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SUMMARY

The central aim of this thesis was the elucidation of the underlying molecular
pathologies of inherited diseases of the retina. The main focus of study concentrates on
the molecular genetics and disease mechanisms in retinitis pigmentosa (RP), a
hereditary disease in which photoreceptor cells of the retina degenerate, eventually
leading to blindness in affected individuals.

Usher syndrome is a disease segregating RP and sensorineural deafness.
Previous studies in a large family segregating Usher-like symptoms identified a disease-
causing heteroplasmic C12258A transversion in the second serine tRNA mitochondrial
(MTTS2) gene (Mansergh et al., 1999). In this study, automated sequencing analysis
was used to screen all 22 mitochondrial tRNA sequences in a cohort of atypical Usher
syndrome individuals, in order to investigate the frequency of mitochondrial tRNA
mutations in the molecular pathology of Usher syndrome. A number of variants from
the consensus mitochondrial DNA sequence were identified, but none that were novel or
that could be regarded as disease-causing. The C12258A mutation was not identified in
any additional patients segregating blindness and/or sensorineural deafness, suggesting
it may be a relatively rare cause of Usher syndrome.

The third chapter describes the results from a large comparative microarray
analysis, which was carried out to compare the transcriptional profiles of approximately
6,000 genes in the retinas of wild-type (Wt) mice with those carrying a targeted
disruption of the rhodopsin gene (Rho™). The Rho”” mouse represents an animal model
in which the degeneration of the photoreceptor cell layer is complete, enabling a
comparison between mouse retinas with and without photoreceptor cells. This revealed
a series of transcripts, in which levels were elevated or reduced in the retinas of Rho™”
mice, some of which were derived from genes known to map at retinopathy loci.
Subsequently, a number of analyses were carried out including the identification and
screening of potential candidate retinopathy genes, validation of microarray results
using quantitative real-time PCR and functional group classification of those genes
showing the greatest changes in expression levels. A number of interesting observations
were made in the analysis of differentially regulated genes. Many that showed down-
regulation in degenerating Rho” retinas were genes that function in apoptotic or

intracellular signalling cellular pathways, while approximately half of those genes

XVI



shown to be transcriptionally activated in degenerating retinas encode proteins of either
the extra-cellular matrix or the structural cytoskeleton of the cell.

The remaining two chapters describe a large study that was carried out on the
initial identification and subsequent analysis of a novel RP gene. Previous linkage
analysis on a large Spanish family, called FA-84, segregating autosomal dominant RP,
resulted in the localisation of an adRP gene (RP10) to chromosome 7q31.3 (Jordan et
al., 1993). Identification and characterisation of candidate RP10 genes involved
analysis of the emerging human genome sequence and the use of novel gene prediction
and expression databases, as well as homology searching tools. This analysis led to the
characterisation and screening of a number of candidate genes that mapped to within the
RP10 region. One gene mapping to the RP10 locus, IMPDH 1, was predicted following
the previously described microarray analysis, to show higher levels of expression in the
photoreceptor cells of the retina, and therefore was adopted as a strong candidate for the
RP10 gene. A screen of the IMPDHI gene in DNA from family FA-84 individuals
revealed an Arg224Pro substitution, that segregated in affected individuals only. This
substitution was not identified in unaffected or control individuals and was highly
conserved amongst species, providing strong evidence that mutations within the
IMPDH1 gene cause the RP10 form of RP.

Following on from the discovery that mutations within the IMPDHI gene cause
adRP, studies were undertaken to evaluate the effects of two adRP mutations identified
in large RP10 families, on the properties and activity of the IMPDHI enzyme.
IMPDHI catalyses the conversion of inosine monophosphate (IMP) to xanthosine
monophosphate (XMP), which is the rate limiting step in guanine nucleotide
biosynthesis. Wild-type and mutant IMPDHI1 proteins were over-expressed in bacterial
cells, purified and their activity levels were measured spectrophotometrically. No
dramatic difference in enzyme activity was detectable between wild-type and mutant
IMPDHI proteins. However, a difference in solubility was detected between wild-type
and mutant IMPDH1 proteins following their expression in a mammalian cell culture
system, which suggests abnormal protein folding and aggregate formation are a feature
of mutant proteins. Histological and functional studies in Impdhl” mouse retinas
revealed a relatively mild retinal disease phenotype and preserved photoreceptor
structure in these mice, which suggests a probable dominant-negative effect of the
IMPDH1 mutations studied. These observations may form the basis of a novel

therapeutic approach in respect to this form of RP.
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CHAPTER 1

GENERAL INTRODUCTION



1.0 INTRODUCTION

The primary purpose of this Ph.D. thesis was the identification and analysis of genes
associated with retinal degenerative diseases, in particular retinitis pigmentosa. The
identification of mutations within novel genes that cause retinal disease in individuals,
is generally followed by functional analysis of novel proteins within the context of a
normal retina, and hence elucidation of the molecular mechanisms that bring about a
retinal degenerative phenotype. The discovery and characterisation of genes that are
essential to normal retinal functioning, increases our comprehension of the complex
molecular pathways that exist in the retina to enable vision processes. More
importantly, the identification of the primary cause of disease is essential to accurate
disease diagnosis in affected individuals, possible pre-natal or pre-clinical testing of
individuals and is especially important in the development of specific and effective
therapies for the treatment of debilitating retinal degenerative diseases, for which no
therapy currently exists.

The purpose of this introductory chapter is to give an overview of the structural
organisation and visual processes of the retina as a background to studies described in
subsequent chapters. The clinical heterogeneity of retinal disease is introduced with a
brief description of well-characterised diseases that involve retinal degeneration, and in
particular the death of photoreceptor neurons. A full description of the clinical and
genetic features of two diseases, retinitis pigmentosa and Usher syndrome, the
molecular genetics of which are investigated in this thesis, will be presented in
subsequent chapters. An overview is also given of some common methods used in the
identification and characterisation of novel genes associated with retinal degenerative
disease, and potential avenues that can be explored in an effort to establish disease

mechanisms and in the development of therapies.



1.1 THE EYE AND VISION

1.1.1 Theeye

The eye is responsible for focusing light on the retina, which in turn translates it into
electrical and neurochemical signals enabling vision. It is an elongated sphere that
consists of three layers, the sclera, the choroid and the retina. The sclera is the opaque
white protective coat of the retina that is continuous with the cornea, a transparent layer
at the front of the eye. The choroid is the middle layer containing many blood vessels
that supply the photoreceptors, and the inner layer, the retina, contains the sensory
epithelium of the eye. Towards the front of the eye the choroid thickens and forms the
ring-shaped ciliary body, which becomes a thin, circular muscular diaphram called the
iris, that regulates the size of the opening of the eye, the pupil. The lens is attached to
the ciliary body by ligaments that hold and adjust its shape, focusing light onto the
retina. The lens also divides the cavity of the eye into two chambers. The aqueous
humour is a watery solution that fills the chamber between the cornea and the lens, and
the vitreous humour is a viscous gelatinous material that fills the large cavity behind the
lens. The optic nerve transmits nerve impulses to the brain and exits from the back of

the eye.

1.1.2 The retina

The retina is a delicate multi-layered tissue containing many types of neural cells. The
layers of the retina can be visualised by microscopy, and include the retinal pigment
epithelium (RPE), outer nuclear layer, outer plexiform layer, inner nuclear layer, inner
plexiform layer and ganglion cell layer (Fig. 1.1). The outermost layer of the retina is
the RPE, which consists of a single layer of pigmented cells, firmly attached to the
basal lamina of Bruch’s membrane. The RPE is required for normal photoreceptor
outer segment development and is the site of regeneration of the visual pigment
chromophore, 11-cis retinal, following its isomerization by light. The RPE is also

involved in the phagocytosis and digestion of shed outer segment discs, absorption of



scattered light by the melanin granules and the transport of nutrients and metabolites
through the extra-retinal blood barrier (Djamgoz et al., 1995).

The primary neurons in the visual pathway are the photoreceptors, which (with
their axonal processes and synapses) constitute the outer segments of the rods and
cones, the outer nuclear layer and the outer plexiform layer (Dowling, 1987). The
photoreceptor layer of rod and cone cells consists of inner and outer segments, with the
outer segments embedded in the interphotoreceptor matrix, just internal to the RPE.
The outer nuclear layer contains the cell bodies of photoreceptor cells while the external
limiting membrane, located just below the inner segments is a histologically identifiable
attachment site between the photoreceptors and the Muller cells (Fig. 1.2 & Fig. 1.3).
The outer plexiform layer marks the junction of the photoreceptor neurons and the
second-order neurons in the retina, which are the bipolar and horizontal cells. The inner
nuclear layer consists of closely packed nuclei of bipolar cells, horizontal cells,
amacrine cells, interplexiform cells and supportive Muller cells (Fig. 1.1 & Fig. 1.2).
Horizontal cells transform visual information received from photoreceptors, and form a
network of fibres that integrate the activity of the photoreceptor cells by means of
lateral communication. Bipolar cells synapse with amacrine and/or ganglion cells, in
transmission of the visual signal. Muller cells are the principle glial cells of the retina
and they conserve the structural alignment of its neuronal elements, as they extend from
the outer to the inner limiting membranes (Fig. 1.2) (Djamgoz, 1995). The amacrine
cells spread laterally and extend processes to adjacent amacrine or bipolar cells, and
their axons synapse with ganglion cells. Interplexiform cells are similar to amacrine
cells but they extend processes into both synaptic layers (outer and inner plexiform
layers) (Ogden, 1989). The inner plexiform layer marks the synaptic junction of the
second order neurons and the third order neurons, the ganglion cells. The ganglion cells
each produce a single axon that converge together and exit from the eye as the optic
nerve.

To enable vision, light rays must pass through the ganglion cell layer and the
inner layers of the retina to reach the photoreceptor cells at the back of the retina, where
it is transformed into an electrochemical event. The photoreceptors are located on the
outer surface because of their high energy requirements, which demands that they are in
close proximity to the RPE and underlying blood supply in the choroidal layer, that
provides essential nutrients and oxygen (Stone et al., 1999b). The visual stimulus

passes through photoreceptor synapses to the complex circuitry of bipolar and



horizontal cells through to the amacrine and ganglion cells, and is finally transmitted to
the brain via the optic nerve (Fig. 1.2).

The specialised regions of the retina include the optic disk, the area centralis
containing the macula and fovea, and the peripheral retina. The optic disk is an area
without photoreceptors, where the axons of ganglion cells leave the eye to form the
optic nerve, and is often referred to as the blind spot. The area centralis, or central
retina, is characterised by a ganglion cell layer that is more than one cell thick, at the
centre of which lies the fovea (Ogden, 1989). The macula lutea, an oval zone of yellow
colouration due to the presence of the carotenoid pigments lutein and zeaxanthin, lies
within the central retina, and extends above and below the fovea. The macula is
suggested to function both as an optical filter by absorbing blue light and to play a role
in protection against light-dependent damage (Nussbaum et al., 1981; Sies et al., 2003).
At the centre of the fovea, the layers of the retina are thinner so that a central concave
indentation, the foveola is produced, which represents the area of highest visual acuity
in the retina, due partly to the presence of closely packed cone photoreceptors (Ogden,
1989). The peripheral retina increases the field of vision and is divided into four
regions, the near periphery, the mid-periphery, the far periphery and the ora serrata,
which marks the most anterior region of the retina where the photoreceptor layer ceases

and it continues as the unpigmented epithelium of the ciliary body (Ogden, 1989).

1.1.3 The photoreceptors

Rod and cone photoreceptor cells are specialized neurons of the vertebrate retina that
function in the primary events of vision. Rod cells are highly sensitive to light and
operate under dim lighting conditions, while cones are less sensitive and function in
bright light and in colour vision. There are approximately 100 million rod cells and 5
million cone cells in the human retina (Curcio et al., 1990). The two types of
photoreceptors are generally arranged in a mosaic pattern, exhibiting an organized
architecture with cones rather evenly spaced surrounded by rings of rods. Individual
variations in the density of both rods and cones occur in different regions of the retina.
Cone density is highest in the fovea and falls rapidly outside the fovea to a fairly even
density in the peripheral retina, while the highest rod densities are located along an

elliptical ring centred at the macula (Ogden, 1989). Rod density declines rapidly



towards the rod-free central fovea, and also slowly declines towards the retinal
periphery (Curcio et al., 1990).

Photoreceptors are highly polarized cells, which consist of an outer segment, an
inner segment and a synaptic terminal (Fig. 1.3). Cone cells taper in width from the
inner to the outer segment, while in rod cells the outer segment is longer and
cylindrical. The outer segments are embedded in the interphotoreceptor matrix, just
internal to the RPE, and are the light-sensitive portion of the cell (Djamgoz et al.,
1995). They contain an elaborate system of stacked membranous discs that consist of
outer rims and central lamellar regions. The rims are believed to contain proteins
critical for the development and maintenance of outer segment structure such as
peripherin-RDS and ROM1, whereas disc lamellas contain the visual pigment and other
molecules required for phototransduction (Clarke et al., 2000). The outer segment discs
are constantly renewed at a predicted rate of 10% per day (Clarke ez al., 2000). As old
discs are phagocytosed by the RPE, they are replaced by newly formed discs that
migrate from near the base of the outer segment (Ogden, 1989). The membranes of
outer segment discs in rod cells contain the visual pigment rhodopsin, while cone cells
have three different types of cone visual pigment corresponding to blue, green and red
opsin, that are maximally sensitive to different wavelengths of light. The inner and
outer segments of the photoreceptor are joined by a connecting cilium, which contains
motor and cytoskeletal proteins such as myosin VIIA, that are believed to be required
for the trafficking of rhodopsin, and other essential proteins, into the outer segments
from the inner segments and nuclei (Williams, 2002). The inner segment of rods and
cones contains organelles such as mitochondria and golgi apparatus which constitute
the photoreceptor metabolic machinery. The nuclei of the photoreceptor cells are
responsible for the distinct outer nuclear layer of the retina, while the synaptic body
constitutes the outer plexiform layer where it forms synapses with the secondary

neurons of the retina (Fig. 1.3).

1.1.4 Visual transduction

Visual transduction is the mechanism by which incoming light is processed and visual

images are sent to the brain via the optic nerve. The phototransduction process exhibits

an enzyme cascade including a visual pigment (rhodopsin), a GTP-binding protein



(transducin) and an enzyme that hydrolyses cGMP (cGMP-phosphodiesterase) (Fig.
1.4) (Kawamura, 1995).

In the rod outer segment (ROS) membrane, cGMP binds to a cation channel
(cGMP-gated channel) in the dark, and keeps it open allowing Na* and Ca®* ions to
flow into the ROS. Under these conditions of high levels of cGMP, the cell is in its
depolarised state and there is constant release of the glutamate transmitter from the
synaptic region of the photoreceptor cell (Molday, 1998). Following light absorption,
rhodopsin, a seven transmembrane-helix G protein-coupled receptor, is activated by
conversion of the 11-cis retinal chromophore bound form of rhodopsin to its all-trans
isomer. This reaction leads to the formation of Meta II rhodopsin or R” which causes
activation of the visual cascade, brought about by exposure of the G protein binding
sites of rhodopsin, thus permitting the binding of transducin (Molday, 1998). A
transducin molecule then transmits the photoreception signal from rhodopsin to cGMP-
phosphodiesterase (PDE). This is initiated when activated rhodopsin (R") catalyzes the
exchange of GDP for GTP on the o-subunit of the transducin molecule and, with this
exchange, transducin converts into the active form. The photoreception signal
generated by a rhodopsin molecule is amplified greatly during activation of transducin,
with one R” generating about 700 activated transducin molecules (Kawamura, 1995).
The activated GTP-bound form of transducin in turn activates cGMP-PDE, which
brings about the hydrolysis of cGMP to 5’-GMP. One PDE can hydrolyse up to 1000
cGMP molecules, demonstrating further amplification of the signal (Kawamura, 1995).
The rapid decrease in intracellular cGMP levels causes the cGMP-gated channels to
close and the rod cell becomes hyperpolarized (Molday, 1998). When the channels are
closed, glutamate release at the synaptic region is inhibited and Ca®* levels in the outer
segment are decreased. The hyperpolarisation of the cell brings about curtailment of
glutamate release and results in the transmission of an electrical signal, via synaptic
junctions, through the various layers of the retina and on to the brain, via the optic
nerve.

After photoexcitation, the photoreceptor cell returns to its dark state by the
shutdown of the visual cascade system and resynthesis of cGMP, mediated by a calcium
feedback mechanism (Djamgoz, 1995). Activated rhodopsin is phosphorylated by
rhodopsin kinase and then bound by arrestin, which prevents further interaction with

transducin (Molday, 1998). Transducin and PDE are inactivated by the hydrolysis of



GTP to GDP on the transducin o-subunit, by its intrinsic GTPase activity (Molday,
1998). Guanylate cyclase, the enzyme responsible for the synthesis of cGMP from
GTP, is activated by the decrease in intracellular Ca’* after photoexcitation. As the
cGMP concentration increases, the cGMP-gated channels re-open, and the
photoreceptor cell is returned to its depolarised state (Fig. 1.4).

The visual cascade that operates in cone photoreceptor cells has not been studied
in as much detail as the rod visual transduction pathway, but the two phototransduction
cascades are basically similar. It has been found that signal amplification is lower in
cones, while phosphorylation of the visual pigment, one of the shut-off mechanisms of
the phototransduction cascade, appears to be much faster. This may explain the lower
light sensitivity and briefer photoresponse characteristic of cone photoreceptor cells

(Tachibanaki et al., 2001).

1.1.5 The retinoid cycle

Regeneration of 11-cis-retinal, which is also known as the retinoid or visual cycle, is a
complex process involving several enzymes and retinoid binding proteins in both the
rod photoreceptor and the RPE (Reviewed by Bessant et al., 2001). Retinol (Vitamin
A) is transported to the retina via the circulation, where it moves into the RPE. If
needed, it is isomerised to form 11-cis-retinol, which is subsequently oxidised to form
11-cis retinal (Fig. 1.5). Retinal is the essential biochemical initiator in the complex
process of vision, and in the rod photoreceptor 11-cis retinal is covalently bound to the
visual pigment, rhodopsin (Garriga & Manyosa, 2002). Absorption of a photon of light
by rhodopsin at the beginning of the visual transduction cascade catalyses the
isomeration of 11-cis retinal to all-trans retinal, which results in its release. Once
released all-zrans retinal is transported by ATP-binding cassette transporter (ABCR) out
of the rod outer segment discs (Bessant et al., 2001). All-trans retinal is converted to
all-trans retinol by a rod-specific dehydrogenase (t-RDH), and it is then transported
across the interphotoreceptor matrix to the RPE, bound to interphotoreceptor retinoid
binding protein (IRBP). In the RPE, all-frans-retinol, bound to cellular retinoid binding
protein (CRBP), is esterified by lecithin retinal acyl transferase (LRAT) to produce an

all-trans-retinyl ester. This ester is transformed to 11-cis retinol by all-trans-retinyl



ester isomerohydrolase (RPE65), which is then regenerated back to 11-cis retinal by 11-
cis-retinol dehydrogenase (c-RDH). 11-cis retinal can be shuttled back to a rod
photoreceptor cell by cellular retinaldehyde binding protein (CRALBP) to complete the
visual cycle by binding to rhodopsin (Fig. 1.5).



1.2 HEREDITARY DISEASES OF THE RETINA

Inherited retinal dystrophies are a major cause of progressive visual impairment often
leading to blindness and represent the most prevalent cause of blindness amongst
working populations in developed countries. They represent a very large and extremely
clinically and genetically heterogenous group of disorders. Genetic heterogeneity refers
to mutations within different genes causing the same disease, allelic heterogeneity
arises from different mutations in the same gene causing either the same disease or
different diseases, and clinical heterogeneity refers to a situation where the same
mutation results in different symptoms in different individuals, even within the same
family. Mutations responsible for human retinal disease have been identified in
virtually every protein that participates in either the photoactivation or the recovery
process of visual transduction, and a number of mutations have also been identified that
affect the protein products of genes involved in the retinoid cycle described earlier in
this chapter.

Retinal dystrophies can affect primarily rod photoreceptor cells, as is the case in
retinitis pigmentosa, or can primarily affect the cone cells as is seen in cone
dystrophies. Cone-rod dystrophies affect both populations of cells and macular
dystrophies affect both populations also, but specifically within the macular region. A
comprehensive list of retinal dystrophies, and details of genes and mutations associated
with each type is available from the RetNet database

(http://www.sph.uth.tmc.edu/Retnet/, a copy of which is available in Appendix C).

1.2.1 Retinitis Pigmentosa

Retinitis Pigmentosa (RP) is the name given to a set of hereditary retinal diseases in
which photoreceptor cells degenerate. They have a number of clinical features in
common which include night blindness, a gradual loss of peripheral visual field, and the
eventual loss of central vision. A progressive deterioration of retinal function is
revealed by electroretinographic (ERG) analysis, in which the electrical signals

generated by the retina in response to flashes of light, are reduced in amplitude and
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delayed in response times (Humpbhries et al., 1992). Usually, the rod photoreceptors
which govern dim light vision, are affected early in the disease, hence the onset of night
blindness at an early age. This gradually leads to more extensive tissue degeneration
including the death of cone cells and characteristic retinal pigmentary deposits.

RP can be inherited by autosomal dominant, recessive, x-linked or
mitochondrial inheritance patterns. It is extremely genetically heterogenous, and to
date up to 32 genes have been implicated in disease pathology

(http://www.sph.uth.tmc.edu/Retnet/). The products of a number of these disease-

associated genes can be placed in general categories of phototransduction proteins; such
as rhodopsin and PDE; structural proteins, for example peripherin-RDS and ROM1;
proteins involved with retinal recycling, for example RPE65 and CRALBP and proteins
involved with the regulation of gene expression such as cone-rod homeobox (CRX) and
neural retina leucine zipper (NRL) (Bessant et al., 2001). There also exists a number of
recently identified RP genes that have an unknown function in the retina, and genes
such as pre mRNA-splicing factors, which exhibit widespread expression patterns. A
detailed description of RP, clinical symptoms, diagnosis and genes involved in its

molecular pathology, is presented in Chapter 4.

1.2.1.1 Syndromes incorporating RP
RP is also exhibited as one of a number of symptoms in certain hereditary syndromes.
One of these is Usher syndrome, which is a genetically heterogeneous disease,
characterised by progressive RP, accompanied by varying severities of sensorineural
deafness and vestibular dysfunction (Keats & Corey, 1999). Usher syndrome is
recessively inherited and to date seven disease-associated genes have been
characterised. Many of the Usher genes identified function as extracellular matrix,
cytoskeletal or cell adhesion proteins such as myosin 7A and cadherin-like gene 23
(Farrar et al., 2002). A detailed description of the Usher syndromes is presented in
Chapter 2.

A second syndrome that includes retinal degeneration is Bardet-Biedl syndrome
(BBS), a genetically heterogeneous autosomal recessive disorder. This disease also
involves obesity, polydactyly, hypogenitalism, mental retardation and renal anomalies
(Heckenlively, 1988). Six BBS genes have been cloned to date but many encode

proteins of unknown function (www.sph.uth.tmc.edu/Retnet/). Results from a recently

cloned gene, BSS8, suggest that BBS is probably caused by a defect at the basal body
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of ciliated cells, such as the connecting cilium of photoreceptor cells, causing their
dysfunction (Ansley et al., 2003). A number of rare syndromes that are not discussed
here also exist, which incorporate symptoms of pigmentary retinopathy along with a

range of other clinical symptoms.

1.2.2 Leber Congenital amaurosis

Leber congenital amaurosis (LCA) is the most severe form of inherited retinal
dystrophy and is characterised by blindness or severe visual impairment from birth.
LCA is the most prevalent cause of blindness in children in the developed world, and
the uncomplicated form of disease is diagnosed as bilateral congenital blindness, with a
diminished or absent electroretinogram (ERG) (Heckenlively, 1988). Juvenile and
early onset RP are distinguished from LCA by a later age of onset, night blindness and
arelatively good central visual acuity (Cremers et al., 2002). Six genes have been
implicated in LCA to date, which are all exclusively or predominantly expressed in the
retina, but display functional diversity. Many LCA genes have also been associated
with other forms of retinal disease such as CRX, which is also associated with dominant
RP, RPEG6S5, which has also been identified in recessive RP and retinal-specific
guanylate cyclase (GUCY2D) which has also been associated with dominant cone-rod
dystrophy (Sohochi et al., 1998; Morimura et al., 1998; Kelsell et al., 1998). The
protein products of LCA-associated genes have varied functions and include a retinal-
specific transcription factor CRX, a protein predicted to be involved with retinal protein
folding or trafficking, denoted AIPL1, a guanylate cyclase, involved in the conversion
of GTP to cGMP during phototransduction (GUCY2D) and RPE65, which is involved
in the retinal cycling in the RPE (Cremers et al., 2002).

1.2.3 Cone dystrophies

Cone dystrophies manifest initially with loss of central visual acuity (discrimination)
and colour vision. They do not generally affect peripheral vision unless the rod system
is also involved, in which case the disease manifests itself as a cone-rod dystrophy. In

patients with a cone degeneration, all three types of cone photoreceptors die, while the
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rod photoreceptors generally remain alive and functional (Rivolta et al., 2002). In the
absence of cone cells, vision is mediated exclusively by rod cells and is called
achromatopsia. There is no rod counterpart to cone degeneration because rod
photoreceptor degeneration is always accompanied by a secondary loss of cone
photoreceptors, as in RP (Rivolta et al., 2002). The boundaries separating some of the
diagnostic categories of retinal disease are not distinct, and some patients with a rapid
loss of cones and a slower loss of rods may be diagnosed with either cone-rod
dystrophy or RP, mainly due to the fact that the end-point of both types of degeneration
is indistinguishable. In some instances, different mutations arising within the same
gene can result in the clinical features of RP, cone dystrophy, cone-rod dystrophy or
LCA, as has been found following the analysis of the CRX and AIPL1 genes in patients
suffering from these diseases (http://www.sph.uth.tmc.edu/Retnet/).

Genes implicated in cone dystrophy include guanylate cyclase activating protein
1A (GUCAIA), which is involved in visual transduction processes, and 11-cis retinol
dehydrogenase 5 (RDHS), an enzyme that participates in the visual cycle
(http://www.sph.uth.tmc.edu/Retnet/). Two genes associated with cone-rod dystrophy

only to date have been identified as rab3 A-interacting molecule (RIM1) and the
C.elegans homolog, UNC119, both of which localise to photoreceptor ribbon synapses
(Johnson et al., 2003; Kobayashi et al., 2000).

One inherited retinal disease, the enhanced S-cone syndrome (ESCS), manifests
a gain in function of photoreceptors, and exhibits excess cone cell proliferation. ESCS
is an autosomal recessive retinopathy in which patients have an increased sensitivity to
blue light (S-cone function) and visual loss, with night blindness occurring from early
in life, varying degrees of colour vision, and retinal degeneration (Haider et al., 2000).
The one gene associated with ESCS to date, is called nuclear receptor subfamily 2
group E3 (NR2E3), and encodes a retinal nuclear transcription factor, that functions in
regulation of human cone photoreceptor development and differentiation (Haider et al.,
2001; Milam et al., 2002).

1.2.4 Congenital stationary night-blindness

Congenital stationary night blindness (CSNB) is characterised by normal daytime

vision but very poor vision in dim light, and patients can manifest associated ocular
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symptoms such as myopia, hyperopia, nystagmus and reduced visual acuity (Pusch et
al., 2000). The disease is caused by rod photoreceptors that are not sensitive to dim
light or that require an abnormally long time to adapt to dim light. Patients usually
have a full complement of rod and cone photoreceptors, but there may be a defect in
how photoreceptor signals are transmitted to inner retinal neurons (Rivolta et al., 2002).
Many of the genes implicated in CSNB are also associated with RP and include
rhodopsin, the alpha subunit of rod transducin, PDE and RPGR
(http://www.sph.uth.tmc.edu/Retnet/).

Two genes in which mutations have been identified only in CSBN patients are
rhodopsin kinase, which has been associated with Oguchi type CSNB and is involved in
rhodopsin inactivation, and nyctalopin (NYX), which is an extracellular
glycosylphosphatidyl (GPI)-anchored member of the small leucine-rich proteoglycan
protein family (Yamamoto et al., 1997; Pusch et al., 2000). It has been suggested that
mutant nyctalopin disrupts developing retinal interconnections involving the bipolar
cells (Bech-Hansen et al., 2000). CSBN mutations have also been found in an L-type
voltage-gated calcium channel (CACNA1F), which presumably causes a decrease in

neurotransmitter release from photoreceptor presynaptic terminals (Strom et al., 1998).

1.2.5 Macular dystrophies

The inherited macular dystrophies comprise a heterogeneous group of disorders
characterised by central visual loss and atrophy of the macula and underlying RPE.
There is considerable clinical and genetic heterogeneity, with evidence of macular
dystrophies showing autosomal dominant, autosomal recessive, x-linked recessive and
mitochondrial inheritence. While progress has been made in uncovering the molecular
basis of monogenic macular disease, little progress has been made in the elucidation of
a genetic component in age-related macular degeneration (AMD), the leading cause of
blind registration in the developed world (Michaelides et al., 2003).

Stargardt macular dystrophy (STGD) is the most commonly inherited macular
dystrophy with a prevalence of 1 in 10,000 and a recessive mode of inheritance
(Michaelides et al., 2003). It displays a variable phenotype but most cases present with
central visual loss in early teens, with white flecks at the level of the RPE visible on

opthalmoscopy and subretinal deposition of lipofuscin-like material. When the retinal
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flecks are seen without atrophy the term fundus flavimaculatus (FFM) is often used to
describe the phenotype (Michaelides et al., 2003). A number of mutations causing
STGD have been found in the retinal ATP-binding cassette transporter (ABCR or
ABCA4) gene, which localises to the rims of outer segment discs and is involved in
retinoid transport in the visual cycle (Allikmets et al., 1997b; Azarian & Travis, 1997).
Over 400 different mutations have to date been identified within the ABCR gene, which
have also been associated with a large number of retinal degenerative diseases including
recessive RP, recessive fundus flavimaculatus and recessive cone-rod dystrophy
(Jaakson et al., 2003).

There are a number of relatively rare forms of dominantly inherited macular
degenerative disease. Some dominantly inherited Stargardts-like phenotypes exist
which generally exhibit a milder phenotype and later onset than recessive forms.
Mutations in the elongation of very long fatty acids (ELOVL4) gene which as the name
suggests, encodes a photoreceptor-specific component of the fatty acid elongation
system, have been associated with this form of disease (Zhang et al., 2001). Other
forms of dominant macular disease include Best disease also known as vittelliform
macular dystrophy (VMD), which is characterised by a classic round yellow subretinal
macular deposit caused by accumulation of lipofuscin-like material within and beneath
the retinal pigment epithelium, and is associated with a progressive loss of central
vision (Petrukhin ez al., 1998). Best disease is caused by mutations affecting the
protein product of the VMD gene, bestrophin, which is localised to the RPE and
functions as a novel, transmembrane, oligomeric chloride channel (Sun et al., 2002).
Sorby’s fundus dystrophy is a rare autosomal dominant macular dystrophy which has
been associated with mutations in the tissue inhibitor of metalloproteinase-3 (TIMP3)
gene, a gene that plays a pivotal role in extracellular matrix remodelling (Weber et al.,
1994).

Another form of dominant macular disease, Doyne honeycomb retinal dystrophy
(Malattia leventinese), has been associated with a predicted extracellular matrix
glycoprotein called EGF-containing fibrillin-like extracellular matrix protein 1
(EFEMP1) (Stone et al., 1999a). This form of macular disease is characterised by
drusen-like deposits similar to those seen in AMD. It has been suggested that
misfolding and aberrant accumulation of EFEMP1 may cause drusen formation and
cellular degeneration, which plays an important role in the etiology of this form of

macular dystrophy and possibly also AMD (Marmorstein et al., 2002). Despite the
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prevalence of AMD, its etiology and pathogenesis are poorly understood and are
complicated by the predicted involvement of environmental factors as well as a genetic
component. A number of large scale genome scans and screening of macular
dystrophy-associated genes have been undertaken in AMD patient cohorts, but very few
genes has been definitively shown to confer increased risk for AMD to date
(Michaelides et al., 2003). A number of groups have reported possible involvement of
the ABCR gene in AMD (Allikmets et al., 1997a; Shroyer et al., 2001). In addition, a
recently identified gene called Hemicentin-1, which is similar to the EFEMP1 gene, has
been implicated as the ARMD1 gene following linkage analysis in a large family
(Schultz et al., 2003).
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1.3 IDENTIFICATION AND ANALYSIS OF RETINAL
DEGENERATION GENES

Identification of causative genes associated with retinal degenerative diseases
represents an essential first step in understanding the molecular pathology of these
disorders, and the design of therapies, including possibly gene therapies. Since the first
disease-associated genes were isolated in the early 1980s, huge advances have been
made in the elucidation of the genetic basis of almost all human diseases. A number of
different approaches and techniques are now available for use in disease gene
identification studies. Originally candidate genes were chosen based on knowledge of
their biochemical properties or function in the context of a particular disease phenotype,
or through subtractive cloning techniques. These techniques are relatively limited
however, and since the sequence of the human genome has become available, novel
disease-associated genes are generally identified using a combination of positional and

candidate cloning.

1.3.1 Identification of disease-causing genes

The most common approach for isolating genes that predispose to a particular disease is
positional cloning, in which disease genes are identified using only knowledge of their
approximate chromosomal location. Initially, a disease gene is mapped to a
chromosomal region by linkage analysis, attractive candidates in the region are
surveyed, and finally mutational analysis points to the correct gene. Prior to the
generation of physical human genomic sequence maps, genetic maps were developed
that were based on the frequency with which selected genetic markers are co-inherited
in a population. Genetic maps are essential to genetic linkage studies and contain
information about the order of genes and genetic markers on a particular chromosome.
Physical maps represent the actual distance in base pairs between genetic markers or
genes on a chromosome and a complete (or almost complete) physical map of each
chromosome is now available, resulting from the completion of the human genome

sequencing project.
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The mapping of human disease genes depends on the use of polymorphic
markers, the most commonly used of which are microsatellite markers. Microsatellites
are di-, tri- and tetra-nucleotide repeats that are distributed throughout the human
genome and are highly variable. A huge number of polymorphic genetic markers have
been identified in all regions of the human genome, the sequence, order and location of
which can be viewed in detailed genetic maps that are available in online databases. If
a particular marker has multiple possible alleles it is highly informative, because it is
more likely that maternal and paternal genotypes will differ and therefore the parental
origin of a specific allele can be determined in the offspring. The specific order of
these genetic markers was originally elucidated using the principle of homologous
recombination. In other words, the greater the degree of genetic recombination or
crossover between markers, the greater the genetic distance between them (Strachan &
Read, 1999). These genetic mapping principles are used in linkage analysis. After
collecting DNA samples from family members, the genotype for each individual is
obtained using a number of polymorphic markers. If a disease gene and marker are
located close to one another, all affected individuals will possess the same allele. To
assess the significance of linkage, a statistical test known as the log of the odds (LOD)
score is used, which is a calculation of the likelihood that loci are linked, or are not
linked, and is generally determined with the aid of computer software. Evidence in
favour of linkage is generally accepted when a positive LOD score of 3 or more is
obtained (Strachan & Read, 1999). Once linkage is established, the disease interval
containing a causative gene can be narrowed, usually by looking for conservation of
linked marker alleles in affected individuals across a region (haplotype conservation).
Fine mapping of the disease interval may be performed by isolating and testing
additional markers contained within the region of interest. When flanking markers are
found for which all meioses are informative and non-recombinant, linkage analysis
comes to a halt. More than any other factor, the size of the candidate region determines
the work required in the identification of a disease-associated gene, so every effort
should be made to define as small a candidate region as possible, especially if the

candidate region is particularly gene-rich.
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1.3.2 Characterisation and screening of candidate genes

Once a linkage has been established between a disease gene and a particular region of a
chromosome, it is necessary to analyse the gene content of the predicted disease interval
in detail. Owing to the initial and subsequent releases of the draft sequence of the
human genome since 2001, and the huge advances that have been made in the
development of physical genetic maps and gene prediction databases, physical mapping
of disease intervals has become considerably less labour intensive. The generation of
clones across an interval has largely become redundant, as the sequences of assembled
contigs is now freely available through accessing a number of human genome
databases, a detailed description of which is given in Chapter 4. Any gene that maps to
within a disease interval may be considered a candidate for the disease gene, but a
prioritisation of genes is often required for mutation screening, and is generally based
on the pattern of expression and/or function of a gene in the context of the disease under
investigation. In some cases novel genes must be sought using database searches,
sequence analysis tools and screens of cDNA libraries to determine the expressed
sequence of an as yet uncharacterised gene. Most genes are identified by defining a
candidate gene on the basis of both its chromosomal location and its functional
properties (the positional candidate approach).

In the case of retinal disease gene identification, suitable candidate genes would
naturally be expected to show expression in the retina. This is generally established by
analysing retinal EST databases, through amplification of the expressed sequence of a
candidate gene in retinal cDNA libraries or following in situ hybridisation analysis on
retinal sections. Candidate genes may also be adopted on the basis of a close functional
relationship with a gene previously identified as being involved in retinal disease.
Subtractive cDNA cloning strategies have also been used to isolate retinal-enriched
cDNA sequences, which can then be characterised. This method selects for genes that
are highly expressed in the retina, and a number of candidate retinal disease-associated
genes have been identified using this technique (den Hollander ez al., 1999b; Inana et
al., 1997). The recently developed application of large-scale transcriptional profiling of
retinal tissue using microarray or SAGE analysis, has resulted in the isolation of a
number of candidate diseases for involvement in retinal dystrophies. These methods of
analysis will be described in detail in Chapter 3. Briefly, a comparative analysis of

transcripts derived from wild-type mice and those in which the photoreceptor cells of
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the retina have degenerated can be used to identify genes that may be more highly
expressed in the photoreceptor cell layer. The corresponding human chromosomal
location of differentially expressed genes can be determined, and if these genes are
found to localise to previously mapped human degenerative loci, they may be regarded
as retinal disease candidates (Kennan et al., 2002; Blackshaw et al., 2001).

Once suitable candidate genes are identified that map to within a particular
disease interval, the coding sequence of the gene can then be screened for potential
pathogenic mutations. A number of high-throughput methods are available, such as
single stranded conformational polymorphism analysis (SSCP) and denaturing high
performance liquid chromatographic (DHPLC) analysis. In general, the most accurate
method of screening is sequencing, but it is often also the most expensive option.
Disease-causing mutations in a particular gene can manifest as missense and nonsense
point mutations, deletions, insertions, or disruption to a splice site or promoter region of
the gene. Following the identification of a disease-causing mutation within a novel
gene, it is critical to provide more evidence that a mutation is pathogenic (and not
simply a polymorphic variant) by demonstrating that it co-segregates with affected
individuals, disrupts the protein sequence and is not present in unaffected individuals or
population controls. Strong supporting evidence is provided if additional gene
mutations are found in affected individuals from other families, that exhibit similar
disease symptoms. Additional supporting evidence is also provided if the position of an
identified sequence change shows a high level of conservation amongst species, or in

some cases, highly homologous proteins.

1.3.3 Elucidation of disease mechanisms in retinal disease

Identification of a disease mutation provides the first insight into the molecular cause of
disease, but understanding the pathogenesis of a disorder, especially in the complex
cellular environment of the retina, is a far more daunting task. Almost all of the genes
that were originally implicated in retinal degenerative diseases encoded proteins with a
direct involvement in visual transduction processes, the visual cycle or structural
proteins of the photoreceptors. In recent times however, the number of genes and
mutations identified in association with retinal dystrophies has risen rapidly, and many

genes have been identified which have a completely unknown function in the retina
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and/or often show expression in many other tissues of the body. A particular disease-
causing mutation can cause its phenotypic effect through a dominant-negative effect,
exerted by the presence of mutant protein, or disease can arise due to
haploinsufficiency, resulting from the lack of normal functional protein. The disease
mechanism involved in the pathogenesis of each disease gene, or even each individual
mutation within a gene, can differ, depending on the functional or structural alterations
to the resulting protein. Hence, at least in the case of retinal disease research, functional
analysis on the effects of disease mutations on a particular protein is really only in the

early stages.

1.3.3.1 Methods of studying disease mechanisms in retinal diseases

A number of different research avenues can be explored in the elucidation of disease
mechanisms in the retina, such as expression analysis, biochemical analysis, protein
interaction and co-localisation studies, protein modelling and animal model studies.
Often the first avenue of investigation following the identification of a novel disease-
associated gene is the determination of its expression pattern in the retina. This is
generally determined by in situ hybridisation or immunocytochemical analysis, which
can often provide an indication as to the normal function of the protein product of a
gene. For example, a gene that shows expression in the connecting cilium may have a
predicted structural function, or alternatively may have a role in the trafficking of
essential proteins, such as rhodopsin, into and out of the outer segments, as was found
in the case of the myosin VIIA gene product (Liu et al., 1997a).

Once the probable role of a gene has been established, functional analysis or
intracellular immunolocalisation studies of disease—associated proteins can be carried
out. This is often done by expression of mutant protein (usually corresponding to a
mutation previously identified in retinal disease patients) in a suitable cell culture
system. Investigation into the properties of mutant proteins in cell culture systems can
reveal intracellular mislocalisation of mutant protein or differences in solubility leading
to the formation of aggresomes, as has been previously demonstrated by the aberrant
localisation of mutant pre-mRNA splicing factor and rhodopsin proteins within human
cultured cells (Deery et al., 2002; Saliba et al., 2002). Computer protein modelling
studies can also be carried out to predict possible protein structural perturbations

brought about by the presence of disease-causing mutations.
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Pathogenic mutations can often disrupt the biochemical properties or activity of
retinal proteins or enzymes, particularly those involved in visual transduction or visual
cycle processes. This can be investigated following the expression of a particular
protein, by using a particular assay for functional activity measurements in the protein
of interest. Biochemical analysis of the LCA protein, guanylate cyclase revealed that
mutations within the catalytic domain of the protein result in the complete inability of
the mutant cyclases to hydrolyze GTP into cGMP in vitro (Rozet et al., 2001). In
contrast, missense mutations lying in the extracellular domain of guanylate cyclase can
result in proteins that exhibit normal catalytic activity, but still cause the same LCA
phenotype, possibly resulting from mis-folded protein (Rozet et al., 2001).

Alterations to protein structure or disruption to protein-protein interactions
brought about by pathogenic mutations, can be investigated using protein interaction
screens such as yeast two-hybrid or co-localisation studies. Pathogenic mutations can
affect the interactions, either between subunits of the same protein or interaction with
another protein that is essential for its proper functioning. For example, RP-causing
mutations in a rod cyclic nucleotide-gated channel gene (CNGA1) were found to cause
disruption to intersubunit interactions, which prevents the formation of functional ion
channels (Trudeau & Zagotta, 2002). Yeast two-hybrid studies have been employed in
the identification of candidate proteins that interact physiologically with the
ubiquitously-expressed retinitis pigmentosa GTPase regulator (RPGR) protein, in an
attempt to explain the retinal pathology, in particular retinitis pigmentosa, brought
about by mutations within the RPGR gene. This study resulted in the identification of
an RPGR-interacting protein (RPGRIP), which is expressed specifically in the
connecting cilium of rod and cone photoreceptors (Boylan & Wright, 2000; Hong et al.,
2001). Mutations within the RPGR gene have been identified that disrupt the
interaction of RPGR with RPGRIP, a protein with the essential function of anchoring
RPGR in the photoreceptor connecting cilia (Zhao et al., 2003). It was subsequently
found that mutations within the RPGRIP gene are also associated with retinal disease,
and mutations within this gene have been implicated in Leber’s congenital amaurosis

(Dryja et al., 2001).

1.3.3.2 Mouse models
There are limitations when using cell culture systems for gene and protein functional

analysis studies, because such systems do not represent a true model organism with its
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associated intricate cell systems and circuitry. The analysis and use of animal models
of retinal degeneration have been extremely valuable in the study of human disease
genes, providing a living system that manifests similar diseases to those affecting
humans. A number of natural animal models of retinal degeneration exist, the first, and
most extensively studied natural mouse model, was the rd mouse which is a recessive
model of RP, caused by a mutation in the beta subunit of rod cGMP-phosphodiesterase
(Bowes et al., 1990). Natural models of retinal degeneration in dogs, cats, and chickens
also exist, most of which represent recessive forms of disease (Reviewed by Chader,
2002). These models can assist in the identification of novel genes associated with
retinal diseases in humans, as demonstrated by the characterisation of the mutated
Mertk gene in the RCS rat, the human ortholog of which was subsequently found to be
mutated in RP patients (Gal e? al., 2000).

In recent times progress in genetic engineering has led to the generation of a
large number of transgenic animals, mostly mice, which carry constructs that lead to
disruption or overexpression of genes implicated in human retinal degenerative
diseases, thereby mimicking the human form of disease. Mouse models constitute a
powerful and adaptable tool for determination of function of a particular novel gene in
the retina by its targeted disruption or deletion. A mouse carrying a targeted disruption
of the rhodopsin gene features in a number of studies described in this thesis, as it
represents a mouse model in which all photoreceptors die within the first three months
of life (Humphries et al., 1997). A mouse model has recently been generated carrying a
targeted disruption of the RPI gene, which had been previously implicated in autosomal
dominant RP, in an attempt to elucidate its function. The RpI”” mouse displayed
morphologically abnormal outer segments and mislocalized rhodopsin, which therefore
suggested that RP1 is required for normal outer segment formation, and may play a role
in rthodopsin transport (Gao et al., 2002).

As well as representing models of degeneration, knockout mouse models
provide suitable backgrounds for the generation of mice expressing mutant transgenes,
that lead to phenotypic retinal degeneration. The study of transgenic mice is extremely
useful, because these animals produce a simulation of the progression of human
autosomal dominant form of retinal disease, and also enable investigation into the
effects of specific gene mutations on retinal function and histology. The first transgenic
mouse model of retinal disease to be generated, was that expressing rhodopsin

Pro23His, which results in a rapid retinal degeneration (Olsson ef al., 1992). A number
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of additional transgenic animal models have been made, including a transgenic pig
expressing the mutant rhodopsin Pro347Leu transgene (Petters et al., 1997). The
porcine model possesses a retina more similar in size and composition to human than a
mouse retina, and is therefore better suited to pre-clinical testing of novel therapies
(Petters et al., 1997). Transgenic and natural retinal degeneration animal models are
essential to the elucidation of both retinal degeneration mechanisms and the

development and testing of novel therapies for the treatment of retinal disease.

1.3.4 Proposed mechanisms of retinal degeneration

The above examples demonstrate the complexities that can arise in the functional
analysis of retinal degeneration proteins, raising the possibility that mutations within the
same protein can cause disease in a number of different ways, through loss of activity,
mis-folding and aggregation, or possible disruption to the essential interactions either
between the subunits of an oligomeric protein or with other essential regulatory
proteins. The ultimate outcome of the presence of the numerous pathogenic mutations
described in this review, is the death of photoreceptor neurons. While it is perhaps easy
to imagine why mutations in a photoreceptor-specific gene, such as rhodopsin, could
cause a retinal degeneration, it is considerably more difficult to imagine why mutations
affecting a widely-expressed gene, such as a pre-mRNA splicing factor, cause death of
photoreceptor cells only. The identification of novel disease-causing mutations is an
essential first step towards understanding disease pathology, but much additional, and
often more demanding study is involved in the elucidation of the exact function of a
particular protein within the retina, and a mechanism or pathway of retinal
degeneration. Photoreceptor cells appear to be more vulnerable to mutation of their
proteins than any other cell of the body, which is evidenced by the large number of
genes and mutations associated with their degeneration. Factors which may increase
photoreceptor vulnerability include their highly specialised structure and function, their
high energy requirements and lack of self-protective mechanisms (Stone et al., 1999b).
A number of retinal degeneration disease mechanism studies have concentrated
on rhodopsin mutations. In one study involving the production of structurally abnormal
rhodopsin, cell death is predicted to result from the toxicity of misfolded mutant

proteins to the photoreceptor neuron or defects in retranslocation of mutant protein
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(Saliba et al., 2002). Other reports suggest that rod cell death is triggered by
mislocalised rhodopsin that causes the stimulation of normally inaccessible signalling
pathways (Alfinito & Townes-Anderson, 2002). In effect, the disease mechanism
caused by mutations in different genes, or even different mutations within the same
gene, may be specific to each individual genetic alteration.

Apoptosis is the term used to describe the gene-regulated death of target cells.
This form of cell death utilises complex signalling pathways that include induction of a
proteolytic cascade involving proteases called caspases and ultimately the formation of
apoptotic bodies that are phagocytosed by neighbouring cells (Reme et al., 2000).
Although several potential mechanisms for the degenerative process in retinal diseases
have been proposed, a clear and detailed explanation, other than the fact that retinal cell
death may go through an apoptotic pathway, has not yet been provided (Portera-Cailliau
et al., 1994; Reme et al., 2000). Apoptosis is considered the ‘final common death
pathway’ converging from a variety of primary defects in the retina, but it remains
largely unknown how these disturbances actually initiate apoptosis. Although much
progress has recently been made in the identification of the genetic component of
retinal disease, there is still some way to go before the biochemical mechanisms by
which each gene mutation initiates retinal degeneration, are elucidated. The elucidation
of these molecular mechanisms through studies in cell culture systems or animal

models, is essential for the future development of suitable therapies.

1.3.5 Therapy of inherited retinal diseases

No effective therapy currently exists for the treatment of RP or for most other inherited
retinal dystrophies. There is some evidence that administration of large doses of
vitamin A to RP patients may slow the progression of disease, but not to any great
extent (Berson et al., 1993). In addition, a number of artificial retinal implants, both
subretinal and epiretinal, are currently under development. An artificial silicon retinal
microchip implanted subretinally into RP patients has recently been reported to improve
visual function, with subjective improvements to perception of brightness, contrast,
color, movement, shape, resolution, and visual field size, without any significant safety-
related adverse affects (Chow et al., 2004). In another study, visual perception of light

has been reported in a previously blind RP patient who received an epiretinal implant
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(stimulation of ganglion calls), with reports of the patient seeing spots of light and also
possibly direction of movement (Humayun et al., 2003). However, further
technological advances and larger clinical trials are required to further evaluate the
safety and efficacy of these treatment methods.

Ultimately, the most important aspect of animal model research will be their
usefulness for the demonstration of efficacy and safety of novel treatments under study
for inherited retinal degeneration diseases. A number of potential treatments are
currently being investigated which include the use of novel pharmacological agents, cell
transplantation of RPE or stem cells and gene therapy (Reviewed by Bessant et al.,
2001). While progress has been made in all of these therapeutic fields, perhaps most
attention to date has been focused on the development of gene therapies, which involve
the correction of an underlying genetic defect in a patient and/or introduction of a
functional copy of a gene to cells. A number of different gene therapy strategies are
currently under investigation, but it may be necessary to tailor specific therapies to the
particular genetic and biochemical defect in each individual in order to secure success.
Ribozymes (mRNA cleaving molecules) or interfering RNA molecules can be
specifically designed to identify and cleave mutant RNA while leaving wild-type intact,
but they must be designed to target each individual mutation that causes retinal disease,
and therefore are unlikely to be viable in economic terms. One method developed to
circumvent the extreme genetic heterogeneity exhibited in RP is to use mutation-
independent suppression-replacement strategies for dominant mutations (Millington-
Ward et al., 1997; O’Neill et al., 2000). These strategies involve the use of ribozymes
or RNA interference, for the simultaneous down-regulation of both mutant and wild-
type transcripts of a particular gene, by targeting a neutral polymorphism rather than a
rare mutation, thereby removing the disease-causing and wild-type transcripts. This is
combined with the provision of a replacement functional gene, which escapes ribozyme
suppression because of the introduction of a subtle alteration to the gene sequence, but
that still encodes wild-type protein. Another potential avenue of therapy is the targeting
of genes controlling the cellular apoptotic pathway, since it is predicted to be similar in
most forms retinal degenerations. There is a danger however, that preventing apoptosis
may not be possible in the long term, without the removal of the damaging genetic
mutation (Reme et al., 2000).

The development of safe and efficient delivery systems is essential to the

eventual success of gene therapy technology. Most therapies under development use a
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system of viral delivery vectors, and a number of laboratories have now demonstrated
in animal models the safe, efficient and long-term delivery of genes to photoreceptor
cells using viral vectors (Flannery et al., 1997; Bennett et al., 1999). Some recent
success in the development of therapies includes the restoration of visual function or
preservation of the retina in autosomal recessive forms of degenerative retinopathy,
including the Briard dog model of Leber congential amaurosis and the RCS rat,
following AAV-mediated delivery of therapeutic genes to retinal tissues (Acland ez al.,
2001; Smith et al., 2003). Long term preservation of the retina in a rat model of
autosomal dominant RP expressing an engineered mutation within the rhodopsin gene
has also been reported, following a single sub-retinal injection of an AAV vector
expressing a gene encoding a hammerhead ribozyme and targeting the mutated
transcript (LaVail et al., 2000).

There are of course many risks involved with the development of gene
therapies, as well as important social and ethical issues that need to be addressed. To
date the actual treatment of diseases using the technique of gene therapy has met with
little success and many technical obstacles, mainly concerned with delivery methods,
have yet to be overcome. Nevertheless, there is great hope that effective treatments for

people suffering from retinal dystrophies will be available in the not too distant future.
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1.4 THE AIMS OF THIS THESIS

The primary aim of this thesis was the identification and characterisation of genes
associated with retinitis pigmentosa and associated syndromes. An initial analysis of
mitochondrial gene sequences in Usher syndrome individuals is presented in Chapter 2,
with the aim of establishing the frequency of mitochondrial mutations in individuals
suffering from this disease. The third chapter focuses on a large scale comparative
transcriptional analysis of the mouse retina, using microarray analysis to compare the
global expression of genes in mouse retinas with and without photoreceptor cells. This
study resulted in the identification of a number of candidate genes that mapped to
retinopathy loci and also revealed many potentially significant, differentially expressed
transcripts. Chapter 4 contains a description of candidate gene analysis in a large
autosomal dominant RP family, which resulted in the identification of the IMPDH 1
gene as the causative gene in the RP10 form of disease. Investigations into the
functional properties of mutant IMPDHI1 proteins and potential disease mechanisms in

this form of RP are presented in Chapter 5.
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Figure 1.1. Histological cross section through a mouse retina stained with
hemotoxylin and eosin. The following cellular and synaptic layers are
shown: pe, retinal pigment epithelium; O, outer segments of photoreceptor
cells; I, inner segments of photoreceptor cells; ON, outer nuclear layer; OP,
outer plexiform layer; IN, inner nuclear layer; IP, inner plexiform layer; G,
ganglion cell layer.
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Figure 1.2. Schematic representation of neuronal cell types and their
interactions in the retina. The photoreceptor rod and cone cells detect the
visual signal in the form of light, which causes them to become
hyperpolarised and transmit a signal to the brain via a complex circuitry of
neuronal cells. The signal first travels through horizontal and bipolar cells, it
is then transmitted to amacrine and ganglion cells, and finally exits through
the axons of ganglion cells which make up the nerve fibres of the optic nerve.
(Taken from http://webvision.med.utah.edu/)
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Figure 1.3. Diagrammatic representation of a rod photoreceptor cell
in the human retina. (Modified from Newell, 1982)
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Figure 1.4. Schematic representation of visual transduction. Molecules
involved in the transmission of the visual signal include RHO, Rhodopsin; T,
Transducin; PDE, cGMP-Phosphodiesterase. * denotes activated molecules.

(Diagram supplied by Dr. Avril Kennan)
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Figure 1.5. Diagrammatic representation of the retinoid cycle.

The 11-cis-retinal chromophore is bound to rhodopsin, and is converted
to all-trans retinal upon activation of rhodopsin. It is transported by
ABCR out of the ROS disc, converted to all-trans retinol, and transported
to the RPE. In the RPE, all-trans retinol is esterified to form an all-trans
retinol ester. This ester is transformed to 11-cis retinol ester by RPE65
and then to 11-cis retinal to complete the cycle.

ABCR, ATP-binding cassette transporter; t-RDH, rod specific dehydrogenase; IRBP,
interphotoreceptor binding protein; CRBP, cellular retinoid binding protein; LRAT,
lecithin retinol acyl transferase; RPE65, All-trans-retinyl ester isomerohydrolase; c-
RDH, 11-cis-retinol dehydrogenase; CRALBP, cellular retinaldehyde binding protein.
(Adapted from Bessant et al., 2001)



CHAPTER 2

ANALYSIS OF MITOCHONDRIAL DNA SEQUENCE IN
ATYPICAL USHER PATIENTS
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2.1 INTRODUCTION

2.1.1 Introduction

Usher syndrome (USH) refers to a group of diseases involving both progressive RP and
sensorineural deafness. Family ZMK is a previously described Irish pedigree
segregating progressive sensorineural hearing loss and retinitis pigmentosa, symptoms
similar to Usher syndrome (Kenna et al., 1997). The disease—causing mutation in this
family was identified as a C12258A transversion in the second serine tRNA
mitochondrial (MTTS2) gene (Mansergh et al., 1999). The aim of this study was to
screen additional atypical Usher syndrome patient DNAs to investigate whether there is
a greater involvement of mitochondrial tRNA mutations in the molecular pathology of
Usher syndrome.

A background on the clinical and genetic aspects of Usher syndrome is
presented here, along with a description of the genes that have been associated with this
disease to date. An overview of the mitochondrion and its role in disease is given,
particularly diseases caused by mutations identified within mitochondrial tRNA genes
that involve RP and/or sensorineural deafness. Results from a screen of the 22
mitochondrial tRNA genes in atypical Usher syndrome patient DNA samples are
presented, along with a discussion on the potential significance of any variants

identified.

2.1.2 Usher syndrome

The prevalence of Usher syndrome is currently estimated to be 3.8-4.4 cases per
100.000 live births (Boughman et al., 1983; Rosenberg et al., 1997; Ahmed et al.,
2003). While many syndromes are known to affect both hearing and vision, Usher
syndrome is the most common genetic cause of deafness and blindness amongst school
age children (Ahmed et al., 2003). Usher syndrome is inherited in an autosomal
recessive fashion and is genetically and clinically heterogeneous. Clinically distinct

sub-types of Usher syndrome have been distinguished by age at onset, rate of
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progression, presence or absence of vestibular involvement causing balance defects and
severity of symptoms. Patients with Usher syndrome type 1 (USH1), the most severe
Usher subtype, have severe to profound congenital hearing impairment, vestibular
dysfunction, and retinal degeneration beginning in childhood (Keats & Corey, 1999).
Patients with USH2 have moderate to severe hearing impairment, normal vestibular
function, and later onset of retinal degeneration. USH3 is found most frequently
amongst Finnish patients who exhibit progressive hearing loss, onset of RP at puberty
or later and variable vestibular dysfunction (Keats & Corey, 1999; Ahmed et al., 2003).
Some patients affected by Usher syndrome display atypical clinical symptoms and

cannot easily be categorized into any of the above subtypes (Ahmed et al., 2003).

2.1.3 Genetics of Usher Syndrome

To date, eleven different Usher syndrome loci have been mapped, and seven disease-

causing genes have been cloned (http://www.sph.uth.tmc.edu/Retnet/). The first gene

to be associated with Usher syndrome was myosin VIIA (MYO7A) in which over 35
pathogenic mutations have been identified to date (Weil et al., 1995; Ahmed et al.,
2003). Mutations in the MYO7A gene most frequently cause USH1B, but different
mutant alleles can also cause non-syndromic hearing impairment, and one USH3
phenotype has been described (Liu et al., 1997b; Keats & Corey, 1999). MYO7A is an
unconventional member of the large superfamily of myosin motor proteins that move
on cytoplasmic actin filaments (Keats & Corey, 1999). It localises to the photoreceptor
connecting cilia where it is believed to be involved in rhodopsin trafficking (Liu et al.,
1997a; Williams, 2002). Mutations in a novel cadherin-like gene, the intercellular
adhesion protein CDH23, have been implicated in USH1D (Bolz et al., 2001) and a
mutation in protocadherin 15 has also been described in Usher syndrome type 1F
(Ahmed et al., 2001). Genes for four additional loci have been identified as, USHI1C,
USH2A, USH3A and USH1G, which encode harmonin, usherin, clarin-1 and SANS

respectively (http://www.sph.uth.tmc.edu/Retnet/). Harmonin contains PDZ protein
domains which are known to mediate protein localisation and signalling (Verpy et al.,
2000), while usherin has laminin epidermal growth factor and fibronectin type III
domains, and is predicted to encode a novel basement membrane protein (Eudy et al.,

1998; Bhattacharya et al., 2002). Clarin-1 and SANS are the most recently identified
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Usher genes, about which little is known. Clarin-1 is a 4-transmembrane protein with a
possible role in hair cell and photoreceptor synapses (Adato et al., 2002) while SANS
has been shown to associate with harmonin (Weil et al., 2003). Interactions between
four USH1 proteins; MYO7A, harmonin, cadherin 23 and SANS have been
demonstrated, and it is thought that the transmembrane complex formed by their
interactions is involved in the development and cohesion of the stereocilia, which make
up the hair cell bundle of inner ear sensory cells (Boeda et al., 2002; Siemens et al.,
2002; Weil et al., 2003). It is possible these genes may also have a role in the
connecting cilium of photoreceptors, in a similar manner to Myosin 7A.

Therefore, it appears that many of the genes identified as being involved in
Usher syndrome to date play a role in the maintenance and structural integrity of the

extracellular matrix or cytoskeleton of the cell.

2.1.4 Family ZMK

Family ZMK is a large Irish kindred segregating progressive sensorineural hearing loss
and RP together with a very mild muscle myopathy. These symptoms are almost
identical to those found in USH3 (except for the symptoms of myopathy) and the
pattern of inheritance in this family is compatible with autosomal dominant, X-linked
dominant or maternal inheritance (Kenna et al., 1997). The retinopathy in this family is
typical of retinitis pigmentosa, but the age of onset and severity is extremely variable,
ranging from early 20’s to early 60’s in affected individuals. Audiometric analysis
showed a moderate to severe sensorineural deafness with evidence of ‘recruitment’,
which is marked distortion and physical discomfort precipitated by loud noise. Two
individuals in the family also suffered from moderate to severe mental handicap.
Electrocardiography (ECG) and electromyography (EMG) testing was carried out on
four affected individuals, and a muscle biopsy was carried out on one individual. ECG
changes were noted in all individuals tested, while EMG demonstrated short, small
motor unit action potentials consistent with myopathy. The muscle biopsy was
examined by electron microscopy, and showed an abnormally high number of
mitochondria beneath the sarcolemmal membrane (for a complete description of clinical

symptoms in this family, see Kenna et al., 1997).
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A linkage to chromosome 9q was originally suggested in this family, but the
wide variation in disease symptoms between family members, together with an
observation of subclinical myopathy, suggested that the disease could be
mitochondrially inherited (Mansergh et al., 1999). Following a screen of the entire
mitochondrial genome, a C—A transversion at position 12258 in the gene encoding the
second mitochondrial serine tRNA (MTTS2) was found to be heteroplasmic in affected
family members (Mansergh et al., 1999). There were no precedents for the precise
combination of symptoms observed in this family, but there are examples of
mitochondrial disorders that manifest either progressive hearing loss or a retinopathy
(Mansergh et al., 1999). The C12258A mutation probably disrupts the amino acid-
acceptor stem of the tRNA serine molecule, affecting aminoacylation of the tRNA and
thereby probably reducing the efficiency of miochondrial translation. This study had
significant implications for the etiologies of various retinopathies and forms of hearing
loss, especially the various forms of Usher syndrome (Mansergh e? al., 1999). A study
was therefore carried out to investigate the possible involvement of this mutation in 19
additional atypical Usher syndrome patients, but none were found to harbour the
C12258A mutation (Kennan, 1999). In addition, there has been no report since, of any

Usher syndrome patients segregating this mutation.

2.1.5 The Mitochondrion

The mitochondria are organelles present in the cell cytosol that fulfil most of the cells
energy requirements. The typical human cell contains several hundred mitochondria,
which have a double membrane structure. The outer membrane is smooth, while the
inner membrane is highly folded with a large surface area that accommodates the
mitochondrial energy-generating oxidative phosphorylation (OXPHOS) apparatus
(Wallace et al., 1996). The OXPHOS complexes are each composed of a number of
polypeptides, most of which are encoded by the nuclear DNA, which are synthesised in
the cytosol and then imported into the mitochondria. The OXPHOS protein complexes
include the electron transport chain (ETC) components, ATP synthase and the adenine
nucleotide translocator (ANT). Briefly, the energy available from combining oxygen
with the reactive electrons carried by compounds such as NADH or FADH,, is

harnessed by the electron-transport chain, which pumps protons out of the
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mitochondrial matrix to create a transmembrane electrochemical proton gradient
(Alberts et al., 1983). This gradient is, in turn, used by the ATP synthase complex to
synthesise ATP. The energy-carrier ATP is then transported to the cytosol by the ANT,
where it is exchanged for ADP (Wallace et al., 1996).

Human mitochondrial (mt) DNA is a 16.6 kb double-stranded, circular genome,
located within the mitochondrial matrix and present in hundreds of copies per cell
(Wallace et al., 1996). The mtDNA codes for 37 genes, 22 of which specify transfer
RNAs (tRNAs) that are required for mitochondrial protein synthesis and two specify
ribosomal RNAs (rRNAs). Only 13 genes encode polypeptides, all of which are
components of the respiratory chain-OXPHOS system (Fig. 2.1) (Schon, 2000). The 22
mitochondrial tRNAs can interpret the entire genetic code through the use of modified
wobble codon rules (Schon, 2000). Human mtDNA is maternally inherited being
transmitted through the oocyte’s cytoplasm at fertilisation (Wallace et al., 1996).

2.1.6 Mitochondrial mutations and disease

Mitochondrial mutations have been shown to cause a wide variety of degenerative
diseases, most of which have a delayed onset and a progressive course. The mtDNA
mutation rate is much higher than that of nuclear genes, which is reflected in the
extensive mtDNA polymorphism frequency, and is probably due to an oxidative
environment (Wallace et al., 1996; Florentz & Sissler, 2001). When a mutation arises
in a cellular mtDNA, it creates a mixed intracellular population of mutant and normal
molecules known as heteroplasmy. During cell division, the wild-type and mutant
mtDNAs are randomly distributed into daughter cells. Over time the percentage of
mutant mtDNAs in different cell lineages can drift towards either pure mutant or
normal (homoplasmy), a process known as replicative segregation (Wallace et al.,
1996). As the percentage of mutant mtDNAs increases, the cellular energy capacity
declines, and eventually falls below the minimum output threshold necessary for normal
tissue function. Beyond this point disease symptoms appear and become progressively
worse (Wallace et al., 1999). The inheritance and expression of heteroplasmic
mutations are highly variable, often producing markedly different symptoms among

members of the same family
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Pathogenic mtDNA mutations include both base substitutions and
rearrangement mutations. The base substitutions can be sub-divided into missense
mutations that affect the protein-coding genes and those that affect the rRNA or tRNA
genes, which have global effects on mitochondrial protein synthesis (Wallace, 1999).
Those that alter the protein-coding genes affect a specific respiratory complex such as
the polypeptides of the electron transport chain or the ATP synthase complex (Wallace
et al., 1996). Examples of resulting diseases include Leber hereditary optic neuropathy
(LHON), which is a maternally inherited form of central vision loss, that is associated
with mtDNA pathogenic point mutations affecting different subunits of complex I of
the ETC (Wallace, 1999). Neuropathy, ataxia and retinitis pigmentosa (NARP) is often
associated with mutations in the mitochondrial ATPase 6 gene (Holt et al., 1990). One
mutation at position 8993G causes NARP when present in a small percentage (<75%)
of mtDNAs, but when present in a higher percentage (>95%) of mtDNAs it can cause
Leigh’s syndrome, which is an early-onset disease that is frequently lethal (Wallace,
1999). Leigh’s syndrome is associated with ataxia, hypotonia, spasticity,
developmental delay and subsequent regression.

Diseases resulting from large scale mtDNA re-arrangements or deletions include
Chronic Progressive External Opthalmoplegia (CPEO) and Kearns-Sayres Syndrome
(KSS) (Wallace et al., 1996). These diseases present with mitochondrial myopathy
including opthalmoplegia and ptosis, and a subset have cardiac defects, renal problems,
diabetes mellitus and other symptoms. The pathogenicity of mtDNA deletions is
almost certainly due to the fact that they invariably remove tRNA genes that are

required for translation of mtDNA-encoded mRNAs (Schon, 2000).

2.1.7 Mitochondrial mutations affecting tRNA genes

Approximately 77% of the coding capacity of the mitochondrial genome is allocated to
the 13 protein-coding genes, with the remainder coding for the rRNA and tRNA genes.
It is therefore surprising that two-thirds of the 115 pathogenic point mutations in
mtDNA described to date are located in genes required for mitochondrial protein
translation, with the vast majority located in the tRNA genes (Schon, 2000;

http://www.mitomap.org/). All mitochondrial tRNAs are approximately 70 nucleotides

in length and their general structure can be represented in a cloverleaf pattern in which
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about half the nucleotides are base paired and which contains an amino acid acceptor
stem and an anticodon recognition loop (Fig. 2.2) (Stryer, 1995).

Pathogenic mutations in the mitochondrial protein synthesis genes can produce a
complex array of symptoms. They typically affect the translation of all 13 mtDNA-
encoded polypeptides, resulting in generalised OXPHOS deficiencies (Schon, 2000). In
severe cases the mutations are heteroplasmic and frequently cause central nervous
system (CNS) abnormalities as well as mitochondrial myopathy with ragged red fibres,
an association referred to as mitochondrial encephalomyopathy (Wallace, 1999). CNS
manifestations can include sensorineural hearing loss, epilepsy, stroke-like episodes and
progressive dementia (Wallace, 1999). The most commonly mutated tRNA gene is the
tRNAUUR) gene, in which 16 pathogenic mutations have been identified, that are
randomly distributed throughout the tRNA structure, suggesting that each of the
domains are equally susceptible to mutation (Fig. 2.2) (Florentz & Sissler, 2001).

These mutations can cause a variety of diseases such as mitochondrial
encephalomyopathy, lactic acidosis and stroke-like episodes (MELAS), maternally
inherited diabetes mellitus and deafness (DMDF), mitochondrial myopathy (MM),

CPEO as well as a number of other rare disorders (http://www.mitomap.org/). The

most common substitution in tRNA “"VUR has been identified at position 3243, which
has been associated with the diseases MELAS, DMDF, MM and CPEO (Schon, 2000).
The second most frequently mutated tRNA gene is tRNA" which is often associated
with myoclonic epilepsy associated with ragged-red fibers syndrome (MERFF)
(Wallace et al., 1996).

Milder mitochondrial protein synthesis mutations are often homoplasmic and
only affect the CNS. One example is the tRNA®" gene mutated at position 4336, which
is consistently homoplasmic and has been associated with late-onset Alzheimer’s
disease (AD) and Parkinson’s disease (PD) (Shoffner et al., 1993; Egensperger et al.,
1997). The 4336 mutation appears to define a mtDNA lineage with a predisposition to
AD and PD. There are many more examples of disease—causing tRNA mutations

detailed in the Mitomap database (http://www.mitomap.org/). There have been as many

polymorphic, non-pathogenic variants as pathogenic mutations in tRNA genes
described in the literature, which have been found in almost all 22 mitochondrial tRNA
genes. Despite the accumulation of information about the positions of a large number
of mutations within tRNA genes, it is not possible to identify simple basic features such

as position of mutation in a tRNA gene (stem or loop) or degree of conservation, that
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would make possible the prediction of pathogenicity of new mutations (Florentz &

Sissler, 2001).

2.1.8 Mitochondrial tRNA mutations involving RP and/or sensorineural deafness

In addition to the C12258 A mutation identified in family ZMK, a number of additional
substitutions have been associated with mitochondrially inherited deafness or RP, but
no individuals have yet been identified with identical symptoms. The C12258A
mutation has been identified in a family with diabetes mellitus, deafness, cerebellar
ataxia and cataracts to varying degrees of severity (Lynn et al., 1998). The same
mutation was also identified in one additional individual in a screen of eleven patients
displaying symptoms of maternally-inherited diabetes with one or more features of
mitochondrial disease. This individual segregating the 12258 A mutation had diabetes,
cerebellar ataxia, bilateral nerve deafness and cataracts in three generations (Choo-
Kang et al., 2002). These findings demonstrate further the clinical heterogeneity
resulting from mitochondrial mutations, and raises the possibility that a nuclear or
separate mitochondrial modifier gene may be involved in either or both forms of
disease.

A novel heteroplasmic G12183A mutation in the tRNAMS gene has recently
been reported, in which two members of the family had progressive bilateral
sensorineural retinal and inner ear impairment, while one had severe pigmentary
retinopathy, sensorineural deafness, testicular dysfunction, muscle hypertrophy and
ataxia (Crimi et al., 2003). These symptoms are similar to those previously observed in
family ZMK, which supports a more substantial association of Usher syndrome-like
diseases with mitochondrial mutations. A number of tRNA substitutions have been
associated with sensorineural hearing loss with three separate mutations identified in
the tRNA Serine (UCN) gene at positions 7445, 7510 and 7511 (Reid et al., 1994;
Hutchin et al., 2000; Sue et al., 1999). The existence of modifier loci has again been
suggested in some reports of families segregating the T7511C mutation, which display
variable disease phenotype, and where severity of disease does not correlate with levels
of heteroplasmy (Chapiro et al., 2002).

In summary, pathogenic mtDNA point mutations and rearrangements have been

associated with a striking variety of multisystemic as well as tissue-specific human
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diseases, but the genotype/phenotype relationship is complex and poorly understood.
The existence of possible nuclear modifier genes that may affect the severity or alter the
clinical manifestation of mitochondrially-inherited diseases cannot be ruled out. A
candidate modifier nuclear locus on chromosome 8 has been identified in maternally
inherited deafness associated with the A1555G mutation in the 12S rRNA gene
(Bykhovskaya et al., 2001). It is interesting to note that a previous candidate gene
linkage to chromosome 9q in family ZMK may also represent a possible modifier locus

(Kenna et al., 1997).

2.1.9 The aim of the study

Usher syndrome has been mapped to eleven different loci, and seven disease-associated
genes have been cloned to date. It is possible that mutations within the mitochondrial
genome are responsible for more cases of Usher syndrome than has been previously
predicted, in particular atypical cases displaying unusual symptoms. Additionally,
some families with Usher syndrome do not show linkage to any previously mapped
loci, suggesting further genetic heterogeneity. A number of mutations in mitochondrial
tRNA gene sequences have previously been detected in individuals suffering from
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