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Abstract

Approximately one third of all human inherited disease includes defects of the
eye. Retinal degenerative disorders (RDDs) are a group of diseases
characterised by photoreceptor cell death in the retina and consequent vision
loss. The Division of Human Genetics at the University of Cape Town (UCT) has
samples archived in the RDD DNA database from over 1000 South African
families. The research in this Division currently involves mutation screening of
retinal candidate genes, with the goal of identifying the causative genetic
mutation in each of the families registered in the database, in order to facilitate

future therapeutic intervention.

The purpose of this study was to determine the distribution and clinical utility of
mutations in important candidate genes in a subset of South African RDD
patients. To this end, three important retinal candidate genes were selected and
screened in appropriate patient cohorts. The mutation analysis included
screening for large deletions which is a novel approach in the study of RDDs.
The screening of Rhodopsin (RHO) in 61 individuals, retinitis pigmentosa 1
(RP1) in 70 individuals and retinal pigment epithelium-specific protein 65kDa
(RPEG65) in 87 individuals led to the identification of 10 families for whom a
molecular diagnostic service can now be provided. For most families the amount
of useful information available without further research is minimal, however for
four of the families, therapeutic interventions may be possible, now or in the near

future.

In addition to the pathogenic mutations found, 17 single nucleotide
bolymorphisms (SNPs) were identified during this study. Furthermore, a
significant association between ethnicity and the frequency of the high and low
risk alleles of two of these SNPs (that may modify the phenotype of RDDs) was
shown. This information may be useful in providing diagnostic or prognostic
indicators in the future.

The utility of RDD research should not be trivialised as it identifies families who
may benefit from current interventions or be eligible for possible therapeutic
trials, eliminates gene candidates in families, and is necessary for understanding
the disease (which in itself is a requirement for development of therapies).



1 Introduction

1.1 The retina and vision

Vision is the process whereby incoming photons of light are converted into
neural signals that are transmitted to the brain where they are processed into
a representation of the image being viewed. Vision is mediated by the retina,
a transparent tissue lining the posterior segment of the eye (Figure 1.1). Light

passes through the comea and is directed onto the retina by the lens.

-
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Figure 1.1 A diagrammatic cross section of the human eye, showing the
position of the retina and other important components involved in vision.

Reproduced from the Rodenstock Vision Care Products website:
hitp://www rodenstockusa.com/con_disease.asp



The retina of an adult human eye contains approximately 92 million rod
photoreceptor cells and 5 million cone photoreceptor cells [1]. These
photoreceptors are the site of the phototransduction cascade, the pathway
where photons of light are converted into chemical signals that are
transported via the optic nerve to the brain and ultimately result in visual
cortex stimulation (Figure 1.2). Although they use the same basic mechanism
for phototransduction, rod cells allow monochromatic vision in dim light, while

cone cells allow colour perception and detailed vision in bright light [2].

Figure.1.2 A diagram showing the layers of the retina involved in the
phototransduction cascade.

Reproduced and adapted from the SmartDraw website:
http://www.smartdraw.com/examples/medical/images/retina.gif

Light passes from left to right, through the neural cells (ganglion, amacrine, bipolar,
horizontal and photoreceptor cells), and the corresponding chemical signal passes from right
to left, from the photoreceptor to the optic nerve.

The photoreceptor cells are in close contact with the retinal pigment
epithelium (RPE). The human retina contains approximately 5 million of these
RPE cells, arranged in a single-cell layer between the photoreceptors and the
choroid. The RPE functions to maintain the photoreceptor cells by providing

nutrients and metabolites and phagocytosing waste products [1, 2].
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1.2 Retinal degenerative disorders

Approximately one third of all human inherited disease includes defects of
the eye [3]. Retinal degenerative disorders (RDDs) are characterised by
photoreceptor cell death in the retina and consequent vision loss. Over 166
genes have been implicated in RDDs, of which 116 have been identified [4].
Remarkable genetic, phenotypic and clinical heterogeneity have been

observed in the study of RDDs:

o Genetic heterogeneity refers to the fact that different mutations can
lead to the same clinical characteristics or phenotype (in this case, a
specific RDD). Genetic heterogeneity can be further defined as either
allelic or locus heterogeneity: allelic heterogeneity describes different
mutations at the same locus causing the same phenotype; locus
heterogeneity describes mutations at different loci causing the same

phenotype. RDDs display both allelic and locus heterogeneity.

e Phenotypic heterogeneity refers to the fact that one defective gene

may cause different phenotypes in different individuals.

o Clinical heterogeneity refers to the same mutation causing different

phenotypes in different individuals [5].

Retinal dystrophies can be either progressive or stationary (non-progressive).
Rod dystrophies can present as stationary nightblindness (due to rods simply
not functioning adequately) or nightblindness which can progress to a loss of
peripheral vision (due to subsequent rod death). The loss of peripheral vision
can, in turn, lead to total blindness (due to a secondary loss of cones). Cone
dystrophies present with a loss of central vision. Some RDDs can also be
associated with extra-ocular disease and are thus classified as syndromic [6].
These issues all confound the study of retinal dystrophies as the clinical
boundaries separating diagnoses frequently depend on the judgment of the

ophthalmologist.

11



A molecular confirmation of diagnosis is also complicated by the fact that
inherited RDDs can segregate in autosomal dominant, autosomal recessive,
X-linked, digenic (diallelic/ triallelic) or mitochondrial modes, with, or without,

reduced penetrance [6].

1.2.1 Retinitis pigmentosa

Retinitis pigmentosa (RP) is the most common RDD, affecting approximately
1 in 3500 people [3]. RP is a group of retinal diseases characterised by
nightblindness, progressive loss of peripheral visual fields and eventual loss
of central vision. Total blindness occurs in 30% of cases. A definitive clinical
feature of RP is the "bony spicule” appearance of pigmentary deposits
resulting from RPE cells migrating into the degenerating retina (Figure 1.3).
Other features include constriction of retinal arterioles, waxy pallor of optic
discs and a reduced electroretinogram (ERG). Cataracts, astigmatism and

myopia often develop [3, 7].

Figure 1.3 A fundus photograph of a retina exhibiting the characteristic
pigmentary deposits of RP, which appear as dark web-like structures.

Reproduced from website of the John A. Moran Eye Centre at the University of Utah:
http:/finsight.med.utah.edu/opatharch/retina/retinitis_pigmentosa.htm
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Although there is a wide range of phenotypes with respect to disease severity
(with variable age of onset and disease progression), the age of onset can
generally be correlated to the mechanism of inheritance: X-linked RP has the
earliest age of onset, followed by autosomal recessive, with autosomal

dominant having the latest age of onset [8].

Half of RP cases appear to be sporadic (but could be recessive or X-linked)
and it is estimated that 20% of RP is autosomal dominant, 20% is autosomal
recessive and 10% is X-linked. Digenic RP does occur but is rare. Although

RP can be manifest as part of a syndrome, most RP is non-syndromic [3, 7].

Approximately 40 genetic loci have been implicated in non-syndromic RP [3,
4]. Genes implicated in the phototransduction cascade and visual cycle
(Vitamin A metabolism) generally cause recessive RP; genes encoding
photoreceptor structural proteins, transcription factors and splicing factors
generally cause dominant RP. The rest of the genes are classified as
miscellaneous (have unknown functions or are involved in intracellular
transport, cell adhesion or signalling) and are harder to group, causing

dominant, recessive, X-linked and syndromic RP [3].

1.2.1.1 Autosomal dominant retinitis pigmentosa

Autosomal dominant retinitis pigmentosa (ADRP) can be classified into two
main clinical types: Type 1 or “diffuse” ADRP, and type 2 or “regional” ADRP
[9]. In type 1 ADRP there is diffuse and severe loss of rod function with cone
function being preserved. In individuals with type 1 ADRP, onset of
symptoms, including nightblindness, occurs early (in the first decade of life).
Type 1 disease occurs in approximately 20% of ADRP cases. In type 2
ADRP, there is regional loss of both rods and cones. In individuals with type
2 ADRP, onset of symptoms begins later (in the second or third decade of
life) and can vary within or between families, with asymptomatic mutation

carriers being reported.

13



Besides the clinical heterogeneity observed in ADRP, genetic heterogeneity
also occurs. Seventeen genes have been implicated in autosomal dominant
retinitis pigmentosa (ADRP), of which 15 have been cloned [4].

The genes causing ADRP can be divided into the following functional
categories:

o Genes encoding structural proteins of the photoreceptors:
peripherin/RDS (RDS), retinal outer segment protein 1 (ROM17), and
rhodopsin (RHO).

¢ Genes encoding transcription factors: cone-rod homeobox
transcription factor (CRX) and neural retinal leucine zipper (NRL).

e Genes encoding splicing factors: pre-mRNA processing factor 8
(PRPF8), pre-mRNA processing factor 3 (PRPF3), pre-mRNA
processing factor 31 (PRPF31) and RP9 (RP9).

e Genes encoding proteins important for photoreceptor development:
retinitis pigmentosa 1 (RP1) and retinal fascin homolog 2 (FSCN2).

e Genes encoding enzymes: inosine monophosphate dehydrogenase 1
(IMPDH1), and carbonic anhydrase 4 (CA4).

e Miscellaneous: semaphorin 4A (SemA4A) and guanylate cyclase
activating protein 1B (GUCA1B).

1.2.1.2 Autosomal recessive retinitis pigmentosa

Autosomal recessive retinitis pigmentosa (ARRP) is thought to be the most
prevalent form of RP. The symptoms of ARRP often overlap with other retinal
diseases, like Leber congenital amaurosis. Once again there is both clinical
and genetic heterogeneity observed in this disease - 24 loci have been
implicated in ARRP, for which 19 genes have been identified [3, 4, 7, 10].

14



The genes identified for ARRP can be divided into the following functional

groups:

Genes encoding proteins important in the visual cycle: ATP-binding
cassette transporter (ABCA4), retinal pigment epithelium-specific
protein 65kDa (RPEG65), lecithin retinol acyltransferase (LRAT),
retinaldehyde binding protein 1 (RLBP1) and retinal G-protein coupled
receptor (RGR). |

Genes encoding proteins important in the phototransduction cascade:
rhodopsin (RHO), phosphodiesterase alpha subunit (PDEGA),
phosphodiesterase beta subunit (PDE6B), s-arrestin (SAG), cyclic
nucleotide gated channel alpha 1 (CNGA1) and cyclic nucleotide
gated channel alpha 1 (CNGB1)

Genes encoding proteins for cell-cell adhesion or signalling: C- mer
proto-oncogene tyrosine kinase (MERTK), crumbs homologue 1
(CRB1) and usherin (USH2A).

Miscellaneous: tubby like protein 1 (TULP1), nuclear receptor
subfamily 2 group E3 (NR2EJ), retinitis pigmentosa 1 (RP1), neural
retina leucine zipper (NRL) and ceramide kinase-like protein (CERKL).

1.2.2 Leber congenital amaurosis

Leber congenital amaurosis (LCA) accounts for at least 5% of all inherited

retinal dystrophies and is considered to be the most severe RDD [11]. LCAis

predominantly an autosomal recessive disorder, although autosomal

dominant cases have been noted.

LCA is a bilateral congenital blindness diagnosed by a severely diminished or

absent ERG before the age of one year [12]. The clinical abnormalities vary

from a normal fundus to a pigmented fundus, and a range of symptoms

including typical RP, a granular appearance of the RPE, attenuation of retinal

vessels and optic atrophy have been noted. Associated clinical symptoms

can include nystagmus (roving eye movements), cataracts, photophobia, a

15



sluggish pupillary reaction, digito-ocular stimulation (eye-poking or rubbing),
psychomotor retardation and developmental delay [13-15].

It has been proposed that LCA is caused by three pathological processes
[15]):

e Aplasia (abnormal formation of photoreceptors)
¢ Degeneration (atrophy of the photoreceptors and RPE)

¢ Dysplasia (biochemical dysfunction, resulting in no primary damage to
the photoreceptors or RPE).

Genetic heterogeneity underlies the clinical heterogeneity observed in LCA,
with 10 genes having been identified so far [4, 16]. Each of these gene
products vary greatly in function (from transcription factor to protein transport
or photoreceptor morphogenesis), and cannot be grouped functionally. The
genes identified are guanylate cyclase (GUCY2D), aryl hydrocarbon
interacting protein (A/PL1), tubby like protein 1 (TULP1T), retinal pigment
epithelium-specific protein 65kDa (RPE65), cone-rod homeobox transcription
factor (CRX), inosine monophosphate dehydrogenase 1 (IMPDH 1), lecithin
retinol acyltransferase (LRAT), crumbs homologue 1 (CRBT), retinol
dehydrogenase 12 (RDH12) and RPGR interacting protein (RPGRIP1).

Five of the genes causing LCA have also been implicated in ARRP. In
addition to this genetic overlap, a clinical one has been observed. It has
therefore been suggested that LCA and early onset ARRP may represent a

continuum of phenotypes [16].
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1.3 Development of therapeutics

The eye is the ideal organ for gene-based therapies — it is small, self

contained and isolated from circulation by the blood-ocular barriers [17].

Recessive RDDs (such as LCA and ARRP) generally arise through gene
mutations causing a loss of functional product. These disorders are thus
good candidates for gene replacement therapies (where a copy of the gene
that makes a functional product is introduced). In ocular gene replacement
therapy the eye is accessible, requires less viral vector to achieve gene
transfer, and the exposure of other organs to these viral vectors is reduced.
The most successful ocular gene therapy to date is that of the RPE65 gene
(which causes ARRP and LCA). In 2001, it was reported that wild type
RPEG65 restored vision when it was delivered in an adeno-associated viral
vector by means of subretinal injection to the eye of the LCA canine [18]. In
2005 the same group reported that a single subretinal treatment restored
visual function in approximately 90% of cases and that after three years the
responses continued to remain stable [19]. They also noted that RPE65 was
not expressed in tissues other than the treatment site and that no deleterious
effects were observed as a result of the therapy. The therapy has also been
successful in both naturally occurring [20] and genetically engineered [21]
mice lacking RPEG5. A cohort of patients with LCA due to RPE65 mutations
has been identified by clinical and molecular profiling, and subjects are being
recruited for a Phase | trial [22].

Dominant RDDs (such as ADRP) generally arise through gene mutations
causing a gain of function, and the mutant protein becomes damaging.
Treatment is therefore more complicated, requiring that the mutant protein be
eliminated or reduced, whilst allowing the wild type protein to be expressed
[17, 23]. The use of a ribozyme, an RNA-cleaving molecule that can be
targeted to the mutant mRNA, has reduced photoreceptor degeneration in

the rat model of a rhodopsin mutation [24].
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Two main challenges have arisen in RDD therapeutics:

¢ The heterogeneity of mutations causing RDDs has resuited in
- impractical mutation-dependent approaches.

o The retina is terminally differentiated, and gene therapy can not
restore lost photoreceptor cells because no new photoreceptor cells
are being produced. These therapies are only successful in halting
progression of disease. (RPE65 therapy restores vision in LCA
canines as the mutant protein is expressed in the RPE and causes no
loss of photoreceptors initially). Therapy must therefore be
administered before cell death takes place [25].

For these reasons, research into the use of neural stem cells to restore the
retina [26], the direct inhibition of the apoptotic pathways [27] and the use of
chaperones to manipulate misfolded proteins and thereby reduce apoptosis
[28] is important. Improved understanding of the molecular mechanisms of
disease is certainly required before restoring vision becomes a reality. It is
anticipated that further understanding of the pathogenesis of RDD gene
mutations may lead to the identification of more generic approaches to

therapy.

1.4 RDD research in South Africa

The Division of Human Genetics at the University of Cape Town (UCT) has
had an interest in the genetics of RDDs since 1972 [29] and the RDD project
was initiated in 1990 [30]. There are currently samples archived in this
database from over 1000 South African families.

The samples have been collected from families throughout South Africa (SA)
by genetic nurses in collaboration with the Department of National Health and
Population Development and the lay support society, Retina South Africa. A
clinical co-ordinator maintains contact with the families, updating clinical
information, extending pedigrees and referring individuals to

ophthalmologists for confirmation of diagnoses.

18




Recent RDD research in SA has resulted in the identification of the positional
candidate genes on chromosomes 17p and 17q. These loci were identified in
two large immigrant families, and were subsequently identified as the PRPF8
and CA4 genes, respectively [31, 32].

The Division of Human Genetics at UCT is currently involved in the routine
screening of families with RDDs for mutations in candidate genes. The
ultimate goal of this screening is to identify the causative genetic mutation in
each of the families registered in the UCT RDD database, in order to facilitate
management and future therapeutic intervention. Once a mutation has been
identified in a family, members of that family are offered a diagnostic service,

in order to determine each individual’s mutation status.

The priority groups for the screening are the individuals with the most severe
form of disease, and/or the individuals with RDDs most likely to be amenable
to therapy in the near future. The logical extension of this approach is to use
the above mentioned criteria, selecting candidate genes reported in the
biomedical literature as most commonly causing RDDs.

1.5 Candidate genes selected for this project

1.5.1 Rhodopsin (RHO)

The RHO gene was the first gene to be associated with RP [33, 34].
Mutations in RHO have subsequently been shown to be the most common
cause of RP, and account for around 30% of all ADRP cases internationally
[4, 7, 8] and as much as 50% of cases in the UK [35].

RHO is expressed in the rod photoreceptor cells. Rods consist of an outer
segment and an inner segment (Figure 1.4). The inner segment contains the
metabolic machinery of the cell, and the outer segment consists of an array

of membranous discs which are continually shed into the RPE and renewed.
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These discs function in maintaining the structure of the rod outer segment as
well as housing the components of the visual transduction pathway [1]. RHO

comprises more than 90% of the protein content of the disc membranes [36].
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Figure 1.4 A diagram showing the structure of the rod photoreceptor, with its
inner and outer segments.

Reproduced from the website of the Department of Chemistry, Washington University:
http://www.chemistry. wustl.edu/~edudev/LabTutorials/Vision/Vision.htmi

RHO encodes a G-protein coupled receptor (GPCR) which acts in the first
stage of the signal transduction cascade in rods, mediating vision in dim light.
The GPCR is a heptahelical transmembrane protein, opsin, coupled to the G-
protein transducin. RHO is inactive when covalently linked to the
chromophore 11-cis retinal. When a photon of light is absorbed by the retina,
the 11-cis retinal isomerises to all-frans retinal, which causes a
conformational change of RHO to the active form, metarhodopsin II. This in
turn activates transducin, which triggers a biochemical cascade that
ultimately causes a drop in the cGMP concentration. This decrease in cGMP
levels leads to hyperpolarisation of the rod cell membrane, which generates a

nerve impulse to the brain (visual cortex stimulation) [36-38].
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Up to 150 pathogenic mutations have been identified in RHO [37], the two
most common mutations being Pro23His and Pro347Leu. RHO mutations
predominantly cause ADRP, though some cases of ARRP have been

reported as being due to RHO mutations (Figure 1.5).
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Figure 1.5 A diagram showing the distribution of pathogenic mutations of the
heptahelical transmembrane RHO protein.

Reproduced from the Retina International mutation database:
http://www retina-international.org/sci-news/rhomut.htm

The disease-causing mutations identified in the RHO gene affect the
extracellular, transmembrane and intradiscal domains of the RHO protein.
RHO mutations are classified as either Class | or Class Il mutations. Class |
mutations occur predominantly near the carboxyl terminus of the protein or
the first transmembrane domain and account for 15% of the mutations. Class
I mutations result in a protein that resembles wild type RHO in yield, forms a
functional chromophore with 11-cis retinal, and translocates to the plasma
membrane as normal [39, 40]. This class of mutation affects the post-Golgi
trafficking, and RHO is not directed towards the photoreceptor outer segment

but accumulates in the cell body or extracellular vesicles. Class Il mutations
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occur in the extracellular, transmembrane and intradiscal domains and
account for 85% of the mutations. This class of mutation causes misfolding of
the protein, which cannot form a functional chromophore and accumulates in
the endoplasmic reticulum (ER) [39, 40].

Recently, a new system of classification has been proposed by Michael
Cheetham and colleagues from the Institute of Ophthalmology at the
University College London [40]. This system divides RHO mutations into six
classes which are not mutually exclusive, and proposes that mutations with
no biochemical or cellular defect remain unclassified. The new classes

proposed are:
e Class I: Fold normally but are not transported to the outer segment

e Class II: Misfold, do not reconstitute with 11-cis-retinal and are
retained in the ER

e Class lll: Affect endocytosis

e Class IV: Affect stability of the protein and posttranslational
modification, but not necessarily through misfolding

e Class V: Show an increased activation rate for the G-protein

(transducin)

¢ Class VI: Constitutively activate opsin in the absence of chromophore
and light

Regardless of the classification system used, RHO misfolding emerges as
one of the main causes of ADRP [37, 39]. It is also likely that dominant RHO
disease-causing alleles are generally gain of function mutations, causing cell
death through various mechanisms. Future therapy is thus dependent on
accurate molecular diagnosis and classification of each mutation [40].
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1.5.2 Retinitis pigmentosa 1 (RP1)

RP1 was the first locus reported to be associated with RP. This locus was
assigned to chromosome 1 in 1977 [41], although this finding was later
retracted and the locus re-assigned to chromosome 8 [42, 43]. Twenty years
later, the retinitis pigmentosa 1 gene (RP1), also called "Oxygen regulated
protein 1" (ORP-1), was identified and mutations therein were found to cause
ADRP [43, 44]. In 2005, homozygous mutations in RP1 were reported to
cause ARRRP in three consanguineous Pakistani families [45], although there
have been no other reports of recessive mutations in this gene. RP1
mutations are thought to cause 4-10% of ADRP [43, 46] with the Arg677Xx
mutation alone accounting for 2% of ADRP. This is the third most common
mutation contributing to ADRP after the 2 RHO mutations; Pro23His and
Pro347Leu [43].

The RP1 protein is expressed exclusively in the outer segment portion of the
axoneme in the photoreceptor cells. The microtubule-based axoneme begins
in the inner segment and passes through the cilium into the outer segment.
The function of the axoneme is unknown, but it may be required to stabilise

the membrane discs [47, 48].

Pathogenic RP1 mutations generally cause frameshifts or truncations of the
protein and cluster in a region spanning approximately 550 codons of the last
exon (exon 4). Mutant mRNA appears to escape nonsense-mediated decay
and the truncated protein is expressed. This mutant protein localises
correctly to the axoneme in mice but does not demonstrate the concentration
in this area, which the wild type does. In addition, the outer segments show
incorrectly oriented discs that are not stacked into their proper arrays [47].

The N-terminus (exons 2 and 3) of RP1 has 2 tandem domains with
homology to the microtubule-binding domains of doublecortin (DCX). These
domains have been shown to bind to microtubules from the retina and
enhance tubulin polymerisation. When these domains were removed in mice

mutants, the axonemes were shorter than normal and the RP1 was
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mislocalised towards the photoreceptor inner segment. RP1 is therefore the
first photoreceptor microtubule-associated protein (MAP) identified. MAPs
regulate microtubules and are thus indirectly responsible for determining cell
shape [48].

These findings indicate that the N-terminal of RP1 with the DCX domains
functions to control and stabilise the photoreceptor axoneme and localise the
protein correctly. The C-terminal of RP1 could then link the discs to the
axoneme (either directly or by interacting in a protein complex at the junction
between the outer segment and cilium) in order to correctly orientate and
stack the discs of the photoreceptors. Mutations at the C-terminal would thus
cause a loss of connection between the discs and the axoneme, resulting in
the defective disc stacking observed. This disorganisation of the

photoreceptor outer segment would eventually cause cell death [47, 48].

A wide range of disease onset and severity is caused by RP1 mutations,
from patients only 11 years old experiencing nightblindness, to asymptomatic
carriers at age 66 [49, 50]. Despite this clinical heterogeneity, heterozygous
mutation carriers can generally be said to exhibit type 2 ADRP (later age of
onset) while homozygous carriers are more severely affected and have an
earlier age of onset [45, 50, 51].

The clinical heterogeneity observed suggests other genetic or environmental
factors may modify the phenotype of RP1 mutations. It has recently been
proposed that there are interactions between RHO and RP1 with one variant
in RHO (IVS4-23G>A) and two in RP1 (N985Y and C2033Y) acting together
to increase the risk of developing RP. In addition, a single nucleotide
polymorphism (SNP) in the 5’ untransiated region (UTR) of RHO (“-26G>A"
in the reference but hereafter called “g.269A>G") is associated with an
increased risk of RP, while R872H in RP1 is associated with a decreased risk
of RP [562].
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1.5.3 Retinal pigment epithelium-specific protein 65kDa
(RPEG65)

The retinal pigment epithelium-specific protein 65kDa (RPE65) was cloned in
1993 [53] and the gene encoding this 61 kDa protein expressed in the RPE
was characterised in 1995 [54]. Mutations in RPE65 are responsible for
approximately 2% of ARRP and 16% of LCA [55].

RPE®G5 functions in the visual retinoid cycle, which is the process by which
RHO is regenerated. As discussed previously, RHO consists of the
apoprotein opsin, attached to a chromophore, 11-cis retinal. During visual
transduction the 11-cis retinal is isomerised to all-frans retinal. Regeneration
of 11-cis retinal is essential for visual function and takes place via the visual

retinoid cycle (Figure 1.6) [56].
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Figure1.6 A diagram showing the regeneration of 11-cis retinal via the visual
retinoid cycle, and the stage at which RPEGS functions in this cycle.

Reproduced and adapted from the website of the Linus Pauling Institute, at the Oregon State
University: http:/Ipi.oregonstate .edu/infocenter/vitamins/vitaminA/visualcycle html

It has recently been shown that RPEBS5 is an isomerohydrolase enzyme,

converting all-frans retinyl ester to 11-cis retinol [56]. This explains previous
findings that RPE65 knockout mice [57] and mice with a nonsense mutation
in RPEBS [58] lack 11-cis retinal and functional RHO, but accumulate opsin

and all-trans retinal esters.
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The blindness associated with RPE65 mutations is biochemical, meaning it is
initially due to a lack of visual pigment. The RPE itself is healthy, although
photoreceptors eventually start to degenerate as a secondary event. RPE65
mutant mice show normal retinas initially, with photoreceptor outer segments
becoming shortened only after seven months and disappearing completely
after 27 months [58]. It has been suggested that in RPE65 null mutants,
continuous light-independent opsin activity is responsible for retinal
degeneration although the process by which this occurs has not been
identified [59]. The lack of immediate degeneration makes RPE65 an
excellent candidate for therapy, and as mentioned previously, several groups
have reported that RPE65 gene delivery generates isomerohydrolase activity

and restores vision in canine and murine models of disease [18-22].

As with RP1 and RHO, modifier effects have been reported in RPE65 [60-
62]. The Leu450Met variant in RPE65 was found to protect against light
damage and reduce retinal degeneration by modulating RHO regeneration.
Light damage to photoreceptors is caused by excess absorption of photons
by RHO. The Leu450Met variation leads to a reduced level of RPE65, which
in turn causes a reduced capacity for RHO regeneration, fewer photons can

be absorbed and light damage susceptibility is reduced.

A founder mutation in RPE65, Tyr368His, was described as causing an early
onset severe retinal dystrophy in an isolated Dutch population [63]. The
founder effect in South Africans descended from Dutch settlers has been
reported for other diseases, and this gene is an excellent candidate for an
investigation of this nature [64, 65].
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1.6 Aims of this project

The primary aim of this project is to determine the distribution and clinical
utility of mutations in important candidate genes in a subset of South African
RDD families. The secondary aims are to identify families in the UCT RDD
database for which a molecular service can be offered, and to assess the
information which could be provided to the families with regard to their

relevant mutation(s).

The proposed experimental plan is as follows:

1. To examine the DNA of selected families in the RDD database for
mutations in three important candidate genes as described in the
biomedical literature.

2. To develop diagnostic tests for returning results arising from the
research to the families.

3. To assess all the available information, including frequency, genotype-
phenotype correlations and molecular pathogenesis of the mutations
identified.

Once a family has been identified as having a pathogenic mutation, a
diagnostic assay will be developed for that family. The relevant diagnostic
assay will be performed on the family to ensure that the test is reproducible
and sensitive, and that the mutation co-segregates with the disease in the
family and follows the expected pattern of inheritance. The diagnostic test will
only be made available to individuals belonging to that family, as the high
level of mutational heterogeneity precludes the offering of this mutation-
specific diagnostic test to other individuals with RDDs. The mutations will be
assessed in terms of molecular mechanism of disease, population frequency
and genotype-phenotype correlations (using published literature) to
determine the clinical utility of identifying genetic changes in South African
families with RDDs.
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2 Materials and Methods

2.1 Patient recruitment and cohort selection

No new patients were recruited specifically for the mutation screening portion
of the project. All screening was performed on DNA archived in the UCT
RDD DNA bank, which has been collected for the broader RDD project of the
Division of Human Genetics. As mentioned previously, affected individuals
and their family members are referred to the Division of Human Genetics
from throughout SA. Biological material, relevant clinical details and
demographic information from over 1000 families are currently archived in
the database. Informed consent was obtained according to the tenets of the
Declaration of Helsinki (2000). The consent forms and patient information
sheets used for recruiting these families were approved by the UCT research
ethics committee in 1999 (Ref. 196/99), and this specific research project
was approved in 2006 (Ref. 196/2006).

It should be noted that due to a historical ascertainment bias the ethnic
breakdown of the samples archived does not reflect the population
distribution. Due to lack of resources in rural areas, individuals referred by
clinics and private doctors in urban areas were more frequently recruited,
resulting in a preponderance of Caucasian individuals. This limitation is
currently being addressed. Samples were classified as being derived from
Caucasian, Black, Indian or Mixed Ancestry population groups. “Caucasian”
refers to people of Western European origin, mainly Dutch, French, German
and British; “Black” refers to people of indigenous Black African origin and
“Indian” refers to people whose ancestors settled in SA from the Indian
subcontinent. The “Mixed Ancestry” group (sometimes termed “Coloured”) is
the most complex, comprising individuals whose ancestry is a mixture of
Caucasian, Black African, Khoi-San (Hottentots and Bushmen), Malay
(Javanese and Sumatran), Madagascan and West African [66]. The ethnic
breakdown of the cohorts selected for mutation analysis of the candidate

genes is shown in Table 2.1.
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For the initial mutation screening, DNA of one affected individual from each
family in the selected cohort was screened. A cohort of 61 individuals was
selected for screening of RHO. Of these individuals, 47 were classified as
having ADRP and 14 were classified as having ARRP. None of the
individuals selected had any causative RDD mutation previously identified.
For the RP1 mutation screen, a cohort 70 individuals was selected, all of
whom were classified as having ADRP. Of these individuals, 13 had
mutations identified in other RDD genes including five with RHO mutations.
These individuals were initially included to investigate the possible effect of
modifier alleles, and evidence supporting this approach has recently been
reported [52]. For the RPE65 mutation screen, a cohort of 87 individuals was
selected. Of these individuals, 18 were classified as having LCA and 69 as
having early onset ARRP (with an age of onset younger than 15 years). None
of the individuals selected for RPE65 screening had causative mutations

identified in other genes.

In addition to the conventional screening of candidate genes for genetic
variations, a novel approach for insertion/deletion screening was undertaken.
For the multiplex ligation-dependent probe amplification (MLPA) screen to
analyse the RHO, RP1 and RPE65 genes for gross deletions, a cohort of 50
individuals was selected. Of these individuals, 34 were classified as having
ADRP, 14 with LCA and two with early onset ARRP. Of these individuals,
three were included despite having a causative mutation identified: one
individual with a 10bp deletion in RP7 was included to determine whether a
deletion of this small size could be identified by MLPA, and the two
individuals with ARRP were included as only one mutant allele had been
identified in RPEG6S in each of these individuals.
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Table 2.1 The ethnic breakdown of the cohorts selected for mutation analysis
of candidate genes.

Screen | Caucasian | Black | Indian Mixed Other Total
Ancestry | (Taiwanese)

RHO 43 9 2 7 0 61
- RP1 45 17 2 6 0 70
RPE65 66 7 10 3 1 87
MLPA 27 18 2 2 1 50

If a pathogenic mutation was detected in an affected individual, DNA from
other family members recruited for the research was tested to determine
whether there was co-segregation of the variant with the phenotype.

For the population frequency analysis of a novel variant, DNA from a cohort
6f 50 individuals was screened for that variant. The control cohort selected
for this purpose was matched for ethnic group to the test sample in which the
variant was first detected. These control individuals were not assessed for

the presence of RDDs.

2.2 Gene annotation and primer design

The final annotations of the candidate genes were based on the genomic
sequences downloaded from the National Centre for Biotechnology
Information (NCBI) website (http://www.ncbi.nim.nih.gov/) and the Ensembl
Genome Browser (http://www.ensembl.org/). The annotations were based on
the version of the genome available on 1 November 2005. Approximately Skb
upstream and downstream of each gene were included, and the sequence
files were converted into annotated forms using a perl script designed by Dr.
G. Rebello (personal communication). The final annotated sequences of the
three genes can be seen in Appendix 1, which serves as the reference for all
the sequence-based information in this project, including primers and MLPA
probes used, and all sequence variants detected.

30




All the primers used for mutation screening were selected prior to the start of
this project by other researchers. The primers for RHO and RP1 had been
reported previously [9, 67]. The primer sequences were aligned onto the
gene sequences to confirm their location. For RHO and RPEG65, primers
spanned each of the exons including the intron/exon boundary. Large exons
(greater than 500bp in length) were divided into smaller, overlapping
fragments. Small exons with short intervening sequences were combined into
a single fragment by the positioning of the primers. For RP1, primers
amplified three overlapping fragments spanning the mutation hotspot (as
described by Bowne ef al. [67]) in exon 4 of the gene.

After much experimental optimisation, three primer pairs were found to be
unacceptable, namely RHO exon 5, RPE65 exon 10 and RPE65 exons 11-
13. Professor T. Dryja provided assistance and advice with the sequences of
the primer pair spanning RHO exon 5. The primer pairs spanning RPE65

exon 10 and exons 11-13 were redesigned using the following criteria:

o The primers are at least 60bp into the intron, from the intron/exon

boundary.

¢ Primers are approximately 20 nucleotides in length and have % GC
contents between 45 and 55%. Forward and reverse primers have

similar melting temperatures (1°C apart) in the range of 55°C - 62°C.

¢ Primers forming problematic heterodimers, homodimers and hairpins

are avoided.

e Primer pairs amplifying unwanted sequences, as assessed by BLAST

[68] are avoided.

For the purpose of primer design, a combination of bioinformatics tools was
used, namely Primer3 [69], Integrated DNA Technologies’ OligoAnalyzer
version 3.0 (http://www.idtdna.com/analyzer/Applications/OligoAnalyzer/),
Oligocalculator (http://bioinformatics.org/JaMBW/3/1/9/index.htmi) and NCBI
BLAST [68]. The final primers used for the mutation screens of the three
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candidate genes are listed in Table 2.2 and their positions on the annotated

sequences can be viewed in Appendix 1.

Table 2.2 Final PCR primer sequences used for mutation screening.

Gene | Exon | Forward primer (5’ > 3’) Reverse primer (5’ > 3’)
RHO 1A | TTCGCAGCATTCTTGGGTGG AGCAGGATGTAGTTGAGAGG
1B | CAACTTCCTCACGCTCTACG CATTGACAGGACAGGAGAAG
2 CCGCCTGCTGACTGCCTTGCAG GCTTCTTCCCTTCTGCTCAGTG
3 TTGGCTGTTCCCAAGTCCCT TCCAGACCATGGCTCCTCCA
4 TCACGGCTCTGAGGGTCCAG GAGTAGCTTGTCCTTGGCAG
5 ACTCAAGCCTCTTGCCTTCC GCCACAGAGTCCTAGGCAGG
RP1 4F | TGCTCAGTGTGGTTTAACAAAAC CTATGGAAATTCTTGGAAATCG
4G | GGAAGACCTCCAGAAAAGTGATAC CATTCCTCTCAAATACCCAGATG
4H CCAAAGATTTTTATGCACCG CAATTTACCACACTCGTTTCATTTC
RPEG65 1 GAGAGCTGAAAGCAACTTCTG ATAGCACATTTATCATGAATCCATG
2 CTATCTCTGCGGACTTTGAGC GCCAGAGAAGAGAGACTG
3 GGCAGGGATAAGAAGCAATG CTGAGTTCAGAGGTGAAAAC
4.5 | CTGTACGGATTGCTCCTGTC GAACATCACCTAGCACTGTG
6 TATAATGTATCTTCCTTCTCTCAAC CTCACAATACAGTAACTTTCTCAC
7-8 | AAATAAGAGGCTGTTCCAAAGC TTAAACACATCTTCTTCAGAATCAC
9 GTACACTTTTTTCCTTTTTAAATGCATC | GTTTTAGATGTGATTCAGATTGAGTG
10 | TGCCTGTGCTCATGTTTGAC TGAGAGAGATGAAACATTCTGG
11-13 | GTTTGAATTCTTTCCTGCTCAC CTAACATACAGAACTGCAGTAAG
14 | AGTCAGAAAAAGAAGTCAGGTC ATTGCTTGCTCAACTCAGTGC
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2.3 Mutation Screening

All the standard recipes used for mutation screening are described in

Appendix 2.

2.3.1 Polymerase chain reaction

Polymerase chain reaction (PCR) had to be optimised for each set of
primers. Generally, PCR was performed in a 25ul or 50ul volume using
200ng genomic DNA, 10 or 20pmol fwd and rev primer, 0.2mM dNTPs, 1X
buffer, 1.5mM magnesium chloride and 0.1 - 1U Taq DNA polymerase. The
general thermal cycling conditions used were as follows: 95°C for 5 minutes,

followed by 30 cycles of {94°C for 30 seconds, T,°C for 30 seconds, 72°C for

40 seconds} and finally 72°C for 7 minutes.

Parameters altered to achieve optimal PCR included the amount of DNA
template, final concentration of magnesium chloride (MgCl,), annealing
temperature (T,) and the cycling conditions. The type of commercial Taq
DNA polymerase used, and its corresponding buffer, was also a factor in the
optimization process. Invitrogen™ Taq (Invitrogen™ Life Technologies, UK),
Biotaq (Bioline Limited, UK) or GoTag® (Promega, USA) were used. The
10X Invitrogen™ buffer contains no MgCl; so it could be added as needed;
the 10X Biotaq buffer contains potassium chloride (KCI) so if MgCl, was

required an in-house buffer was used; and the 5X GoTaq® buffer contains

7.5mM MgCls.

Each RHO PCR had to be optimised twice, once for traditional single
stranded conformational polymorphism analysis (SSCP), restriction enzyme
digests and automated sequencing, and once for SSCP using the Multiphor™
II electrophoresis system. The main parameter altered for the Multiphor™
SSCP PCR was the thermal cycling condition: the time for each stage was
reduced and the cycling was generally as follows: 94°C for 3 minutes,

followed by 28 cycles of {94°C for 15 seconds, T,°C for 15 seconds, 72°C for
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45 seconds}, and finally 72°C for 7 minutes. The final optimised PCR

parameters for the two SSCP applications are listed in Table 2.3. All of these

PCRs were performed in a final volume of 25ul.

Table 2.3 Optimised conditions for PCR of RHO exons for two methods of

analysis.
Application | Exon | DNA Taq MgCl, Cycling
94°C - 3 min
: {94°C - 30 sec, 55°C - 30
1A | 100ng | 0.5U Biotaq 0 sec, 65°C - 40 sec} X 30,
72°C -7 min
0.5U 94°C - 3 min
1B | 100ng | Invitrogen™ | 1.5mM {94°C '030 sec, 60°C - 30
Traditional Taq sec, 72°C - 40 sec} X 30,
SSCP & 72°C -7 min
sequencing 0.5U
2 100ng | Invitrogen™ | 1.5mM As above
Taq
3 1200ng | 0.5U Biotaq 0 As above
0.5U
4 |200ng | Invitrogen™ | 1.5mM As above
Taq
200ng | 0.5U Biota 1mM As above
0.5U 94°C - 3 min
L {94°C - 15 sec, 55°C - 15
™
1A | 200ng Inwt_rrc;%en 1.5mM sec, 65°C - 45 sec) X 28,
72°C -7 min
0.5U 94°C - 3 min
. {94°C - 15 sec, 58°C - 15
™
1B | 200ng Inwt_:_c;%en 1.5mM sec, 72°C - 45 sec} X 28,
72°C -7 min
0.5U 94°C - 3 min
Multiphor™ o ™ {94°C - 15 sec, 60°C - 15
Il 2 | 200ng '"‘“t}‘;%e" MM ) Cec, 72°C - 45 sec) X 28,
SSCP 72°C -7 min
3 200n 0.1U Biotaqg 0 As above
94°C - 3 min
. {94°C - 30 sec, 60°C - 30
4 200ng | 0.5U Biotaq 2mM sec, 72°C - 40 sec} X 30,
72°C -7 min
05U 94°C - 3 min
. {94°C - 15 sec, 60°C - 15
M
5 |200ng Inwt_:_c;%enT 1.5mM sec, 72°C - 45 sec} X 28,

72°C -7 min

34



Only one optimised PCR condition was required per amplicon of the RP7 and
RPEG65 genes.

For the RP1 gene, PCR amplification was undertaken in a final volume of
S0ul using the following general conditions: 0.2mM dNTPs, 1X Invitrogen™
Buffer, 1.5mM MgCl,, 1U Invitrogen™ Taq and 200ng genomic DNA. Glycerol
was added to the reaction for two of the amplicons to a final concentration of
1% and the final concentration of primer was altered for one amplicon.
Thermal cycling conditions were as follows: 95°C for 5 minutes, followed by
30 or 35 cycles of {94°C for 30 seconds, 50°C for 30 seconds, 72°C for 40
seconds} and finally 72°C for 7 minutes. The final optimised PCR parameters

for RP1 are listed in Table 2.4.

Table 2.4 Summary of the requirements for optimal PCR amplification of the
RP1 fragments of interest.

Fragment Primer Glycerol No. of cycles
4F 25pmol 1% 30
4G 20pmol 1% 35
4H 20pmol 0 30

For the RPE65 gene, PCR amplification was performed using the following
general conditions: 0.2mM dNTPs, 1X Buffer (commercial buffer
corresponding to the Taq used), and 200ng genomic DNA. Parameters
altered to optimise the PCR included the final concentration of MgCl,, the Taq
used, and the reaction volume (which in turn affected the final amount of
primer required). The parameters altered to achieve optimal RPE65

amplification are listed in Table 2.5.

Touchdown PCR was used for all RPE65 amplicons except exon 10 and
exons 11-13. Touchdown cycling conditions were as follows: 95°C for 3
minutes, followed by 10 cycles with decreasing T, {94°C for 15 seconds, 60
— 55°C for 15 seconds, 72°C for 30 seconds}, 20 cycles of {89°C for 15
seconds, 55°C for 15 seconds, 72°C for 30 seconds} and finally 72°C for 5
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minutes. Normal cycling was performed for the remaining 2 amplicons, the

only difference being the T, of 50°C for exon 10 and 47°C for exon 11-13.

The cycling conditions used were therefore 95°C for 5 minutes, followed by

30 cycles of {95°C for 30 seconds, T,°C for 30 seconds, 72°C for 30

seconds} and finally 72°C for 5 minutes.

Table 2.5 Summary of the optimal PCR parameters used for amplification of

the RPE65 exons.
Exon | MgCl,; Taq Reaction volume Primer
1 2mM 1U Invitrogen™ Taq 50ul 20pmol
2 1.5mM | 0.5U Invitrogen™ Taq 254l 10pmol
3 1.5mM 0.5U GoTag® 25ul 10pmol
4-5 1.5mM 0.5U GoTaqg® 254l 10pmol
6 2mM | 0.5U Invitrogen™ Taq 25ul 10pmol
7-8 2mM | 0.5U Invitrogen™ Tagq 25l 10pmol
9 2mM | 0.5U Invitrogen™ Taq 50pl 20pmol
10 2mM 1U GoTaq® 50ul 20pmol
11-13 2mM | 0.5U Invitrogen™ Taq 50ul 20pmol
14 1.5mM | 0.5U Invitrogen™ Taq 50ul 20pmol

PCR products were analysed by electrophoresis after loading 5ul PCR
product with 3ul agarose loading dye (Appendix 2) on 2% agarose gels
containing ethidium bromide (0.4pug/mi) (Appendix 2). Gels were visualised
by ultraviolet (UV) transillumination, and 0.5ug of DNA size standard was

included on each gel (Appendix 2).
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2.3.2 Single stranded conformational polymorphism

analysis

Single stranded conformational polymorphism (SSCP) analysis is based on
the principle that, under nondenaturing conditions, the sequence of a single
stranded DNA molecule determines the three-dimensional conformation and
hence the mobility. DNA samples are amplified over the region of interest,
heat denatured and the single strands separated in a nondenaturing
polyacrylamide gel. Separation is based on both size and conformation, so a
difference in electrophoretic mobility, observed as a band shift, indicates a
sequence variation. The sensitivity ranges from 70 - 95% and depends on
the electrophoretic conditions used. The sensitivity is also inversely
proportional to the size of the DNA fragment being analysed. Optimisation of
parameters such as gel temperature, addition of glycerol or denaturing
agents, duration of electrophoresis, gel polymer and electrophoresis buffer is
often required [70-73].

DNA from a cohort of 47 individuals with ADRP and 14 with ARRP was
screened for mutations in RHO using SSCP analysis. Screening had been
started on some of the samples prior to the start of this project, but all results

were re-analysed and the screening repeated and completed as necessary.

Screening of the cohort DNA began using a traditional SSCP technique with
a vertical polyacrylamide gel system. However, this technique was found to
require much experimental optimisation of electrophoresis conditions and
multiple conditions were required to achieve mobility shifts in mutation-
positive controls, as seen in Table 2.6. Generally, 10ul of PCR product of
each sample was heat-denatured at 95°C for 5§ minutes in an equal volume
of SSCP loading dye (Appendix 2), and subsequently cooled on ice for 5
minutes. The denatured samples were run on two 10% polyacrylamide gels,
one containing 7.5% urea and one containing 5% glycerol (Appendix 2).
Polyacrylamide gels containing urea were run using 1.5X TBE
electrophoresis buffer and gels containing glycerol were run using 0.5X TBE
electrophoresis buffer (Appendix 2). As an alternative, 0.5X MDE™ gels
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(BMA, USA) were run with or without 10% glycerol (Appendix 2), using 0.6X
TBE electrophoresis buffer (Appendix 2). Electrophoresis was performed

overnight and visualisation was by silver staining (Appendix 2).

Table2.6 Summary of the optimised electrophoresis conditions for traditional
SSCP of RHO.

Mutation » . Special
Exon Condition 1 Condition 2 . .
Control consideration
1A Thr58Arg Polyacrylamide + Polyacrylamide +
Urea, 6 Watts glycerol, 12 Watts
1B Glv109Ar Polyacrylamide +
y g Urea, 6 Watts MDE, 8 Watts
2 None Polyacrylamide + MDE+ glycerol, 6
Urea, 6 Watts Watts
3 Asp190Asn MDE+ glycerol, 12
p MDE, 6 Watts Watts

Large (402bp) PCR
product must be cut
into 2 fragments
using BstEll enzyme
prior to SSCP

MDE+ glycerol, 4
Watts

Polyacrylamide +

4 Lys296Glu
Urea, 3 Watts

Polyacrylamide +

Urea, 4 Watts MDE, 1 Watt

5 Pro347Leu

DNA from three ADRP individuals and 14 ARRP individuals was screened
using this traditional SSCP technique, however variations detected were
frequently inconclusive or not reproducible and samples would occasionally
not resolve. It was therefore decided to use a different electrophoresis
system. The unresolved samples were re-screened where required, together
with the rest of the RHO cohort using the Multiphor™ II electrophoresis
system (Amersham Pharmacia Biotech, UK). The Multiphor™ II
electrophoresis system is a two buffer-based, temperature regulated,
horizontal gel system. This system has a mutation detection rate of 97.5%,
functions optimally using a single defined SSCP condition and extends

analysis to larger fragments (500-600bp) [74].
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Generally, amplification products of samples were heat denatured as above,
in an equal volume of Multiphor™ loading dye (Appendix 2). Three microlitres
was loaded onto a 12% nondenaturing polyacrylamide gel (Appendix 2), and
electrophoresis was performed on the Multiphor™ II electrophoresis unit,
using tris borate electrophoresis buffer (Appendix 2). Initially all gels were
electrophoresed at 15°C, for 90 minutes at 355 Volts. Visualisation was by

silver staining (Appendix 2).

When the mutation-positive controls failed to resolve and/or the
discrimination between wild type and variant sequences was difficult to
interpret, the gel conditions were further optimised. Parameters altered to
improve resolution included the duration of electrophoresis (minutes), the
ratio of PCR product to loading dye prior to heat denaturation of the sample,
and the temperature at which the electrophoresis is performed. The gel
temperatures were controlled using a waterbath circulator (Labcon, SA)
containing water and 1% SIERRA® antifreeze (Old World Industries, Inc.,
USA). The optimised electrophoresis conditions for the screening of RHO are

summarised in Table 2.7.

Table 2.7 Summary of the optimised electrophoresis conditions for
Multiphor™ II SSCP of RHO.

Exon PCR product : Duration of Temperature of
Loading dye ratio electrophoresis electrophoresis
1A 3ul : 3yl 105 minutes 5°C, 9°C and 12°C
required
1B 3ul : 3pl 105 minutes 15°C
2 3ul: 3pl 90 minutes 9°C
3 1ul : 5yl 120 minutes 18°C
4 1ul PCR : 2ul H,0 : . .
3ul dye 120 minutes 5°C
5 3yl : 3ul 90 minutes 9°C
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All samples exhibiting variant SSCP profiles were sequenced; however when
numerous samples appeared to have the same SSCP profiles, one of these
samples was selected as representative and sequenced. The restriction
enzyme site altered by that sequence variant was determined, and groups of
samples with similar SSCP profiles were tested for the presence of that

variant using the restriction enzyme identified.

2.3.3 Denaturing high performance liquid chromatography

Denaturing high performance liquid chromatography (dHPLC) was performed
using the WAVE® Nucleic Acid Fragment Analysis System (Transgenomic
Inc, USA). In a dHPLC experiment DNA molecules are bound to a column,
and are eluted by an increasing concentration of acetonitrile. Size-based
separation of PCR products is achieved using nondenaturing conditions at
50°C on the WAVE®, whilst mutation detection is performed using partially
denaturing conditions. Prior to mutation detection the amplicon sequences
are analysed using WAVE® software. This software predicts the regions of
each amplicon that have a 70% helical fraction (i.e. are 70% melted) at a
specific temperature (Figure 2.1). Heteroduplexes have lower affinities for the
column than homoduplexes and will elute earlier, therefore any variations in
the melted portion of the amplicon will be detected. Several injections, each
with a different set of parameters, are often required per amplicon to achieve
melting across the entire fragment. Separation chemistry is based on the
sequence and size of the fragment, and the analysis temperature [75, 76].
The mutation detection application of the WAVE® has a specificity and
sensitivity exceeding 96%, and works optimally with fragments shorter than

500bp.
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‘Helicsl Fraction 1%}
B

Figure 2.1 Melting profile of RPE65 exon 4-5, as predicted by the WAVE®
software. Several melting domains are present in this fragment. The regions
from O - 50bp and 270bp - 440bp have a 70% helical fraction at 56.9°C. The
region from 50 - 150bp requires a temperature between 57.9°C and 58.9°C
to obtain a 70% helical fraction. The region from 150bp - 270bp requires a
lower temperature to achieve optimal melting (not shown).

DNA from 70 individuals was screened for mutations in the RP1 hotspot, and
DNA from 87 individuals was screened for mutations in the entire coding
region of RPE65 using dHPLC. Gradient parameters, temperatures and flow
rates were developed empirically, based on the size and melting profile of
each of the amplified fragments of RP1 and RPE65. An aliquot of 7-15ul of
each PCR product was heat-denatured at 95°C for 5 minutes, and
heteroduplex formation was promoted by allowing the tube temperature to
reach room temperature over 45 minutes. Each sample screened for RPE65
was mixed with a wild type sample prior to heteroduplexing to ensure
detection of homozygous variations. Samples were injected onto the dHPLC
column and mutation detection was performed according to the optimal
separation conditions listed in Table 2.8. A wild type control was included for
each condition in every dHPLC experiment, for comparison with the test
samples.
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Table 2.8 Optimised dHPLC conditions for mutation screening of RP1 and

RPEG6S.
T t Flow Gradient Volume Time
Amplicon empoecra ure rate duration .°.f PCR shift
(°C) (ml/min) (min) m;(e:;ed (min)
RP1ex4F 54 0.9 45 15 0
56.1 1.5 2.4 15 0.5
RP1ex4G 54 0.9 4.5 10 0
54.5 0.9 45 7 0
57.5 0.9 4.5 10 1
RP1ex4H 55 1.5 2.4 7 0 |
56 1.5 2.4 7 0
57 1.5 2.4 7 0
RPE65ex1 54.2 1.5 3 9 0
57.2 1.5 3 9 0
59.4 1.5 3 9 0
60.7 1.5 3 12 0
RPE65ex2 60 1.5 3 9 0
62 1.5 3 12 0
RPEG65ex3 60.5 1.5 3 9 0
61.5 1.5 3 9 0
RPE65ex4-5 56.3 1.5 3 9 0
57 1.5 3 9 0
58.3 1.5 3 12 0
RPE65ex6 54 1.5 3 9 0
57 1.5 3 9 0
58.7 1.5 3 12 0
RPE65ex7-8 55.5 1.5 3 15 0
56.6 1.5 3 15 0
RPE65ex9 53 1.5 3 13 0
55 1.5 3 13 0
57.5 1.5 3 13 0
59 1.5 3 13 0
RPE65ex10 54.5 1.5 3 15 0
56.5 1.5 3 15 0.5
57.9 1.5 3 15 1
RPE65ex11-13 56 1.5 2.6 15 0
56.9 1.5 2.6 15 0.5
58.5 1.5 2.6 15 1
59.5 1.5 2.6 15 1.5
RPE65ex14 53.4 1.5 3 7 0
54.6 1.5 3 7 0
57 1.5 3 7 0
59.2 1.5 3 7 0
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All samples exhibiting variant dHPLC elution profiles were sequenced. When
numerous samples appeared to have the same variant profiles, one of these
samples was selected as a representative and sequenced. The group of
samples with similar dHPLC profiles was tested for the presence of that
variant using a second dHPLC analysis to confirm whether they were in fact
due to the same sequence variation. In this second dHPLC, termed a “WAVE
mixing experiment”, an equal volume of the PCR product being queried was
mixed with that of the sequenced variant sample. This mixture was subjected
to heteroduplex formation and dHPLC analysis with the appropriate gradient
condition. Lack of additional peaks indicated that sequences of the PCR
product being queried and the known sample were identical. This highly
effective WAVE mixing experiment was found to be cost efficient when
compared to direct sequencing of multiple samples with the same variant, or

when restriction enzyme digests were not an option [77].

2.3.4 Sequencing

DNA samples that exhibited SSCP mobility shifts or variant dHPLC elution
profiles were characterised by direct sequencing. PCR products were purified
using the QlAquick® gel extraction kit, QlIAquick® PCR purification kit or the
QIAEX 1I gel extraction protocol (Qiagen, UK), according to the
manufacturer’s instructions and samples were eluted in a final volume of 30yl
distilled water (SABAX water, Adcock Ingram, SA). Purified samples were
sequenced in both forward and reverse directions, using the same primers
used for the original PCR. Sequencing reactions were performed using the
BigDye® terminator cycle sequencing kit version 3.1 (Applied Biosystems,
USA). Sequencing reactions depended on the quality and sequence of each
PCR product and were thus optimised on an individual basis. Optimisations
included altering the amount of template, altering the amount of primer, and
petforming %2 or ¥4 BigDye® reactions. The recommended reaction is as
follows: 3 -10ng purified PCR product, 3 -10pmol primer and 1X BigDye®

reaction mix in a 20yl final reaction volume.
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Either of the following cycling conditions was used:

e 96°C for 1 min, followed by 25 cycles of (95°C for 45 sec; 60°C for 4
min)

e 96°C for 5 min, followed by 25 cycles of (96°C for 30 sec; 50°C for 15
sec; 60°C for 4 min)

After the cycle sequencing reaction, sequence products were purified using
Centri-Sep columns (Princeton Separations, USA) according to
manufacturer’s instructions. Columns were re-used a maximum of 8 times;
the columns were prepared using 900pl of 6.25% Sephadex G-50 fine
(Amersham Biosciences, Sweden) as a column gel. Sequencing was

resolved on an ABI Prism™ 377 or an ABI Prism™ 3100 automated

sequencer (Applied Biosystems, USA).

The ABI Prism™ 377 is a polyacrylamide gel-based sequencing system, and
36cm gels were used. The gels were mixed in a 50ul volume containing 36%
urea, 4% Acrylogel (BDH Laboratory Supplies, England) and 1X TBE buffer
and were de-gassed by filtration prior to polymerization (Appendix 2).
Purified, sequenced samples were dried to a pellet under a vacuum and then
resuspended in 6l loading dye (Appendix 2). Samples were heated at 95°C
for 2 minutes and placed on ice, and 1.5l of the sample/loading dye mix was
loaded onto the gel. Analysis was performed using ABI Prism™ DNA
Sequencing Analysis Software version 3.4. For sequencing using the
capillary based ABI Prism™ 3100 system, 5pl of purified sequencing reaction
was added to 7ul Hi-Di™ formamide (Applied Biosystems, USA) and heat
denatured prior to running. Analysis was performed using ABI Prism™ DNA

Sequencing Analysis Software version 3.7.

Sequences obtained were analysed for the presence of variations by using
NCBI BLAST [68] or by aligning the sequences with a reference sequence
using Clustal W [78] or BioEdit version 7.0.0 [79].
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2.3.5 Restriction enzyme digests

Restriction enzymes digests were performed to verify the presence of a
particular sequence variant in the DNA of control individuals and/or the family
of the affected individual in whom the variant was initially detected. Variants
were analysed using Webcutter 2.0 (http://rna.lundberg.gu.se/cutter2/) to
determine whether they created or destroyed restriction enzyme sites in
order for restriction fragment length analysis to be performed. Enzymes were
purchased from Promega (USA), Roche Diagnostics (SA), Boehringer
Mannheim (Germany) or New England Biolabs (USA). The amount of
template used and the length of incubation were determined empirically,
however the buffer used and incubation temperatures were set according to
the manufacturer’s instructions. In accordance with common practice in this
laboratory, approximately 10U of enzyme were used in digestion
experiments. After independent enzyme titration experiments the number of
units used for digestions were reduced, in line with the manufacturer’s
guidelines. The conditions for digests are shown in Table 2.9. All digests
were performed in a final volume of 20pl except for Rsa /, Taq / and Ksp |,

which were performed in a final volume of 25pl.

Restriction fragment length analysis was performed by electrophoresis of the
total volume of digest products, together with 5ul agarose loading dye on 2%
- 3.5% agarose gels containing 0.4ug/mi ethidium bromide (Appendix 2).
Gels were visualised by UV transillumination, and 0.5ug of DNA size
standard was included on each gel (Appendix 2). When a higher resolution
was required, 3l of digest products were loaded together with 3pl agarose
loading dye onto an 8% polyacrylamide gel (Appendix 2), and electrophoresis
was performed at 355V for 1.5 hours on the Multiphor™ II electrophoresis
unit, using 1XTBE electrophoresis buffer (Appendix 2). Visualisation was by

silver staining (Appendix 2).
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Table 2.9 Summary of the protocols used for the restriction enzyme digests.

Enzyme

Manufacturer

Protocol

Acs |

Roche

10ul PCR, 10U enzyme, Buffer B @ 50°C
overnight.

Alw26 |

Promega

15ul PCR, 5U enzyme, Buffer C @ 37°C for 1.5
hours, thereafter an extra 5U enzyme added,
37°C overnight.

Ban |

Promega

17ul PCR, 12U enzyme, Buffer G @ 50°C for 4
hours.

BstE 11

Promega

16.8pl PCR, 12U enzyme, Buffer D @ 60°C for |
1.5 hours.

Bst X |

Roche

15ul PCR, 1U enzyme, Buffer H @ 45°C
overnight.

Hsp92 I

Promega

10ul PCR, 10U enzyme, Buffer K @ 37°C
overnight.

Ksp |

Boehringer

10ul PCR, 0.5U enzyme, Buffer L @ 37°C for 0.5
hours, thereafter an extra 1U enzyme added,
37°C 1 hour.

Mse |

NE Biolabs

15ul PCR, 2.5U enzyme, Buffer 2 @ 37°C for 3
hours, thereafter an extra 2.5U enzyme added,
37°C overnight.

Mnl |

NE Biolabs

15ul PCR, 2.5U enzyme, Buffer 2 @ 37°C for 3
hours, thereafter an extra 2.5U enzyme added,
37°C overnight.

Nia IV

NE Biolabs

15ul PCR, 2.5U enzyme, Buffer 4 @ 37°C for 3
hours, thereafter an extra 2.5U enzyme added,
37°C overnight.

Rsal

Promega

10ul PCR, 0.5U enzyme, Buffer L @ 37°C for 0.5
hours, thereafter an extra 1U enzyme added,
37°C 1 hour.

Taq |

Roche

10ul PCR, 5U enzyme, Buffer B @ 65°C for 3
hours, thereafter an extra 5U enzyme added,
65°C overnight.

46

















































































































































































































































































































































































Molecuiar Vision 2006; 12:177-83 <http://www.molvis.org/molvis/v12/al9/>

to have any additional evaluations done unless they request
molecular testing as part of our genetic service and are then
informed about their mutation-carrier status, accompanied by
appropriate genetic counseling. The policies and guidelines
used for the genetic testing of retinal degenerative disorders
are available on the Services page of our division’s website,
under the link “Genetic testing protocols and policy guide-
lines,” Genetics.

This wide spectrum of severity of disease in these fami-
lies will be an important issue for genetic counseling when
providing diagnostic advice to the individuals concerned.

Polymorphic variants: Two nondisease-associated poly-
morphisms were detected in the cohort screened, and these
were further investigated to determine the frequencies in the
general population. Over 100 chromosomes were screened for
these two polymorphisms in each ethnic group (Caucasian and
Black) of unaffected, unrelated individuals.

Aheterozygous polymorphism, Thr752Met was detected
in 4 of the 57 ADRP individuals screened. Two subjects were
Caucasian, one was Black, and one was of mixed ancestry (4/
114 chromosomes=3.51%). The presence of this polymor-
phism was confirmed by performing an Hsp92II restriction
enzyme digest, as the mutation (¢.2255C>T) creates a cutting
site for this enzyme. This sequence variation was found to be
nonpathogenic as it did not cosegregate with the disease. The
variant was detected in 1 of 102 chromosomes investigated in
the Caucasian controls (0.98%) and 3 of 104 chromosomes
investigated in the Black controls (2.83%).

Arg872His was previously reported as a nonpathogenic
variant occurring in 25% of the population [9]. This variant
(c.2615 G>A) was investigated in several cohorts, as described
in Table 3, and was found to occur in 20/114 chromosomes
(17.54%) of the total ADRP cohort; 19.44% of the Caucasian
individuals with ADRP, and 23.53% of the Caucasian control
chromosomes. These frequencies correlatc with those reported
previously; however, this variant was only detected in 11.5%
of Black control chromosomes. There is thus a significant
(p=0.037) association between ethnicity and the prevalence
of this polymorphism. The difference in gene variant frequen-
cies between these South African (SA) ethnic groups has been
noted previously [17] and should be investigated further.

In conclusion, this is the first report describing the role of
the RP1 gene in SA patients with ADRP. We have found that
the rapid, large-scale screening of the hotspot region of RP!
using the WAVE is a viable initial approach in the routine
screening of ADRP families for defects in candidate genes, as
this technique is reported to have a specificity and sensitivity
greater than 96% [18]. The results of this study could also
indicate merit in screening sporadic individuals for the hotspot
of RP! as suggested previously [13]. The observed RPI mu-
tation frequency of 5.3% in SA ADRP patients is comparable
to the 4-7% frequency reported elsewhere [4,5], however,
mutations were only found in Caucasian families with origins
in the British Isles. The frequency did not compensate for, nor
did it explain, the reported low frequency of RHO mutations
in SA ADRP families.
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