens subluxation, (b) left Optos wide-field imaging demonstrating
disc pallor, attenuated vessels, thin retina, abnormal collapsed vitreous, (c) R (d) L OCT
demonstrating extensive atrophy of outer retina, RPE and choriocapillaris in both eyes; Patient
5, 38 year old female, RE (a) pseudophakia with peripheral laser iridotomy, (b) Topcon fundus
photograph demonstrating attenuated vessels, macular and peripapillary atrophy and increased
retinal pigment, (c) autofluorescence imaging with reduced autofluorescence corresponding to
atrophy and (d) loss of outer retina, RPE and choroid on OCT.
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Five patients had cataract with 2 requiring cataract extraction. Three patients had lens
subluxation in the inferotemporal direction with patient 5 reported to have lens
subluxation prior to cataract extraction. All 3 patients of Northern European origin
(families 2 and 5), had iris transillumination with all developing raised intraocular
pressure. Glaucomatous disc cupping was identified in one eye of patient 2.1 at age 11
years without lens subluxation. No increased pigment was noted on gonioscopy of
patients 2.1 and 2.2. Patient 5, in addition to iris transillumination, had endothelial
pigment (Krukenberg spindles), pigment on the lens capsule and heavily pigmented
angles on gonioscopy, all consistent with a diagnosis of pigment dispersion syndrome.
All highly myopic eyes had disc pallor, attenuated vessels, a markedly tessellated
appearance with prominent choroidal vessels, peripapillary atrophy and occasional
pigmented spots (figure 6-2); two eyes had staphylomas. The emmetropic left eyes of
patients 1.1 and 1.2 were heavily pigmented. Abnormal vitreous condensations were
noted in 6 patients. Macular atrophy was present in all eyes (table 6-2). The atrophy
was chorioretinal in most patients, involving outer retina, RPE and choroid. In 10 eyes
the atrophy was para-central being well-circumscribed in 6 of 10 eyes; in 8 eyes it was
central and ill-defined (figure 6-2). In those patients without central macular atrophy,
poor foveal reflexes were noted. Patients 1.1 and 4.2 developed bilateral retinal
detachments and patient 2.1 unilateral detachment. OCT scanning of the posterior pole
was available in 6 patients. All showed lack of foveal pits, extensive loss of outer retinal
structure and in 4 patients, additional atrophy of the RPE and choroid. Fundus
autofluorescence imaging, available in 5 patients, demonstrated well-circumscribed
loss of posterior pole autofluorescence.
Electroretinography showed cone-rod dysfunction in 14 eyes of 8 patients, and
severely reduced/undetectable responses in 4 eyes of 3 patients (figure 6-3). Patients
1.1 and 1.2 at initial testing in 2002 had undetectable ERGs in their emmetropic left
eyes with cone more than rod dysfunction in their myopic right eyes. Repeat ERG in
2014 in patient 1.1 showed undetectable ERGs in both eyes, the right eye having
developed a total retinal detachment and the left a peripheral shallow detachment only.
Repeat ERG in patient 1.2 showed marked deterioration, particularly of cone
responses in the right eye, but with stable visual acuity. ERG was undetectable in
patient 4.2 who was tested under general anaesthesia with silicone oil in situ in both
vitreous cavities.
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Figure 6-3: Cone-rod dysfunction in Knobloch syndrome
Left eye of patient 3.2 with normal (N) for comparison. Rod specific (DA 0.01) ERG is mildly
subnormal; bright flash (DA 11.0) a-wave amplitude is subnormal; cone flicker (LA 30Hz) and
single flash (LA 3.0) ERGs are markedly subnormal and delayed (note the differences in
calibration compared to the normal); PERG is undetectable.

Neuroradiology was performed in all patients (table 6-3, figure 6-4). Imaging was
normal in 2 patients. Four patients had occipital skull defects and only patient 2.2 had
occipital encephalocele. Minor abnormalities in 2 patients comprised an occipital
subgaleal fat pad and a corticated (covered in cortical bone) small channel in the
occipital lobe, possibly representing an atretic encephalocele. Three patients had
polymicrogyria. The imaging results differed between siblings in all families except
family 4.
Pt no.

Neurological features

Systemic features

1.1

Subgaleal fat pad, polymicrogyria

Epilepsy, developmental delay

1.2

Midline occipital defect, atretic
encephalocele, polymicrogyria

None

2.1

Normal

Hypermobile joints

2.2

Resected occipital encephalocele,
polymicrogyria

Hypermobile joints

3.1

Midline occipital defect

Learning difficulties

3.2

Occipital lobe corticated channel

None

4.1

Midline occipital defect

Congenital hydronephrosis, hypermobile
joints

4.2

Midline occipital defect

Hypermobile joints

5

Normal

Unilateral duplex kidney/bifid ureter,
hamstring sarcoma

Table 6-3: Neuroradiological and systemic features
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Figure 6-4: Neuroradiological findings in Knobloch syndrome
Intracranial sagittal and coronal T1-and axial T2- weighted MRI acquisitions of patients 1.1, 1.2,
2.1, 2.2, and 4.1 as well as CT of patient 3.2. Patient 1.1 (a), (b), subgaleal fat pad (arrowed)
overlying occipital bone, (c) extensive bifrontal polymicrogyria (arrowed); Patient 1.2 (a) small
occipital bone defect (arrowed) with atretic encephalocele/meningocele, (b) medial bifrontal
polymicrogyria (arrowed); Patient 2.1 (a) and (b) no abnormalities; Patient 2.2 (a) MRI aged 6
months with occipital encephalocele (arrowed), (b) MRI aged 11 years occipital scarring and
retained retrocerebellar arachnoid cyst at site of previous surgery (arrowed), (c) MRI aged 11
years bilateral inferior frontal polymicrogyria (arrowed); Patient 3.1, midline occipital bony defect
above occipital protuberance (arrowed); Patient 3.2 (a) small, well corticated channel in the
midline of the occipital lobe (arrowed); Patient 4.1 (a) small bony occipital defect (arrowed) with
meningeal tissue communicating to subcutaneous tissue through the defect; Patient 4.2 (a), (b)
small bony occipital defect (arrowed) with fibrous band extending from meningeal lining to
subcutaneous tissue; Patient 5 (a) and (b) no abnormalities.

Cutaneous occipital abnormalities were present in 4 patients including a palpable
swelling, alopecia and a patch of white hair. Systemic abnormalities included learning
difficulties, epilepsy, congenital hydronephrosis from a ureteric abnormality and duplex
kidney with bifid ureters in patient 5 who additionally had undergone treatment for a
hamstring sarcoma.
Bi-allelic variants in COL18A1 predicted to be pathogenic were identified in all 5
families. Segregation was confirmed in available family members (figure 6-1).
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Two novel mutations were identified with a further 3 mutations not previously reported
in an affected patient but found at a very low mean allele frequency in the ExAC
database (figure 6-1). Six mutations, 5 that create PTCs and a splice site mutation
were identified in total. The splice site mutation, c.2437-2 A>G, very rare on ExAC (1 in
120452), disrupts the canonical acceptor site for exon 17. WES on patient 5 also
identified a missense homozygous variant in RPGRIP1 c.3064C>T, p.Leu1022Phe
(rs367899074) which also segregated with disease in the family. This was not thought
to be causative based on predicted tolerance in silico (SIFT score 0.7, Polyphen2
score 0.049), phenotype of the patient in particular the anterior segment abnormalities
and due to the identified COL18A1 variant having been previously reported in 3
families with Knobloch syndrome.290, 291 Variant c.3213delC (p.Gly1072Aspfs*17)
identified in family 2 was reported at an all allele frequency of 0.004 on EVS, but this
appears to be an artefact. It was absent in 1000genomes and dbSNP, and on
contacting the EVS team, the area had poor coverage and the results were most likely
spurious. Subsequently, the ExAC database was released in which the variant has an
allele frequency of 3 in 22692 but with only a relatively small number of individuals
covered. Finally, the variant was found in a single allele only of a control group of 2000
exomes (UCL consortium).

6.4 Discussion
The classical description of Knobloch syndrome includes myopia, retinal detachment
and occipital encephalocele, but more recent publications have described an
increasingly variable ocular and systemic phenotype.275, 280, 291 This series with detailed
retinal imaging, ERGs and neuroradiology in all patients, has allowed a detailed
assessment of the clinical phenotype.
All patients presented in infancy with nystagmus and had high myopia in at least 1 eye.
Three patients had inferotemporal lens subluxation consistent with a previous report.275
Iris abnormalities were also common. Absence of iris crypts and a single case of iris
atrophy have been described previously.273-275, 291 In a knockout mouse model
COL18a1-/-, there was disruption of the posterior iris pigment epithelial cell layer and
release of melanin granules that resembled the human pigment dispersion
syndrome.292 Three patients in this series had clinical features of pigment dispersion
syndrome with 1 associated glaucoma.293 This suggests potential increased risk of
pigmentary glaucoma in Caucasian patients with Knobloch syndrome.
Many of the retinal changes noted in this series are consistent with high myopia and
are not specific to the syndrome.294 These include peripapillary atrophy and the
tessellated fundus appearance with prominent choroidal vessels. Although vitreous
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abnormalities are seen in high myopia, the collapsed abnormal vitreous present in
these patients from a young age may relate to the underlying disorder. Macular atrophy
was identified in all patients. This can also occur in high myopia with diffuse atrophy or
focal areas of atrophy; the latter shown to develop in the 5th decade in a large natural
history study.295 The young age of the present patients suggest the atrophic lesions,
are likely to be a consequence of mutations in COL18A1. Macular atrophic lesions and
abnormal vitreous condensations have been previously reported and may be key
features of the disorder.275, 277, 291
Previous electrophysiology reports in Knobloch syndrome are limited; delayed and
depressed photopic and scotopic ERGs were reported in 2 children in one report but
few details on technique or amplitude of responses were given; an undetectable ERG
was described in one patient in another report.275, 276 This series with detailed
electrophysiology of all affected patients, demonstrates both cone and rod dysfunction.
Repeat ERG in patient 1.2 showed deterioration but with stable visual acuity. It
therefore remains unclear whether this disorder represents a progressive dystrophy of
photoreceptors or a stable dysfunction but progression, if present, appears
asymptomatic and slow. In our patients with long term follow up, there was little
deterioration in visual acuity unless complicated by retinal detachment.
COL18A1 encodes collagen alpha-1(XVIII) chain, highly expressed throughout the
human eye including the iris, ciliary body, trabecular meshwork, Schlemm’s canal, the
inner limiting membrane (ILM), retinal vessels, basement membrane of the retinal
pigment epithelium (RPE) and Bruch’s membrane but not in photoreceptors.288 The
ILM and vitreous body are important regulators of eye size in a chick embryo model
with disruption of these structures leading to eye enlargement. This could explain the
high myopia seen in Knobloch syndrome as evidenced by the high axial length
measured in the myopic eyes of family 1.296 In mice, lack of ColXVIII causes abnormal
vitreous separation, consistent with the abnormal vitreous and retinal detachment
found in human disease.297 The underlying pathogenesis of photoreceptor dysfunction
is not clear from animal models but the abnormal Bruch’s membrane, RPE and ILM
would be predicted to have secondary effects on the photoreceptors.297 Alternatively
the distribution and function of ColXVIII may differ in the human eye.
Occipital encephalocele/meningocele is reported to be common in Knobloch syndrome
but was only identified in one patient in this series.298 Normal neuroimaging has
previously been reported in 2 patients; the additional minor abnormality of a subgaleal
fat pad is a novel observation.277, 282 Four patients had externally observable occipital
findings, ranging from soft tissue swellings to hair abnormalities, emphasising the
importance of occipital scalp examination if Knobloch syndrome is suspected. In one
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patient, a cutaneous scalp abnormality was identified in the absence of
neuroradiological abnormality. This has been previously reported in a single patient;
usually there is an associated neuroradiological abnormality when scalp defects are
present.277, 280, 282, 283, 299 Polymicrogyria was identified on MRI In 3 patients (1.1, 1.2
and 2.2); a feature now reported in several Knobloch patients.273, 278-280
Type 18 collagen is found in many different tissues and it is unsurprising that mutations
in COL18A1 may result in a varied systemic phenotype. Systemic associations in the
present series include epilepsy, learning difficulties, congenital hydronephrosis and
unilateral duplex kidney with bifid ureter. There are several reports of epilepsy in
Knobloch.275, 277, 280, 284, 291, 300 Renal abnormalities in Knobloch are unusual with 2
previous reports of congenital duplex kidney and bifid ureter.272, 283 Sarcoma, present in
one subject, has not been previously reported in Knobloch syndrome although there
has been one case of acute lymphoblastic leukemia.299 Those reports and the present
series highlight the importance of systemic assessment.
COL18A1 consists of 43 exons with 3 main alternate isoforms produced.287, 301 There
have been 22 previously reported, likely pathogenic mutations in COL18A1 leading to
recessively inherited disease, 17 of which lead to PTCs, 2 large deletions
encompassing at least a whole exon and 3 splice site mutations, which may indicate
that this syndrome represents a null phenotype (table 6-4). The c.4063_4064delCT
mutation is the most common, found in a total of 14 families to date. 279, 280, 284, 290, 291, 299,
300, 302

The diverse ethnic origins of the reported families include Indian, Brazilian, North

American, Saudi, Irish, Pakistani and Turkish in keeping with a mutational hotspot not a
founder effect. A further 4 disease causing mutations were identified in the current
series.
Knobloch syndrome is a systemic disorder with variable neurological involvement and
severe visual impairment from early childhood. It may be undiagnosed without careful
examination of the anterior segment and awareness of the potential lack of scalp
and/or intracranial occipital abnormalities. The diagnosis might be considered in any
patient with infantile onset high myopia, developmental abnormalities of the anterior
segment and evidence of cone-rod dysfunction on ERG. A timely diagnosis not only
ensures that patients are aware of the potential complications of the disorder, such as
lens subluxation, retinal detachment and glaucoma, but may facilitate targeted
molecular sequencing and informed genetic counselling.
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Knobloch syndrome
Mutation
NM_030582.3 (AF18081)

Mutation
NM_130445.2 (AF18082)

Exon
no of
43

Reported papers, (no of
families)

1

In 5’ UTR (-50,112 nucleotides)

c.12-2A>T

Intron
1

Sertie 2000
284
Suzuki 2002

2

c.895delG
(p.Val299Serfs*

c.355delG
p.Val119Serfs*5

4

Aldahmesh 2011

3

c.1469-2A>G

c.929-2A>G

Intron
7

Suzuki 2009

4

c.1604insC
p.Gly538Argfs*55

c.1064insC
p.Gly355Argfs*55

9

Caglayan 2014

5

c.1761_2054del,
p.Asp589_Gly686del

c.1221_1514del,
p.Asp409_Gly506del

9-14

Aldahmesh 2013

6

c.1778-9insA
p.Asp593Glufs*58

c.1238-1239insA,
p.Asp413Glufs*58

10

Suzuki 2002

7

c.2325_2326delCCinsA,
p.Pro777Leufs*127

c.1785_1786delCCinsA
p.Pro597Leufs*127

17

Aldahmesh 2011

8

c.2416C>T (p.Arg806*)

c.1876C>T (p.Arg626*)

18

Passos-Bueno 2006
283
Williams 2008

9

c.2645delT
p.Leu882Profs*22

c.2105delT
p.Leu702Profs*22

23

Suzuki 2002

10

c.2658dupC
p.Gly887Argfs*23

c.2118dupC
p.Gly707Argfs*23

23

Aldahmesh 2013

291

11

c.2797C>T
p.Arg933*

c.2257C>T
p.Arg753*

26

Aldahmesh 2013

291

12

c.3213dupC
(p.Gly1072Argfs*9)

c.2673dupC
(p.Gly892Argfs*9)

33

Suzuki 2009
(2)
291
Aldahmesh 2013

13

c.3283C>T
(p.Arg1095*)

c.2743C>T
(p.Arg915*)

35

Aldahmesh 2011

14

c.3363_3364insC,
(p.Gly1122Argfs*32)

c.2823_2824insC,
(p.Gly942Argfs*32)

35

Menzel 2004

15

c.3364_3371delGGCCCCCC
(p.Gly1125Argfs*142)

c.2824_2831delGGCCCCCC
(p.Gly945Argfs*142)

35

Suzuki 2009

16

c.3509-3518delCAGGGCCCCC
(p.Pro1170Glnfs*38)

c.2969-2978delCAGGGCCCCC
(p.Pro990Glnfs*38)

36

Suzuki 2002

17

c.3544+3A >C

c.3004+3A>C

Intron
36

Keren 2007

18

c.3811C>T (p.Gln1273*)

c.3271C>T (p.Gln1091*)
c.3277C>T reported

40

Suzuki 2002

19

delEx41

delEx41

41

Suzuki 2009

20

c.4063_4064delCT
(p.Leu1355Valfs*72)
reported as c.4054-4055delCT
(p.Leu1352Valfs*72)

c.3523-3524delCT
(p.Leu1175Valfs*72)

41

Suzuki 2002 (3) , Paisan279
Ruiz 2008 , Suzuki
290
302
2009 , Joyce 2010 ,
299
Mahajan 2010 ,
300
Aldahmesh 2011 ,
291
Aldahmesh 2013 (3) ,
280
Caglayan 2014 (2)

c.4374_4387del
(p.Ser1459Alafs*9)

c.3834_3847del
(p.Ser1279Alafs*9)
reported as p.Ser1276Alafs*9

43

Haghighi 2014

c.4494_4497insTGCC
(p.Ala1499Cysfs*14)

c.3954_3957insTGCC
(p.Ala1319Cysfs*14)

43

Caglayan 2014

21

22

286

300

290

280

291

284

300

298

284

290

300

(2)

282

290

284

278

284

290
284

276

280

Table 6-4: Previously reported mutations in COL18A1
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7 Preserved visual function in retinal dystrophy due to
hypomorphic RPE65 mutations
7.1 Introduction
RPE65 (Retinal Pigment Epithelium-Specific Protein, MIM# 180069), located on
1p31.3-p31.2, encodes a retina-specific, 65kD visual cycle protein, retinoid
isomerohydrolase, a vital component of the visual cycle.42 Recessive mutations in
RPE65 are associated with severe EORD including LCA and account for approximately
11% of early onset RCD.43, 44 Patients usually present in infancy or early childhood with
reduced central vision, with or without nystagmus. Nyctalopia is a prominent feature
and some patients also demonstrate photoattraction.303 Myopia is found in at least half
of patients.304 Visual acuity, although significantly reduced in childhood is usually
sufficient to enable a sighted education.303, 305 The fundus appearance is usually normal
in infancy but small subretinal white dots may appear later in childhood, possibly as a
result of abnormal accumulation of retinyl esters.53, 306 Retinal imaging reveals a
variable thinning of the outer nuclear layer on OCT and a characteristically low signal
on FAF imaging. 101 Electrophysiology demonstrates absent rod function but there may
be residual cone function in childhood.305 This may reflect the alternative source of 11cis retinol that cones obtain from Müller cells.31 Gene therapy trials using subretinally
administered recombinant adeno-associated viral vectors expressing RPE65 have so
far achieved promising, albeit largely unsustained improvements in retinal function.307309

Recessive RPE65 related disease may present atypically with mild phenotypes due to
presumed hypomorphic alleles; a single patient with a fundus albipunctatus phenotype
has also been reported.8, 303, 310-312 Dominant disease resembling choroideraemia with
variable penetrance has also been reported in 2 families.8 I identified 4 patients (4
families) who were known to have early onset retinal dystrophy with preserved visual
function in to adulthood. Molecular screening including RPE65 had already been
performed and likely pathogenic variants identified. This group of patients were further
analysed and the underlying molecular mechanisms explored in this study.

7.2 Methods
7.2.1 Ascertainment of patients
Patients had been recruited from the inherited retinal clinics of Moorfields based on a
diagnosis of EORD. Molecular screening had been completed by colleagues prior to
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my investigation of the patients. Probands 1 and 2 with some features of retinal
dystrophy due to RPE65, but better visual acuity than previously reported, were
screened for RPE65 mutations by Sanger sequencing. Subsequent to the discovery of
a putative hypomorphic allele (p.Arg515Trp) in patient 2 and the finding of the same
allele in a previous report, a panel of 190 unrelated probands with adult-onset
recessive RCD were Sanger sequenced for exon 14 of RPE65.311 This yielded one
further proband (patient 3), heterozygous for this mutation. Sanger sequencing of all
exons and intron-exon boundaries was undertaken in this patient to determine a
second allele. Finally, Sanger sequencing of RPE65 was performed in patient 4, with a
retinal appearance similar to fundus albipunctatus, following a report of this phenotypic
appearance being associated with RPE65; mutations in both RLBP1 and RDH5 had
already been excluded.313 Segregation to establish bi-allelic mutations was not possible
for families 2 and 3 in whom family DNA was unavailable.

7.2.2 Clinical assessment
Each patient had undergone full clinical examination by one of my supervisors within
the retinal genetics clinics. Electroretinography was obtained in 3 patients using gold
foil electrodes to incorporate the ISCEV standards; ERG recording in patient 3 was
performed elsewhere at age 3 years with surface electrodes. Suprathreshold binocular
(driving) Esterman visual fields and uniocular Humphrey 24-2 and 30-2 threshold visual
fields were performed using the Humphrey Field Analyzer II (Carl Zeiss Meditec AG).
A control group of 5 patients with typical RPE65 related early onset retinal dystrophy,
and a recorded visual acuity age 18 years, were selected from the genetics database
in order to statistically compare the median visual acuities in the better eye between
the hypomorphic group and the control group. Statistical analysis was performed using
IBM© SPSS© Statistics version 22.

7.2.3 Molecular investigations
Molecular screening had been performed as described above and the identified
variants further analysed as part of this study. Mutation nomenclature was assigned in
accordance with GenBank Accession number NM_000329.2. Protein modelling of the
crystalline structure of RPE65 was performed using Visual Molecular Dynamics with
Protein Data Bank number 4F3A.314 Mutations were plotted on this model including
hypomorphic mutations from this paper, previously reported hypomorphic mutations,
and non-hypomorphic missense mutations in order to investigate any potential pattern
for position of mutations.
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7.3 Results
Four patients from 4 families were investigated (figure 7-1). Clinical data are
summarised in table 7-1.

Figure 7-1: Pedigrees and segregation of RPE65 variants
Patient 1 presented with mild nyctalopia without nystagmus in early childhood; there
was no subjective deterioration over time. VA was 0.2 logMAR each eye at age 13
years, R 0.2 logMAR and L 0.3 logMAR at age 22 years with a highly myopic
correction. Fundus examination demonstrated myopic changes with peripapillary
atrophy and visible choroidal vasculature. There were a few white dots in the posterior
pole and extensive granularity of the retinal mid-periphery that had a white flecked
appearance. OCT imaging revealed a normal ISe band at the macula with para-foveal
disruption and temporal retinal thinning in both eyes consequent upon thinning of the
ONL (figure 7-2). On FAF imaging, there was generalised hypofluorescence with
irregular almost radial bands of relative hyperfluorescence in the macula which did not
correspond to the disrupted ISe band on OCT. Binocular Esterman visual fields age 18
years were full except for an extreme left scotoma outside 70 degrees eccentricity
(figure 7-3). Uniocular 24-2 Humphrey visual fields age 22 years demonstrated central
scotoma. ERG at age 13 years showed generalized retinal dysfunction, with cone
ERGs more affected than rod ERGs (figure 7-4). PERG showed marked macular
involvement. Repeat ERG age 20 years demonstrated no deterioration.
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Length f-up (yrs)

Pt 1

Age last rv (yrs)

Pt,
(gender)
family

Age onset (yrs)
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2

22

9

(m)
GC16768

Pt 2

3

19

0

(m)
GC14577

Pt 3

3

35

13

(m)
GC130

Pt 4
(f)
GC15862

7

26

15

Fundus

Age at last EDTs,
key findings

Latest VA, logMAR
(Snellen) and
refractive error

Peripheral
small white
dots level of
RPE, later
midperipheral
RPE atrophy

19 yrs: cone-rod
dysfunction;
marked macular
involvement; no
deterioration over
7 yrs

R 0.2 (6/9.5)
L 0.3 (6/12)

Mild
peripheral
RPE
hypopigment
ation

17 yrs: rod-cone
dysfunction with
severe macular
involvement

R 0.0 (6/6)
L 0.0 (6/6)

Minimal exophoria with
good recovery

R -0.50/-3.00 x175
L -0.50/-3.25 x175

Binocular Esterman
fields well-preserved
age 17

Widespread
pigmentary
change with
attenuated
vessels, pale
discs

3 yrs: severe
generalised rodcone dysfunction

R CF
L 1.0 (6/60)

Central visual loss in
20’s

Extensive
round whiteyellow dots

26 yrs: rod-cone
dysfunction,
partial recovery
after prolonged
dark adaptation;
mild worsening of
rod function and
PERG over 12 yrs

R 0.0 (6/6)
L 0.1 (6/7.5)

Intermittent left
exotropia

R -4.50 DS
L +1.00/-1.25

Ishihara age 22, 17/17
each eye, age 26, R
12/17 L 16/17

R -15.50/-3.50 x169
L -16.50/-3.75 x30

Other findings

Binocular Esterman
visual fields wellpreserved age 18,
Humphrey 24-2 central
scotoma age 22

Myopic

Binocular Esterman
fields full age 18,
Humphrey 30-2 age 26
paracentral scotomas

Table 7-1: Summary of clinical data
Patient 2 presented with mild nyctalopia and photophilia before the age of 5 years with
no nystagmus and no deterioration in symptoms over time. When reviewed, age 18
years, VA was 0.0 logMAR in each eye with low myopic correction. Fundus
examination revealed mild mid-peripheral RPE hypopigmentation and white dots.
Time-domain OCT demonstrated a normal ISe band throughout the macula. There was
a ring of relatively increased autofluorescence in the macula on FAF imaging with the
background signal otherwise markedly reduced. This ring did not correspond to any
ISe band abnormalities on OCT and as such likely represents relative preservation of
normal autofluorescence rather than abnormally increased autofluorescence. Binocular
Esterman visual fields were full age 17 years except for bilateral extreme scotoma
outside of 70 degrees eccentricity (figure 7-3). ERG demonstrated undetectable rod
responses but small cone responses in keeping with a RCD. PERG was undetectable
indicating severe macular involvement (figure 7-4).
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(a) colour fundus
photographs, (b) FAF
imaging, (c) OCT.
Patient 1, right eye, age 19
years, (a) mid-peripheral
retinal pigment epithelial
(RPE) granularity, (b) reduced
FAF with patchy radial
relatively preserved FAF in
the macula, (c) para-foveal
disrupted ISe band.

Patient 2, right eye, age 18
years, (a) mild mid-peripheral
RPE atrophy and white dots,
(b) relatively preserved
macula FAF, (c) preserved
ISe band.

Patient 3, left eye, age 35
years, (a) pale disc,
attenuated vessels, midperipheral intra-retinal
pigment migration and RPE
atrophy, macular atrophy
(b) residual autofluorescence
in macula, (c) loss of outer
retina and ISe band.

Patient 4, right eye, (a)
extensive white dots around
arcades, (b) generalized
reduced FAF (c.i) disrupted
ISe band, (c.ii) eccentric OCT,
white dots extend from RPE
to external limiting membrane.

Figure 7-2: Retinal imaging in hypomorphic RPE65 related dystrophy
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Figure 7-3: Visual fields for patients 1, 2 and 4
Binocular Esterman suprathreshold fields and Humphrey uniocular threshold fields: patient 1,
well-preserved Esterman field age 18 years, central scotoma on uniocular Humphrey 24-2 age
22 years; patient 2 well-preserved Esterman field age 17 years; patient 4 well-preserved
Esterman field age 18 years, arcuate defects on uniocular Humphrey 30-2 age 26 years.

The third patient also described nyctalopia at a young age with reported good visual
acuity into his 20s and onset of central blur from his late 20’s only. Visual acuity age 30
was R 0.6 logMAR and L 1.0 logMAR but at last review age 44 was R HM, L CF with
irregular nystagmoid like movements. On fundus examination, there was disc pallor,
attenuated vessels, mid-peripheral intraretinal pigment migration, and RPE atrophy of
both macula and mid-periphery (figure 7-2). There was loss of the ISe band and outer
retina on OCT particularly centrally and temporally. FAF imaging demonstrated loss of
autofluorescence para-foveally and throughout the peripheral retina with a ring of
preserved autofluorescence in the macula. ERG age 3 years was reported to
demonstrate severe rod-cone dysfunction (performed elsewhere).
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Figure 7-4: Electrophysiology for patients 1 and 2.
RE of patients 1 (age 19 years) and 2 (age 18 years) with N for comparison: patient 1 rod
specific ERG (DA 0.01) markedly subnormal with DA 11.0 moderately subnormal, cone specific
(LA 30Hz and LA 3.0) markedly delayed and subnormal, PERG markedly subnormal, in keeping
with a CORD of moderate severity; patient 2 undetectable rod function with markedly delayed
and subnormal cone responses and undetectable PERG, in keeping with a RCD.

Patient 4 presented with nyctalopia at age 7 years but no nystagmus. Visual acuity was
R 0.0 logMAR and L 0.1 logMAR at last review age 26 years with deterioration of
nyctalopia and colour vision. Fundus examination revealed widespread discrete white
dots both round and ovoid in shape throughout the mid-periphery of both eyes
predominantly around the arcades reminiscent of fundus albipunctatus (figure 7-2). The
number and distribution of the dots remained stable over 12 years of imaging although
occasional dots were observed to fade in size. On OCT the white dots extended from
the RPE to the level of the ELM. The ISe band was disrupted but present throughout
the macula. FAF imaging demonstrated generalised reduction of autofluorescence with
a discrete area of further reduction infero-nasal to the optic disc in the right eye only,
suggestive of RPE atrophy (55 degree FAF imaging, not shown). The white dots were
not hyperautofluorescent. Binocular Esterman visual field age 18 years was full (figure
7-3). Uniocular, Humphrey 30-2 visual fields age 26 years demonstrated paracentral
scotoma in both eyes with MD -7.65 DB right and -6.80 DB left. Electrophysiology age
21 years demonstrated a generalised rod more than cone pattern of abnormality with
severe rod-system dysfunction (figure 7-5). There was some recovery of rod-dominated
ERGs after prolonged dark adaptation but they did not normalise. The ERG showed
mild worsening of rod function over 12 years of testing. PERG was normal age 15
years with deterioration indicating macular dysfunction evident at age 21 years.
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Figure 7-5: Electrophysiology for patient 4
RE (dark adapted, DA, overnight) and left eye (LE, DA for 20 minutes) of patient 4 (age 27
years) with N for comparison (DA 20 minutes); rod specific ERG is detectable from the RE but
not from the LE, cone specific responses are profoundly reduced and delayed with the PERG
from the LE markedly subnormal, PERG age 15 years normal both eyes. Findings are in
keeping with marked retinal dysfunction of both rod and cones with partial recovery of rod
function after prolonged dark adaptation.

Molecular screening of RPE65 in the first patient identified a homozygous variant in
RPE65, c.746A>G (p.Tyr249Cys), predicted to be damaging in silico. This patient’s
molecular result has been previously reported.315 Segregation was confirmed in the
family with an affected brother (unavailable for clinical assessment) also homozygous
for this variant and their parents and sisters heterozygous. Two mutations in RPE65
were found in the second patient; c.1067dupA (p.Asn365Lysfs*9), a novel PTC, and
c.1543C>T (p.Arg515Trp) which has been previously reported as a hypomorphic
allele.311 This allele was also identified in patient 3 as well as a second mutation,
c.11+5G>A, previously reported as one of the commonest variants found in RPE65
related disease.303 Screening of RPE65 in patient 4 identified compound heterozygous
mutations, c.433G>A (p.Ala145Thr, paternal), not previously associated with disease,
predicted to be tolerated in silico (SIFT 0.13, Polyphen2 0.41) and found in 15 of
121,334 alleles on ExAC and c.886dupA (p.Arg296Lysfs*7, maternal) which has been
previously reported.316
Two groups were assessed for a significant difference in visual acuities at age 18
years, the first comprising patients 1,2 and 4 (VA age 18 unavailable for patient 3) and
the second group of 5 molecularly proven RPE65 patients without known hypomorphic
alleles. A comparison of the median visual acuity of the two groups was made, and
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tested for significance using the Mann-Whitney test. There was a significant difference,
p=0.024 (figure 7-6).

Figure 7-6: Comparison of VA age 18 years for 3 hypomorphes and 5 controls

Figure 7-7: Conservation of RPE65 homologues throughout the species.
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A review of a further 26 molecularly-confirmed RPE65 families attending the clinics
found no other cases harbouring the missense changes reported here. Analysis of the
conservation of missense residues throughout a broad range of vertebrate and
invertebrate classes was performed with Clustal Omega; all arose in completely
conserved residues (figure 7-7).
Assessment of the position of mutations on the 3 dimensional crystalline structure of
RPE65 did not demonstrate an observable difference between hypomorphic and nonhypomorphic residues (figure 7-8).

Figure 7-8: Crystalline structure of RPE65 labelled with mutations
Hypomorphic missense mutations both from this series and previously reported (red), and nonhypomorphic missense mutations (black). This image was made with VMD software support
and PDB number 4F3A.

7.4 Discussion
Although the majority of patients with mutations in RPE65 have severe visual
impairment, this series of 4 patients with RPE65 mutations have good visual acuity and
preserved visual fields into adulthood. Compared to other patients with typical RPE65
related EORD, visual acuity is statistically better at age 18 years.

121

Preserved visual function in retinal dystrophy due to hypomorphic RPE65 mutations

Four hypomorphic patients with homozygous or compound heterozygous missense
mutations in RPE65 have previously been reported with nyctalopia from early
childhood, but normal visual acuity until 6 to 24 years.303, 310-312 The first with reduced
central vision in the 2nd decade carried 2 missense variants, p.Leu22Pro and
p.His68Tyr.312 He had end-stage disease with a barely detectable photopic ERG and
undetectable scotopic ERGs when examined age 40 years. The 2nd was still able to
read age 40 years and had 2 missense variants, p.Tyr79His and p.Glu95Gln; no further
information was given on the retinal appearance or ERG.303 The 3rd homozygous for
p.Arg515Trp, developed central vision loss age 24 years and had end-stage disease
with an undetectable ERG when examined age 54 years.311 The 4th homozygous for
p.Pro25Leu had good visual acuity when last reviewed at age 7 years.310 He had
blonde fundi, residual rod function and relatively well preserved cone function on ERG
and a low but detectable FAF. Apart from the 4th report, limited phenotypic data have
been published.
In contrast, the patients reported herein had detailed phenotyping of both retinal
structure and function. All patients had good visual acuity until at least age 19 years,
with only mild visual field loss. Three have lengthy follow-up with evidence of a slow
but definite progression based on visual acuity (patients 1 and 3), colour vision testing
(patient 4) and ERG/PERG (patient 4). Patients 1 and 2 had minimal fundus changes
at last review, similar to the previously reported young patient. In contrast, patient 3
showed the typical features of advanced photoreceptor degeneration age 35 years
similar to the end-stage disease in 2 previously reported patients.310-312 OCT imaging in
patients 1, 2 and 4 demonstrated preserved para-foveal retinal thickness and minimally
disrupted or intact ISe band; in patient 3 with advanced disease the OCT was markedly
thinned.317 Fundus autofluorescence was reduced but detectable in all patients.310
Most patients with RPE65 deficiency have undetectable rod function on ERG but may
have residual cone function until late in the disease.318 Patient 2 had absent rod
function but patients 1 and 4 had residual rod function in keeping with milder disease
with similarities to the previously reported 7 year old patient.310 Unusually, patient 1
demonstrated relatively greater cone than rod dysfunction on ERG examination with no
evidence of deterioration between ages 12 and 19 years.
Patient 4 had widespread white dots that extended from RPE to ELM. Fundus
albipunctatus due to compound heterozygous RPE65 mutations (IVS1+5G>A and
p.Ile115Thr) was previously reported in a patient who had deterioration of visual acuity
by age 18 years.313 Electroretinography was similar to that found in RDH5 mutations
with normalization of rod-system ERGs after prolonged dark adaptation. The patient in
the present series has a similar retinal appearance but only partial recovery of rod
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function following extended dark adaptation and excellent visual acuity at age 26 years.
The dots in the previously reported patient were demonstrated on OCT to extend
throughout the RPE up to the level of the ELM, similar to the patient in this report and
to a previous report of OCT findings in an RPE65 related severe EORD patient.306
Molecular analysis in patient 1 identified a homozygous p.Tyr249Cys variant, predicted
to be pathogenic in silico. Patients 2 and 3 carried 2 variants including the p.Arg515Trp
allele that has been previously reported in a similarly mildly affected patient.311 Patient
4 had a missense change, p.Ala145Thr, tolerated in silico and not previously reported
in disease, but arising in a highly conserved residue. This was combined with a PTC
mutation, previously reported in a patient with LCA and assumed to be null.316 The
analysis of mutations in this series of patients would indicate that p.Tyr249Cys,
p.Arg515Trp and p.Ala145Thr are all hypomorphic alleles. One weakness of this study
has been the lack of other family member DNA samples for segregation in families 2
and 3 but the finding of a previously reported hypomorphic mutation on one allele
consistent with their phenotype would support likely pathogenicity.
RPE65 is a membrane-bound, iron-dependent enzyme that converts all-trans-retinyl
esters to 11-cis-retinol, most likely in a dimeric state.319 A previously reported in vitro
assay system using purified RPE65 confirmed its isomerase function in the visual cycle
and permitted quantitative analysis of enzymatic activity.320 Some hypomorphic RPE65
alleles have been shown in vitro to produce RPE65 protein with sufficient residual
activity for good photopic visual function in childhood. For example, p.Pro25Leu was
found to have 7.75% residual isomerase activity in vitro, sufficient to maintain good
visual acuity in a patient age 4.5 years.310 In contrast, p.His68Tyr, associated with a
severe phenotype, had less than 2% activity.
Investigation of the location of hypomorphic residues in the crystalline RPE65 structure
revealed no apparent difference when compared to non-hypomorphic residues; the
hypomorphic residues are surface located as are the majority of non-hypomorphic
residues (figure 7-8). Previously, in an analysis of a parologue of RPE65, it was
suggested that surface residues would have little effect on enzyme activity but residues
located centrally near the substrate binding site would have a greater effect.41 However
mutations of the surface residues in RPE65 clearly do have an effect on protein
function. An investigation of RPE65 residues that are frequently affected in retinal
dystrophy (Arg91, His182 and Tyr368) demonstrated that the amino acid side chains
make specific interactions with surrounding residues and that the substituted residues
are not structurally tolerated leading to misfolding.319 In compound heterozygous
patients with one hypomorphic allele and one severe mutant allele, the overall residual
activity appears sufficient to regenerate physiologically significant levels of
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chromophore, perhaps as the structural change in the hypomorphic residues are better
tolerated. Further in vitro assessment would determine the precise impact on
isomerase activity for the presumed hypomorphic alleles reported in our subjects.
It appears from the study of patients with hypomorphic alleles that low levels of
isomerase activity are sufficient to maintain good foveal cone function in to adulthood
despite ERG evidence of poor rod and cone function and marked macular dysfunction
on PERG.310 It is therefore surprising that improvement in visual acuity in RPE65 gene
replacement therapy trials have been limited despite good rescue of rod and
extrafoveal cone function.307-309 In the patients in this series, low levels of RPE65
activity from birth is associated with normal visual acuity but markedly reduced rod and
cone function. This suggests that the efficiency of transduction in human gene
replacement trials may not be the limiting factor in improving visual acuity post
treatment, but rather that gene replacement therapy should be given very early in
childhood for optimal recovery of visual acuity.307
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8 Familial exudative vitreoretinopathy and
microcephaly
8.1 Introduction
Familial exudative vitreoretinopathy (FEVR) is a disorder of abnormal vasculogenesis
with variable manifestations including incomplete peripheral vascularisation, retinal
folds and total retinal detachment.126 Approximately 50% of cases can be molecularly
solved due to mutations in LRP5 (AD, AR), FZD4 (AD, AR), NDP (X-linked
recessive),TSPAN12 (AD, AR) and ZNF408.125, 321-327 Most of these are genes involved
in the canonical Wnt signalling pathway, a transmembrane pathway that activates βcatenin/TCF transcription, involved in retinal development/angiogenesis.328, 329 The
exception, ZNF408 is a zinc finger transcription factor identified in 3 families to date.125,
327

There is variable severity within families but complete penetrance.126

Rarely, FEVR has been reported in association with microcephaly.330-332 KIF11 has
been reported as one cause of this association, allelic with microcephaly with or
without chorioretinopathy, lymphedema or mental retardation (MCLMR,
MIM#152950).333, 334 In addition, one patient with bi-allelic mutations in TUBGCP6 has
been reported with microcephaly, retinopathy and retinal folds.335 The aim of this study
was to characterise a series of 12 children from 10 families with microcephaly and
FEVR and investigate the extent of any genetic heterogeneity. Additionally, the
potential benefits of a molecular diagnosis in informing both genetic counselling and
relevant systemic investigations were studied.

8.2 Methods
8.2.1 Ascertainment of patients
Patients were all known to the paediatric genetic clinic at Moorfields, under the care of
one of my supervisors. One patient was already molecularly solved. Patients were
identified from the genetics database and from my supervisor as having FEVR and
microcephaly. In 2 patients, microcephaly was only apparent after further review in
clinic and measurement of the occipito-frontal circumference (OFC).

8.2.2 Clinical assessment
In total, 10 probands and 2 siblings were ascertained for detailed phenotyping including
growth parameters. I was able to examine 8 patients, my supervisor the remaining
patients. All patients had retinal imaging and systemic assessment by paediatric
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colleagues. Systemic assessment included growth parameters of OFC, height and
weight. Microcephaly was defined as an OFC more than 2 standard deviation (SD)
below the mean (≤ -2 SD) for gender, age and ethnicity.336 Based on the growth charts
used within UK practice, this corresponds to ≤ the 2nd centile.337 When necessary,
patients were referred for further specialist opinion such as endocrinology if LRP5
mutations were identified which is known to be associated with reduced bone mass.338
Available parents were examined and FFA performed if indicated.

8.2.3 Molecular investigations
Six probands underwent WES, 5 screened by colleagues (Pia Ostergaard and Sahar
Mansour) at St George’s Hospital as part of a project investigating microcephalic
patients and one as part of a trio with his parents (AROS). This latter proband was
solved by WES. WES (St Georges) had initially also identified a novel, heterozygous
variant in LRP5, c.2116G>A (p.Gly706Arg), in patient 7. Segregation found this variant
to be homozygous in her unaffected mother making it likely to be a polymorphism. It
had nevertheless prompted a screen of a series of FEVR microcephaly patients for
LRP5 variants.
In total, 8 probands had candidate gene Sanger sequencing including LRP5 (n=7, by
me), KIF11 (n=7, St George’s hospital colleagues), FZD4 (n=1, by me), NR2E3 (n=6 by
me), TSPAN12 (n=1, Carmel Toomes in Leeds), NDP (n=3, Leeds), and TUBGCP6
(n=1, Prof Jackson, Edinburgh). This identified causative mutations in 4 probands. All
identified mutations were segregated with available affected and unaffected family
members. I designed primer pairs for screening of LRP5 and FZD4 (table 8-1).
Mutation nomenclature was assigned in accordance with GenBank Accession numbers
NM_2335.3 for LRP5, NM_012193.3 for FZD4, NM_004523.3 for KIF11 and
NM_020431.3 for TUBGCP6.
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Primer reverse 5’ → 3’

Enzyme

Amplicon
size (bp)

Primer forward 5’ → 3’

Annealing
temp (°C)

Exon

1

TTCCGCTCCCGCGCGCCCAGCT

GCGGGGCCGCCCGGGCCATT

MYTAQ
+DMSO

70

311

2

GCAGTACCAGGAGTGCTCTG

TGGGCTCATGCAAATTCGAG

BIOTAQ

65

572

3

AGGGCAAGTTCACTGTCTGT

GAACGCCTTCAAAAGCCCTG

BIOTAQ

65

364

4

GGTCAGCAGCAATGACTGACG

CCCACGCCCCCGCATC

MYTAQ

65

355

5

ATGAGGCAGGTGGAATGGTG

ACCCGCCAAGTGGATCATTT

BIOTAQ

65

432

6

TGAGTATTTCCCTTGCCCGG

TCCGGGTTCTGATGCAAGAC

BIOTAQ

65

599

7

CTCTTGGCACTGGGGATGC

TGGCCAAATAGCAGAGCACA

BIOTAQ

65

355

8

TCTTGTTTGGGGCAGCTCAG

GGCACCTGAGCTCAACACTT

BIOTAQ

65

414

9

ACGGCAGCATTCATTGTGTG

TTTGAGGCAGGAACAGAGGC

BIOTAQ

65

447

10

TGGGCAAGAAGAGCGAAACT

CTCTAATCACCGAGGGCCAC

BIOTAQ

65

427

11

GAAGAGGTGGGGACAGTTGC

TTGCAGGCCACAGGGTATG

BIOTAQ

65

373

12

GTTGAACCCTGGCTCACCC

AGAAGCTCCTTTCAGCGTCA

BIOTAQ

61

494

13

TTGTCGAGTGGCGTGCTATC

GCCATCCTCTGTTTCCTCCC

BIOTAQ

65

392

14

TTGAGAAGTGTGGCCTCTGC

ATCCCCAGGGTGGAAAGTCT

BIOTAQ

65

495

15

AATGTGACCTGTCAGCCTCG

TCACTCAGAACCCCAGCCTA

BIOTAQ

65

494

16

AAAGCATGGAATCCCCCAGG

CTCGGGACATTCGGACATGT

BIOTAQ

65

494

17

CAGGAGGGCCAGTTCTCATG

GAAACTGGATGCCACAGGGA

BIOTAQ

65

347

18

CTTTGAAGCCCAGTCACGC

AGAGCCCCTACTCCTGTGAG

BIOTAQ

65

413

19

CGCTGGTCCTAGAAAGGGTC

GCACGTCTCCTCCCCTAAAC

BIOTAQ

65

318

20

CAAAGCCAGCCCCTTCAGG

TGTCTGCCACATGTGCAAGA

BIOTAQ

65

449

21

GGTAGTGGGAGCAGAGGAGA

AGCAGAAGGGTTTGAAAAGGGA

BIOTAQ

65

385

22

GAAGCCCTCTCTGCAAGGAA

TAGTGTGGTTGGCAGAGCAG

BIOTAQ

65

354

23

GACAGGCCTTTCCCGTTCA

CATCACAGTTCACATTTCTCATGTT

BIOTAQ

65

492

FZD4
1
GCATCACACTCCCGTCCC

TGTCTCCTTCGGGCTAGGAT

MYTAQ

64

509

2a

AACTCAGCTTTGTGGGAGCA

TGACCCCATTTGAGTCCTGC

MYTAQ

64

805

2b

TGAAGAGGCAGCAGAACCTG

CAAAATGCTGGCATTCCCCC

MYTAQ

64

818

LRP5

Table 8-1: Primer pairs for sequencing LRP5 and FZD4

8.3 Results
Twelve patients (8 male, 4 female) from 10 families were investigated (table 8-2, figure
8-1). All had FEVR of variable severity with visual impairment and nystagmus. In
patients 4 and 10, there was a retinal fold in 1 eye, chorioretinal dysplasia in the other.
Visual acuity was worse for patients with retinal folds and detachment, and mildest for
peripheral retinal vascularisation (table 8-3). Age ranged from 4 months to 16 years at
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last review. OFC ranged from far below the 0.4th centile to on the 2nd centile.
Developmental delay was present in 8/12 patients.
Patient,
gender,
family

Gene/
assay

Age
last
rv

Pt 1 (M)
GC16755

LRP5

9 yrs

Pt 2 (F)
GC19160

LRP5

5 yrs

R 1.3
(6/120) L
1.4
(6/150)

Pt 3 (M)
GC21489

KIF11

4
mths

Fixing
and
following

Pt 4 (M)
GC20377

KIF11

8 yrs

Pt 5 (M)
GC21033

TUBGCP6

17 yrs

R 0.6
(6/24)
L 1.6
(6/240)
R 0.56
(6/24)
L 0.52
(6/19)

Pt 6 (F)
GC21033

TUBGCP6

14 yrs

R&L 0.7
(6/30)

Pt 7 (F)
GC19713

WES
negative,
LRP5 SNP

4 yrs

Fixing
and
following

Pt 8 (M)
GC18797

NDP &
LRP5
negative

4 yrs

BEO 1.0
(6/60)

Pt 9 (F)
GC19208

WES,
LRP5
negative

11 yrs

R 1.0
(6/60)
L NPL

Pt 10 (M)
GC19303

WES,
LRP5
negative

11 yrs

R NPL
L 0.78
(6/38)

Pt 11 (M)
GC20924

WES,
NDP,
LRP5
negative
Unsolved

13 yrs

R 1.2
(6/95)
L 1.4
(6/150)
R NPL
L 1.6
(6/240)

Pt 12 (M)
GC20924

9 yrs

Latest
VA
logMAR
(Snellen)
R CF
L NPL

Fundus features

Growth parameters,
centile
OFC
Ht
Wt

RE tractional RD,
nasally avascular, LE
total RD with no
fundal view
BE retinal folds with
partial retinal vascular
preservation on FFA

<<0.4

<0.4

th

95

BE retinal folds with
partial retinal vascular
preservation on FFA.
Rod-cone dysfunction
on ERG
RE chorioretinopathy
with focal atrophy, LE
retinal fold. Rod-cone
dysfunction
Loss of
photoreceptors
outside of fovea on
OCT, lack of
peripheral
vascularisation with
fibrotic ridge. Rodcone dysfunction
Lack of peripheral
vascularisation on
FFA with fibrotic
ridge. Rod-cone
dysfunction
RE Large temporal
retinal fold, LE Large
retinal fold with partial
RD
BE retinal folds.
Reduced ERG
responses R>L,
tested age 6 weeks
RE macular atrophy,
temporal peripheral
non-perfusion,
telangiectasia with
shallow exudative
RD, LE total RD
RE retinal fold with
peripheral
chorioretinal atrophy
and pigment, LE focal
chorioretinopathy

<0.4

th

9

RE retinal fold with
exudate, LE retinal
fold with macular scar

0.4

RE total RD no fundal
view, LE retinal fold,
tractional RD/exudate

<0.4

th

<0.4th

th

0.4
nd
-2

th

th

nd

2 th
9

95

2

th

nd

Other
findings

Normal DEXA
scan
Normal MRI
brain
Reduced bone
mass on
DEXA scan,
maternal OFC
th
95 centile
Normal MRI
brain

N/A

N/A

Developmental
delay

<<0.4

th

2

nd

9th
25

Moderate
learning
difficulties

<<0.4

th

9th
25

2 th
9

nd

Moderate
learning
difficulties

<<0.4

th

N/A

N/A

nd

N/A

N/A

Developmental
delay
Maternal OFC
th
9 centile
Normal MRI
brain

N/A

N/A

N/A

Developmental
delay, learning
difficulties

th

Normal MRI
brain
ERG R
undetectable
L rod-cone
dysfunction
Parents
normal FFAs,
paternal OFC
st
91 centile
Developmental
delay

2

<<0.4

th

th

th

25

th

50

N/A

N/A

N/A

N/A

Table 8-2: Clinical summary for patients with FEVR and microcephaly
Ht, height; wt, weight; RD, retinal detachment; DEXA, dual energy X-ray absorptiometry
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Patient 1 presented with eye poking at 2 months of age and was found to have a total
detachment of the left eye with a retinal fold in the right eye. NDP screen was negative.
Microcephaly was only identified at 9 years of age in the ophthalmology clinic and was
then confirmed in the affected younger sister. Family 1 had previously undergone
autozygosity mapping which identified a region of homozygosity at the EVR1 locus
which encompasses both FZD4 and LRP5. Screening of FZD4 did not find any
mutation. Screening of LRP5 with segregation identified a novel homozygous splice
site variant c.4112-3C>G in the proband and his affected sister, and was heterozygous
in the unaffected sister and parents. Due to the molecular diagnosis, bone density is
under monitoring with a normal DEXA scan to date.

Figure 8-1: Pedigrees and mutations segregation for 10 FEVR families

Retinal abnormality

Number of eyes

Vision logMAR (Snellen)

Peripheral non-perfusion

5

0.52-0.70 (6/19-6/30)

Chorioretinal dysplasia

2

0.50-0.80 (6/19-6/38)

Retinal fold

12

1.2-NPL (6/95-NPL)

Retinal detachment

5

1.5-NPL (6/190-NPL)

Table 8-3: Visual acuity based on retinal phenotype
Patient 2 presented in early infancy with nystagmus, poor vision and bilateral retinal
folds (figure 8-2). Microcephaly was observed at birth. On Sanger sequencing, a
heterozygous novel missense mutation in LRP5 was identified, c.3914G>A
(p.Cys1305Tyr) which is predicted damaging in silico (SIFT 0, Polyphen2 1.0) . This
was also identified in the mother who had previously had a normal dilated fundus
examination. Subsequent Optos widefield FFA in the mother identified subtle abnormal
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peripheral retinal perfusion (figure 8-2). A bone density scan in the affected 5 year old
child was abnormal with a z-score of -2.1 indicating osteoporosis and a similar scan is
planned in the mother. Further family segregation was performed within an accredited
NHS laboratory which found the proband’s sister was not a carrier, and the 2 maternal
aunts were not carriers. Further retinal screening for these at risk family members was
therefore not needed.
Patient 3 presented in infancy with nystagmus, poor vision and microcephaly. Head
circumference was reportedly normal at birth. Examination under anaesthesia at 6
months of age identified bilateral retinal folds, and rod-cone dysfunction with ‘enhanced
S-cone-like’ features on ERG. These comprised the characteristic features of delayed
30Hz flicker of lower amplitude than the LA 3.0, the DA 3.0 and LA 3.0 responses
having the same simplified and markedly delayed waveform.135 This finding prompted
screening of NR2E3 in this patient and other unsolved FEVR/microcephaly patients
without identifying any pathogenic variants. WES was subsequently performed on the
proband and both parents. This identified a novel, de novo, nonsense mutation,
c.247C>T (p.Arg83*) in KIF11 as the likely causative mutation.
Patient 4 presented in infancy with reduced vision and was found to have a retinal fold
in the left eye with areas of chorioretinal atrophy in the right eye (figure 8-2).
Microcephaly was diagnosed in the Ophthalmology clinic at 6 years of age. ERG
identified rod-cone dysfunction without any features of ESCS as described above.
Screening of KIF11 by Sanger sequencing identified a novel, heterozygous premature
truncating codon, c.2910_2914del (p.Glu970Aspfs*17).
Patients 5 and 6 are siblings with learning difficulties, microcephaly and rod-cone
dysfunction on ERG. Dilated fundus examination identified abnormal peripheral retinal
vasculogenesis with peripheral scarred ridges in both eyes (figure 8-2). FFA in patient
6 identified abnormal vascular malformations anterior to this ridge. Treatment has not
yet been required. Based on the combination of microcephaly, learning difficulties and
rod-cone dysfunction, candidate gene sequencing was performed by colleagues in
Edinburgh. They were found to have bi-allelic novel, mutations in TUBGCP6, c.20666A>G and c.4485-21A>C with RNA analysis confirming abnormal splicing (performed
in Edinburgh).
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Patient 2, LE RetCam colour
and FFA images
demonstrating retinal fold from
optic disc to ora serrata with
limited retinal vascularisation
elsewhere

Patient 2’s mother, LE Optos
colour and FFA images, no
obvious abnormalities on
colour, but abnormal
peripheral vascularisation on
FFA

Patient 4, RetCam images,
RE inferior, circumscribed
chorioretinal atrophy lesions,
LE retinal fold

Patient 5, LE colour montage,
mid-peripheral RPE
hypopigmentation, peripheral
scarred ridge, FAF imaging
increased autofluorescence
peri-foveally and in outer
macular with loss of
autofluorescence in-between,
OCT, outer retinal atrophy with
centrally preserved ISe band
Patient 6, RE Optos colour
and FFA demonstrating
macular atrophy, peripheral
scarred ridge with lack of
vascularisation anterior to it
and abnormal vascular
malformations

Patient 11, Optos colour
images of RE retinal fold with
exudative detachment, LE
smaller retinal fold with
macular atrophy

Figure 8-2: Retinal imaging in FEVR with microcephaly
131

Familial exudative vitreoretinopathy and microcephaly

Six patients (5 families) all with microcephaly and FEVR remain unsolved despite WES
in all but 1 family. Patient 7 remains unsolved having had a novel, heterozygous variant
identified on WES in LRP5, c.2116G>A (p.Gly706Arg) which was likely to be a
polymorphism. Segregation found this variant to be homozygous in her unaffected
mother who had a normal dilated fundus examination and an OFC on the 9th centile.
Patient 9 has a retinal fold in one eye and chorioretinal atrophy in the other. His father
is also microcephalic and on dilated fundus examination has incomplete peripheral
vascularisation. Screening of the most likely candidate gene, KIF11, has been
negative. Patients 11 and 12 carry a copy number gain at 4q22.2 (0.68Mb) which is
paternally inherited. This was found elsewhere by comparative genomic hybridization.
Within this region are 7 genes (HPGDS, PDLIM5, SMARCAD1, BMPR1B, UNC5C,
PDHA2, and STPG2). Only one of these has a known retinal developmental role, bone
morphogenetic protein receptor type 1B (BMPR1B) which has been shown in a mouse
model to be required for normal ventral ganglion cell axon targeting to the optic nerve
head as well as controlling inner retinal apoptosis.339 Given the normal fundus
examination and FFA in the father, it is unlikely that this copy number gain is
pathogenic. WGS is planned on all unsolved families with available parents to be
sequenced simultaneously.

8.4 Discussion
In this series of 12 patients with FEVR and microcephaly, half of the patients have
been molecularly solved and half remain under investigation. This reflects a similar
published solved rate for FEVR alone.125 All patients presented in early childhood with
nystagmus and visual impairment. Fundus features were variable in keeping with the
known spectrum of FEVR from incomplete peripheral vascularisation to retinal fold to
retinal detachment.126 In addition, there were 2 patients with unilateral retinal folds and
contralateral chorioretinal dysplasia which has been seldom reported in the literature
before.332, 334 Visual acuity correlated with fundus feature, being most severe in those
patients with retinal folds or detachment.
ERG was available in 5 patients, 2 with KIF11 mutations, 2 with TUBGCP6 mutations,
and 1 unsolved patient and identified rod-cone dysfunction. The TUBGCP6 patients
have evidence of rod-cone dystrophy on retinal imaging with loss of photoreceptors on
OCT and abnormal autofluorescence. For the other patients, it is unknown whether
their ERG features are consistent with a rod-cone dystrophy as there has been limited
retinal imaging possible due to the severe retinal abnormalities. Interval ERG would be
helpful to demonstrate deterioration consistent with a rod-cone dystrophy. Previously
reported ERG findings in FEVR are limited. A report of 3 patients from one family
described abnormal ERG in 2 patients with reduced rod and cone responses.340 A
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detailed characterisation of MCMLR due to KIF11 mutations in 6 patients found rod
and cone dysfunction with abnormal macular function in those with available PERG
results.341 It may be anticipated that in the majority of patients with FEVR, there would
be measureable photoreceptor dysfunction based on abnormal retinal development but
this hypothesis and determination of progressive retinal dysfunction need to be
substantiated.
FEVR with microcephaly has been reported in association with KIF11 and TUBGCP6
but has not been previously reported with LRP5.333-335, 342 Microcephaly in this series
ranged from the 2nd centile (-2 SD) to <<0.4th centile (<-5SD). In 2 patients it was only
observed after measurements in the Ophthalmology clinic and should be specifically
looked for in patients with FEVR. One drawback in this study is the lack of complete
data on parental OFC and peripheral retinal examinations which may be helpful in
filtering whole genome data from the unsolved families if the likely inheritance pattern
is known.
LRP5 (MIM 603506) is a 23 exon gene initially found to cause osteoporosispseudoglioma syndrome a recessive disorder of severe retinal dysplasia and juvenile
osteoporosis presenting with bone fractures in early childhood and subsequently also
associated with dominant high bone density from missense variants located within the
N-terminal YWTD-EGF domain.338, 343, 344 LRP5 has been associated with both
dominant and recessive forms of FEVR with mutations distributed throughout the gene
and with evidence of non-penetrance in dominant disease.325, 345 In recessive disease,
carrier parents can also have low bone mass.338 Of the 2 families identified with LRP5
mutations in this study, one has recessive disease with a novel splice site mutation,
and the other dominant disease. For patient 2 and her mother, evidence for the
causality of the novel missense mutation which is predicted to be damaging in silico,
includes the abnormal peripheral retinal vascular findings in the mother and the
reduced bone density in the patient at age 5 years. For this family, the molecular
diagnosis has enabled systemic monitoring of bone density to prevent fractures and
screening for this mutation in the patients maternal aunts and younger sister, all of
whom were negative. Given the possibility that a second variant including a copy
number variant has been missed by Sanger sequencing, or alternatively that there is
another molecular cause, whole genome sequencing is being performed.
Kinesin family member 11 (KIF11 MIM 148760) encodes EG5, a microtubule motor
involved in mitosis.346 Its exact role in retinal development has not yet been elucidated.
Mutations were first identified in association with MCLMR and later with microcephaly
and FEVR.346 However, not all patients have microcephaly.334 Patient 3 in this report
has a de novo, novel, nonsense mutation. Patient 4 has a novel PTC with segregation
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unavailable to determine if it was de novo. Previously reported mutations include
missense, nonsense, splice and PTC and are found distributed throughout the gene
without obvious mutational hotspots and without apparent difference in mutation
distribution between patients with retinal folds and those with chorioretinal atrophy.333,
342

At least 40% of mutations arise de novo. Non-penetrance has been reported in

carrier parents. For family 3, the molecular diagnosis identifying de novo disease has
allowed accurate genetic counselling on the risk of recurrence in future children.
TUBGCP6 (MIM 610053) was first reported in a patient with microcephaly and
chorioretinopathy without further ophthalmic detail provided.347 Subsequently it was
identified in 4 patients all with extreme microcephaly (-7.2 to -11.1 SD), short stature (2.3 to -3.45 SD) and retinopathy with one patient additionally described to have retinal
folds.335 In one patient, ERG demonstrated absent rod and cone function. The siblings
in this series have abnormal retinal vascularisation identified in conjunction with a rodcone dystrophy but with less severe microcephaly and without short stature. Their
novel mutations are both predicted to create cryptic splice sites with out of frame
transcripts then created. Previously reported mutations include splice site, PTC and
missense.335, 347 Detailed ophthalmic phenotyping of all TUBGCP6 patients would be of
particular interest to investigate the exact types of retinal involvement.
WGS in the 5 unsolved families is in progress with probands being sequenced in
parallel with unaffected and other affected family members to aid interpretation of the
results. This is particularly relevant when the inheritance can be recessive or dominant,
with the potential for variable penetrance and de novo mutations.
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9 Hermansky-Pudlak syndrome 6
9.1 Introduction
Oculocutaneous albinism is a recessive disorder of melanogenesis presenting in
infancy with poor vision and nystagmus.348 It is characterised by iris transillumination,
foveal hypoplasia, chiasmal misrouting on VEPs and variably reduced pigmentation of
the fundus, hair and skin. OCA is a feature of certain syndromes including HermanskyPudlak syndrome (HPS, MIM#203300) associated with bleeding diathesis, pulmonary
fibrosis and granulomatous colitis and Chediak-Higashi syndrome (MIM#214500) with
immunodeficiency and neurological involvement.349, 350
HPS is an inherited disorder of lysosomal organelle biogenesis most prevalent in
Puerto Rico at a rate of 1 in 1800 due to founder mutations in HPS1 and HPS3. 351, 352
Nine HPS genes have been identified all encoding protein complexes involved in the
biogenesis of lysosome related organelles (BLOC), including melanosomes in
melanocytes and delta granules in platelets.353 HPS6 is a subunit of the BLOC2
complex in addition to HPS3 and HPS5. HPS6 is an integral part of the retrograde
motor complex for lysosomal transport from cell membrane to the perinuclear region.354
HPS6 is a very rarely reported subtype with only six families reported to date; their
HPS6 related disease characterized by OCA with bleeding diatheses.355-357
There may be a delayed diagnosis of HPS if the systemic disease is mild as has been
reported in HPS3 related disease and as such the patients may initially have an
isolated ophthalmic diagnosis of OCA or even ocular albinism.358 Consideration of HPS
as a differential diagnosis by the ophthalmologist is important due to its systemic
complications. In this investigation of 2 families with HPS6 related disease, the
diagnosis was delayed due to a mild systemic phenotype.

9.2 Methods
9.2.1 Ascertainment of patients
Two children from a distantly consanguineous family of Punjabi Afghan descent were
recruited from the paediatric clinic at Moorfields to the inherited retinal disease study.
They had both presented in infancy with nystagmus and reduced vision and were
diagnosed with isolated foveal hypoplasia. WES of the proband when age 10 identified
a homozygous variant in HPS6 which prompted further investigation of the family by
myself. I then also investigated an adult patient known to have a diagnosis of HPS and
a mild systemic phenotype but no molecular diagnosis.
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9.2.2 Clinical assessment
All patients were assessed and examined by myself at their most recent visit. All
underwent full clinical examination and imaging including anterior segment and colour
fundus photography, FAF and OCT as detailed in methods. ERG was performed using
eyelid electrodes for the 2 children of family 1 as detailed in methods. In addition, both
children underwent VEP recording to evaluate chiasmal routing. ERG/VEP recordings
were not available for patient 3.

9.2.3 Systemic investigations
All patients underwent haematological assessment and investigation following referral
to haematology colleagues. In addition the 2 children of family 1 were under the care of
general paediatric colleagues.

9.2.4 Molecular investigations
The proband of family 1 had previously undergone screening of SLC38A8, which was
at the time a candidate gene for isolated foveal hypoplasia under investigation by
colleagues in Leeds.359 This did not identify a mutation. WES was then performed at
AROS Applied Biotechnology.
A homozygous variant in HPS6 was identified by colleagues as likely causative.
Following my own review of the results, a single variant in SLC38A8 was also identified
and given the patient’s phenotype further investigated. Both patients were clinically
reviewed by myself and the rest of the family’s blood samples taken for DNA extraction
and segregation. I designed primers for bi-directional Sanger sequencing of the single
exon of HPS6 (4 primer pairs required due to size of exon) and the exon-intron
boundaries as well as the affected exon 7 of SLC38A8 (table 9-1).
Primer reverse 5’ → 3’

Enzyme

HPS6-A

GCTGGACCTGGGCAAAGC

CAGCAGGACGTGTGTGCG

MYTAQ
+ DMSO

65

600

HPS6-B

CTTTCAGCCACTGTGTGTGC

AAGATTCCCTCGGGTCTCCA

BIOTAQ

65

653

HPS6-C

GTACATCTGCTAGAACCGCCA

CTTCCACACATCAGGGGGTG

MYTAQ

65

597

HPS6-D

CAACACCGTTTTCCAAGCCC

CCCTGAGTGTTCTGATGCCT

MYTAQ

65

840

SLC38A8
exon 7

AGGACAGGAAAGCTTTGGGC

TGTGCCTGTTTCCTCCTGTC

BIOTAQ

65

441

Table 9-1: Primer pairs for sequencing of HPS6 and SLC38A8
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In the 3rd patient, I performed candidate gene investigation with Sanger sequencing of
HPS6 based on the mild systemic phenotype. In addition, given a reported history of
parental consanguinity, autozygosity mapping using a SNP microarray (OmniExpress)
was performed including all 9 HPS loci (table 9-2).
HPS subtype

Gene

Coordinates

HPS1

HPS1

10q24.2

HPS2

AP3B1

5q14.1

HPS3

HPS3

3q24

HPS4

HPS4

22q12.1

HPS5

HPS5

11p15.1

HPS6

HPS6

10q24.32

HPS7

DTNBP1

6p22.3

HPS8

BLOC1S3

19q13.32

HPS9

BLOC1S6

15q21.1

Table 9-2: Nine HPS genes and loci
Mutation nomenclature was assigned in accordance with GenBank Accession number
NM_024747.5.

9.3 Results
Clinical details are summarised in table 9-3. Patient 1 was examined at age 12 years.
She had reduced vision at R 0.48 logMAR, L 0.40 logMAR, fine horizontal nystagmus
but no iris transillumination. Dilated fundus examination revealed reduced foveal
reflexes but otherwise appeared normal (figure 9-1). Her younger sibling at age 4
years also had reduced vision R0.76 logMAR and L 0.70 logMAR with fine horizontal
nystagmus and no iris transillumination. His dilated fundus examination also
demonstrated reduced foveal reflexes and his fundi were noticeably blonder than his
sisters. On careful comparison of hair and cutaneous pigment in the siblings and their
parents, the proband’s hair was noted to be slightly lighter than her parents; her
younger brother on removal of his turban had noticeably lighter hair. Retinal imaging
confirmed foveal hypoplasia with loss of the foveal pit and persistence of inner retinal
layers over the expected anatomical position of the fovea (figure 9-1). Both patients
had previously undergone electrophysiology, in the proband age 1 and repeated age 5
and in the younger brother at 8 months of age. In both, full field ERG was normal with
VEPs finding no evidence of chiasmal misrouting.

Subsequent re-evaluation elicited a history of mild bruising at the time of immunisations
for both children and for patient 1, nose bleeds every 1-2 weeks from the age of 6
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years. Haematological investigation was consistent with a platelet storage pool
disorder and HPS was confirmed (table 9-3).
Pt number,
age last review,
family number

Visual function

Haematology investigations

Visual
acuity
logMAR
(Snellen)

Refraction

Platelet
ATP:ADP
ratio
(0.9-2.3)

Platelet Function
tests

Electron
Microscopy

Pt 1
12 years
GC18806

R 0.48 (6/19)
L 0.40 (6/15)

R +7.00/-2.00 x 180
L +6.00/-1.00 x180

13.9

Not done

Pt 2
4 years
GC18806

R 0.76 (6/38)
L 0.78 (6/38)

R +5.50/-3.00 x 180
L +5.50/-3.00 x 180

31.4

Pt 3
29 years
GC15023

R 0.82 (6/38)
L 0.94 (6/48)

R -1/-1.25 x 180
L -4/-3 x180

10.8

Normal aggregation
Significantly
reduced ATP
release
Reduced
aggregation
Significantly
reduced ATP
release
Reduced
aggregation
Absent ATP release

Not done

Reduced
platelet
dense
granules

Table 9-3: Key molecular, visual and haematological findings
ATP, adenosine triphosphate; ADP, adenosine diphosphate

Figure 9-1: Anterior segment and retinal imaging in HPS-6
(a) anterior segment imaging, (b) colour fundus photographs, (c) FAF imaging, (d) OCT. Patient
1 and 2, no iris transillumination, peripherally blonde fundi more obvious in patient 2, no fovea
on FAF or OCT imaging. Patient 3, right Axenfeld anomaly, left posterior embryotoxin,
transillumination, blonde fundus and no fovea.
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Patient 3, the second child of parents of Russian-Palestinian origin, presented at 3
months of age with reduced vision, nystagmus, iris transillumination and blonde fundi.
In addition right Axenfeld anomaly and left posterior embryotoxin were noted (figure 91). An initial diagnosis of mild ocular albinism was made, amended to oculocutaneous
albinism age 9 years due to likely inheritance pattern (ie not X-linked) and the
observation of mildly reduced cutaneous/hair pigmentation.360 There were no
complications from hernia surgery age 6 years but age 26 years there was prolonged
bleeding for 3-4 hours following a dental extraction. Haematological investigations
identified a platelet storage pool disorder consistent with HPS (table 9-3).
WES in patient 1 identified a novel, homozygous missense variant in HPS6, c.779G>A
(p.Gly260Glu), predicted to be damaging in silico (SIFT 0.03, Polyphen2 1.00) and a
novel heterozygous variant in SLC38A8, c.860C>G (p.Ser287Cys) which was
predicted damaging in silico by Polyphen2 (1.00) but tolerated by SIFT (0.14).
Sequencing of both variants in patient 2 supported causality of the HPS6 variant with
the SLC38A8 variant not found. The parents were confirmed to be carriers of the HPS6
variant (figure 9-2).

Figure 9-2: Pedigree of family 1 (patients 1 and 2) and HPS6 chromatograms
Patient 3 had a mild systemic phenotype and as this was consistent with previous
reports of HPS6 related disease, candidate gene sequencing of HPS6 was
performed.357 This identified bi-allelic PTCs, c.902dupT (p.Thr303Hisfs*64) which was
novel and c.1083dupC (p.Gly362Argfs*5), not reported in an affected patient before but
with a very low allele frequency on ExAC (1 in 120260). Both variants resulted in
predicted truncation of each allele at the same codon (figure 9-3). As both variants
inserted a base and were within a single exon, they were identified as bi-allelic based
on Sanger sequencing alone. Autozygosity mapping identified no regions of
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homozygosity over any of the 9 HPS loci and in general had few regions of
homozygosity. This meant that the reported consanguinity in the family was unlikely.

Figure 9-3: Pedigree of family 2 (patient 3) and HPS6 chromatograms

9.4 Discussion
This study of 3 patients with HPS6 describes novel features including a lack of iris
transillumination, normal VEPs and 2 novel mutations. Furthermore, it substantiates
the previous reports of a mild systemic phenotype.
HPS6 was first reported in a single patient with OCA, bleeding diathesis but no
pulmonary and gastrointestinal involvement.355 A further report identified HPS6 as a
cause of OCA with mild bleeding diathesis in an extended Israeli Bedouin pedigree, all
affected members having classical features of OCA including iris transillumination.356 A
detailed series of 4 patients with mutations in HPS6 demonstrated variable degrees of
albinism diagnosed in infancy; all had iris transillumination and bleeding diatheses.357
There have been no reported complications of pulmonary fibrosis or granulomatous
colitis. This is similar to the present series of patients and to other BLOC2 subtypes,
HPS3 and HPS5 which also manifest with milder systemic disease than the other
forms of HPS.358, 361, 362 Although colitis may present within the first decade of life, the
onset of pulmonary fibrosis is not until the 4th decade.363, 364 With the limited number of
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HPS6 patients reported to date, there is the theoretical possibility that these
complications could still be associated.
Patients 1 and 2 have an unusual presentation with a lack of iris transillumination and
no chiasmal misrouting on VEPs which led to an initial diagnosis of isolated foveal
hypoplasia. Isolated foveal hypoplasia has been reported in association with bi-allelic
mutations in SLC38A8.359 One variant was found on WES in this gene and assuming a
second variant was still to be found, this was further investigated. Segregation ruled
out this variant as it was not present in the affected younger brother. A lack of iris
transillumination has not been previously reported in HPS although the degree of iris
defects can range from mild spoke like defects to complete transillumination.365, 366
Abnormal chiasmal misrouting is regarded as a cardinal feature of OCA and the degree
of misrouting has been shown to correlate with the loss of pigmentation.140, 367 VEP
characterisation in HPS is limited; a report of 11 molecularly uncharacterised HPS
patients identified aberrant chiasmal misrouting in all patients.368 The lack of misrouting
in the siblings in this report may reflect the mildness of their hypopigmentation. Further
investigation of VEPs in other HPS patients in particular the BLOC2 subtypes may
demonstrate similar findings. The visual acuities were significantly reduced most likely
related to foveal hypoplasia and nystagmus. The vision levels found were similar to
those reported in other HPS6 patients.357
Patient 3 in this series has a similar ocular phenotype to previously reported HPS6
patients with iris transillumination, a blonde fundus and foveal hypoplasia. In addition
she has features of anterior segment dysgenesis with Axenfeld anomaly and posterior
embryotoxin, reported in up to a third of patients with HPS.365 Interestingly, she
underwent abdominal surgery age 6 years without bleeding complications but had
prolonged bleeding post dental extraction when 10 years of age.
HPS6 is a single exon gene encoding a 775 amino acid ubiquitously expressed protein
for which no domain or tertiary/quaternary structure data is available.357 The unbiased
platform of WES identified a novel missense variant in HPS6 in family 1 (p.Gly260Glu)
which is predicted to be damaging in silico. This directed further haematological
assessment and investigation of platelet function. Only 1 of 9 previously reported
pathogenic variants was missense (p.Thr272Ile).355-357 This was identified in a
conjunction with a PTC in a patient diagnosed in early childhood with bleeding
suggestive of HPS and typical ocular phenotypic features.357 Bi-allelic missense
variants could manifest a milder phenotype as seen in family 1 if the protein function is
less functionally impaired than truncating variants. However a large series of patients
would be needed to substantiate this potential correlation. The PTCs identified in
patient 3 are predicted to produce a truncated protein and not undergo NMD as there is
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only a single exon of HPS6. 206 This has been substantiated by mRNA investigation in
the previously reported Bedouin family.356 Neither of these variants has been reported
in an affected patient before although one variant is present at a very low level on
ExAC. Both variants would truncate the protein at the same codon of 367 which is the
same predicted truncation codon of a previously reported variant p.Leu356Argfs*11.356
This study demonstrates that HPS6 can be associated with mild and late systemic
manifestations and a diagnosis of HPS should therefore be considered in any patient
presenting with foveal hypoplasia, ocular albinism or OCA. An accurate diagnosis will
ensure appropriate precautions during surgical or dental procedures. 369
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10 CDH3 related congenital hypotrichosis with juvenile
macular dystrophy
10.1 Introduction
CDH3 (Cadherin 3, MIM#114021) encodes P-cadherin, a regulator of both hair, retinal
and limb development.370, 371 First described in 2 brothers in 1935, hypotrichosis,
congenital, with juvenile macular dystrophy (HJMD, MIM#601553) presents with
childhood onset central visual loss with an associated scalp hair abnormality due to biallelic mutations in CDH3.372 The disorder is rare and has been reported in a total of 21
molecularly confirmed families to date with 15 reported variants.370, 371, 373-381
Ectodermal dysplasia, ectrodactyly and macular dystrophy syndrome (EEMS) is an
allelic disorder also arising due to bi-allelic CDH3 variants.382 The disorder is of variable
severity and phenotype with ectodermal involvement including hypotrichosis, nail
dysplasia and partial anodontia and limb defects including syndactyly (joined digits),
campylodactyly (bent digits) or ectrodactyly (missing phalanges with a claw hand
appearance the most severe manifestation). Only 6 molecularly confirmed patients
have been reported in the literature, with 5 additional pathogenic variants identified.371,
376, 382, 383

Apart from a series of 7 families focusing on electrophysiology characteristics, the
previous descriptions of CDH3 related macular dystrophy are limited.384 A single
patient has been published with OCT and FAF imaging with single posterior pole colour
images on 8 patients otherwise published.370, 373, 375, 376, 381, 384, 385 Following a result from
WES of a homozygous CDH3 mutation in a patient with macular dystrophy, the
phenotype was studied and further patients identified with clinically similar
presentations. A total of 7 patients have been identified and undergone detailed
phenotyping including serial imaging and electrophysiology. All have bi-allelic CDH3
mutations including 3 novel mutations.

10.2 Methods
10.2.1

Ascertainment of patients

Patients were identified from adult inherited retinal clinics. Two patients had WES, 1
patient already had a molecular diagnosis from elsewhere. An additional 9 patients
were identified by myself and my supervisors as phenotypically similar, and I screened
this cohort for CDH3 mutations, which identified a further 4 patients.
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10.2.2

Clinical assessment

All patients had undergone complete ophthalmic examinations and retinal imaging as
part of their routine care. Serial imaging was available in patients 1, 3, 5, 6 and 7.
Thickness of the central subfield region as defined by the Early Treatment Diabetic
Retinopathy Study (ETDRS) was measured using the automated Heidleberg Spectralis
viewing module (version 6.3.4.0) with the RPE basement membrane and the ILM
layers checked for accuracy in each OCT slice and manually corrected if necessary.386
Size of the atrophic region was mapped for each FAF image with the region first
highlighted using Adobe Photoshop Elements 14 (Adobe Systems Incorporated, San
Jose, Ca, USA) and the area then calculated using the Threshold Colour plugin in
Image J (National Institutes of Health, Bethesda, Md, USA). Only those images in
which the atrophic region border could be clearly delineated were assessed, which was
possible for patients 3 and 5. Five patients underwent EDTs.

10.2.3

Molecular investigations

Both WES results (AROS) were confirmed by Sanger sequencing with segregation
performed in available relatives with specifically designed primers (table 10-1). In
addition, all 16 exons and intron-exon boundaries of CDH3 were screened in a panel of
9 patients. Mutation nomenclature was assigned in accordance with GenBank

Amplicon
size (bp)

Annealing
temp (°C)

Accession number NM_001793.4.
Exon

Primer forward 5’ → 3’

Primer reverse 5’ → 3’

Enzyme

1-2

TCAAAGGGGCAAGAGCTGAG

CGCGGTCCACACCAAAATG

MyTaq

65

507

3

TCTGCAGCCACTTAGCAGTC

CCTCTGAAGGGCTGACTTGG

BIOTAQ

65

322

4

AGGCTCATCTAGGTCTCCTCA

CTCTGTGAAGAGGGGCACTG

BIOTAQ

65

539

5-6

CAGTGCCCCTCTTCACAGAG

AGCATTTAAGGGTGTGGGCC

BIOTAQ

65

545

7

TGGAGTTGGAACTGGGAGGA

GACGTGGGTCCTCACTGTTC

MyTaq

65

343

8

CAGTGCTTCCTGGAGGTCAG

GGTCACACAGCCATAGTGCT

BIOTAQ

65

329

9

GACATCCTGCCGCTGTGTAT

GGACTTCCCAACACAAGAGTG

BIOTAQ

65

506

10

CTGTTGCTAGTGAGGGCCTC

AAATACCTGCCCCCAAACCC

BIOTAQ

65

548

11

TGGTATGAGGAGGCCCTGAA

CCGGCCTAGGACCAGTCTTT

BIOTAQ

65

403

12

AGAATGATGGCTCAACTGGCA

AGATCATTGTCCCCATGGCC

MyTaq

65

501

13

TCTCTGCATTGCCCACATGT

GAGGCTGAGCTGGGAAGATC

BIOTAQ

65

549

14

GCTCTGGCTACTGAGTGAGG

GGGCCAAAGAGACTACAGCA

BIOTAQ

65

422

15

TGCTGTAGTCTCTTTGGCCC

AAAAGCTGGTTGGTGGTGGA

BIOTAQ

65

507

16

AGAGAGGGGCTCACAGAGAG

TGCTGAAGTCAAACTGCCCA

BIOTAQ

65

504

Table 10-1: Primer pairs for CDH3
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10.3 Results

Patient 1

Age of onset, years

Patient,
family
number,
variant

11

Age at last review
(length of review),
years

Clinical data are summarised in table 10-2.

18 (5)

GC18250

Patient 2

4-5

20 (0)

GC19726

Initial VA
logMAR
(Snellen)

Latest
VA
logMAR
(Snellen)

R 0.4
(6/15)

R 0.80
(6/36)

L 0.4
(6/15)

L CF

R 1.0
(6/60)

n/a

R 0.30
(6/12)

R 0.80
(6/36)

L 0.30
(6/12)

L 0.30
(6/12)

Latest refractive
error, dioptres

Age at
colour
vision

Age at last
electrophysiology,
key findings

13 years
Ishihara
R 5/17
L 6/17

14 years, subnormal
PERG P50. Normal
ERGs

Not performed

20 years,
Ishihara
1/17 BE

20 years,
undetectable PERG,
subnormal rod and
subnormal and mildly
delayed cone ERGs

R +0.50/-2.00 x 5

22 years,
HRR
medium
r/g
defect,
b/y
normal

Age 22, undetectable
PERG. Mildly
subnormal rod ERGs
on right. Other ERGs
normal bilaterally.

R 0/-2.50 x 177
L -0.25/-2.25 x 162

L 1.2
(4/60)
Patient 3

5-6

24 (8)

GC20690

Patient 4

4

25

R 1.0
(6/60)
L 1.2
(4/60)

n/a

Myopic

25 years,
Ishihara
R 3/21, L
0/21

Not done

8-9

31 (20)

R 0.18
(6/9)

R 0.18
(6/9)

R -1.00/-1.00 x 170

L 0.18
(6/9)

L 0.18
(6/9)

28 years,
Ishihara
R 15/17
L 12/17

18 years, markedly
subnormal PERG
P50. Subnormal rod
ERGs and subnormal
and delayed cone
ERGs. 27 years,
undetectable PERG;
stable ERGs.

R 0.6
(6/24)

R 0.84
(6/38)

L 1.2
(4/60)

L 1.20
(4/60)

33 years,
Ishihara
1/17 BE

33 years,
undetectable PERG.
Rod and cone ERGs
normal on the right;
marginally subnormal
on the left due to eye
closure.

R 1.3
(3/60)

R 1.20
(4/60)

Not done

L 1.3
(3/60)

L 1.20
(4/60)

54 years,
HRR
0/24 BE

GC22774

Patient 5
GC18293

Patient 6

17

36 (3)

GC19948

Patient 7
GC18996

L emmetropic

10

57 (7)

L -1.00/-0.50 x 60

R -0.50/-0.50 x 40
L +0.50/-2.50 x 180

Not performed

Table 10-2: Summary of clinical features in CDH3 related macular dystrophy
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Seven probands from 7 families (6 consanguineous) were identified with bi-allelic
variants in CDH3 (figure 10-1); 2 from WES, 4 from screening a panel of 9
phenotypically similar patients and one with an already identified homozygous variant
found elsewhere by Sanger sequencing.374 All presented in childhood/teenage years,
age range 4-17 years. Of the 5 patients that screened negative for CDH3, 2 were later
found to carry likely pathogenic ABCA4 mutations and one was found to have CRB1
mutations.

Figure 10-1: Pedigrees and chromatograms for patients with CDH3 mutations
* mutation previously identified

374

Vision was universally reduced at presentation. Of the 4 patients with more than one
review, 3 had documented deterioration of vision, one already having severe vision
loss at presentation. The mean age at last review was 30.1 years (median 25, range 18
to 57) with VA ranging from 0.18 logMAR to CF. The best VA was in patient 5 in whom
VA was 0.18 logMAR each eye at age 31 years. Four patients had reported
deterioration of central vision. Only patient 2 reported nyctalopia. Fundus abnormalities
comprised variable degrees of atrophy of the retina, RPE and choroid in the posterior
pole which extended nasal to the disc (figure 10-2). In 6 patients, the atrophy extended
outside of the arcades. Patient 7 had severe chorioretinal atrophy with exposed sclera.
Variable degrees of hyperpigmented spots/clumps in the macula was evident in all
patients.
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Figure 10-2: Retinal imaging in patients with HJMD
(a) Colour fundus photographs, (b) FAF, (c) OCT. Variable extent and severity of outer
retinal/RPE atrophy, most severe in patient 7 with visible sclera. Pigmented lesions observed in
all patients within atrophy, correspond to hypertrophy of the RPE (white arrows, patient 3).
Increasing pigment demonstrated in patient 5. Loss of outer retina on OCT most severe in
patient 7 who in addition has a serous detachment limited to the area of atrophy. ORTs
frequently observed (white arrow, patient 6).
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Serial imaging (available in 5 patients) demonstrated increasing hyperpigmentation
with time in 3 patients (demonstrated in patient 5 in figure 10-2). FAF imaging
demonstrated confluent hypofluorescence in areas of atrophy with a surrounding ring
of relatively increased autofluorescence in 6 of 7 patients tested. In 2 patients within
the area of confluent atrophy, a speckled hypofluorescence was observed. Patient 5
had small refractile deposits in both maculae, not noticed in any other patient.

Figure 10-3: Serial imaging findings in CDH3 related HJMD
(A) FAF imaging size of atrophic region, (B) OCT imaging central subfield thickness

OCT available in all patients, demonstrated variable degrees of atrophy. In patient 7
there was extensive atrophy of retina, RPE and choroid in addition to a serous retinal
detachment over the atrophic area in the left eye (figure 10-2). In the remaining 6
patients there was outer retinal and RPE atrophy with partial preservation of the ISe
band at the fovea observed in patient 5. Six patients had ORTs, patient 7 having too
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extensive retinal atrophy for tubulations to be present. Five patients had serial OCT
and FAF imaging over 2-10 years. The atrophic region on FAF imaging could only be
accurately measured in 2 patients which demonstrated that the overall size of the
atrophic region did not increase with time. However, retinal thickness within the
atrophic region did decrease with time in all patients measured (figure 10-3).
Electrophysiology demonstrated undetectable PERG in 3 of the 5 patients tested,
consistent with severe macular dysfunction (figure 10-4). There was a subnormal
PERG P50 component in patient 3 at age 14 years in keeping with moderate macular
dysfunction. In patient 5 the PERG was markedly subnormal at the age of 18 years and
undetectable when examined 9 years later. Bilateral full-field ERG abnormalities were
evident in patients 2 and 5, indicating mild generalised rod and cone dysfunction.
There were marginal reductions in the rod-mediated ERGs in the right eye of patient 3
and rod and cone ERGs in the left eye of patient 6, but likely due to eye closure. The
full-field ERGs in patient 5 showed no significant change when re-tested 9 years later.

Figure 10-4: Electroretinography in CDH3 related HJMD
ERG and PERG features from one eye of patients 1, 3 and 5 and normal control. Patient 1 has
normal DA ERGs and normal light-adapted LA ERGs; PERG P50 component is subnormal.
Patient 3 shows mild reduction in the right eye DA ERGs and normal LA ERGs; all left eye
responses were normal (not shown). Patient 5 shows mild but relatively stable abnormalities of
all full-field ERGs with evidence of progressive PERG reduction over 9 years.
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Systemically, all patients had thin scalp hair from at least early childhood, with normal
hair elsewhere including eyebrows (figure 10-5). All patients had normal limbs.

Figure 10-5: External photographs of patients 1, 6 and 7.
Head photographs demonstrate thinning of scalp hair with preservation of eyebrows and in
addition in patient 6 preservation of chest hair. Hand photograph of patient 7 demonstrates
normal hand morphology.

Molecular screening identified bi-allelic mutations in CDH3 in all patients including 2
novel PTCs and 1 novel missense mutation (figure 10-1). The novel missense
mutation, c.613G>A (p.Val205Met) is predicted damaging in silico (SIFT 0, Polyphen2
1.0). Only one other mutation was a missense change, R503H which has been
previously reported in 3 affected families.373, 374 Both missense variants arise in codons
highly conserved through the species (figure 10-6). All patients had presumed
homozygote mutations.

Figure 10-6: Conservation of CDH3 missense codons
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10.4 Discussion
In this study of CDH3 related retinal dystrophy, detailed phenotyping of molecularly
confirmed patients has characterised the key ophthalmic and systemic features which
aided diagnosis and allowed an assessment of the prognosis. The patients all
presented in childhood with central visual disturbance and sparse scalp hair with a
predominantly macular dystrophy. The majority of previously reported patients also
presented with reduced vision in childhood except for one reported family in which the
eldest child had normal visual acuity at 14 years of age although macular pigmentary
change was observed.374
In this series, visual acuity was found to deteriorate over time except for one patient
with stable and good acuity over 20 years of review and preserved foveal
photoreceptors visible on OCT. Longitudinal data on visual acuity decline has not been
previously reported although a trend of decreased vision with patient age has been
observed.384 Although the majority of previously reported patients have marked
macular atrophy encompassing the disc, one patient with mild atrophic changes and
syndactylyl of his left foot has been reported.376 The refractile deposits in patient 5 were
much smaller than the expected size of refractile drusen and no other cause could be
elucidated from the patient’s past medical history.387 It remains unclear whether they
are related to CDH3 as it has not been observed in any other reported patient.
There has been only one previously published patient with detailed retinal imaging.385
This 6 year old patient had typical features of posterior pole atrophy with early loss of
photoreceptors and RPE on OCT. In contrast, all patients in this study underwent
detailed imaging and 5 had serial OCT investigations. All patients had marked and
confluent hypofluorescence on FAF imaging which corresponded to the atrophic
region. This was surrounded by an apparent ring of increased autofluorescence. OCT
imaging demonstrated loss of outer retina and RPE in all patients with severe atrophy
in patient 7. ORTs were frequently observed. The posterior pole appears to be
atrophied from early childhood, with the degree of atrophy within that region
progressing with time (based on OCT), but the overall area of atrophy (based on FAF
imaging) not increasing although there were limited numbers available for analysis.
Serial ERG available in one patient demonstrated that the full field ERG abnormalities
did not progress with time although the PERG worsened over the same 9-year period.
Bilateral ERG abnormalities were evident in 2 of 5 cases and were relatively mild,
whereas most had PERG evidence of severe macular dysfunction in keeping with the
retinal imaging; the disorder appears to be largely confined to the posterior pole.
Previous reports of electroretinography have largely focused on ERG and EOG
findings with only one report of PERG in HJMD.381 At age 48 years, the patient in this
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report had very poor vision, an extinguished PERG and reduced cone specific ERG
responses. ERG findings in previous reports have been either normal or with
subnormal rod and/or cone responses.370, 373-376, 379, 381, 383-385 One patient was reported
to have severe retinal dysfunction on ERG but no further details were given.377
Overall, there is evidence from visual acuities, serial retinal imaging and
electrophysiology that the condition is progressive but progression is largely limited to
the posterior pole. The onset of symptoms is not from birth or infancy but
childhood/adolescence. There is no nystagmus in these patients. The age of onset and
evidence of progression would indicate that this is a progressive dystrophy and not a
developmental disorder.
The most common cause of juvenile-onset macular dystrophy is Stargardt macular
dystrophy due to bi-allelic mutations in ABCA4.47 This disorder may present with similar
symptoms to CDH3 related disease with central visual disturbance, macular atrophy,
and either electrophysiological dysfunction confined to the macula (found in 1/3 of
children with Stargardt disease) or macular and generalised retinal dysfunction usually
involving cone and rod systems (found in the remainder).388 Not all patients with
Stargardt disease have the distinctive yellow-white flecks at presentation. Patients with
HJMD may initially be misdiagnosed with Stargardt disease but the 2 conditions can be
distinguished most readily by examination of the scalp hair. In addition, in Stargardt
disease, the peripapillary region is classically although not universally spared.389
CDH3 encodes P-cadherin, one of the family of cadherin transmembrane proteins that
form a major component of adherens junctions important in cell to cell interactions.390 A
total of 22 mutations in CDH3 have been reported including those from this study, 7
missense, 2 splice site and the rest PTCs (figure 10-7, table 10-3).

Figure 10-7: Schematic diagram of CDH3 with mutation codon location
Mutations from this study boxed. EC; extracellular, TM; transmembrane

All but one of the PTCs identified would be predicted to trigger NMD and lead to
haploinsufficiency; the exception, p.G786Afs*7 arises after the predicted cut-off for
NMD.206 Patient 6, homozygous for this variant did not have more severe disease as
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may be expected if abnormal protein is produced; his onset of visual symptoms was
later than all other patients in this series. Four of the 7 reported missense variants were
associated with EEMS which may indicate that abnormally produced protein as
opposed to a lack of protein has a particularly detrimental effect on limb development.
Nucleotide

Protein

Exon

ExAC

Phenotype

First reported

c.160+1G>A

splice

Intron 2

Not present

HJMD/EEMS

Indelman 2007

c.353A>G

p.E118G

4

Not present

EEMS

Shimomura 2008

c.462delT

p.E155Rfs*6

5

1 in 121084

HJMD

Indelman 2003

c.490dupA (reported as
c.490insA)

p.T164Nfs*8

5

1 in 121396

HJMD

Shimomura 2008

c.503T>A

p.L168*

5

1 in 121404

HJMD

Indelman 2003

c.613G>A

p.V205M

6

Not present

HJMD

This study

c.661C>T

p.R221*

6

1 in 119728

HJMD

Indelman 2007

c.747C>A

p.Y249*

7

Not present

HJMD

Avitan-Hersh
2012

c.830delG (reported as
c.829delG)

p.G277Afs*20

7

Not present

HJMD/EEMS

Indelman 2003

c.830G>T

p.G277V

7

Not present

EEMS

Basel-Vanagaite
2011

c.965A>T

p.N322I

8

Not present

EEMS

Kjaer 2005

c.981delG

p.M327Ifs*23

8

Not present

HJMD

Sprecher 2001

c.1425-1G>T

Splice

Intron 10

1 in 121274

HJMD

Shimomura 2008

c.1508G>A

p.R503H

11

Not present

HJMD

Indelman 2002

c.1510G>A

p.E504K

11

Not present

EEMS

Indelman 2007

c.1568delA

p.N523Mfs*14

11

Not present

HJMD

This study

Ex12-13 del

In-frame del

12-13

Not present

HJMD

Halford 2012

c.1724A>G

p.H575R

12

Not present

HJMD

Indelman 2007

c.1796-2A>G

Splice

Intron 12

3 in 121250

HJMD

Shimomura 2010

c.1845T>A

p.Y615*

13

Not present

HJMD

Indelman 2005

c.2117delG (reported
as c.2112delG)

p.G706Efs*10

14

Not present

HJMD

Indelman 2003

c.2357delG

p.G786Afs*7

16

Not present

HJMD

This study

Table 10-3: All reported mutations in CDH3
P-cadherin regulates the development of hair, limbs and the RPE as demonstrated by
upregulation of its expression in these key locations in mouse embryo studies.371 It is
not expressed in the neuroretina.371, 391 This would indicate that photoreceptor loss in
CDH3 related macular dystrophy is secondary to P-cadherin dysfunction in the RPE.
Cadherin proteins are characterised by 5 calcium binding extracellular (EC) domains,
critical to protein function. Reported mutations arise throughout the protein but all
reported missense variants are found within the EC domains which may indicate that
their functional impact is most significant there. The tertiary protein structure for Pcadherin has been experimentally proven using X-ray crystallography for EC1 and EC2
domains only.392
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The site of disease could be primarily RPE with secondary photoreceptor loss as
supported by expression studies in animal models.371, 391 In humans, CDH3 mRNA has
been identified in expressed sequence tags from RPE.393 From this series there is OCT
evidence for concurrent loss of outer retina and RPE, not with initial photoreceptor loss
as would be expected in a primary photoreceptor disorder. ORTs on OCT arise in
regions of outer retinal atrophy and are typically observed in disorders in which the
underlying RPE is the primary site of dysfunction such as Stargardt disease and age
related macular degeneration but have also been reported as late features of
photoreceptor disorders such as enhanced S-cone syndrome.132 It may be that rather
than primary RPE dysfunction, the disorder is one of concurrent RPE and
photoreceptor loss as seen in choroideraemia a condition in which ORTs are also
frequently identified.394 It is not clear why the retina/RPE in the posterior pole is
predisposed to degeneration compared to elsewhere in the fundus. The macula is the
region of highest cone density and has a higher metabolic demand than the rest of the
retina due to increased phototransduction.395 One possibility is that the increased
metabolic demand in that region is sufficient to compromise the already abnormal RPE
cell function. Further understanding of CDH3 protein function in the retina/RPE is
needed to ultimately define the location and mechanism of disease.
Although HJMD and EEMS are considered allelic disorders, they may be better
considered as part of a phenotypic spectrum in which all patients have hypotrichosis
and macular dystrophy with variable additional limb and ectodermal anomalies.383
There is no clear genotype-phenotype correlation and the same variant may be
associated with a variable phenotype. For example the variant p.G277Afs*20 which
has been associated with both HJMD and EEMS in the homozygous state (figure 107).374, 382 Patient 7 in this study who has no limb or ectodermal abnormalities, was
found to be homozygous for c.160+1G>A. This variant has been reported once in a
compound heterozygous patient in conjunction with a missense change p.E504K.376
The reported patient had syndactyly of his left foot suggesting an EEMS phenotype,
although mild. Only 3 other variants have been reported in EEMS, all missense
changes. Reported limb anomalies include severe split hand/foot malformations but
may be subtle such as a single nail dysplasia, and should be specifically looked for in
patients presenting with HJMD.371, 383
This condition, based on symptoms, visual function, retinal imaging and
electrophysiological characteristics, is centrally progressive with preserved peripheral
vision. Its characteristic presentation with marked macular dysfunction in childhood
with thin, sparse hair are readily recognisable features to aid diagnosis.
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11 Maculopathy due to mutations in CRB1
11.1 Introduction
CRB1 (Crumbs homolog-1, MIM#604210) encodes a subunit of the Crumbs protein, an
apical protein essential for photoreceptor morphogenesis and protection from light
induced retinal degeneration.396 Related phenotypes are heterogeneous and include
LCA, RCD and CORD with CRB1 accounting for an estimated 11% of LCA cases.6, 73,
397-399

Additional associated features can include exudative telangiectasia and

nanophthalmos.400, 401 Typical CRB1 related disease manifests as an EORD with
macular atrophy, generalised nummular pigmentation with para-arteriolar RPE sparing,
and thickened, disorganised lamination on OCT although these features are variable.6,
397, 402

In infancy, the full phenotype may not be evident with macular atrophy and

peripheral white dots early features. There have only been 4 families reported with
CORD, and in one family this was associated with retinal cysts.6, 399 No correlation has
been found between genotype and phenotype.403
A patient with retinal dystrophy localised to the posterior pole and encompassing the
disc was investigated in this study. Initially, screening of CDH3 was performed which
was negative for any pathogenic mutation. The patient underwent WES as part of the
SPEED study which identified a homozygous mutation in CRB1. Whilst further
investigating this, a report of CRB1 related macular dystrophy in a single family was
published.404

11.2 Methods
11.2.1

Patient ascertainment

The patient was known to the retinal genetics clinic and was initially prioritised by a
supervisor for CDH3 screening. This was normal and she was subsequently recruited
to the SPEED study for further investigation.

11.2.2

Clinical assessment

Full examination, imaging and EDTs were performed as part of routine care. Thickness
of the ETDRS central subfield and temporal inner macula regions were measured
using the automated Heidleberg Spectralis viewing module (version 6.3.4.0) with the
RPE basement membrane and the ILM layers checked for accuracy in each OCT slice
and manually corrected if necessary. OCT thickness over time was measured and
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compared with normative data.405 Statistical analysis was not possible due to small
numbers.

11.2.3

Molecular methods

WES was performed as part of the SPEED study and 2 CRB1 variants were identified.
These were confirmed by myself by Sanger sequencing with segregation performed in
available relatives with specifically designed primers (table 11-1). Mutation
nomenclature was assigned in accordance with GenBank Accession number

Amplicon
size (bp)

Annealing
temp (°C)

NM_201253.1.
Exon

Primer forward 5’ → 3’

Primer reverse 5’ → 3’

Enzyme

2

GTTGAGGCAGCACAAAGGTCACAA
AG

GTCACCTCTGCTTCTGCCACTT
AG

BIOTAQ

60

740

9.1

CTCAACTTCTTCTTCCATAAAATGG
GG

CCTTGCAGGCCCTTTATATT

BIOTAQ

60

659

9.2

GGCACATGGCACGAAGTGACCCT

GTATACCTTGAGGAGAGAGCTT
TCC

BIOTAQ

60

776

Table 11-1: Primer pairs for sequencing of CRB1

11.3 Results
A patient of Bangladeshi origin developed central visual disturbance at 12 years of age.
Visual acuity at presentation to Moorfields at age 19 years was R 0.5 and L 0.3
logMAR with low myopic refractive correction. There was reduced colour vision on
Ishihara testing (R 5/17, L 3/17). Over 13 years of follow up, visual acuity deteriorated
to R 1.3, L 1.5 logMAR. In both eyes, there was a confluent, pale chorioretinal atrophy
encompassing the disc without peripapillary sparing and extending outside of the
arcades with anterior retina preservation (figure 11-1). Pigmented lesions within the
atrophy increased over time and on OCT imaging could be observed as localised RPE
hypertrophy (figure 11-2).
FAF imaging demonstrated loss of autofluorescence in areas of atrophy which
increased over time (figure 11-1). Small islands of hyperautofluorescence were
observed on FAF imaging that corresponded to preserved RPE on OCT (figure 11-3).
OCT generally demonstrated loss of outer retina and RPE. Disorganisation of retinal
lamination was identified on peripheral OCT slices (figure 11-2).
On OCT thickness measurements, the retina was not thicker compared to published
controls (table 11-2). However, these measurements were in regions of atrophy where
it may be expected to be thinned. Comparison of OCT thickness over a 4 year interval
did not find any notable decrease. The observed increase over time in thickness of the
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central subfield particularly of the right eye may be due to epiretinal membrane
formation (figure 11-1).

2001: fundus
photographs
demonstrating confluent,
speckled atrophy of the
posterior pole

2010: fundus
photographs
demonstrate more
marked atrophy with
increased pigment spots
2010: fundus
2011:
FAF and OCT
photographs
imaging
demonstrate
demonstrate
more
confluent
loss ofwith
marked atrophy
autofluorescence
increased pigment spots
encompassing the disc
with loss of outer retina
and RPE on OCT

2015: FAF and OCT
imaging demonstrate
increased size of
atrophy on FAF imaging
in both eyes and
epiretinal membrane on
R OCT

Figure 11-1: Retinal imaging in CRB1 related maculopathy
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Figure 11-2: Hyperpigmented macular lesions
R fundus image and OCT with arrows at position of pigmented lesion corresponding to
thickened RPE on OCT. Peripheral OCT slice also demonstrates disorganised lamination.

Figure 11-3: Preserved islands of RPE and photoreceptors
R 30 degree FAF imaging and OCT demonstrate small island of increased autofluorescence
corresponding to preserved RPE/photoreceptors on OCT.
Central subfield

Temporal inner macula

RE 2011
RE 2015

105
169

298
293

LE 2011
LE 2015

105
124

271
298

Controls

270

323

Table 11-2: Macula thickness in each eye compared with normative data
EDTs at age 27 years demonstrated undetectable PERG, moderately severe cone
dysfunction, and milder rod dysfunction. There was mild deterioration from a previous
ERG at age 20 years.
WES identified compound heterozygous mutations in CRB1, c.254G>A (p.Cys85Tyr),
novel, not in ExAC and predicted pathogenic in silico (SIFT 0, Polyphen2 1.0), and
c.3542dupG (p.Cys1181Trpfs*13) which has been previously reported in the
homozygous state in a case of LCA.6 Analysis of conservation between species
demonstrated that the missense variant arose within a highly conserved residue (figure
11-4). Segregation confirmed the mutations were in trans with the first variant
maternally inherited ad the second found in both unaffected brothers. Prior Sanger
sequencing of CDH3 identified a heterozygous variant, c.109A>T (p.Thr37Ser,
rs374627741) predicted to be tolerated in silico (SIFT 0.49, Polyphen2 0.765).
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Figure 11-4: Conservation of novel missense residue in CRB1

11.4 Discussion
This study of a patient with CRB1 related maculopathy illustrates the differences in
presentation when compared with more typical CRB1 related retinal dystrophy. The
patient had central visual involvement as a presenting feature and low myopia. Patients
with LCA and RCD typically have a low hyperopic refractive error and present either in
infancy with severe loss of vision or in childhood with nyctalopia and mid-peripheral
retinal changes.6 Macular atrophy is a common feature of CRB1 related retinal
dystrophy in general but is not exclusive to this molecular cause, having been reported
in several other retinal dystrophies including those due to NMNAT1, CRX, LCA5,
RDH12, and PROM1.6, 92 76, 178, 205, 406 In early stages, the macular atrophy found in this
series could resemble other conditions such as Stargardt disease but atrophy
encompassing the disc appears indicative of either CRB1 or CDH3 related disease.
The retinal appearance differed from other CRB1 related retinal dystrophies by its lack
of anterior retinal involvement and the large, disc-encompassing atrophy.
OCT scanning demonstrated disorganised retinal lamination in the peripheral retina
and a retinal thickening greater than would be expected in a retinal dystrophy
particularly within a region of atrophy. This thickening and disorganised lamination has
been previously reported in CRB1 related disease and is a useful clinical characteristic
for directing molecular investigation.6, 249
Four families with CRB1 related CORD have been previously reported with central
visual disturbance as presenting symptoms but without macular atrophy.6, 399 Only one
other family has been reported with a similar maculopathy to the patient studied.404
Two siblings presented in their 20s-30s with central visual disturbance and macular
atrophy that extended nasally to the disc without peripapillary sparing. The anterior
retina was preserved. Retinal imaging in the sister was strikingly similar to our patient
with a pale atrophic appearance to the posterior pole, marked loss of autofluorescence
encompassing the disc with small islands of preserved RPE that were
hyperautofluorescent and loss of outer retina and RPE structures on OCT. The brother
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had less marked atrophy and crescents of hypoautofluorescence rather than the
confluent autofluorescence seen in the sister. OCT was similar with the exception of
oedema in one eye. At last review vision was much better in these siblings then in our
patient studied, at 20/40 RE, 20/400 LE for the sister at age 45 years and 20/40 RE,
20/70 for the brother at age 41 years. This may be related to the foveal islands of
preserved photoreceptors/RPE observed in both siblings. A trend towards outer
macular thickening was observed although they had preserved retinal lamination.404
Marginal cone involvement was identified in the sister on ERG.
CRB1 is expressed in the retina in both the subapical region of photoreceptors
adjacent to adherens junctions and in Müller cells.407 It is not expressed in the RPE
with minimal expression observed in brain and testis.408 It is particularly important in
retinal development for correct polarity and adhesion of retinal neuroepithelium
progenitor cells.409 The CRB family of transmembrane proteins are characterised by
large extracellular epidermal growth factor (EGF) and laminin-globular domains, a
single transmembrane domain and a 37 amino acid intracellular domain containing
specific protein-binding motifs.409 The novel missense mutation identified in this study
arises within the extracellular EGF domain.
The thickening and disorganised lamination evident in CRB1 related retinal dystrophy
is thought to be developmental possibly due to the loss of normal retinal remodelling
and apoptosis in retinal development.249 Although this has been observed at an early
age it has not yet been proven to be developmental in humans. The Crb1-/- knockout
mouse develops isolated, small regions of retinal degeneration not the widespread
retinal degeneration that more resembles the human disease whereas the Crb2-/knockout mice does have a similar phenotype.407, 410 CRB2 also forms part of the
subapical CRB complex. In the Crb2-/- knockout mouse, there is abnormal lamination of
the neuroepithelium from embryonic day 18.5 which suggests that in humans this may
also be developmental.409
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12 Cone-rod dystrophy due to mutations in ADAM9
12.1 Introduction
ADAM9 (A disintegrin and metalloproteinase domain 9, MIM#602713) is a widely
expressed integral membrane protein with multiple roles that include cell interactions
with the extracellular matrix and ECM remodelling.411, 412 Bi-allelic loss of function
mutations in ADAM9 were identified in 4 families with CORD in 2009; all affected
individuals developed reduced visual acuity in the first decade of life.411 A further paper
detailed a consanguineous family with early onset CORD due to splice site mutations
in ADAM9.413 WES identified a homozygous PTC in ADAM9 in a child with CORD with
the phenotype the focus of this study.

12.2 Methods
12.2.1

Patient ascertainment

A child with CORD was known to the paediatric retinal genetic clinic and recruited for
genetic investigations. No variants were identified on an APEX microarray (LCA chip).
Subsequently WES was then performed.

12.2.2

Clinical assessment

I assessed and examined the proband and obtained retinal imaging. He had already
undergone EDTs at 3 years of age as part of his clinical care but I arranged further
EDTs at age 7 years.

12.2.3

Molecular investigations

The homozygous mutation found on WES by colleagues (AROS) was confirmed by
Sanger sequencing by myself with segregation performed in available relatives with a
specifically designed primer pair (table 12-1). Mutation nomenclature was assigned in

Primer forward 5’ → 3’

Primer reverse 5’ → 3’

Enzyme

10

TTGCCATTTTCCTGCCATGT

AAAGAGCTAATAAACACATAGCACA

BIOTAQ

Amplicon
size (bp)

Exon

Annealing
temp (°C)

accordance with GenBank Accession number NM_003816.2.

65

401

Table 12-1: Primer pair for sequencing of ADAM9
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12.3 Results
A male patient presented at 3 years of age. He was noted in infancy to have a right
convergent squint with poor vision and eccentric fixation. There was no nystagmus. He
was otherwise well with normal development. The parents were from Pakistan and
were first cousins. He had one unaffected younger brother.
At first review at 3 years of age, VA was R and L 1.0 logMAR (Snellen 6/60). At last
review, age 7, the vision was R 1.0 logMAR, L 0.88 logMAR (Snellen 6/48) with a
hyperopic, astigmatic refractive error of R +4.00/-2.50 x 20, L +4.00/-2.00 x 180. There
was a moderate left divergent squint with eccentric fixation. Early posterior subcapsular cataract was noted.

Figure 12-1: Retinal imaging in a patient with ADAM9 related CORD
A) R Optos photograph showing a hypopigmented, atrophic region of the posterior pole,
encompassing the disc with no abnormal peripheral pigment; B) R Optos FAF imaging showing
reduced autofluorescence in area of atrophy with increased autofluorescence temporally at
edge of atrophy; C) L Optos photograph magnified to demonstrate speckled nature of atrophy;
D) L OCT showing generalised loss of outer retina

Fundus examination showed posterior pole atrophy with a white speckled appearance,
which extended to the arcades and encompassed the optic disc (figure 12-1). Retinal
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imaging demonstrated reduced autofluorescence in the posterior pole with atrophy of
the outer retina on OCT (figure 12-1). EDTs performed at the age of 3 years using
surface electrodes, revealed an undetectable PERG and borderline photopic and
scotopic ERGs. At the age of 7 years the PERG and full-field ERG were performed
using corneal electrodes. The PERG was undetectable in keeping with severe macular
dysfunction. ERGs were mildly abnormal consistent with CORD (figure 12-2).

Figure 12-2: Electrophysiology in ADAM9 related CORD
ERGs and PERG from the RE and LE of the patient compared with control N

WES identified a novel, homozygous mutation in ADAM9, c.967delT
(p.Ser323Glnfs*33) which is not present in ExAC. On direct Sanger sequencing this
was shown to segregate in the family with both parents heterozygous for this mutation
(figure 12-3).

Figure 12-3: Pedigree and sequencing results
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12.4 Discussion
Non-syndromic, autosomal recessive CORD is rare and usually associated with biallelic mutations in ABCA4.110 In the previous reports of CORD due to ADAM9, 5
families were identified with mutations leading to either aberrant splicing or premature
truncation codons.411, 413 Similar to our patient, all had poor vision in their first decade of
life, no nystagmus and outer retinal atrophy of the macula. Most were also noted to
have discrete white patches in the posterior pole and around the disc and a peripheral
pigmentary retinopathy which is not present in our patient. Retinal imaging in a
previous report of the index family, demonstrated posterior pole atrophy in 2 patients in
their 40’s with a similar appearance to our patient. 414 Electrophysiology in these 2
patients demonstrated severe loss of both cone and rod function. In the recent report of
a single family, the youngest patient assessed was 17 years.413 Posterior pole atrophy
was noted and in the retinal images this also encompassed the disc. No
electrophysiology was available. Given the young age of our patient, we have been
able to demonstrate the electrophysiological phenotype of severe loss of macular
function in the early stages with relatively mild peripheral retinal dysfunction.
The ADAM family of proteins are a large group of widely expressed transmembrane
and secreted proteins with multiple roles in cell adhesion, cell signalling and
ectodomain proteolysis of proteins including growth factors.415 Up and down regulation
of a number of different ADAM proteins has been associated with cancer,
cardiovascular and neurological syndromes. ADAM9 is expressed in multiple tissues in
humans including stem cells, renal tubular epithelial cells, placenta, pancreas and
adipose tissue. It is expressed throughout all layers of the developing retina and RPE
in chickens.416 There is limited available information on the expression and role of
ADAM9 in the human eye.
In both a canine and mouse model, there are cone and rod photoreceptor
abnormalities on electrophysiology which are not apparent in very young animals but
develop with time.411, 417 In both models, histopathology localised the primary defect to
the apical microvilli of the retinal pigment epithelium potentially mediated by failure of
normal photoreceptor outer segment phagocytosis with a loss of normal contact
between outer segments and the RPE. These animal models show early preservation
of photoreceptor structure despite dysfunction. This together with relatively good
peripheral photoreceptor function in early human disease as illustrated by this case,
suggest that there is a therapeutic window for gene therapy in patients with mutations
in ADAM9.
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13 Somatic mosaic mutation of IKBKG in a male patient
with incontinentia pigmenti
13.1 Introduction
Incontinentia pigmenti (IP, MIM#308300) is a rare, X-linked, dominant genodermatosis,
normally fatal in utero in males and highly variable in females due to functional
mosaicism from X-inactivation.418, 419 It manifests in cells of ectodermal origin with a
characteristic eruption of the skin present at birth that progresses in distinct stages,
and variable involvement of other systems including neurological, ocular and
odontological. It arises from mutations in IKBKG (inhibitor of kappa light polypeptide
gene enhancer in B-cells, kinase gamma, Xq28) also known as NEMO (nuclear factor
kappaB (NFkB) essential modulator), a gene involved in the activation of NFkB, a
transcription factor for inflammatory and apoptotic pathways.67 IKBKG has also been
shown to inhibit apoptosis in an NFkB independent manner by binding to ubiquitinated
RIP1.420 In 72% of cases of IP, a recurrent exon 4-10 genomic rearrangement in the
IKBKG gene is responsible with more than half of cases arising de novo.421, 422 In
patients with a clinical diagnosis of IP, no mutation is detected in peripheral leukocytes
in 13% which may be explained by functional mosaicism from X-inactivation in females
and loss of mutant cells to an undetectable level in peripheral blood leukocytes,
mutations in regulatory regions or in theory from mutations in other genes.421, 422
In affected males there are 3 mechanisms that are associated with survival after birth;
most commonly an abnormal karyotype is identified with 47, XXY (Klinefelter
syndrome) and skewed X inactivation in favor of expressing wild- type IKBKG,
secondly hypomorphic mutations that cause IP in females that are associated with a
syndrome in males of ectodermal dysplasia with immunodeficiency, and finally a postzygotic mutation leading to somatic mosaicism.423
In this study, the mechanism and significance of loss of detectable mutation in
peripheral blood leukocytes of a somatic mosaic male is discussed and an alternative
approach to achieving molecular diagnosis presented.

13.2 Methods
13.2.1

Patient ascertainment

The patient was known to the paediatric genetic clinic with a clinical diagnosis of IP
prior to the molecular diagnosis being made. Following this, the patient was reviewed
by myself and further investigations planned.
165

Somatic mosaic mutation of IKBKG in a male patient with incontinentia pigmenti

13.2.2

Clinical investigations

Full ophthalmic examination and imaging was undertaken. The patient was under the
care of paediatricians and dermatology colleagues from early infancy. Systemic
investigations included skin biopsy and MRI of the brain.

13.2.3

Molecular investigations

13.2.3.1

DNA extraction from multiple tissue sources

DNA extraction from blood, buccal swab and urine was performed by lab colleagues. I
performed DNA extraction from the hair root following the QIAGEN protocol using 6
hairs plucked from the patient’s head to ensure the hair root was included which
contains the nuclear DNA. A concentration of 22.7ng/µl was obtained.

13.2.3.2

Sequencing methods

Initial molecular investigation as an infant included karyotype analysis (North West
Thames regional genetics service, cytogenetics on lymphocyte culture) and screen for
the common IKBKG deletion. Further molecular investigations were unavailable until 3
years of age when fluorescent sequence analysis (Mutation Surveyor) of IKBKG and its
adjacent highly homologous pseudogene was performed (East Anglian Medical
Genetics Service, Cambridge). Gene specific, long-range PCR of exon 3-10 of IKBKG
(to amplify the IKBKG gene rather than its pseudogene) was performed followed by
NGS of all coding exons and exon/intron boundaries (using Nextera XT library
construction and the Illumina MiSeq® system, Illumina, San Diego, CA). Mosaicism of a
variant was calculated based on the estimated allele frequency. Nomenclature was
assigned using GenBank Accession number NM_003639. A variant was identified as
novel as previously described in methods and in addition if absent from a locus specific
database http://IKBKG.lovd.nl.
DNA from other tissues of variable embryological cell line origin were obtained at age
5-6 years including blood (mesoderm), buccal cells (ectoderm), hair roots (ectoderm)
and urine (predominantly epithelial cells of urothelial and renal tubular origin hence
mixed mesoderm and endoderm).424 Having already established the site of mutation
and its location within the true gene and not the pseudogene, PCR for exon 8 only was

Primer forward 5’ → 3’

Primer reverse 5’ → 3’

Enzyme

8

CTGCTTTGTTCCTGTGGTGC

CATCCGTCTCCTGTGGTCAC

BIOTAQ

Amplicon
size (bp)

Exon

Annealing
temp (°C)

performed (table 13-1).

65

348

Table 13-1: Primer pairs for sequencing exon 8 of IKBKG
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13.3 Results
The patient was born to parents of Czech Republic (mother) and Tanzanian Indian
(father) origin at full term without complication. He presented with a neonatal seizure at
2 days old and a rash. Local dermatology assessment described the rash as initially
erythematous, widespread and following Blaschko’s lines. Subsequently, blisters then
verrucous lesions developed with hypopigmented lines noted at 6 months and
hyperpigmented streaks in the axillae and groin at 8 months (figure 13-1). He was also
noted to have small peg-shaped, irregular lower incisors, eczema and dystrophic nails.
Skin biopsy performed after the initial presentation identified changes consistent with
IP, specifically; acanthosis of the epidermis with eosinophilic spongiosis, vesicle
formation and a few necrotic keratinocytes, basal vacuolation and in the dermis, a mild,
chronic inflammatory infiltrate admixed with eosinophils.

Figure 13-1: Clinical features of incontinentia pigmenti
a) Right eye anterior segment photograph age 5 years demonstrating nasal retrolental opacity
visible due to persistent primary hyperplastic vitreous running from optic disc to ora serrata and
posterior lens capsule; b) RetCam photograph of the right eye taken at examination under
anaesthesia age 3 months, nasal view of retina demonstrating fold of retina inferonasal to disc
(arrowed) with hyperplastic vitreous extending anteriorly and associated tractional retinal
detachment; c) RetCam photograph age 2 years, retina is flat with a pigmented retina pigment
epithelium line indicating the edge of the previous detachment (arrowed), haze inferotemporal to
disc arising from the hyperplastic vitreous; d) photograph of lower limbs age 2 weeks
demonstrating widespread vesicular rash e) photograph of left hand age 6 months
demonstrating verrucous lesions; f) photograph of left knee age 6 months with subtle
hypopigmented streaks; g) photograph of right groin age 8 months with hyperpigmented streak.

MRI performed after the seizure at 3 days of age demonstrated a subtle, low T2 signal
intensity within the mesial cortex of the right frontal lobe likely to represent acute
ischemia and when repeated at 5 months identified a mature infarct. Further occasional
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seizures occurred always associated with fever. Development was normal except for a
delay in walking (20 months).
Ophthalmological examination under anesthesia at 3 months demonstrated a total
retinal detachment of the left eye with nasal funneling to a retrolental mass and
subretinal hemorrhage. In the right eye there was a fovea sparing, tractional retinal
detachment (figure 13-1). Persistent primary hyperplastic vitreous was noted to run
from optic disc to ora serrata and the posterior aspect of the lens in the right eye. The
right detachment settled spontaneously by 20 months of age and at last review at 6
years of age, vision was 0.76 logMAR (Snellen 6/38) in the right eye, NPL in the left.
Karyotype analysis was normal (46 XY). Screen for the common IKBKG deletion was
negative. Fluorescent sequence analysis of IKBKG and its pseudogene detected a
sequence variant in exon 8 at a low level. Gene specific, long-range PCR of exon 3-10
of IKBKG followed by NGS identified a novel, nonsense mutation, c.937C>T
(p.Gln313*) at an approximate level of 15%.
The initial analysis which identified the mutation at a level of 15% was performed on a
blood sample taken when the patient was 10 days old. A second sample from when the
patient was 3 years, did not detect the mutation. Genotyping at multiple loci was
performed and confirmed that the sample came from the same individual ruling out any
potential sample mix-up. Analysis of maternal DNA did not identify the mutation
consistent with a de novo event.

Figure 13-2: DNA chromatograms from Sanger sequencing of different tissue
types
Blood 2008 and 2013, (mesoderm); hair root 2013 and buccal 2013, (ectoderm); urine 2014,
(mesoderm/endoderm), arrow points to site of mutation. c.937C>T visible in blood 2008, hair
root 2013 and urine 2014.

To further investigate the level of somatic mosaicism in other tissues of variable
embryological cell line origin, sequencing of samples obtained at age 5-6 years was
performed in addition to a blood sample from 3 months of age. This identified the
mutation at low levels in the blood sample from 3 months of age, hair root from 5 years
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and urine from 6 years with no detectable mutation in the blood or buccal samples
obtained at 5 years of age (figure 13-2).

13.4 Discussion
In this study, the widespread clinical manifestations of IP including the classic skin
eruption have been observed in a male patient. Severe ocular abnormalities were
identified with bilateral retinal detachment, worse in the left eye than the right. Ocular
abnormalities in IP are variable with the most frequent complication an ischaemic
retinopathy leading to tractional retinal detachment, with marked asymmetry observed
between eyes, similar to our patient.127, 425 IP is usually fatal in-utero for males but a
post-zygotic mutation resulting in somatic mosaicism permitted survival. The extent of
mosaicism has been investigated with detection of the mutation in cells derived from all
germ layers indicating early occurrence of the mutation embryologically. 426 Molecular
diagnosis was achieved age 3 years but may have missed the mutation if DNA from
infancy had not been tested. Somatic mosaicism permitting survival of males has also
been described in other X-linked dominant disorders. The severe, neurodevelopmental
Rett syndrome arises due to a mutation in MECP2, with survival in males attributed to
47, XXY karyotype or somatic mosaicism. 427
The novel nonsense mutation c.937C>T (p.Gln313*) reported here arises in exon 8 of
the IKBKG gene. It is predicted to lead to a truncated mRNA transcript that would
undergo NMD according to the classical rules for this phenomenon.206 More than 70%
of reported patients have the recurrent exon 4-10 rearrangement, with just under 4% a
nonsense mutation.422 The high rate of de novo aberrant recombination (approximately
2/3) is due to the IKBKG locus arising within a region of genomic instability,
characterised by multiple micro/macro homologies, repeat sequences and tandem
repeats.428, 429 Missense mutations are rare and can lead to a mild or severe phenotype
depending on which protein pathway interactions are disrupted. For instance
p.Ala323Pro is associated with a severe phenotype as it majorly disrupts NF-kB
activation for all downstream pathways whereas p.Gly57Lys, associated with mild IP,
disrupts interleukin-1 signalling only.422 A male IP patient has not been previously
reported with a nonsense mutation. However, there have been case reports of male
patients with the allelic syndrome of ectodermal dysplasia and immunodeficiency in
whom nonsense mutations were identified in exon 10 of IKBKG.430, 431 The resulting
mRNA transcript would be predicted to avoid NMD and produce a protein that partially
functions.
In a series of 18 male patients with IP, mosaic IKBKG deletions were identified in 3
patients with no mutations identified in the peripheral blood leukocytes of the other
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15.432 This finding was attributed to post-zygotic mosaicism. The lack of detectable
mutation in 15 patients was thought to arise from uncontrolled apoptosis of mutant cells
with evidence for this from the marked skewing of X-inactivation observed in the blood
leukocytes of female carriers, indicating a major selective advantage for cells that
express wild- type IKBKG. Further evidence for uncontrolled apoptosis was
demonstrated in a male IP patient in whom the detectable levels of the common exon
4-10 rearrangement were much higher in a neonatal fibroblast sample than a blood
sample age 9 years.423
In this study, the loss of detectable mutation in blood with age provides further
evidence for the hypothesis that the leukocytes carrying the mutation undergo selective
apoptosis. In this situation, molecular confirmation may not be possible from blood and
it would be reasonable to then recommend testing of other readily accessible tissue
types such as hair root or urine to enable informed genetic counselling of affected
families
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14 Conclusions
This thesis documents the results of the investigation of some of the rarest forms of
EORD, with detailed phenotypical analysis and molecular characterisation of conditions
previously unreported or with limited data. The vast molecular heterogeneity of
inherited retinal disease has been demonstrated as well as the variable phenotypic
expression within a specific disorder. In total, 73 patients from 52 families have been
characterised in detail with an additional 66 probands molecularly screened. Thirty
novel mutations in 13 genes were discovered.
Detailed phenotypic characterisation identified a number of novel features including
progression of fundal changes in ESCS due to mutations in NR2E3; pigmentary
glaucoma in Caucasian patients with Knobloch syndrome due to mutations in
COL18A1 and characterisation of the photoreceptor dysfunction as cone-rod; and
evidence that CDH3 related macular dystrophy is a centrally progressive disorder with
minimal peripheral involvement.
Novel phenotype-genotype correlations included macular dystrophy due to mutations in
CRX; non-syndromic retinal dystrophy due to mutations in IFT140; and the association
of LRP5 with FEVR and microcephaly. In addition a patient with retinal features
resembling fundus albipunctatus due to RPE65 mutation was characterised, this
association only having been identified once in the literature before. I was able to
investigate a very rare case of a male patient with IP and demonstrate an alternative
approach to achieving molecular diagnosis in a mosaic patient.
Molecular diagnosis enabled accurate prognostic and inheritance risk counselling to
families including a number of CRX families in whom recessive inheritance had been
thought most likely and for families with LRP5 and KIF11 related disease in whom de
novo disease could be proven giving a minimal risk for further children. In addition, a
molecular diagnosis enabled appropriate targeted systemic investigations such as
renal screening in patients with IFT140 related disease, bone density scanning in LRP5
disease and platelet function in HPS6 related disease.
Of particular interest from this group of patients has been the occurrence of isolated
ocular disease in genes thought to be associated with syndromic disease such as
IFT140 and COL18A1 as well as the recognition of syndromic features only once a
molecular diagnosis had been achieved. This occurred in HPS6, CDH3 and LRP5. This
highlights not only the variability in phenotypic expression of genes, the reason for
which is largely poorly understood, but also the importance of continued systemic
appraisal and suspicion of syndromic features.
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There should be caution on interpreting results based on single gene screening or on
assigning pathogenicity to novel mutations without functional evidence. Within this
thesis, a family with FEVR and microcephaly is undergoing WGS despite a likely
pathogenic variant in LRP5 partly due to the extremely mild phenotype in the mother.
WES and WGS are in theory unbiased methods of interrogating a patient’s genome,
assuming that the interpretation of identified variants is approached in an unbiased
manner. Confirmation of variants by Sanger sequencing is important to ensure no
sample/data mix-up has occurred. In addition, with novel variants of uncertain
pathogenicity, segregation may not fit with disease as found in one unsolved
FEVR/microcephaly patient initially found to have a heterozygous LRP5 variant that
was then found to be homozygous in her mother.

14.1 Future directions
Many questions and challenges have been raised from this work including why
frequent genetic pleiotropy exists, how ubiquitously expressed proteins can cause
isolated retinal disease, the exact mechanisms of disease and how WES negative
patients can be molecularly solved.
Firstly, the reason for variable phenotypic expression of disease within families with
CRX, NR2E3 and COL18A1 remains unclear as does the variable expression between
families with no clear genotype-phenotype correlation found. In vitro studies of protein
function can demonstrate differences such as the residual isomerase activity of
hypomorphic RPE65 mutations compared with non-hypomorphic mutations.310
However, protein localisation studies in transiently transfected hTERT-RPE1 cells
found no difference in mislocalisation between syndromic and non-syndromic IFT140
mutations.
It is unknown why a number of ubiquitously expressed proteins including IFT140 can
cause isolated retinal disease. It may be that these mutations arise in a functional
region of the protein that is critical for retinal function but is tolerated or compensated
for elsewhere. These could be a retinal specific protein interaction as postulated for
IMPDH1 related RCD. IMPDH1 encodes an ubiquitously expressed protein for guanine
nucleotide synthesis but may also have a role in post-transcriptional regulation of
rhodopsin mRNA.87 In CEP290 related disease, the common c.2991+1655A>G
mutation leads to a cryptic exon insertion. Fibroblast studies have demonstrated that
as much as 50% of normal protein is still expressed, which appears to be sufficient for
normal cilial function in other organs.268 It is still unknown why photoreceptors are
specifically vulnerable. RNA-sequencing (RNA-seq) data from human retina has the
potential to answer some of these questions although the interpretation of
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transcriptome data is challenging. DNA and RNA analysis is typically performed on
peripheral blood or skin sources with the assumption that the retinal expression will be
similar. However, RNA-seq data has indicated that splicing in the retina is particularly
diverse with alternate splicing events and alternate exons identified which may explain
both phenotypic variability and retinal isolated disease.433, 434 RNA-seq has also been
used to identify microexons, exons less than 51 nucleotides in length.435 Microexons
are produced in 1% of all alternate splicing events and have a pivotal role in
modulating protein interactions in neurogenesis. They may have a critical and as yet
undefined role in retinal development.
Molecular mechanisms of disease have been reasonably well characterised for some
retinal dystrophies including RPE65 in which the protein function is understood and the
tertiary structure has been experimentally proven.436 Much is still to be elucidated about
the structure and function of other proteins such as IFT140.23 Understanding
mechanisms of disease is vital in developing novel therapies.
One of the biggest difficulties remains in interpreting whole genome data to solve
patients in whom there are none or only one obvious mutation in known retinal
dystrophy genes. They may have mutations in novel genes, in regulatory regions or in
intronic regions critical for splicing. In WES negative patients such as 4 of the
FEVR/microcephaly families studied in this thesis, interpretation of WGS data will be
additionally challenging given the variable inheritance patterns possible. Sequencing
multiple family members who have been clinically characterised should be helpful in
this regard. The importance of intronic variants and their impact on splicing is being
increasingly recognised. The common CEP290 mutation is deeply intronic as are
recently recognised deep intronic ABCA4 variants.12, 437
Whilst the cost of WGS has now become low enough to make it readily accessible as a
tool for investigating patients, the challenge of interpreting the vast quantity of data
remains. Approaches that utilise series of phenotypically similar patients, multiple
family members and additional data such as RNA-seq are likely to have the greatest
success in achieving a molecular diagnosis. For the patients and their families, an
accurate molecular diagnosis, detailed phenotypic data and natural history studies are
essential for providing prognostic information and counselling and for recruitment to
clinical trials. Since the initial RPE65 gene therapy trials, there are an increasing
number of novel therapies being investigated and it is hoped that these will lead to a
new era of treatment options for patients with these blinding disorders.307-309, 438-440
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