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Abstract

ABSTRACT
This study aimed to identify novel genetic loci and genes responsible for a
number of inherited retinal dystrophies and to perform a detailed analysis of the
phenotype associated with each of these genotypes.
After excluding existing loci, a full genome linkage analysis was carried out
on a family segregating autosomal dominant retinitis pigmentosa (adRP), which
resulted in the identification of a novel locus for adRP at 14qll. Screening of the
retinally expressed candidate gene NRL, which lay within the disease critical interval,
subsequently led to the identification of an S50T mutation as the cause of this
particular inherited retinal dystrophy. The NRL gene encodes a transcription factor,
NRL, which regulates promoter activity in the rod photoreceptor opsin gene,
rhodopsin. Biochemical analysis suggests that the

mutation may result in

increased transcription of the rhodopsin gene in vivo, which may lead to excessive
production of rhodopsin and to photoreceptor degeneration.
A comprehensive phenotypic assessment of subjects with the
mutation was then carried out, utilising a combination of clinical examination,
electrophysiological assessment, psychophysical assessment, and fundus imaging.
Additional studies were carried out on: 1) Patients with a sectorial form of
adRP, revealing a high incidence of mutations in the rhodopsin gene, and defining the
phenotype associated with these mutations; 2) A consanguineous family with Usher
syndrome type 2, enabling the critical interval for the USH2A locus to be refined to
approximately 400kb; 3) Several pedigrees segregating autosomal recessive retinitis
pigmentosa (arRP) leading to a refinement of the RP12 arRP locus; and 4) Subjects
with recessive RP and cone-rod dystrophy (arCRD), which led to the discovery of a
mutation in the ABC A4 gene in a family with arCRD dystrophy.
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INTRODUCTION
The eye and its disorders have often been involved in important breakthroughs

in mammalian genetics, probably by virtue of the relative ease with which ocular
phenotypes can be determined. The earliest and best documented autosomal dominant
pedigree in human genetics involves the descendants of Jean Nougaret (1637 to 1719),
a Southern French butcher who suffered from congenital stationary night blindness. In
1911, Wilson localised the locus for colour-blindness, the first gene ever mapped, to
the human X-chromosome. The first mammalian genetic linkage, between the mouse
pink-eye dilute (p) and albino (c) loci, was demonstrated by Haldane in 1915.
The powerful techniques of modem molecular genetics are revolutionising our
understanding of the molecular biological basis of many inherited eye diseases,
including retinal dystrophies, anterior segment dysgenesis syndromes, and some forms
of glaucoma.
In 1984, Bhattacharya described the linkage of X-linked retinitis pigmentosa
(xlRP) to a locus on the short arm of the X chromosome. In 1989, Humphries reported
the linkage of autosomal dominant retinitis pigmentosa (adRP) to a locus on
chromosome 3. This permitted Dryja, in 1990, to discover the first adRP causing
mutations in the rhodopsin gene. In the few years since that breakthrough a wide
variety of inherited retinal disorders have been linked to over 130 loci and more than
85 of the disease causing genes have been identified. A regularly updated summary of
these known genes and loci for inherited retinal disorders is maintained on the Retinal
Information Network website (http://www.sph.uth.tmc.edu/Retnet/sum-dis.htm).
This introduction will first illustrate the methods by which molecular
geneticists locate and identify the genes responsible for human disease. This will be
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followed by a description of the anatomy and physiology of the retina. Finally, it will
provide an account of the clinical features of the more important retinal dystrophies,
and classify the genes responsible for these disorders in terms of their biological
function.

1.1

Paths to Disease Gene Identification.
Single gene disorders are distinguished by characteristic patterns of inheritance

within families. The preferred method for identification of the disease gene depends
both upon current knowledge of the pathogenesis of the disorder and on the
availability o f suitable pedigrees for analysis. An understanding of the genetics of
specific polygenic or complex traits may also be attained by studying monogenic
diseases, which, having some of the features of the polygenic disease, can act as
suitable models.
In some cases previous study of the disease may have implicated a particular
biochemical pathway, or even a specific enzyme or structural protein that is predicted
to be the product of the disease gene. This gene may have already been characterised,
it may be discovered in an existing nucleic acid sequence database by comparison
with the amino-acid sequence of its protein product, or it may be isolated by
immunoprécipitation of mRNA. This approach, referred to as “functional cloning”,
was used to identify the gene responsible for gyrate atrophy, an autosomal recessive
retinal dystrophy with a higher prevalence in the Finnish population. Subjects with
gyrate atrophy have 10- to 20-fold higher levels of ornithine in plasma, urine, spinal
fluid, and aqueous humour (Simell and Takki, 1973). Affected individuals were later
found to have a deficiency of omithine-delta-aminotransferase (OAT), a pyridoxaldependent enzyme that uses ornithine as a substrate (Valle et a l, 1977). This
knowledge permitted the identification of the genomic locus and isolation of the
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cDNA for OAT (Inana et a l, 1986). The coding sequence of OAT is divided into 11
exons in a 21-kb genomic sequence and a number of different OAT mutations were
demonstrated in subjects with gyrate atrophy (Brody et a l, 1992).

1.2

Candidate Gene Screening.
Closely related to this is the technique of “candidate gene” screening. As

information regarding the function of newly identified genes is discovered, they may
become candidates for involvement in a particular disease, either because they
demonstrate a functional relationship with the underlying metabolic defect (functional
candidates) or because they are exclusively expressed in the involved tissue (tissuespecific candidates). Occasionally these “candidate genes” may be human homologues
of genes responsible for a similar disease phenotype in other organisms (comparative
candidates). Alternatively they may be identified as members of a gene family other
members of which have been implicated in a related disorder. In some cases a
candidate gene may fulfil more than one of these criteria, making it an even stronger
candidate for the disease. For example, the gene for the a-subunit of rod cGMP
phosphodiesterase (PDE6A) was chosen for mutational analysis in patients with
retinitis pigmentosa (RP) both because the protein was known to be involved in the
phototransduction pathway, the major biochemical pathway in the affected rod
photoreceptor cells, and because mutations in the p-subunit of rod PDE (PDE6B) had
already been shown to cause autosomal recessive RP (arRP) (McLaughlin et ai. 1995;
Huang et al. 1995).
The “candidate gene” approach is particularly well suited to the study of
recessive disease traits as, in the absence of extensive consanguinity, autosomal
recessive pedigrees that are sufficiently large to be suitable for linkage analysis are
21
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very rare. This is illustrated by the fact that many o f the loci for arRP were identified
by this approach, whereas all the loci for autosomal dominant RP (adRP) were
demonstrated by linkage analysis.
Mutation analysis o f candidate genes is usually carried out as a two-stage
process, beginning with relatively simple, rapid and inexpensive screening tests, and
proceeding to direct sequencing when an anomaly is detected (Figure 1.1).

Figure 1.1

Candidate gene screening.

DNA comprising the three exons o f a gene is amplified by the polymerase chain
reaction. Each exon is then screened for mutations and, when a variant is detected, this
is directly sequenced to identify the specific mutation.

Exon 1

Exon 2

Exon 3

i
Am plification of
e x o n ic DNA by PC R

S creen in g

Direct se q u e n c in g

The screening stage is particularly important in the initial analysis o f large
genes with many exons, such as the ABC transporters (Allikmets et al., 1997).
However, since all screening tests will fail to detect a proportion o f sequence changes
it is essential to directly sequence every exon o f a gene before excluding it as a cause
o f disease. The screening methods most commonly used are single-stranded
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conformational polymorphism (SSCP - Orita et al., 1989), denaturing gradient gel
electrophoresis (DGGE - Myers et ah, 1985), and heteroduplex analysis (HA - Keen et
al., 1991). Each aims to detect a difference between the sequences of PCR amplified
wild-type and mutant DNA. Once a sequence change in a particular exon has been
detected by SSCP, DGGE, or HA, direct sequencing can be employed to identify the
exact mutation. This can then be confirmed by restriction enzyme digest analysis
This approach may become less common as genes with a known function
represent a diminishing fraction of the total number of identified genes and expressed
sequence tags (EST’s) in the human genome. In addition, there are a large number of
inherited single gene disorders in which the underlying cause is not well understood.

1.2.1

Tissue-specific and functional candidates: phototransduction proteins.
Proteins that are retina-specific, and which may be candidates for the inherited

retinal dystrophies, are likely to be those which have an important structural or
biochemical function which is specific to the retinal pigment epithelium (RPE), the
photoreceptors, or other elements of the neuroretina. Since the most important and
specialised function of the retina is phototransduction, proteins involved in the
phototransduction cascade and in retinol (vitamin A) metabolism are excellent
candidates. A large number of retinal dystrophy genes have been now been identified
after mutation screening o f proteins involved in phototransduction and retinol
metabolism (Section 1.8).

1.2.2

Comparative candidates: animal models of retinal degeneration.
A number of mouse models of retinal disease have been identified, and the

study of some of these has lead to the discovery of genes responsible for human
retinal degeneration.
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1.2.2.1 PDE6B and the rd mouse.
Keeler, in 1924, was the first to report a developmental defect in photoreceptor
differentiation that led to a rodless retina in r (rodless) mice. Whilst Keeler's stocks
were destroyed at the end of World War II, mice with a similar phenotype were later
found in Basel and designated rd (retinal degeneration), and recent studies have
demonstrated that r/r mice are genetically identical to rd/rd mice. The rd/rd
phenotype can be detected as early as postnatal day 8, when swelling of the
mitochondria and vacuoles in the inner segments is observed. At postnatal day 10, the
outer segments become disorganized, and by day 21, only a single row of
photoreceptor nuclei remains. The cone photoreceptors also degenerate, but they do so
more slowly than the rods. In adult life the rd/rd retina is largely devoid of
photoreceptors, whilst other neuro-retinal elements and RPE cells survive the disease.
Before the onset of photoreceptor degeneration elevated levels of cGMP can
be detected in the rd/rd retina. This correlates with a deficiency of rod cGMPphosphodiesterase (PDE) activity (Schmidt and Lolley, 1973; Farber and Lolley,
1974). The rd locus was mapped by linkage analysis to mouse chromosome 5. Using
differential screening between adult rd/rd and wild-type retinas a candidate cDNA
was isolated that mapped to chromosome 5, and sequence analysis revealed that the
transcript encoded the gene for the p-subunit of rod PDE, pdeb (Bowes et ah, 1990).
Two mutations have since been identified in tandem in the rd mouse: a
transcriptionally active MuLV (murine leukemia virus), Xmv28, in reverse orientation
in intron 1 of pdeb (Bowes et aL, 1990), and a nonsense mutation in codon 347 that
would eliminate the putative catalytic domain (Pittler and Baehr, 1991). Both
mutations are found only in rd/rd strains of mice and either the proviral insertion or
the nonsense mutation may be responsible for the pathology.
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Following this mutations were found in PDE6B, the human homologue of
pdeb, in patients with autosomal recessive retinitis pigmentosa (arRP) (McLaughlin et
ah, 1993). These mutations affected the catalytic domain of PDEp, and were found to
decrease PDE activity and to increase cGMP levels, as in the rd/rd mouse model. A
homozygous nonsense mutation in the canine homologue of the pdeb gene was later
demonstrated to be responsible for rod/cone dysplasia type 1 (rcdl) in Irish setter dogs
(Suber et al., 1993).

1.2.2.2 M Y07A, Usher syndrome type IB, and the shaker mouse.
Usher syndrome type 1 (USHl) is a recessive disorder characterised by
retinitis pigmentosa associated with severe congenital sensorineural hearing loss and
vestibular dysfunction (Chapter 8). In mice homozygous for the recessive mutant
shaker-1 (sh-l/sh-1) a progressive degeneration of inner ear structures is observed,
leading to hearing loss and vestibular dysfunction, but without retinal degeneration.
The sh-1 locus was mapped to a region on murine chromosome 7. Exontrapping techniques performed upon a yeast artificial chromosome (YAC) isolated
from this region yielded products, which were used to screen a mouse inner-ear cDNA
library. A cDNA from this library was found to encode the protein myosin VIIA,
which belongs to a family of unconventional myosins involved in phagocytosis,
endocytosis, vesicular transport, chemotactic movement, and other motilities
associated with actin. This 240-kilodalton (kd) protein is found in retinal pigment
epithelial (RPE) cells and cochlear hair cells (Hasson et a l, 1995). The genomic
structure of the myo7a gene was determined and two missense mutations and a splice
acceptor site mutation in the region encoding the myosin head were found in shl/shl
mice (Gibson et al., 1995).
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These findings prompted researchers to screen the human homologue of this
gene {MY07A) for mutations in patients with Usher syndrome type I. USHl had
already been mapped to chromosome 14 (USHlA), chromosome l l q (USHIB), and
chromosome 1Ip (USHIC). USHIB, which accounts for approximately 75% of USHl
patients, mapped to the llq l3 .5 region, which is syntenic to mouse chromosome 7,
making MY07A a very strong candidate for USHIB. A large number of nonsense
mutations, deletions, and missense mutations in MY07A

have since been

demonstrated in USHIB families (Weil et ah, 1995).

1.3

Positional Cloning.
With the production of high resolution genetic and physical maps of the human

genome, which aid localisation of disease genes, a different approach known as
“positional cloning” is becoming increasingly successful. This technique relies solely
upon identifying the disease gene by its location in the genome rather than by its
functional properties. Initially the disease locus is sub-chromosomally localised and
the critical genetic interval is refined to the smallest region possible. Physical mapping
can then be undertaken to clone this interval, with a view to mapping and identifying
potential candidate genes (positional candidates). Finally, the genomic organisation of
candidate genes is determined and these are then tested for mutations segregating with
the disorder. If, after refinement of the critical interval, no suitable candidate gene is
identified in existing databases this approach can be very labour intensive.
The first attempts at positional cloning depended upon the detection in affected
patients of chromosomal deletions or rearrangements that interrupted or deleted the
causative gene. These gross chromosomal abnormalities can be identified with relative
ease by cytogenetic or Southern blot analysis. The identification of deletions of
chromosome 13ql4 in affected patients lead eventually to the cloning of the
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retinoblastoma gene, one of the first successful positional cloning efforts (Friend et al.
1986). In many instances, however, deletion patients are not available and mapping of
the disease gene depends on genetic linkage analysis.

1.3.1

Genetic linkage mapping.
Genetic linkage mapping observes the segregation of two or more non-allelic

loci (disease traits, genes or genetic markers) during meiosis. During meiotic cell
division, each pair of homologous chromosomes undergoes at least one recombination
between non-sister chromatids. Since only homologous regions of these chromosomes
are exchanged each of the resulting chromosomes has an identical set of genetic loci.

1.3.1.1 Polymorphic markers.
In spite of the genetic variation brought about by mutation and meiotic cell
division each copy of the same human chromosome is more than 99% identical in
DNA sequence. However, each copy also contains many small variations (DNA
polymorphisms) which together constitute an individual’s unique genetic identity, and
which can be used individually as polymorphic markers to determine the parental
origin of a particular genetic locus. If two loci are physically located close together on
the same chromosome, there is a greater chance that they will not be separated by
random recombination events during meiosis and will appear “linked”. To
demonstrate linkage, representative markers are selected for each locus. Ideally these
markers should be highly polymorphic within a given human population to maximise
the probability that they will be different in any two copies of that chromosome. This
will enable them to be used to demonstrate inheritance patterns and detect
recombination events when typed in several members of a family. Loci that are
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adjacent will show similar inheritance patterns, permitting their proximity to be
inferred (reviewed in Ott 1991).

1.3.1.2 Recombination fraction.
The extent of genetic linkage between two loci is measured by the
recombination fraction (0), which is the proportion of recombinations that occur
between these loci, in a given number of meioses (opportunities for recombination).
As the physical distance between two loci decreases there will be less chance of
recombination and the observed recombination fraction will fall. A 0 value of 0
implies tight linkage and a 0 value of 0.5 indicates two loci that segregate
independently. This is the maximum value that can be achieved as each sister
chromatid has only a 50% chance of being involved in any one crossover. The
recombination fraction can be utilised as a measure of the “genetic distance” between
loci. The unit of genetic distance, the Morgan (M), is defined as the length of a
chromosomal segment, which on average undergoes one exchange per individual
chromatid strand per meiosis. In practice, genetic distances are quoted in
centimorgans (cM), whereby two loci are 1 cM apart if they recombine once in every
100 meioses. Over short chromosomal regions, 0 is directly proportional to the genetic
map distance, so that a 0 value of 0.01 corresponds to a genetic map distance of 1 cM.
However, over long distances this linear relationship breaks down due to multiple
crossovers between the two loci, and the effect that a crossover has of reducing the
probability of a second recombination event in its vicinity. Over small areas, the
genetic distance also equates to the physical distance. As the genetic length of the
human genome has been estimated at 33 M and the physical length of a haploid
genome is ~3 x 10^ bp, 1 cM corresponds to ~1 megabase (Mb) of DNA. However, as
different regions o f the chromosomes vary in their tendency to recombine, a 1 cM
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interval may, in a specific region, correspond to a physical distance of between 0.5Mb
and 3 Mb.

1.3.1.3 The lod score.
For larger distances the recombination fraction must be converted into genetic
distances by the use of a mapping function e.g. Kosambi mapping function, which
produces more realistic map distance values for 0 values of 0.1-0.3. An estimate of the
genetic distance between two loci can be obtained by determining the value of 0
which best fits the observed data. The probability of linkage over a range of
recombination fractions can be measured quantitatively and expressed on a
logarithmic scale to produce a lod (logio of odds) score. This is the ratio of the
probability that the data would have arisen if the loci are linked (0 has a given value <
0.5) to the probability that the data would have arisen if the loci are unlinked (0 = 0.5).
The 0 value that gives the maximum lod score (Zmax) best estimates of the degree of
linkage between the two loci. A lod score of 3 (odds of 1000:1) is accepted as proof of
linkage, whereas significant evidence against linkage is established with a score of -2
or less. In practice Zmax is calculated by dedicated computer programs.

1.3.1.4 Mapping a disease trait.
In human molecular genetics linkage mapping is employed to determine
linkage between a specific disease trait and markers of known chromosomal location,
by demonstrating that they are inherited together (cosegregate) in all affected
members of a pedigree or pedigrees (Figure 1.2). To achieve a lod score of 3 a
relatively large family, comprising at least 11 informative meioses, is required.

29

Figure 1.2

Linkage analysis. The pedigree of a family in which 14 individuals are affected by autosomal dominant retinitis pigmentosa,

showing haplotypes for polymorphic markers in the centromeric region of chromosome 14q. Centromeric recombination events in individuals
III-8 and III-9, and a telomeric recombination in affected individual 11-10 define D14S261 and D14SI041 as the flanking markers for this adRP
locus. The affected haplotype is indicated by black shading of the bars situated between the marker alleles.
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Accurate diagnosis of affectation status is essential, and the number of meioses
that can be included in the analysis may have to be reduced if the disease has a late
age of onset and cannot be detected presymptomatically. The maximum lod score is
also affected by the informativeness of the available markers. Linkage analysis is best
suited, therefore, to the study of extended, multigeneration pedigrees segregating fiilly
penetrant autosomal dominant traits. If a single family cannot provide sufficient
evidence for linkage the sum of lod scores combined from more than one family can
be used. In addition, the maximum lod score can only be obtained with a polymorphic
marker that does not undergo recombination with the disease trait within the pedigree.
In order to have a reasonable chance of finding such a marker a high-density genetic
map is required, with markers mapped at regular intervals (10 cM or less).

1.3.1.5 Homozygosity mapping.
Whilst the majority of kindreds affected by autosomal recessive disease are
small, large consanguineous families are relatively common in communities where
cousin-marriage is culturally acceptable or even encouraged and these are ideally
suited to linkage analysis by homozygosity mapping. In homozygosity mapping it is
assumed that both of an affected individuals disease alleles will have been inherited
from a common ancestor and that both chromosomes will, therefore, have an identical
pattern of marker alleles within the critical disease interval. This technique can be
used to demonstrate linkage even in a small inbred family so long as homozygosity in
all affected individuals has only been observed at a single locus following a whole
genome linkage analysis (Chaib et a l, 1997).
Once linkage to a single marker has been obtained, the critical genetic interval
can be defined by genotyping the pedigree(s) with further genetic markers in the
vicinity of the first, to identify key recombinant individuals. This “haplotype analysis”
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involves following the segregation of alleles, to determine whether each new marker
has recombined with the disease locus or resides within the critical interval bounded
by the recombination events. The success of this approach is dependent on the number
of informative recombinant individuals available, and on marker density and
heterozygosity in the region. With the availability of high-resolution genetic maps
covering most of the genome (Section 1.3.2) fine mapping can now often delimit the
disease region to only a few centimorgans. This is considered small enough to
commence physical mapping and gene identification strategies.

1.3.2

Human genetic maps.
The international Human Genome Project, initiated in the late 1980's, aimed to

determine the nucleotide sequence of the entire human genome by the year 2005. The
first steps in this process were the production of high-resolution genetic and physical
maps.

1.3.2.1 Restriction fragment length polymorphisms.
The quality and potential value of a genetic map depends upon the density and
heterozygosity o f the polymorphic markers used to create it. Early genetic maps were
composed of restriction fragment length polymorphisms (RFLPs), and variable
number of tandem repeat polymorphisms (VNTRs). RFLPs, the first DNA
polymorphisms to be detected, are differences in the length of the DNA fragments
obtained following digestion by specific restriction endonucleases (Botstein et al.,
1980). These are based upon a variety of sequence changes at the nucleotide level.
VNTRs, also known as minisatellites, are variations in the number of head to tail
repeats at a given locus (Jeffreys et al., 1985). Both RFLPs and VNTRs are assayed by
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Southern blotting (Southern et al., 1975), followed by hybridisation with a specific
DNA probe.
The first RFLP map of the human genome was published in 1987, and it
contained 393 RFLP loci with an average spacing of lOcM (Donis-Keller et al., 1987).
Whilst this publication made possible the genetic mapping of disease traits, the marker
density is inadequate for use in gene isolation. Since RFLPs tend to be bi-allelic they
often prove uninformative during linkage analysis. VNTRs are multi-allelic, but have
an uneven distribution, being more common at the telomeric ends of chromosomes.

1.3.2.2 Short tandem repeat polymorphisms (STRPs or microsatellites).
Microsatellites are tandem repeats of simple sequence (e.g. A, AC, AAAN,
AAN, AG) that occur abundantly and at random throughout the genome. They are at
present the most common source of informative DNA markers available. The most
frequently employed (CA)n repeats occur on average once every 30kb in the human
genome and have a repeat unit length of 10-50 copies (Stallings et al., 1991). They
have the great advantage of being both highly polymorphic and rapidly assayed by
PGR. The heterozygosity of a specific microsatellite marker, which is related to its
mean repeat length, is calculated from the number of observed alleles and their
frequency in a given population.
The advent of microsatellites lead to the publication of a series of genetic maps
of increasing marker density, culminating in the final Généthon map (Dib et al., 1996)
which contains 5,264 (CA)n repeat markers with an average separation of 1.6cM, and
an

integrated

CEPH/Généthon/CHLC

map

comprising

5,840

loci

(mostly

microsatellite markers) with an average spacing of 0.7cM (Murray et al., 1994).
These high density genetic maps have greatly facilitated genetic linkage
analysis and permitted the critical genetic interval for many disease traits to be refined
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sufficiently for physical mapping and gene identification methods to be employed.
Genetic maps are also being combined with physical maps to provide integrated maps
for each chromosome, which are available via electronic databases on the World Wide
Web (WWW). In addition other sources of polymorphic markers are being assessed,
such as single nucleotide polymorphisms (SNPs) which although they are bi-allelic
and may sometimes be uninformative, have the advantages of being highly abundant
(spaced approximately every Ikb) and potentially amenable to automated typing
(Kruglyak et al., 1997).

1.3.2.3 Refîning

the

critical

interval:

identification

of

chromosomal

rearrangements.
Positional cloning projects are very labour intensive, and since both the extent
of the physical mapping effort required and the number of potential candidates which
will have to be investigated is directly related to the size of the disease critical region,
it is crucial to refine this region as far as is possible at the outset. Linkage analysis of
new pedigrees, or additional members of existing families may narrow down the
critical interval, but the smaller this interval becomes the less likely it is that studying
further meiotic events will reveal informative recombinations.
Only a few eye disease genes have been identified by positional cloning and in
many cases the identification of a chromosomal rearrangement, such as a deletion or a
translocation has contributed substantially to the success of the project. The
identification of a female choroideremia patient with a t(X;13) translocation was a
milestone in the cloning of the choroideremia gene. Further studies on other patients
with choroideremia identified small deletions. Analysis of the translocation breakpoint
and the smallest deletion finally localised the disease gene to a 45 kilobase (kb) region
and permitted the cloning of the choroideremia gene, REP2 (Cremers et al., 1990).
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The gene responsible for X-linked RP at the RP3 locus, RPGR, was cloned
following the identification in two affected individuals of a 75kb deletion and a 6.4kb
microdeletion respectively (Meindl et ah, 1996). Whilst the RP3 critical interval had
been refined to just 500kb at the time when RPGR was discovered, the other major Xlinked RP locus, RP2, was genetically mapped to a much larger 5cM region, making
positional cloning efforts very difficult. The region was screened for genomic
rearrangements by the YAC representation hybridization technique resulting in the
detection of a LINEl insertion in one X-linked RP patient (Schwann et al., 1998).
This insertion was found to have occurred in an intron of a novel gene, and mutations
in this gene, designated RP2, were subsequently identified in six additional patients.

1.3.3

Physical mapping.
When a disease gene has been localised to a relatively small region by linkage

analysis, the next step toward gene identification by positional cloning is the
construction of a physical map of this critical region. A physical map is a
representation of the locations of identifiable DNA landmarks, which may include
polymorphic markers, known genes, expressed sequence tags (ESTs), and sequence
tagged sites (STSs). Physical mapping also forms the second stage of the Human
Genome Mapping Project, with increasingly detailed maps forming the framework for
the direct sequencing of the entire genome. These efforts will eventually yield the
ultimate physical map - the complete nucleotide sequence of the human genome.
Sequence tagged sites (STSs) are unique sequence landmarks, detectable by
PCR using specific primer pairs, that can be used to integrate genetic, physical and
transcriptional maps. These sequences may be polymorphic markers, genes, ESTs or
random DNA loci. Expressed sequence tags (ESTs) are partial gene sequences
generated from random cloned cDNAs.
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Established low-resolution methods of physical mapping include in situ
hybridisation and somatic cell hybrids. These have been supplemented by higher
resolution molecular methods such as radiation hybrids, pulse-fleld gel electrophoresis
and yeast artificial chromosomes. In a physical map distances are calculated in terms
of nucleotide base pairs, with low resolution mapping techniques producing maps in
the megabase (Mb) and higher resolution methods in the kilobase (kb) range.

1.3.3.1 In situ hybridisation.
In situ hybridisation can be used to localise unique sequences of interest,
which have been labelled with appropriate reporter molecules, to chromosomal subregions. It is employed in the mapping of loci and the detection of chromosomal
abnormalities by karyotyping. Fluorescence in situ hybridisation (FISH), utilises
different coloured fluorescent labels that are directly observable by microscopy. The
resolution that can be obtained, when establishing the physical order of two markers
located on the same chromosome, depends on the cell cycle phase of the
chromosomes that are spread. Conventional FISH to metaphase chromosomes has a
resolving power of 1-2 Mb (Trask et a l, 1991). Hybridisation to less condensed
interphase chromatin can resolve probes at a 0.03-1 Mb distance. Techniques which
mechanically stretch out free chromatin fibres from interphase nuclei have been
reported to achieve a resolution of 10-20 kb (Haaf and Ward, 1994).

1.3.3.2 Somatic cell hybrids.
Somatic cell hybrids are formed by the fusion of cultured cells from different
species, usually human and rodent. Whist nuclear fusion results in the preferential,
random loss of most of the human chromosomes, a proportion are retained. Individual
human-rodent hybrid cells can then be maintained as cell lines, and the human
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chromosome content of each cell line can be determined by FISH, using human
genomic DNA probes of known cytogenetic location. In this manner a somatic cell
hybrid panel can be designed which comprises specific chromosome combinations.
Monochromosomal somatic cell hybrid panels include 24 hybrid cell lines, each
retaining a different single human chromosome. Sub-chromosomal hybrid panels,
created by fusing cells containing human chromosomal translocations or breakpoints
and selecting cell lines that retain only those fractions of human chromosomes, can be
used to map probes to specific portions of a chromosome. Localisation of a specific
human marker is achieved by observing the positive signals obtained hybridisation of
this probe onto the chosen panel.

1.3.3.3 Radiation hybrids.
Conventional somatic cell hybrids have been superseded by radiation hybrid
(RH) panels, which have greater resolving capabilities, in the development of highresolution maps of the human genome (Walter et al. 1994). Radiation hybrids are
constructed by fusing hamster cells with diploid human fibroblasts that have
previously been lethally irradiated by X-rays. The resolution of radiation hybrid
mapping is dependent on the fragment sizes of the retained human chromosomes,
which is a function of the total radiation dose. The Genebridge 4 whole genome
radiation hybrid panel (Cox et a l 1990, Gyapay et a l 1996) was irradiated with 3,000
rads of X rays generating random fragments of -10 Mb. In contrast, the TNG RH
panel, irradiated with 50,000 rads, provides a resolution of -5 0 kb (Stewart et al
1997).
These panels have been used to build both an STS based map (Hudson et al
1995) and a gene map of the human genome (Schuler et a l 1996). Distances in RH
maps are expressed in centirays (cR), where IcR corresponds to a 1% frequency of
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breakage between two markers for a given radiation dose (in rads). Since no
chromosomal radiosensitivities have been identified, distances in RH maps are not
prone to the distortion produced in genetic maps by hot spots for genetic
recombination.

1.3.3.4 High resolution physical mapping: ‘contig’ formation.
In the analysis of a disease critical region high-resolution physical mapping
involves the identification of overlapping cloned DNA firagments, which can be
assembled in the correct linear order, to form a ‘contig’. A contig which entirely
covers a critical interval should contain the disease gene in an accessible form for
subsequent use in gene identification protocols. Many different vectors have been
used to propagate DNA for the purpose of mapping and sequencing, of which the
most popular are yeast

artificial chromosomes

(YACs),

bacterial

artificial

chromosomes (BACs), and PI derived artificial chromosomes (FACs).

1.3.3.5 Yeast artificial chromosomes (YACs) and alternative vectors.
Yeast artificial chromosomes (YACs) are capable of cloning fragments of up
to 2Mb of DNA (Burke et < a r /., 1987). YACs have permitted the construction of long
range contigs by greatly reducing the number of cloned fragments that are required to
cover a specified genomic region, such as a disease critical interval. The use of YACs
is hindered, however, by low cloning efficiencies, difficulty in isolating cloned DNA
and chimaeric cloning artefacts (clones containing fragments derived from different
regions of the human genome joined together). In addition some clones may become
unstable resulting in internal deletions, which can be difficult to detect by STS content
mapping or FISH.
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Bacteriophage PI clones (Sternberg 1990), bacterial artificial chromosomes
(BACs; Shizuya et al., 1992), and PI-derived artificial chromosomes (PACs; loannou
et al., 1994) can all be propagated in E. coll. Whilst the range of insert sizes (100300kb) that can be maintained is smaller than in YACS, these cloning systems have
the dual advantages of being highly stable, and of containing multiple copies of the
inserted DNA fragment in each cell, resulting in a high yield.

1.3.4

Methods of gene identification.
Linkage analysis and physical mapping rarely permits the refinement of a

disease critical interval to a region of less than 0.5-1 cM. Such an interval represents
approximately 1 Mb of DNA and may contain 30-50 genes interspersed with large
amounts of non-coding DNA. The choice of procedure used for gene identification
depends upon the extent of physical coverage across the disease interval. Several
methods may be employed concurrently to increase the chance of identifying novel
transcripts. Usually only a small part of the disease gene is identified initially and
additional techniques, such as exon-trapping, may be required to complete the
isolation of its entire coding sequence.

1.3.4.1

Cross-species sequence homology.
Since coding sequences are strongly conserved during evolution potential

transcribed sequences can be identified by observing nucleotide conservation across
species using ‘zoo-blots’ (Monaco et ah, 1986). Human genomic clones fi*om the
region of interest are used as hybridisation probes on restriction enzyme digested
genomic blots from other mammalian species. Probes that demonstrate homology
between several species can then be used to screen a cDNA library.
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1.3.4.2 CpG island detection.
Non-methylated CpG dinucleotides occur in the genome in small G+C rich
clusters known as CpG islands. These CpG islands are associated with the 5' region of
house-keeping genes and approximately 40% of tissue specific genes and are useful
landmarks for identifying novel genes (Larson et ah, 1992). Certain rare cutter and
méthylation sensitive restriction enzymes (e.g. Not 1, Sac II, BssH II and Eag I)
preferentially cleave at the site of CpG islands (Lindsay and Bird, 1987). Clustering of
restriction sites for these enzymes can be used to determine the presence of CpG
islands in genomic DNA.

1.3.4.3 cDNA hybrid selection.
Since approximately 10,000 genes may be expressed in any given cell type,
and these can produce mRNA transcripts at widely varying levels (from less than 10
up to 200,000 molecules per cell) identifying a gene by direct cDNA selection may
require screening of hundreds of thousands of cDNAs. The cDNA hybrid selection
approach specifically selects and enriches for target cDNAs from large genomic
clones (Lovett et al., 1991; Parimoo et a l, 1991). In this technique an amplified
cDNA library is hybridised to immobilised YAC or cosmid clones that cover the
critical disease region. At least one of the cDNAs isolated should correspond to the
disease gene. As well as selecting the target cDNA, however, homologous gene
families and pseudogenes will also be isolated.
1.3.4.4 Exon trapping.
Direct screening and cDNA hybrid selection techniques require the target
cDNA to be represented in the library screened. When looking for novel disease
genes, which may not be expressed in the tissue, or at the developmental stage.
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predicted by the clinical features of the disease, such techniques can fail. For example,
the RPGR gene, responsible for some cases of X-linked RP, is not expressed in the
adult retina at all (Meindl et a l, 1996). Exon trapping (Duyk et al., 1990) identifies
the exons of genes within a selected genomic region by recognising the cw-acting
signal sequences that are required for splicing (splice donor and splice acceptor sites).
The genomic DNA of interest is ‘shot-gun’ cloned into a specialised splicing vector
and transfected into mammalian cells. If the genomic DNA is cloned in the correct
orientation and contains at least one exon, a splicing event can occur between the
donor splice site of the vector and the genomic acceptor splice site. The resultant RNA
is harvested, and converted to cDNA for further analysis.

1.3.4.5 Positional candidates.
The ‘positional candidate’ approach does not require the isolation of novel
genes, but instead combines genetic linkage information with knowledge of the
function and map position of previously isolated genes. All genes located within the
critical interval for a disorder automatically become ‘positional candidates’. Those
genes that are specifically expressed in the tissue in question, or that possess a
function relevant to the pathophysiology of the disease are viewed as the most likely
candidates and are the first to be screened for mutations in affected individuals. Genes
from the critical region which do not appear to be tissue-specific or functionally
related to the disease must also be examined. For example, the two X-linked RP
genes, RPGR and RP2, are both ubiquitously expressed and unrelated to any
previously identified retinopathy genes (Meindl et al., 1996; Schwahn et a l, 1998).
Many more eye disease genes have been identified by this approach than by
positional cloning. Allikmets and colleagues (1996) identified 21 new members of the
human ATP-binding cassette (ABC) family of genes by searching human EST
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databases using sequences from known family members. One of these genes, ABCA4
(ABCR), mapped within the critical region for Stargardt’s macular dystrophy / fundus
flavimaculatus on chromosome Ip21-pl3 and was found to be retina specific.
Mutations in ABC A4 were then demonstrated in patients with this disease (Allikmets
et a l, 1997). The gene responsible for X-linked retinoschisis, XLRS, was identified as
a mapped EST from the retinoschisis critical region on Xp22.3-p22.1 that was also
expressed exclusively in the retina (Sauer et a l, 1997).
If a comprehensive human gene map was available the positional candidate
approach, which is less time consuming than positional cloning, could be used to
identify all disease genes. With this ultimate objective, large scale sequencing and
mapping o f cDNAs has been carried out, leading to the publication of human
transcript (gene and EST) maps and the deposition of thousands of EST sequences in
the dbEST division of the publicly accessible Genbank electronic database
(httpi/www.ncbi.nim.nih.gov/).
As

an

example,

the

Washington-University-Merck

EST

project

in

collaboration with the IMAGE consortium (Integrated Molecular Analysis of
Genomes and Their Expression; Lennon et a l, 1996) generated more than 300,000
ESTs from a range of tissues (Hillier et a l, 1996). The available ESTs in dbEST (the
‘UniGene collection’) can be grouped into over 50,000 clusters, each representing the
transcription product of a unique human gene, but less than half of these (around
17,000) have been mapped to chromosomal regions using radiation hybrid and YAC
physical maps (Schuler et a l, 1996). These ESTs are placed relative to a common
framework map that includes around 1000 Généthon polymorphic markers.
The low level of resolution provided by this EST map at present (0.5 to 5 Mb)
is such that prospective candidates must still be assayed against the assembled contig
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spanning a disease critical region to determine whether they do indeed map within this
interval.

1.3.4.6 Direct sequencing.
The final approach, both for the identification of disease genes and for
determining the complete human DNA sequence, is the direct sequencing of genomic
clones. Smaller stable clones such as BACs and PACs are the preferred substrates for
sequencing since YAC clones are too large and possess structural instabilities
(Boguski et a l 1996). Usually BAC and PAC contigs have to be constructed
specifically to span disease critical intervals, since there are very few such contigs
represented in existing physical maps.
Since human genomic DNA contains large quantities of repetitive non-coding
sequences, gene identification must be performed by using analytical software as
sequence data is generated. Firstly, new sequence can be compared to data deposited
in existing databases to identify any significant homologies, using sequence similarity
search programs such as BLAST, (Altschul et a l, 1990) and FASTA (Pearson and
Lipman, 1988). Secondly, gene-finding computer programmes which can recognise
patterns characteristic o f coding sequences, such as the Gene Recognition and
Analysis Internet Link (GRAIL) may be used (Uberbacher and Mural, 1991). The
GRAIL programme was used in the positional cloning of the RPGR gene (Meindl et
al., 1996). Since this method of gene identification is cheaper and faster than other
experimental strategies once the genomic sequence is known, it will probably become
the technique of choice as more sequence data becomes available.
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1.4

The Anatomy of the Retina.
Knowledge of the basic anatomy and physiology of the retina and the visual

system

is essential

for understanding the

clinical

features

and molecular

pathophysiology of the inherited retinal dystrophies.
The retina is the photosensitive layer of the eye, derived from neuroectoderm.
It consists structurally and functionally of two distinct layers: a complex inner neural
layer and an outer layer of supporting cells, the retinal pigment epithelium (RPE). In
the centre of the retina lies the fovea, a depression with a horizontal diameter of 1.5
mm, within which the neural retina is structured to maximise detailed vision.. The
floor of this pit, the foveola, consists almost exclusively of cone photoreceptors and
lacks both the other elements of the neural retina and blood vessels. The peripheral
retina is responsible for providing adequate field of vision and motion detection.

1.4.1

Retinal pigment epithelium.
The RPE is comprised of a single layer of cuboidal cells lying between

Bruch’s membrane and the photoreceptors and extending from the optic disc to the ora
serrata. The apical microvilli of RPE cells surround the tips of the photoreceptor outer
segments. The basement membrane of the RPE, adjacent to the markedly convoluted
basal plasma membrane, forms the cuticular layer of Bruch’s membrane. The lateral
plasma membrane contributes to the formation of a terminal bar near the apex of the
cell, which seals off the lateral intercellular space (between adjacent RPE cells) from
the apical intercellular space (between the RPE and the neural retina). The terminal
bar consists of two parts, both of which completely encircle the cell: a basal portion
(zonula adherens) and an apical portion (zonula occludens) which more or less
obliterates the intercellular space. Due to the presence of these structures large
molecules entering the neural retina from the choroidal circulation must do so through
44

Introduction

the cytoplasm of the RPE cell. This provides a protective barrier between the blood
and the neural retina.
The cytoplasm of the RPE contains the usual array of organelles
(mitochondria, ribosomes, Golgi) as well as numerous large pigment granules located
toward the apex of the cell. Smooth endoplasmic reticulum is prominent and is found
throughout the cell. Lipofuscin granules, when present, are usually found near the
nucleus. The melanin granules, which give the RPE its name, may be either spherical
or ovoid, the former being found in the apical cell cytoplasm and the latter in the
apical villi. These light-absorbing pigment granules control light scatter within the
retina and enhance the formation of precise images. RPE cells also contain
phagosomes, lamellated bodies consisting of elements of photoreceptor outer
segments phagocytosed by the apical villi.

1.4.2

The neural retina.
The neurosensory layer of the vertebrate retina consists of ten layers (Figure

1.3) containing three types of tissue: neuronal, glial, and vascular. There are five
major neuronal cell types: the photoreceptors (rods and cones), and the horizontal,
bipolar, amacrine, and ganglion cells. Together they are responsible for detecting
light, integrating visual information and transmitting it, via the optic nerve and optic
radiations, to the visual cortex in the occipital lobe of the brain. These neurons are
arranged into distinct layers of cell bodies (the outer nuclear and inner nuclear layers)
and synaptic connections (outer and inner plexiform layers).
The glial component provides both mechanical support and nutrition to the
sensory retina. The major glial cell, the Müller cell, spans almost the entire thickness
of the retina. Müller cells synthesize and store glycogen, providing glucose to the
adjacent neurons. In addition, small fibrous astrocytes are found in association with
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retinal blood vessels, as well as microglia and scarce oligodendrocytes. Both the
neural and glial elements are neuroectodermal in origin, whilst the vessels are derived
from mesoderm. The vessels, branches o f the central retinal artery, supply the retina as
far out as the middle limiting membrane. The retina external to the middle limiting
membrane receives nutrients from the choriocapillaris o f the choroid.

Figure 1.3

Light micrograph of retina.

ILM, internal limiting membrane; NFL nerve fibre layer; GC, ganglion cell layer; IPL,
inner plexiform layer; INL inner nuclear layer; OPT, outer plexiform layer (P,
plexiform portion; H, obliquely oriented Henle fibres); MLM, middle limiting
membrane; ONL, outer nuclear layer; XLM, external limiting membrane; RC, rod and
cone photoreceptors (IS, inner segments; OS, outer segments). (From Fine BS, Y anoff
M, Ocular Histology. New York. Harper & Row, 1972).
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1.4.2.1 The photoreceptor cell layer.
The photoreceptors are highly specialised cells, which absorb photons of light
by means of photopigment molecules (opsins) concentrated in their outer segments.
Light energy alters the conformation of these unique photosensitive molecules,
leading to activation of the phototransduction cascade, and the production of an
amplified neural signal, which can be transmitted to the brain.
Vertebrates possess two kinds of photoreceptor cells, the rods and cones.
These can be distinguished by their morphology and absorption spectra, and have
contrasting functions and anatomical distributions. Cones operate under conditions of
bright light (photopic) and are responsible for colour vision, whilst rods can function
in dim light (mesopic) and near darkness (scotopic) but do not perceive colour. In the
retina as a whole rod photoreceptors are far more abundant than cones, with a ratio of
about 20:1, but the distribution of these cells is not uniform. The central part of the
retina, the fovea, consists solely of densely packed cones (150,000 per mm^), each
connecting with at least one ganglion cell. In the retinal periphery rods predominate,
with up to 10,000 rods connected in clusters to a single ganglion cell. The density of
cones in this region is around 4,500 per mm^. The maximum rod density is in the area
surrounding the fovea.
At the light microscopic level rod outer segments are thin and cylindrical,
whereas those of cones have a conical shape (Figure 1.4).
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Figure 1.4

Schematic diagram of photoreceptors.

Rods and cones are arranged with their outer segments in direct contact with the
retinal pigment epithelium, which phagocytoses shed outer segment material.

Photoreceptor (rod and cone):

### #
ccc

Synaptic terminus
Inner s e g m e n t s

Outer s e g m e n t s

Retinal pigment epithelium
Bruch’s membrane

The rod inner segments are responsible for protein synthesis and are divided
into two parts: an outer ellipsoid containing densely packed mitochondria and the
inner myoid, which is rich in glycogen, ribosomes and golgi complexes. A slim
immotile cilium arises from a basal body in the ellipsoid and extends through the
constricted junctional area between the inner and outer segments to terminate in the
outer segment. This cilium may have a function in the transmission o f cellular
components from the inner segment to the discs. W hilst the foveal cones superficially
resemble rods having long, tapered inner segments, extrafoveal cone inner segments
are conical.
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At the electron microscopic level the rod outer segment consists of a stack of
flattened disc-like membranes, oriented at right angles to the long axis of the outer
segments. In rods the membranes are closed and surrounded by, but not connected to,
the cell membrane. In contrast cone discs form a continuous serrated membrane with
the plasma membrane of the cone outer segment. The photopigment opsins embedded
in the membrane of these outer segment discs comprise over 90% of the total disc
protein. Rod discs are formed by successive basal invagination of the rod outer
segment (ROS) plasma membrane and, after moving the entire length of the outer
segment, are continually shed from its apex, before being phagocytosed by the
microvilli of the RPE cells. Cone discs are also shed with the cones cells remodelling
themselves after each event.

1.4.2.2 Outer nuclear layer.
The outer nuclear layer (ONL) lies internal to the external limiting membrane
and is composed of the photoreceptor cell bodies with their nuclei and cytoplasm. The
axons of these cells form synaptic connections with bipolar and horizontal cells in the
outer plexiform layer. In the area of the fovea the ONL has approximately ten rows of
cone nuclei. In contrast the remainder of the temporal retina consists of roughly one
row of cone and four rows of rod nuclei. The rod and cone cell bodies are connected
to the inner segments o f the photoreceptors by cytoplasmic processes (connecting
fibres).

1.4.2.3 Outer plexiform layer.
In outer plexiform layer (GPL) photoreceptors synapse with the first order
neurons - the bipolar cells. The GPL is thickest in the perifoveal region and thinnest in
the retinal periphery as the number of receptors decrease. The GPL contains the
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axonal extensions and terminations (rod spherules and cone pedicles) of the
photoreceptors, the processes of the bipolar and horizontal cells, and the cytoplasm of
Müller cells. At the light microscopic level these neuronal processes form what
appears to be a membrane (middle limiting membrane) which defines the outermost
extent of the retinal blood supply.
Photoreceptor axons form specialized synaptic connections in the OPL with
both bipolar and horizontal cells. In addition conventional synaptic contacts occur
between horizontal cell processes and adjacent bipolar or other horizontal cell
processes. This complex pattern of synapses permits lateral integration of visual
stimuli and a degree of processing of this information before it is transmitted to the
visual cortex.

1.4.2.4 Inner nuclear layer.
The inner nuclear layer (INL) contains the nuclei of the amacrine, Müller,
bipolar, and horizontal cells. Several types of bipolar cells have been identified on the
basis of their synaptic connections. Rod bipolar cells contact the rod spherules in the
OPL and from one to four ganglion cells in the inner plexiform layer (IPL). Midget
bipolar cells contact cone pedicles and a single midget ganglion cell in the IPL. Flat
bipolar cells make contact chiefly with the cones and with all types of ganglion cells.
Amacrine cell bodies occupy the innermost portion of the INL. Their long
radiating processes contact bipolar and ganglion cells as well as other amacrine
processes and provide additional integrating or modifying influences on the ganglion
cell output.
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1.4.2.5 Ganglion cell layer.
The Ganglion cell layer (GCL) contains the cell bodies of the third order
neurons, the ganglion cells. Signals originating in the photoreceptors are transmitted
via the bipolar cells to the ganglion cells whose axons form the nerve fibre layer
(NFL). These axons converge to create the optic nerve and tract and ultimately
synapse in the lateral geniculate body. The GCL is thickest where the density of cone
photoreceptors is greatest: temporal to the optic disc, it contains a double row of
nuclei, whilst in the macular region, it thickens to between eight and ten rows of
nuclei. In the foveola ganglion cells and other post-receptor neural elements are absent
permitting light to fall directly onto the cones.
Ganglion cell bodies may be large (25p to 30p) or small (12p), with the
majority of the maculofoveal cells being of the small type. The branched ganglion cell
dendrites extend laterally as well as into the INL. Each ganglion cell has a single
axon, which varies in size according to the size of its cell body. The smaller ganglion
cells (parvocellular system) receive input from cone photoreceptors and subserve
detailed and colour vision. The magnocellular system, linked to the rods, is
responsible for scotopic vision and motion detection.

1.4.2.6 Nerve fibre layer.
The nerve fibre layer is composed of the axons of the ganglion cells
surrounded by processes of glial cells. Fibres arising from the macula and fovea travel
directly toward the temporal side of the disc as the papillomacular bundle. Fibres
originating in the temporal retinal periphery course in an arcuate pattern around the
macula and papillomacular bundle to enter the disc at its upper and lower poles,
whereas fibres from the nasal retina radiate like the spokes of a wheel.
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1.5

The Physiology of the Retina.
In rods and cones the photochemical activation of the visual pigment (opsin)

triggers a cellular amplification response, which converts photons of light energy
within

a

particular

range

of

wavelengths

into

electrochemical

changes

(phototransduction). Patterns of light and darkness falling on the photoreceptor mosaic
are recorded and relayed, via bipolar cells, to the two-dimensional array of ganglion
cells and eventually to the visual cortex of the brain.

1.5.1

The rod photo transduction pathway.
Since many experimental animals have rod dominated retinas, research into

the physiology and biochemistry of photoreceptors has largely been concentrated on
the rod system (reviewed in Yau 1994). This phototransduction cascade is summarised
in Figure 1.5.

1.5.1.1 Photoactivation.
In rods, the primary event in the phototransduction cascade is the absorption of
light by rhodopsin, a seven-loop transmembrane G-protein-coupled receptor
containing an 1 \-cis chromophore (retinal) covalently linked to a lysine side chain by
a protonated Schiff base. Isomerization by light of the W-cis retinal to the aW-trans
retinal form leads to conformational changes in rhodopsin, producing the activated
form metarhodopsin II (R*). Metarhodopsin II has a site on its cytoplasmic side which
permits the binding of transducin. Each molecule of R* can activate more than five
hundred transducins, the first step of an amplification process that continues
throughout the enzymatic cascade.
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Figure 1.5

Phototransduction cascade. Abbreviations: A, arrestin; RK, rhodopsin kinase; T, transducin; P, phosphodiesterase; GCAP,

guanylate cyclase activating protein; RetGC, retinal guanylate cyclase; * = activated.

Ca++

GCAP

O
Ca++

o
o

Light

Ta

/

cGMP

*

Ca++

PajPp

Na+
cGMP

\

*
cGMP

Ta

Rhodopsin

5-G M P

Py

Cation channel

Introduction

1.5.1.2 Transducin activation.
The heterotrimeric G protein transducin is a peripheral membrane protein of
the rod outer segment and is composed of three structural subunits Ta, Tp and Ty. R*
activates transducin by forming a complex with it and catalysing the exchange of T a
bound guanosine diphosphate (GDP) for guanosine triphosphate (GTP). The T a
subunit charged with GTP, the active form of transducin, then dissociates from the
Tp/y subunit complex and R* and is released into the cytoplasm ready to bind to
another transducin molecule. R* continues to activate transducin molecules until it is
inhibited by the combined action of rhodopsin kinase and arrestin. In the cytoplasm
the TaGTP activates the enzyme cGMP phosphodiesterase (PDE).

1.5.1.3 Phosphodiesterase and cGMP-gated cation channels.
PDE is a heterotetrameric protein composed of a , p, and two y-subunits.
TaGTP molecules bind to the inhibitory y-subunits of PDE, removing the inhibition
that these subunits exert on the catalytic a and p-subunits of PDE. Activated PDE
hydrolyses the cyclic nucleotide guanosine monophosphate (cGMP) at a very high
rate (nearly 300 times the basal level). Each molecule of activated PDE is capable of
hydrolysing -1,000 cGMP molecules.
The resulting fall in cGMP levels leads to closure of cGMP-gated Na^ / Ca^^
channels on the plasma membrane of the rod outer segment. In the dark state at least
three cGMP molecules are bound to the cGMP-gated channel protein, a
transmembrane cation-specific channel that allows Na^ and Ca^^ to enter the outer
segment across the plasma membrane. The cGMP-gated channel protein is composed
of an a-subunit, which is functional by itself, and a P-subunit of similar primary
structure responsible for modulation of the channels response to cGMP. A y subunit
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has also been reported to form a complex with the p-subunit, but its function is
uncertain. Closure of the cGMP-dependant cation channels prevents the influx of
sodium and calcium ions, and the subsequent hyperpolarisation of the entire rod cell
plasma membrane curtails the release of the rod's neurotransmitter, glutamate, at its
synaptic terminal.

1.5.1.4

Recovery and restoration of the dark state.
Termination of the photoresponse requires inactivation of photoactivated

rhodopsin (R*) and transducin (Ta), reassociation of PDEy with the PDEaP catalytic
core; and stimulation of retina specific guanylate cyclases (RetGC-1 and RetGC-2) to
increase intracellular cGMP levels.
Inactivation of R* requires isomérisation of dX\-trans rhodopsin to the 11 -cis
form. Rhodopsin kinase is a cytosolic protein which initiates the deactivation of the
phototransduction cascade by phosphorylating the serine and threonine residues in the
carboxy-terminus of rhodopsin (R*). Phosphorylated rhodopsin has a reduced ability
to activate transducin and preferentially binds to arrestin (also known as S-antigen).
Binding of R* to arrestin prevents further activation of T a molecules.
T a possesses intrinsic GTPase activity for its ovm inactivation, which is
accelerated upon binding to PDE. In vitro experiments with purified T a subunits have
shown that the intrinsic GTPase activity of T a is inadequate to account for the rapid
hydrolysis of GTP that is observed in vivo. It has been postulated, therefore, that a
GTPase-activating protein (GAP) that is capable of greatly accelerating this process
must exist in rod outer segments. This GAP may be one of the family of RGS proteins
(Section 7.4.3). After GTP hydrolysis the T a subunit dissociates from the PDEy
subunits, which then reassociate to PDEaP, blocking its activity. The protein
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phosducin may participate in the modulation of signal transduction by inhibiting the
GTPase activity of Ta. At the final step, rhodopsin is regenerated by recombining
with 11-cw-retinal and dephosphorylation by phosphatase-2 A.
The restoration of the dark state also requires the synthesis of cGMP, since at
high cGMP levels more of the cGMP-gated cation channels are open and the cell is
depolarised. This aspect of photorecovery is mediated by calcium ions (Polans et al
1996). In the dark-adapted state, the entry of extracellular Ca^^ ions through the open
cGMP-gated cation channels is balanced by their efflux through NaVCa^^ exchangers
in the ROS plasma membrane. Whilst photoactivation results in closure of the cation
channels, the export of Ca^^ via the exchangers continues, resulting in a ten-fold fall in
intracellular Ca^^ levels (from 500nM to 50nM). The guanylate cyclase activating
proteins (GCAP-1 and GCAP-2) each have three Ca^^ binding sites, and in the dark
state these are occupied by Ca^^ ions which have an inhibitory effect on GCAP
function. As calcium levels fall, however, Ca^^ dissociates from the GCAPs permitting
them to activate the retina specific guanylate cyclases (RetGC-1 and RetGC-2) which
catalyse the resynthesis of cGMP from GTP.

1.5.1.5 Adaptation
The light-induced drop in Ca^^ influx also modulates adaptation of the
photoreceptor to constant light. The rate of rhodopsin phosphorylation has been shown
to be inversely proportional to Ca^^ concentration. Recoverin is Ca^^ -binding protein
found in both outer and inner segments, and at high Ca^^ levels it is believed to bind
specifically to rhodopsin kinase and inhibit phosphorylation of activated rhodopsin.
Prolonged light exposure induces a decrease in cytoplasmic Ca^^ concentration,
reducing recoverin mediated inhibition of rhodopsin kinase. In addition, Ca^^ levels
influence the cGMP-gated cation channels via another Ca^^-binding protein,
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calmodulin. At high levels of

calmodulin binds to the P-subunit of the cation

channel, increasing the channel’s affinity for cGMP. Both mechanisms act to
desensitise and speed up the photoresponse. Ca^^ may also affect photoreceptor
inactivation and recovery through the regulation of Ca^^ -sensitive members of the
protein kinase C family, which can phosphorylate rhodopsin. Ta, Tp, arrestin, and
PDEy. Phosphorylation o f PDEy, for example, enhances its inhibitory effect on the
catalytic PDEaP-subunit.

1.5.1.6 Cone phototransduction
Phototransduction in cones follows a similar sequence to that of rods, and the
key rod-specific transduction proteins all have cone-specific counterparts (opsins,
transducins, PDEa, PDEy, and arrestin) which are structurally and functionally similar
to their rod homologues. The existence of three different cone sub-types, each
containing a specific opsin with a different absorption maximum (red - 560nm - long
wavelength; green - 530nm - medium wavelength; and blue - 426nm - short
wavelength) is the basis of trichromatic colour vision (Nathans et al. 1986).
The photoreceptor-specific transduction components may contribute to the
greater sensitivity of the rod system and to the ability of cones to adapt to the brightest
lights, but these features are also mediated in part by the neurocircuitry of each
system. Sensitivity and response speed are inversely related in the light-adapting
retina, particularly under photopic conditions. This is due to the negative feedback
exerted biochemically in the cone’s photoresponse and neurally by horizontal cell
feedback inhibition.
Other factors may influence sensitivity, but not response speed. Bright or
prolonged light exposure leads to bleaching of photopigments and a reduction in
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sensitivity. Increasing levels of background light also decrease sensitivity for the
detection of an additional signal.

1.5.1.7 Retinal neurocircuitry.
The retina is made up of rods, short wavelength (blue) S-cones, and the
dominant long-medium wavelength (red and green) L-M cones that are responsible for
high resolution vision. The rods transmit their signals to a homogeneous population of
rod bipolars called on-bipolars, which are depolarized whenever the rods are
hyperpolarized by light. The rod bipolars synapse on a rod-amacrine intemeuron,
which subsequently transmits the rod signals to ganglion cells. Thus the ganglion cells
are the only retinal structures that rods share directly with cones. Because the rod
system is largely independent of the cones it is possible for major defects in the rod
system to develop wdthout significant effects on cone vision (e.g. congenital stationary
night blindness). The two classes of photoreceptor are not totally independent,
however, and defects that cause progressive rod degeneration will, in most cases,
eventually lead to degeneration of the cones.
For modem man, operating virtually all the time in conditions of daylight or
artificial light, the long-medium wavelength cones form the most important
photoreceptor system. Unlike the rods the L-M cone system has two distinctly
different ganglion cell outputs: the midget (tonic) system and the larger phasic system.
Both systems have separate on- and off-bipolar cells. The slower midget system
connects individual foveal cones via a bipolar cell to a single ganglion cell, and
mediates the high spatial resolution of the fovea whilst also contributing to
trichromatic colour vision. The phasic system is a fast, alerting system involved in
luminance and movement detection, but with poorer spatial resolution and no response
to colour contrast.
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The S-cones, like the rods, may also have only one system of on-bipolars,
transmitting their signals to the inner dendritic tree of a unique bistratified ganglion
cell, which also receives excitatory signals from L-M cone off-bipolars on its outer
dendritic tree. Short wavelength blue light falling upon the S-cone excites this
ganglion cell, whilst yellow, red, and green lights stimulating the L-M cones excite the
ganglion cell only when they are switched off.
Horizontal and amacrine cells tend to be specific for the separate rod and cone
systems. Horizontal cells release gamma-aminobutyric acid (GABA), an inhibitory
neurotransmitter, and provide negative feedback on to the cones. Light stimulated
cones inhibit the horizontal cells, thereby stopping the release of GABA back on
themselves. This results in depolarization of the cones, the opposite of the
hyperpolarization induced by light, and increases spatial and temporal resolution.
Cone amacrine cells mediate signal integration and negative feedback in the inner
plexiform layer.

1.6

Inherited Retinal Dystrophies
The inherited retinal dystrophies are a large group of genetically and

phenotypically heterogeneous retinal disorders with various ocular and, in some
instances, systemic manifestations. They may affect central and/or peripheral vision
and have onset at any time from early childhood through to late middle age.
Collectively they represent the most frequent inherited forms of human visual
handicap.
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1.6.1

Classification.
Until the advent of molecular genetics classification of these disorders was

based upon the clinical phenotype observed. For the limited number of inherited
retinal dystrophies that have been discovered to be genetically homogeneous this
classification has remained useful, since the phenotype can frequently be used as a
predictor both of genotype and prognosis. The great majority of affected retinal
dystrophy patients will, however, be diagnosed to have a disorder such as retinitis
pigmentosa (RP) in which extensive genetic and phenotypic heterogeneity has been
observed. For these individuals a classification based upon the underlying genotype
may be preferable, to ensure the best genetic, prognostic and therapeutic advice can be
given.
Whilst at present the genetic cause of many dystrophies remains unclear, the
identification through molecular genetics of increasing numbers of retinal dystrophy
genes, and a growing understanding of the pathophysiology of the related dystrophies,
will soon make a comprehensive genetic classification a reality. A summary of
currently available information regarding the molecular genetic basis of inherited
retinal disease can be obtained from two excellent electronic databases: Online
Mendelian

Inheritance

in

Man

(http://www.omim.com/)

and

Retnet

(http://www.sph.uth.tmc.edu/Retnet/disease.htm).

1.6.1.1

Syndromic dystrophies.
Whilst non-syndromic retinal degenerations account for the majority of

patients, there are a number of ‘syndromic’ forms of retinal dystrophy in which a
systemic disease is associated with progressive retinal degeneration (Table 1.1). In
some instances these systemic diseases are due to known metabolic disorders, and as
such many provide insights into the basic pathogenetic mechanisms of the retinal
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disease. A clinician must be aware of these associations when examining a retinal
dystrophy patient so that the presence or absence of systemic features, frequently of a
neurological nature, can be ascertained by careful history taking, examination, and
clinical (e.g. audiological) or laboratory (e.g. phytanic acid levels in Refsum disease)
testing. Usher syndrome, the association of hearing loss and retinitis pigmentosa, is
the most prevalent of the syndromic dystrophies (Section 8.1). The ocular and
systemic features of these syndromes are described in clinical textbooks and review
articles (Heckenlively, 1988).

1.6.1.2 Peripheral vs. central dystrophies.
The non-syndromic dystrophies can be classified clinically according to
whether they are stationary (e.g. congenital stationary night blindness, rod
monochromatism) or progressive, and according to which photoreceptor system, rods
or cones, is primarily affected. Disorders primarily affecting the rod system (e.g. RP,
choroideremia) will present initially with night blindness (nyctalopia), and may
progress to involve substantial loss of the peripheral visual field, whilst central vision
is preserved, at least until late in the course of the disease. These disorders can be
classified as peripheral dystrophies.
In contrast, primary diseases of the cone system (cone dystrophies) will
manifest initially with loss of central visual acuity (discrimination) and colour vision,
and should not significantly affect peripheral vision unless the rod system is also
involved (cone-rod dystrophies). Some disorders, referred to as macular dystrophies,
affect both photoreceptor populations within the specialised central part of the retina,
whilst leaving the peripheral rods and cones intact. Since cone, cone-rod and macular
dystrophies can all present with loss of central vision, electrophysiological testing
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(Chapter 3.1) is often required to determine which of these ‘central dystrophies’ is
affecting a particular individual.

Table 1.1

Syndromic retinal dystrophies.

Syndrome

Systemic features

Inheritance

References

Neurological Disorders
Usher

Neurosensory deaftiess, vestibular

AR

Smith, 1994

AR

Green, 1989

dysfunction in Usher type 1.
Laurence-Moon /

Polydactyly, short stature, mental

Bardet-Biedl

retardation, hypogonadism, obesity.

Friedreich ataxia

Cerebellar dysfunction, ataxia,

AR

sensory loss.
Keams-Sayre

Chronic progressive external

M

Kearns, 1965

AR

Bassen, 1950

AR

Refsum, 1981

AR

Zeman, 1976

ophthalmoplegia, cardiomyopathy,
heart block, deafness.
Metabolic Disorders
Abetalipoproteinaemia

Acanthocytosis, ataxia, sensory
neuropathy, fat intolerance

Refsum (phytanic acid

Cerebellar ataxia, quadriplegia,

a-hydroxylase

cardiomyopathy, dry skin.

deficiency)
Batten (ceroid-

Mental retardation, hypotonia,

lipofuscinosis)

ataxia.

Abbreviations: AR, autosomal recessive; M, mitochondrial.
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Further classification, especially of the central dystrophies, is based upon
typical, or rarely pathognomonic, clinical features such as the fiindal appearance (Best
disease, X-linked retinoschisis, progressive bifocal chorioretinal atrophy), or upon a
combination of ocular findings and further clinical analysis (e.g. psychophysics and
electrodiagnostics). When used appropriately, these clinical classifications, as well as
supplying prognostic guidelines for clinicians, have served to provide scientists with
relatively ‘pure’ samples of disease for molecular genetic and biochemical analysis.
The archetypal peripheral dystrophy, retinitis pigmentosa (RP), is also the
most prevalent form of inherited retinal degeneration. Other, less common conditions,
which may present with night blindness or peripheral visual field loss, include
choroideremia, gyrate atrophy, Goldmann-Favre disease, and congenital stationary
night blindness.

1.6.2

Retinitis pigmentosa (RP).
RP is recognised as the commonest of the inherited retinal dystrophies. In

reality it is a generic name for a group of diffuse, usually bilaterally symmetrical,
retinal dystrophies primarily affecting the rod photoreceptors. These conditions
exhibit great phenotypic and genetic heterogeneity with a substantial variation in both
the age of onset and the severity of the disease.
Table 1.2 summarises the currently identified loci and cloned genes for
retinitis pigmentosa. Some of these genes, and their protein products, will
subsequently be discussed and referenced in more detail. *For those genes not referred
to in detail in the text the full references can be obtained from Retnet
(http://www.sph.uth.tmc.edu/Retnet/disease.htm).

Abbreviations:

AR,

autosomal

recessive; AD, autosomal dominant; XL, X-linked.
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Table 1.2

Genes and loci for retinitis pigmentosa.

Protein

Gene

Locus

Inheritance

References*

RPE65

RPE65

lp31

AR

Morimura, 1998

Human h om olog o f yeast prem R N A sp licin g factor 3

HPRP3

lq21.1

AD

Chakarova, 2002

Crumbs h om ologu e

CRBl

Iq31-q32.1

AR

den Hollander, 1999

2 p ll- p l6

AR

Gu, 1999

2 q l4 .1

AR

Gal, 2000

2q31-q33

AR

Bayes, 1998

R P28
c-m er receptor tyrosine kinase

MERTK

R P26
R hodopsin

RHO

3 q 21-q 24

AD

Dryja, 1990

Prominin (m ouse)-like - 1

PR O M U

4p

AR

Maw, 2000

cG M P phosphodiesterase beta
subunit

PD Ep

4 p I6 .3

AR

Huang, 1995

cG M P gated channel protein

CNGCa

4 p l4 -q l3

AR

Dryja, 1995

Lecithin retinol
acyltransferase

LRAT

4q31.2

AR

Thomson, 2001

4q32-q34

AR

Hameed, 2000

R P29
cG M P phosphodiesterase
alpha subunit

PD Ea

5q31.2-qter

AR

Huang, 1995

Peripherin-/?D5

RDS

6p21.1

AD

Kajiwara, 1991

D igen ic

Kajiwara, 1994

6p21.3

AR

Hagstrom, 1998

6cen-q l5

AR

Khaliq, 1999

Tubby-Xike protein

TULPl

RP25
Pim-1 oncogene kinase

PIM IK

7 p l5 -p l3

AD

Keen, 2002

Inosine monophosphate
dehydrogenase 1

IMPDHl

7q31.3

AD

Bow ne / Kennan,
2002

R P l protein

RPl

8 p ll-q 2 1

AD

Pierce / Sullivan,
1999

Rod outer membrane protein - 1

ROMl

llq l3

D igen ic

Kajiwara, 1994

N eural retina leucine zipper

NRL

1 4 q l l . 1-12.1

AD

Bessant, 1999

R etinaldehyde-binding
protein

RLBPl

15q26

AR

Maw, 1997
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Protein

Gene

Locus

R od cG M P-gated channel
beta subunit

CNGBl

16ql3-q21

AR

Bareil, 2001

Human h om olog o f yeast prem R N A sp licin g factor C8

PRCP8

17pl3.3

AD

McKie, 2001

17q22

AD

Bardien, 1995

R P17

Inheritance

References*

R etinal fascin

FSCN2

17q25

AD

Wada, 2001

Human h om olog o f yeast prem R N A sp licin g factor 31

PRPF31

1 9 q l3 .4

AD

Vithana, 2001

RP23

Xp22

XL

Hardcastle, 2000

RP6

X p21.3-p21.2

XL

Breuer, 2000

RP G TPase regulator

RGPR

Xp21

XL

Meindl, 1996

RP2 protein

RP2

X p ll.3 - p ll.2

XL

Schwahn, 1998

X q26-q27

XL

Gieser, 1998

R P24

1.6.2.1 Prevalence.
RP may be inherited as an autosomal dominant, autosomal recessive, sexlinked (X-linked) recessive, digenic or mitochondrial trait. Its prevalence varies with
the country and race being studied, and the proportion accounted for by each of the
different patterns of inheritance reflects such population variables as the level of
consanguinity (Vinchurkar et al, 1996). The overall incidence of retinitis pigmentosa
(RP) in the United States has been calculated to be approximately 1: 3700, with the
inheritance being on average 10% autosomal dominant, 84% autosomal recessive
(including simplex cases), and 6% X-linked recessive. In the United Kingdom adRP
accounts for around 20%, arRP for 70%, and xlRP for up to 10% of all RP cases. The
highest known frequency of RP is amongst the native American Navaho, with 1: 1800
affected. Simplex cases, with no previous family history of RP, constitute up to 50%
o f all patients. The majority of these are presumed to be cases of autosomal recessive
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RP (arRP), with a smaller proportion resulting from digenic RP, incompletely
penetrant autosomal dominant RP (adRP), and rare new dominant mutations. From the
preponderance of males amongst simplex cases it has been calculated that around 1 in
10 males with simplex RP have in fact inherited an X-linked form of the disease.

1.6.2.2 Clinical features of RP.
The ophthalmoscopic features of classical retinitis pigmentosa include
depigmentation or atrophy of the retinal pigment epithelium (RPE), pigment
deposition in the retina, narrowing of the retinal arterioles, and pallor of the optic
nerve head (Figure 1.6). These changes are evident first in the mid-periphery of the
retina and may extend both centrally and peripherally as the disease progresses. The
pigmentary disturbance may take the form of clumps and strands of black pigment
(sometimes described as a ‘bone corpuscular’ pattern), but small irregular clumps and
spots of pigment are also common.
Pigmentation may also be more prominent in a perivascular distribution due to
pigment deposition within vessel walls. The macular area is relatively spared and in
some cases may appear entirely normal. Histologic studies of RP retinas indicate that
the observed pigment arises from the RPE.
Whilst pigment deposition has given RP its name, it appears to be secondary to
the underlying degenerative process and is not thought to contribute to the visual loss.
In addition a number of non-inherited disorders may present with a pigmentary
retinopathy that mimics RP, presumably due to the limited number of ways in which
the RPE can react to disease processes. The causes of ‘pseudoretinitis pigmentosa’
include infections (e.g. syphilis, rubella), AZOOR, ocular injury, spontaneous retinal
reattachment,

uveal

effusion

syndrome,

drug

toxicity

(e.g.

thioridazine,

desferrioxamine) and vascular occlusions. Some of these conditions will present
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unilaterally, strongly suggesting a non-inherited cause, whilst others may have to be
distinguished from RP by electrophysiological testing.

Figure 1.6

Retinitis pigmentosa.

Fundus photograph showing extensive ‘bone-spicule’ intraretinal pigmentation
throughout the periphery o f the retina, narrowing o f retinal vessels, and optic atrophy.

m

k

1.6.2.3 Night blindness and loss of peripheral vision.
In typical RP, the onset o f night blindness dates back to early childhood and
this may remain the only symptom for many years. This subjective complaint can be
substantiated using dark adaptometry (Chapter 3.2.3). The next stage o f the disease is
67

Introduction

typified by progressive loss of peripheral visual field. The patient usually notices this
in the form of ‘clumsiness’ or ‘bumping into things’, rather than an actual awareness
of a diminishing field of vision. Initially there may be a mid-peripheral ring scotoma
(corresponding to the mid-peripheral retinal degeneration), but with time this area of
visual field loss extends both peripherally and centrally until only a small area of
central vision remains (‘tunnel vision’), sometimes in association with a temporal
island o f peripheral vision. In most individuals with RP the visual acuity is not
markedly affected until later stages of the disease. In some cases a decrease in central
vision is not due to progression of the retinal disease, but to one of the recognised
complications of RP such as the formation of posterior subcapsular cataracts or the
development of cystoid macular oedema.
The diagnosis of RP can be confirmed by psychophysical (visual field) and
electrodiagnostic testing (Chapter 3). Visual field changes are best determined by
studies of the perimetric light thresholds under dark-adapted conditions. This method
can demonstrate a generalized elevation of the rod thresholds, even in early cases, and
in areas of the visual field that appear normal on routine testing, which is performed
under light-adapted conditions. The attenuation of the electroretinogram, which is a
recording of the electrical signals generated by the retina in response to light stimuli,
is the most sensitive indicator of the presence of RP or a related inherited retinal
degeneration. It may be diagnostic in childhood, even before the onset of symptoms
associated with visual field loss or the development of fundal changes.

1.7

Molecular Genetics of the Inherited Retinal Dystrophies.
For the clinician it may be useful to classify the genes responsible for retinal

dystrophies according to the clinical phenotype and inheritance pattern observed.
Table 1.2, for example, catalogues all the currently known genes and loci responsible
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for the various forms of RP, whilst Table 1.3 lists the genes associated with central
retinal dystrophies.

Table 1.3

Cone, cone-rod, and macular dystrophy genes.
References*

Protein

Phenotype

Gene

Locus

RPE65

Leber amaurosis

RPE6S

lp31

AR

Mahlens, 1997
Gu, 1997

Rim protein (ABCR)

Stargardt disease

ABCA4

Ip 2 1 -p l3

AR

Allikm ets, 1997
Cremers, 1998

C one-rod D ystrophy

EFEMPl

2p l6-p 21

AD

Stone, 1999

Macular, pattern, and
cone-rod dystrophy

RDS

6p21.1

AD

K een, 1996

GCAP-1

C one dystrophy

GUCAIA

6p21.1

AD

Payne, 1998

Bestrophin

B est d isease

VMD2

llq l3

AD

Petrukhin, 1998

Retinal guanylate cyclase
(RetG C-1)

C one-rod dystrophy

GUC2D

1 7 p l3 .1

AD

Kelsell, 1998

AR

Perrault, 1996

EGF-containing fibrillinlike extracellular matrix
protein 1

Malattia leventinese /

Peripherin-RDS

D oyne retinal
dystrophy

Leber am aurosis
Arylhydrocarboninteracting receptor
protein-like 1

Leber am aurosis

AIPLl

1 7 p l3 .1

AR

Sohocki, 2000

Cone-rod hom eobox
(CRX)

C one-rod dystrophy

CRX

1 9 q l3 .3

AD

Freund, 1997

AR

Freund, 1998

Leber am aurosis
Tissue inhibitor o f
metalloproteinases-3

Sorsby fundus
dystrophy

TIMP3

2 2 q l3 -q ter

AD

Weber, 1994

R etin osch isin

R etin osch isis

X LR Sl

X p22

XL

Sauer, 1997

*In the case of genes not referred to in detail in the text the full reference can be
obtained

from

Retnet

(http://www.sph.uth.tmc.edu/Retnet/disease.htm).

Abbreviations: AR, autosomal recessive; AD, autosomal dominant; XL, X-linked.
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A better understanding of how the protein products of these genes relate to one
another and to the pathogenesis of retinal degeneration can, however, be obtained
from a functional classification. The products of the majority of these genes can be
placed into one of five categories: 1) phototransduction proteins; 2) photoreceptor
structural proteins; 3) proteins involved in photoreceptor and retinal pigment epithelial
(particularly vitamin A) metabolism; 4) proteins regulating gene expression
(transcription factors); and 5) proteins involved in the splicing of mRNA (precursor
RNA processing or PRP proteins).

1.8

Proteins of the phototransduction cascade.
The phototransduction cascade is discussed in detail in Section 1.5.1, and

summarised in Figure 1.5. Rhodopsin, the rod photopigment, and all other
phototransduction proteins are located in the rod outer segment (ROS), a specialized
photoreceptor structure that contains large numbers of fiat membranes (discs), which
provide an extensive surface area for the capture of incoming photons. Mutations
causing human retinal disease have been identified in many of the proteins that
participate in the photoactivation and the recovery processes.

1.8.1

Rhodopsin.
Mutations in the rhodopsin gene, situated on chromosome 3q, are reported to

be responsible for approximately 25% of all cases of adRP in the United Kingdom
(Ingleheam et al, 1992), Europe, and the United States (Bunge et al., 1993), making
this numerically the most important of all the known RP genes. Over 100 different
mutations of the rhodopsin gene {RHO) have been identified, most of which produce
single amino acid substitutions (Gal et al, 1997) (Figure 1.7).
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Figure 1.7

Rhodopsin mutations. Schematic diagram o f the rhodopsin molecule indicating the location o f mutations referred to in the text.

The intradiscal domain is the site o f the disulfide bond between cysteines 110 and 187, whilst retinal is linked to lysine 296 within the seventh
transmembrane helix. The carboxy-terminus lies within the cytoplasm.
347
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The vast majority of rhodopsin mutations are associated with adRP, but
mutations causing arRP and dominant congenital stationary night blindness (adCSNB)
have also been reported.
Since the rhodopsin molecule accounts for nearly 50% of the protein content
of the outer segments and 80% of the proteins in the discs (Hargrave and McDowell,
1992), it must also be considered as an important structural protein of the rod outer
segment. Mice lacking one copy of the rhodopsin gene have short, disorganized outer
segments and suffer a very slow retinal degeneration (Humphries et al, 1997), similar
to that observed in mice lacking one copy of the peripherin/RDS gene (Section 1.9.1).
This is in contrast to the rapid degeneration observed in mice expressing various adRP
rhodopsin transgenes, suggesting that adRP is caused by a rhodopsin protein with a
deleterious

gain-of-function

rather

than

a

lack

of

functioning

protein

(haploinsufficiency).
Whilst human rhodopsin and peripherin/RDS mutations almost exclusively
cause dominantly inherited retinal dystrophies, all of the RP mutations observed in
genes encoding other proteins of the phototransduction pathway give rise to arRP. In
both mouse and human, therefore, most rhodopsin mutations behave as though they
disrupt the structure of the ROS rather than the function of the phototransduction
pathway.
Considerable phenotypic heterogeneity has been observed with different
rhodopsin mutations. One particularly interesting subgroup of mutations (e.g.
ThrSSArg, Glyl06Asp) produce a form of adRP that has been defined as sectorial,
characterised by retinal degeneration affecting only the lower half of the fundus in
association with loss of the corresponding superior visual field (Chapter 5).
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1.8.1.1

Structural and functional characteristics of rhodopsin.
Biochemical and mutagenesis studies of rhodopsin have elucidated many key

structural and functional aspects of this molecule. These include the following: (1)
11-CZ5 retinal is attached by a Schiff base linkage to lysine 296 within the seventh
transmembrane helix (Bownds, 1967); (2) parts of the transmembrane domain form
the retinal binding pocket and as such, alter the spectral properties of rhodopsin
(Nakayama and Khorana, 1991); (3) the cytoplasmic loops, especially those above the
third and fourth and fifth and sixth helices are critical for transducin binding (Franke
et al, 1990) ; (4) glutamine residue 113 appears to be the counterion of the Schiff base
and critically regulates the spectral properties of rhodopsin (Sakmar et al, 1989); (5)
the intradiscal domain is the site of a disulfide bond between cysteines 110 and 187
(Kamik et al, 1988) ; and (6) the C-terminal region has multiple serine and threonine
residues which are phosphorylated during the deactivation of visual transduction
(Wilden and Kuhn, 1982).
The human adRP mutation Lys296Glu renders rhodopsin incapable of binding
11 -cis retinal and produces a particularly severe adRP phenotype. In vitro this mutant
opsin was shown to be active even in the absence of W-cis retinal, possibly reflecting
the loss of the salt bridge between residues 113 and 296, which is essential for
maintaining the opsin in an inert state (Robinson et al, 1994) . The same mutation
introduced into transgenic mice, however, did not give rise to constitutive activation
of rhodopsin (Li et al, 1995).
Human adRP mutations have also been reported involving the cysteine
residues 110 and 187, which form the disulfide bond that is essential for maintaining
the tertiary structure of rhodopsin (e.g. CysllOTyr and Cysl87Tyr). A cluster of
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missense mutations in the region of these cysteines may also have a similar effect by
preventing the apposition of residues 110 and 187.

1.8.1.2 Functional analysis of mutations.
Heterologous expression studies, in which constructs of wild-type and mutated
rhodopsin genes were transfected in cultured cells, have defined two (Sung et al,
1993) or three (Kaushal and Khorana, 1994) classes of mutant, based on the effect of
the mutation on rhodopsin biosynthesis, regeneration with W-cis retinal, and
glycosylation pattern. Whilst Class I mutants tend to cluster in the first transmembrane
domain and at the extreme carboxy-terminus, the mutants found in each class are not
generally located in one region of the protein.

1.8.1.2.1 Class I mutants.
In vitro Class I mutants (20%) are very similar to wild-type rhodopsin in terms
of yield, localization to the plasma membrane, regeneration, transducin activation, and
phosphorylation by rhodopsin kinase. In transgenic mice, however, the class I mutant
Gln344Ter opsin is inefficiently localised to the ROS (Sung et al, 1994), and the
Pro347Ser mutant gives rise to a massive accumulation of vesicles at the base of the
ROS (Li et al, 1996). The amino-acids valine^"^^ and proline^"*^ may form part of a
protein sorting signal that is not essential for movement of protein from endoplasmic
reticulum (ER) to plasma membrane in cultured cells, but is required for transport of
rhodopsin to the ROS. The dynein light chain protein, Tctex-1, may mediate this
transport. Whilst the wild-type carboxy-terminus of rhodopsin binds to Tctex-1,
several carboxy-terminal mutations responsible for ADRP cause failure of the mutant
opsin to bind (Tai et al, 1999).
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1.8.1.2.2 Class II mutants.
Class II mutants (20%) are expressed at low levels, do not form chromophore,
are retained in the ER, bind W-cis retinal variably, and are abnormally glycosylated.
These mutants (e.g. Tyrl78Cys, Serl86Pro) either grossly alter the structure of the
retinal binding pocket and prevent the binding of 11-c/5 retinal, or configure this
pocket in such a way that the Schiff base linkage is not stable.

1.8.1.2.3 Class III mutants.
The majority of the mutants (60%) are expressed at intermediate levels, form
some chromophore, are also retained in the ER and are abnormally glycosylated.
These Class III mutants have abnormal bleaching kinetics and also trigger transducin
inefficiently.
In studies of the common Pro23His mutation a large fraction of the purified
protein did not regenerate. Furthermore, the mutant was abnormally glycosylated and
retained in the ER, suggesting that it did not fold efficiently or certain non-native
structures were favoured. Proteins that fold slowly or are misfolded are retained in the
ER and eventually degraded. The abnormality in glycosylation most likely then
reflects the protein's inability to leave the ER rather than a true defect in the inability
of the mutant to acquire the mature glycosylation. Pro23His is an N-terminal
mutation, but there are many mutations within the transmembrane region, typically
clustered in helices A and B (e.g. Pro53Arg) and the intradiscal loops (e.g.
Glyl06Arg) that also have a similar phenotype.

1.8.1.3 Rhodopsin and congenital stationary night blindness (CSNB).
The rhodopsin mutations Gly90Asp and Ala292Glu have both been associated
with CSNB (Rao et al, 1994). In both instances it has been demonstrated that the
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purified mutant protein is active in the absence of the chromophore, ll-cis retinal, and
this behaviour would be expected to limit the light sensitivity of the rods. It is
believed both substitutions lead to the disruption of the important salt bridge between
glutamine 113 and lysine 296.

1.8.1.4 Rhodopsin and arRP.
There is a single reported rhodopsin mutation (Glu249Ter) that, in the
homozygous state, causes arRP. Retinal degeneration is presumably due to a loss of
function, comparable to that seen in mice homozygous for rhodopsin gene knockouts,
which suffer rapid degeneration of the retina (Humphries et al, 1997).

1.8.2

Transducin.
Mutations of the a-subunit of transducin {GNATl) have been associated with

the Nougaret form of autosomal dominant congenital stationary night blindness (Dry) a
et a l, 1996) (Section 1.9.6).

1.8.3

Rod cGMP phosphodiesterase (PDE).
PDE is a hetero-tetrameric enzyme consisting of two large subunits (a and p)

that become active when the two inhibitory y-subunits are removed by activated
transducin. Following the discovery that a homozygous loss-of-function mutation in
pdeb, the gene encoding the P-subunit of rod cGMP phosphodiesterase, is responsible
for the classic murine retinal degeneration rd, mutations were found in PDE6B, the
human homologue of pdeb, in patients with autosomal recessive retinitis pigmentosa
(McLaughlin et al, 1993). Additional PDE6B mutations have since been identified
and these are at present one of the most commonly identified causes of arRP,
accounting for 4% to 5% of cases. Subsequently mutations in PDE6A, the gene

76

Introduction

encoding the a-subunit of rod cGMP phosphodiesterase have also been found in arRP
patients (Huang et a l, 1995).
Most PDE6B mutations are located in the C-terminal half of the protein, which
contains the catalytic domain, and are predicted to decrease phosphodiesterase
activity. This would lead to an increase in intracellular cGMP levels, which in turn
may be toxic to the rods. No mutations in PDE6G (the gene encoding the PDEy
subunit) have been found, despite the fact that mutations introduced by gene targeting
into the murine homolog pdeg, produced a retinal degeneration phenotype resembling
RP (Tsang e ta l, 1995).

1.8.4

cGMP-gated cation channel proteins.
As with many other components of the phototransduction cascade, two

variants of the cGMP-gated cation channel protein exist, one specific for rod and one
for cone photoreceptors. These channel proteins are heterotetramers of two
homologous a and p subunits. Mutations responsible for arRP were first identified in
CNCGl, the gene encoding the a-subunit of the rod specific cGMP-gated cation
channel protein (Dryja et al, 1995), and subsequently in the gene encoding the Psubunit of this protein (CNGBl) (Bareil et al,

2001). Mutations causing

achromatopsia, or rod monochromacy, have been demonstrated in both the a- and p~
subunits of the cone cyclic GMP gated channel protein (Kohl et al, 1998; Sundin et
al, 2000)’.

1.8.5

Retinal guanylate cyclases and Guanylate cyclase activating proteins.
The enzymatic activity of the retinal guanylate cyclases, RetGC-1 and RetGC-

2, is modulated by calcium, increasing as the calcium concentration falls during light
exposure and decreasing when calcium levels rise in the dark. This is mediated by two
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calcium-binding guanylate cyclase activating proteins, GCAP-1 and GCAP-2, each
containing four calcium-binding domains (EF-hands). When photoactivation causes
closure of the c-GMP gated cation channels, entry of calcium into the photoreceptor is
prevented. At these low calcium concentrations calcium dissociates from the GCAPs,
permitting them to stimulate RetGC-1 and RetGC-2 to increase cGMP production.
Mutations in the gene encoding RetGC-1 (GUCD2) are one cause of the very
severe recessive cone-rod dystrophy Leber congenital amaurosis (LCA) (Perrault et
a l , 2000). An animal model for this form of LCA is provided by a naturally occurring
null mutation in the chicken orthologue of RetGC-1, which also gives rise to a
recessive photoreceptor degeneration (Semple-Rowl et al, 1998).
Several missense mutations at codon 838, which lies within a putative
intracellular dimerization domain of RetGC-1, are responsible for a later onset
dominant cone-rod dystrophy (CRD) phenotype (Duda et al, 2000). Functional
characterisation of these mutations indicates that they have a higher affinity for
GCAP-1 than wild-type RetGC-1, and marked residual activity at high calcium
concentrations (Wilkie et al, 2000). It is proposed that the resulting elevation of
cGMP levels in the dark would lead to persistently high intracellular calcium levels,
which may disrupt the membrane potential of the mitochondrial outer membrane and
initiate an apoptotic pathway.
A single missense mutation (Y99C), in the third calcium-binding domain of
GCAP-1, has been shown to cause dominant cone dystrophy (Payne et al, 1998a). In
high calcium concentrations (2 pM), at which wild-type GCAP-1 shows no RetGC
stimulatory activity, the GCAP-1 (Y99C) mutant continues to exhibit 30-50% of the
stimulatory activity seen in low (50 nM) calcium. This mutation may have a similar.
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though milder, deleterious effect as the RetGC 1 mutations, and may lead to
preferential cone death due to higher levels of RetGC-1 expression in cones.

1.8.6

Congenital stationary night blindness (CSNB).
CSNB, like RP, is a clinically and genetically heterogeneous disorder

primarily affecting the rod photoreceptors, in which patients become aware of night
blindness (nyctalopia) in early childhood (Carr, 1974). In contrast to RP, however, the
disease is non-progressive, there is no apparent rod degeneration, and affected
individuals retain photopic vision throughout life. CSNB may be inherited as an
autosomal dominant, recessive, or X-linked trait. Analysis of the molecular genetics of
CSNB may result in the identification of genes for RP since many CSNB loci have
proven to be allelic with RP loci.
Autosomal dominant CSNB has been found in association with several
mutations in genes encoding components of the phototransduction cascade: rhodopsin
(Ala292Glu) (Dryja et al, 1993), PDE6B (His258Asp) (Gal et al, 1994), and the asubunit of transducin, GNATl (GlySSAsp) (Dryja et al, 1996). The GNATl mutation
is interesting because it is responsible for the CSNB that affects the famous Nougaret
family. In each case the proposed effect of the mutation is a constitutive activation of
the phototransduction cascade leading to desensitisation of rod photoreceptors.
Oguchi disease is a rare autosomal recessive form of CSNB which is
characterised by a normal fundus appearance following full dark adaptation which
gives way to a golden or grey-white colouration of the retina upon light exposure (the
Mizuo phenomenon). Homozygous null mutations of the genes encoding arrestin
(Fuchs et al, 1995) and rhodopsin kinase (Yamamoto et al, 1997), both of which play
a role in deactivating rhodopsin, have been identified in Oguchi disease patients. Once
again prolonged activation of rod photoreceptors may lead to desensitisation, but in
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contrast to the dominant forms of CSNB rod sensitivity eventually returns to normal
after extended dark adaptation in Oguchi disease.
Three X-linked CSNB loci have been identified. CSNBl is associated with
severe myopia and undetectable rod function (‘complete’ CSNB). Up to 50% of
complete X-linked CSNB is due to mutations in the N YX gene, which encodes the
protein nyctalopin (Bech-Hansen et al, 2000; Pusch et a l, 2000)’. Nyctalopin is an
extracellular glycosylphosphatidyl (GPI)-anchored member of the small leucine-rich
proteoglycan (SLRP) protein family, and is expressed in retina and brain. Families
linked to the CSNB2 locus are described as having ‘incomplete’ CSNB to indicate that
they have subnormal, but measurable rod function. Several different mutations in the
gene CACNAIF, which encodes a retina-specific voltage gated calcium channel
alpha 1 subunit, have been found in CSNB2 patients (Bech-Hansen et al, 1998; Strom
et a l, 1998)’. These mutations are predicted to cause a decrease in neurotransmitter
release from photoreceptors. CSNB3 is allelic with RP3 and a novel mutation in RPGR
has been identified in a patient with CSNB (Hermann et al, 1996).

1.9

Photoreceptor Structural Proteins.

1.9.1

Peripherin-RDS and ROM-1
Mutations in the peripherin-RDS gene, which is located at 6p21 and encodes

the protein peripherin-RDS, are estimated to account for 5% of all adRP cases
(Kajiwara et al, 1991). Peripherin-RDS is an abundant transmembrane protein,
localised to the outer segment disc rims in both rods and cones, which may play an
important role in maintaining rim curvature and possibly in anchoring rod discs to the
adjacent plasma membrane (Travis et a l, (1991). In rods peripherin-RDS forms a
hetero-tetrameric complex with another structural protein, rod outer segment protein 1
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(ROM-1) with which it has 55% nucleotide sequence homology (Bascom et al,
1992). Since no cone-specific equivalent of ROM-1 has been identified so far, it has
been suggested that four peripherin-RDS molecules bind together to form a homotetramer in cones.
A large insertion mutation in the murine peripherin-rds gene was found to be
responsible for the naturally occurring mouse retinal dystrophy rds (retinal
degeneration slow). This acts as a null mutation, resulting in a complete lack of
peripherin-rds in homozygous rds~/rds~ mice, which fail to develop outer segments
(Cohen, 1983). In heterozygous mice, which have a 50% reduction in peripherin-rds
(haploinsufficiency), outer segments are produced, but these are shortened and
structurally disorganized.
More than 40 different mutations of the human homologue, peripherin-RDS,
have been identified and these are associated with a wide phenotypic variety of
dominantly inherited photoreceptor dystrophies which differ in the extent of rod
and/or cone involvement, including adRP, cone-rod dystrophy and several macular
dystrophies (Keen and Ingleheam, 1996). In contrast to the murine rds mutation, the
human mutations are assumed to cause retinal dystrophy by a dominant negative
effect of the mutant peripherin-RDS protein on photoreceptor function and stability.
This has been demonstrated by the introduction of a mutated (Pro216Leu) peripherinRDS transgene into rds~/rds~ mice. Transgenic Pro216Leu mice suffered increased
outer segment dysplasia and accelerated photoreceptor cell death, when compared to
heterozygous rds^/rds~ mice with one wild-type copy of peripherin-rds (Kedzierski et
al, 1997).
Further studies have shown that some peripherin-RDS mutations, which are
associated with human adRP, prevent peripherin-RDS and ROM-1 from forming a
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tetramer, whilst the Argl72Trp mutation, responsible for autosomal dominant macular
dystrophy, behaves normally with respect to subunit assembly (Goldberg and Molday,
2000). It is possible that mutations causing macular dystrophy either affect RDS-RDS
binding or the binding of peripherin-RDS to an unidentified cone counterpart of
ROM-1. Individual RDS mutations can also be associated with marked intra-familial
phenotypic variation. One family segregating a deletion in codons 153-154 has been
reported to have affected members with adRP, pattern macular dystrophy, and fundus
flavimaculatus (Weleber et al, 1993), suggesting that the eventual phenotype may
depend upon the interaction of peripherin-RDS with one or more as yet unidentified
proteins.
The important structural relationship between peripherin-RDS and ROM-1 is
underlined by a small number of retinitis pigmentosa families in whom affected
individuals are compound heterozygotes for both a specific RDS mutation
(Leul85Pro) and one of a number of ROMl mutations (Kajiwara et al, 1994). In
contrast, family members who possess the RDS or the ROMl mutation alone are not
affected, providing the first definite example of a digenic disorder in human genetics.
Since peripherin-RDS is located on chromosome 6 and ROMl on chromosome
11, the two mutations in digenic RP will segregate independently and may both be
inherited by the offspring of an affected individual (25% chance), resulting in a
pseudo-dominant pattern of inheritance. This is in contrast to the situation in arRP,
where meiosis prevents two mutated copies of the same gene from both being
transmitted to an offspring. The digenic pattern of inheritance must, therefore, be
taken into account when carrying out genetic counselling of small apparently
dominant pedigrees, and in all cases of sporadic RP.
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Heterologous expression of peripherin-RDS and ROM-1 in cultured cells has
revealed that Leul85Pro peripherin/rds does not form RDS-RDS homo-tetramers, but
can form hetero-tetramers with ROM-1 (Goldberg and Molday, 1996). RP appears to
result when this mutation is combined with a 50% reduction in ROM-1 concentration.

1.9.2

Usher syndrome.
The Usher syndromes are the commonest of the syndromic retinal dystrophies,

with a prevalence of approximately 1 in 25,000 (Boughman et al, 1983). They are
characterized by the combination of congenital sensorineural deafness and RP
(Fishman et al, 1983), and are subdivided on the basis of the severity of auditory and
vestibular dysfunction. Individuals with Usher syndrome type I (USHl) are
profoundly deaf and lack vestibular function, whilst subjects with Usher syndrome
type II (USH2) have mild non-progressive hearing loss and normal vestibular
function. Usher syndrome type III is rare and comprises progressive hearing loss
associated with variable vestibular function.

1.9.2.1

Usher syndrome type 1: M Y07A and CDH23.
At least six genetic loci (USHIA-F) have been identified for USHl, of which

USHIB (located at llq l3 .5 ) accounts for approximately 75% of all USHl patients.
The gene for USHIB (MY07A) was identified when the recessive mouse mutant
shaker-1, which manifests a progressive cochlear and vestibular degeneration (but not
retinal dystrophy), was found to be due to mutations in the murine homologue myo7a
{Q ihsonetal, 1995).
A large number of nonsense mutations, deletions, and missense mutations in
M Y07A, have since been demonstrated, both in USHIB families and in individuals
with isolated (nonsyndromic) deafness (Weil et al, 1997). MY07A encodes the
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protein myosin VIIA, which belongs to a family of unconventional myosins involved
in phagocytosis, endocytosis, vesicular transport, chemotactic movement, and other
motilities associated with actin. Myosin VIIA has been immunolocalised to the base
of rod and cone outer segments and to the apical microvilli of the RPE (Liu et al,
1997). One study reported myosin VIIA immunoreactivity in primate, but not rodent
photoreceptors, and suggested that this might explain the phenotypic difference
between shaker-1 mice and humans.
Mutations in the CDH23 gene have been identified in consanguineous
Pakistani, Indian and Turkish families as a cause of USHl at the USHID locus, and of
recessive nonsyndromic deafness (Bork et al, 2001). CDH23 encodes a cadherin-like
protein of unknown function which, like myosin VIIA, is expressed in both retina and
cochlea. Cadherins function as intercellular adhesion molecules suggesting a role for
CDH23 in the maintenance of interactions between retinal cells.

1.9.2.2 Usher syndrome type 2:
Usher type 2 is also genetically heterogeneous with three loci identified
(USH2A-C), of which USH2A accounts for at least 90% of affected individuals
(Chapter 8). The USH2A gene encodes a putative extracellular matrix protein, usherin,
that is expressed in the retina and inner ear, and contains laminin EOF and fibronectin
type III domains that may be involved in cell adhesion (Eudy et al, 1998). A
2299delG mutation is particularly common in USH2A patients, whilst other mutations
in USH2A give rise to recessive RP without hearing loss (Rivolta et al, 2000).

1.9.3

X-Linked Retinoschisis (XLRS)
XLRS, a juvenile onset macular dystrophy, is characterised by cystic lesions

within the nerve fibre layer (macular schisis cavities), which are thought to arise from
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a defect in Müller cells. XLRS is one of the few dystrophies that give rise to an
electronegative ERG, suggestive of a post-receptoral defect. Macular schisis is
associated with peripheral retinoschisis in around 50% of cases. The XLRSl gene
encodes a protein, retinoschisin, which shares homology with discoidin and other
proteins implicated in cell-cell interactions (Sauer et al, 1997). In murine retina this
protein is expressed exclusively in photoreceptor cells, but it is also secreted into the
inner retina, and may have a role in photoreceptor-Müller cell interaction (Grayson et
al, 2000) . Over 80 different mutations of XLRS have been observed (The
Retinoschisis Consortium, 1998).

1.10

Retinol (vitamin A) Metabolism.
Regeneration of 1 l-cw-retinal (the ‘visual cycle’) is a complex process

involving several enzymes and retinoid binding proteins in both the rod photoreceptor
and the RPE (Figure 1.8). This process is facilitated by the interdigitation of rod outer
segments (ROS) and the apical microvilli of the RPE, which increases the surface area
across which metabolites can be transported.
During photoactivation opsin bound 11-cw-retinal is isomerized to eXX-transretinal, released from its binding pocket, and then transported out of the ROS disc by
the ATP-binding cassette transporter of rods (ABCR). In the ROS cytoplasm a rodspecific dehydrogenase (f-RDH) converts retinal to all-/ra«5-retinol, which then
crosses the interphotoreceptor space, bound to interphotoreceptor retinoid binding
protein (IRBP), and enters the RPE. In the RPE dX\-trans-it(mo\ binds to cellular
retinoid binding protein (CRBP), and is esterified by lecithin retinol acyl transferase
(LRAT) to produce an all-/ra«5-retinyl ester. This ester is transformed into 11-czjretinol by an isomerohydrolase enzyme, which may be the protein RPE65.
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Figure 1.8

Retinal (vitamin A) cycle. Recycling o f retinal occurs via a complex cycle involving the photoreceptor outer segment (above)

and the retinal pigment epithelial cell (below).
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Retinol is then bound by cellular retinaldehyde binding protein (CRALBP),
which also promotes the oxidation of retinol to l\-cis retinal by W-cis retinol
dehydrogenase (c-RDH) and inhibits the estérification of W-cis retinol (Saari et ai,
1994). Regenerated 11-c/5 retinal is then returned, via the interphotoreceptor space, to
the rods. Mutations involving visual cycle proteins have now been identified in
several retinal dystrophies, all of which are recessively inherited.

1.10.1 ABCA4, Rim protein, and Stargardt disease/fundus flavimaculatus.
Stargardt disease/fimdus flavimaculatus (STGDl) is an autosomal recessive
retinal dystrophy characterised by the presence of yellow-white flecks at the level of
the RPE, which may be concentrated at the fovea (Stargardt disease) or be scattered
throughout the peripheral retina with minimal macular involvement (fundus
flavimaculatus) (Noble and Carr, 1979). The severity of visual loss is dependent upon
the degree of macular involvement. Stargardt disease typically presents in late
childhood, frequently with a relatively rapid loss of visual acuity occurring over a few
weeks or months. Foveal flecks give way to macular atrophy as the disease progresses
resulting in severely reduced central vision (20/200). Fundus flavimaculatus tends to
present in later life and is frequently associated with preservation of central vision.
Fluorescein angiography in both conditions is characterised by a ‘dark choroid’
resulting from blocking of normal choroidal fluorescence by the RPE deposits. Both
angiography and electrophysiology indicate that there may be widespread retinal
dysfunction even when fundal changes are limited to the macular area.
Histopathology in early Stargardt disease indicates that the characteristic
flecks and ‘dark choroid’ result from deposition of lipofiiscin pigment granules in
RPE cells (Bimbach et al, 1994). With disease progression degeneration of the RPE
occurs, with photoreceptor loss occurring at a late stage.
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Autosomal recessive Stargardt disease/fundus flavimaculatus (STGDl) is
genetically homogeneous, with all affected families linking to a locus at Ip21-pl3.
Causative mutations have been demonstrated in the gene ABCA4, which encodes Rim
protein (RmP), a photoreceptor specific ATP-binding transporter protein (Allikmets et
al, 1997). Whilst Stargardt disease primarily affects the cone-rich macula, RmP is
expressed exclusively in rod photoreceptor outer segments (Azarian and Travis,
1997), where it co-localises with peripherin/RDS at the disc rim.
An valuable insight into the function of RmP in the pathogenesis of STGDl
has recently been gained from a study utilising abcr knockout mice as a model of the
human disorder (Weng et al, 1999). Levels of critical outer segment proteins
(rhodopsin, rds/peripherin and ROM-1) were similar in abcr ''' and wild type mice.
Abnormalities demonstrated in mice with the abcr ''' null mutation included: 1)
delayed rod dark adaptation; 2) delayed clearance of all-rrans-retinaldehyde following
a photobleach; 3) a 1.6-fold increase in phosphatidylethanolamine (PE) levels in rod
outer segments; 4) presence o f protonated A-retinylidene-PE (the condensation
product of retinaldehyde and PE) in preference to the non-protonated form; 5) 10 to
20-fold increase in the RPE levels of A-retinylidene-A-retinylethanolamine (A2-E, the
condensation product of two retinaldehydes with ethanolamine), which is the major
fluorescent constituent of lipofuscin; and 6) accumulation of dense bodies in RPE
cells associated with thickening o f Bruch’s membrane.
Based on these findings the authors propose that abcr/ABCR acts as an
outwardly directed flippase for protonated A-retinylidene-PE, located at the rim of rod
outer segment discs. This would be consistent with the biology of other members of
the ABC (ATP-binding cassette) transporter family, some of which have been
demonstrated to act as phospholipid flippases (Dogra et al, 1999). Several retinoids,
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including all-/ra/75-retinaldehyde, have been shown to increase the ATPase activity of
RmP, but only when RmP was reconstituted in the presence of PE (Sun et al, 1999).
This implies that all-/ra«5-retinaldehyde may be reacting with PE to form Nretinylidene-PE, the proposed substrate for RmP.
RmP may speed up the recovery of retinal sensitivity (dark adaptation)
following a photobleach by accelerating transfer of all-fra«5-retinaldehyde from the
disc interior to the cytoplasm. Since the disc rim is adjacent to the plasma membrane,
the location of RmP may increase the efficiency of retinoid recycling by minimising
the diffusion path via the extracellular space to the RPE. In cone outer segments the
disc membranes are continuous with the plasma membrane, and the intradiscal and
extracellular spaces are contiguous. There may, therefore, be no requirement for RmP
in these cells.
Since RPE cells are responsible for the phagocytosis of rod outer segments,
elimination of A-retinylidene-PE from the interior of discs may also protect the RPE
from lipofuscin accumulation. A2-E has been shown to induce apoptosis in
mammalian RPE (Suter et al, (2000). In abcr ''' mice high concentrations A2-E may
act as a positively charged lysomotrophic detergent, dissolving cellular membranes
and potentially leading to the death of RPE cells, with secondary degeneration of
photoreceptors. Since the perifoveal retina in humans contains a ring-like area of very
high rod density, the predilection of STGDl for the macula may be due to rodmediated damage to the macular RPE. This hypothesis correlates well with the
histopathological and clinical findings in Stargardt disease.

1.10.2 RPE65 (all-//*flw5-retinyl ester isomerohydrolase).
The RPE65 gene encodes a 65 kD microsomal protein (RPE65), which is
expressed exclusively in the RPE, where it comprises about 10% of total membrane
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protein (Hamel et al, 1993). Mutations in RPE65 have been demonstrated in Leber
congenital amaurosis (Marlhens et al, 1997) and “autosomal recessive childhoodonset severe retinal dystrophy” (Gu et al, 1997). The latter phenotype is poorly
defined and may include early onset forms of both arRP and recessive cone-rod
dystrophy. Rpe65 ''' mice lack rhodopsin, despite the presence of the opsin apoprotein
in ROS (Redmond et al, 1998). Rod function, as measured by electroretinography
(ERG), is abolished, whilst cone function persists. In these mice, excess dX\-trans
retinyl esters accumulate in the RPE whereas W-cis retinyl esters are absent. These
data suggest that RPE65 acts as, or in conjunction with, an aW-trans-TQtinyl ester
isomerohydrolase, and that cone pigment regeneration may be dependent on a separate
pathway.
Administration of oral 9-czj-retinal to Rpe65 ''' mice has been shown to result
in rhodopsin formation and an improvement in the ERG (Van Hooser et al, 2000),
implying that pharmacological intervention might be successful in individuals with
retinal dystrophies caused by defects in RPE65.

1.10.3 CRALBP (Cellular Retinaldehyde Binding Protein).
Mutations in CRALBP cause retinitis punctata albescens, a form of arRP in
which white dots are found scattered across the retina (Maw et al, 1997). One
recombinant CRALBP mutant (R150Q) was demonstrated to be unable to bind W-cis
retinal, which presumably impairs oxidation of W-cis retinol to 11-c/5 retinal in vivo,
limiting the quantity of retinal available to the photoreceptors. A similar phenotype,
with small white deposits at the level of the RPE, night blindness, and visual field loss
also characterises chronic retinol (vitamin-A) deficiency. Photoreceptor degeneration
is also observed in animal models of chronic retinol deficiency (Hayes, 1974).
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1.10.4 W-cis Retinol Dehydrogenase
Conversion of ll-cis retinol to ll-cis retinal within the RPE is catalyzed by
ll-c is retinol dehydrogenase, encoded by the gene RDH5. Two recessive missense
mutations of RDH5 have been identified in patients with fundus albipunctatus, a form
of congenital stationary night blindness that is also characterized by the presence of
white deposits in the retina and delayed dark adaptation (Yamamoto et al, 1999). In
vitro, mutant RDH5 had a tenfold decreased yield and a markedly reduced specific
activity compared with the wild-type enzyme.
Interestingly, the retina develops normally, without white deposits, in mice
that are homozygous for a targeted disruption of the RDH5 gene (Driessen et al,
2000). These mice displayed normal rod and cone ERG responses, and normal dark
adaptation kinetics at bleaching levels under which patients suffering from fundus
albipunctatus could be detected unequivocally. Only at high bleaching levels was
delayed dark adaptation observed, suggesting that the murine retinal pigment
epithelium contains an alternative mechanism for the biosynthesis of 11-cis-retinal.

1.10.5 Serum retinal binding protein.
The RBP4 gene encodes serum retinal binding protein (SRBP), which is the
specific carrier for retinol in the blood. Two siblings, who were compound
heterozygous for missense mutations in RBP4, were observed to have nyctalopia since
early childhood, atrophy of the retinal pigment epithelium, elevated dark adaptation
thresholds, and abnormal scotopic and photopic ERGs (Seeliger et al, 1999). The
absence of detectable SRBP in these individuals was associated with serum retinol
levels less than 20% of normal, which would severely limit the availability of retinol
to the RPE for formation of chromophore.
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1.11

Transcription Factors.
Many transcription factors (proteins which regulate gene expression) are

required for normal ocular development, and some remain essential for maintenance
of the mature retina (Freund et al, 1996).

1.11.1 Cone Rod Homeobox (CRX).
The photoreceptor specific transcription factor CRX, derived from the
homeobox gene CRX (19ql3.3), is expressed both during retinal development and in
adult retina. Mice that are homozygous for a targeted disruption of the murine Crx
gene do not elaborate photoreceptor outer segments and lack electroretinographic
evidence of rod and cone activity (Furukawa et al, 1999). Rat photoreceptors
expressing a dominant-negative Crx mutation also fail to develop normal outer
segments (Furukawa et al, 1997), suggesting that Crx is essential for photoreceptor
morphogenesis. In mature retina CRX acts synergistically with the transcription factor
NRL to control expression of photoreceptor-specific genes such as rhodopsin and the
cone opsins (Chen et al, 1997).
Dominant mutations in the human CRX gene (e.g. GluSOAla and Glul68 Ibp
deletion) have been found in adCRD (Freund et al, 1997). These may be pathogenic
by a dominant-negative (gain of function) mechanism or result in haploinsufficiency
of CRX. Recessive mutations in CRX are one cause of Leber congenital amaurosis, a
severe cone-rod dystrophy in which retinal degeneration may be present at birth
(Freund et al, 1998). Affected individuals are found to have severe visual loss
associated with nystagmus in the first few months of life, and a markedly reduced or
undetectable electroretinogram. The early onset and relative severity of these
dystrophies may reflect the essential role of CRX in retinal development.
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1.11.2 Neural Retina Leucine Zipper (NRL).
In vitro the transcription factor NRL also binds to sequences present in or near
the promoters of many photoreceptor-specific genes, and regulates their expression,
both alone and in synergy with CRX. A Ser50Thr missense mutation in the NRL gene
(chromosome 14qll.2) has been identified in several ancestrally related families with
adRP (Bessant et al, 2000) (Chapter 6). Serine^^ is located in 1 of 2 highly conserved
regions of the transactivation (TA) domain of NRL, and is conserved in other
members of the Maf family of proteins that contain a TA domain. When co-expressed
with CRX in transient transfection experiments, NRL^^®^ demonstrated markedly
enhanced synergistic transactivation of the rhodopsin promoter, resulting in increased
transcriptional activity (Bessant et al, 1999). Rhodopsin is the major structural protein
of ROS, and in animal models over-expression of rhodopsin has been shown to cause
photoreceptor cell death (Olsson et al, 1992). A similar mechanism may be
responsible for the retinal degeneration resulting from the

mutation.

1.11.3 Photoreceptor-specific nuclear receptor {NR2E3),
Patients with recessive enhanced S-cone syndrome (ESCS) exhibit increased
sensitivity to blue light, mediated by what is normally the least populous cone
photoreceptor subtype, the S (short wavelength, blue) cones. 94% of a cohort of ESCS
probands was found to have mutations in the gene NR2E3, which encodes
photoreceptor cell-specific nuclear receptor (PNR), one of a large family of nuclear
receptor transcription factors involved in signalling pathways (Haider et al, 2000).
These nuclear receptors have been shown to be involved in embryonic development,
and in maintenance of cellular function in adult life. Abnormal determination of cone
cell fate during retinal development may, therefore, lead to an altered ratio of short to
long- and medium-wavelength cone photoreceptors in ESCS.
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A homozygous missense mutation in PNR (Arg311Gln) has also been
identified as the cause of late-onset RP in the highly consanguineous population of
Portugese Crypto-Jews (Gerber et al, 2000). These individuals did not undergo
electrophysiological assessment of S-cone function. A deletion in the murine
homologue of NR2E3 gives rise to the late-onset autosomal recessive retinal
degeneration of the rd7 mouse, which provides a naturally occurring animal model for
the human diseases (Akhmedov et al, 2000).

1.12

Precursor RNA Processing (PRP) Proteins.
Recently a new class of proteins, known as precursor RNA processing (PRP)

proteins, which are involved in the splicing of mRNA, have been implicated in the
pathogenesis of RP.
Removal of intron sequences by splicing occurs by two sequential trans
estérification reaction steps that are catalyzed by the components of a large RNAprotein complex, termed the spliceosome (Burge et a l, 1999). The formation of the
major U2-dependent spliceosome involves the stepvsdse assembly of four small
nuclear ribonucleoprotein particles (snRNP; U l, U2, U4/U6, and U5) and many nonsnRNP splicing factors on a pre-mRNA. In splicing, the U l snRNA first base pairs
with the 5' splice site to produce a commitment complex. The U2 snRNP then
interacts with the branchpoint sequence in an ATP-dependent fashion to form the prespliceosome. The U4/U6 and U5 snRNPs associate with this complex as a single trisnRNP particle to form the complete spliceosome. Conformational rearrangements
then occur, allowing sequential cleavage at the 5' and 3' splice sites followed by
ligation of the two exons to form the mature mRNA species.
Studies carried out in Saccharomyces cerevisiae have revealed that more than
40 non-snRNP protein factors are essential for spliceosome formation. These are
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referred to as PRP proteins, for precursor RNA processing. Mutations in genes
encoding the human homologues of S. cerevisiae PRP proteins have now been
identified as responsible for autosomal dominant RP at three different loci.
Mutations in the gene PRPC8 were the first to be recognised, as the cause of
adRP at the RP13 locus (17pl3.3) (McKie et a l, 2001). The S. cerevisiae Prp8 protein
is thought to be the core component of the U5 snRNP and is required for the formation
of the U4/U6-U5 tri-snRNP complex, without which spliceosome assembly and premRNA processing cannot take place (Brown an Beggs, 1992). U5 also has a pivotal
role in the U 12-dependent spliceosome complex, which although it is involved in the
splicing of less than 1% of all introns, is required for the splicing of the a-subunits of
the voltage-gated sodium and calcium channels found in photoreceptor outer
segments.
The second gene to be identified was PRPF31, associated with adRP at the
R P ll locus (19ql3.4) (Vithana et a l, 2001). Human PRPF31 is a 61 kDa protein
(6IK) found in the U4/U6-U5 tri-snRNP complex (Makarova et a l, 2002). It is
predicted that PRPF31 physically tethers U4/U6 to the U5 snRNP to yield the trisnRNP. Immunodepletion of PRPF31 from nuclear extracts inhibits tri-snRNP
formation and subsequent spliceosome assembly and pre-mRNA splicing, whilst
complementation with recombinant PRPF31 protein restores each of these steps. The
preponderance of protein truncation mutations observed in subjects with the R P ll
form of adRP suggests that the pathophysiological basis of this disorder may be the
functional loss of one allele, leading to haploinsufficiency.
The third protein to be implicated was HPRP3, which is responsible for the
RP18 form of adRP (lq21.1) (Chakarova et a l, 2002). The S. cerevisiae Hprp3p
protein is a component of the U4/U6 snRNP complex.

95

Introduction

All three of the PRP proteins implicated in human adRP are ubiquitously
expressed and would be expected to play a central role in mRNA processing in most
tissues. It is possible, however, that the recruitment of the U4/U6-U5 tri-snRNP
complex to the pre-mRNA may be the rate-limiting step in splicing. If so, any
deficiency will be most detrimental to highly metabolically active tissues such as the
retina, especially during the period of high opsin turnover that precedes the lightinduced shedding of outer segment discs (Korenbrot and Femanald, 1989).
Alternatively a retina specific splicing element may exist that interacts with all three
of these PRP proteins.

1.13

Aims of this thesis.
The aims of this study were, firstly, to identify novel genetic loci and genes

responsible for a number of inherited retinal dystrophies, including various forms of
retinitis pigmentosa, cone-rod dystrophy and Usher syndrome, and secondly, to
perform a detailed analysis of the phenotype associated with each o f these genotypes.
The first aim was achieved by careful selection of appropriate pedigrees both
from local records in the Moorfields Eye Hospital ‘Retinal dystrophy database’ and
other international sources, followed by linkage or homozygosity analysis to
determine the genetic locus associated with each disorder, and finally by mutation
screening of candidate genes to identify the mutation responsible for each phenotype.
Detailed phenotypic assessment of selected subjects was then carried out to
obtain the maximum amount of information regarding the retinal dystrophy phenotype
associated with each particular genotype that had been identified. This information
was ascertained through a combination of clinical examination, electrophysiological
assessment, psychophysical assessment, and fundus imaging.
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2

2.1

LABORATORY METHODS.

Identification of Families and Individuals.
The families and individuals affected by inherited eye disorders involved in

these studies were obtained from a number of sources. The majority were identified
whilst attending specialist clinics at Moorfields Eye Hospital, which is a tertiary
referral centre for patients with inherited eye conditions. At this time a genetic history
was obtained and a Genetic Nurse/Research Co-ordinator constructed a pedigree for
each family/individual before entering them in a computer database. Patients with
inherited retinal dystrophies were entered into a ‘Retinal dystrophy database’, whilst
all other pedigrees were entered into the ‘Genetic Clinic database’. In many cases a
blood sample was then obtained for molecular genetic analysis.
A manual search of all patient records in the ‘Retinal dystrophy database’,
which comprises over 4000 pedigrees, was carried out at the outset of this study to
identify large and/or consanguineous pedigrees that had not previously been
investigated and that might be suitable for linkage or homozygosity analysis.
Several large and frequently consanguineous pedigrees segregating a variety of
autosomal recessive retinal dystrophies (and in one case recessive congenital
microphthalmia) were obtained through collaboration with Professor S. Qasim Mehdi
of the Dr. A.Q. Khan Research Laboratories, Biomedical and Genetic Engineering
Division, Islamabad, Pakistan. A number of smaller Spanish families, also with
recessive retinal dystrophies, were supplied by Dr. Guillermo Antinolo from the
Unidad de Genética Médica y Diagnôstico Prenatal, Hospital Maternal, Hospital
Universitario “Virgen del Rocio”, Sevilla, Spain.
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2.2

Preparation of DNA.

2.2.1

Collection of blood samples.
All patients and relatives donating blood samples for molecular genetic

analysis during an outpatient clinic attendance were given a detailed explanation of
the nature and purpose of the proposed research. It was made clear that this was not a
diagnostic service and that no result could be guaranteed. Informed consent was then
obtained prior to blood samples being taken.
Blood samples from additional family members were obtained by inviting
them to attend Moorfields Eye Hospital for an ophthalmic examination where
possible, both to ensure that affectation status was accurately assessed and that
informed consent had been gained. If this was not possible a consent form was posted
to the individual in question together with a document explaining the nature and
purpose of the proposed research. When the completed consent form was returned
tubes for blood sampling were sent with instructions to that individual or a local
clinician, usually his/her General Practitioner.

2.2.2

DNA extraction from peripheral blood lymphocytes.
Two blood samples were collected from each subject in 10ml tubes containing

sodium EDTA. Where possible DNA was extracted from blood samples immediately
upon arrival in the laboratory. Duplicate samples and those which could not be
extracted on arrival were stored at -80°C until required. Prior to DNA extraction
frozen samples were thawed at room temperature, and all samples were then
transferred to sterile 50ml falcon tubes.
DNA extraction was carried out using the Nucleon DNA extraction kit
(Scotlab). 40ml of Reagent A (lOmM Tris-HCl pH8.0, 320mM sucrose, 5mM MgC12,
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1% Triton-X-100) was added and mixed by inverting. The falcon tubes were then
centrifuged at 4000g for 10 minutes and the resulting supernatant discarded. The
pellet was resuspended in 2ml of Reagent B (400mM Tris-HCl pH8.0, 60mM EDTA,
ISOmM NaCl, 1% SDS) and transferred to 5ml screw-capped tubes. 500|al of 5M
sodium perchlorate was added and the samples were mixed in a rotary mixer for 15
minutes at room temperature, followed by 25 minutes at 65°C. Tubes were then
cooled on ice prior to the addition of 2ml of chloroform and 3GOpi of silica
suspension, and mixed by inversion. Samples were then centrifuged at 1400g for 6
minutes. The supernatant was aspirated into universal tubes and the DNA precipitated
by the addition of two volumes of absolute ethanol. Precipitated DNA was then
removed with a sterile needle and rinsed with 70% ethanol, air dried, and dissolved in
500-1000pl of sterile distilled water. DNA stocks were stored at -80°C whilst 1 in 10
dilutions were prepared and maintained at 4°C for routine usage. The average DNA
yield from 10ml of blood utilising this method has been estimated at 250-300pg.

2.2.3

DNA purification: use of Centricon 100 spin columns.
Prior to automated sequencing PCR products were routinely purified using

Centricon 100 spin columns (Centricon, Princeton USA). The columns were first
assembled according to the manufacturers instructions. 50pl of DNA sample and 2ml
of sterile distilled water was then added to the upper reservoir of each column. These
were then centrifuged at lOOOg for 15 minutes, with the DNA being retained by a
membrane whilst dNTPs and unincorporated primers passed through into the lower
reservoir of the column. A further 2ml of sterile distilled water was added to the upper
reservoir of each column and this process repeated. The lower reservoir was then
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emptied, the column inverted, and centrifuged for 5 minutes at 300g to permit the
eluted DNA to be collected.

2.3

Amplification of DNA by Polymerase Chain Reaction (PCR).
Standard PCR reactions were performed using Bioline or Promega products. In

the mutation screening protocol a single PCR product might be required to undergo
agarose gel electrophoresis, heteroduplex analysis, and direct sequencing. PCR
reactions were, therefore, carried out on -lOOng of DNA in 50pl reaction volumes. A
typical reaction mixture consisted of a 1 x concentration of (NH4)2 S0 4 PCR buffer
(1.6 mM (NH4)2S0 4 , 67 mM Tris-HCl and 0.1% Tween-20), 200 mM of each dNTP,
7.5 pmol of each oligonucleotide primer, 1.5 mM MgCb, and 0.2 units of Taq
polymerase. In the linkage analysis protocol, which involved a single polyacrylamide
gel electrophoresis, smaller reaction volumes, usually lOpl were used. The
concentration of MgCb was altered if necessary to minimise the yield of non-specific
PCR products from each primer pair. The reaction was overlaid with mineral oil,
unless performed in equipment with heated lids. Each PCR reaction was consistently
performed using the same thermocycler (Hybaid OmniGene or Perkin Elmer
GeneAmp PCR system 2400/system 9600).
Typical parameters for cycling consisted of an initial dénaturation step for 5
min, followed by 35 cycles comprising of dénaturation at 94°C for 1 minute, an
annealing step for 1 minute, and extension at 72°C for 1 minute, with a final extension
step at 72°C for 10 minutes. Annealing temperature for PCR is determined by the
melting temperature (Tm) of the two primers and is generally a few degrees less than
the lower Tm of the two primers. In this study annealing temperatures varied fi*om 48
to 65°C, and were initially calculated by estimating the Tm using the formula: Tm =
4(G+C) + 2(A+T), and subtracting 2-5°C. The specific annealing temperature for each
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pair of primers was then optimised to give a maximum yield of the required PCR
product and minimise the output of non-specific products.
If after varying both the annealing temperature and the MgClz concentration
for a particular PCR reaction the reaction remained non-specific then either a ‘hotstart’ or a ‘touchdown’ PCR method was employed. The ‘hot start’ protocol simply
involved the addition of Taq polymerase after the initial 5 minute cycle of
dénaturation. The ‘touchdown’ method was based on an initial amplification of a
perfectly matched target at high stringency, followed by this product being used as the
template for subsequent PCR cycles. The cycling parameters were determined so that
initial cycling occurred at a temperature greater than the annealing temperature of the
primer pair, with the annealing temperature of each successive cycle reduced by 1°C,
until it reached a value slightly less than the calculated annealing temperature of the
primers. All remaining cycles were performed at this lower temperature.

2.4

DNA Digestions with Restriction Endonucleases.
The presence of relevant sequence changes identified during mutation analysis

was confirmed by digestion of PCR products with an appropriate restriction enzyme
(Pharmacia, New England Biolabs, and Promega). Reactions were carried out in the
PCR buffer where possible, and otherwise in the manufacturers recommended buffer.
In general, the reaction composed of a Ix concentration of buffer, with 1 unit of
restriction enzyme per pg of template DNA for digestion. Digestion was performed
following the manufacturer’s recommendations, for at least eight hours, and at the
appropriate incubation temperature specified for the enzyme. 20pl standard reaction
volumes were used. The reaction was arrested by heating the samples at 65-85°C to
denature the restriction endonucleases. Products were then visualised by agarose gel
electrophoresis.
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2.5

Fractionation of DNA.

2.5.1

Agarose gel electrophoresis.
This method was used to visualise neat DNA, PCR products, and restriction

enzyme digests, and to separate DNA fragments for further analysis. An agarose
mixture of appropriate concentration, usually 1% or 2% (w/v) depending on the size
resolution required (Sambrook et al. 1989), was prepared in 1 x TAB buffer (see
reagents, below). The mixture was melted in a microwave oven and cooled to about
50°C prior to the addition of ethidium bromide to a final concentration of 0.5 pg/ml.
The agarose was then poured into a loading tray with a comb at one end and allowed
to polymerise. DNA was loaded in 1 x Ficoll buffer with size standards in adjacent
lanes (Promega ^liMAlHae III, X/Hind III or Gibco/Promega 1 kb ladder markers).
These were electrophoresed at up to 80 v for 30-60 minutes in a tank containing 1 x
TAE buffer. If necessary DNA fragments were visualised by further staining the gel in
ethidium bromide solution (0.5 pg/ml) for 15 min. Photography was performed on a
UV transilluminator using an orange filter and Kodak plus-X film. In cases where
fragments needed to be isolated the appropriate band(s) were excised using sterile
scalpels.

2.5.2

Non-denaturing polyacrylamide gel electrophoresis.
This technique was employed to distinguish the different alleles of the

polymorphic microsatellite markers used in linkage/homozygosity analysis. The
standard apparatus used (Biorad) measured 49cm by 68cm and utilised 1.5mm thick
spacers. The gel plates were first washed and ethanol wiped, before being assembled
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according to the manufacturers instructions and placed in a gel casting tray. The back
plate, incorporating the buffer reservoir, was silanised prior to assembly with
Sigmacote (Sigma). The concentration of acrylamide required for maximum
resolution depends upon the size of the DNA fragments being resolved. In
microsatellite analysis the PCR products are usually in the range of 80 to 400bp, and
thus 8% gels were routinely used.
A 350ml gel solution was prepared containing the required percentage of
acrylamide/bisacrylamide (Protogel, National Diagnostics) and Ix TBE buffer. 50ml
of this solution was mixed with 300pl of 25% ammonium persulphate (APS) and
lOOpl of TEMED (Sigma) and poured into the gel casting tray to form a seal. The
remaining solution was mixed with 700pl of 25% APS and 70pl of TEMED, and
poured between the gel plates, avoiding the formation of bubbles. The plates were
then laid almost horizontally with a 68 square well comb inserted and clamped in
place. Gels were allowed to polymerise for one hour, after which they were removed
from the casting tray and placed in a buffer tank. After filling the tank and reservoir
with Ix TBE the gels were pre-warmed to 55°C. The comb was removed and the wells
rinsed out immediately prior to loading.
Samples were suspended in formamide loading dye containing 0.1%
Bromophenol blue and 0.1% Xylene cyanol. 6-8pl of each suspended sample was
loaded using a pipette with an elongated tip. On an 8% acrylamide gel Bromophenol
blue and Xylene cyanol co-migrate with DNA fragments of around 45bp and 160bp
respectively. These dyes were used to assess the location of DNA migrating within the
gel in order to determine the ideal time to stop the electrophoresis. Run times were
typically four to six hours. Following electrophoresis the plates were separated and the
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gel divided into sections. Each section was stained in 0.5jj,g/ml ethidium bromide for
five minutes before being photographed under UV illumination.

2.5.3

Heteroduplex analysis.
PCR products containing normal and mutant alleles, fi*equently differing by

only a single base, can also be resolved using non-denaturing polyacrylamide gel
electrophoresis (Keen et al., 1991). Resolution depends upon conformational
differences in the DNA molecule that result from the sequence change (base pair
mismatch, insertion or deletion) in the mutant allele. This technique detects
conformational differences in double stranded DNA, in contrast to the widely used
SSCP method, which detects single stranded conformational polymorphisms (Orita et
a l, 1989).
In the presence of a single mutation or polymorphism at a particular locus PCR
amplification of genomic DNA will generate two species of product, one containing
the normal and one the mutant sequence. This is the situation encountered when
screening for dominantly inherited mutations, and in most examples of recessively
inherited traits in the absence of consanguinity. In the special case of recessive
mutations segregating in a homozygous manner within an inbred family, however,
only the mutant sequence will be present. In order to detect these sequence changes by
heteroduplex analysis DNA from an unaffected parent of an affected individual can be
amplified and analysed, since this parent should be heterozygous for the disease
causing mutation. If parental specimens cannot be obtained DNA from an affected
subject can be mixed with an equal quantity of control DNA prior to PCR
amplification.
After standard PCR amplification the PCR products are denatured and then
allowed to cool slowly to room temperature. This permits the formation of double
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stranded

DNA

that

may

contain

two

identical

complementary

sequences

(homoduplexes), or a strand o f normal DNA combined with a complimentary strand
of the mutant product (heteroduplexes). These heteroduplexes migrate at a slower rate
on acrylamide gels than the corresponding homoduplexes. Following electrophoresis a
heteroduplex is revealed as additional band located slightly above the band, which
represents the homoduplexes of both normal or mutant DNA. Homoduplexes of
mutant DNA that contain large insertions and deletions will also migrate at a different
speed than the homoduplexes of the corresponding normal DNA since they are of
differing molecular weight. These mutations may be observed as bands positioned a
considerable distance above (insertions) or below (deletions) the band representing the
normal homoduplex. Large deletions may fail to be detected if the resulting lower
molecular weight product migrates off the bottom of the gel apparatus. The detection
of large insertions and deletions may, therefore, be facilitated by performing an
agarose gel separation of the PCR products prior to heteroduplex analysis.
The MDE (Mutation Detection Enhancement - JT Baker) gel solution, which
has been formulated to maximise the detection of heteroduplexes, was used for this
analysis. PCR primers used in mutation analysis were designed so that the resultant
products would fall within the size range from lOObp to 400bp which is optimal for
heteroduplex resolution. The electrophoresis apparatus was assembled, using 40cm by
20cm glass plates according to the manufacturers instructions, and clamped into the
casting tray. A 100ml gel solution consisting of 50ml MDE gel, 6ml of lOx TBE,
44ml sterile distilled water, 400pl of 10% APS, and 40pl of TEMED was prepared.
2ml of this solution was removed, prior to the addition of APS and TEMED, mixed
with 30pl of APS and 12|l i 1 o f TEMED, and poured between the plates to act as a plug.
After five minutes the remaining gel solution was poured in, a 20 well comb
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introduced, and the gel allowed to polymerise for one hour. Following removal of the
comb 0.6x TBE was added to the buffer reservoir and used to rinse out the wells.
To optimise the density of homoduplex bands following electrophoresis, and
thus the resolution of heteroduplexes, the quantity of PCR product loaded, usually
lOpl (range 7-15 pi), was determined by first estimating the amount of DNA present
per pi on an agarose gel. 3 pi of sucrose based loading buffer (40% sucrose containing
0.25% each of orange G, xylene cyanol and bromophenol blue) was added to each
DNA sample before loading. On MDE gel xylene cyanol co-migrates with DNA
fragments of 230bp, and was used to determine when electrophoresis should be halted.
Electrophoresis was carried out at 180v for around 16 hours. Gels were then stained
with 0.5pg/ml ethidium bromide and photographed on a UV transilluminator.

2.6

Automated Fluorescent DNA Sequencing.
The automated sequencing method that was used is an adaptation of the chain-

termination sequencing method developed by Sanger (Sanger et al, 1977). This is
based on enzymatic synthesis of a template strand by polymerase action and
termination of the extended products by the incorporation of dideoxynucleotides,
which lack hydroxyl residues at the 3' position of the deoxyribose. This prevents the
formation of a phosphodiester bond with free nucleotides, thereby leading to
termination of chain synthesis. The incorporation of fluorescently labelled nucleotides
during strand synthesis results in the creation of easily detectable products
corresponding to each nucleotide in the sequence, which can be separated on highresolution acrylamide gels for analysis. Automated cycle sequencing is based on using
four fluorescent dye-labelled terminators, which are detected by lasers that analyse
and convert the DNA sequence to a graphical image on a computer. This technique
has several advantages over manual radioactive incorporation methods, including the
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elimination of hazards associated with radioactive nucleotides. Reactions are carried
out in single tubes, and do not have to be separated for each terminator nucleotide.
Less starting material is required and the sequencing of larger templates is possible.
Since individual labelled nucleotides can be distinguished by unique fluorescent
labels, only one lane on the denaturing gel is required per reaction, and up to 64 DNA
samples can be analysed on each gel. In addition the results can be seen immediately
in a computer analysis file, which generates both a graphical and a text output of the
detected sequence.
Automated sequencing was performed on an ABI 373A DNA sequencer
(Perkin Elmer), using the ABI PRISM™ Amplitaq® DNA polymerase FS, Dye
Terminator Cycle Sequencing Ready reaction Kit. PCR products were directly
sequenced after purifying the template to remove unincorporated primers and dNTPs
by passing through Centricon-100 spin columns (see above). The cycle sequencing
reaction consisted of 8pi terminator ready reaction mix (which incorporates
fluorescently labelled dye terminators, buffer, Taq polymerase and dNTPs), Ipl of
sequence specific primer (3.2 pmole) and ~ lp g template DNA in a total volume of
20pl. Cycle sequencing temperature profiles were 25 cycles of 96°C for 10 seconds,
50°C for 5 seconds and extension at 60°C for 4 minutes in a Perkin Elmer GeneAmp
9600 or 2400 thermal cycler. Excess unincorporated fluorescent dye was removed by
ethanol precipitation of the DNA with SOpl of 95% ethanol and 3 pi of 2M sodium
acetate. This was then washed with 70% ethanol and vacuum dried. The resultant
pellet was resuspended in 5 ml of ABI loading buffer (see below) and denatured at
90°C for two minutes and snap frozen on ice before loading. If not used immediately
dried samples were stored at -20°C for a maximum of a week.
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The ABI 373A DNA sequencer was set up and run in accordance to the
manufacturer’s instructions. 50ml of polyacrylamide gel solution (40ml Sequagel-6
and 10ml Sequagel complete, National Diagnostics) was mixed with 400pl of 10%
APS and injected between the gel plates via a 50ml syringe to form a 6% gel. A 68
well comb was inserted and the gel allowed to polymerise for one hour. The gel was
pre-run for 15 minutes prior to the loading of samples, and the sequencing run
completed over 13 hours or overnight at 25V. The output data was converted to an
analysis file and a text file by an Apple Macintosh computer. The analysis file
includes a graphical image of the whole gel on which each sample can be located to
ensure that the correct and optimum output is obtained from each lane. The quality of
sequence can be determined both from the whole gel image and the individual sample
electropherograms.

2.7

Computational Analysis.

2.7.1

Analysis of DNA sequence.
Analysis and comparison of nucleic acid sequences was performed with the

Geneworks (v4.45) software package for the Apple Macintosh. The BLAST/FASTA
programs (Pearson and Lipman, 1988; Altschul et a l, 1990)’, accessible through either
the Human Genome Mapping Project (HGMP) or the National Centre for
Biotechnology Information (NCBl) Internet sites (see below), were used to determine
whether EST’s located within a disease critical interval showed any sequence
homology to retinally expressed genes and/or EST’s contained in the GenBank
database. When designing PCR primers from the genomic sequence of candidate
genes these programs were again used, to ensure that primer sequences had significant
homology only to the desired target region.
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Identification of restriction enzyme recognition sites in sequences was carried
out using the MacVector program, also for the Apple Macintosh. Both normal and
mutant nucleotide sequences were analysed with this software to determine whether a
specific recognition site that was abolished or created by the sequence change could
be utilised to confirm the presence of a mutation detected by automated sequencing in
affected individuals. Once identified, such changes in restriction enzyme recognition
sites were used for the mass screening of DNA samples for specific mutations.

2.7.2

Analysis of protein sequence.
This was carried out using the GCG (v9.0) software package available from

the HGMP resource centre. Firstly this program will determine all the possible protein
sequences (six) that can be derived from a given nucleotide sequence. It will then
produce from the protein sequence a protein secondary structure prediction including
in either a text or graphical format (see Figure 4.4). The secondary structure prediction
identifies areas of a-helix and P-pleated sheet, as well as regions of hydrophobicity
and hydrophilicity. When a mutation in a candidate gene affects the protein sequence
this program can be used to predict the effect on protein secondary structure as one
method of determining whether it is a structurally significant change.

2.7.3

Pedigree drawing.
Pedigree drawing was performed using the Cyrillic (v2.10) program for IBM

compatible PC. As well as producing graphical output for illustrational purposes this
program also generates both individual pedigree (mlink.pre) and relevant polymorphic
marker (mlink.dat) data files suitable for input into linkage analysis software packages
such as M-LINK. This method is more efficient than entering pedigree and marker
data into the LS4 component of the LINKS YS package (Attwood and Bryant, 1988).
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Cyrillic will, however, produce files suitable for direct input into only a very limited
number of analysis programs. These data files frequently need to be modified before
input into unsupported programs, such as Genehunter.

2.7.4

Linkage and homozygosity analysis.
Linkage analysis was performed using the LINKAGE package (Lathrop and

Lalouel, 1984). Two-point analysis was carried out using M-LINK, which tabulates
two-point lod scores. The LINKMAP component, which calculates multipoint lod
scores was not used.
Homozygosity analysis was also performed with M-LINK (for large
pedigrees) or the Genehunter program, accessible via computing facilities at the
HGMP resource centre (for small pedigrees).
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2.8

Internet Resources.
Molecular genetic and biotechnology resources on the World Wide Web were

used extensively. These included:

Human Genome Mapping Project (HGMP) resource centre:
Human Genome Database (GDB): http://www.hgmp.mrc.ac.uk/gdb/
GCG Sequence analysis:
http ://www.hgmp.mrc.ac .uk/Registered/Option/gcg.html
BIDS ISI: http://www.hgmp.mrc.ac.uk/Registered/Webapp/bids-isi/
BLAST : http://www.hgmp.mrc.ac.uk/Registered/Webapp/blast/
Genehunter: http://www.hgmp.mrc.ac.uk/Registered/Option/genehunter.html

National Centre for Biotechnology Information (NCBI):
Online Mendelian Inheritance in Man (OMIM):
http://www.ncbi.nIm.nih.gov/omim/
PubMed: http://www.ncbi.nIm.nih.gov/PubMed/
BLAST : http://www.ncbi.nlm.nih.gov/BLAST/
Genbank: http://www.ncbi.nlm.nih.gov/Genbank/

Whitehead Institute for Biomedical research: http://www.wi.mit.edu/
Physical mapping data:
http://carbon.wi.mit.edu:8000/cgi-bin/contig/phys_map

Généthon: http://www.genethon.fr/
Genetic mapping data: http://www.cephb.fr/ceph-genethon-map.html
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2.9

Reagents and Suppliers.

2.9.1

General reagents.
TE buffer:

0.5 ml Iris HCL (2M), pH 7.5 + 20pl EDTA (0.5M),
pH 8.0 in 100 ml dHzO

TAE buffer: (10 x)
TBE buffer: (10 x)

0.4 M Tris-acetate, 10 mM sodium EDTA, pH 8.
1 M Tris base, 0.83 M Boric Acid, 10 mM sodium
EDTA, pH 8.3.

2.9.2

Electrophoresis analysis:
Ficoll Loading buffer:

25% (w/v) Ficoll, 0.25 EDTA, 0.25%

(lOx) (agarose gels)

(w/v) Orange G or Bromophenol blue, in
1 X TAE buffer.

Sucrose loading buffer:

40% sucrose containing 0.25% (w/v)

(heteroduplex gels)

each of Orange G, Xylene cyanol, and
Bromophenol blue.

Formamide loading dye:

80% formamide, lOmM NaOH, 0.1%

(polyacrylamide gels)

Bromophenol blue, 0.1% Xylene cyanol.

ABI loading buffer:

5:1 formamide: 50 mM EDTA with 50

(fluorescent products)

mg/ml Dextran Blue.
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2.9.3

Suppliers.
Oligonucleotides: Primer pairs were either purchased from Cruachem or

Amersham or kindly synthesised by the HGMP resource centre.

Other suppliers included:
Amersham International pic. UK.

Bio-Rad laboratories Ltd. UK.

BDH Chemicals.

Boehringer Mannheim Corporation,
USA.

Clontech laboratories Inc. UK.

Cruachem

Flowgen Ltd. UK.

Gibco BRL.

ICI (Zeneca), Cambridge Biosciences Invitrogen Corporation, USA.
(suppliers for Enzo Diagnostics), UK.
New England Biolabs (NEB) Ltd. UK

Pharmacia Ltd. UK.

Promega Corporation, USA.

Scotlab, UK.

Sigma Chemicals, USA.

Stratagene Ltd. UK.
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3

3.1

CLINICAL METHODS.

Electrophysiologic Assessment.
An adequate electrophysiological assessment is essential in the management of

an individual suspected of suffering from an inherited retinal dystrophy (Fishman et
al., 2001). Fundal appearances can be misleading, especially in the early stages of a
retinal degeneration when intraretinal pigment migration may be absent, and in the
case of ‘Bull’s eye’ macular changes, which may represent a macular, cone, or conerod dystrophy.
Electrophysiology may be used to confirm the presence or absence of retinal
dysfunction in patients with relevant symptoms, such as night blindness, colour
blindness and loss of visual acuity, and to determine whether the disorder primarily
affects the rod or cone photoreceptor systems.
It can also be used to ascertain whether a condition is localised to one part of the
retina, as is the case in a macular dystrophy or sectorial RP, or is a generalised
disorder, such as a rod, cone, or cone-rod dystrophy. This information may have vital
prognostic implications, since the first condition may result in loss of central vision,
with preservation of peripheral vision and patient independence, whilst the last may
lead to total blindness.
Electrophysiology may also be used, when appropriate, to determine whether
asymptomatic relatives of affected individuals are affected by the same disorder.
All electrophysiological studies described in this thesis were carried out by
specialist technicians under the supervision of Dr. Graham Holder, Head of the
Electrodiagnostic Department at Moorfields Eye Hospital.
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3.1.1

Standard electroretinogram.
The standard clinical electroretinogram (ERG) is a recording of the electrical

discharges generated by the retina in response to a light stimulus, and represents the
movement of ions within the extracellular space. In the clinical setting only the early
electrical responses of the retina (within the initial 200msec) are measured because
later responses are usually obliterated by eye blinks. The principle components of the
ERG, measured in the first 200msec, are the a-wave and the b-wave (Figure 3.1).

Figure 3.1

ISCEV Standard electroretinographic recordings.

Selection of stimulus conditions makes it possible to isolate either the cone or rod
responses so that each receptor can be studied independently.
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3.1.1.1

The a-wave and b-wave.
The a-wave is the initial negative deflection and the b-wave is the positive

deflection that follows. The leading edge of the a-wave of the maximal response (see
below) principally reflects hyperpolarisation of the rod photoreceptors, and the slope
of the a-wave has been related to the kinetics of phototransduction. The b-wave is
generated post-receptorally in relation to depolarisation of the ON-bipolar cells,
possibly also involving potassium uptake by Müller cells.
Under certain recording conditions small oscillations, referred to as oscillatory
potentials, can be seen on ascending limb of the b-wave. The oscillatory potentials
probably arise from amacrine cell activity
There is no signiflcant contribution to the standard ERG from the retinal
ganglion cells, so diseases that affect only the inner retina should not alter the standard
ERG. In addition, since the standard clinical ERG is a mass response reflecting
activity from the entire retina, small localized lesions (e.g. macular dystrophies) may
not affect the ERG amplitude.
The electrical discharges elicited by the light stimulus are recorded directly
from the eye via a contact lens placed on the cornea or a gold foil strip placed in the
lower fornix. Flash stimulation and photopic adaptation is usually delivered via a
Ganzfeld (full-field) bowl, a hemisphere used to scatter light throughout the entire
retina.

3.1.1.2 Amplitude and implicit time.
The two major parameters used to evaluate the ERG response are the
amplitude of the wave, which is measured in microvolts (pV), and the time from the
stimulus onset to the peak of the response (implicit time), which is measured in
milliseconds (msec). The amplitude of the a-wave is measured from the baseline to the
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trough of the a-wave, while the b-wave is measured from the trough of the a-wave to
the peak of the b-wave (Figure 3.1).

3.1.1.3 Scotopic and photopic stimulus conditions.
By careful selection of stimulus conditions it is possible to isolate either the
cone or rod responses so that each receptor can be studied independently. Retinitis
pigmentosa may initially affect only the rod system, whilst a pure cone dystrophy will
have normal rod responses.
Scotopic conditions, under which the rod responses are optimised, are
achieved by dark adaptation for a minimum of 30 minutes. A single bright flash (of
standard luminance 1.5 - 4.5cd/m2) gives a response that is a composite of the
responses of the dark-adapted rods and the dark-adapted cones. This response is much
larger and has a longer implicit time than the pure cone response.
Since the rods are very sensitive to light at the blue end of the spectrum, a
weak blue light stimulus can be utilised to generate an essentially pure rod response.
The standard flash is attenuated by 2.5 log units, resulting in insufficient
photoactivation to generate a recordable a-wave. Under photopic or light-adapted
conditions, with stimuli superimposed upon a bright rod-saturating background (17-34
cd/m2), a response is obtained that arises only from the cones. This cone response is
fast with a b-wave implicit time usually between 28 and 32 msec. An isolated cone
response can also be generated by using a stimulus flickered at 30 Hz. This is possible
because cones are able to respond to a light flickering at up to 60 to 70 Hz, whereas
rods can only follow a flickering light up to 12 to 16 Hz. A recent development is the
use of long duration stimuli under photopic conditions to separate the ON(depolarising) and OFF- (hyperpolarising) cone pathways. This technique may reveal
unsuspected aspects of cone pathway function (Figure 3.1).
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3.1.1.4 The ISCEV standard ERG protocol.
A standardised protocol for the full-field ERG has been established by the
International Society for Clinical Electrophysiology of Vision (ISCEV). The
committee defined standards for the most commonly obtained responses (Marmor and
Zrenner, 1995):
1. Maximal rod-cone response in the dark-adapted eye
(bright white flash ERG);
2. Rod response from the dark-adapted eye (rod ERG);
3. Photopic transient cone response; and
4. Cone responses obtained to a rapidly repeated stimulus (30 Hz flicker).
Unless otherwise stated, all patients undergoing phenotypic characterisation
were assessed in the Electrodiagnostic Department at Moorfields Eye Hospital, where
the full-field ERG and PERG are performed according to the guidelines published by
ISCEV.

3.1.2

The Pattern ERG (PERG).
The PERG is the response of central retina to an iso-luminant stimulus, usually

a reversing black and while checkerboard. It allows both a measure of central retinal
function, and an evaluation o f retinal ganglion cell function. It is thus of great value in
differentiating between macular and optic nerve dysfunction. Commercially available
pattern generators usually consist of a television screen with a reversing checkerboard,
in which the size of the squares, the rate of pattern reversal, and the amount of contrast
can be varied. The PERG is a small response and stringent technical controls are
important during recording. For optimal recording an analysis time of 150msec or
greater is usually used with approximately 150 averages per trial.
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3.1.2.1

The P50 and N95 components of the PERG.
The transient PERG has 2 main components: a positive wave (designated P50),

which appears at approximately 50msec, and a larger negative wave (N95), at around
95msec (Figure 3.1). Assessment of the response concentrates on: the amplitude of
P50, measured from the trough of the early negative N35 component; the latency of
P50 measured from the stimulus onset to the peak of the P50 waveform; and the
amplitude of N95, measured from the peak of P50 to the trough of N95.
The N95 component of the PERG is a contrast-related response generated in
the retinal ganglion cells. Whilst a large amount of the P50 component also arises in
the ganglion cells, a proportion of this waveform is generated more distally and
depends upon a normally functioning macula, though its exact origins are not yet fully
elucidated.

3.1.2.2 The PERG in macular disease.
In macular disorders the amplitude of the P50 component of the PERG is
affected with preservation of the ratio between the amplitude of the P50 and N95
components. An increase in P50 latency is also sometimes observed, particularly in
association with macular oedema. In contrast, if the PERG is abnormal in optic nerve
disease, the N95 component is selectively affected, and this may be associated with a
decrease in P50 latency.
In a patient with a retinal dystrophy, therefore, the standard ERG provides an
assessment of peripheral retinal function, whilst the PERG can be used to determine
the degree of macular involvement. In a primarily central dystrophy, such as Stargardt
disease, the PERG will be abnormal, but the ERG may remain unaffected. In contrast,
an RP patient may have a normal PERG at a time when the ERG is unrecordable.
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Pattern ERG (PERG) is also performed according to standard guidelines (Bach
et ah, 2000) . ISCEV recommends a black and white reversing checkerboard pattern
stimulus with maximum contrast between the black and white checks. The field size
should be 10-16 degrees, with a check size of ~40 minutes, and a reversal rate of 2-6
reversals/sec.

3.1.3

Electro-oculogram (EOG)
The EOG is a measure of the standing potential of the eye, which exists

because there is a voltage difference between the inner and outer retina, generated by
the retinal pigment epithelium (Arden et ah, 1962). The clinical EOG measures this
difference indirectly by placing electrodes on either side of the eye and having the
subject move the eyes back and forth. One electrode then becomes more positive than
the other as the eye moves. The amplitude of the EOG response decreases following
dark adaptation. Thus, if the response is measured under both photopic and scotopic
conditions, the greatest EOG amplitude achieved in the light (light peak) can be
divided by the lowest amplitude in the dark (dark trough) and the calculated ratio
expressed as a percent, with a normal value for this Tight rise’ being 165% or greater.
To generate the potential measured by the EOG it is necessary to have intact
photoreceptors in contact with the retinal pigment epithelium. In most clinical
situations the EOG, which is dependent on the total number of functioning
photoreceptors, parallels the standard full-field ERG. In retinitis pigmentosa, for
example, a patient with an extinguished ERG will have little or no EOG light rise.
The exception to this rule is Best vitelliform macular dystrophy, in which a
grossly abnormal EOG is found in the presence of a normal ERG (Deutman, 1969).
This autosomal dominant condition exhibits variable expressivity, such that some
individuals who are carriers of mutations in the VMD2 gene may show little or no
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fiindal abnormality. These subjects will, however, still have an abnormal EOG,
making this a valuable tool in the assessment of asymptomatic relatives of a patient
with this condition.

3.2

Psychophysics.
Subjects affected by retinal degenerations frequently suffer progressive loss of

their central and/or peripheral fields of vision. These fields can be assessed separately
under both photopic and scotopic conditions to determine an individual’s subjective
ability to see in different lighting conditions (Jacobsen et a l, 1986). Patients with a
primary rod dysfunction, such as is seen in some types of RP, will initially manifest
peripheral visual field loss that is greater under scotopic conditions, whilst subjects
with a macular dystrophy will suffer loss of central field.
Dark adaptometry can quantitatively determine the kinetics of cone and rod
recovery following a bright flash of light sufficient to bleach of the retina (Steinmetz
et a l, 1993). Patients with the sectorial form of retinitis pigmentosa, for example, may
demonstrate profoundly delayed rod adaptation (Moore et a l, (1992). Fine matrix
mapping determines threshold responses within the macular region and is utilised to
assess localised retinal dysfunction. The following test conditions were employed in
the clinical studies of patients with retinitis pigmentosa due to NRL and rhodopsin
gene mutations (Chapters 5 and 6).
All psychophysical studies described in this thesis were carried out by
specialist technicians under the supervision of Professor Fred Fitzke, Head of the
Department of Visual Optics and Psychophysics at the Institute of Ophthalmology.
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3.2.1

Psychophysical Assessment.
Static threshold perimetry in the dark- and light-adapted states was performed

using a modified Humphrey field analyser (Allergan Humphrey, Hertfordshire,
England). Photopic visual fields were performed using the standard Humphrey 30-2
protocol.

3.2.2

Dark-adapted Visual Fields.
The pupil was dilated with 2.5% phenylephrine hydrochloride and 1%

cyclopentolate hydrochloride, and the patient underwent dark adaptation for 45
minutes. The Humphrey field analyser was modified for use in dark-adapted
conditions (Jacobson et a l, 1986; Steinmetz et a l, 1993)’. An infrared source
illuminated the bowl, and an infrared monitor (Phillips, Eindhoven, the Netherlands)
was used to detect eye movements. Fields were recorded using central 30-2 and
peripheral 30/60-2 programs and macula full-threshold tests. The target size
corresponded to Goldmann size V for peripheral testing and to Goldmann size III for
macular programs. Each program was performed with a red (predominant wavelength,
650 nm) and blue (predominant wavelength, 450 nm) filter in the stimulus beam.

3.2.3

Dark Adaptometry.
Results of the dark-adapted blue central 30-2 field testing were reviewed to

determine the most informative locations of dark-adapted visual sensitivity. Two test
locations were chosen at 3°, 3° and 9°, 9° eccentricity, although in a few cases
sensitivity losses were too extreme for useful measurements at the 3° location. The
Humphrey field analyser was used for dark adaptometry, and was controlled by a
custom program on a computer (PS/2 model 50; IBM Corp, Armonk, NY) (Alexander
and Fishman, 1984; Steinmetz et a l, 1992)’. Fully dark-adapted rod thresholds were
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measured before exposure to the adapting light at the 2 coordinates with the blue filter
in the stimulus beam.

3.3

Fundus Imaging.

3.3.1

Fluorescein angiography.
Fluorescein angiography is not widely applicable in the assessment of patients

with inherited retinal dystrophies, since most of these disorders do not primarily affect
the retinal or choroidal circulation. It can, however, be useful in certain specific
circumstances, for example: 1) to detect the ‘dark choroid’ that characterises Stargardt
disease/fundus flavimaculatus; 2) to ascertain the presence of cystoid macular oedema
in patients with retinitis pigmentosa; and 3) to identify choroidal neovascularization,
which may complicate Sorsby fundus dystrophy (Marano et al., 2000).

3.3.2

Confocal scanning laser ophthalmoscope.
The confocal scanning laser ophthalmoscope (cSLO) can be used to image

fundus autofluorescence, which originates largely from the retinal pigment epithelium
(RPE), and hence to evaluate the interaction of photoreceptors with the RPE (von
Ruckmann et a l, 1995). Regions of increased autofluorescence may be observed
during retinal degeneration, possibly due to overloading of the RPE by products of
photoreceptor metabolism. Subsequently, loss of photoreceptors and/or RPE results in
areas of hypofluorescence (von Ruckmann et a l, 1997).
In the clinical studies described here, images of the central macular region
were obtained using a prototype confocal scanning laser ophthalmoscope (SM 304024; donated by Zeiss, Oberkochen, Germany). An argon laser (488 nm, 250 pW)
was used for illumination. Reflective imaging was undertaken using the Zeiss cSLO
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with a 20° field and an argon blue laser with depth plane adjusted to maximize the
visibility of the fundus features. A wide band pass filter with a cut-off at 521 nm
inserted in front of the detector was used to detect autofluorescence (von Ruckmann et
a l, 1995).
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4

4.1

A Novel Rhodopsin Mutation: Ter-349-GIu.

Background.
Mutations in the rhodopsin gene (OMIM 180380) are reported to be

responsible for approximately 25% of all cases of adRP in the U.K., Europe, and the
U.S.A. (Ingleheam et al., 1992; Bunge et a l, 1993). Over 100 pathogenic rhodopsin
mutations have been identified of which around 90% are single base substitutions
(Gal, 1997). Three mutations have been described which alter the reading frame in
exon 5 of rhodopsin. Two of these result in translation continuing for a variable
distance beyond the normal stop signal (Horn et al., 1992; Al-Maghtheh et al., 1994).
Two large adRP families, one of which was of particular interest because of
the unusual severity of the RP phenotype, were analysed by linkage analysis and
subsequent mutation screening of the rhodopsin gene.

4.2

Patients and methods.
The first pedigree (Family 16RP) was ascertained in Pakistan (Figure 4.1).

This five generation inbred family contained eight living members, in three branches,
affected by RP. In two generations there was no evidence of consanguinity in the
parents of the affected individuals, suggesting an autosomal dominant mode of
inheritance. Informed consent was obtained by local clinicians.
The second pedigree (RP3062) was a large family affected by adRP identified
following a search through the files of the Moorfields Eye Hospital Inherited retinal
dystrophy database. Ophthalmologic examination of affected individuals in both
families revealed typical pigmentary retinopathy, associated with night blindness and
reduced visual fields.
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Figure 4.1 Pedigree of Family 16RP.
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4.3

Linkage Analysis and Mutation Detection.
These two pedigrees were analysed for polymorphic markers corresponding to

the nine adRP loci known at that time. In both families evidence of linkage to the
rhodopsin locus was obtained using the closely linked markers D3S1292 and
D3S1589 (data not shown).
Oligonucleotide primers to the five exons of the rhodopsin gene (Genbank:
U49742) were designed from the published genomic sequence (Nathans and Hogness,
1984). Polymerase chain reaction PCR was performed using standard conditions and
an annealing temperature of 58°C. The resulting product was subjected to
heteroduplex analysis (Keen et a l, 1991).
In the 16RP pedigree a heteroduplex band was observed following PCR
amplification of exon 5 of the rhodopsin gene. Direct fluorescent sequencing of this
PCR product revealed a TAA to GAA transversion at nucleotide 5276 / codon 349
(Figure 4.2). This substitution would replace the normal termination codon with a
glutamic acid residue.
Examination of the genomic sequence of rhodopsin reveals that the next
predicted termination codon (TAA) lies 153bp downstream at nucleotides 5429 to
5431. Termination of transcription at this point would add an additional 51 amino-acid
residues to the carboxy-terminus of the rhodopsin molecule.
To confirm this finding, and to demonstrate that the Ter-349-Glu change
segregated with disease in this family, a restriction digest was performed using the
enzyme Ddel (Figure 4.3). The PCR amplification product of the wild-type exon 5 of
rhodopsin is cut by this enzyme into two fragments. The substitution TAA to GAA at
nucleotide 5276 abolishes the Ddel restriction site.
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Figure 4.2

Sequence demonstrating T-^G substitution at nucleotide 5276.

Sequence of the mutated allele using forward primers demonstrating the T to G
change in the forward sequence at codon 349 indicated by an N above the
electropherogram. A normal sequence is shown below for comparison.
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Figure 4.3

Ddel restriction digest analysis of exon 5 of the rhodopsin gene.

Performed on DNA from subject IV.4 and her six children (three with adRP and three
unaffected). The presence of an undigested band, indicating heterozygosity of the
substituted allele, was observed in all affected subjects.

B

Heteroduplex analysis in the second family, RP3062, failed to identify any
sequence variants in the exons of rhodopsin. Since there was clear evidence of linkage
to the rhodopsin locus, direct sequencing of all five rhodopsin exons was then carried
out. This demonstrated a missense mutation, Val-345-Met in exon 5, which has been
previously reported (Dryja et al., 1991). Whilst this sequence change is not detected
by heteroduplex analysis, it can be identified by BstNl digest of the exon 5 PCR
product. Affected individuals from this family were found to have a phenotype similar
to that previously described (Berson et al., 1991).
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4.4

Clinical Findings in Pedigree 16RP.
A summary of the clinical findings in family 16RP is presented in Table 4.1.
The first symptom in affected individuals was the development of night

blindness (nyctalopia) in early childhood. Deterioration of visual acuity was observed
in even the youngest subject, a girl aged 6 years. Patients over the age of 18 years all
had severely reduced central vision (though this may in part be due to the presence of
cataract and macular oedema). Fundoscopy revealed pigment migration into the retina,
optic nerve head pallor, and the attenuation of retinal vessels as early as 16 years of
age. These clinical signs indicate extensive photoreceptor cell death and are not
usually seen at such an early age in adRP.

Table 4.1

Clinical features of affected members of adRP family 16RP.

P atien t

A ge

No.

(yrs)

V isual A cuity
R ight / Left

Intra-

O ptic disc

A ttenuation

retinal

pallor

o f vessels

C ataract

M acular
oedem a

pigm ent

+

+

+

+

+

+

+

+

+

+

+

11:4

40

3/60

2/60

+

+

+

111:1

16

6/18

6/12

+

+

+

111:4

6

6/9

6/18

111:5

20

CF

CF

+

+

111:6

19

CF

CF

+

111:10

9

6/18

6/18

(Abbreviations: CF, counting fingers; +, present.)
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For comparison, an affected member of RP221 {rhodopsin exon 5 30bp
deletion/15Obp insertion), the adRP family reported by Al-Maghtheh and co-workers
(Al-Maghtheh et a l, 1994), was re-examined, and the clinical records relating to her
two daughters were reviewed. A direct comparison of the RP phenotype observed in
affected individuals from these two families was not possible because they were
examined by clinicians in different countries. This revealed a distinct contrast, with
affected individuals from Family RP221 having a much less severe RP phenotype.
The 51 year old subject retains good central vision (Snellen acuity 20/30 or better in
each eye). Her daughters, aged 25 and 20 years, have sufficient peripheral vision
remaining to be legally eligible to drive.
The early onset of central visual loss makes this one of the most severe adRP
phenotypes ever reported in a family with a rhodopsin mutation. It appears to be more
severe than the phenotype described in patients with the codon 296 rhodopsin
mutation, which abolishes the retinal binding site (Owens et al., 1994), or the
Cysl87Tyr mutation which disrupts the disulphide bond (Richards et al., 1995). Loss
of visual acuity in childhood was reported in a family with an Argl35Trp mutation,
but the children in that family had acuities no worse than 6/12 (Pannarale et al., 1996).

4.5

Discussion.
The Ter-349-Glu mutation segregating with disease in this family abolishes the

normal rhodopsin termination codon and replaces it with a glutamic acid residue. This
would generate a mutant rhodopsin with all of the normal 348 amino-acid residues
intact, but with an additional 51 amino-acid residues added to the carboxy-terminus of
the molecule. A two-dimensional plot of the structure of this mutant rhodopsin is seen
in Figure 4.4. The additional amino-acids are predicted to form a segment of p-pleated
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sheet, a short a-helix, and then two domains, the first of which is hydrophilic and the
second strongly hydrophobic.

Figure 4.4

Two-dimensional

schematic

representation

of

the

carboxy-

terminus of the rhodopsin molecule illustrating the additional 51 amino-acids.
These are predicted to form a segment of p-pleated sheet, a short a-helix, and then
two domains, the first of which is hydrophilic and the second strongly hydrophobic.

300
= hydrophilic

= hydrophobic

350

HOOC

Wild-type rhodopsin inserts into the photoreceptor outer segment disc
membrane with its carboxy-terminus located within the cytoplasm. Whilst posttranslational processing of the mutant rhodopsin would not be expected to be
adversely affected by the additional residues, it is difficult to predict what effect they
may have on the tertiary structure of the molecule. It is possible that this mutant
rhodopsin may become incorporated into the photoreceptor outer segment disc
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membrane and bind retinal to form a light-absorbing chromophore, in which case the
additional C-terminal hydrophobic domain would probably become embedded in the
disc membrane. Alternatively, the additional polar amino-acids may prevent the
normal folding of the molecule and prevent its export from the endoplasmic reticulum.
The severity of the RP phenotype in the family with the Ter-349-Glu mutation
indicates that this mutation has a more detrimental effect on rod photoreceptor
function and longevity than most other rhodopsin mutations. Marked deterioration of
central vision in childhood is very unusual in adRP. Since rhodopsin is not expressed
in cone photoreceptors, this finding implies that the adverse effect on cone fimction in
the central retina (macular region) is secondary to the primary degenerative process
taking place in the rod photoreceptors.
In RP the rate of shedding and subsequent phagocytosis by retinal pigment
epithelium (RPE) of rod cell outer segments (ROS) may be increased (Flannery et a l,
1989). One possible explanation for the observed reduction in central cone
photoreceptor function in patients with the Ter-349-Glu mutation may be that
excessive shedding of ROS results in an overloading of the RPE such that it is no
longer able to adequately maintain the cones.
The Ter-349-Glu mutation is a particularly fascinating one and it would be
interesting to determine how the presence of this particular mutant opsin leads to rod
and cone photoreceptor degeneration.
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5

5.1

Rhodopsin Mutations in Sectorial RP.

Introduction.
Patients affected by the sectorial form of retinitis pigmentosa have

predominant involvement of the inferior retina with corresponding loss of the superior
visual field. This is associated with a less severe attenuation of electroretinographic
(ERG) responses than is observed in patients with diffuse RP. The visual prognosis in
sectorial RP is relatively good with many patients retaining 6/9 or better Snellen
visual acuity throughout life.
A number of mutations in rhodopsin, the gene encoding the rod opsin protein,
have been described in autosomal dominant pedigrees with the sectorial RP
phenotype: AsnlSSer (Sullivan et al, 1993); Thrl7Met (Hayakawa et al, 1993);
Pro23His (Stone et al, 1991); ThrSSArg (Fishman et al, 1991); Glyl06Arg (Fishman
et al, 1992a); Glyl82Ser (Fishman et al, 1992b) ; and Aspl90Asn (Fishman et al,
1992c). These are illustrated in Figure 5.1. With the exception of Pro23His these
mutations have each been described in only a very small number of families (Berson
e ta l, 1991).
We set out to determine the prevalence and clinical effects of rhodopsin
mutations amongst patients with the sectorial RP phenotype in the U.K.
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Figure 5.1

Schematic diagram of the rhodopsin molecule indicating the sites of mutations known to cause sectorial RP. Red circles denote

mutations observed in this study. Blue circles indicate previously published mutations.
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5.2

Patients and Methods.

5.2.1

Subjects.
Sixteen apparently unrelated families with autosomal dominant sectorial RP

were enrolled for the molecular genetic analysis that led to the identification of the
rhodopsin mutations. Sectorial RP was defined as a peripheral retinal degeneration,
which predominantly affected the inferior retina on fundoscopy, and that was
associated with loss of the corresponding superior visual field.
We elected not to use the term sector RP, since this term was employed by
Berson and Horward to describe a localised form of RP that was associated with a
normal implicit time of the b-wave of the cone ERG.
Four additional atypical pedigrees in whom a normal ophthalmological
examination in both of the proband’s parents suggested an autosomal recessive pattern
of inheritance (2), or in which there was preferential involvement of the nasal rather
than the inferior retina (2), also underwent mutation screening, but no rhodopsin
mutations were found in any of these families.
For the purposes of this study one or more subjects affected by each mutation
underwent detailed clinical examination, psychophysical and electrodiagnostic testing
and scanning laser ophthalmoscopy.

5.2.2

Mutation screening.
After gaining informed consent from subjects, genomic DNA was prepared

from peripheral blood. Oligonucleotide primers to the five exons of the rhodopsin
gene (Genbank: U49742) were designed from the published genomic sequence
(Nathans and Hogness, 1984). Polymerase chain reaction (PCR) was performed in a
50|iil reaction with Igg of genomic DNA, 20 pmoles of each primer, 200|iM dNTPs,
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0.75mM to 1.5mM MgCb and 1 unit of Taq DNA polymerase. A three stage PCR
consisting of 35 cycles of 94°C, 58°C, and 72°C, each for 1 minute, was performed.
The resulting product was allowed to cool slowly to room temperature to maximise
the formation of heteroduplexes.
The PCR products were then subjected to heteroduplex analysis (Keen et al,
1991a). Once detected sequence variants were directly sequenced using an automated
fluorescent sequencer (ABI Biosystems model 373). Variants were sequenced in both
the forward and reverse directions to confirm the location of sequence changes.
In addition to heteroduplex screening all DNA samples were subjected to two
restriction enzyme digests {Ddel and Apal), known to identify the mutant sequence of
the Thr58Arg and Glyl06Arg mutations respectively. The presence of the Asp-190Asn mutation was confirmed using a Taql digest. Digests were performed directly on
20pi of PCR product and incubated overnight at 37°C to ensure complete digestion.

5.2.3

Clinical and functional investigations.
Affected patients were questioned regarding the age at onset of night

blindness, the age of onset of difficulty with side vision, and the age of onset of
central visual loss, if any. They were then evaluated with respect to distance visual
acuities, slit lamp biomicroscopy of the lens, ophthalmoscopic examination of the
fundus,

static

perimetry,

electrophysiology,

and

confocal

scanning

laser

ophthalmoscopy (cSLO). Where possible a comparison was made with previous
examinations recorded in the patients clinical notes.

137

Rhodopsin Mutations in Sectorial RP

5.3

Results.

5.3.1

Prevalence of rhodopsin mutations.
Mutations in the coding sequence of the rhodopsin gene were identified in 11

out of the 16 typical sectorial RP families studied (69%) (Table 5.1).

Table 5.1

Results of rhodopsin mutation screening.

Family Number

Rhodopsin mutation detected

Origin of family

RP2640

Thr-58-Arg

British

RP3148

Thr-58-Arg

British

RP3569

Thr-58-Arg

Indian

RP3258

Thr-58-Arg

British

469322

Thr-58-Arg

British

RP4334

68-71 12bp deletion

British

51888

68-71 12bp deletion

British

761101

Asp-190-Asn

Italian

RP1038

Gly-106-Arg

Ashkenazi Jewish

367148

Gly-106-Arg

Ashkenazi Jewish

631811

269 3bp insertion

Black African

A Thr58Arg mutation was observed in five families, four of white British
ancestry and one of Indian origin. Two Ashkenazi Jewish families were found to have
a Glyl06Arg mutation. A codons 68-71 12 base pair deletion (68-71-del-12bp) was
detected in two apparently unrelated white British subjects. An Aspl90Asn mutation
was found in a Italian woman, and a codon 269 3 base pair insertion (269-ins-3bp)
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was identified in a family of black African origin. Pedigree diagrams for 10 of these
families are presented in Figure 5.2. No genealogical or clinical details were available
for one of the two individuals found to have the codons 68-71-del-12bp.
Whilst it is possible that some of these families may be ancestrally linked, we
did not perform a haplotype analysis to confirm or refute this. The codons 68-71-del12bp has previously been reported, but was associated with a ‘mild’ rather than a
specifically sectorial phenotype (Keen et al, 1991b). The codon 269-ins-3bp is
previously unreported.

5.3.2

Description of patients.
Clinical details including age, history of visual loss, current Snellen visual

acuity, and ophthalmoscopic findings were available 17 affected individuals aged
between 24 and 79 years, and are presented in Table 5.2. One patient (no. 469322),
with a Thr58Arg mutation, had undergone a right enucleation due to the presence of a
choroidal melanoma.

5.3.3

Phenotype range.
Visual acuities were well preserved in patients of all ages, with 15 out of 17

patients achieving a Snellen acuity of 6/9 or better in at least one eye. Of the two
remaining patients one had a visual acuity of 6/18 bilaterally due to cystoid macular
oedema, and one had a visual acuity of 6/18 in their only eye due to early cataract,
having previously undergone an enucleation of the fellow eye. The age of onset of
night blindness was very variable, ranging from 12 to 61 years (mean 31 years). The
interval between the onset of nyctalopia and of symptoms related to peripheral field
loss also varied considerably, from 2 to 22 years. Remarkably, three patients, one aged
48 and two aged 56 years, denied any symptoms of nyctalopia or visual field loss.
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Figure 5.2. Pedigrees of sectorial RP families with rhodopsin mutations. Patients are identified throughout the text by family number (in
Arabic numerals), generation number (in Roman numerals) and position. Affected individuals are indicated by black symbols.
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Table 5.2
M utation

Clinical details of the 17 individuals with sectorial RP due to mutations in the rhodopsin gene.

P ed igree

P atient

No.

No.

R P 3569

11:1

A ge

Snellen acuity

A ge at onset o f

F un doscop ic ap pearan ce

R

L

N yctalopia

Field loss

69

6/9

6/6

61

Asymptomatic

Inferior B S pigment

111:1

38

6/5

6/5

35

Asymptomatic

Inferior m ild RPE changes

111:1

79

6/12

6/6

?

?

Inferior CR atrophy

IV: 1

53

6/9

6/9

37

43

Inferior B S pigment

11:2

64

6/12

6/12

?

45

Inferior BS/C R atrophy

11:3

58

6/9

6/9

36

38

Inferior BS/C R atrophy

111:4

31

6/18

6/18

25

Asymptomatic

Inferior BS pigment

111:5

24

6/9

6/12

Inferior BS pigment

469322

11:1

42

-

6/18

Inferior BS pigment

R P 2640

11:3

58

6/9

6/9

19

40

Inferior BS/C R atrophy

111:1

29

6/5

6/6

29

Asymptomatic

Inferior BS pigment

R P4334

11:1

56

6/6

6/5

51888

111:1

41

6/6

6/9

m id-20’s

G ly-106-A rg

367148

11:1

46

6/9

6/9

?

36

Inferior BS/C R atrophy

A sp-190-A sn

761101

11:3

34

6/12

6/9

12

34

Inferior B S pigment

269 3bp ins

631811

11:1

56

6/6

6/6

Asymptomatic

Inferior B S pigment

11:2

48

6/6

6/6

Asymptomatic

Inferior B S pigment

T h r-58-A rg

R P 3258

R P 3148

68-71 12bp del

Asymptomatic

Inferior BS/C R atrophy
Inferior BS pigment
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By definition all patients had peripheral intraretinal pigmentation that
predominantly involved the inferior retina and corresponding loss of the superior
visual field. Pigmentation was typically bone corpuscular in morphology, and
associated with localised retinal pigment epithelial (RPE) atrophy in most patients
aged over 50 years. Fundoscopically the macular appeared to be relatively well
preserved in all subjects, with no cystoid macular oedema observed, and minimal
evidence of foveal atrophy. Even in subjects with marked inferior intraretinal
pigmentation and atrophy of the RPE, the inferior part of the macula was spared.
Posterior subcapsular cataract was observed in just two eyes, with visual acuities of
6/9 and 6/18 respectively.
Superior visual field loss did not constitute a significant problem for the
majority of patients, unless it prevented them from driving. Only one patient with the
ThrSSArg mutation, aged 64 years, had been registered partially sighted on the basis
of visual field loss. Many younger subjects had visual fields that remained within the
legal requirements for driving in the U.K.
Psychophysical

and electrophysiological findings differed

significantly

between individuals with different rhodopsin mutations, and are described in relation
to the specific mutations. Electrophysiological results are summarised in Table 5.3.

5.3.4

ThrSSArg mutation.
Records were available for eleven affected individuals (aged between 26 and

79 years) from the five families with the Thr58Arg mutation. These patients typically
complained of nyctalopia in their mid-30’s and of symptoms related to loss of visual
field 5 to 10 years later.
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Table 5.3a

Electrophysiologic assessment of subjects with a ThrSSArg mutation.

Subject
Family

Patient

Light rise

Codon 58

[Age]

(%)

RP3569

111:1 [38] (R)

200

(L)

RP3148

RP3258

Electroretinogram

EOG
Scotopic

Maximal

Pattern ERG

Focal

(uv)

ERG

30Hz flicker

Photopic

implicit time amplitude

b-wave

P50

N95

(uv)

a-wave

b-wave

180

145

300

normal

40-65

normal

3.4

4.0

2.0

190

175

150

290

normal

35-55

normal

3.0

4.4

2.3

11:1 [69] (R)

120

55

60

95

normal

15-20

i

1.1

1.8

1.6

(L)

130

65

70

100

normal

15-20

1.4

2.6

1.6

11:3 [58] (R)

115

40

105

125

delayed

50

70

residual

residual

residual

(L)

125

35

115

130

delayed

55

75

0.5

1.0

residual

11:2 [64] (R)

abolished

20

75

80

delayed

40

50

0.9

1.9

1.0

(L)

abolished

25

70

75

delayed

40

45

1.2

1.9

1.0

I^ ‘1[53](R )

abolished

20

105

110

borderline

40

35

residual

residual

residual

(L)

abolished

20

120

135

borderline

45

40

residual

residual

residual

111:1 [79] (R)

abolished

30

75

90

normal

35

45

0

0

0

(L)

abolished

30

105

130

normal

45

50

0

0

0

Table 5.3b

Electrophysiologic assessment of subjects with other sectorial RP mutations.

Subject

EOG

Family

Patient

Light rise

[Codon]

[Age]

(%)

RP4334

11:1 [56] (R)

145

[68-71]

(L)

[106]

[190]

[269]

Electroretinogram
Scotopic

Pattern ERG

Focal

(uv)

ERG

30Hz flicker

Photopic

implicit time amplitude

b-wave

P50

N95

(uv)

Maximal
a-wave

b-wave

170

80

180

borderline

45

normal

2.0

3.2

-

145

190

110

260

borderline

45

normal

1.8

2.4

-

11:1 [46] (R)

240

70

230

185

normal

65

90

2.3

5.0

2.0

(L)

200

65

240

195

normal

65

95

2.0

4.2

2.0

11:3 [34] (R)

125

90

100

215

delayed

60

80

1.1

2.0

1.0

(L)

155

90

110

220

delayed

70

95

1.2

1.8

1.0

11:2 [48] (R)

235

100

200

235

mild delay

70

3.0

5.4

-

(L)

235

95

190

215

mild delay

75

2.7

4.4

-

11:1 [56] (R)

330

145

285

345

normal

95

130

1.6

3.4

1.0

(L)

330

170

300

385

normal

110

155

2.0

3.2

1.0

Abbreviations: EOG, electro-oculogram; ERG, electroretinogram; -I, reduced.
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Fundus examination in three younger subjects (aged 26, 29 and 31 years)
demonstrated established bone spicule pigmentation in the inferior retina. In older
patients a larger area of intra-retinal pigmentation and was observed in the inferior and
inferonasal retina, in association with localised atrophy of the RPE, attenuation of
inferior retinal vessels and moderate disc pallor, suggesting that the retinal
degeneration observed in this disorder is progressive (Figure 5.3 A).
Autofluorescence imaging revealed a ring of increased autofluorescence
around the fovea, similar to that seen in patients with the NRL S50T mutation (Figure
6.15), even in young patients with little fundoscopic evidence of retinal degeneration.
In older subjects substantial dark areas of virtually absent autofluorescence, with
scalloped borders, correlated well with the areas of retinal and RPE atrophy observed
on fundoscopy (Figure 5.3 B). Marked superior visual field loss, under both scotopic
and photopic conditions, was observed in even the youngest patients, and in the
absence of any symptoms relating to field loss (Figure 5.4). Even in advanced disease,
however, there was relative sparing of the central 5° of the visual field (Figure 5.4). In
many subjects there was evidence of selective loss of the inferior visual field in an arc
at 10-20° of eccentricity, but in some subjects field loss extended to the inferior
periphery (Figure 5.5).

145

Figure 5.3 Fundus photograph of the right eye of a 55 year old subject with a
Thr58Arg mutation (RP 3148, 11:3) (A) showing inferior bone spicule
pigmentation and marked RPE atrophy; and corresponding cSLO image (B),
illustrating a marked reduction in autofluorescence both interiorly and in the
peripapillary region, which corresponds to atrophy of the retina and RPE.

À
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Figure 5.4

Visual fields of a 69 year old subject with the ThrSSArg mutation.

Scotopic red stimulus (above) and photopic (below) 30° visual fields of the right eye
of subject 11:1 from pedigree RP 3569, illustrating the selective loss of the superior
visual field that was observed under both dark- and light-adapted conditions.
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Figure 5.5

Photopic 60° visual field of a subject with the codon 58 mutation.

Visual field of the left eye of subject 11:3 from family RP 2640, aged 58 years,
demonstrating selective loss of the inferior visual field in an arc at 10-20° of
eccentricity, and field loss in the inferior periphery.
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Electrodiagnostic testing was performed on seven patients, aged 31 to 79 years
(Table 5.3). This demonstrated that whilst there may be no unequivocal abnormality in
affected individuals under the age of 40 years, a marked reduction in the amplitude of
the b wave of both the photopic and scotopic ERGs, and a loss of the light rise of the
EOG, occurs in older patients. In the two subjects from family RP3258, aged 53 and
79 years, the pattern and focal ERG’s were unrecordable or showed only residual
activity, confirming involvement of the macula in the later stages of the disease
process. In contrast both the P50 and N95 components of the PERG were preserved,
though of subnormal amplitude, in two other subjects aged 64 and 69 years, indicating
a degree of variability. Cone b-wave implicit times remained normal in three patients,
but were borderline in one subject (aged 53 years), and frankly delayed in the all three
individuals from family RP3148 (aged 31, 58 and 64 years).

5.3.5

Codons 68-71 12bp deletion.
The 56 year old proband from family RP4334 was completely asymptomatic,

with visual acuities of 6/6 right and 6/5 left, and was referred following a routine
examination by his optometrist. He was unaware of any other affected family
members. Both of his parents were deceased, but it is possible that one of them may
have had sectorial RP and remained asymptomatic, like the proband himself.
He had marked inferior patchy and bone spicule pigmentation, associated with
RPE atrophy. Photopic perimetry revealed bilateral extensive loss of the superior
visual fields, and a selective loss of the inferior field in an arcuate pattern at between
10 and 15° of eccentricity, very similar to that observed in subjects with the Thr58Arg
mutation. Binocular visual fields were borderline for legal driving.
Electrophysiology demonstrated bilaterally subnormal EOG light rise (145%).
The rod b-wave amplitude was remarkably preserved and comparable with normal
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values, but of increased latency. Bright white flash ERG’s showed subnormal a-waves
in both eyes, and a subnormal b-wave in the right eye. 30Hz flicker response implicit
times were borderline. The PERG showed no definite abnormality, but was borderline
in the right eye. In view of the patients age these findings suggest relatively mild
dysfunction of the rod and cone systems, in keeping with his lack of symptoms.

5.3.6

Glyl06Arg mutation.
One affected individual with this mutation, aged 46 years, with visual acuities

of 6/9 right and left, was examined. Fundal examination revealed a clearly defined
area of inferior bone spicule pigmentation and RPE atrophy (Figure 5.6).
The most interesting finding in this subject was the complete preservation of
the dark adapted bright white flash ERG a-wave, despite a significant reduction in bwave amplitude, giving rise to a ‘negative’ ERG (Table 5.3). We have been unable to
find a previous report of this ERG waveform in any sectorial RP phenotype. This
subject also exhibited better preservation of the EGG light rise, of all ERG a- and bwave amplitudes, and of his PERG, than a roughly age-matched individual with the
Thr58Arg mutation.

5.3.7

Aspl90Asn mutation.
A 34-year-old patient with an Aspl90Asn mutation, with visual acuities of

6/12 right and 6/9 left, was found to have bilateral inferior bone spicule pigmentation.
Electrophysiology demonstrated a subnormal EGG light rise, subnormal rod and cone
derived ERG amplitudes, an increased 30Hz flicker implicit time, and a subnormal
PERG. Considering that this woman was the youngest subject tested, these findings
suggest that the Aspl90Asn mutation may have a more profound effect on rod and
cone function at this age than the other mutations identified in this study.
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Figure 5.6

Fundus photograph of a subject with the Gly-106-Arg mutation.

Right fundus of the 46 year old subject (367148, 11:1) showing inferior bone spicule
pigmentation and RPE atrophy.
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5.3.8

Codon 269 3bp insertion.
The 48 year old proband from this family and her 56-year-old sister were both

completely asymptomatic, with visual acuities of 6 /6 right and left. Each was referred
following a routine optometric examination. Fundal examination revealed an area of
bone spicule pigmentation interiorly in both retinas that was smaller and more discrete
than that typically seen in age matched individuals from the families with other
rhodopsin mutations.
Perimetry in the proband demonstrated a corresponding, relatively localised
superior visual field defect with unrecordable rod and cone thresholds at 10-30° off
axis superiorly and normal thresholds in the inferior fields (Figure 5.7).
Electrophysiology also demonstrated relatively mild abnormalities of rod and
cone function. The light rise of the EOG was normal in both subjects. In the 48 year
old proband both rod ERG amplitudes and the a-wave of the maximal ERG response
were mildly subnormal. The implicit times of her photopic ERG were mildly
increased. In her 56 year old sister the scotopic b-wave and the P50 component of the
PERG were of mildly subnormal amplitude in the right eye, but normal in the left.
Cone derived ERG’s showed no abnormality of amplitude or implicit time.
cSLO imaging did not reveal a ring of hyperfluorescence around the fovea
similar to that observed in patients with the Thr58Arg mutation.
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Figure 5.7

Scotopic (blue stimulus) 60° visual field of a subject with the codon

269 3bp insertion.
Visual field of the right eye of patient 11:2, aged 48 years, from family 631811. The
area of superior field loss is markedly smaller than that seen in the other families.
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5.4

Discussion.
In this study rhodopsin mutations were found in 11 out of 16 apparently

unrelated families with sectorial RP (69%). Only five different mutations were
identified, indicating that a limited number of rhodopsin mutations may account for a
large proportion of cases of sectorial RP in the U.K. We did not find any individuals
with the Pro23His mutation, which is the commonest rhodopsin mutation in North
America, and is associated with a sectorial or regional phenotype. The presence of the
Thr58Arg mutation in several families, one of which is of Indian origin, suggests that
this may be a mutational hotspot, similar to the rhodopsin codon 347 mutation (Gal et
al, 1997).
Prior to the development of molecular classifications, it was shown that adRP
could be classified according to the pattern of photoreceptor degeneration (Lyness et
al, 1985; Massof and Finkelstein,1987; Kemp et al, 1988)”. Type-1 or diffuse adRP
is characterised by diffuse loss of rod function with relative preservation of cone
function in the early stages of the disease. Patients frequently present early, with night
blindness evident before the age of 10 years. Further visual symptoms and retinal
pigmentary changes may, however, be delayed for

1 0 -2 0

years after the onset of

disease. There is good evidence that loss of visual sensitivity is due to cell dysfunction
rather than cell death in the early stage of disease. In contrast, Type-2 or regional
adRP, which is more common, displays regional or patchy loss of rod function
accompanied by concomitant loss of cone function in the affected areas. Type-2 adRP
has a variable age of onset, and may rapidly progress to develop symptomatic visual
field loss. In this form of RP loss of function can be explained by cell death or loss of
outer segments.
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The sectorial RP phenotypes observed in our subjects consistently exhibited
simultaneous loss of rod and cone function confined, largely or exclusively, to the
inferior retina. This was typically associated with a relatively late onset of nyctalopia,
with progression to symptomatic visual field loss within five to ten years, and with the
presence of inferior intraretinal pigmentation even in asymptomatic individuals. It is
reasonable, therefore, to consider sectorial RP as a comparatively benign variant of
regional or Type 2 adRP.
Electrodiagnostic and psychophysical assessment of sectorial RP patients of
differing ages suggests a progressive concomitant loss of rod and cone function with
increasing age. This is consistent with the findings of earlier studies (Fishman et al,
1991; Fishman et al, 1992a; Fishman et al, 1992b; Fishman et al, 1992c), and
indicates that lack of disease progression should probably not be used as a diagnostic
criterion for sectorial RP.
Whilst the findings on clinical examination in many of these families are
similar, more detailed evaluation of the ocular phenotypes reveals significant
differences between them. For example, whilst electrophysiological assessment of a
38 year old subject with the Thr58Arg mutation revealed no unequivocal abnormality,
a 34 year old patient with a Aspl90Asn mutation was found to have a bilaterally
subnormal EOG light rise, subnormal rod and cone derived ERG amplitudes, an
increased 30Hz flicker implicit time, and a subnormal PERG.
The ‘negative’ ERG observed in the subject with a Glyl06Arg rhodopsin
mutation appears to be unique. It is difficult to explain why a mutation in a protein
exclusively expressed in rod photoreceptors should predominantly affect the b-wave
of the ERG, which is derived from post-receptoral neural elements, rather than the awave, which is generated in relation to phototransduction. A ‘negative’ ERG is more
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usually seen in conditions that predominantly affect the inner retina, such as central
retinal artery occlusion. X-linked juvenile retinoschisis, resulting from mutations in
the gene XLRSl, is one of the few inherited dystrophies that give rise to an
electronegative ERG (Sauer et al, 1997). The XLRSl protein, retinoschisin, is
expressed exclusively in photoreceptor cells in murine retina, but it is also secreted
into the inner retina, and may have a role in photoreceptor-Müller cell interaction
(Grayson et al, 2000).
Histological studies of human retinas affected by retinitis pigmentosa have
demonstrated that rods, amacrine cells and horizontal cells may all undergo neurite
sprouting in regions with significant photoreceptor loss’. When neurite sprouting does
occur, the majority of rod neurites bypass the dendrites of horizontal and bipolar cells,
the normal targets of rod axons in the outer plexiform layer, and directly contact the
hypertrophied processes of Müller cells, which have undergone reactive gliosis in
response to photoreceptor cell death, and the somata of amacrine cells. These changes
in retinal neuronal circuitry may contribute to the electroretinographic abnormalities
observed in RP, and in some instances to the development of an electronegative ERG.
An increased 30Hz flicker implicit time was noted in several patients in this
study, and a review of the literature suggests that the sectorial RP phenotype
associated with virtually all rhodopsin mutations involves a delay in the conemediated ERG in older subjects, even when a normal implicit time is observed in
younger individuals (Sullivan et al, 1993; Hayakawa et al, 1993; Stone et al, 1991;
Fishman et al, 1991; Fishman et al, 1992a; Fishman et al, 1992b; Fishman et al,
1992c). A normal 30Hz flicker implicit time has previously been suggested as a
diagnostic criterion for sectorial RP (Berson and Horward, 1971), but in view of these
findings it seems possible that this may be an age-dependent phenomenon.
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All patients in the present study had relative sparing of the central 5° of the
superior visual field, and frequently a selective loss of the inferior visual field
immediately surrounding the central 5°. In some cases a ring of increased
autofluorescence was observed around the fovea. These psychophysical and cSLO
data suggest a possible mechanism for the concomitant loss of rod and cone function
in the affected retina. Abnormal rod opsin molecules may interfere with outer segment
disc assembly, structure, or stability. This may result in increased turnover of rod
outer segments and a greater demand for phagocytosis of shed outer segments by the
RPE, leading to overloading of the RPE. The affected RPE might then be unable to
support cone function. The ring of increased autofluorescence surrounding the fovea,
and the selective loss of visual field at

1 0 -2 0 °

eccentricity, may result from the

increased density of rods known to exist at this location, since increased rod density
would be predicted to result in greater RPE overload. In the cone-dominated foveal
area, however, the RPE would remain healthy and cone function would be preserved.
Given the enormous range of genotypes associated with RP, and retinal
dystrophies in general, sectorial RP represents a rare example of an RP phenotype in
which there is a high probability of detecting mutations in a specific gene. Mutation
screening of the rhodopsin gene is a relatively simple, cost effective, and wellestablished molecular genetic technique. It is practical, therefore, to screen all
individuals with the sectorial RP phenotype for rhodopsin mutations, and to utilise the
information gained in prognostic and genetic counselling.
Sectorial RP is also a fascinating phenotype from the perspective of disease
pathogenesis, since the causative rhodopsin mutations are obviously present in every
rod photoreceptor throughout the retina, and yet the resulting retinal degeneration has
an extremely strong predilection for the lower half of the retina. A histological study
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of the retinas of a subject with the rhodopsin ThrlTMet mutation demonstrated that
the inferior retina contained no rods and rare cone somata, correlating with an absolute
scotoma observed in the superior field, whilst the superior retinas had near-normalappearing rods and cones in the far periphery and a gradient from the midperipheral to
central retina of progressively shortened outer segments and loss of photoreceptors.
Evidently the rhodopsin mutation alone is necessary but not sufficient to bring
about rod cell death. Heckenlively and co-workers (1991) studied four affected
individuals from two families with sectorial retinitis pigmentosa caused by the
Pro23His mutation and suggested, based on their patients’ history of light exposure
and the location of degeneration in the retina, that light phototoxicity might play a role
in the pathogenesis of sectorial RP. This hypothesis remains unproven, and further
studies will be required to elucidate the nature of the factors that interact with specific
rhodopsin mutations to produce the altitudinal distribution of retinal degeneration that
is so characteristic of sectorial RP.
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6

6.1

Identification of the NRL SerSOThr mutation.

Background.
At the time of this study mutations causing autosomal dominant RP (adRP)

had been identified in only two genes: rhodopsin (Gal et a l, 1997), localised on
chromosome 3q21-q25; andperipherin-RDS (6p21) (Keen and Ingleheam, 1996).
Mutations causing adRP have since been identified in seven further genes:
HPRP3 (lq21.1) (Chakarova et a l, 2002); PIM IK (7pl5-pl3) (Keen et a l, 2002);
IMPDHl (7q31.3) (Bowne et al, 2002; Kennan et al, 2002); RP l (8 q ll-q l3 ) (Pierce
et a l, 1999; Sullivan et a l, 1999); PRPC8 (17pl3.3) (McKie et a l, 2001), FSCN2
(17q25) (Wada et a l, 2001), and PRPF31 (19ql3.4) (Vithana et al, 2001). In
addition, there is one mapped adRP locus in which the responsible genetic mutation
remains unknown, located at 17q22 (Bardien et al, 1995).
A detailed search through the files of the Moorfields Eye Hospital Inherited
retinal dystrophy database revealed several large pedigrees that had not previously
been subjected to a genetic linkage analysis. We set out to determine the disease locus
and causative gene in one of these pedigrees by full genome linkage analysis and
candidate gene screening.

6.2

Linkage Analysis.
The adRP family analysed, family RP251, contained twenty-five members and

consisted of 14 affected individuals, seven unaffected relatives, and four spouses.
These individuals were typed for over 150 polymorphic markers spanning the entire
human genome. Three sets of markers were analysed: those corresponding to the nine
known adRP loci; an additional 40 markers reported to define loci closest to the
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largest number of expressed sequence tags (Ingleheam, 1997); and finally a set of
anonymous markers selected from the Généthon sex-averaged genetic map at 10-20
cM intervals throughout the genome (Dib et al., 1996). Primers were obtained from
the MapPairs set (Research Genetics, Huntsville, AL), or synthesised commercially
according to data from GDB (Johns Hopkins University).
Non-radioactive PGR was performed and the amplified products were then
separated by electrophoresis on 6 - 8 % non-denaturing polyacrylamide gels (Protogel,
National Diagnostics) and stained with ethidium bromide.
Linkage was obtained between the adRP in pedigree RP251 and markers on
14ql 1, with a maximum lod score of 5.72 (at 6= 0.00) for the marker D14S64 (Table
6.1). Recombination events were observed involving the markers D14S261 and
D14SI041 (Figure 6.1). The 17cM critical interval between these markers contained
several candidate genes including NRL (neural retina leucine zipper) (OMIM 162080)
and DAD-1 (defender against apoptotic cell death).

Table 6.1

Lod scores for markers on 14q ll.

Calculated using data from 24 individuals in family RP251.
Marker

e = 0 .0 0

^ = 0.1

<9 =0.2

(9 =0.3

(9 =0.4

^ =0.5

D14S 261

-00

0.87

1 .0 2

0.85

0.51

0 .0 0

D14S 72

3.31

2.81

2.25

1.61

0.87

0 .0 0

D14S 64

5.72

4.80

3.78

2.62

1.29

0 .0 0

D14S 1041

-00

3.12

2.57

1.79

0.85

0 .0 0

D14S 80

-00

1.55

1.34

0.93

0.42

0 .0 0
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Figure 6.1

Pedigree of Family RP251 showing haplotypes for the polymorphic markers in the centromeric region of chromosome 14q.

Marker order was determined from the Généthon sex-averaged genetic map^^. Centromeric recombination events in individuals III-8 and III-9,
and a telomeric recombination in affected individual 11-10 define D14S261 and D14SI041 as the flanking markers for the adRP locus. The
affected haplotype is indicated by black shading of the bars situated between the marker alleles.
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6.3

Mutation Screening of NRL.
The NRL gene was considered to be the best candidate since it encodes a basic

motif-leucine zipper DNA-binding protein that is highly expressed in adult neural
retina (Swaroop et al, 1992). In addition, the closely-linked marker D14S64 resides
within a cosmid containing the NRL gene (Faijo e/ al, 1997). The three exons of NRL
were screened for mutations in affected members of RP251 by direct sequencing.
For direct sequencing of the three exons of NRL the forward and reverse
primers used were identical to those used by Farjo et a l, 1997. A three stage PCR
consisting of 40 cycles of 94°C, 50-65°C, and 72°C, each for 1 to 3 minutes, was
performed. The resulting product was allowed to cool slowly to room temperature to
maximise the formation of heteroduplexes (Keen et al, 1991).
All affected individuals were found to have a T to A change at position
1942bp, which would result in a serine (Ser) to threonine (Thr) substitution at codon
50 in the putative transactivation domain of the NRL protein (Figure 6.2).

6.4

H phl Restriction Digest Analysis.
Since this nucleotide change abolishes a recognition site for Hph\ restriction

enzyme, Hphl restriction analysis of the amplified NRL exon 2 product was used to
confirm the T to A sequence change in all affected members of the RP251 family and
its absence in their unaffected siblings (Figure 6.3). To ensure that this change did not
represent a rare polymorphism, PCR amplified DNA from 250 unrelated control
individuals was subjected to Hphl digestion. Complete digestion by Hphl was
observed in all samples indicating that the Ser50Thr change was not present in any of
the 500 chromosomes.
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Figure 6.2

Identification of the NRL mutation.

Sequence of the mutated NRL allele demonstrating a T->A change in the forward
sequence

at
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1,942
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electropherogram. A normal sequence is shown below for comparison.

C

T

C

C T

H

C

f

l

C

C

C

220

C

T

C

C

T

T

C

f

i

C

C

C

210

163

Figure 6.3

Restriction analysis of the amplified NRL exon 2 in generation III of family RP251, demonstrating the abolition of the Hph\

site caused by the T ^ A change. Hph\ cleaves the normal exon 2 product into two fragments of 65 bp and 205 bp. The presence of an undigested
band of 270 bp, indicating heterozygosity of the substituted allele, is observed in all seven affected subjects (lanes 1, 3-5, 7, 9 and 11).
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6.5

Identification of additional pedigrees with the NRL S50T
mutation.
In order to identify NRL mutations in other adRP families, DNA samples from

200 apparently unrelated adRP patients, identified from the Moorfields Eye Hospital
retinal dystrophy register, were subjected to heteroduplex analysis and Hphl digestion.
The vast majority of these were British, originating from all over the country, but with
the greatest number derived from the south and east due to the location of the hospital.
In addition, six larger adRP pedigrees, which had previously been excluded from all
the remaining known adRP loci, were analysed for linkage to markers within the
RP251 critical region.
To aid heteroduplex detection new primers were synthesised from the genomic
sequence of the gene (Faijo et al, 1997), which produced a much smaller product
from exon 1, and amplified both exon 2 and exon 3 in two parts (exon IF GATGACCTCAGAGAGCTGGC; IR - GTTCTAGGTGAGCGGCCTGAC (216bp); exon
2.1F - GGCCTCCATGTGCTCCAGAC; 2.1R - GGCCTGGCCGGGTGCCCTCG (270bp);
exon 2.2F - CCTTCAGTGAACCAGGCATGGT; 2.2R - CTCAGGCCAGCTTGCTGACC
(256bp);

exon

3.IF

-

CGGGTGCGACCTGGCGCTGAC;

3.1R

GCCAGGCGGGCCACCTCGGC (314bp); exon 3.2F - GCCTGGCCGCCCAGCTGGAC;
3.2R - CCACTACACCACAAGGTGCTC (166bp)). The resulting product was allowed
to cool slowly to room temperature to maximise the formation of heteroduplexes, and
electrophoresed overnight at 1600-2000Vh on MDE (Flowgen) polyacrylamide gels.
No heteroduplexes were observed in any exon of NRL in any patient sample.
Nevertheless, Hphl digestion and direct sequencing revealed the presence of the codon
50 Ser to Thr mutation in the NRL gene in three additional adRP patients (from
families RP57, RP357, and RP3097). These three families subsequently underwent
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haplotype analysis using polymorphic markers in the region of the disease critical
interval on 14ql 1. The pedigrees of families RP57, RP357, and RP3097 are illustrated
in Figure 6.4.
Comparison of marker haplotypes in affected individuals from families RP57
and RP357 with those of affected members of the original RP251 family revealed a
common disease haplotype for markers within the adRP locus on 14qll (Table 6.2).
The same disease haplotype can be inferred from the alleles present in individual
number 1727 from family RP3097, but since only one member of this family was
analysed this cannot be confirmed. This disease-associated haplotype was not
observed on any of the sixteen ‘control’ chromosomes, belonging to individuals who
were related by marriage to these four families (RP57, RP251, RP357 and RP3097),
which underwent haplotyping.
Since affected individuals from these four families share nearly 15cM of
chromosome 14q surrounding the NRL gene it seems likely that they are, in fact,
closely related and that the NRL S50T mutation arose relatively recently. The earliest
known affected family member from these pedigrees (from RP57) was bom around
1850. These four families all originate from South East England.
Recombination events in affected individuals from the original family RP251
define a 17cM critical genetic interval for this locus between the markers D14S261
and D14S1041 (Figure 6.1). A recombination event observed in subject number 87,
from family RP357, reduces the adRP critical interval to 14.9 cM and defines D14S72
as the new centromeric boundary (Table 6.2).
Linkage analysis enabled all six of the larger adRP pedigrees to be excluded
from the 14ql 1 locus (data not shown), indicating that at least one further adRP locus
remains to be found.
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Pedigrees of additional families with the NRL S50T mutation. Patients whose DNA samples underwent mutation and

Figure 6.4

haplotype analysis are denoted by a horizontal bar above the symbol representing that individual. DNA numbers correspond with those in Table
4.2. (Affected individuals are denoted by solid symbols.).
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Table 6.2

Comparison of the suggested haplotypes of polymorphic markers in the critical region on 14qll between RP251 and three

additional families with the codon 50 Ser to Thr mutation in the NRL gene identified by restriction digest analysis. The presence o f the same
variant allele for the centromeric marker, D14S261, in all additional cases may indicate a recombination event in the founder o f RP251. Subject
No. 87 has a recombination involving D14S 72 which refines the adRP critical interval to 14.9cM. Marker order obtained from Dib et al., 1996.
(tL ocation o f NRL - Farjo et a l , 1997).

RP 251
Marker

Haplotype

RP57
No. 2503

RP3097
No. 2504

No. 1727

RP357
No. 2399

No. 87

D14S 261

4

1

4

5

4

4

4

4

4

5

D14S 72

2

1

2

4

2

4

2

3

4

5

D14S 990

3
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3

2

3

4

3

1

3

3

D14S 64t

5

3

5

4

5

1

5

2

5

3

D14S 1041

2

1

2

4

2

4

2

1

2

4
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3

3

3

4

3
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3

3

3
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6.5.1

The importance of ‘founder effects’.
The fact that the additional three pedigrees are related to the family RP251 is

further evidence of the importance of the ‘founder effect’ in autosomal dominant
retinal dystrophies. There now exist several striking examples of this effect: 1) the
rhodopsin Pro23His mutation which accounts for around 10% of cases of dominant
retinitis pigmentosa in the United States (Dryja et al, 1991); 2) the TIMP-3
SerlSlCys mutation in patients of British origin with Sorsby fundus dystrophy
(Wijesuriya et al, 1996); 3) the peripherin-RDS Argl72Trp mutation in dominant
macular dystrophy (Payne et al, 1998b); 4) the many descendants of Jean Nougaret
with congenital stationary night blindness due to a mutation in GNATl (Dryja et al,
1996); and 5) perhaps most spectacularly the 39 apparently unrelated pedigrees from
several different countries with dominant drusen of the Doyne/Malattia leventinese
type, all of whom were found to have an Arg345Trp mutation in the gene EFEMPl
(Stone gr a/., 1999).
Identification of ‘founder effects’ in local populations, or in some cases
internationally, can greatly simplify genetic analysis of the relevant diseases and may
have important implications for the speed and cost-efficiency of diagnostic screening
services. Associated clinical studies may provide accurate information about disease
progression for the purpose of prognostic counselling. Large groups of individuals
whose eye disorder is due to a single mutation are also ideal candidates for
recruitment into trials of any potential future treatment for the inherited retinal
dystrophies.
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6.6

Pathogenesis of the NRL S50T Dystrophy.
Several lines of evidence suggest that mutations in NRL might lead to retinal

degeneration. (1) Whilst Nrl transcripts are detected in all post-mitotic neurons and
the lens during mouse embryonic development, its expression is restricted to retinal
cells in the adult (Liu et al, 1996). (2) The Nrl gene product acts as a transcription
factor responsible for upregulating the activity of the promoter elements of several
retina specific genes, including rhodopsin (Rehemtulla et al, 1996; Kumar et al,
1996)’ and PDE6B (the beta-subunit of cGMP-phosphodiesterase), leading to
increased production of these proteins. Mutations in the rhodopsin gene are reported
to be responsible for approximately 25% of all cases of adRP (Ingleheam et al, 1992),
whilst mutations in PDE6B cause arRP (McLaughlin et al., 1995). (3) Mutations in the
cone-rod homeobox gene {CRX) encoding a homeodomain protein, which functions
synergistically with NRL in regulating rhodopsin promoter activity (Chen et al,
1997), have been shown to cause autosomal dominant cone-rod dystrophy (C0RD2)
(Freund et al, 1997; Swain et al, 1997). Since NRL acts only upon the rod opsin
promoter, whilst CRX also interacts with the cone opsin promoters, mutations in NRL
would be predicted to produce an RP rather than a CRD phenotype.

6.6.1

Structure of NRL.
Stmctural and functional analyses suggest that NRL is a modular protein like

many other basic motif-leucine zipper (bZIP) transcription factors with at least two
distinct domains. A transactivation (TA) domain rich in Proline, Serine and Threonine
(PST) residues is present in the first half of the protein and is encoded by one exon.
The DNA-binding (DB) domain at the carboxyl-terminus (encoded by a separate
exon) contains a leucine zipper motif for dimerization, preceded by a stretch of basic
amino acids that are involved in DNA binding (Swaroop et al, 1992). Amino acid
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residues upstream of the basic motif have also been implicated in sequence site
recognition (Kerppola and Curran, 1994). A naturally occurring variant isoform of
NRL (DDIO) that lacks most of the TA domain is demonstrated to have dominant
negative effect on NRL-mediated transactivation of rhodopsin promoter, whereas a
deletion in the leucine zipper region generated a non-functional protein (Rehemtulla et
al, 1996). Amino acid substitutions in the TA domain may alter the specificity (e.g.
the interaction with CRX) of the NRL protein and result in aberrant rhodopsin
expression.
A high percentage of PST residues in the TA domain, together with metabolic
labelling experiments (Rehemtulla and Swaroop, unpublished data), suggest that the
activity of the NRL protein is regulated by phosphorylation/dephosphorylation
mechanisms in response to environmental and/or developmental cues. Human and
murine NRL proteins share significant sequence homology (>50%) with Maf family
transcription factors and the transforming m af oncogene (Table 6.3). The Ser50
residue is located within one of the two highly-conserved regions of the TA domain
(located at residues 3-27 and 41-54 respectively). A serine residue is present at this
location in NRL and Maf proteins that contain a TA domain (Table 6.4). A mutation
of this residue may, therefore, result in quantitative and qualitative changes in NRL
function.
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Table 6.3

Protein sequence of human NRL compared to related proteins.

MAXHOM multiple sequence alignment statistics comparing human NRL to other
proteins in SwissProt database, using the EMBL PHD prediction programs (Rost et
al., 1994), show NRL to be extremely conserved compared to murine nrl.

Protein

Pairwise

Weighted

Residues

Gaps

SwissProt

Name

Identity

Similarity

Aligned/

Number/

Accession

(% )

(%)

Length

length

Number

nrlhum an

100

100

237/237

0 /0

P54845

nrlm ouse

89

93

237/237

0 /0

P54846

mafl mouse

53

65

236/323

7/94

P54841

tmaf_avis4

53

64

232/369

5/110

P23091

m afZm ouse

53

64

232/370

4/121

P54843

m afZ rat

52

63

236/369

5/127

P54844

mafl rat

51

65

235/323

5/94

P54842

Table 6.4

Conservation of the transactivation domain of NRL.

Sequence alignment of human NRL to proteins in SwissProt database demonstrating
the location of SerSO within a highly conserved region of the N-terminal TA
(transactivation) domain containing amino-acids 41-54.

nrlhum an

TASLG

STPYSSVPPSPTFS

EPGMV

nrlm ouse

TASLG

STPYSSVPPSPTFS

EPGMY

mafl mouse

SSTPL

STPCSSVPSSPSFS

PTEPKT

mafl rat

SSTPL

STPCSSVPSSPSFS

PTEQKT

tmaf_avis4

SSTPM

STPCSSVPPSPSFS

APSPGS

m afZm ouse

SSTPM

STPCSSVPPSPSFS

APSPGS

m afZ rat

SSTPM

STPCSSVPPSPSFS

APSPAS
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Sequence-based secondary structure predictions suggest that the region
containing serine 50 is of loop type, not helical or extended. To generate additional
theoretical structural information for this region, we examined the protein data bank
(BLAST? search: Altschul et al, 1990) for solved three-dimensional protein
structures sharing amino acid sequence homology with the highly conserved sequence
of NRL 41.54 (YSSVPPSPTFSEP) using the Swiss-Model Program (Macintosh)
Internet template selection system. A highly homologous region was found in the
protein IIKCW

464-476

(YSPVPPSASHVAP). This region in IIKCW is a folded

hairpin loop structure stabilized by inter-backbone hydrogen bonding between
opposing sides of the hairpin. Assuming that NRL forms a similar hairpin loop there is
no obvious indication that the Ser to Thr change would grossly alter the local
secondary structure of the protein.

6.6.2

Theoretical consideration of the S50T mutation.
The sequence P-P-S-P containing SerSO constitutes a consensus sequence for

phosphorylation / dephosphorylation by proline-directed serine/threonine (S/T)
protein kinases and serine/threonine protein phosphatases (Pinna and Ruzzene, 1996).
The high percentage of PST residues in the TA domain, together with metabolic
labelling experiments (Rehemtulla and Swaroop, unpublished data), suggest that the
activity of the NRL protein is regulated by phosphorylation / dephosphorylation
mechanisms in response to environmental and / or developmental cues. Many S/T
protein kinases preferentially phosphorylate serine residues and some have been
demonstrated to be virtually inactive on threonine (Meggio et al, 1988; Leighton et
al, 1995). In contrast, almost all S/T protein phosphatases display a striking
preference for phosphothreonyl residues over phosphoseryl residues included within
identical sequences (Agostinis et al, 1990; Donella-Deana et al, 1990). If in addition
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a proline residue follows the phosphoserine, as it does in wild-type NRL, this
constitutes a site that may be completely refractory to phosphatase activity.
Dephosphorylation may, however, occur if this serine is replaced by a threonine
(Benlevy et al, 1995). By either of these mechanisms the Ser-50-Thr mutation may
result in proportionately more NRL protein being in the dephosphorylated and
presumably inactive state. Since NRL, like other bZIP proteins, is thought to function
as a dimer, the mutant protein might dimerize with the normal protein to form an
inactive transcriptional complex. This could have a dominant negative effect on NRLmediated transactivation of the rhodopsin promoter, similar to that seen with the
variant isoform of NRL (DDIO) that lacks most of the TA domain (Rehemtulla et al,
1996).

6.7

Biochemistry of the NRL SerSOThr Mutation.
To assess the effect of the S50T mutation on NRL function, specifically its

ability to transactivate the rhodopsin promoter either alone or in combination with
CRX, transient transfection experiments were performed in CV-1 and 293 cell lines
(Rehemtulla et a l, 1997; Kumar et a l, 1996, Chen et a l, 1997).
This work was carried out in association with Professor Anand Swaroop, and
Drs. Kenneth P. Mitton and Prabodha K. Swain, from the Departments of
Ophthalmology and Human Genetics, W.K. Kellogg Eye Centre, University of
Michigan, Ann Arbor, MI, USA, and Professor Donald J. Zack and Dr. Qing-Liang
Wang, of the Departments of Ophthalmology, Neuroscience, and Molecular Biology
and Genetics, The Johns Hopkins University School of Medicine, Baltimore, MD
USA.
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6.7.1

Transient transfection experiments.
The pED-NRL expression construct was generated by cloning the NRL cDNA

(AS321) in the pED mammalian expression vector (Kaufman, 1992), a derivative of
the pMT3 vector used earlier (Rehemtulla et al., 1996). The pED-NRL^^^^ construct
expressing the mutant NRL protein was generated in two steps. First, the mutation
was created in the AS321 cDNA using Exsite^^ Site Directed Mutagenesis Kit
(Stratagene, La Jolla, CA), as described by the manufacturer, except that the Expand
Long™ PCR system (Boehringer Mannheim, Indianapolis, IN) was used for inversePCR. The mutant pAS321^^®^ cDNA was then cloned in the pED vector, as in case of
pED-NRL. Both native and mutated constructs were confirmed by sequencing.
CV-1 cells were transfected using Lipofectamine-Plus^^ (GIBCO-BRL) at
50% confluency in 24 well plates, as suggested by the manufacturer. Different
concentrations of pED-NRL and pED-NRL^^®^ expression constructs (0.003 to 0.3
pg) were cotransfected with pBR130-luc (rhodopsin promoter/luciferase reporter, 0.3
pg) (Rehemtulla et a l, 1996; Kumar et al., 1996; Chen et a l, 1997), with and without
pCDNA-bCRX (Chen et al., 1997) (0.3 pg). A pCMV-LacZ plasmid was included to
normalise for transfection efficiency.
Each transfection experiment was performed in triplicate. DNA concentrations
were calibrated by agarose gel electrophoresis and densitometry with Bio-Rad
precision molecular mass standards. Appropriate amount of the vector DNA was
added to keep the total amount of DNA constant for all transfections. Cells were
harvested 48 hours post-transfection by scrapping and ffeeze-thawing in lOOpl of
reporter lysis buffer. Cell debris was removed by centrifugation and supernatant was
kept frozen until assay. The assays for luciferase and p-galactosidase activity were
performed with respective kits from Promega Corporation (Madison, WI) and Tropix,
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Inc. (Bedford, MA), according to manufacturer’s protocols, using lOpi of cell extract
for luciferase assay and 5 pi of extract for P-galactosidase assay. Fold stimulation was
calculated relative to cotransfections with pED vector and pBR130-luc, as previously
described (Swain et al., 1997). Transient transfections with the 293 cells were
performed essentially as described (Swain et al., 1997).

6.7.2

demonstrates markedly enhanced synergistic transactivation.
In CV-1 cells, a statistically significant increase in the transactivation of the

rhodopsin promoter was observed by

over NRL, although the increase was

not of a large magnitude (Figure 6.5). In the presence of CRX, however, NRL^^®^
demonstrated markedly enhanced synergistic transactivation of the rhodopsin
promoter at relatively low levels of the expression construct (Figure 6.5). The
concentration of pED-NRL^^®^ required for half-maximal transactivation synergy was
almost 10 times less than that of pED-NRL. However, the degree of synergy achieved
in presence of saturating amounts of NRL was essentially identical with both the
normal and the mutant NRL proteins. Similar results were obtained in independent
experiments using the human 293 cell line and a human CRX expression construct
(data not shown). Levels of protein expression were not ascertained.
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Figure 6.5

Effect of the S50T mutation on NRL-mediated transactivation of

RHO promoter activity in CVl cells.
Different concentrations of pED-NRL and pED-NRL^^°^ expression constructs
(0.003-0.3 pg) were cotransfected with pBR130-luc (RHO promoter/luciferase
reporter, 0.3 pg) with and without pCDNA-bCRX (0.3 pg) as indicated. Luciferase
activity was normalized for transfection efficiency with that of P-galactosidase. The
experiment was performed three times to ensure reproducibility. Fold activation in
relative light units (luciferase/p-galactosidase) was calculated over the pED vector in
presence of pBR130-luc reporter construct (=1 fold). The luciferase activity in the
presence of CRX expression construct alone is indicated by the dotted line. An
increased transactivation of the RHO promoter was observed with NRL^^^^ compared
with NRL. The synergistic transactivation of NRL S50T with CRX was enhanced
over that of NRL+CRX. Mest,/> <*0.05, **0.01, ***0.001; bars show s.d.
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Although it is difficult to extrapolate the in vivo significance from cell culture
studies, these data suggest that the

mutation may actually result in increased,

rather than reduced, transcription of rhodopsin, and possibly of other photoreceptor
genes, in vivo. Rhodopsin is the major structural protein of rod outer segments,
accounting for nearly 50% of the protein content of the outer segments and 80% of the
proteins in the discs (Hargrave and McDowell, 1992). In animal models both
overexpression and underexpression of rhodopsin have been shown to cause
photoreceptor cell death (Olsson et al, 1992; Humphries et al., 1997), and either
could be the mechanism by which the

mutation produces a retinal

degeneration.
There is, therefore, evidence in support of NRL^^^^ being the disease-causing
mutation in the RP251 family: (1) linkage between adRP and D14S64, the closest
genetic marker to NRL\ (2) retina specific expression of NRL; (3) lack of T to A
sequence change in 250 normal controls; (4) extreme conservation of the NRL coding
region, as revealed by sequencing of 53 independent retinal dystrophy patients (Farjo
et al, 1997) and negative heteroduplex screening of NRL in an additional 200
individuals; and (5) enhanced transactivation of rhodopsin promoter activity by
N rlS sot particularly when NRL^^^^ acts synergistically with the CRX protein.

6.8

Identification of Further NRL Mutations.
Subsequent to the publication of the above findings, two further mutations in the

NRL gene were reported in Spanish patients with RP (Martinez-Gimeno, 2001). DNA
samples from a total of 130 adRP and 37 simplex RP patients were analyzed by
DOGE and SSCP. A proline to leucine substitution at codon 51 (Pro-51-Leu) of the
NRL gene was found to segregate with disease in one adRP family. In addition, a Gly122-Glu change was identified in a subject with sporadic RP.
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The Pro-51-Leu substitution is located in the transactivation domain of the NRL
protein, in the amino acid residue immediately adjacent to the Ser-50-Thr mutation.
No functional studies were carried out by the authors to determine the effect of this
mutation on NRL’s ability to transactivate the rhodopsin promoter. Clinical
examination of RP patients from the Pro-51-Leu family revealed that peripheral visual
field constriction and intraretinal pigmentation were first observed at the beginning of
the third decade. Electroretinography demonstrated abolished rod and cone responses.
As noted above, the sequence P-P-S-P containing Ser50 and Pro51 constitutes
a consensus sequence for phosphorylation and dephosphorylation by proline-directed
serine/threonine (S/T) protein kinases and serine/threonine protein phosphatases
(Pinna and Ruzzene, 1996). When a proline residue follows the phosphoserine, as it
does in wild-type NRL, this site may be completely refractory to phosphatase activity.
The Pro-51-Leu substitution may, therefore, have a significant effect on the proportion
of the NRL protein that is phosphorylated at the Ser50 position. This suggests that the
pathogenic mechanism by which the Ser-50-Thr and Pro-51-Leu mutations produce an
RP phenotype may be similar.
The Gly-122-Glu mutation changes a non-polar amino acid to an acidic residue
in a region between the proline rich domain and the extended homology region of the
NRL protein. Whilst the glycine residue at position 122 is conserved in the sequence
of the human, bovine and murine NRL proteins, and the Gly-122-Glu mutation was
not identified in 50 controls, functional experiments may be required to determine
whether this sequence change is in fact responsible for causing RP.
The discovery of at least one additional novel NRL mutation confirms the role of
this gene in the pathogenesis of inherited retinal dystrophies.
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6.9

Phenotype Associated with the NRL S50T Mutation.
All

14 affected family members underwent a full ophthalmological

examination. Previous visual field tests, electrophysiological data, and fluorescein
angiograms were available for many individuals, but these investigations had not been
standardised. For the purposes of this study, therefore, seven patients were selected to
represent different generations of this family, and these subjects underwent more
detailed electrophysiological and psychophysical assessment.
The three additional pedigrees (RP57, RP357, and RP3097) contained 13
surviving affected individuals (Figure 6.4). Information was obtained from clinical
records that were available for eight subjects, but they were not all re-examined.

6.9.1

Clinical and functional investigations.
Affected patients were questioned regarding the age at onset of night

blindness, the age of onset of difficulty with side vision, and the age of onset of
central visual loss, if any. They were then evaluated with respect to distance visual
acuities, slit lamp biomicroscopy of the lens, ophthalmoscopic examination of the
fundus,

static

perimetry,

electrophysiology,

and

confocal

scanning

laser

ophthalmoscopy (cSLO).

6.9.2

Description of patients.
Clinical details including age, history of visual loss, current Snellen visual

acuity, and ophthalmoscopic findings from the 14 affected individuals in family
RP251 (ranging in age from nine to sixty-four years) are presented in Table 6.5a. The
data that were available for the eight subjects from families RP57, RP357, and
RP3097 are included in Table 6.5b. The clinical features recorded for these patients
were remarkably consistent with those of individuals from family RP251.

180

Table 6.5a

Clinical details of the 14 affected individuals in family RP251.

RP251

Age at onset of

Snellen acuity

Lens

Retinal periphery

Macula

Disc

Subject

Age

Nyctalopia

Field loss

Acuity loss

R

L

R /L

1:1

64

6-7

?

mid-30's

6/24

6/36

P /P

pigmentation

atrophy

pallor

11:2

44

14

23

34

5/60

4/60

P/++

bone spicules

atrophy

pallor

11:4

43

early

20-25

29

6/9

6/60

P /P

pigmentation

atrophy

pallor

11:7

36

birth?

30

recent

6/9

6/9

+/+

few bone spicules

thickening

pallor

11:8

38

8-9

31

30-35

6/18

6/18

none

pigmentation

thickening

pallor

11:10

39

15

37

gradual

6/60

6/18

+/+

pigmentation

pigmentation

pallor

11:11

38

10

25

32-38

6/9

6/12

none

pigmentation

thickening

normal

111:1

17

<13

none

none

6/5

6/6

none

pigmentation

thickening

normal

111:3

15

birth?

none

none

6/9

6/9

none

minimal pigmentation

thickening

normal

111:4

18

<16

none

none

6/12

6/12

none

N/A

thickening

normal

111:5

17

teens

none

none

6/6-

6/6-

none

single patch pigment

foveal changes

normal

111:7

15

<15

none

none

6/6

6/6-

none

single patch pigment

normal

normal

111:9

19

10

none

none

6/9

6/9

none

minimal pigmentation

foveal changes

normal

111:11

17

16

none

none

6/5

6/5

none

nasal bone spicules

normal

normal

Table 6.5b

Available data for subjects from families RP57, RP357, and RP3097

Pedigree

Snellen acuity

Age at onset of

Lens

Subject

Age

Nyctalopia

Field loss

Acuity loss

R

L

R /L

RP57

30

3

23

19

2/60

6/36

none

Retinal periphery

Macula

Disc

scattered pigment,

atrophy

Normal

telangiectasis

IV:3
55

childhood

N/A

N/A

6/12

6/36

N/A

pigmentation

N/A

pallor

111:2

47

birth

N/A

N/A

6/18

6/36

+/+

moderate pigmentation

atrophy

pallor

111:3

43

8

N/A

N/A

CF

6/24

++/P

pigment clumps

atrophy

N/A

111:5

41

N/A

N/A

40

6/12

6/12

+/+

pigmentation

‘oedema’

normal

IV: 1

8

<8

N/A

N/A

6/9

6/9

none

RPE granularity

N/A

normal

RP3097

31

12

20

N/A

6/60

6/60

none

few bone spicules

massive oedema

pallor

RP357
11:2

11:4

Abbreviations: R, right; L, left; P, pseudophakic; + mild cataract; ++, moderate cataract; none, not present; N/A, information not available.
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6.9.3

Phenotype range.
The first symptom of retinal dystrophy observed by all affected individuals

was night blindness (nyctalopia). The age at onset of nyctalopia reported by patients
from these families varied from early life to fifteen years, with around half indicating
an onset between eight and fifteen years of age. Subjects often complained of
difficulty with dark adaptation, especially when entering a dimly lit building on a
sunny day.
In all patients the next symptom reported was difficulty with side vision,
commencing at between 20 and 30 years of age in six subjects, and between 31 and 37
years in a ftirther two patients. Asymptomatic photopic visual field defects were,
however, demonstrated by static perimetry in individuals as young as 17 years of age.
With the exception of patient IV:3 from family RP57 (see below), the onset of
significant visual acuity loss was delayed until at least 29 years, with seven out of
eight patients stating that this occurred between 30 and 40 years of age. There was no
apparent relationship between the age at which nyctalopia was first observed and the
time at which visual field loss and visual acuity loss was noticed.
Visual acuities were well preserved in patients under 20 years of age with
seven out of eight having Snellen acuity of 6/9 or better in both eyes. Beyond the age
of 30 most patients (11/13) had significant loss of visual acuity (6/12 or worse) in one
or both eyes. Substantial visual loss (6/36 or worse) was present in 12 of these 26
eyes, and was associated with macular atrophy in the majority of subjects. These data
are presented in the form of a scatterplot in Figure 6.6.
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Figure 6.6

Scatterplot of age vs. visual acuity in the right eye of patients with the NRL S50T mutation {n = 21).
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Eight patients, all over the age of 35 years, had bilateral posterior subcapsular
lens opacities or had undergone cataract extraction. Cataract contributed to reduction
in visual acuity in some patients, but pseudophakic individuals frequently had poor
central vision also, as a result of macular atrophy.

6.9.4

Fundoscopic appearances.
Peripheral retinal changes in younger affected individuals (<20 years) were

limited to one or more small patches of mid-peripheral intraretinal pigment. More
generalised peripheral pigmentation with associated atrophy of the retinal pigment
epithelium (RPE), usually affecting all four retinal quadrants, was seen in older
patients. Pigment tended to be deposited in rounded clumps more often than in classic
‘bone spicules’.
Patient IV:3 from family RP57 (aged 30 years) was unique in exhibiting
bilateral extensive peripheral retinal telangiectasis, primarily, but not exclusively,
affecting the inferior fundus. At the age of 19 she was observed to have bilateral
vitreous cells and haze, associated with diffuse macular oedema and a visual acuity of
6/24 in each eye. At that time very mild peripheral telangiectasis was observed. This
oedema did not respond to a course o f oral prednisolone, and the patient then failed to
attend further outpatient appointments. She presented again at the age of 28 years with
extensive peripheral telangiectasis giving rise to bilateral inferior serous retinal
detachments that progressed to involve the macula in each eye. Initially there was
some response to treatment with oral acetazolamide (500mg per day), but eventually
she required bilateral inferior retinal cryotherapy. Despite this her maculae remained
oedematous and her visual acuity continued to deteriorate to 2/60 right and 6/36 left.
Macular oedema appeared to be present, or was recorded to have occurred, in
many younger subjects (Figure 6.7) (Table 6.5). Surprisingly, however, fluorescein
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angiography in patients with macular thickening revealed masking of choroidal
fluorescence in the foveal region, associated with surrounding patches of increased
fluorescence, rather than foveal oedema (Figure 6.7). Oral acetazolamide was used in
an attempt to reduce macular oedema and improve acuity in several of these patients,
but in the absence of peripheral telangiectasis no subject experienced any
improvement in visual function whilst taking this medication.
In older patients the typical finding was a ‘Bull’s eye’ pattern of macular
atrophy (Figure 6.8). This was frequently associated with substantial impairment in
visual acuity.
Pallor of the optic disc was observed in seven older patients (age range 36-64
years). In addition a remarkable progressive atrophy of the peripapillary retina was
observed, which is not a typical feature of retinitis pigmentosa. Early peripapillary
atrophy was evident even in the youngest individuals examined and this became very
prominent in older subjects (Figure 6.9). This was not a reflection of high myopia, as
most patients had no significant refractive error.

6.9.5

Psychophysical findings.
Three individuals (111:3; 111:4; and 111:5) had dark-adapted fields performed

under the age of 15 years. In each case there was a significantly greater impairment of
the scotopic visual field when performed with the blue filter in-situ than with the red
(Figure 6.10). This implies a predominant dysfunction of the rod system; consistent
with the observation that nyctalopia is the presenting feature of this retinal dystrophy.
Photopic visual fields in these younger family members revealed significant defects
within the central 30°, but these were frequently asymptomatic (Figure 6.11).
Estermen binocular visual fields in these subjects were usually within the standards
required for driving in the U.K.
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Figure 6.7

Fundus photograph (above) and fluorescein angiogram (below) of

the left eye of subject RP251; 111:3, (aged 15 years; acuity 6/9 bilaterally)
demonstrating an increased macular sheen, macular thickening, and masking of
choroidal fluorescence in the foveal region.

Figure 6.8

Fundus photograph (above) and fluorescein angiogram (below) of

the left eye of subject RP251; 11:4, (aged 43 years; acuity 6/60 left) demonstrating
‘Bull’s eye’ macular atrophy.

Figure 6.9

Fundus photograph of the left eye of subject RP251; 11:8, (aged 38

years; acuity 6/18 bilaterally) illustrating marked peripapillary atrophy.
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Figure 6.10

Dark-adapted visual fields of patient RP251; 111:5.

Performed at age 13 years with blue (450 nm - top) and red (650 nm - bottom) filters
in the stimulus beam. Significantly greater impairment is observed with the blue filter
in-situ, implying a predominant dysfunction of the rod system.
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Figure 6.11

Photopic visual fields of patient RP251; 111:11 (aged 17 years).

These visual fields (left above, right below) demonstrate significant defects within the
central 30°.
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The progression o f field loss in early adulthood is illustrated by Goldmarm
kinetic perimetry performed in individual 11:4 from family RP3097 at 26 years o f age
(Figure 6.12).

Figure 6.12

Goldmann kinetic perimetry in subject 11:4 from family RP3097.

Perimetry revealed bilateral mid-peripheral ring scotomata, with sparing o f the central
10-20°, o f a thin rim o f inferonasal peripheral field, and o f the temporal periphery.
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In affected individuals over the age o f 40 the photopic visual fields, performed
with the standard 30-2 Humphrey program, were restricted to less than 10° (data not
shown). This indicates that photopic visual field loss initially affects the mid
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periphery, and spreads to include the far periphery and involve more of the central
field as the disease progresses.

6.9.6

Electrophysiologic findings
Electrophysiologic assessment was undertaken on patients 111:9; 111:7; 111:5;

111:4; 11:10; 11:4; and 11:2 from family RP251 (aged 19, 15, 17, 18, 39, 43. and 44
years respectively). Detailed results are presented in Table 6.6 and Figure 6.13.
Electrophysiology revealed a non-detectable scotopic ERG in all seven
patients. In the three youngest patients tested (aged 15 to 18 years) there was relative
preservation of the photopic ERG, 3GHz flicker response, and pattern ERG (PERG).
White stimulation under conditions of dark adaptation resulted in an ERG with a
‘negative’ waveform, the amplitude of the a-wave exceeding that of the b-wave in all
six eyes. 30Hz flicker responses were delayed and reduced in amplitude. Visual acuity
in these subjects was 6/6 bilaterally in 111:5 and 111:7, and 6/12 bilaterally (due to
macular oedema) in 111:4.
Long duration stimuli were also used to separate the ‘ON’ and ‘OFF’ photopic
pathways in patient 111:7, whose cone mediated responses were well preserved. The
‘ON’ response showed a ‘negative’ waveform, whilst the ‘OFF’ response was well
formed and showed no unequivocal abnormality.
Patient 111:9, aged 19 years, demonstrated severe reduction in the amplitude of
both the photopic transient and 3GHz flicker responses. In addition, his PERG was
markedly subnormal despite a visual acuity of 6/9 bilaterally. In older subjects all
components of the ERG were non-detectable reflecting the progressive involvement
of cones in the disease process. Visual acuity in these individuals ranged from 6/9 to
4/6G (Table 6.5). The light rise of the electro-oculogram (EGG) was grossly reduced
(12G%) or abolished in the two individuals tested (11:4 and 111:9).
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Table 6.6

Electrophysiologic assessment of subjects from family RP251.
Electroretinogram
Scotopic

Subject

Age

Maximal
a-wave

30Hz flicker

b-wave

implicit

Photopic

Pattern ERG (uv)

Focal ERG

amplitude

b-wave

P50

N95

(uv)

time
11:2 (R)

44

(L)
11:4 (R)

43

(L)
11:10 (R)

39

(L)
111:4 (R)

18

(L)
111:5 (R)

17

(L)
111:7 (R)

15

(L)
111:9 (R)
(L)

19

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

<5.0

0

0

0.5

0

0

0

0

0

<5.0

residual

reduced ++

1.0

0

115

80

delayed

35

70

1.0

3.0

0

95

60

delayed

35

70

1.0

2.3

0

50

45

delayed ++

50

75

1.7

2.6

2.0

0

45

40

delayed ++

60

80

1.6

2.0

2.0

0

115

20

borderline

45

80

3.4

6.0

2.6

0

100

20

borderline

50

70

2.8

5.7

2.4

0

residual

delayed

5.0

<5.0

0.6

1.2

0.8

0

residual

delayed

4.0

<5.0

0.9

1.1

0.8

NRL Ser50Thr Mutation

Figure 6.13

Electrophysiologic assessment of patients in family RP251.

Subjects 111:7; 111:5; 111:4; 111:9; 11:10; 11:4; and 11:2, (aged 15, 18, 19, 19, 39, 43. and
45 years respectively) underwent electrophysiologic assessment.
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6.9.7

Scanning laser ophthalmoscope findings.
cSLO images of the macula in younger patients revealed a bright ring of

increased autofluorescence around the fovea, which persists until the development of
macular atrophy (Figure 6.14). In older patients areas of hypofluorescence on cSLO
images corresponded to areas of macular atrophy observed on fundoscopy, confirming
the loss of the photoreceptor cells.

Figure 6.14

cSLO image of the right macula of patient RP251; 111:11.

cSLO demonstrates a ring of markedly increased hyperfluorescence surrounding the
fovea in this young individual (aged 17 years).
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6.10

Defining the NRL S50T Phenotype.
Many of the clinical features of the retinal dystrophy associated with the NRL

S50T mutation are similar to those observed in patients suffering from retinitis
pigmentosa due to mutations in rhodopsin, peripherin-RDS, or other, as yet
unidentified, genes. Classically the first symptom of retinitis pigmentosa is nyctalopia,
with later onset of problems relating to visual field loss, and lastly variable reduction
of central vision. Visual field loss typically begins in the mid- rather than the far
periphery. Peripheral intraretinal pigment migration is associated with RPE atrophy.
With the exception of a limited number of geographically limited forms of RP
(sectorial RP), the scotopic ERG almost invariably becomes extinguished during the
course of the disease.
Several features of the phenotype associated with the NRL S50T mutation
may, however, serve to distinguish it from other forms of RP:
1). In younger family members electrophysiology typically demonstrates a
remarkable preservation of cone function at a time when rod fimction has already been
completely extinguished.
2). The ‘negative’ waveform of the dark-adapted maximal (bright white flash)
ERG response is well recognised in certain specific retinal dystrophies, such as Xlinked retinoschisis, but is unusual amongst RP phenotypes. Since the a-wave is
generated by the photoreceptors, whereas the b-wave arises in the inner retina, the
relative preservation of the a-wave in this dystrophy is particularly interesting.
Whilst rods outnumber cones approximately 13 to 1, the cones account for
around 15% of the full-field ERG response to single flashes of white light under darkadapted conditions. Since the a wave amplitude in younger members of RP251 varies
from 45-115pv, and a normal value would be in the 300-400pv range, it is possible
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that these a waves represent isolated cone function. The relatively greater reduction in
b wave amplitude suggests inner retinal dysfunction, and may represent a direct effect
of the NRL mutation, mediated by its expression in other cells of the neural retina, or
an indirect effect due to loss of rods.
Histological studies of human retinas affected by retinitis pigmentosa have
demonstrated that rods, amacrine cells and horizontal cells may all undergo neurite
sprouting in regions with significant photoreceptor loss’. When neurite sprouting does
occur, the majority of rod neurites bypass the dendrites of horizontal and bipolar cells,
the normal targets of rod axons in the outer plexiform layer, and directly contact the
hypertrophied processes of Müller cells, which have undergone reactive gliosis in
response to photoreceptor cell death, and the somata of amacrine cells. These changes
in retinal neuronal circuitry may contribute to the electroretinographic abnormalities
observed in RP, and in some instances to the development of an electronegative ERG.
3). The development of macular thickening appears to be a natural stage in the
progression of this dystrophy. Whereas a proportion of RP patients with macular
oedema usually respond to oral acetazolamide, there was no such response in any
patient in this study (excluding patient IV:3 from family RP57, whose oedema may
have been largely due to retinal telangiectasis).
4). A striking ‘Bull’s eye’ pattern of macular atrophy, with attendant loss of
visual acuity, more typical of that seen in cone-rod dystrophies, is observed in older
individuals.
5). Peripapillary chorioretinal atrophy, similar to that seen in high myopia, but
not a common feature of inherited retinal dystrophies, occurs with disease
progression.

Histological

analysis

of age-related

peripapillary

atrophy

has

demonstrated degeneration of the RPE-Bruch’s membrane complex, with concomitant
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loss of rod photoreceptors, which resembles the degeneration that may be found in the
macula and periphery of aging eyes (Curcio et al, 2000).
Atrophy is also observed in both the macula and the peripapillary region in
myopia, and in the peripapillary region alone in chronic glaucoma. Progressive
peripapillary chorioretinal atrophy in patients with the NRL S50T mutation may,
therefore, be mirroring the atrophic changes occurring in their macula and retinal
periphery.
Each of these features may well be found in isolation in patients with retinal
dystrophies due to other genetic changes, but a combination of these features,
especially if observed in several members of a family, would be consistent with an
underlying NRL mutation.

6.10.1 Comparison with other RP phenotypes.
In all four pedigrees the RP phenotype is fully penetrant and exhibits only
limited variation in expressivity. This is comparable with the phenotypes ascribed to
specific rhodopsin mutations and in contrast to the variable expressivity and
incomplete penetrance associated with the 7pl5.1-pl3 (Kim et al, 1995), 8qll-ql3
(Jacobson et al, 2000) and 19ql3.4 (Al-Maghtheh et al,

1996) adRP loci

respectively.
Prior to the development o f molecular classifications, it was shown that adRP
could be classified according to the pattern of photoreceptor degeneration (Lyness et
al, 1985; Massof and Finkelstein, 1987; Kemp et al, 1988)”. Type-1 or diffuse adRP
is characterised by diffuse loss of rod function with relative preservation of cone
function in the early stages of the disease. Patients frequently present early, with night
blindness evident before the age of 10 years. Further visual symptoms and retinal
pigmentary changes may, however, be delayed for 10-20 years after the onset of
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disease. There is good evidence that loss of visual sensitivity is due to cell,
dysfunction rather than cell death in the early stage of disease. In contrast, Type-2 or
regional adRP, which is more common, displays regional or patchy loss of rod
function accompanied by concomitant loss of cone function in the affected areas.
Type-2 adRP has a variable age of onset, and may rapidly progress to develop
symptomatic visual field loss. In this form of RP loss of function can be explained by
cell death or loss of outer segments. The NRL S50T phenotype would clearly be
defined as a Type 1 adRP according to this classification.
For patients living in relatively wealthy industrialised societies, where
populations are often concentrated in artificially illuminated towns and cities, the early
onset of night blindness may have a minimal impact on employment prospects (with
the exception of the Armed Services) and other activities. Visual field loss occurs
relatively early, however, in patients affected by the NRL S50T mutation dystrophy,
resulting in failure to conform to legal requirements for driving between the ages of 20
and 30 years. This may be particularly disabling if the individual lives in a remote
area, or relies upon a car for work. The apparently inevitable loss of cone function and
visual acuity observed in older patients will have the greatest effect on employment
and leisure activities.
Comparison with published data on the RP phenotypes associated with other
genotypes may be misleading, but the NRL S50T mutation phenotype appears to be
more severe in terms of visual acuity loss than that seen with the commonest wellcharacterised RP causing mutation, rhodopsin Pro23His (Berson et al, 1991).

6.10.2 Genotype-phenotype correlation.
The NRL S50T mutation may result in increased transcription of photoreceptor
genes in vivo. Since overexpression of rhodopsin has been shown to cause
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photoreceptor cell death (Olsson et al, 1992), this may be the mechanism by which
the NRL S50T mutation initiates retinal degeneration.
The subsequent loss of cone function may be due to the breakdown of a
structural or physiological dependence on the rods. Alternatively, it may result from
an inability of the RPE to deal with the increased amounts of rhodopsin and other
proteins contained in phagocytosed rod outer segments. The ring of increased
autofluorescence observed in cSLO images may lend support to the latter hypothesis.
Mutations in the cone-rod homeobox gene (CRX) have been shown to cause
autosomal dominant cone-rod dystrophy (Freund et al, 1997; Swain et al, 1997)’ and
recessive Leber congenital amaurosis (Freund et al, 1998). NRL is expressed
primarily in rods, whereas CRX is present in both rods and cones. This expression
pattern may determine that the NRL S50T mutation produces a rod-cone dystrophy,
presenting with nyctalopia due to early severe loss of rod function, whilst CRX
mutations cause cone-rod phenotypes initially manifesting with loss of visual acuity.

6.11

Summary.
Four ancestrally related pedigrees with the NRL S50T mutation have so far

been identified. This mutation causes a severe progressive retinal dystrophy affecting
first the rod and subsequently the cone photoreceptors (rod-cone dystrophy). Rod
function, as assessed by both electrophysiology and psychophysics, is profoundly
impaired in the first two decades of life, at a time when cone function remains
relatively well preserved. Significant loss of cone function occurs as the disorder
progresses, and in older subjects all components of the ERG are non-detectable.
Patients almost invariably develop macular oedema, frequently together with a mild
reduction in visual acuity, between the ages of 15 and 30. As the disease progresses a
substantial loss of visual acuity (6/36 or worse) is usually observed, typically in
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association with the development of a ‘Bull’s eye’ pattern of macular atrophy.
Peripheral intraretinal pigment formation is sparse, even in the later stages of the
disease. Distinctive peripapillary chorioretinal atrophy develops as the dystrophy
progresses.
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1

7.1

Linkage and Mutation Analysis of the RP12 Locus.

Background.
Autosomal recessive RP (arRP) accounts for around 20% of all cases of RP,

whilst sporadic RP, which is presumed to be recessive in most cases, accounts for a
further 50% (Jay, 1982). At the time of this study mutations causing autosomal
recessive RP (arRP) had been found in the genes encoding rhodopsin (Rosenfeld et
al., 1992), the a and p subunits of rod phosphodiesterase (Huang et al., 1995;
McLaughlin et al., 1995), the a subunit of the cyclic GMP gated channel protein
(Dryja et al., 1995), and the genes RPE65 (Gu et al., 1997), RLBPl (Maw et al.,
1997), ABCA4 (Martinez-Mir et al., 1998) and TULPl (Banerjee et al., 1998;
Hagstrom et al., 1998). In addition genetic linkage studies had identified arRP loci at
Iq31-q32.1 (Leutelt et al., 1995; van Soest et al., 1994), 2q31-q33 (Bayes et al.,
1998), 6cen-ql5 (Ruiz et al., 1998) and 16pl2.1-pl2.3 (Finckh et al., 1998). [OMIM
numbers for the loci identified by these studies are 180380, 180071, 180072, 123825,
180069, 180090, 601708, 600132, 600105, and 602594 respectively]. Of these four
loci, only linkage to the Iq31-q32.1 locus (RP12) and the 6cen-ql5 locus had been
reported in more than one pedigree.

7.1.1

The RP12 arRP locus.
The first report of linkage of arRP to Iq31-q32.1 (OMIM 600105) was in a

large inbred Dutch family with arRP in which most patients exhibited para-arteriolar
preservation of the retinal pigment epithelium (PPRPE) (van den Bom et al, 1994;
van Soest et al., 1994). This was followed by linkage of a second, consanguineous,
pedigree from Pakistan (Leutelt et al., 1995). In both the Dutch and the Pakistani
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families there was evidence that only the branches of the family with PPRPE linked to
Iq31-q32.1, whilst other branches of each family had classical RP and were unlinked
to Iq. In both cases the authors attributed this finding to non-allelic heterogeneity. The
occurrence of two very similar eye conditions in one family would presumably be due
to the high prevalence of recessive disorders in inbred populations.
The critical interval for the RP12 locus was later reduced from 16cM to 5cM,
between the markers D1S533 (CHLC.GATA10C02.809) and CACNL1A3, with the
exclusion of the candidate gene phosducin (van Soest et al., 1996). The human gene
for a retinally expressed regulator of G-protein signalling (RGS16/RGS-r) was FISH
mapped to Iq25-lq31 (Snow et al., 1998). Since it has been shown that RGS16/RGS-r
can interact with the a-subunit of transducin, a heterotrimeric G-protein that is an
integral part of the rod phototransduction cascade, the RGS16/RGS-r gene was an
excellent functional candidate for arRP (Natochin et al., 1997; Wieland et al., 1997).
We sought to determine: 1.) how important the Iq31-q32.1 locus is as a cause of arRP
by performing linkage analysis and homozygosity mapping in a panel of arRP families
from Europe and Asia; and 2.) whether mutations in RGS16/RGS-r were responsible
for arRP at this locus (RP12).

7.2

Patients and Methods.

7.2.1

Linkage analysis.
In order to perform linkage analysis and homozygosity mapping 14 large

and/or consanguineous families with arRP from the U.K. (2 families), Pakistan (9),
and Spain (3) were ascertained. In addition PMK214, the family originally studied by
Leutelt et a l (1995), was re-evaluated using new polymorphic markers. Clinical
examination of all affected individuals revealed typical features of retinitis pigmentosa
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(pigmentary retinopathy, associated with symptoms of night blindness and loss of
visual fields). Informed consent was obtained by local clinicians.
To identify the locus responsible for disease in each family we performed a
linkage or homozygosity analysis. The initial set of markers chosen for analysis were
those corresponding to the loci of genes responsible for arRP, and those known to
flank the arRP loci for which no gene has as yet been identified (Table 7.1).

Table 7.1

Known arRP loci and some of the polymorphic markers used.

Locus

Gene

Markers used

Reference*

lp31

RPE65

D1S1665,D1S1669

Gu, 1997

lpl3-21

ABCA4

D1S236,D1S2813

Martinez-Mir, 1998

Iq31-q32.1

RP12

F13B,D1S2622

van Soest, 1994,
Leutelt et al., 1995

2q31-q33

D2S152, D2S157

Bayes, 1998

3q21-q24

rhodopsin

D3S1292, D3S1589

Rosenfeld, 1992

4pl6.3

PDEB

PDEB intragenic,

Dryja, 1995

D4S412
4pl4-ql3

CNGC

D4S189, D4S405

McLaughlin, 1995

5q31.2-q34

PDEA

D5S536, D5S412

Huang, 1995

6p21

TULPl

D6S291,D6S276

Banerjee, 1998;
Hagstrom, 1998

15q26
16pl2.1-pl2.3

RLBPl

D15S127,D15S124

Maw, 1997

D16S287,D16S292

Finckh, 1998

*In the case of genes not referred to in detail in the text the full reference can be
obtained from Retnet (http://www.sph.uth.tmc.edu/Retnet/disease.htm).
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When evidence of linkage was obtained for the Iq31-q32.1 locus, further
polymorphic markers from this region were analysed to determine whether
recombinant individuals within the family would permit further refinement of the
locus. Marker order was determined from the Généthon sex-averaged genetic map
(Dib et al., 1996). Two-point lod scores were calculated using the LINKAGE package
(Lathrop and Lalouel, 1984).

7.2.2

Mutation detection
Primers for heteroduplex analysis and direct sequencing of the five exons and

the intron-exon boundaries of the RGS16/RGS-r gene were designed utilising the
published genomic sequence (Snow et al., 1998; Genbank AF009356) as follows:
exon IF - GCCTGCCACCATCCTGCCTAC; IR - CTCTCTACTCAAGCCTCTAGC
(208bp);

exon

2F

-

CACCACCCAGAGCTCTTCTGG;

2R

GTTGCCAAGGTCCACTTAGCG (312bp); 3F - CAGCAATCACCAAGCAAGCC;
3R

-

CAGGCTCTCAGCAGTCCTGG

GATCCCCTAGTGTGCCAGCCTC;
(429bp);

exon

5F

4R

(281bp);

exon

4F

CTCTACACCTAGCCCTTCCTCC;

CACTTCCTGATGCAGCATCCG;

5R

CTCTTCCCGGCTGGCTTCC (372bp).
All five exons of RGS16/RGS-r were also directly sequenced in two or more
individuals from each potentially Iq-linked family using an automated sequencer
(ABI Biosystems model 373).
A cil restriction digests were performed directly on 20pl of exon 4 PCR
product by overnight incubation at 37°C.
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Figure 7.1

Pedigrees of families exhibiting evidence of linkage to Iq31-q32.1 showing hapiotypes for polymorphic markers in this region.

The RP12 locus lies between markers D1S2757 and DIS 2622. Black or hatched bars between the marker alleles indicate the affected haplotype.
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7.3

Results.

7.3.1

Linkage analysis.
Three of the 14 families studied showed evidence of linkage to the Iq25-lq31

arRP locus and were excluded by linkage analysis from all of the other arRP loci
(Figure 7.1). Maximum lod scores for each family were: 18RP - Zmax = 1.70 (at 6 =
0.00) for the marker F13B; RP112 - Zmax = 2.48 at D1S2622; and RP23/91 - Zmax =
1.63 at D1S408. Two of these pedigrees were of Pakistani origin (18RP and RP112)
and one was Spanish (RP23/91). Analysis of additional polymorphic markers on Iq in
these families did not permit further refinement of the RP12 locus.
Re-evaluation of the original linked family (PMK214) using new polymorphic
markers demonstrated a recombination event involving D1S2622 in an affected
individual (Figure 7.2). This defined a new telomeric boundary for the RP12 locus.

Figure 7.2

Partial pedigree of family PMK 214.

Pedigree shows hapiotypes for polymorphic markers in the Iq31-q32.1 region.
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In order to demonstrate that the three families o f Pakistani origin were not
distantly related, and that RP12 is an important arRP locus in that population, we
compared the disease hapiotypes for markers within and immediately surrounding the
RP12 locus in each family (Table 7.2). The maternal disease haplotype in Family
18RP and the homozygous disease haplotype for PMK214 was identical for three
adjacent markers (F13B, D1S2745 and D1S1660) within the RP12 locus. A founder
effect could not be excluded in these two families. However, the paternal disease
haplotype in 18RP and that seen in RP112 were entirely different indicating that at
least three different RP12 alleles are likely to exist in these families.

Table 7.2

Comparison of the disease hapiotypes.

Hapiotypes for polymorphic markers in the critical region on 1q 3 1 are shown for each
o f the three families o f Pakistani origin.

RP112
M arker

Consanguineous

PMK214

18RP
Paternal

Maternal

Consanguineous

D1S2877
DIS 2757
F13B

1

DIS 2745
DIS 1660
DIS 2622
D1S1723
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7.3.2

Mutation screening.
These four families then underwent mutation screening of the five exons of the

RGS16/RGS-r gene by heteroduplex analysis and direct sequencing. Heteroduplexes
were observed with the exon 4 product in the parents from consanguineous families
RPl 12, PMK214, and RP23/91, but not in their affected children. No heteroduplexes
were observed in members of 18RP.
Direct sequencing of the exon 4 and exon 5 products revealed polymorphisms
in introns 3 (-10 a to g) and 4 (-35 c to t) respectively. The intron 3 a > g change,
which creates a recognition site for the restriction enzyme A ci\, was found to be
present in the heterozygous state in the parents from families RPl 12, PMK214, and
RP23/91 in whom a heteroduplex band had been observed, and in the homozygous
state in their affected children. Acil restriction digest analysis was, therefore, used to
demonstrate the segregation of this polymorphism in the large linked family PMK214.
All seven affected individuals from this consanguineous pedigree were found to be
homozygous for the intron 3 (-10 a to g) polymorphism. This indicated that
RGS16/RGS-r could not be excluded from the critical genetic interval for R P l2 in this
family. In addition ten Pakistani control individuals were subjected to Acil restriction
digest analysis, two of whom were found to be heterozygous for the intron 3
polymorphism.
No sequence variants within the coding regions of RGS16/RGS-r were
observed in any individual.
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7.4

Discussion.

7.4.1

Prevalence of Iq31-q32.1 linked arRP (RP12).
Whilst there are ten published loci for autosomal dominant RP (adRP)

rhodopsin mutations may account for up to 25% of cases (Ingleheam et al., 1998). In
contrast none of the published genes / loci for arRP has been estimated to account for
more than 5% of recessive RP. In this study two out of nine Pakistani and one out of
five European families showed evidence of linkage to R P l2 and exclusion from the
other loci (21.4%). Whilst this result is based upon a small sample it suggests that
mutations in the gene situated at this locus may be responsible for a significant
proportion of arRP in these populations.

7.4.2

Refinement of the RP12 locus.
The recombination event involving the marker D1S2622 in an affected

individual from PMK214 defined a new telomeric boundary for the R P l2 critical
genetic interval. This probably represents a refinement of the locus of between IcM
(according to the Généthon sex-averaged genetic map - Dib et al., 1996) and 2cM
(Whitehead Institute YAC contig. WC1.17 - http://www.wi.mit.edu/). It is difficult to
ascertain the exact location of the original telomeric boundary since the CACNL1A3
polymorphism has not been placed on any genetic map.

7.4.3

Mutation analysis of RG Sl6/RGS-r.
In rod photoreceptors, the OTP-bound a-subunit of the heterotrimeric G-

protein transducin (Ta) activates the effector enzyme, cGMP phosphodiesterase
(PDE), by binding to its inhibitory gamma subunit (PDEy). Hydrolysis of GTP by the
intrinsic GTPase activity of T a releases bound PDEy and results in inactivation of
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PDEaP during the phase of recovery from photoactivation. In vitro experiments with
purified T a subunits have shown that the intrinsic GTPase activity of T a is inadequate
to account for the rapid hydrolysis of GTP that is observed in vivo (Angleson and
Wensel, 1993). It has been postulated, therefore, that a GTPase-activating protein
(GAP) that is capable of greatly accelerating this process must exist in rod outer
segments.
PDEy itself has been shown to have moderate GAP activity (Arshavsky and
Bownds 1992). In addition RGS9 and RGSl 6/RGS-r, two members of the recently
identified RGS (regulator of G-protein signaling) class of proteins, have been found to
be highly expressed in retina and both have been proposed to fill the role of the T a
GAP (He et al., 1998; Snow et al., 1998). It has been demonstrated in vitro that the
rate of transducin GTPase activity in the presence of RGS 16/RGS-r is sufficient to
correlate with the in vivo recovery kinetics of the visual cascade, and that in addition
RGSl 6/RGS-r facilitates signal termination by competing with and thereby displacing
PDEy from T a (Natochin et al., 1997; Wieland et al., 1997). This biochemical
evidence suggests an important role for RGSl 6/RGS-r in retinal photoreceptors.
Since the human gene for RGSl 6/RGS-r has been FISH mapped to Iq25-lq31
(Snow et al., 1998), and since it could not be excluded from the R Pl2 locus by
analysis of the intron 3 polymorphism in the linked family PMK214, this gene
remained as a potential candidate for the arRP linked to this locus. This study reduced
the prospect of RGSl 6/RGS-r mutations being found in other Iq linked families and
necessitated a renewed search for candidates within the R P l2 critical interval.
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7.5

Identification of the CRBl Gene.
The gene responsible for arRP at the R P l2 locus was subsequently cloned by

den Hollander and colleagues (den Hollander et a l, 1999). To isolate candidate genes
for chorioretinal diseases, they cloned cDNAs specifically or preferentially expressed
in the human retina and the retinal pigment epithelium (RPE) through a novel
suppression subtractive hybridization (SSH) method. One of these cDNAs (RET3C11)
mapped to the chromosome Iq31-q32.1 region. The full-length cDNA encodes an
extracellular protein with 19 EGF-like domains, 3 laminin A G-like domains and a Ctype lectin domain. This protein is homologous to the Drosophila melanogaster
protein crumbs (CRB), and has been designated CRBl (crumbs homologue 1).

7.5.1

Mutation screening of CRBl.
Family RPl 12 underwent mutation screening by den Hollander and colleagues,

alongside patients from other institutions. Patients from ten unrelated arRP pedigrees,
including the affected subjects from the family RPl 12, were identified as having
CRBl mutations (OMIM 604210). These included a homozygous AluY insertion
disrupting the ORF, five homozygous missense mutations and four compound
heterozygous mutations in CRBl. The authors suggested that the distinct RPE
abnormalities observed in R P l2 patients indicate that CRBl mutations trigger a novel
mechanism of photoreceptor degeneration.
Affected individuals from family RPl 12 were found to be homozygous for an
88 5 T ^G sequence change, which would result in a missense mutation, Cys250Trp.
This mutation replaces a conserved cysteine residue in the sixth EGF-like domain of
the CRB-1 protein.
Drosophila CRB is involved in the organization of ectodermally derived
epithelia and the establishment of polarity of epithelial cells, but mutations in orb also
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lead to abnormalities in the development of neural tissues (Tepass et a l, 1990). CRB
co-localizes with the zonula adherens, suggesting that it is involved in cell-cell
interactions (Wodarz et a l, 1995). The similarity to CRB suggests a role for CRBl in
cell-cell interaction and possibly in the maintenance of cell polarity in the retina.

7.6

Phenotypic Variation with CRBl Mutations.
Whilst mutations in the CRBl gene were initially associated with a form of

arRP that is characterized by para-arteriolar preservation of the retinal pigment
epithelium (PPRPE), they have also been detected in some patients with Leber
congenital amaurosis (den Hollander et a l, 2001), and in two large arRP families that
do not exhibit PPRPE (Lotery et al, 2001).
In addition, patients with arRP due to CRBl mutations seem to be at greater
risk of developing a Coats-like exudative vasculopathy, a relatively rare complication
of RP that may progress to partial or total serous retinal detachment. In one study,
CRBl mutations were detected in five of nine patients who had RP with exudative
vasculopathy (den Hollander et a l, 2001). Given that four of these five patients had
developed this complication in only one eye and that not all affected siblings suffered
this complication, CRBl mutations appear to act as important risk factors for
exudative vasculopathy, the development of which may be dependent upon additional
genetic or environmental factors.

7.6.1

Phenotype associated with the Cys250Trp mutation.
Five affected individuals from family RPl 12 underwent clinical examination,

including the female proband (11:2), her younger sister (11:4) and three of the
proband’s children (111:1-3), who were not known to be affected at the time of the
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original molecular genetic analysis. Clinical details for these individuals are
summarised in Table 7.3.

Table 7.3

Patient
number

Clinical details of individuals in family RPl 12.

Age

Visual Acuity

Intraretinal
pigmentation

Macular
oedema

Exudative
vasculopathy

R /L

R /L

R /L

R /L
-/+

11:4

36

6/36

NPL

++/++

+/+

11:6

19

6/18

6/18

++/++

+/+

111:1

10

6/9

6/9

+/+

111:2

8

6/9

6/9

+/+

111:3

6

6/9

6/9

+/+

Abbreviations: R, right; L, left; +, present; ++, marked.

The proband was a 36 year old woman of Pakistani origin who was bom in the
UK. Her parents were cousins and her husband, whilst not a close relative, originated
from the same village in Pakistan. She presented initially, at 15 years of age, with
night blindness and loss of peripheral vision. Her visual fields were found to be
restricted to around 10° in each eye. Over the next five years she experienced a
gradual loss of central vision, followed by a rapid loss of vision in the left eye at the
age of 20 years.
At that time she had a visual acuity of 6/12 in the right eye and ‘finger
counting’, associated with an afferent pupillary defect, in the left eye. She was found
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to have bilateral widespread intraretinal pigmentation, cystoid macular oedema in the
right eye, and an exudative vasculopathy, resulting in an inferior serous retinal
detachment that involved the macula, in the left eye. The telangiectatic retinal vessels
in the left eye underwent xenon arc photocoagulation and external cryotherapy, which
resulted in partial resolution of the serous detachment, but no improvement in visual
acuity. The left eye subsequently developed a mature cataract that was removed,
primarily for cosmetic reasons, and chronic glaucoma, which ultimately resulted in
total visual loss in this eye.
At 28 years of age, following a period of relative stability, the right visual acuity
began to deteriorate further. Treatment of the macular oedema with acetazolamide
produced some symptomatic improvement, but her acuity eventually dropped to 6/36
with a residual visual field of less than 5°. The right eye went on to develop acute
angle closure glaucoma, a rare condition in someone so young, when she was 31 years
old. This was treated successfully by YAG laser peripheral iridotomy.
The proband’s younger sister was examined at 19 years of age. She was aware
of night blindness and of a progressive loss of both her peripheral and central vision.
Her unaided visual acuity was 6/18 in each eye, improving to 6/12 right and 6/9 left
with a pinhole. Her visual fields were restricted to approximately 10°. Fundoscopy
revealed extensive bilateral intraretinal pigmentation and bilateral cystoid macular
oedema, which was confirmed by fluorescein angiography. Treatment of this macular
oedema with acetazolamide resulted in a small subjective improvement in visual
acuity, which was maintained after treatment was discontinued. Electrophysiological
assessment demonstrated the absence of the light rise of the electro-oculogram (EOG),
and an unrecordable full field electroretinogram (ERG) bilaterally, indicating severe
involvement of both the rod and cone systems.

216

Analysis o f the RPl 2 Locus

The proband’s three children were examined at 10, 8 and 6 years of age
respectively. All three were asymptomatic, with a visual acuity of 6/9 in each eye, but
each

showed

evidence

of

retinal

pigmentary

changes

on

fundoscopy.

Electrophysiological assessment was performed on all three children and in each case
it revealed generalised retinal dysfunction affecting both the rod and cone systems.
Both dark-adapted and photopic ERG’s showed an a-wave of reduced amplitude and
increased latency. The 3GHz cone derived flicker ERG’s were of grossly abnormal
implicit time in both eyes. The amplitude of the P50 component of the pattern ERG
was reduced in all three subjects, with relative sparing of the N95 component,
indicating involvement of the macula in the disease process.
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8

8.1

Refinement of the USH2A Locus.

Background.
The Usher syndromes (Usher, 1935) (OMIM 276901) are the commonest of

the syndromic retinal dystrophies, with a prevalence of approximately 1 in 25,000
(Boughman et ai, 1983; Smith et al, 1994)’. They are thought to account for over half
of all people with dual hearing and visual impairment (deaf-blindness) in the
industrialized world. This clinically and genetically heterogeneous group of disorders
is characterized by the combination of congenital sensorineural deafness and RP
(Fishman et al, 1983).
The Usher syndromes are subdivided on the basis of the severity of auditory
and vestibular dysfunction: individuals with Usher syndrome type I (USHl) are
profoundly deaf and lack vestibular function, whilst subjects with Usher syndrome
type II (USH2) have moderate to severe non-progressive hearing loss and normal
vestibular function. Usher syndrome type III (USH3) is rare outside Finland, where it
accounts for 40% of Usher syndrome (Pakarinen et al, 1995), and comprises
progressive hearing loss associated with variable vestibular function.
All forms of Usher syndrome are inherited as an autosomal recessive trait. At
least six genetic loci (USHIA-F) have been identified for USHl, of which USHIB
(located at 1lql3.5) accounts for approximately 75% of all USHl patients (Table 8.1).
Four genes for USHl have now been identified: MY07A {Weil et al., 1995); USHIC
(Bitner-Glindzicz et al, 2000); CDH23 (Bork et al, 2001); and PCDH15 (Ahmed et
al, 2001). The USH3 gene encodes a novel, transmembrane protein of unknown
function (Joensuu et al, 2001).
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Table 8.1

Known genes and loci for Usher syndrome.

Syndrome

Locus

U SH lA

I4q32

U SH IB

IIq I3 .5

M Y07A

m yosin V ila

W eiietal., 1995

U SH IC

lI p I S .l

USHIC

harmonin

Bitner-Glindzicz et al.,

Gene

Protein

References
Larget-Piet g/ a/., 1994

2000; Verpy et a l, 2000

USH ID

10q21-q22

USH IE

21q21

U SH IF

10q21-q22

U SH IG

17q24-q25

U SH HA

lq41

U SH IIB

3p23-p24.2

U SH l i e

5ql4-q21

U SH IIIA

3q21-25

CDH23

cadherin-like gene 23

Bork et al., 2001
Chaib et al., 1997

PCDHI5

protocadherin 15

Ahm ed et al, 2001
Mustapha et al, 2002

USH2A

usherin

W eston et a l, 2000
Hmani et a l, 1999
Pieke-Dahl et a l, 2000

USH3

USH3

Joensuu et al, 2001.

*In the case o f genes not referred to in detail in the text the full reference can be obtained from Retnet
(http://www.sph.uth.tmc.edu/Retnet/disease.htm).

8.2

Usher syndrome type 2A.
Usher type II is also genetically heterogeneous with three loci identified

(USH2A-C). USH2B links to a locus at 3p23-p24.2 (Hmani et al., 1999) and USH2C
to a locus at 5ql4-q21 (Pieke-Dahl et al, 2000).
The original localisation of USH2A (Kimberling et al, 1990) was to a 14.8cM
interval on lq41, and this was later refined to a 2.1-cM region between the markers
D1S237 and D1S229 (Kimberling et al, 1995). The construction of a yeast artificial

219

Refinement o f the USH2A Locus

chromosome (YAC) contig across this region, and the detection of recombination
events in two separate families, permitted further refinement to a physical distance of
1.0Mb between the markers D1S474 and AFM144XF2 (Sumegi J et al, 1996). PiekeDahl and colleagues (Pieke-Dahl et al, 1996) studied linkage to lq41 markers in 29
Dutch families with clinical manifestations of USH2. Linkage to lq41 was shown in
26 families indicating that around 90% of these families have USH2A.

8.3

Linkage Analysis.
Four unrelated USH2 families were identified and underwent linkage analysis

(Figures 8.1 and 8.2). The clinical diagnosis of Usher syndrome type II was made on
the basis that at least one affected member of the family had been examined and found
to have RP in association with moderate to severe non-progressive hearing loss and
normal vestibular function. Three of these pedigrees were obtained from the
Moorfields Eye Hospital retinal dystrophy register, and one was ascertained in
Pakistan.
The patients in pedigree USH2(4) were of Sephardi Jewish extraction. Their
parents, now deceased, were uncle and niece. The three affected individuals had
moderate congenital sensorineural hearing loss, without vestibular dysfunction, and
had developed typical symptoms and signs of retinitis pigmentosa.
All four families were analysed for polymorphic markers flanking the known
USH2A locus (e.g. D1S419, D1S237). In three families, including the large Pakistani
pedigree evidence of linkage without any informative recombination events was
obtained for these markers (Figure 8.1).
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Figure 8.1

Pedigrees of families USH2(2) and USH2(3).

Pedigrees demonstrate hapiotypes for the polymorphic markers in the critical interval
for USH2 on lq41. The large Pakistani pedigree USH2(1) is not shown.
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In the family USH2(4), however, both a centromeric and a telomeric
recombination event were observed in different individuals (Figure 8.2). This family
was then analysed further using polymorphic markers located within the USH2A
critical region. The location and order of these markers was determined from the
Généthon sex-averaged genetic map (Dib et al., 1996) and the Whitehead Institute
YAC contig WCl-19 (http://www-genome.wi.mit.edu). A recombination event
observed in the affected individual II-2 excludes the USH2A gene from proximal to
AFM143XF10 and defines this as the new centromeric flanking marker for the
USH2A locus. A further recombination event in patient II-3 confirms AFM144XF2 as
the telomeric flanking marker. The remaining affected subject (II-1) was homozygous
for all markers spanning this region.

Figure 8.2

Pedigree of Family USH2 (4).

Pedigree illustrates hapiotypes for the polymorphic markers in the critical interval for
USH2 on lq41.

1:2
D1S419
D1S237
D1S474
D1S2629
GATAB7F04
AFM248NC1
AFM268ZD1
AFM143XF10
AFM144XF2
D1S229
D1S227

I

11:3

1:4

1:6

1:5
3
2
1
3
1
2
1
2
2
3
3

2
1
1
1
1
2
2
2
2
1
2

222

Refinement o f the USH2A Locus

8.4

Discussion.
Whilst it is very uncommon for two recombination events to occur in such

close proximity in a small sibship, it seemed highly likely that the observed results
represented a further refinement of the USH2A locus rather than an exclusion of this
family from that locus. This refinement approximately halved the remaining genetic
critical interval for this locus.
The interval between AFM143XF10 and AFM144XF2 is estimated to be
400kb (W. Kimberling - personal communication). Based on data both from the
Whitehead contig WCl-19 and the contig published by Sumegi and co-workers
(Sumegi et al, 1996) this region is covered by eleven YACs from the CEPH library:
867g9, 919h3, 848b9, 873a8, 836c7, 763d7, 762a6, 94517, 798b4, 785h4, and 841g2.
The critical genetic interval is completely contained on each of three of these YACs
(867g9, 919h3, and 848b9).
We identified three STSs (WI-3484, WI-3128, and WI-9496) on the contig
W Cl-19 that lay within the critical interval, but no polymorphic markers that could be
used in further refinement. At least four STSs on WCl-19 were excluded by this
refinement. WI-3484 and WI-3128 have no significant homology at the nucleotide
level to any known genes or human cDNA sequences. WI-9496 is a partial cDNA
(NCBI Entrez accession no. Z39073) from a normalised infant brain library. Sequence
database searching demonstrated homology between WI-9496 and several other
human cDNA sequences including a human retina clone {Entrez accession no.
W28993).

8.5

Identification of the USH2A Gene.
Concurrently with our work, Eudy and colleagues achieved an identical

refinement of the USH2A locus and used this data to aid in the identification of the
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USH2A gene (Eudy et al., 1998). USH2A encodes a putative extracellular matrix
protein, usherin, that is expressed in the retina and inner ear, and contains laminin
EGF and fibronectin type III domains that may be involved in cell adhesion. A
2299delG mutation in USH2A was found to be particularly common in subjects with
Usher syndrome. This mutation leads to a frameshift at amino acid position 767, with
a stop codon occurring 20 amino acid residues downstream, giving rise to a severely
truncated protein product, of approximately half the size of the normal transcript.
Mutations in the USH2A gene have since been reported to give rise to
autosomal recessive RP without hearing loss (Rivolta et al., 2000).

8.5.1

Mutation analysis of USH2A,
The four pedigrees apparently linked to the USH2A locus in this study were

subsequently included in a mutation analysis of the USH2A gene performed in our
laboratory (Leroy et al., 2001). In this analysis USH2A mutations were identified in 15
out of the 36 (41.7 %) families tested. A mutation was found in both alleles in two of
the four linked families and one further family, whilst a single mutation was identified
in one linked family and 11 additional families.
Affected individuals in family USH2(4) were found to be homozygous for a 4
base pair insertion (insCGTA) in exon 2, between nucleotides 238 and 239, resulting
in a frameshift at codon 80. This sequence change would result in another 28 amino
acids being added to the usherin protein before it terminates prematurely, due to a
premature stop codon. This mutation is likely to lead to total absence o f functional
usherin protein. Two of their healthy brothers were heterozygous for this mutation, as
would be predicted from the hapiotypes in Figure 8.2.
Two different mutations were detected in patients from family USH2(2). The
first was a previously reported 4 base pair insertion of GAGC between nucleotides
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921 and 922 in exon 6. This gives rise to a frameshift starting at codon 308. The
second disease-related allele in this family was the common del2299G mutation in
exon 13. This deletion was found in 11 of the 36 USH2 families in this study, and
represented 11 of 18 presumed disease-related base changes (61 %).
The del2299G mutation was also observed in affected members of family
USH2(3), in which the second disease-related allele remained undetected. No
mutations were found in the remaining family, USH2(1), a large consanguineous
pedigree from Pakistan.

225

ABC A4 Mutations in arCRD

9

9.1

The Role otAB CA4 Mutations in Cone-rod Dystrophy.

Background.
The cone-rod dystrophies (CRDs) are a severe form of inherited retinal

dystrophy characterised by the simultaneous involvement of both the cone and rod
photoreceptors (Berson et a l, 1968; Moore, 1992; Heckenlively, 1987). Affected
patients suffer early and progressive loss of visual acuity and colour vision (cone
mediated functions) followed by night blindness and loss of peripheral vision (largely
rod mediated). In later life, vision may be reduced to bare perception of light. Fundal
changes in the CRDs are typified by macular pigmentation and atrophy in the early
stages and widespread retinal pigmentation resembling classical retinitis pigmentosa
(RP) as the disease progresses.
CRD may be inherited as an autosomal recessive, autosomal dominant, or Xlinked trait. Mutations in the genes peripherin/RDS (Nakazawa et a l, 1994), CRX
(Freund et a l, 1997; Swain et ah, 1997), and RetGCl (Kelsell et a l, 1998), have been
demonstrated as causes of autosomal dominant CRD (adCRD). There is also a locus
for X-linked CRD on Xp21 (CODl) (Bergen et a l, 1993).

9.1.1

Possible role of ABCA4 {ABCK) in arCRD and arRP.
Mutations in the ABCA4 gene (OMIM

601691), which encodes a

photoreceptor specific ATP-binding transporter protein, have been shown to be
responsible for cases o f another inherited retinal dystrophy, autosomal recessive
Stargardt disease/Fundus flavimaculatus (STGDl) which has previously been linked
to Ipl3-p21 (Allikmets et a l, 1997a; Kaplan et a l, 1993). In addition heterozygous
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sequence changes in ABC A4 have been implicated in the pathogenesis of Age-related
maculopathy (Allikmets et a l, 1997b).
Both of these conditions primarily affect the cone-rich central area of the retina
called the macula. The product of the ABCA4 gene is, however, expressed at high
levels in rod photoreceptors as detected by in-situ hybridisation (Allikmets et a l,
1997a). ABCA4 co-localises with peripherin/RDS at the outer segment disc rim
(Azarian and Travis, 1997; Sun and Nathans, 1997). It is, therefore, an excellent
candidate as a cause of both CRD and RP. We set out to determine whether mutations
in ABC A4 were responsible for some cases of arCRD and arRP.

9.2

Patients and Methods.
After gaining informed consent, genomic DNA was prepared from peripheral

blood obtained from a panel of 38 unrelated arRP and arCRD families. The majority
of these are British pedigrees from the Moorfields Eye Hospital retinal dystrophy
register, but a number of other families, both European and Pakistani, were included.
Normal controls were spouses of patients with eye conditions other than RP/CRD who
were obtained from clinics at Moorfields Eye Hospital.
The patients in pedigree 19/91 were examined in Spain by Dr. G. Antinolo.
Visual fields were analysed on a static perimeter (Allergan Humphrey), and
electroretinograms were performed according to ISCEV standard protocols.

9.2.1

Linkage analysis
Since ABC A4 is a very large gene it was necessary to limit the number of

families undergoing mutation screening. Initially, therefore, we performed a haplotype
analysis for the 35 arRP and three arCRD families using the microsatellite markers
D1S236 and D1S2813, which flank \hidABCA4 gene.
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In five of the 35 arRP and two of the three CRD families all the affected siblings
possessed identical alleles for these polymorphic markers (data not shown). Only
affected individuals from these 7 families were screened for mutations in ABC A4.

9.2.2

Mutation screening
Oligonucleotide primers to the 50 exons of the ABCA4 gene were synthesised

from the reported sequences (Allikmets et al. 1997a; Gerber et al, 1998). A PGR
consisting of 35 cycles of 94°C, 48-62°C, and 72°C, each for 1 minute, was used.
In an arCRD family of Spanish origin (Family 19/91) heteroduplex bands were
observed in affected individuals with the PGR products of exons 10 and 45 of ABC A4.
Automated fluorescent sequencing of these PGR products revealed: 1). a G1269T
change in exon 10 which does not alter the amino-acid sequence; and 2). a GOA to
TGA change at nucleotide 6088 in exon 45 (Figure 9.1).
Figure 9.1

Sequence of mutated ABCA4 allele.

Sequence using forward and reverse primers, demonstrating the G to T change in the
forward sequence at codon 2030 indicated by an N above the electropherogram.

RCRGGGf l HG R G R R C
150
1

GTTCTCHTCCTG
20
130

T
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This mutation would be predicted to replace a conserved arginine residue with a
premature termination codon (Arg-2030-Ter) and truncate the ABC A4 protein at the
beginning of the second ATP-binding cassette (Figure 9.2).

Figure 9.2

Schematic representation of the ABCA4 molecule.

The ABC A4 molecule is inserted into the photoreceptor outer segment disc membrane
as predicted by sequence homology to other ABC proteins and hydropathy plots. The
location of the Arg-2030-Ter mutation in the second ATP-binding cassette is shown.
(Adapted from: Illing M et al. J. Biol. Chem. 272: 10303)

INTRADISCAL REGION

/ i

/ i / ! / I / I/ : / !i

CYTOPLASMIC REGION

Arg-2030-Ter

This sequence change was found in the mother and in all three siblings with
arCRD, but was absent in their unaffected brother. It was not found in 100 control
chromosomes. This mutation creates restriction digest sites for the enzymes BstF51,
Fokl and Stsl. Only conservative changes were observed in the coding sequence of
the 50 exons of the ABCA4 gene in the remaining arRP/CRD families.
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9.2.3

Clinical details for CRD family 19/91.
The three affected individuals in this pedigree are 41, 38 and 36 years of age.

All subjects experienced loss of central vision before the age of 5 years as a first
symptom. Each is now able only to “count fingers” and has almost complete loss of
peripheral vision. Colour vision is severely impaired. Fundoscopy reveals diffuse bone
spicule pigmentation and optic disc pallor.

Both rod and cone mediated

electroretinograms are unrecordable. These are the features of a severe retinal
dystrophy affecting both the cone and rod photoreceptors.

9.3

Discussion.
The finding provided evidence for allelic heterogeneity at the ABC A4 gene

locus. In family 19/91 the Arg-2030-Ter mutation segregates with disease in the four
siblings. The result of this sequence change would be to truncate the ABC A4 protein
at the beginning of the second ATP-binding cassette, and this would presumably lead
to loss of protein function.
The onset of disease in this family is consistently before the age of five years,
and both central and peripheral vision are severely impaired as the disorder
progresses. This is in marked contrast to STGDl, in which onset of visual loss is
usually after the age of seven years and in which peripheral vision is usually only
mildly affected (Krill and Deutman, 1972; Weleber, 1994). It is probable, therefore,
that the introduction of a stop codon in such a critical region of the protein has a more
detrimental effect on photoreceptor function and longevity than the missense changes
that comprise the majority of STGDl mutations (Allikmets et al., 1997a). We
presume that the second pathogenic ABCA4 mutation in family 19/91 either remained
undetected during heteroduplex analysis, or affects mRNA splicing or the upstream
promoter region which was not screened.
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This mutation was reported in the paper: ‘An analysis of ABCR mutations in
British patients with recessive retinal dystrophies’ by Papaioannou et al. (2000).

9.4

ABCA4 Mutations in arCRD.
Subsequent work by other authors has provided increasing evidence that

different mutations, or combinations of mutations, in the ABCA4 gene may result in
the typical clinical phenotype of Stargardt disease/Fundus flavimaculatus in some
families and a more severe retinal dystrophy, that would be classified as arCRD or
arRP in others. A homozygous frameshift mutation (1847delA) in ABCA4, which
generates a premature stop codon, has recently been reported in a family with atypical
arRP (Martinez-Mir et al., 1998); and two splice-site mutations (IVS30+1G—>T and
IVS40+5G—>A) have been demonstrated in a family segregating both arRP and
arCRD (Cremers et a l, 1998). In contrast the STGDl phenotype has not as yet been
observed in affected individuals harbouring two mutations that would be predicted to
truncate the ABCA4 protein.

9.4.1

Allelic heterogeneity.
The phenomenon of allelic heterogeneity is already well recognised in relation

to the peripherin/RDS gene, different mutations of which may give rise to a wide
variety o f autosomal dominant retinal dystrophies including CRD, RP, pattern
dystrophy, and central areolar choroidal dystrophy (Keen and Ingleheam, 1996).
Whilst ABCA4 mutations may be responsible for all, or the majority, of cases
of recessive Stargardt disease/Fundus flavimaculatus, it seems likely that such
mutations only account for a small proportion of cases of arRP. This would be in
keeping with the considerable genetic heterogeneity already observed in this
condition.
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9.4.2

ABCA4 mutations are a major cause of arCRD.
To evaluate the importance of the ABC A4 gene as a cause of arCRD, Maugeri

and colleagues screened 5 patients with arCRD and 15 patients with simplex CRD for
mutations

in ABCA4

(Maugeri

et

a l,

2000).

Single-strand

conformation-

polymorphism analysis and sequencing revealed 19 ABCA4 mutations in 13 (65%) of
20 patients. These findings suggest that mutations in the ABC A4 gene are a major
cause of arCRD.
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10 DISCUSSION

10.1

Significance of work carried out for this thesis.
The studies described in the preceding chapters illustrate many of the

techniques of clinical examination and molecular genetic analysis outlined in the
introduction to this thesis. The most significant finding is the discovery of a novel
locus for adRP, at chromosome 14ql 1, and of an S50T missense mutation in the gene
responsible, NRL. A detailed analysis of the phenotype associated with this disorder
has also been carried out.

10.1.1 Selection of patients for molecular genetic analysis.
Careful selection of appropriate pedigrees and individuals is an essential pre
requisite for successful molecular genetic analysis. A linkage analysis in a family
segregating a monogenic disorder will require a large and/or consanguineous pedigree
if the resulting evidence for linkage to a particular locus is to achieve the accepted
level of statistical significance (a lad score of 3.0 or more). Mutation screening of
candidate genes, in contrast, requires a large panel of individuals and small families
affected by a range of inherited eye disorders, all of whom should ideally have been
subjected to a detailed phenotypic assessment, in order that specific subgroups can be
isolated and tested.
A manual search of over 4000 records in the Moorfields Eye Hospital (MEH)
‘Retinal dystrophy database’ was carried out at the outset of this study to identify
pedigrees that might be suitable for linkage or homozygosity analysis. The family
RP251 (segregating the NRL mutation (Chapter 6), and several other large adRP
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pedigrees, some of which are still undergoing genetic analysis, were originally
identified in this manner.
In the United Kingdom instances of consanguinity are relatively rare, and
families usually small, so it was not surprising that only a very few consanguineous
pedigrees with more than one affected individual were identified, and that these
almost all originated in Pakistan or the Middle East. For this reason collaboration was
established with the Biomedical and Genetic Engineering Division of the Dr. A.Q.
Khan Research Laboratories in Islamabad, Pakistan, headed by Professor S. Qasim
Mehdi. Several large consanguineous pedigrees, segregating a variety of autosomal
recessive retinal dystrophies, were obtained from this source.
In addition a large number of individuals and small pedigrees affected by
retinal dystrophies were identified whilst attending medical retina clinics at
Moorfields Eye Hospital. DNA samples from these subjects were added to existing
samples held in the Department of Molecular genetics to form a large panel for the
purpose of candidate gene screening. Information on these samples, including the
diagnosis and pattern of inheritance, is held in a computerised database to aid
selection of appropriate samples for candidate gene analysis.

10.1.2 Identification of novel inherited eye disease loci.
Linking a disease trait to a specific locus is often the first stage in the
identification of the gene responsible for that disease. With the virtual completion of
the Human Genome Project, the detection of thousands of EST’s, and the advent of
computer programs designed to recognise genes within a selected DNA sequence,
linkage may in future be followed by rapid identification of the disease gene.
In the case of disorders, such as RP, where numerous disease loci have already
been identified, the initial step in linkage analysis is to analyse polymorphic markers
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that correspond to each of these loci. In many instances analysis of a particular
pedigree will reveal evidence of linkage to an existing disease locus, such as was
observed in two adRP families that were linked to the rhodopsin locus (Chapter 4). If
the disease gene at that locus remains unknown, such families may occasionally
permit further refinement of the critical interval.
If no locus for the disease in question has been identified, or if initial studies
have excluded all existing loci, it may be appropriate to determine whether linkage
can be established to the locus for a related disorder, such as another retinal dystrophy,
before engaging in a protracted full genome search.
After excluding existing loci, a full genome linkage analysis was carried out
on one family segregating autosomal dominant RP and several consanguineous
recessive pedigrees. This resulted in the identification of three new retinal dystrophy
loci, at 4q32-q34 (Hameed et a l, 2001), 14ql 1 (Chapter 6), and 17pl2-13.3 (Payne et
a l, 1999), and the first locus for autosomal recessive congenital microphthalmia at
14q32 (Bessant et a l, 1998)

10.1.3 Refinement of disease critical intervals.
The critical interval for a newly discovered locus is frequently very large.
Since the probability of finding a recombination event that will define the boundary of
a disease critical interval is related to the number of meioses studied, it is very
unlikely that two such events will occur in close proximity within a single pedigree,
unless it is exceptionally large. It is important, therefore, to find additional linked
families, in order that the critical interval is refined as much as possible before
beginning attempts at positional cloning.
Linkage of a family with Usher syndrome type 2 to the USH2A locus, enabled
the critical interval for this disorder to be refined to approximately 400kb (Chapter 8).
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This result was particularly surprising considering the huge odds against two
recombination events occurring in such close proximity in a small sibship. An
identical refinement of the USH2A locus was simultaneously achieved by Eudy and
colleagues, who used this data to aid in the identification of the USH2A gene (Eudy et
al. 1998).
Evidence of linkage to the RP12 locus was obtained for three additional arRP
families. However, further refinement of this locus was achieved by analysis of new
polymorphic markers in an existing RP12 family, rather than the discovery of critical
recombination events in these new pedigrees (Chapter 7).

10.1.4 Screening of candidate genes.
Once the critical genetic interval for a disorder at a particular locus has been
defined, the next step is to search for potential candidate genes within that interval.
Occasionally, one or more especially good candidates will already have been localised
to this region (e.g. NRL), but more often there will be a large number of genes and
EST’s within the critical interval that will have to be systematically excluded. In this
instance, priority will be given to genes and EST’s that are uniquely expressed in the
tissue affected by the disorder (tissue-specific candidates), and to those whose protein
products may be predicted, on the basis of sequence homology, to have a function that
may be relevant to the pathophysiology of the disease (functional candidates).
The candidate gene approach may also be employed whenever a gene whose
protein product fulfils one of these criteria is isolated by other means, even if it does
not localise to a recognised disease locus. In this case large panels of appropriate
DNA samples may need to be screened. In the case of large genes like ABC A4, which
has 50 exons, this may become a very laborious process.
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In these studies the gene RGS16/RGS-r, encoding a retinally expressed
regulator of G-protein signalling, was screened for mutations in patients with arRP.
This protein was selected as a candidate because it was expressed in retina and had
been FISH mapped to the Iq25-lq31 region, which includes the RP12 locus.
Consequently RGS16/RGS-r screening was limited to the four arRP pedigrees that had
shown evidence of linkage to the RP12 locus (Chapter 7).

10.1.5 Identification of novel retinal dystrophy genes.
Undoubtedly the most significant advance achieved by these studies has been
the identification of the S50T mutation in NRL as a novel cause for inherited retinal
dystrophy (Chapter 6). The RP251 pedigree was identified and subjected to a full
genome linkage analysis, which demonstrated that the disease gene must lie within a
17cM critical interval at chromosome 14ql 1. The NRL gene was considered to be the
best candidate in this region, since it encodes a basic motif-leucine zipper DNAbinding protein that is highly expressed in adult neural retina. All affected individuals
in family RP251 were found to have an S50T mutation in the NRL gene.
Mutation screening of NRL in a panel of 200 adRP patients revealed three
additional adRP families that share, with family RP251, a common haplotype for the
14qll locus, providing further evidence of the importance of ‘founder effects’ in
autosomal dominant retinal dystrophies.
The discovery of two further mutations (ProSlLeu and Glyl22Glu) in the NRL
gene has since confirmed the role of NRL mutations in the pathogenesis of adRP
(Martinez-Gimeno et al, 2001). Mutations causing retinal dystrophies have also been
discovered in two other transcription factors, CRX (Freund et al, 1997; Freund et al,
1998) and NR2E3 (Haider et a l, 2000). Involvement of photoreceptor structural
proteins, components of the phototransduction cascade and proteins of the vitamin-A
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cycle in the pathogenesis of retinal dystrophies is to some extent predictable, and has
long been established. The identification of mutations responsible for retinal
dystrophy in several transcription factor genes emphasises the importance of this
relatively recently recognised mechanism for disease.

10.1.6 Biochemical analysis of disease-causing mutations.
Since the majority of the components of the phototransduction cascade and the
vitamin-A cycle have already been identified, fewer retinal dystrophy genes are now
being discovered through mutation screening of functional candidates. As a result
many recently identified genes encode proteins of unknown function, and a substantial
amount of work must be done to elucidate the biochemical mechanisms by which each
new gene causes retinal disease. Such experiments may be performed in-vitro or by
the creation o f transgenic animal models of the human gene defect. In-vitro studies of
protein function can be performed relatively rapidly and cheaply, and may provide
valuable results. However, since important additional factors that are present in-vivo
may be absent in in-vitro experiments, it may be difficult or inappropriate to
extrapolate the results of such experiments to the in-vivo situation.
Transgenic animal models may provide a more accurate simulation of the
biochemical effects of mutations that give rise to human disease, and have been used
to examine the pathogenesis of RP caused by specific rhodopsin and peripherin-RDS
mutations (Li et al, 1996). Genetically engineered animals can also be used to
identify and ultimately isolate disease modifier genes, and to identify relevant
environmental factors by studies of diet, lighting, and drug treatment. Finally, they
may have a vital role in the testing and refinement of potential therapies, prior to the
commencement of clinical trials in human subjects.
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In some situations biochemical analysis may be required to confirm that a
genetic particular genetic change is actually responsible for a specific disease, and not
simply a non-pathogenic polymorphism. In the case of the NRL S50T mutation for
example, only a single mutation was identified initially, in a pedigree linked to the
region on 14qll that surrounds the NRL gene. All affected individuals in this family
share a large disease-associated region of chromosome 14q, and any sequence change
that occurred within this 17cM critical interval would also, by definition, be found in
each subject. To confirm the hypothesis that the NRL S50T mutation was indeed
responsible for the adRP phenotype, and not simply in linkage disequilibrium with the
real disease allele, an analysis of the potential biochemical effects of this mutation was
performed.
Since NRL is a transcription factor, the effect of the S50T mutation on NRL’s
ability to transactivate the rhodopsin promoter was assessed, either alone or in
combination with CRX, by means of transient transfection experiments performed in
cultured cell lines. In the presence of CRX NRL^^®^ demonstrated markedly enhanced
synergistic transactivation of the rhodopsin promoter, suggesting that the NRL^^^^
mutation may result in increased transcription of the rhodopsin gene in vivo.
Additional experiments of this kind may provide further insight into the
pathogenesis of dystrophies caused by mutations in transcription factors, and into the
molecular biological processes that underlie the development and maintenance of the
neuroretina.

10.1.7 Clinical studies to define specific features of each phenotype.
Detailed clinical studies are required to obtain the maximum amount of
information regarding the phenotype associated with a particular genetic change.
Correlating a genotype with specific features of the associated phenotype in this
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manner may provide an insight into the pathophysiology of the disease, and aid in the
identification of additional families with the same genotype.
Phenotypic studies were carried out on 14 individuals with the NRL S50T
mutation, and on 17 subjects with sectorial RP. Clinical examination was
supplemented by appropriate

investigations,

including electrophysiology and

psychophysics, to identify the characteristic features of each phenotype.
The phenotype associated with the NRL S50T mutation is a severe, progressive
rod-cone dystrophy with several distinctive features (Section 6.9). Rod function is
profoundly impaired in the first two decades of life, at a time when cone function
remains relatively well preserved, but significant loss of cone function occurs as the
disorder progresses. Patients almost invariably develop macular oedema between the
ages of 15 and 30, followed by a substantial loss of visual acuity (6/36 or worse),
typically in association with the development of a ‘Bull’s eye’ pattern of macular
atrophy. Characteristic peripapillary chorioretinal atrophy also develops as the
dystrophy progresses.
Patients with five different rhodopsin mutations that each result in a sectorial
RP phenotype were studied (Chapter 5). Subjects consistently exhibited simultaneous
loss of rod and cone function confined, largely or exclusively, to the inferior retina.
Detailed evaluation of these phenotypes did, however, reveal significant differences
between them, such as the atypical ‘negative’ ERG that was observed only in the
subject with the Glyl06Arg rhodopsin mutation.
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10.2

A clinician’s perspective on inherited eye disease.

10.2.1 Providing prognostic advice and genetic counselling.
For the vast majority of inherited eye diseases no specific treatment currently
exists. The primary objectives of an ophthalmologist caring for a patient or family
affected by an inherited eye disease, therefore, must be to offer them the best available
prognostic advice and genetic counselling. In order to do this he must make an
accurate clinical diagnosis (Section 10.2.4), and determine the pattern of inheritance
of the disease trait within the family (Section 10.2.5).
As well as establishing a diagnosis, detailed clinical studies can define the
extent to which each aspect of an individual’s visual function has already been
affected by his disorder. This information should provide the patient with a better
understanding of his condition and the manner in which it can be expected to progress.
As more information regarding the molecular genetics and pathophysiology of
inherited eye diseases becomes available, clinicians will wish to use this data to
increase the accuracy of their predictions.

10.2.2 Involvement in basic science research.

10.2.2.1 Identifying subjects and disorders for research.
Clinicians are responsible for identifying individuals and families who are
suitable to take part in research programs. Currently most research aims to achieve a
better understanding of the molecular biology of inherited eye disorders, and of the
processes by which specific mutations give rise to particular phenotypes. Future
research may, however, be increasingly oriented towards the development and
implementation of treatment modalities for these conditions.
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When selecting subjects for research it is vital that the clinician correctly
classifies his patients in order to minimise ‘contamination’ of a study group by
individuals who are actually affected by a different disorder. When examining
members of a family with a view to performing a linkage analysis it is essential to
accurately determine the affectation status of each individual, without which it may be
impossible to obtain a valid result.
It is also the responsibility of clinicians to identify those disorders that they
consider are most in need of further study. These conditions may be selected on the
basis of their high prevalence, because they result in severe handicap in affected
individuals, or because there is no effective treatment available.

10.2.2.2 Monogenic disease models of complex disorders.
In addition, the clinician may recognise in a relatively rare monogenic disorder
features that are shared by another, more common polygenic or complex phenotype.
Elucidating the molecular biology of the monogenic disorder may, under these
circumstances, provide a valuable insight into the pathogenesis of the polygenic
disease, and possibly even result in the identification of sequence changes in the gene
responsible for the monogenic disorder that act as predisposing factors for the
complex disease. These factors might be difficult to isolate in a study of the complex
disease itself due to the presence of many other compounding risk factors. This
approach has revealed sequence alterations in the myocillin/TIGR gene, which was
initially identified as a gene responsible for juvenile open-angle glaucoma, in a small
proportion of patients with the much more common, multifactorial, late onset form of
glaucoma (Alward et al., 1998).
Many inherited macular dystrophies share some of the characteristic features
of age-related maculopathy (ARM), a complex condition which has a high prevalence
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and for which little effective treatment is available. These features include macular
atrophy, the formation of discrete deposits at the level of the RPE that are referred to
as drusen, and the development of choroidal neovascular membranes.
For this reason the isolation of the peripherin/RDS, T1MP3 and ABCA4 genes
was followed by attempts to identify mutations in each gene which, instead of causing
a monogenic macular dystrophy, predisposed to the development of ARM. Whilst
several studies have failed to identify ARM-related sequence changes in the
peripherin/RDS and TIMP3 genes, one study of 167 ARM patients reported that 16%
had ARM-related sequence changes in the ABCA4 gene (Allikmets et a l, 1997b). A
subsequent study failed to confirm these findings (Stone et a l , 1998), and the possible
contribution of sequence changes in ABCA4 to the pathogenesis of ARM remains a
subject of controversy.

10.2.3 Performing phenotypic studies.
Detailed clinical studies, combining clinical examination with appropriate
additional investigations, aim to obtain the maximum amount of information
regarding the phenotype associated with a particular genetic change. Such studies may
also be utilised to identify matched cases and controls for treatment trials, and to act as
a baseline from which the efficacy of these treatment modalities can be assessed.
To evaluate the success of any treatment it will be necessary to define
objective means of measurement for each feature of a given phenotype, such as the
visual acuity, the area of the remaining field of vision, and the magnitude of
electrophysiological responses. Long-term studies of the natural history of each
disorder will then be required to determine whether disease progression would be
expected to result in a measurable change in each of these parameters during the
period of any proposed treatment trial.
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A prospective natural history study performed in 67 RP and 29 CRD patients
over a period of four years demonstrated a significant change in the amplitude of the
rod and cone ERG in up to 65% of subjects (Birch et al, 1999). Although visual
acuity, dark-adapted threshold, and rod visual field area also declined significantly
over the 4-year period in some individuals, the mean rate of change and the numbers
of patients showing progression on these measures were lower than those for ERG
measures.

10.2.4 Clinical classification and phenotypic heterogeneity.
When making a clinical diagnosis the ophthalmologist starts with the patient’s
description of his or her symptoms, especially the age of onset of the disorder, the part
of the visual system that it affects, and the manner of progression, if any. He then
examines the subject, looking for specific features of the disease phenotype that will
permit a clinical classification or diagnosis to be made.
A flexible approach, utilising clinical examination, additional investigations
such as electrophysiology (Section 3.1) and psychophysics (Section 3.2), and
examination of other family members may often yield a definitive diagnosis in these
situations.

Even in pedigrees without marked phenotypic variation careful

examination of older family members can yield valuable prognostic data for the
younger generations.
Within a group of eye disorders, or even with a condition classically described
as a single disease entity, the clinician is often faced with considerable phenotypic
heterogeneity. This disparity may result from genetic heterogeneity, the influence of
disease-modifying genes, the effects of disease progression, and the existence of a
carrier state in certain X-linked disorders. Collectively, these factors may at times
make it difficult for even the skilled clinician to make the correct diagnosis.
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10.2.4.1 Genetic heterogeneity.
In many cases phenotypic heterogeneity may represent real genetic
heterogeneity. This can take the form of different mutations in the same gene (allelic
heterogeneity) or of mutations in different genes, which give rise to a similar
phenotype because the ocular tissues involved have a limited range of responses, even
when faced with diverse insults. RP provides an excellent example of a condition in
which numerous different genetic changes, involving both photoreceptor and RPE
proteins, can be detrimental to the rod photoreceptors and result in a very similar
phenotype.

10.2.4.2 Variable expressivity and incomplete penetrance.
In some cases the influence of other ‘disease-modifying’ genes, or of an
individual’s particular environment, may give rise to dissimilar phenotypes in
different subjects carrying the same genetic mutation. This phenomenon, referred to as
variable expressivity, is demonstrated by the adRP phenotype linked to chromosome
7p (Ingleheam et a l, (1993) and in some families with peripherin-RDS mutations
(Weleber et a l, 1993).
A few conditions, such as the adRP phenotype linked to chromosome 19q (AlMaghtheh a l, 1996), are described as ‘incompletely penetrant’. A proportion of
individuals who inherit the disease-causing gene remain completely asymptomatic,
with normal fundi and electrophysiological responses. In this particular case, this
phenomenon is thought to be due to the influence of the second allele of the 19q adRP
gene, or of a specific disease-modifying gene that is also located at the chromosome
19q locus.
Incompletely penetrant disorders provide the clinician with a unique challenge.
Since no clinical tests are available to detect carriers of the disease gene, a molecular
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genetic analysis of the family is obligatory to identify these individuals, whenever a
pedigree shows evidence of incomplete penetrance.

10.2.4.3 Disease progression.
Accurate diagnosis may also be hindered by changes to the disease phenotype
that occur as a result of disease progression. In their early stages both Best macular
dystrophy (Benson et al., 1975) and X-linked retinoschisis result in distinctive
macular lesions. With time, however, both may progress to leave a non-specific
macular scar and additional investigations, particularly electrophysiology, may be
required to reach a diagnosis at that stage.
Only a few inherited retinal dystrophies present in childhood, and individuals
affected by some dystrophies, such as pattern dystrophy, dominant drusen, and
sectorial RP may remain asymptomatic until 60 years of age or even longer. The
absence of both symptoms and fundoscopic evidence of affectation in younger
individuals can sometimes make it impossible to identify those who carry a diseasecausing gene without further clinical, and sometimes molecular genetic, investigation.
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10.2.4.4 Carrier state of X-linked disorders.
The situation may be further confused in those X-linked disorders in which
female carriers may manifest a milder form of the disease, presumably due to
lyonisation (random inactivation of the X chromosome during early development),
such as xlRP (Bird, 1975), or have abnormal ocular findings in the absence of
symptoms, like carriers of mutations in the choroideremia gene CHM (Cremers et a l ,
1990).
In these pedigrees it is important to determine the age of onset and the severity
of symptoms, if any, in all apparently affected individuals. Female carriers of an xlRPcausing mutation will invariably be more mildly affected than their male relatives, and
have a later onset of disease. This, together with the lack of male-to-male transmission
of the disease trait, will help to distinguish an X-linked trait from a dominant pattern
of inheritance.

10.2.5 Inheritance pattern.
Retinal dystrophies can be inherited in an autosomal dominant, autosomal
recessive, and sex-linked recessive pattern. In addition, RP may be inherited as a
digenic or a mitochondrial trait. It is vital, therefore, to clarify the pattern of
inheritance in each pedigree, since it is this that will determine the exact risk, to both
siblings and offspring o f the proband, of being affected by the same disorder.
In some instances there will be an extensive history of the disorder within the
family and this may define a particular mode of inheritance, usually autosomal
dominant or X-linked recessive. Consanguinity in the parents of affected individuals
suggests, but does not confirm, an autosomal recessive pattern of inheritance.
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Alternatively, the definitive clinical diagnosis may be of a disorder that is
known to have only a single pattern of inheritance, such as gyrate atrophy (autosomal
recessive) or Keams-Sayre syndrome (mitochondrial).

10.2.5.1 Possible inheritance patterns in sporadic RP.
In some families determination of the inheritance pattern may prove more
difficult. For example, a male simplex RP patient, who has no known affected
relatives, is most likely to have inherited an autosomal recessive form of this disease
(arRP), which, in the absence of consanguinity, would be associated with a minimal
risk to future generations.
From the preponderance of males amongst simplex RP patients it has,
however, been calculated that around 1 in 10 males with simplex RP have in fact
inherited an X-linked form of the disease (Jay and Bird, 1973). An X-linked trait can
be passed down to an affected individual through a series of asymptomatic female
gene carriers. In this case both the prognostic and the genetic ramifications would be
different. The phenotype associated with any form of xlRP is usually more severe,
both in terms of an earlier age of onset and more rapid progression, than that
associated with many arRP mutations. Onset is typically in the first decade and the
disease progresses to partial or complete blindness by the third or fourth decade of life
(Bird, 1975). In addition, all the daughters of a man affected by xlRP would be
obligate carriers of this disorder, and each of their male children would have a 50%
risk of being affected by xlRP.
The genetic possibilities in this scenario also include autosomal dominant RP
(adRP) with incomplete penetrance, such as that associated with mutations at the
chromosome 19q locus (Al-Maghtheh a l, 1996), and digenic RP, caused by
synergistic mutations in peripherin-RDS and ROM-1 (Kajiwara et a l, 1994). In both
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situations there would be a direct risk to the affected man’s children, male or female.
Lastly, in a few cases the added complications of adoption and non-paternity may
make genetic counselling without the benefit of molecular genetic analysis
impossible.

10.3 Potential clinical applications of molecular genetics.
In some circumstances the clinician may be unable to offer his patient
satisfactory prognostic and/or genetic advice on the basis of clinical assessment alone.
At this point he may wish to utilise available molecular genetic techniques to
determine the genotype that underlies the patient’s condition, and apply that
knowledge to providing such advice and, hopefully in the not too distant future,
appropriate treatment.

10.3.1 Detection of the carrier state in sex-linked disorders.
Since the phenotype observed in males affected by xlRP is usually very severe,
the detection of the carrier state in asymptomatic at-risk female relatives is vital. A
small proportion of carriers can be identified on the basis of fundoscopic changes,
such as the presence of a ‘tapetal reflex’, or by electrophysiological assessment, which
may reveal abnormalities of rod function. In the majority of potential carriers, such as
the daughters of women known to be carriers of an xlRP gene, these methods will fail
to establish carrier status. Mutation screening of the known xlRP genes, RPGR
(Meindl et al., 1996) and RP2 (Schwahn et a l, 1998), and/or haplotype analysis of the
critical disease intervals for the xlRP loci, has already been used to determine carrier
status within xlRP pedigrees.
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10.3.2 Detection of the carrier state in consanguineous recessive pedigrees.
A similar state of uncertainty over carrier status may arise in consanguineous
pedigrees segregating a severe recessively inherited eye disorder, such as Leber
congenital amaurosis, particularly in cultures where cousin-marriage is both
traditional and encouraged. Relatives of those affected by recessive disorders, in
which consanguinity is thought to have played a role, may seek to determine whether
they are also carriers of the disease gene. This information may be of great importance
to them if they are considering marrying, or have already married, within their family
or community.
An analogous situation exists in regard to certain severe recessively inherited
disorders that have a high prevalence in specific communities, such as alpha- and
beta-thalassaemia in Cypriots (Gao, 1987), and Tay-Sachs disease and Gaucher's
disease in Ashkenazi Jews (Eng et al, 1997). In this instance a community wide
screening program, to identify all gene carriers and offer pre-natal diagnosis, may be
appropriate.
Since carriers of these recessive disease alleles are, by definition,
asymptomatic and largely unidentifiable by any clinical investigation, molecular
genetic analysis is required to determine carrier status. In Cyprus couples carrying
thalassaemia mutations are detected in the course of a nationwide thalassaemia carrier
screening program and prenatal diagnosis is offered to all of them (Kleanthous et al,
2001). In the United States and Canada routine screening for Tay-Sachs disease has
reduced the incidence of this condition in the Jewish population by more than 90%
(Kaback, 2000).
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10.3.3 Distinguishing monogenic from complex disorders.
Some monogenic inherited disorders closely mimic related complex diseases.
Amongst retinal dystrophies several dominantly inherited conditions, including
Sorsby macular dystrophy, Malattia Leventinese/Doyne honeycomb retinal dystrophy
and pattern macular dystrophy, can all be confused with age-related macular
dystrophy, a much more common condition of complex aetiology. In the field of
ocular malformations, only a proportion of microphthalmia cases are genetically
determined, with both maternal virus infections (e.g. rubella and cytomegalovirus) and
drug use (e.g. alcohol, thalidomide, and retinoic acid) implicated in the development
of microphthalmia in some patients (Warburg, 1993).
Since the risk to offspring of patients affected by a dominantly inherited trait is
50%, whilst the risk to the children of those suffering from a complex disorder may be
little greater than that of the general population, it is important to definitively identify
monogenic inherited disorders wherever possible. Sometimes this can be done on the
basis of clinical examination alone, but molecular genetic analysis, such as screening
of the TIMP3 and EFEMPl genes for the relatively small number of mutations known
to cause Sorsby macular dystrophy and Malattia Leventinese/Doyne honeycomb
retinal dystrophy respectively, may be very helpful in some instances.

10.3.4 Pre-symptomatic and pre-natal diagnosis.
Where the gene or locus responsible for the inherited eye disorder that
segregates in a particular family has been conclusively identified both presymptomatic and pre-natal diagnosis of at-risk children is technically possible. In the
absence of effective therapies for the majority of inherited retinal dystrophies, the
value of pre-symptomatic diagnosis is very limited, and it may even be detrimental.
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both in terms of psychological distress to any individual who is found to possess a
disease gene, and potentially loss of employment or insurance cover.
Clearly this situation will alter dramatically if efficacious treatments become
available. The aim of future treatments for the retinal dystrophies is almost certain to
be the halting or slowing of disease progression, rather than reversal of damage to the
delicate structure of the neurosensory retina and optic nerve. To minimise the damage
that a patient suffers, therefore, it will be necessary to identify affected individuals as
early as possible, and institute appropriate treatment.
Particular technical and ethical difficulties will be faced with dystrophies of
early onset and/or rapid progression, since diagnosis and treatment may have to be
instituted very early in life, and at a point where the individual is asymptomatic. In
Leber congenital amaurosis (LCA), for example, severe retinal degeneration is present
at birth and therapy would have to be commenced in utero.
An even more complicated problem faces those attempting to prevent ocular
developmental abnormalities. Some of these defects, such as colobomas, are caused
by failure of the embryonic optic fissure to close during the fifth week of
development, and others may have their origins in events that take place even earlier
in embryogenesis. At this point the child’s mother would possibly not even realise that
she was pregnant. To overcome this problem it would be necessary to employ the
techniques of in-vitro fertilisation and selective embryo implantation.

10.3.5 Analysis of sporadic cases.
In the case of probands affected by a sporadic or autosomal recessive disorder,
there is usually no older generation that can be studied to provide information
regarding disease progression. The best the clinician can offer in this situation is a
detailed phenotypic study, to determine the manner in which the subject’s visual
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system is currently affected, and a repeat assessment at a suitable interval to determine
the rate of progression, if any.
Molecular genetic analysis may, however, determine the exact mutation or the
locus responsible for the phenotype, and reference to previous clinical studies of
families with that genotype can then be made to determine the most probable clinical
outcome for the individual concerned. At the same time the inheritance pattern of the
disease trait is confirmed.
In conditions, such as RP, in which multiple genes can be responsible for a
given phenotype an analysis of this kind would currently be very labour intensive,
expensive and, since some loci remain to be identified, potentially fruitless. Future
developments in DNA analysis technology may, however, make such studies
practical.

10.3.6 Selection of patients for treatment.
A range of treatments for inherited eye disorders are in the process of
development (Section 10.4), and some of these may soon progress to the stage of
commencing treatment trials in human subjects. Whilst clinical studies alone may be
sufficient to identify matched subjects and controls for some trials, and to act as a
baseline fi-om which the efficacy of these treatment modalities can be assessed, others
will require that subjects and controls have an identical genotype. Whilst small
numbers of genotypically similar age-matched individuals can be obtained by using
different members of the same family as subjects and controls, the recruitment of
larger numbers, which may be required to prove the efficacy of any therapy, will
require unrelated individuals with comparable genotypes to be identified by molecular
genetic analysis.
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Clearly in trials of treatments that are applied locally, by subretinal injection
for example, each patient’s fellow eye may serve as the most suitable control.
When routine treatment of inherited eye disorders eventually becomes a
reality, it will continue to be essential that clinicians correctly identify each patient’s
disorder, so that the appropriate treatment modality is provided, rather than a therapy
that has been designed for a different phenotypic entity. In addition, whilst some of
the proposed treatments for inherited eye diseases may benefit patients suffering from
a variety of related disorders, others will be genotype-specific (Section 10.4). Each
affected individual or family would need to undergo a detailed molecular genetic
analysis before they could be considered for such treatment.

10.4

Prospects for treatment of inherited retinal dystrophies.

10.4.1 Current management.
Individuals affected by a retinal dystrophy should be provided with good
prognostic and genetic counselling to enable them to plan their future with the
maximum amount of relevant information available to them. Suitable employment is
often dependent on adequate central vision, and if this becomes significantly impaired
assistance with reading and writing is essential. This may include standard low visual
aids (reading glasses; hand-held and stand magnifiers), closed-circuit television
cameras, and suitable personal computing technology (large monitors; e-mail; voice
recognition software; and scanners with OCR software).
Loss of visual field and/or central vision in people with retinal dystrophies
frequently results in failure to conform to local legal requirements for driving. This
may be particularly disabling if the individual lives in remote area, or relies upon a car
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for work. Night blindness and colour blindness are less likely to affect a persons
employment prospects and leisure activities, but will usually prevent them from
obtaining satisfactory posts in the Army, Navy or Air Force.
Social support for people with visual disability varies from country to country,
and may involve both statutory authorities (Social and Welfare Services; formal Blind
or Partial-sight registration) and charitable organisations (e.g. Retinitis Pigmentosa
Society). These bodies may provide social, educational, employment and in some
cases financial support to retinal dystrophy sufferers.
Some individuals with RP will develop cataracts and/or cystoid macular
oedema as complications of their condition. Where appropriate these can be managed
by cataract extraction and the use of carbonic anhydrase inhibitors (e.g.
acetazolamide) respectively.

10.4.2 Specific therapy for inherited retinal dystrophies.
Very little treatment is currently available for individuals with retinal
dystrophy. Dietary management is available for just three rare recessive dystrophies:
Refsum disease, abetalipoproteinaemia, and gyrate atrophy (Berson, 2000). In all
these disorders treatment should be initiated as soon as possible to minimise
irreversible retinal damage. As our knowledge of the molecular genetics and
molecular biology of retinal dystrophies increases it may become possible to develop
treatments based on: 1) the manipulation of photoreceptor apoptosis; 2) transfection of
photoreceptor or RPE cells with fimctional genes; 3) photoreceptor and/or RPE
transplantation; and 4) the creation of an electronic 'artificial retina'.
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10.4.3 Manipulation of apoptosis.
Photoreceptor loss in the retinal dystrophies occurs primarily through
programmed cell death (apoptosis) (Reme et a l, 1998). The apoptotic pathway can be
modified by growth factors, and several of these (bFGF, BDNF, and CNTF) have
been used therapeutically, both to protect the murine retina from light induced damage
(LaVail et a l, 1992), and to delay photoreceptor degeneration in animal models of
retinal dystrophy (LaVail et a l, 1998). This form of therapy has the significant
advantage of being potentially applicable even in retinal disorders of unknown genetic
origin. Unfortunately the beneficial effects of treatment are relatively short lived
(about a month in animal models).

10.4.4 Gene therapy.
The ideal technique for retinal gene therapy would involve: 1) a sound
understanding of the genetic and biochemical basis of the disease to be treated; 2) a
vector that is efficient and non-toxic; 3) adequate control of expression of the
therapeutic gene in terms of levels of the gene product and specificity of cellular
expression; and 4) an experimental animal model of the disease for preclinical testing,
which may be naturally occurring or transgenic.
An important criterion in the selection of the viral vector must be its ability to
infect and transduce the non-dividing cells of the neural retina or RPE. Vectors that
have

been

used

include

recombinant

adenovirus,

encapsulated

adenovirus

minichromosomes, adeno-associated virus (AAV) and lentivirus (HIV) (Bennett and
Maguire, 2000). Recombinant AAV (rAAV) has the advantages of causing no known
human disease, being relatively non-immunogenic, and slowly integrating at a random
chromosomal site to produce potentially permanent transduction. At present, however.
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the small size of rAAV limits passenger DNA to around 4.8kb, and there is a
theoretical risk of insertional mutagenesis.
The basic methodology of gene therapy has been utilised in four different
techniques to successfully rescue photoreceptors in rodent models of RP:

10.4.4.1 Gene augmentation.
The classic approach of delivering a normal gene to compensate for loss-offunction mutations, such as those frequently observed in autosomal recessive and sexlinked recessive human dystrophies, was first used to salvage photoreceptors in the rd
mouse (Bennett et ah, 1996; Takahashi et ah, 1999). More recently it has been
employed to rescue the rds mouse, in which photoreceptor discs and outer segments
fail to develop (Ali et a l, 2000). Subretinal injection of rAAV encoding an rds
transgene resulted in the generation of outer segment structures and the formation of
new discs containing both perpherin-rds and rhodopsin, which in many cases were
morphologically similar to outer segments. The restoration of photoreceptor structural
integrity was reflected in significantly improved ERG responses observed in treated
eyes. This study represents the first time that a complex ultrastructural cellular defect
has been corrected both morphologically and functionally by in vivo gene therapy.

10.4.4.2 Ribozyme treatment.
Treatment of disorders caused by dominantly inherited gain-of-function
mutations is inherently more complex. The deleterious effects of such mutations on
protein trafficking and function can be minimized by the use of appropriate vector
delivered ribozymes (Hauswirth and Lewin, 2000). Ribozymes (‘RNA enzymes’) are
RNA-cleaving RNA molecules, the recognition sequences of which can be designed
to identify and cleave mutant RNA, whilst leaving wild-type RNA intact. Ribozymes,
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delivered by a rAAV vector, have been used to demonstrate long term rescue of
photoreceptors in the rhodopsin P23H transgenic rat, which models the most common
form of adRP found in North America (LaVail et a l, 2000). After 8 months,
ribozyme-treated eyes retained on average 4 to 5 rows of photoreceptor nuclei,
whereas contralateral, control eyes were reduced to one row. In a second experiment,
rAAV-ribozyme injections were delayed until 4 rows of photoreceptor nuclei had
been lost. At three months treated eyes retained significantly more photoreceptor
nuclei than control eyes, suggesting that photoreceptors in a retina with advanced RP
may still be responsive to rescue by gene therapy.

10.4.4.3 Anti-apoptosis therapy.
A number of different genes have been implicated in the regulation of
apoptosis. Adenovirus mediated delivery of one of these genes, bcl-2, resulted in
delayed photoreceptor loss in the rd/rd mouse (Bennett et a l, 1998). This effect was
enhanced if a normal copy of the fl-pde gene was also delivered, indicating that
combination therapy of this kind may be advantageous. Delivery of bcl-2 specifically
to photoreceptors is required, however, since expression in ganglion cells is
potentially toxic (Simon et a l, 1999).

10.4.4.4 Growth factor therapy.
Gene therapy has been used as an alternative to direct intravitreal injection of
growth factors to increase the longevity of treatment (Neuner-Jehle et a l, 2000). AAV
mediated gene transfer o f a secretable form of ciliary neurotrophic factor (CNTF) has
been used to delay photoreceptor loss in both rd (Cayouette and Gravel, 1997), and
rds mice (Cayouette et ah, 1998). If secretable factors are used transduction of cells
other than photoreceptors, such as RPE, may also retard retinal degeneration, and
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successfully transduced photoreceptors may help to preserve surrounding rods and
cones.

10.4.5 Photoreceptor and RPE transplantation.
Successful transplantation of photoreceptors requires long-term survival of the
graft, maintenance of functional outer segments, and the establishment of appropriate
synaptic connections with second order neurons (bipolar cells). Transplantation
techniques have so far failed to meet all of these criteria (Litchfield et a l, 1997).
In contrast, transplantation of RPE cells may well have a role in the treatment
of an increasing number of human dystrophies acknowledged to be caused by
mutations in RPE specific genes. Sub-retinal RPE cell transplants have been shown to
delay loss of photoreceptors and retinal function, as measured by electroretinography,
in the naturally occurring retinal dystrophy of the RCS rat (Little et a l, 1996), in
which a failure of RPE to phagocytose shed outer segments leads to photoreceptor cell
death. This dystrophy is due to mutation of the receptor tyrosine kinase gene Mertk
(D'Cruz et a l, 2000), and mutations in the human orthologue {MERTK), a responsible
for some cases of arRP (Gal et a l , 2000).

10.4.6 Artificial retinal implants.
Attempts to develop a functioning epiretinal prosthesis face major technical
difficulties (Nadig, 1999). Whilst such devices seem extremely unlikely to be capable
of replacing the detailed foveal vision lost by individuals affected by macular
dystrophies (including ARM), they might have a role in patients with severe
generalised dystrophies who have little or no perception of light.
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10.5

Future prospects.
A large number of genes, perhaps those responsible for the majority of

common monogenic eye disorders, have now been identified. Advances in molecular
genetic techniques, such as high-throughput automated arrays for polymorphism
screening, and the construction of a complete human transcript map in which the
exons of all genes will be identified and the tissue distributions of all transcripts
determined, promise to simplify considerably the process of isolating additional genes
associated with human disease. Many of the remaining genes that cause inherited eye
disorders are likely, therefore, to be identified relatively soon. This will, however, not
represent the conclusion, but only the completion of the first stage in the process of
understanding and developing treatment for inherited eye disorders.

10.5.1 Polygenic and multifactorial disorders.
It will prove a considerably more difficult task to identify the genetic
components of common multifactorial eye disorders, such as age-related maculopathy
(ARM) and primary open angle glaucoma. These conditions are, in numerical terms,
much more important than any of their monogenic counterparts.
Ten to twenty percent of individuals aged over 65 suffer from ARM, making it
the leading cause of severe visual impairment in developed countries, and making the
potential benefits of developing an effective treatment enormous. The only currently
accepted treatments for ARM are laser photocoagulation (Macular Photocoagulation
Study Group, 1993) and photodynamic therapy (TAP Study Group, 2001) of choroidal
neovascular membranes in the exudative form of the disorder, but these treatment
modalities are applicable to only a small minority of patients, and there is no available
treatment for the atrophic form of ARM.
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Sib-pair and twin studies have demonstrated a substantial genetic contribution
to the risk of developing both ARM (Piguet et al, 1993; Meyers et al, 1995), and
glaucoma (Craig and Mackey, 1999), and identifying these genetic components will
be integral to our understanding of the basic molecular biology and pathogenesis of
these conditions.
One approach to identifying genetic risk factors in multifactorial disorders is to
perform a genome-wide search for linkage between disease susceptibility loci and
polymorphic markers within extended pedigrees or among concordant and discordant
sib or other relative pairs. Susceptibility loci can also be defined by identifying
linkage disequilibrium between polymorphic markers and an ancestral mutation by
analysing transmission disequilibrium within pedigrees or by comparing distantly
related patients.
Large pedigrees with multiple affected members are rarely found segregating
these multifactorial disorders, especially those with a late onset such as AMD. For this
reason, genetically isolated populations with a strong founder effect, such as the
Finnish and Icelandic populations, are ideal for linkage disequilibrium analysis.

10.5.2 Elucidating the molecular biological basis of disease.
Whilst many of the earliest retinal dystrophy genes (e.g. rhodopsin, PDE6E)
were identified by mutation analysis of functional candidates, recent advances in
molecular genetic techniques have resulted in the isolation of genes encoding proteins
of unknown function, which may be members of as yet unrecognised protein families.
Many of these are not uniquely expressed in photoreceptors, and may instead be RPE
proteins, such as bestrophin (Petrukhin et al, 1998), or indeed are ubiquitously
expressed like EFEMPl, and the retinitis pigmentosa GTPase regulator (RPGR),
responsible for X-linked RP at the RP3 locus (Roepman et al, 2000).
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As a result a considerable volume of work will need to be done to elucidate the
biochemical mechanisms by which each new gene causes retinal disease. These
studies may define the biochemical pathways that are relevant to a particular disease
and, since known genes or proteins can be used to develop assays to identify novel
interacting or functionally related proteins, they may permit identification of genes
encoding other components of each pathway, some of which may also be associated
with eye disorders.

10.5.3 Developing treatments.
In time many different treatments may be available for individuals suffering
from retinal dystrophies, and tailoring of therapy to the specific genetic and
biochemical defect present in each subject may be essential for success. Treatments
may even be combined, such as the simultaneous introduction of a gene to replace a
lost function and a gene encoding an anti-apoptotic growth factor.
The vast majority of retinal dystrophies are slowly progressive, and many
patients retain good visual function for a large part of their lives. A treatment that
significantly slowed down the degenerative process might be successful in preserving
vision for many years, even if it did not halt or reverse progression of the disease.
Equally the slowly progressive nature of these disorders may result in clinical trials to
demonstrate the effectiveness of a particular therapy having to run for several years,
delaying the provision of routine treatment.

10.5.4 Identifying individuals at risk.
By far the commonest monogenic retinal dystrophies are RP (1 in 3000) and
Stargardt disease (1 in 10,000). Stargardt disease is essentially inherited as a recessive
trait, although rare dominantly inherited Stargardt-like macular dystrophies have also
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been described (Zhang et al, 1994). Approximately half of all cases of RP are
sporadic, and in a further 20% of subjects only siblings are affected, indicating that up
to 70% of RP is recessively inherited (Jay, 1982). Probably the most severe inherited
retinal dystrophy, Leber congenital amaurosis, is also a recessive disorder.
Since parents of individuals affected by recessive disorders are themselves
unaffected and, in the absence of extensive consanguinity, are unlikely to have any
family history of the condition, many subjects affected by these dystrophies will be
identified at a stage when they have become symptomatic and significant loss of
retinal function has already occurred.
In this situation treatments that offer the potential to rescue already damaged
cells will be the most valuable. An alternative would be to attempt population wide
pre-symptomatic screening for these conditions, but in view of the large number of
genes involved in arRP and the difficulty of identifying definite disease-causing
mutations in the ABCA4 gene (Chapter 9), this is approach would be completely
impractical.

10.5.5 Potential benefits in other fields.
The eye is derived primarily from neuroectoderm and has many features in
common with components of the brain and central nervous system. Studies of the
molecular genetics and biochemistry of inherited eye disorders may, therefore, also
contribute to our knowledge o f the functioning of the central nervous system, and of
the pathogenesis of congenital neurological malformations and neurodegenerative
diseases.
In some cases the benefits may be even more wide reaching, since some ocular
disease genes are derived from large gene families that are implicated in other serious
inherited human disorders. ABCA4, the gene responsible for Stargardt disease, for

263

Discussion

example, is part of the ABC transporter superfamily. Mutations in other ABC
transporter genes are responsible for two potentially fatal disorders: cystic fibrosis
{CFTR) (Drumm and Collins, 1993), and X-linked adrenoleukodystrophy (ALD)
(Dubois-Dalcq et al., 1999). In a situation like this, studies of the molecular biology of
one gene may help to clarify the part played by other family members in the
pathogenesis of their respective diseases.

10.6

Conclusions.
The studies described in this thesis have resulted in the isolation of a SerSOThr

mutation in the NRL gene, which is responsible for autosomal dominant retinitis
pigmentosa at a novel locus on chromosome 14qll. Detailed clinical studies have
defined the phenotype associated with this genotype. The research described in the
remaining chapters has contributed to the discovery of mutations in several other
retinal dystrophy genes.
All this work represents a very small contribution to our understanding of the
mechanisms by which genetic variations give rise to human disease. Whilst much
work has yet to be done and many technical obstacles will have to be overcome, the
current rapid expansion of knowledge in this field permits us to hope that effective
treatments for people suffering from inherited eye disorders may only be a matter of a
few years distant.
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