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Abstract
Hereditary retinal disease is a significant cause of visual loss throughout the world.
The underlying causes are, however, extremely varied.

One group of these disorders

preferentially affects the photoreceptors that are essential for colour vision and vision in
normal daylight.

These are the cone and cone-rod dystrophies which form part of a

heterogeneous group of retinal dystrophies.

Compared to diseases such as retinitis

pigmentosa, which preferentially affect the rod photoreceptors, this group of disorders has
been relatively poorly studied. Molecular genetic studies to date have identified mutations
in eight different genes causing cone dystrophy.

Many more, however, remain to be

discovered.
A number of families with different classes of cone, cone-rod and macular
dystrophy were studied at a molecular genetic level.

Mutation screening of genes

previously implicated in achromatopsia identified new mutations and revealed a subset of
individuals for whom no mutations could be found and, thus, a basis for further study of the
heterogeneity of this disease.

This has led to the identification of a novel gene for

achromatopsia. A similar approach for a group of patients with blue cone monochromacy
indicated the genetic basis of disease in all individuals studied. Candidate gene analysis in
a group of patients with an X-linked cone dystrophy associated with colour vision
deficiency suggested a novel locus for this disease. Linkage analysis in three families with
macular disease identified three novel linkages.

Screening for mutations in a novel

candidate gene in a family with a cone-rod dystrophy (C 0RD 7) identified a putative
disease-causing mutation that implicates a new pathway in retinal disease.
This thesis extends the breadth of knowledge on the molecular basis of retinal
diseases.

This is important since the clinical management of a particular disorder will

benefit from a precise knowledge of the gene mutation involved and with the development
of disease therapy, this research will lay the foundation for utilising novel treatment
strategies in the future.
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Introduction

Introduction

The eye is a collection of functionally and anatomically specialised cells which
enable our perception of the world around us by detecting direct and reflected light.

Sight

is one of our most valuable senses, allowing us to appreciate the visual spectrum, and
historically to detect food and danger, but, like other organs in the body, the eyes are also
subject to defects or disease.

Focusing upon the human condition, normal retinal

morphology, photoreceptor biochemistry and photopigment molecular genetics will be
reviewed. A discussion of those disorders of the central retina which result in a deviation
from normal visual function will be included, as will an overview of the current methods of
human disease gene identification.

1.1 Structure of the Human Eye
The highly branched evolutionary tree of animals provides evidence that eyes evolved
numerous times in different animal groups. A best estimation is to place the origin of eyes
about 600 million years ago. At least ten types of eye can be distinguished but all
vertebrates have simple eyes with a single optical system that forms a single image. The
roughly spherical human eye is a fairly representative vertebrate eye. The average adult
human eye is a fluid filled chamber, about 24nun in diameter, surrounded by three coats, or
layers, of tissue (figure 1.1).
The outermost of the three layers consists of the sclera, cornea and limbus. The
sclera, which makes up about 80% of the eye’s outer coat, is a tough, protective sheet of
densely woven collagen fibres which appear white in colour.

At the front of the eye,

where the surface bulges outwards to form the cornea, the fibres of the sclera are arranged
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in a regular fashion. The cornea is the part of the sclera which allows the entry of light, and
owes its transparency to the regularity of its structural organisation. The limbus is simply
the region of transition from cornea to sclera, but contains structures which are important
for removing fluid from the eye.

Figure 1.1: The Human Eye
Picture adapted from The Human Eye, C.W .Oyster, 1999.
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The middle coat - the uveal tract - includes the iris, ciliary body and choroid. The
iris is a pigmented ring of muscles which lies immediately behind the cornea. It is not a
complete layer, however, as in the centre of the iris ring is an opening called the pupil.
Owing to its melanin pigment, the iris is opaque and light can only enter the posterior
portion of the eye through the pupil.

The diameter of the pupil, and thus amount of light
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which enters the eye, is controlled by muscles of the iris. The ciliary body is adjacent to
and continuous with the iris and is a muscular ring with a set of highly vascular folds.
Over half of the uveal tract consists of the choroid, the main components of which are
blood vessels and dense melanin pigment. The choroidal vasculature is required to carry
oxygen and nutrients to the eye and remove waste products from it. The melanin pigment
serves to eliminate scattered light which might otherwise degrade the visual image.
The innermost layer of the eye is the retina which is both functionally and
anatomically the most complex structure in the eye.
retina is discussed in more detail later (section 1.3).

The structure and function of the
Briefly, the retina is made up of two

primary layers, the inner neurosensory layer and the outer retinal pigment epithelium
(RPE). The role of the retina is, firstly, by detection of light, to form a retinal image and,
secondly, to inform the brain about the features of the image that can be used to construct a
mental picture of the external objects that are imaged on the retina.
The lens lies about a third of the way between the front and the back of the eye and is
held in place by a suspensory ligament, the zonule, which attaches to the ciliary body. The
lens consists of highly ordered cells packed with structural proteins called crystallins.
Most of the volume of the eye is optically and structurally empty.

The anterior

chamber, between the cornea and the iris, and the posterior chamber, between the iris and
the lens, are fluid filled with aqueous humour: the vitreous chamber behind the lens is filled
with gel-like vitreous humour. These fluids transport oxygen and nutrients to the structures
they bathe and cany away their waste products. They also help to give the eye its shape.
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1.2

Function of the Human Eye
The ability of the human eye to refract or focus light is primarily dependent on two

structures: the cornea and the lens. Together, they alter the path of light such that it will be
in focus on the surface of the retina.
When light enters the human eye, it first passes from air through the cornea and the
difference in the density of these two media causes refraction of light. Indeed 70% of the
eye’s focussing is done by the cornea although this focussing is not adjustable whereas
focussing by the lens is. Light then passes through the aqueous humour and may be halted
by the iris which can be opened or closed by radially orientated muscles under reflex
control. Alternatively, the light may pass through the pupil to the lens. The change in
density and curvature of the cornea is usually sufficient to focus a sharp image of distant
objects. As focussing takes place, the lens is held in a relatively flat position by the tension
of the elastic ciliary body (figure 1.1). In this state, the lens focusses distant objects on the
retina.

When the object being viewed is near, however, the ciliary muscles contract,

tension is taken off these elastic fibres, and the lens becomes more rounded in shape. In
this condition, the lens focusses nearer objects on the neurosensory retina. The ciliary
muscles, thus, control whether near or far objects are focussed, a process called
accommodation. In land vertebrates, accommodation goes on constantly as an animal shifts
its gaze from one object to another at differing distances. The lens also inverts the image,
so the picture of the world on the neurosensory retinal surface is upside down. Finally,
surrounding the neurosensory retina is the RPE, a layer that absorbs or reflects light that
passes unabsorbed through the retina.
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1.3

The Human Retina
The human retina, on which an image is focused, is about 1250mm^ and varies in

thickness from 100;/m at the periphery to 230/<m at the optic nerve head. The highly
complex neural retina contains the visual receptor cells, or photoreceptors, as well as a
variety of nerve cells. In the posterior pole of the retina is the macula, a region of high
photoreceptor concentration, at the centre of which is the fovea which is approximately
1.5mm diameter and rich in cone-type photoreceptor cells (section 1.4.2). In all vertebrates
there is an optic disk where nerve fibres of the retina exit from the eye via the optic nerve
which goes to the brain. The optic disk contains no photoreceptors or normal retinal layers,
hence it is commonly known as the ‘blind spot’. We are not consciously aware of the
blindspot as a result of a phenomenon called ‘filling in’ (Ramachandran, 1992). Based on
the visual stimulus surrounding the blindspot, the visual system fills in the ‘hole’ in the
visual image to give the complete picture. The peripheral retina is rich in rod-type
photoreceptor cells (section 1.4.1).
The retina comprises a number of different layers and these are depicted in figure 1.2.
The layer furthest from the incident light, the vascular choroid, supplies the outer third of
the retina with nutrients. Bruch’s membrane, a thin layer which delimits the retina proper
supports the basal surfaces of cells of the retinal pigment epithelium (RPE). The RPE
separates the retina from choroidal circulation and consists of a single continuous layer of
roughly cuboidal cells that contain the pigment melanin. While it is not directly involved
in any of the neural events in vision, the RPE is critical for the normal functioning of the
photoreceptors.
Photoreceptors extend through four of the traditional layers of the human retina: their
outer and inner segments lie in the photoreceptor layer; their nuclei form the outer nuclear
layer, and their axons and terminal endings make up the outer plexiform layer. The matrix
between the outer segments of the photoreceptor cells is composed of carbohydrates and

-24-

Introduction

Figure 1.2: The Layers o f the Human Retina
Background: Photomicrograph of a section through the retina near the fovea (from
Boycott and Dowling, 1969).

Foreground: Schematic shows the locations of the

major classes o f neurons (Adapted from Oyster, 1999).
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glycoproteins and participates in the cycling of materials between surrounding cells and in
the anchoring of the photoreceptors and the glial cells to the RPE. The external limiting
membrane along the border between the inner segments and the outer nuclear layer is a
series of tight junctions between photoreceptors and Muller cells, which are the main glial
cells in the retina.
The inner nuclear layer contains the nuclei of all the cells that are intermediate
between the photoreceptors and the ganglion cell output from the retina - namely, bipolar
cells, amacrine cells, horizontal cells and interplexiform cells. The nuclei of Muller cells
are also located here.
The synaptic connections between the bipolar, amacrine and ganglion cells give rise
to the inner plexiform layer. The ganglion cell layer contains the cell bodies of ganglion
cells. The nerve fibre layer comprises the axons of the ganglion cells as they travel towards
the optic disc. The axons of ganglion cells are the sole information channels from eye to
brain.
The information of light detection is conveyed to the brain by vertical, divergent,
convergent, or lateral pathways through the retina. In a simple vertical pathway (figure
1.3.1) the photoreceptor makes synaptic contact with the second-order vertical neuron, a
bipolar cell, which has a ‘bipolar’ form: the cell body lies between the dendritic end, which
receives inputs from the photoreceptor, and the axon terminal end, which is presynaptic to a
third-order vertical neuron, a ganglion cell. The dendrites of the ganglion cell integrate
bipolar cell inputs, and the initial segment of its axon converts these signals to action
potentials that travel down the axon.
This, however, is a veiy simple representation of the vertical pathway. Cone-type
photoreceptor cells (section 1.4.2) normally contact several bipolar cells to form a divergent
pathway (figure 1.3.2). This results in the signal from one cone cell being transmitted
down several vertical pathways.

In convergent pathways, there are a number of
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photoreceptors, a small number of bipolar cells, and a single ganglion cell (figure 1.3.3);
this type of pathway is characteristic of the retina outside the fovea. Since inputs converge
on a single ganglion cell, that cell reports on the aggregate activities of many
photoreceptors. This system is not good for resolving fine detail in the retinal image but is
very good for detecting and reporting the presence of small amounts of light.

Figure 1.3: Vertical pathways
through the retina
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Picture adapted from The Human
Eye, C.W .Oyster, 1999.
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The signals going to the bipolar cells in the vertical pathways are a result of direct
photoreceptor input, as well as from surrounding photoreceptors as mediated by the
horizontal cells (figure 1.4). Lateral pathways in the inner retina (figure 1.4) are formed by
amacrine cells, the processes of which establish connections between vertical pathways
where the bipolar cells and ganglion cell interact. Amacrine cells may receive inputs from
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bipolar cells and other amacrine cells: their outputs may be to bipolar cells, other amacrine
cells and ganglion cells. Amacrine cells come in numerous distinguishable types and the
number of lateral pathways in the inner retina reflects this variety.

Cones

Rods

Figure 1.4: Lateral pathways
in the retina
Picture adapted from The Human
Eye, C.W .Oyster, 1999.
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Other cells, called interplexiform cells, are a functionally significant component of
some retinae. These cells are generally similar to some of the large laterally spreading
amacrine cells. The precise function of interplexiform cells, however, remains, unclear.
This latticework of cross connections within the retina permits the visual field
pathways of different ganglion cells to interact with each other, providing heightened
contrast and thus information about an object’s contours.
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L4

Photoreceptors
Radiant energy is described in terms of wavelength and frequencies.

Our vision

relies on the ability to perceive a narrow window of electromagnetic radiation, and our
sense of colour depends on the ability to discriminate among different wavelength stimuli.
Those wavelengths capable of crossing the cornea and lens and stimulating the
photoreceptors of the human retina - the visible spectrum- are between 400nm and 700nm.
There are two types of visual photoreceptors in the mammalian retina, the rod and the
cone cells, identified in accordance with the morphological appearance of their lightsensitive tips (figure 1.5).

The human retina contains around 120 million rods and 6

million cones. Each cell type has the same basic structure: an outer segment is linked via a
connecting cilium to the inner segment containing the nucleus and finally the synaptic
body, which allows transmission of impulses. Rods maintain a uniform diameter along the
length of the outer segment, whilst cones exhibit a tapering towards the apex (figure 1.5).
Photoreceptor cells are not neurones, but are highly specialised receptor cells.
In humans a photoreceptor is characterised by the single photopigment it contains.
All rods contain the same photopigment, so there is just one type of rod photoreceptor.
Cones may have any one of three other pigments, so there are three types of cone
photoreceptors.

1,4,1 Rods
Rods are responsible for scotopic (dim light) vision. In a dark-adapted human eye,
rods are about ten thousand times more sensitive to photons of light than are cones.
Numerous rods connect to a single ganglion cell, thus allowing summation of a response.
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1,4.2 Cones
Photopic (daylight) vision is the domain of cones which require higher light levels
than rods for stimulation but which can adapt to a wider range of light intensities. Fewer
cones are interconnected in a manner analogous to rods, enabling a finer resolution of
detail, especially in the foveal region where cones are more concentrated. The sharpness of
an animal’s vision depends on the density of cones in the fovea. Each human fovea has
approximately 160,000 cones per square millimetre. In this region of the retina, individual
cone cells synapse with bipolar cells in a one to one connection, as opposed to other regions
where numerous cone cells connect to a single bipolar cell.

1.5

Photopigments
The outer segment of photoreceptor cells contains several hundred thin membrane

plates (lamellae). In rods, the lamellae are free floating disks, whereas in cones they consist
o f one continuous folded membrane. Embedded in the lamellae membrane are the visual
pigment molecules, which are the most abundant protein within the outer segment,
accounting for approximately 80% of the membrane proteins present (Nathans; 1987). The
absorption of photons by these light-sensitive pigments triggers a conformational change
that eventually modifies a neural output from the photoreceptor cell (section 1.6). The
biosynthetic machineiy for the production of photopigments and other components of
visual transduction is situated within the inner segment of photoreceptor cells. The actual
mechanism of transport of these components from the inner segment to the outer segment is
not fully understood.
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Figure 1.5: Rod and cone photoreceptor cells
(adapted from All and Kline 1985).
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The visual pigments belong to a large superfamily of structurally similar integral
membrane proteins, the G-protein-linked receptors (Baldwin 1993; Schertler et a i, 1993;
Alkorta and Du, 1994). They are characterised by seven hydrophobic a-helical membranespanning segments (helices I-VII) that are linked by extramembrane hydrophilic loops
(Khorana 1992; Trumpp-Kallmeyer et a i, 1992). The amino-terminal (N-terminal) and the
carboxy-terminal (C-terminal) of the protein lie within the extracellular and cytoplasmic
regions of the cell membrane, respectively (figure 1.6).

Figure 1.6: Transmembrane structure o f human opsins
Two dimensional representation of the opsin protein.

HOOC and Ac-N denote

carboxy and am ino terminal ends respectively. The differences indicated are between
the human L and M opsins (section 1.9).
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Picture adapted from The Human Eye, C.W.Oyster, 1999.
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The human retina has four photopigments, one rod and three cone photopigments, all of
similar construction. Each pigment molecule consists of two parts: a large protein moiety,
the opsin, which is connected by a covalent Schiff-base linkage with a lysine residue in the
seventh helix of the opsin molecule, to a chromophore. The chromophore is usually the 11cis isomer of vitamin A aldehyde (ll-cw -retinal, figure 1.7.1) which forms a rhodopsin
molecule with opsin.

Retinal is a long-chain molecule that can exist in two forms or

isomers: a straight chain form called all-tran^-retinal, and a bent form, ll-ci5-retinal which
is the only form that can bind to the opsin. The retinal is the portion of the photopigment
first affected by light absorption and it is considered to be the active part of the opsin-retinal
complex (section 1.6). The seven membrane helices (helices I to VII) form a pocket within
which the chromophore is situated (figure 1.7.2). In human photopigments, only the opsin
differs from one pigment to another. The differences among photopigment opsins result in
differences in the wavelengths of light that these photopigments preferentially absorb. Each
pigment absorbs maximally at a different wavelength, termed its lambda max (>Snax)» which
can be used to characterise the pigment (figure 1.8).

1,5.1 Rod Opsin
Following the publication of the amino acid sequence of bovine rod opsin
(Ovchinnikov, 1982; Hargrave et al, 1983), the genes encoding bovine (Nathans and
Hogness, 1983) and human (Nathans and Hogness, 1984) rod opsins were sequenced. The
human rod opsin protein is 348 amino acids in length, shares 94% identity with bovine rod
opsin and has a

of 496nm. Human rod opsin forms the seven membrane spanning

structure as previously described (section 1.5) and the structural and functional properties
of rod opsin have been reviewed extensively (Nathans, 1992; Maden, 1995). More recently
the crystal structure of bovine rod rhodopsin has been revealed (Palczewski et al., 2000).
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Figure 1.7: Retinal and opsin palisade. 1) Ih e absorption of light causes
photoisomerization of

ll-c/5-retinal (la )

to all-rran5-retinal (Ih ) and 2) the

‘palisade’ arrangement thought to depict the three dimensional conformation of the
functional opsin molecule. HOOC and Ac-N denote the carhoxy and am ino terminal
ends respectively.

Amino acid residues identified are residues thought to he

important for the spectral tuning of the visual pigment (section 1.5.2).
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Figure 1.8: The spectral sensitivities o f the three types o f normal human
cone photoreceptors. The blue, green and red curves represent the S, M and L
photopigm ents respectively. Adapted from K.Dulai, 1996.

Functional and sequence analysis of rod opsins from different species has revealed
certain amino acids that are conserved in all opsins, indicating that they are essential for the
proper activity of these proteins. The protonated Schiff base at Lys-296, which sits within
helix VII, binds the chromophore 11-cw-retinal thus enabling absorption of visible light by
rod opsin. To stabilise the positive charge created by the Schiff base, a second site was
predicted.

Site directed mutagenesis experiments identified the counterion as Glu-113

(Sakmar et al., 1989; Zhukovsky and Oprian, 1989). In terms of the tertiary structure, these
two residues face the retinal binding pocket in the centre of the ring of transmembrane
helices (Baldwin, 1993). Two cysteine residues, Cys-IIO and Cys-187, situated within
extracellular loops I and II respectively, form a disulphide bond (Karnik and Khorana,
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1990) and, together, are essential for the proper structural formation of rod opsin (Kamik et
al., 1988). The cytoplasmic loop II, that connects helices III and IV, and cytoplasmic loop
III, which connects helices V and VI, and specific regions within the C-terminal region of
rod opsin are essential for the activation of the G-protein, transducin (Konig et al., 1989).

7.5.2 Cone Opsins
Human cone photoreceptor cells contain one of three cone opsins that absorb light
maximally in different regions of the spectrum (figure 1.8). Structural differences between
the proteins govern the spectral properties of these pigments.

Indeed, the cone

photopigments can be classed according to their X-max (Bowmaker et al., 1980;
Bowmaker, 1984).

Short wavelength-sensitive (S) cones have a photopigment which

absorbs maximally at 419nm, while middle wavelength-sensitive (M) cones and long
wavelength-sensitive (L) cones have a

of 531nm and 558nm respectively (Oprian et

al., 1991; Merbs and Nathans, 1992). While cone pigments which have a X^ax of 419nm,
531nm and 558nm may be referred to as blue, green and red respectively, this terminology
can be misleading since each of the cone opsins does not necessarily absorb maximally
within the blue, green and red region of the visible spectrum. For instance, the X^ax for the
human red cone pigment actually corresponds to the green-yellow region of the visible
spectrum, while the

for the human blue cone pigment corresponds to the violet region.

More usefully, therefore, these opsins can be named S (blue), M (green) and L (red)
(Bowmaker, 1983).
The human M and L cone opsins are each 364 amino acids in length and show 96%
identity to each other. In fact they differ at only 15 residues (figure 1.9 and figure 1.6).
The degree of identity between these opsins and the S opsin is only 40%, as is the identity
between all cone opsins and rod opsin.
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/a>
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rrA rG A A O C G G C A O r r r o u

990

rrA rG A A Ü ü â G Ü U jr r r c G A

990
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A cd t
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A A C rû C A rc r r û C A û C r r r r CÛGGAAGAAG G rrG A Ü G A rG G C rc fG A A C r CroCA Û CÛ Ù C roC A A A A C ûû A O a r c r C A r c r G r G r c c r O G
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N o p t

L o p t

A c d t

o rA rc û û C rG

N o p t

A cd t

ûrArOÛÜCrG CArGA

1095
1095

C A fG A

1030

B - TLje totâd kngth of L aM M-opsûiS is 364 ammo acids, 15 of vM ch differ letw eea the two polypeptides.
Identical residues are hoxed and shaed.

L o p s in
M o p s in

MflQQWSLQRL RGRHPQDSVE D STQ S S IFTV TNSNSTRGPF EGPNVHI APR WVVHLTSVWM
MRQQUSLQRL RGRHPQDSVE D STQ S S IFTV TNSNSTRGPF EGPNVHI APR WVVHLTSVWM

L o p s in
M o p s in

RRTMKFKKLR HPLNW ILVNL RVRDLAETVI
AATMKFKKLR HPLNW ILVNL RVRDLAETVI

L o p s in
M o p s in

IFVVfT RSVFT NGLVL
IF V V fiSVFT NGLVL

75
75

GVFVLGHPM CVLEGVTVSL CGITGLWSLR
GVFVLGHPM CVLEGVTVSL CGITGLWSLR

I I SUE
IIS W E

150
150

RW VVCKPFG NVRFDRKLRI
RW VVCKPFG NVRFDRKLRI

VGIRFSW IW b RVWTRPPIFG WSRVWPHGLK TSCGPDVFSG SSVPGVQSVM
VGIRFSWIWR AVWTRPPIFG WSRVWPHGLK TSCGPDVFSG SSVPGVQSVM

IVLMV
IVLMV

225
225

L o p s in
M o p s in

rcci
rcci

IRAUAKQQKE SESTQKAEKE VTRMVVVM F
IRAUAKQQKE SESTQKAEKE UTRMUUUMJL

L o p s in
M o p s in

PLMRRLPR F RKSRTIVNPV
PLMRRLPR F RKSRTIVNPV

CVLQVWLA
CVLQVWLA

AST IS VNQV
AST IS VNQV

JCWGPV

■c :CWGPVA

■FACFAAANP GV
TACFAAANP GV

IVVFMNRQFR NCILQLFGKK VDDGSELSSR SKTEVSSVSS VSPR
IVVFMNRQFR NCILQLFGKK VDDGSELSSR SKTEVSSVSS VSPR

300
300
364
364

3
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Given their similar functional roles, it is not surprising that cone opsins show
similar structural properties to rod opsin.

As with rod opsin, each cone opsin has

alternating hydrophobic and hydrophilic domains and forms a seven membrane-spanning
receptor. Lysine, for the binding of chromophore, two cysteines for the disuphide bond, the
glutamate counterion and multiple serine and threonine residues in the C-terminal are also
found in cone opsins.

1.6

Spectral Tuning
As described in section 1.5, each photopigment contains the chromophore W-cis-

retinal covalently linked to a lysine residue on the opsin by means of a protonated Schiff
base. Since human photopigments have very different absorption spectra despite having
the same chromophore, differences in the spectral characteristics are dictated by the
interaction of amino acid residues at key positions in the opsin proteins. This is referred to
as spectral tuning of the chromophore by the opsin.
Comparison of the L and M opsin amino acid sequences reveals that they differ in at
most 15 of the total 364 residues (Nathans, 1986a; figures 1.6 and 1.9). O f these 15 amino
acid differences, eight are good candidates for spectral tuning because they result in the
presence of either hydroxyl-bearing or non polar residues, that is, there is exchange of
amino acids with dissimilar properties. Of these eight residues at positions 65, 116, 180,
230, 233, 277, 285 and 309, all but residue 116 are located in the transmembrane pocket
and are therefore likely to interact directly with the chromophore and influence its
absorption spectrum.
Early studies comparing opsin sequences and spectral characteristics of human and
Old and New World monkey (Neitz et a/., 1991) indicated that three amino acid residues at
positions 180, 277 and 285 played a major role in determining the spectral difference
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(30nm) between the human L and M visual pigments. Subsequent studies, including in
vitro expression studies with modified pigments generated by site-directed mutagenesis,
have confirmed the importance of these residues (Asenjo et al., 1994; Merbs and Nathans,
1993; Williams et al., 1992; Ibbotson et al., 1992) and have also implicated a contribution
of sites 230 and 233 (table 1.1).

In summary, residues at positions 180, 277 and 285

contribute the majority of the difference in spectral characteristics between the human L
and M pigments (7, 10 and 16nm respectively) while residues 230 and 233 contribute much
smaller effects.

A m ino Acid

A m ino Acid

P osition D iffering

R esidue

Betw een H u m an

P re sen t

L a n d M O psins

L / M

65

T h r / lie

/

y

111

lie / Val

116

Ser / T h r

153

Leu / M et

180

Ser / Ala

230

He / T h r

233

Ala / Ser

236

M et / Val

274

lie / Val

275

P he / Leu

277

T y r / Phe

279

Val / Phe

285

T h r / Ala

298

Ala / P ro

309

T h r / Phe

Non-

T ra n s m e m b ra n e

In te r-

M utagenesis

C onservative

P ocket

Species

S tudies

S ub stitu tio n s

L ocalization

S tudies

y

y

y
y

y
y
y

y

y

y

y

y

y

y

y

y

y

y

y
y
y

TaW g i . i : O p « /î amino acid residues involved in spectral tuning o f visual pigments
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1,7

Phototransduction
In the dark, rods and cones have a resting membrane potential of -40m V (Ali and

Klyne, 1985), considerably less than the resting potential (-60mV to -90m V ) typical of
neurons and other electrically active cells. This is because a continuous dark current flows
into the outer segment of photoreceptors as sodium ions (Na"^) move down their
electrochemical gradient through open cyclic nucleotide-gated (CNG) cation channels. As
a consequence of this depolarisation of the photoreceptor membrane, photoreceptor cells in
the dark constantly secrete neurotransmitters, and the bipolar neurones, with which they
synapse, are continually stimulated.

The effect of a pulse of light is to cause slight

hyperpolarisation of the cell membrane by indirectly closing the CNG cation channels in
the outer segment membrane. The more photons that are absorbed, the more CNG channels
are

closed, the

more negative the

membrane potential

becomes, and the less

neurotransmitter is released. This change in potential is in the opposite direction to the
change found in other receptors and neurons, which depolarise when stimulated. The light
induced hyperpolarisation causes a decrease in release of neurotransmitters (Rayer et al.,
1990) and ultimately results in the generation of a nerve impulse which is directed to the
brain.

The term phototransduction is used to describe the process which occurs in

photoreceptor cells between light detection and the closure of CNG channels in the
photoreceptor membrane (see Koutalos and Yau, 1996 for review). This process involves a
G-protein coupled signal transduction cascade which takes place in mature photoreceptor
cells (figure 1.10), after absorption o f light energy to convert this energy into
electrochemical changes.

Amplification of signal occurs at every stage of the cascade,

therefore feedback and adaptation mechanisms are employed to modulate it.
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1,7,1 Phototransduction in Rods
A ctivation of rhodopsin by light: When a photon of light is absorbed by the 11cfj-retinal chromophore portion of the visual pigment, it undergoes photoisomerisation to
the aW-trans-TQtmal configuration as the terminal chain connected to opsin rotates. The
protein then goes through a series of intermediate forms, one of which is metarhodopsin II
and involves elimination of the counterion-Schiff base linkage and exposes residues
necessary for the binding and activation of transducin, the G-protein coupled to rhodopsin.
A ctivation of tran sd u cin by m etarhodopsin II: Transducin is composed of three
subunit chains, (T„, Tp, T^). In the inactive state, transducin is bound to a molecule of
guanosine diphosphate (GDP). Metarhodopsin II catalyses the substitution of guanosine
triphosphate (GTP) for GDP on the transducin a-subunit.

The metarhodopsin II-

transducin-GTP complex then dissociates into metarhodopsin II, T a-G T P and T^y.
D eactivation of m etarhodopsin II: Metarhodopsin II can catalyse around 500
such exchanges before it is inactivated in a two-stage process.

Firstly, the protein is

inactivated by phosphorylation of a cluster of serine residues near the C-terminus mediated
by rhodopsin kinase. This reduces the ability of the active rhodopsin molecule to interact
with transducin but does not completely quench it. Complete inactivation, and restoration
of rhodopsin to its original light-responsive state, occurs upon capping of the
phosphoiylated molecule by retinal arrestin.
A ctivation of phosphodiesterase by tran sd u cin a -G T P : The released T^^-GTP
molecules

modulate

the

activity

of

the

tetrameric

effector

molecule

cGMP

phosphodiesterase (PDE), by removing the inhibitory phosphodiesterase y-subunits. This
permits the catalytic a - and p-phosphodiesterase subunits, now bound to T„-GTP, to
hydrolyse cGMP, a crucial step in the phototransduction cascade. Hydrolysis of cGMP by
PDE„p - up to 400,000 molecules per single photon within one second - results in reduced
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levels of the molecule within the photoreceptor cell which, in turn, causes the CNG Na^
channels to close and the receptors to hyperpolarise thus generating a nerve impulse which
is directed towards the brain.
D eactivation

an d

reassociation

of

phosphodiesterase

and

tran sd u cin :

Conversion of GTP to GDP deactivates the T„-GTP.PDEc^p complex and releases PDE^^
which then reassociates with the PDE y-subunit

The T„ subunit, once again bound to

GDP, reassociates with the Tp^ subunits to complete the cycle initiated by the rhodopsin
molecules absorption of a photon.
C alcium feedback m echanism s in phototransduction: Calcium ion (Ca^O
concentrations also change during phototransduction and are involved in the recovery of the
dark state of photoreceptors. One mechanism is through the regulation of retinal guanylate
cyclase (ret-GCl). Ret-GCl is a retinal-specific membrane bound guanylate cyclase which
is localised in the photoreceptor outer segments (Dizhoor et al., 1994). Closure of the CNG
cation channels owing to reduced levels of cGMP means that Ca^"^ can no longer enter the
cell, but the ions are still being pumped out of the cell. Consequently the concentration of
intracellular Ca^^ falls.

As Ca^^ levels fall, ret-GCl is activated by the Ca^"^ binding

guanylate cyclase activating protein (GCAP) (Palczewski et <2/.,1994; Gorczyca et al.,
1995; Dizhoor et al., 1995) to produce cGMP (Koutalos and Yau, 1996). The cGMP-gated
cation channel itself is also responsive to the concentration of Ca^^ and is thought to be
modulated by calmodulin (Hsu and Molday, 1993). A third mechanism of Ca^^ feedback is
the Ca^^^-dependent inhibition of rhodopsin kinase by recoverin (Klenchin et al., 1995;
Gorodovikova and Philippov, 1993; Gorodovikova et al., 1994).
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1.7.2 Phototransduction in Cones
Comparative physiological and biochemical analyses have shown that the molecular
mechanism of phototransduction and the components involved are essentially the same in
rods and cones.

Although functionally analogous, rods and cones use different protein

isoforms (the products of a distinct set of genes) in most of these components (for
references see table 1.2). Beyond the fundamental differences in the type of opsin
expressed in rod and cone cells, transducin, phosphodiesterase and CNG-channel subunits
also differ between the two cell types.

Rod and cone transducins are often described as a

heterotrimer of a -, P- and y-subunits. The published literature on the p-subunit of human
photoreceptor transducin is, however, confusing and the only information on a human cone
P-subunit comes from a mutation study based on canine transducin p (Gao et al., 1998). It
is clear, however, that transducin a - and y-subunits are encoded by different genes in rods
and cones. Similarly, phosphodiesterase (PDE) subunits differ in rods and cones. Rod
PDE comprises an a-subunit, a p-subunit and two identical y-subunits whereas in cones
PDE occurs as a homodimer of two a'-subunits associated with three proteins of 11-, 13and 15-kD. Whilst the literature is a little unclear on the components of cone PDE, it seems
that the 11- and 13-kD proteins are similar to the rod y-subunits, while the 15-kD delta
subunit binds to both rod and cone PDE (Beavo, 1995). The a - and P- subunits of the
CNG-channels are also encoded by different genes in rod and cone photoreceptors.
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Table 1.2: Components of the phototransduction cascade that differ between rod and cone
photoreceptors.
Component
Transducin

Rod Photoreceptor

Cone Photoreceptor

a

a

G N A T l,3 p 2 1

G N A T2, lp l3

(N go et al., 1993)

(M orris and Fong, 1993)

P

G N BT
(Fong e r a /., 1986)

Phosphodiesterase

Y
G N G T l,7 q 2 L 3

Y
G N G T2, 17q21

(Scherer et al., 1996)

(Ong et al., 1995 and 1997)

a

a'

PDE6A , 5 q 3 1.2-34

PD E6C, 10q24

(Pittler et al., 1990)

(Feshchenko et al., 1996; Piriev et al.,
1995)

PD E6B, 4 p l6 .3

Y
PDE6H , 12pl3

(Batem an et al., 1992; Collins et al.,

(Shim izu-M atsum m oto et al., 1996)

P

1992)
Y
PDE6G , 17q25

Y -llkD /y-13kD
(G illespie and Beavo, 1988)

(Tuteja et al., 1990; D ollfus et al.,
1993)

CNG-Channel

Arrestin

0-15kD, 2q36-q37

0-15kD

(Beavo, 1995, Li etal., 1998)

(Beavo, 1995)

a

a

C N G A l,

C N G A 3 ,2 q ll

(D hallan et al., 1990

(Y u et al. 1996; W issinger et al., 1997)

P

P

C N G B l, 16ql3

CN G B3, 8q21-22

(Ardell et al., 1996 and 2(KX))

(Sundin et al., 2000; Kohl et al. 2000)

S-Arrestin, 2q37.1

X-Arrestin, Xcen-q21

(N go et al., 1990; Y am aki et ai, 1990)

(M urakam i et ai, 1993)
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Figure 1.10 The vertebrate phototransduction cascade
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1,8

Colour Vision
Colour vision is characterised by the ability to distinguish light that differs in

wavelength composition. In the vertebrate eye, colour is detected by cone photoreceptor
cells which contain short-, middle- or long-wavelength sensitive visual pigments (section
1.5.2). For an animal to be able to discriminate between colours, it must have two or more
different classes of cone.

This is because a single cone pigment cannot discriminate

between changes in wavelength and changes in the intensity of light. Humans with normal
colour vision can match a test light of any given wavelength using just three appropriately
chosen colour primaries, for example, red, green and blue, either by mixing the right
amounts of the three primaries, or by mixing two primaries and adding the third to the test
lig h t This three-dimensionality or trichromacy was first described by Thomas Young in
1802 and is the hallmark of normal human colour vision.

1.9

Molecular Genetics of the Cone Opsins
Isolation of the genes encoding human cone opsins (Nathans et al., 1986a, 1986b)

was achieved by screening human genomic DNA using probes based on the sequence of
bovine rhodopsin (Nathans and Hogness, 1983). These experiments identified human rod
opsin and a further three classes of opsins; L, M and S, which were subsequently sequenced
and characterised.
The human S opsin gene is located on chromosome 7 (Nathans et al., 1986b) and its
locus has been further refined by fluorescent in situ hybridisation to 7q31.3-32 (Fitzgibbon
et al., 1994).
In humans, the L and M pigment genes are arranged in a tandem array on the X
chromosome (Xq28) (Vollrath et al., 1988). The array consists of repeat units of 39kb,
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each containing a ~15kb single visual pigment gene segment at one end, and ~24kb of
intergenic sequence.

The consensus of opinion is a model with a single proximal L

pigment gene followed by up to five downstream M pigment genes, with a mean range of
2.78-3.15 pigment gene copies per X-chromosome (Nathans et al., 1986a, Drummond-Borg
et al., 1989; Macke and Nathans, 1997, Yamaguchi et al., 1997). As previously noted
(section 1.5.2), the L and M opsin proteins are 364 amino acids in length and differ by only
2% at the nucleotide level in both coding and non-coding sequences.

The mapped

restriction site patterns also show that the 39kb L and M gene units are very homologous
(Nathans 1986a). Indeed, they are identical except for the 5 ’ region: intron 1 of the L gene
is 2kb larger than the same intron of the M gene in Caucasian populations. A section of the
African American population, however, does not show this disparity (Jorgensen et al.,
1990). The length and sequence of introns 2-5 appear to be conserved to greater than 99.5%
(Ibbotson et al., 1992; Shyue et al., 1994). Both L and M pigment genes are composed of
6 exons (the protein coding regions) and 5 introns (regions removed at the RNA level by
splicing).
The similarity between the M and L repeat units predisposes the tandem array to
unequal homologous recombination. Crossing-over within the ^24kb intergenic regions
produces a gain or loss of one or more genes, whereas recombination within the
transcription units -intragenic recombination- creates hybrid genes (figure 1.11, Nathans et
al., 1999). As a consequence of the high degree of homology between the L and M gene
introns (Shyue et al., 1994) and their large size relative to the exons, the great majority of
intragenic crossovers occur within introns rather then exons, resulting in a limited number
of distinct hybrid gene types. These unequal exchanges produce the common anomalies of
red/green colour vision that occur in 8% of Caucasian, ~5% of Asian and ~3% of African
males (Post, 1962; Nathans et al., 1986b; Deeb et al., 1992). They also account for the
highly variable number of M pigment genes in the normal trichromat population.
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Approximately 25% of human X chromosomes carry two visual pigment genes, 50% carry
three genes, 20% carry four, and 5% carry five or more (Nathans et al., 1986a, 1986b;
Drummond-Borg et at., 1989; Macke and Nathans, 1997; Yamaguchi et at., 1997; Wolf et
a i, 1999).

Figure 1.11: Consequences o f unequal recombination events within the human L and
M pigment genes (Adapted from Nathans, 1999).
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1.10 Opsin Gene Regulation
In many classes of genes the specific sequences which regulate expression can be
effective at varying distances from the gene. These regulatory elements include proximal
promoters, which are generally located within 500bp or so immediately upstream of the 5'
end of most coding genes and include the well characterised TATA boxes, SPl sites (or GC boxes) and CAAT boxes. These regions promote the accurate initiation of transcription
by allowing appropriate transcription factors to bind at suitable positions. Sequencing data
obtained for L and M human opsin clones (Nathans et al. 1986a, 1986b) included
approximately 450bp of upstream sequence from each gene.

This sequence revealed

proximal TATA boxes for both genes (figure 1.9).
The presence of hybrid genes in addition to the normal L and M pigment genes
suggests that some males might express more than three different cone pigments.
However, RT-PCR analysis using postmortem retinal mRNA from human donors with
multiple M pigment genes has shown that only one of these genes is expressed at a
detectable level (Winderickx et al., 1992a). It has also been demonstrated that in retinae of
males who carry a 5'M-3'L hybrid gene in addition to the normal L and M pigment genes,
only two types of transcript can be detected (Yamaguchi et al., 1997). These represent a
normal L as well as either a normal M o r a hybrid pigment gene sequences. It has thus
been reasoned that the expression of the human L7M pigment gene array occurs mainly
from the first two genes in the cluster, independent of the pigments actually encoded at
these two loci. This, however, is refuted by Hagstrom et al. (2(XX)) who have shown that
greater than two different opsin genes in the array may be expressed. L and M pigment
ratios, quantitated at the mRNA level from the retinae of normal males, indicate that the L
pigment gene is always expressed in excess of the M pigment, irrespective of the number of
pigment genes in the array (Yamaguchi et al., 1997).
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The first indication as to the mechanism that determines which visual pigment gene is
expressed came from a study of individuals with blue cone monochromacy who lack both L
and M cone function despite the presence of an intact L and M pigment gene array
(Nathans et al., 1989).

It was determined that that these individuals carry a deletion

between 3.1kb and 3.7kb 5' of the L pigment gene which was proposed to contain a locus
control region (LCR). In support of this hypothesis, a reporter transgene driven by the
human L pigment gene promoter is dependent on the presence of the LCR for its expression
(Wang et al., 1992).

Sequence information of the array was extended to include 6kb

upstream of the L pigment gene of human, as well as 5kb upstream of mouse L/M cone
opsin, and two regions upstream of the bovine L/M cone opsin.

A simple sequence

alignment identified a conserved 39bp stretch which is present approximately 2.9kb
upstream of exon I of the human L pigment gene and was labelled the LCR core sequence.
By analogy with the well studied LCR in the P-globin gene cluster, the visual pigment LCR
is presumed to act in conjunction with individual promoters in the L and M pigment gene
array to activate transcription.
Proximity to the LCR may explain why only the first two genes are expressed from
the L and M pigment gene array (Winderickx et al., 1992a; Yamaguchi et al., 1997;
Hayashi et al., 1999). A distance effect could arise if the LCR and its associated proteins
either act to change the conformation or protein composition of adjacent chromatin
accessible for transcription or directly interact with an individual promoter to assemble
active transcriptional complexes.

In either case, the data indicate a steep distance

dependence of the effect since transcriptional start sites ~3.5kb and ^ 3 k b from the LCR
are efficiently activated but a start site ~82kb from the LCR is not (Hayashi et al., 1999).
The possibility of a stable complex between the LCR and an individual promoter
suggests a model for L versus M pigment gene expression in which the formation of this
complex is the determining event in the choice of which visual pigment gene will be
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expressed (Wang et al., 1992, 1999). Two versions of this model can be envisaged (figure
1.12). In the standard model the L versus M choice might be orchestrated by transcription
factors that are specific to either L or M cones. Alternatively, the L versus M pigment
choice might be random - the stochastic model.

Both models are compatible with the

random or nearly random distribution of L and M cones within the fovea as measured by
microspectrophotometry and high resolution reflectometry (Mollon and Bowmaker 1992;
Roorda and Williams, 1999; Roorda and Williams, 2001).

Figure 1.12: Models o f visual pigment gene transcription.
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Experiments carried out by Wang et al. (1999) which involved introduction of the
human minimal L and M pigment gene arrray (LCR, L-promoter region, L-opsin gene, Mpromoter region, M-opsin gene) into the genome of a mammal (mouse) which normally
possesses only a single X chromosome-linked visual pigment gene, produced results which
strongly favour the stochastic model. The standard model predicts that only primates with
trichromatic colour vision have evolved the requisite transcriptional regulators to
distinguish L and M pigment genes. The stochastic model, however, predicts that the L
versus M choice is affected by transcriptional regulators common to all mammals and
requires only the appropriate arrangement of cw-acting regulatory sequences. Transgenic
mice that carry a single copy of a minimal human X chromosome visual pigment gene
array in which the L and M pigment gene transcription units were replaced by alkaline
phosphatase and p-galactosidase reporters, respectively, were generated. As determined by
histochemical staining, the reporters are expressed exclusively in cone photoreceptor cells,
and 63% of expressing cones had alkaline phosphatase activity, 10% P-galactosidase
activity, and 27% both activities. The three types of transgene-expressing cells appeared to
be randomly intermingled with one another. Thus, mutually exclusive expression of M and
L pigment transgenes can be achieved in a large fraction of cones in a dichromat mammal.
These findings, therefore, support the stochastic model for interaction of the visual pigment
gene array LCR with L or M gene promoters.
More recent experiments involving creation of transgenes containing both L and M
gene promoters, driving alkaline phosphatase and P-galactosidase reporters respectively, at
alternative positions in the opsin array again support the stochastic model of L or M gene
expression (Smallwood et al., 2002). The results also demonstrate the distance-mediated
effect of the LCR thus supporting the theory that only the first two genes in the opsin array
are transcribed. This study also showed that the M gene promoter is intrinsically more
effective than the L gene promoter in some property that offsets their different distances
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from the LCR. Interestingly the ratio of L to M cones in Old World Primates is 1:1 as
opposed to the 2:1 ratio in humans (Bowmaker et al., 1991), a fact which may seem to
contradict the stochastic model.

It may be the case, however, that the Old World Monkey

M opsin gene promoter is stronger than that of the human in a similar way that the human
M gene promoter appears to be stronger than that for the human L opsin gene.

1.11

Central Retinal Dystrophies
Central retinal dystrophies can be subdivided into those that are solely confined to

the macular region, termed macular dystrophies and those that lead to involvement of the
peripheral retina, examples of which are the cone and cone-rod dystrophies.

1.12 Disorders of Colour Vision
Normal human colour vision is trichromatic, however, other forms of colour vision
can similarly be classified according to the number of primaries required in colour matches.
An individual who is completely colour-blind is referred to as a monochromat or achromat.
Monochromacy occurs either when an individual lacks the function of all three classes of
cone pigment or when two of the three cone pigment classes are absent.

Dichromacy

results when a single class of cone pigment is absent. Since there are three classes of cone
cells, there are three classes of dichromacy: Protanopes, who lack L pigments;
deuteranopes, who lack M pigments; and tritanopes, who do not have any S pigment.
Anomalous trichromats have all three classes of cone but do not perform with the same
consistency or accuracy as normal trichromats in colour match tests. Again there are three
categories: protanomaly; deuteranomaly; and tritanomaly. The colour discrimination
phenotypes of protanomalous and deuteranomalous individuals vary widely from veiy
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mild, where it is difficult to distinguish them from normal observers, to veiy severe, where
colour vision is almost as poor as that of dichromats. Tritanomalous individuals are very
rare.
There are a large number of inherited disorders that give rise to cone dysfunction and
thus result in disorders of colour vision. Cone dystrophy (section 1.13) may be inherited as
an autosomal recessive, autosomal dominant or X-linked recessive trait.

There is

considerable genetic heterogeneity, even within these genetic subtypes.

The cone

dystrophies may be divided into those with largely stationary and those with progressive
cone dysfunction.

The stationary cone dystrophies are congenital and include normal

variation in colour vision, anomalous trichromacy, dichromacy, blue cone monochromacy
and achromatopsia or rod monochromacy.

The progressive cone dystrophies usually

present in childhood or early adult life, and patients often develop rod photoreceptor
dysfunction in later life. There is, therefore, considerable overlap between the cone and
cone-rod dystrophies: the majority of patients with progressive cone dystrophy develop a
generalised retinal dystrophy with advancing age. All forms of cone dystrophy result in
reduced visual acuity and colour vision deficiency together with psychophysical and
electrophysical evidence of abnormal cone function (Weleber and Eisner, 1988).

1J3

Stationary Cone Dystrophies
1,13 J Rod Monochromacy
Rod monochromacy, also known as achromatopsia, is a rare autosomal recessive

disorder affecting an estimated 1 in 20,(KX)-50,(XX) (Francois, 1961; Jager, 1972). The first
recorded case in the Western world appeared in 1777 (Huddart, 1777). Patients with this
disease have a total absence of colour discrimination; in colour discrimination tests they

-55-

Introduction

match any one coloured light to another simply by adjustment of the relative intensities of
the two (Neitz and Neitz, 1994). Affected individuals usually present in early infancy with
reduced central visual acuity, nystagmus (alternating rotation of the eyes in one direction
and then in the opposite direction) and marked photophobia. Electroretinography reveals
that cone responses are absent, though rod responses are normal (Weleber and Eisner,
1988; Andreasson and Tomqvist, 1991). Rod monochromats fail to recognise any plates on
the common plate test (such as the Ishihara and HRR tests). Heterozygotes are generally
considered to possess normal visual function, although, it has been claimed that some
carriers display subtle colour vision abnormalities (Polland and Nordstrom, 1979;
Nordstrom and Polland, 1980).
Rod monochromacy exhibits genetic heterogeneity and while initially a locus on
chromosome 14 was described as the rod monochromacy locus (Pentao et al., 1992)
subsequent studies failed to identify genetic mutations in any candidate genes that were
analysed. In fact there has been no further confirmation of a chromosome 14 rod
monochromacy locus. Following other linkage studies (Arbour et al., 1997, Wissinger et
al., 1998 and Winick et al., 1999) mutations in the alpha and beta subunit genes (CNGA3
and CNGB3) of the cone photoreceptor cGMP-gated channel (section 1.7) were found to
cause achromatopsia (Kohl et al., 1998, S undin et al., 2000 and Kohl et al., 2000). A
number of different mutations were described for both CNGA3 and CNGB3.

Recent

studies, however, suggest that mutations in CNGA3 and CNGB3 do not account for all
cases of achromatopsia (ARVO Abstracts 441,1745, and 3432, 2001).

1,132 Oligocone Trichromacy
Oligocone trichromacy is a stationary cone dystrophy first recognised by van Lith
(1973) in which the affected patient displays reduced visual acuity and a reduced cone
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ERG.

However, these individuals are trichromats and they may show good colour

discrimination. Specific specialized testing (reflection densitometry) reveals that there is a
decreased photopigment concentration (Keunen et a i, 1995). It has been proposed that
oligocone trichromacy results from a reduced cone population for all cone types (Neuhann
et al., 1978) although it remains unclear whether these patients should be grouped with
atypical achromats.

1.13.3 Blue Cone Monochromacy
Blue cone monochromacy is a rare disorder, affecting less than 1 in 100,(X)0, in
which both L and M sensitivities are absent (Pokomy et al., 1979). The physiological
functions of both rods and S cones are preserved. Blue cone monochromacy is an X-linked
recessive disorder and affected males present with reduced acuity, nystagmus and
photophobia (Weleber and Eisner, 1988). Using standard ERG protocols, the abnormalities
are similar to those seen in rod monochromacy, but with specialised spectral ERG
techniques, it is possible to differentiate between these two cone disorders.
Significant linkage of blue cone monochromacy to the L/M pigment gene locus was
established (Lewis et al., 1987). Nathans and colleagues (1989), however, were the first to
investigate in detail the molecular genetics of blue cone monochromatism. Their studies of
33 unrelated subjects with blue cone monochromacy revealed two mutational pathways
leading to disease. The first pathway is a two-step mechanism: in the first step, homologous
unequal recombination reduces the number of genes in the L/M tandem array to one; in the
second step a mutation inactivates the remaining gene.

Cloning and sequencing of the

remaining gene revealed either a cysteine to arginine mutation at codon 203 (Cys203Arg
corresponding to position 187 in bovine rod opsin), a mutation known to disrupt the folding
and half-life of M cone opsin molecules (Kazmi et al., 1997), a Pro307Leu substitution
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which diminishes the ability of the visual pigment to absorb light at the appropriate
wavelength and to activate transducin (Ostrer and Kazmi, 1997), or an Arg247ter mutation.
The second pathway consists of a one-step loss of both L and M gene function by deletion
of the locus control region (LCR, section 1.10) between 3.8kb and 4.3kb upstream of the L
pigment gene transcription start site.
In a second study of the condition, Nathans et al. (1993) reported further genetic
heterogeneity among blue cone monochromats. This study included one family in which
there were two photopigment genes in the X-linked array, both of which contained the
Cys203Arg mutation.

In addition, a pedigree has been reported where affected patients

have one L pigment gene in the array in which exon 4 is deleted (Ladekjaer-Mikkelsen et
a i, 1996; figure 1.13).

Figure 1.13: The molecular basis of blue cone monochromacy
As previously L and M pigment
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expression of both L and M visual pigment genes. Unequal recombination resulting in an
array containing one L pigment gene which has exon 4 deleted.
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Although it appears that in the majority of families the condition is stationary,
progressive central retinal dystrophy has been reported in some patients with blue cone
monochromacy (Nathans et ah, 1993; Fleischman and O ’Donnell, 1981). This indicates
that cone degeneration may result from the accumulation of an abnormally assembled
photopigment in a situation analogous with the mutations in rod opsin which underlie
autosomal dominant retinitis pigmentosa (Dryja et ah, 1990).

1,13,4 Dichromacy and Anomalous Trichromacy
As noted earlier, protanopic subjects have no functional L cones and are considered
to be dichromats since they have only S and M cones. Protanomalous subjects have an
anomalous L pigment together with a normal M pigment and are referred to as anomalous
trichromats. Deuteranopic individuals have no functional M cones, and deuteranomalous
individuals have an anomalous M pigment together with a normal L pigment.

The

frequency of protanopia, protanomaly and deuteranopia is about 1% each in the European
population, whereas deuteranomaly is around 4-5% (Jagla et ah, 2002).

Considerable

variation in the severity of anomalous trichromacy has been observed.
Nathans and colleagues (1986b) were the first to examine the X-linked L and M
pigment gene arrays of 25 individuals with red-green colour defects. Among individuals
with protan defects, protanopia was associated with gene arrays comprised of a 5’L-M3'
hybrid together with a normal M pigment gene (figure 1.14b).

Among deutans,

deuteranopia was associated with gene arrays comprised of either a single L pigment gene
or an L gene together with a 5'M-L3' hybrid gene, whereas deuteranomaly was associated
with gene arrays comprised of a normal L pigment gene, a 5' M-L3' hybrid gene, in the
absence or presence of a normal M pigment gene (figure 1.14c).
A later study determined the gross structure of the X-linked L/M pigment gene
locus among a group of 64 males who had defective red-green colour vision (Deeb et ah.
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1992). The results obtained confirmed the earlier findings of Nathans and colleagues and
also demonstrated that knowledge of the gross structure of the X-linked L/M gene array in
colour vision defective individuals was not sufficient to predict the severity of the colour
vision defect. In addition, this study revealed that as well as the mechanism of unequal
recombination, another cause of colour vision deficiency was the presence of a point
mutation, Cys203Arg, in all three of the M pigment genes of one of the 64 colour-defective
individuals (figure 1.14c). This Cys203Arg mutation was found to be present in 2% of
colour-normal Caucasian males (Deeb et al., 1992; figure 1.14a). It was proposed that the
presumably unexpressed M pigment genes with the Cys203Arg substitution provide a
genetic background of mutation for gene arrays, as produced by unequal crossing over, that
cause colour vision defects and possibly disorders involving cone degeneration. Recently a
study of multi gene deuteranopes of middle European ancestry demonstrated that 11% of
these had the Cys203Arg mutation in their most upstream M opsin gene(s) suggesting a
founder-effect of middle European origin for this mutation (Jagla et al., 2002). None of the
individuals with this mutation demonstrated evidence of a cone-dystrophy. Other L and M
opsin mutations have now been described in protan and deutan subjects (Ueyama et al.,
2002). These involve Asn94Lys amino acid substitution in the single M gene of one deutan
subject, Arg330G in both M opsin genes present in another deutanopic individual and
Gly338Glu in the single L opsin gene of a protanope.

J.J3.5 Tritanopia
Tritanopia is a rare autosomal dominant disorder (Went and Pronk, 1985)
characterized by selective loss of the S photoreceptor function. Three missense mutations
in the S pigment gene, located on chromosome 7 (Nathans 1986a; Fitzgibbon et al., 1994),
have been shown to cause tritanopia: these are Gly79Arg, Ser214Pro and Pro264Ser.

-60-

Introduction

These mutations affect residues located in the a-helical transmembrane segments II, V and
VI of the S pigment.

The autosomal dominant mode of inheritance suggests that

accumulation of a defective pigment within photoreceptors causes either loss of function or
cell death.

Figure 1.14: Gene arrays associated with normal, protan and deutan colour vision
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L14

Progressive Cane Dystrophies
The progressive cone dystrophies are a genetically heterogeneous group of disorders

characterised by early deterioration of visual acuity and colour vision.

Other clinical

features include photophobia, nystagmus and visual field abnormalities (Simunovic and
Moore, 1998).

Affected individuals usually present in childhood or early adult life.

Psychophysical testing demonstrates abnormal colour vision and photopic threshold
elevations at an early stage (that is, a greater intensity of colour is required before it is
recognised correctly).

Electroretinography shows generalised cone dysfunction.

distinction is sometimes drawn between cone and cone-rod dystrophies.

A

Pure cone

dystrophy is characterised by cone degeneration but normal rod function. In contrast, cone
dysfunction with a less severe rod dysfunction is characteristic of cone-rod dystrophy. The
differentiation between pure cone dystrophies and cone-rod degenerations, however, is
blurred by the realisation that, in most instances, some degree of rod dysfunction develops
as the disease progresses, regardless of the mode of inheritance or genetic locus (Krill et al.,
1973). Most progressive cone dystrophies would, therefore, be more correctly described as
cone-rod degenerations. Here, though, the term cone dystrophy will be used to describe
retinal diseases with predominant cone dysfunction with late onset and mild rod
involvement while cone-rod dystrophy will be used for retinal dystrophies with early onset
cone dysfunction followed shortly by significant rod disease.
The prevalence of cone-rod dystrophies is unknown, but many young patients
diagnosed with cone dystrophy may actually have early stages of cone-rod dystrophy. In
one study 41% of 278 patients with retinal dystrophy had a cone-rod type deficit
(Heckenlively, 1988). The diagnosis of cone-rod dystrophy is generally made on the basis
of marked reduction or absence of cone ERG responses in the presence of quantitatively
less reduction in rod responses.
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Progressive cone and cone-rod dystrophies may be inherited as autosomal recessive,
autosomal dominant or X-linked recessive traits, though most cases are sporadic. When an
inheritance pattern can be established, the most common inheritance observed is autosomal
dominant (Krill et al., 1973; Moore, 1992).

Most of the genes so far associated with

progressive cone dystrophies encode proteins that are expressed in both rods and cones
(table 1). The most straightforward way of classifying the progressive cone dystrophies is
by the inheritance pattern; there is, however, considerable heterogeneity even within each
genetic subtype.

1.14.1 X-Linked Progressive Cone Dystrophy
X-linked progressive cone dystrophy (XLPCD) is uncommon and only a few welldocumented families have been reported (Fleischman and O ’Donnell, 1981; Jacobson et al.,
1989; Heckenlively and Weleber, 1986; Reichel et ah, 1989; van Everdingen et al. 1992;
Meire et al., 1994; Verdoom and Pinckers, 1988; Hong et al., 1994; Bergen and Pinckers,
1997). A wide variability in the clinical phenotype of these patients has been documented,
once again highlighting the lack of any definitive distinction between pure cone and conerod dystrophies, and it is evident that, although the earliest clinical features are related to
cone dysfunction, there is rod dysfunction late in the disease. In most reports, affected
males have early involvement of central cones with later diffuse involvement. There is
progressive deterioration of visual acuity, photophobia but no nystagmus. Colour vision is
impaired with eventual loss of all colour discrimination.

Carrier females are usually

asymptomatic but can sometimes be identified by subnormal electroretinographic responses
or subtle anomalies of colour vision (van Everdingen et al. 1992).

XLPCD can be

distinguished from another form of X-linked cone dysfunction, BCM (section 1.13.3),
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since, in contrast with XLPCD, BCM is a congenital non-progressive disorder in which the
function of the cones that are short-wavelength-sensitive remain intact.
XLPCD has been mapped using genetic linkage studies to three loci: X p 2 1 -p ll.l
(C O D l, Meire et al., 1994), Xq27 (COD2, Bergen and Pinckers, 1997) and to Xq28
(Reichel et a l, 1989). There are clear differences in the phenotypes of families mapping to
the different loci.

The disease gene in C O D l has been identified as the retinitis

pigmentosa GTPase regulator, or RPGR gene (Demirci et al., 2002).
The cone dystrophy linked to Xq28 is accompanied by a protan colour vision
deficiency (Reichel et al., 1989). Molecular analysis of the L cone pigment in this case
revealed a 6.5kb deletion.

Kellner et al. (1995) also described two individuals with a

specific cone dystrophy and a protan colour vision deficiency.

Screening of the

photopigment array revealed that one patient had only one L-M hybrid gene, whilst the
other had both an L-M hybrid gene and a normal M pigment gene. As discussed previously
(sections 1.10, 1.12 and 1.13.4), such genetic alterations usually result in congenital colour
vision deficiency. The mechanism by which such a genotype might give rise to progressive
cone dystrophy was not established.
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Table 1.3: Cone and cone-rod dystrophies with known chromosomal loci
Pheno^rpe

hocus/Gene

Chromosomal
Localisation

Reference

Cone dystrophy

COm/RPGR

Xpll.3

Cone dystrophy

COD2

Xq27

Meire et a i, 1994;
Demirci et al., 2002
Bergen et al., 1997

Cone dystrophy

(not assigned)

Xq28

Reichel et al., 1989

Blue cone monochromacy

GCPIRCP

Xq28

Nathans et al., 1989

ar Cone-rod dystrophy

ABCA4

lp21-13

Maugeri et al., 2000

ar Cone-rod dystrophy

CORDS

Iql2-q24

Khaliq et al., 2000

Rod monochromacy

ACHMl

14

Pentao era/., 1992

CNGA3

2qll-ql2

Kohi é ta l, 1998

CNGB3

8q21

ad Cone dystrophy

COD3/GCAP1

6p21.1

Sundin et a l, 2000
Kohi et a l, 2000
Payne et a l, 1998

ad Cone/Cone-rod dystrophy

Peripherin/RDS

6pl2

ad Cone-rod dystrophy

CORD7

6q

Nakazawa et a l,
1996a
Nakazawa et a l,
1996b
Fishman et a l, 1997
Kelsell et a l, 1998b

ar Cone-rod dystrophy

CORD9

8 p ll

Danciger et a l, 2001

ad Cone dystrophy

(not assigned)

17p

Small é ta l, 1996

ad Cone-rod dystrophy

RetGC-1 (CORD6)

17pl3-12

Kelsell é ta l, 1998

ad Cone-dystrophy

CORDS

17pl3-12

Cone-rod dystrophy

(not assigned)

18q21.1

Balciuniene et a l,
1995
Warburg é ta l, 1991

ad Cone-rod dystrophy

CORD2

19ql3.2

Gregory et a l, 1994

ad Cone-rod dystrophy

CRX

19ql3

Freund et a l, 1997
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1.14,2 Autosomal Dominant Progressive Cone and Cone-Rod Dystrophy
The progressive cone and cone-rod dystrophies are clinically and genetically
heterogeneous and several loci have been implicated within the autosomal dominant
subtype of these dystrophies.
Cone-rod dystrophy has been mapped to chromosome 19ql3.3 (CORD 2: Gregory
et al., 1994; Evans et al., 1994; Evans et al., 1995), 17ql2-pl3 (CORD6: Kelsell et al.,
1997), 6q (CORD 7: Kelsell et al., 1998b) and has also been associated with a number of
mutations in the peripherin/RDS gene on chromosome 6p (Jacobson et al., 1994; Nakazawa
et al., 1996a; Nakazawa et al., 1996b; Fishman et al., 1997). Two sporadic cases of conerod dystrophy have also been reported.

The first was found to be associated with a

cytogenetically visible deletion of 18q21.1 (Warburg et al., 1991), while the second was
associated with neurofibromatosis type 1 - suggesting that there may be a further locus for
cone-rod dystrophy on chromosome 17p (Kylstra and Aylsworth, 1993).
Mutations of four different genes have been identified as causing autosomal
dominant cone/cone-rod dystrophy; these are the peripherin/RDS gene on chromosome 6p
(Nakazawa et al., 1996a; Nakazawa et al., 1996b; Fishman et al., 1997), the CRX gene on
19q (Freund et al., 1997), the RetGC gene on chromosome 17p (Kelsell et al., 1998a) and
the GCAPl gene on 6p21.1 (Payne et al., 1998).
Mutations of peripherin/RDS have been reported in a wide variety of dominantly
inherited retinal dystrophies including retinitis pigmentosa, macular dystrophies and conerod dystrophies. Peripherin/RDS is a photoreceptor-specific glycoprotein that is present in
both rod and cone outer segments; mutations of the gene would be expected to affect the
function of both types of photoreceptor.

Mutations of peripherin/RDS associated with

cone-rod dystrophy include Ser27Phe (Fishman et al., 1997), Tyrl84Ser (Nakazawa et ah,
1996a), Asn244His (Nakazawa et al., 1996a), Asn244Lys (Kikawa et al., 1994),
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Val200Glu (Nakazawa et a l, 1996b). The reported phenotypes associated with mutation of
this gene are almost all of a relatively severe cone-rod dystrophy.
The cone-rod-dystrophy linked to 19q also results in a relatively severe phenotype.
Evans and colleagues (1994, 1995) first established linkage of a cone-rod dystrophy to 19q
in 22 affected individuals of a four generation family and this locus (CORD2) was
subsequently refined (Gregory et a l, 1994). The novel photoreceptor specific OTX-like
homeodomain transcription factor gene, CÆX, was found to map to 19ql3. Freund et al.
(1997) demonstrated that mutations in CKK give rise to the autosomal dominant form of
cone-rod dystrophy linked to the locus on chromosome 19ql3 in one large family and in a
smaller family with a similar phenotype. The mutation in the large family was shown to be
a GluSOAla substitution while a G lul68del was found to be the cause of disease in the
smaller family.

CRX binds specifically to conserved sequences upstream o f several

photoreceptor-specific genes, including the opsins. While CRX has been shown to activate
transcription

of

interphotoreceptor

retinoid

binding

protein,

arrestin

and

P-

phosphodiesterase in vitro (Chen et al., 1997; Furukawa et al., 1997) other transcription
factors are thought to be responsible in vivo (Bibb et al., 2001).
Kelsell et al., (1997) identified a new locus for autosomal dominant cone-rod
dystrophy (CORD6) on 17pl2-pl3 in one pedigree which was shown to overlap with
regions previously attributed to Leber’s congenital amaurosis (Perrault et al., 1996) and
dominant cone dystrophy (Balciuniene et al., 1995). Given the differences in phenotype of
these conditions, however, it was proposed that these different retinal disorders are caused
by mutations in different genes mapping close together within the genome.

The gene

encoding RetGC-1 (retinal guanylate cyclase), a gene that is highly expressed in
photoreceptors and plays a role in phototransduction (section 1.7) was mapped to within the
8cM CORD6 region.

Mutation screening of the gene in four families with autosomal

dominant cone-rod dystrophy identified a double mutation of Glu837Asp and Arg838Ser in
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the original CORD6 family, and single mutations in other families involving either
Arg838Cys or Arg838His (Kelsell et al., 1998a; Payne et at., 1999). Codons 837 and 838
encode part of the highly conserved dimérisation domain of the RetGC-1 protein. The
effect on the enzymic activity of RetGC-1 of all three of these mutations is to alter the Ca^^
sensitivity of the GCAP-1 response, allowing the mutants to be stimulated by GCAP-1 at
higher Ca^^ concentrations than wild type (Wilkie et al., 2001; Ramamurthy et al., 2(X)1).
Consequently, it has been proposed that the gain-of-function effects of the mutations on
RetGC-1 stimulated by GCAP-1 may cause an increase in cGMP synthesis in dark-adapted
photoreceptors which, in turn, may be the cause of the cone-rod degeneration.
Two dominant progressive cone dystrophy loci have been mapped to chromosome
17p (CORDS: Balciuniene et al., 1995; Small et al., 1996).

In addition, autosomal

dominant progressive cone dystrophy (COD3) has been found to be associated with
Tyr99Cys (Payne et al., 1998), ProSOLeu (Downes et al., 2001) and GlulSSGly (Wilkie et
al., 2001) mutations of the guanylate cyclase activation protein 1(G C A Pl) gene on
chromosome 6p21.1. GCAP is a Ca^^ sensitive activator that is responsible for activating
retinal-specific guanylate cyclase (RetGC) which, in turn, resynthesises cGMP (see section
1.7). W ent and colleagues (1992) investigated a pedigree with a dominantly inherited cone
dystrophy that is characterised by the early onset of a tritan colour vision deficiency.
Candidate gene analysis of the S pigment, however, failed to demonstrate evidence of
abnormality.

1,14,3 Autosomal Recessive Progressive Cone Dystrophy
Many patients with cone or cone-rod dystrophy have no affected relatives, and it is
likely that a proportion of these have autosomal recessive disease. However, studies have
identified the ABCA4 (ABCR) gene, a photoreceptor specific adenosine-triphosphate (ATP)
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binding cassette transporter, as a candidate gene in a family with pseudo-dominantiy
inherited cone-rod dystrophy (Cremers et al. 1998). Subsequently, mutations in ABCA4
have been described as the most frequent cause of autosomal recessive cone-rod dystrophy
(Maugeri et at., 2000).

Two novel loci for autosomal recessive cone-rod dystrophy

(CORDS and CORD9) have also been identified on chromosome Iq 12-24 (Khaliq et a i,
2000) and 8pl 1 (Danciger et a i, 2001) respectively. Most of the syndromes in which cone
dystrophy is associated with other systemic abnormalities display autosomal recessive
inheritance (table 1.4).

Table 1.4: Syndromes with associated cone or cone-rod dystrophy
Syndrome
Bardet-Biedl Syndrome

Inheritance
Ocular Phenotype
Cone-Rod dystrophy, myopia
AD

Alstrom’s Syndrome

AR

Pierre-Marie Ataxia and
cone-rod dystrophy
Amelogenesis imperfecta
and cone-rod dystrophy
Obesity, cardiomyopathy
and retinal dystrophy
Liver disease and cone
dystrophy

AD

Trichomegaly and conerod dystrophy

AR
AR
AR

AR

Early-onset Cone-Rod
dystrophy
Cone-Rod dystrophy
Early-onset Cone-Rod
dystrophy
Early-onset Cone-Rod
dystrophy
Early-onset Cone-Rod
dystrophy
Early-onset Cone-Rod
dystrophy

Adapted from Simunovic and Moore 1998
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Systemic Phenotype
Polydactyly, obesity,
variable mental
retardation
Diabetes, obesity,
deafness.
Ataxia
Defective tooth
enamel
Obesity,
cardiomyopathy
Liver disease.
endocrine dysfunction,
hearing defects
Enlarged lashes.
excessive body hair
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1.15

Macular Degenerations
Macular degenerations (MD) represent a group of heterogeneous disorders

characterised by progressive central visual loss and degeneration of the macula and the
underlying retinal pigment epithelium (RPE). Although the vast majority of photoreceptor
cells in the macula are cone-type photoreceptors, macular dystrophies can be distinguished
clinically from cone and cone-rod dystrophies since they are confined to the macular region
of the retina with few instances of extension to the peripheral retina. Age-related macular
degeneration or dystrophy (ARMD) is one of the leading causes of visual impairment in the
adult population and is increasingly recognised as a complex genetic disorder in which one
or more genes contribute to an individual’s susceptibility for developing the condition.
Approximately 20% of patients have a positive family history (Klaver et aL, 1998) and twin
studies support a strong genetic component (Meyers et at., 1995). Putative loci have been
identified on chromosome lq25-31 (Klein et a/., 1998), chromosome 17q25 (Weeks et al.,
2001) and on chromosomes 5, 9 and 10 (Weeks et al., 2000).

One approach in the

identification of the genetic factors involved in ARMD is to examine the genetic basis of
other, more rare, monogenic hereditary macular dystrophies that share phenotypic features
with ARMD. Identification of the genes involved in such disorders thus provides potential
candidates for genes conferring risk for ARMD. Such association studies are discussed in
more detail in chapter 7. The loci and, where known, the genes implicated in MD are
relatively few and are listed in table 1.5.
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Table 1.5: Loci and genes identifiedfor macular dystrophy
Locus

Gene

Chromosome

Inheritance

References

Pattern
STG D l

ABCA4/ABCR

I p 2 1 -p 2 2

ar

et al, 1993

K aplan

A llikm ets
STGD3

ELOVL4

6 q l4

ad

Stone e r a /., 1994
Zhang

STGD4
RDS

Peripherin

4p

ad

6 p 2 1 .2 -c e n

ad

et al, 1997

et al, 2001b
et al, 1999a

K niazeva

Travis e r a /., 1991
K een and Ingleheam ,
1996

M CDRl

6 q l4 - 1 6 .2

ad

Sm all e r a /., 1992
R eichel

et al, 1998

S o rsb y

TIMP-3

2 2 q l2 .1 - q l 3 .2

ad

W eber e r a /., 1994

VMD2

Bestrophin

llq l3

ad

Stone e ra /., 1992
Petrukhin

CACD

1 7 p l3

ad

Lotery

et al, 1998

et al, 1996

H ughes e r a /., 1998
XLRS

XLRSl

X p 2 2 .2

X -lin k e d

M endoza-L ondono

et

a/., 1999
C onsortium TR, 1998

1.15.1 Stargardt Disease
Stargardt disease (STGD) is a hereditary retinal disorder characterised by bilateral
loss of central vision and subretinal flecks produced by storage of a lipofuscin-like
substance within the RPE cells. It is the most common hereditary macular degeneration
with an incidence of 1:10 000 (Cremers et al., 1998; Gorin et al., 1995). The onset of
disease in STGD is early and begins centrally in the macula. Whilst macular changes are
variable, a characteristic feature is the soft-yellow flecks that surround the fovea (Cremers
et al., 1998). Fluorscein angiography also reveals a dark choroid which is an almost unique
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feature of STGD and is present in 50-88% of patients. STGD can be distinguished from
cone dystrophies since some of the features present in cone dystrophies (including
nystagmus and profound colour vision deficiency) are not present in STGD, while cone
dystrophies do not show macular flecks.
At least three genetic loci have been implicated in STGD (table 1.5) and mutations
have been identified in two genes, ABC A4 (Allikmets et al., 1997) and E L 0V L4 (Zhang et
al., 2(X)lb) associated with autosomal recessive and autosomal dominant forms of the
disease respectively.

ABCA4 encodes and ATP-binding cassette transporter that is

specifically expressed in rod outer segments and foveal cones (Allikmets et al., 1997)
whilst the protein product of EL0VL4 is a photoreceptor-specific component of the fatty
acid elongation system (Zhang et al., 2001b).

1,15,2 Best Disease
Best disease was named after Friedrich Best who first published a pedigree with this
entity in 1905.

It is a slowly progressive autosomal dominant macular dystrophy with

juvenile age of onset and is associated with a vitelliform or ‘egg yolk’ macular lesion
(O’Gorman et al., 1998).

Disorganization of the RPE by lesions eventually affects

overlying photoreceptors and leads to vision loss (Mohler et al., 1981; Miller et al., 1976).
The disorder was linked to chromosome l l q l 3 (VMD2) and disease-specific mutations
found in a novel retina-specific gene, bestrophin (Stone et al., 1992; Petrukhin et al., 1998).
Bestrophin normally functions as an oligomeric chloride channel and mutations are thought
to cause abnormal ion flux (Sun et al., 2002).

1,153 Sorsby Fundus Dystrophy
This autosomal dominant, late onset macular dystrophy is characterized by sudden
central vision loss, yellow-white spots and haemorrhagic, exudative macular lesions which
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may extend into the peripheiy (Noble 1990). The locus for Sorsby fundus dystrophy has
been mapped to chromosome 22ql3 (Weber et al., 1994) and subsequently mutations were
identified in TIMP-3 (Weber et a l, 1994).

Matrix metalloproteinases are proteolytic

enzymes that regulate synthesis and degradation of the extracellular matrix throughout the
body and the TIMP-3 protein is an inhibitor of metalloproteinases and thus has an
important role in the homeostasis of the extracellular matrix (Fariss et al., 1998).
Symptoms can be improved in patients with night blindness by administration of daily
doses of vitamin A (Jacobson et al., 1995) since mutations in TIMP-3 are thought to cause
a thickening of Bruch’s membrane that impedes transport of vitamin A to the
photoreceptors. Over decades there is a gradual photoreceptor degeneration that results in
the clinical manifestations of the disease.

1.15.4 North Carolina Macular Dystrophy
North Carolina macular dystrophy is an autosomal dominant trait consisting of
congenital or infantile onset of a macular degeneration that tends not to progress. Affected
individuals have variable presence of drusen central to the macula which sometimes extend
into the periphery. The original report of this disease described descendants of a large
family that had settled in North Carolina in the 1800s (Lefler et al., 1971). This disorder
was mapped to chromosome 6 in 1992 (Small et al., 1992). Linkage and clinical studies in
newly reported families from England (Reichel et al., 1998), Germany (Rohrschneider et
al., 1998), France (Small et al., 1997), Belize (Rabb et al., 1998), Texas USA(Small et al.,
1998), South Carolina USA and Wisconsin USA (Small et al., 1999) have narrowed the
interval to a region on chromosome 6q between markers D6S249 and D6S1671. The gene
harbouring mutation(s) responsible for this macular dystrophy has not yet been identified.
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1J5.5 Central Areolar Choroidal Dystrophy
Central areolar choroidal dystrophy is a rare autosomal dominantly inherited
macular dystrophy. It is characterised by a well-circumscribed area in the macula with
choroidal and retinal atrophy and has been mapped by linkage analysis to chromosome
17pl3 (Lotery et al., 1996; Hughes et a l, 1998). There have been reports, however, of
mutations in peripherin/RDS in CACD (Hoyng et al., 1996; Reig et al., 1995).

U 5 ,6 Pattern Dystrophies
These are a group of autosomal dominant dystrophies of the RPE, all of which have
yellow, orange or gray deposits under the RPE in a variety of patterns without significant
visual loss (Marmor and Byers 1977; Hsieh et al., 1997).

A subgroup of the pattern

dystrophies, known as butterfly dystrophy, has been associated with mutations in
peripherin/RDS (Nichols eta l., 1993).

1J5.7 Juvenile Retinoschisis
Juvenile retinoschisis (XLRS) is a vitreoretinal disease which has been found to be
caused by mutations in the X LRSl gene on chromosome Xp22.2 (Consortium TR, 1998).
Affected males have loss of vision which typically begins between five and ten years of
age.
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1.16

Identifying Human Disease Genes
The aim of any strategy used to define human disease genes is the identification of a

number of candidate genes which can then be tested for evidence to implicate then as the
disease locus.

The four general methods that have been utilized in disease gene

identification are functional cloning, positional cloning, the candidate gene approach and
the positional-candidate gene approach.

1.16.1 Functional Cloning
Prior to the initiation of The Human Genome Project (section 1.20), functional
cloning was the most widely used method of disease gene identification. This approach
depends upon prior information about the protein product and/or function of the responsible
gene.

In truth, however, for the majority of human inherited diseases, the underlying

biological defect is unknown and the functional approach is therefore not useful.

1.16.2 Positional Cloning
Positional cloning involves isolation of a disease gene based solely on its
subchromosomal location.

This is most often achieved by genetic linkage analysis in

affected families but may also involve identification of disease-specific chromosomal
aberrations such as translocations and deletions which can implicate a general region in a
disease. After refinement of the candidate interval by identifying flanking markers that
define a minimal chromosomal region that co-segregates with disease in all affected family
members, the next step is to convert the genetic distance to the physical scale and to
construct a high resolution physical map of the region. This requires precise localisation
and ordering of clones and markers with the aim of assembling and characterizing a
genomic contig over the disease region. Traditionally this ordering of clones was achieved
by sequence tagged site (STS) content mapping to establish overlapping segments. The
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Human Genome Project effort to generate physical maps of human chromosomes means
that the information required to build a contig of a physical region is now available through
bioinformatic resources (section 1.20).

Once a contig of the disease interval has been

obtained the aim then is to identify expressed gene sequences within the region spanned by
the contig.

Again, whilst traditionally this was carried out by a number of methods

including cDNA libraiy screening, CpG island identification and exon trapping, these have
now been superceeded by the resources available as a result of the Human Genome Project.
Any genes identified within the disease interval may then be assessed as candidates and
must then be linked to the disease by a number of gene screening methods (section 1.19).

1,163 The Candidate Gene Approach
The candidate gene approach to disease gene identification can be used when one
has a general idea of the molecular pathogenesis of the disease in question (for example,
expression pattern or function) or when the molecular pathogenesis of a closely related
animal or human disease phenotype is known. Any candidate genes selected are screened
for disease-associated mutations.

1.16,4 The Positional Candidate Approach
The most successful and now most frequently used approach to human disease gene
identification, especially in light of the successes of the Human Genome Project, is the
positional-candidate gene strategy. This method combines pure positional cloning with the
candidate gene approach and relies upon initial mapping of the disease to the correct
chromosomal region (generally by genetic mapping via linkage analysis) followed by
analysis of the interval to determine any attractive candidates which reside therein.
Information generated by the Human Genome Project means that it is now possible to
‘query’ the defined region of a chromosome via a number of available databases (table 1.6)
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to gain a list of known and predicted genes along with expressed sequence tags (ESTs) and
mRNAs which map to the region. Candidate genes can then be selected, usually on the
basis of pattern of tissue expression and/or proposed function of the protein product and
screened for mutations (section 1.19) in affected families to confirm or exclude implication
in the disease.

Table 1.6: Examples of internet-based databasesfor human genome bioinformatics

1.17

Database

URL

National Centre for Biotechnology Information

www.ncbi.nlm.nih.org

UCSC Genome Bioinformatics

www.genome.ucsc.edu

Ensembl Genome Browser

www.ensembl.org

Genetic Mapping
Genetic mapping follows the segregation of alleles for a genetic marker at at least

two loci during meiosis.

1.17.1 Meiotic Recombination
Exchange of genetic material between homologous parental chromosomes occurs at
the four-strand (four chromatids) stage of meiosis when homologous chromosomes are
aligned and chiasmata can be formed. This process is referred to as crossing-over and
results in recombinant chromosomes. As a result of these events a unique chromosome
containing new combinations of alleles is formed and inherited by the next generation.
Crossing-over occurs more-or-less at random along the length of a chromosome pair and
thus the probability of its occurrence between two genetic loci increases as the physical
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distance separating the loci increases.

The frequency of recombination can be calculated

by comparing the inherited alleles of offspring to those of their parents.

1.172 Recombination Frequency and Genetic Distance
Since cross-over events are more likely to occur between loci that are far apart than
between two loci that are close together, the recombination fraction (0), that is the number
of observed recombinants expressed as a fraction of the total number of possibilities for
recombination, relates to the genetic distance between any two loci. When loci are far apart
and the possibility of crossovers is great, the recombination fraction will approach 0.5
indicating independent segregation. Conversely, if two loci lie in close proximity to one
another and no crossovers are observed, the recombination fraction will be zero. If the
recombination fraction between a disease and a genetic marker at a specific locus is less
than 0.5, there is deviation from Mendel’s law of independent segregation and the loci are
considered to be linked. The genetic distances between loci is measured in ‘centi-Morgans’
(cM), where two loci are IcM apart if they recombine once in 100 meioses, that is if they
have a recombination fraction (0) of 0.01. Whilst this simple relationship applies when the
genetic distance is small, it does not hold over larger genetic distances where multiple
crossover events are possible. The Kosambi mapping function has been derived to take
into account such multiple crossovers and also allows for the effects of interference (Ott
1997). Positive interference refers to the negative effect an already existing crossover has
on the probability of a second crossover occurring in its vicinity.

1.173 Polymorphic Markers used in Linkage Analysis
Linkage analysis requires informative meioses and to achieve this, DNA markers
used in linkage analysis must be polymorphic with a high heterozygosity value and be
distributed at regular intervals throughout the genome. Heterozygosity or informativeness
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of a marker is directly proportional to the number of alleles each marker exhibits and the
frequency of each allele in the general population. The polymorphism information content
(PIC) value can be used to calculate the informativeness of a marker in a given population.

1.17.3.1 RFLPs and mini-satellite DNA
The use of restriction fragment length polymorphisms (RFLPs) in linkage analysis
exploits the fact that human DNA sequence is variable and that these variations or
polymorphisms sometimes result in the alteration of a restriction enzyme site. RFLPs can
be typed by the hybridization of a radio-labelled probe derived from the gene or
chromosome region in question to a Southern blot of restriction enzyme-digested genomic
DNA and subsequent exposure to autoradiograph film.

Major drawbacks of the use of

RFLPs include the fact that most RFLP systems have only two alleles with a maximum
heterozygosity of 50%. Informativeness of markers is therefore low and the process of
analysis is time consuming. Minisatellites or variable number tandem repeats (VNTRs) are
tandemly repeated units of ll-6 0 b p that can extend up to Ikb. Polymorphism occurs since
different numbers of tandem repeats may be present as a result of genetic recombination
between misaligned repeat units.

Minisatellites are, therefore, more informative than

RFLPs and have higher PIC values. Their tendency to cluster around telomeres, however,
reduces their usefulness for linkage analysis (Jeffreys et al.y 1985).

1.17.3.2 Microsatellite Markers (Short Tandem Repeat Polymorphisms)
Microsatellites are tandem repeats of a simple sequence that occur abundantly and
at random throughout the genome and can be found at the 5’ and 3' untranslated regions of
genes, as well as within introns and non-coding DNA (Weber et a/., 1989). This means
that many of the limitations of minisatellites are overcome by microsatellites as they occur
throughout the genome at approximately 30kb intervals.
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microsatellite amplification by PCR makes analysis more efficient (Litt et al., 1989).
Microsatellites consist of tetra-, tri- or di-nucleotide repeats with the most common of these
being the dinucleotide CA repeat. The informativeness of microsatellite markers can also
be described by its PIC value (Weber and May 1989).
A number of genetic maps comprising microsatellite markers have been published
and the final Genethon map in 1996 brought to an end this phase of the human genome
project (Dib et a l, 1996).

1.17.3.3 Single Nucleotide Polymorphisms (SNPs)
SNPs are the most frequently occurring polymorphic markers available with an
estimated frequency of 1 SNP per 100 to 300 bp

( h ttp ://w w w .n c b i.n lm .n ih . gov/SNP\

The

single nucleotide polymorphism (SNP) is a biallelic system based on a single nucleotide
change at the sequence level. The SNP database at The National Center for Biotechnology
Information serves as a central repository for both single base nucleotide substitutions and
short deletion and insertion polymorphisms. It is estimated that 60,(XX) SNPs occur within
exons and that 85% of exons are within 5kb of the nearest SNP (Sachidanandam et al.,

2001).

1.18

Localisation of Inherited Diseases by Pedigree-Based Genetic Linkage Analysis
The ultimate aim of pedigree-based linkage studies is to map a disease region in a

family to a chromosomal region. Linkage analysis involves the use of a large number of
polymorphic DNA markers of known genomic localisation in a search of the genome in a
particular family within which the disease segregates.

The purpose is to identify co

segregation between the disease locus, represented by the disease phenotype, and an allele
of a DNA marker. Identification of such co-segregation infers linkage between the two loci
and therefore localises the disease to the region where the marker maps. Once linkage has
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been established, additional DNA markers that map at close proximity to the disease locus
are genotyped in the family in order to establish a haplotype, the combination of alleles at
the linked locus. The haplotype for the disease phenotype is readily identified as they cosegregate.

In addition recombination events that have occurred during meiosis in the

affected parent are reflected in the haplotype of resulting offspring and can lead to
refinement of the disease locus.

1,18,1 Statistical Evaluation of Linkage
Genetic linkage analysis is the calculation of the probability of obtaining a given
distribution of alleles if they were genetically linked to the disease region (0 < 0.5) in
comparison to the probability of obtaining a distribution through random assortment (0 =
0.5). The ration of these two probabilities is represented by the odds ratio (L) where:

L =

Prob. o f obtaining observed distribution if alleles linked
Prob. o f obtaining observed distribution i f alleles not linked

Typically, the odds ratio is expressed as the LOD score (Z) which is the decimal logarithm
of the odds ratio and which, for a specific recombination fraction can be calculated as:

Z(0) = log,o[U0)/UO.5)]
Where:
L(0) = the likelihood of obtaining the data if the two loci are linked
with a recombination fraction 0.
L(0.5) = the likelihood of obtaining the data if the two loci are not linked

The recombination fraction that gives the maximum lod score (Z) is the best
estimate of the degree of linkage between the two loci. Positive lod scores suggest linkage
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and a lod score of 3, which corresponds to roughly 1000 to 1 odds in favour of linkage
between the two loci, or higher is considered definitive evidence for linkage. Similarly, a
negative lod score of - 2 at a given value of 0 is regarded as evidence against linkage within
an interval equal to 0 from either side of the marker locus.

1.19

Mutation Screening of a Candidate Gene
Any candidate genes identified by functional or positional cloning, candidate or

positional candidate disease gene identification strategies must be shown to be mutated in
affected individuals.

Mutation screening should be carried out using DNA from both

affected and control individuals.

Most often pairs of specific primers are designed to

amplify the coding portion of DNA (exons) in PCR reactions (section 2.3.7) using patient
genomic DNA. The products of individual amplification reactions are then subjected to
one or more rapid mutation screening procedures which are designed to detect point
mutations.

1.19.1 Heteroduplex Analysis
Heteroduplex analysis relies on the detection of mismatched bases formed when
complementary strands of a mutant and a wild-type allele are allowed to hybridize to form
a heteroduplex.

This occurs when a PCR product from a heterozygous individual is

dentaured then cooled to allow single strands to base-pair with complementary strands from
the wild-type allele. The electrophoretic mobility of heteroduplexes in polyacrylamide gels
is altered compared to that of homoduplexes of either allele (Keen et aL, 1991). Recently,
denaturing high-pressure liquid chromatography (DHPLC) technology which allows
separation of homo- and heteroduplexes has been developed in systems such as the
Transgenomics WAVE. In the WAVE system, triethylammonium acetate (TEAA) acts as
an ion-pairing reagent, binding to the hyrophobic DNA, thus endowing it with hydrophilic
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characteristics and enabling it to bind to divinylbenzene beads on a column. There is a
proportional relationship between the association of TEAA and the binding of DNA to the
column.

Dissociation of TEAA-bound DNA from the column is accomplished by an

elution gradient comprising O.IM TEAA and 25% acetonitrile. The proportions of reagents
are changed over time allowing elution of the DNA. Smaller DNA fragments, having less
TEAA bound, are eluted before the larger fragments.

All DNA fragments eluted are

detected using a UV detector and visualised as a graph. A fragment containing a single
nucleotide change will show a pattern of elution that differs from the control pattern and
should be sequenced to confirm the presence of a mutation.

1.192 Single Strand Conformation Polymorphism (SSCP)
In the SSCP, method amplified DNA samples are denatured and loaded on a non
denaturing polyacrylamide gel. Primers can be end-radiolabelled or the product randomly
radiolabelled (section 2.3.13) for detection by autoradiography. Since single stranded DNA
has a tendency to fold up and form complex structures, the electrophoretic mobility of such
structures on non-denaturing gels depends not only upon the fragment length but also upon
its conformation as dictated by the DNA sequence. When run alongside control samples,
any amplified products from affected individuals which differ from the wild-type pattern
can be noticed. Whilst SSCP is a fairly simple method of mutation detection, it does not
reveal the nature or position of any mutation detected.

Any samples demonstrating

divergence from the wild-type SSCP pattern must subsequently be sequenced to establish
the nucleotide alteration present.
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1,19,3 Direct DNA Sequencing
With recent advances in DNA sequencing technology it is now possible to sequence
each PCR product representing a fragment of coding sequence of the gene of interest using
standard protocols (section 2.3.10). The same primers as originally used to amplify the
gene fragment can be utilised in sequencing reactions.

In the sequencing reaction the

original PCR product acts as the DNA template for another PCR reaction. In contemporary
methods based on the method described by Sanger in 1977, fluorescently labelled
dideoxynucleotides (ddNTP: lacking 3 -hydroxyl group) with a different fluorescent dye
linked to each base type, are included in the reaction alongside ordinary deoxynucleotides
(dNTP). Incorporation of a ddNTP into the extending DNA strand causes the chain to be
terminated since the absence of a 3 -OH residue prevents phosphodiester bond formation
with the succeeding dNTP. The products of the reaction are a series of oligonucleotide
chains whose lengths are determined by the distance between the terminus of the primer
used to initiate DNA synthesis and the sites of premature termination.

Under

electrophoresis these fragments can be size separated and the sequence of DNA determined
by the ladder of fluorescent signals detected.

1,20

The Human Genome Project
The Human Genome Project (HOP) was initiated in the mid-1980s and is an

international collaboration to map genetically and physically and to sequence the entire
human genome. At its inception, the five-year goals of the HOP were:
•

to develop a 2-5cM resolution human genetic map comprised of polymorphic
sequence tagged sites (STSs);

•

to assemble a whole genome physical map comprising STSs evenly spaced at
I(X)kb intervals and overlapping sets of cloned DNA with 2Mb continuity for
much of the genome;
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•

to improve DNA sequencing technology and simultaneously sequence 10Mb
human DNA;

•

to conduct parallel mapping and sequencing on selected model organisms to
assess new technologies and provide comparative information to complement
the human genome studies;

•

to develop software and databases to support large-scale mapping and
sequencing projects and finally to research ethical, legal and social implications
of the project.

Major achievements of the HGP include the first generation physical map in 1995, a
comprehensive genetic map in 1996, completion of the sequencing of human chromosome
22 in 1999 and publication in February 2001 of the first draft nucleotide sequence covering
90% of the human genome (Lander et al., 2001; Venter et al., 2001). The HGP estimates
that there are approximately 31,000 genes. This is in stark contrast to initial estimates of
human gene number which ranged from 50,000 to 100,000. The project now expects to be
able to make available an accurate and complete human genome sequence by 2003 and is
extending its work to include studies aimed at understanding how the human genome
functions in the role of generating gene products.

This will be facilitated by the

contributions of smaller projects of individual research groups around the world and will
further the quest to understand the human genome and the role it plays in both health and
disease. In an article published after the draft human genome sequence in 2001, Francis
Collins, director of the US National Center for Human Genome Research, wrote:
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“Critical understanding of gene expression, the connection between
sequence variations and phenotype, large-scale protein-protein interactions,
and a host of other global analyses of human biology can now get seriously
underw ay...as a physician, the true payoff from the HGP will be the ability
to better diagnose, treat and prevent disease, and most of these benefits to
humanity still lie ahead.”
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General Aims of the Project
The general aim of this research are to investigate the molecular genetics of human
cone, cone-rod dystrophies and macular dystrophies. This includes:

•

a study of the molecular basis of X-linked human colour vision anomalies
involving analysis of the molecular genetic basis of blue cone monochromacy
and of a protan colour vision defect associated with progressive cone
degeneration;

•

identification of the gene involved at the C 0R D 7 locus;

•

molecular genetic analysis of a panel of rod monochromats;

•

and linkage analysis and subsequent candidate gene identification in three
families with dominant macular dystrophy.
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2.1

Materials

2.1.1

Reagents
The majority of reagents used were supplied by Sigma (UK), BDH (Poole, Dorset),

GibcoBRL and Pharmacia. Reagents for bacteriological media were from Oxoid.

2.1.2

Enzymes
All restriction endonucleases were supplied along with their appropriate buffers by

either Promega or Pharmacia. The Klenow fragment of E.coli Polymerase I was provided
by Amersham Pharmacia Biotech. BioTaq Taq Polymerase was from Bioline.

2.1.3

Radioisotopes
[a-"^P] dCTP (lOmCi/mmol, 370MBq/ml) and [y-^^P] dATP (lOmCi/mmol,

370MBq/ml) radioisotopes were supplied by Amersham Pharmacia Biotech.

2.1.4 Electrophoresis and Blotting Materials
Agarose and low melting temperature (LMT) agarose were from BioRad. HybondN nylon membranes were supplied by Amersham and 3MM filter paper was from
Whatman Ltd. The Ikb ladder used as a size marker was from GibcoBRL and ethidium
bromide was supplied by Fluka BioChemika.

2.1.5 Photography and Autoradiography
Photographic images were recorded using two mechanisms. l)Photographs were
taken using a UVP transilluminator and a Polaroid M P +4 camera with a Wratten gelatin
filter. PLUS-X pan Polaroid film was supplied by Kodak and X-ray film was from Fuji
(RX FujiFilm).

Both types of film were developed using a Fuji automated X-ray film
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processor (FujiRGII) with appropriate reagents from Fuji Corporation Ltd.

2) Digital

photographs were taken using a Syngene, Gene Genius Bio Imaging System with a UVP
transilluminator (Synoptics Ltd.).

2.1.6

Oligonucleotides
Commercial oligonucleotides for standard PCR were supplied by Sigma, UK.

Fluorescent-labelled oligonucleotides for automated genotyping were from Applied
Biosystems.

2.1.7 PCR Reagents
lOX NH 4 reaction buffer lOmM dNTPs and 50mM MgClj were supplied Promega.

2.1.8 DNA Sequencing Materials
The ABI sequencing gel for sequence analysis using an ABI 373a automated DNA
sequencer was made up of 40ml SequaGel™ ready-to-use

6

% sequencing gel solution

(National Diagnostics), 60ml SequaGel™ complete buffer reagent (National Diagnostics)
and 0.04g anunonium persulphate (Sigma). Sequence analysis using an ABI 3100 Genetic
Analyser was carried out using components supplied by Applied Biosystems: 50cm
capillary array, lOX buffer, 3100 Performance Optimized Polymer-6 ™ (POP - 6 ™) sieving
medium and Hi-Di™ Formamide.

2.1.9

Genotyping Materials
All reagents used for genotyping at the HGMP Geneservices unit (section 2.3.17)

were provded by Applied Biosystems.

Gel reagents for radioisotope microsatellite

genotyping, Sequagel acrylamide concentrate and Sequagel diluent were from National
Diagnostics.
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2,1,10 Bacterial Strains
The JM109 and D H 5a bacterial strain competent cells for transformation reactions
were supplied by Promega and Gibco-BRL respectively.

2,2

Buffers, Solutions, Media and Kits

2.2.1

General Stock Reagents

0.5M EDTA (ethylenediaminetetraacetic acid, pH 8.0): adjust to pH 8.0 by addition of 5M
NaOH.
5M N aO H (sodium hydroxide): prepared with dHgO.
10% SDS (sodium dodecyl sulphate): prepared with dHgO.
20X SSC (standard saline citrate): 3M NaCl, 0.3M sodium citrate.

2.2.2 Preparation of Human Genomic DNA
The majority of solutions required for preparation of human genomic DNA were
provided as part of a kit supplied by NucleonBiosciences and were ready for use.
R eagent A: lOmM Tris-HCl; 320mM sucrose; SmMMgClz: 1% Triton X-100; adjusted to
pH 8.0 by addition of 40% NaOH and autoclaved before use.

2.2.3 Preparation of Plasmid DNA
LB B roth: 1% (w/v) Bacto-tryptone, 0.5% (w/v) yeast extract, 1% (w/v) NaCl, autoclave
before use.
LB Agar: LB broth containing 1.5% (w/v) bacteriological agar, autoclave before use.
Ampiciilin (50mg/ml stock): Amplicillin (Sigma) dissolved in dHgO, filter sterilized and
used at a final concentration of 50pg/ml (ie. Ipl per 1ml media).
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X -G AL (25mg/ml stock): X-GAL (Sigma) dissolved in dimethyl formamide and used at a
final concentration of 2 0 ptg/ml.
IP T G (25mg/ml stock): IPTG (Sigma) dissolved in dHjO, filter sterilized and used at a
final concentration of 25iig/ml.
SO C M edia : 2% (w/v) Bacto-tryptone, 0.5% (w/v) yeast extract, 0.2% (w/v) NaCl, 2.5mM
KCl, 20mM glucose and, after autoclaving, Im M sterile MgCl^

2.2Â

Gel Electrophoresis

50X TA E Electrophoresis buffer (per litre): 24.2% (w/v) Tris base, 57.1ml glacial acetic
acid, 0.05M EDTA (pH8.0).
lOX T B E Electrophoresis buffer: IM Tris base, 0.83M boric acid, lOmM EDTA (supplied
by National Diagnostics).
ABI 373a sam ple loading dye: 25mM EDTA (pH8.0), deionised formamide and dextran
blue (50mg/ml) in a ratio of 5:1 formamide to EDTA.
Ficoll loading dyes (lOX): 25% (w/v) Ficoll, 0.25M EDTA, 0.25% (w/v) Orange G or
Bromophenol blue in IXTAE.
Form am ide loading buffer (lOX): 95ml formamide, 50mg Bromophenol blue, 50mg
xylene cyanol and 4ml 0.5M EDTA.

2.2.5

Northern Blot Screening and cDNA Library Plating and Screening Materials
Denaturing Solution:

0.5M NaOH , 1.5M NaCl.

Neutralising Solution:

3M NaCl, 0.5M Tris Base, 0.37g/L EDTA (pH 7.2)

NZY broth (per litre):

21 g NZY (GibcoBRL), 2x NaOH pellets (BDH)

NZY agar (per litre):

21 g N ZX (gibcoBRL), 2x NaOH pellets (BDH), 15g
bacteriological agar

NZY top agarose:

NZY broth plus 0.7% (w/v) bacteriological agar.
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lOOmM NaCl, lOmM MgSO^VH^O,

SM:

50mM Tris-HCl (pH 7.5), 0.01% {w/v) gelatin.
Pre/Hybridisation Buffer:
For Northern blots

ExpressHyb (Clontech)

For cDNA library

50mM phosphate buffer (pH 6 .8 )
4xSS C
5x Denhardt’s solution
75pg/ml salmon sperm
0.3% SDS
0.15% sodium pyrophosphate

lOOx Denhardt’s Solution: 2% (w/v) BSA, 2% (w/v) Ficoll 400,
2%

(w/v) polyvinylpyrrolidone.

Wash solution 1:

2XSSC, 0.05%SDS

Wash solution 2:

O.IXSSC, 0.1%SDS

2,2,6 Kits Utilised
•

Nucleon® DNA Extraction Kit - Nucleon®Biosciences, Scotlab, Manchester

•

QIAprep Miniprep Spin Kit - QIAGEN, UK

•

Wizard™ Minicolumn Kit - Promega

•

Oligolabelling Kit - Amersham Pharmacia Biotech

•

ProbeQuant™ G-50 Microcolumn Kit - Amersham Pharmacia Biotech

•

ABI PRISM™ Big Dye™ Terminator Cycle Sequencing Kit with AmpliTaq®
DNA Polymerase, FS - v.3.0 and v.4.0 (Applied Biosystems)
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2,3

Methods

2.3.1

Human Genomic DNA Extraction From Whole Blood
The Nucleon® DNA Extraction Kit (Nucleon®Biosciences) was used for extraction

of DNA from human whole blood samples.

According to the protocol, human blood

samples (approximately lOmls) were allowed to thaw at room temperature. The whole
sample was transferred into a 50ml Falcon tube and prepared for DNA extraction by
addition of 40ml of Reagent A.

The tube was briefly mixed by inversion before

centrifugation for 10 minutes at 2000xg. The supernatant was removed and the cell pellet
resuspended in 2ml Reagent B (as supplied) which mediates cell lysis. Deproteinisation of
the sample was achieved by addition of 500//1 of sodium perchlorate (5M; as supplied),
followed by mixing by invertion for 1 minute. 2ml of chloroform and 300//1 Nucleon Silica
suspension (as supplied) were added to extract the DNA from the sample and again
inverted to mix. Following a further 10 minute centrifugation at 2000xg the upper phase
containing DNA was carefully aspirated to a fresh 50ml Falcon tube to which two volumes
of ethanol were added for DNA precipitation. DNA was precipitated by gentle inversion of
the tubes, and removed using a surgical needle.
redissolved in 250/d of sterile distilled water.

The genomic DNA (gDNA) was
Integrity of DNA and yields were

determined by gel electrophoresis (section 2.3.5.1) and spectrophotometiy (section 2.3.4).

2.32

Phenol!Chloroform DNA Extraction
The addition of phenol to an aqueous solution of nucleic acids helps to remove any

contaminating proteins.

This purification process is improved by the addition of

chloroform/isoamyl alcohol (lAA, 24:1) which denatures proteins and enhances the
separation of the organic and inorganic phases. Extractions were performed by the addition
of an equal volume of phenol or chloroform/IAA and vigorous mixing followed by
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centrifugation to separate the phases. Phenol/chloroform extractions were performed in the
same manner but with the addition of 0.5 volumes of phenol followed by 0.5 volumes of
chloroform/IAA.

2,3.3

Plasmid DNA Miniprep
For the isolation of DNA from overnight bacteriological cell culture, a QIAprep®

Miniprep Spin Kit (QIAGEN®) was used as per the manufacturer’s instructions.

This

involved a series of steps resulting in alkaline lysis of bacterial cells followed by adsorption
of DNA onto silica in the presence of high salt and then washing and elution of plasmid
DNA in a low-salt buffer. The optimized buffers used in the procedure combined with the
silica-gel membrane ensure that only DNA is adsorbed while RNA, cellular proteins and
metabolites are not retained on the membrane.

23,4

Spectrophotometry
To determine the integrity and yield of DNA samples were diluted by a factor of

100 with dHjO and the absorption measured at 260nm and 280nm using a UV500 visible
spectrophotometer (Unicam). Purity of DNA was determined by the ratio of absorbance at
260nm to that at 280nm. High quality, pure DNA has a 260nm:280nm ratio of ^1.8. The
following equation was applied to determine yield:

DNA concentration pg/ml = AbSzeonm ^ dilution factor x 50 (for DNA) or 40 (for RNA)

-95-

Materials and Methods

2,3.5

Size Fractionation of DNA by Gel Electrophoresis
2.3.5.1 Agarose gel electrophoresis
DNA preparations, DNA fragments resulting from restriction enzyme digestion,

cloned DNA and PCR products were size separated by agarose gel electrophoresis.

In

order to optimize the resolution, the percentage (w/v) agarose used was varied according to
the size of the DNA fragments to be separated. In general, the larger the expected fragment
size of DNA the lower the gel percentage of agarose used.

Agarose (ordinary agarose or

low melting temperature (LMT) agarose; BioRad) was dissolved in 1 X TAE buffer by
heating in a microwave oven.

Once the agarose solution had cooled to below 60°C,

ethidium bromide (Fluka BioChemika) was added to a final concentration of 5/ig/ml and
the solution was poured into a sealed gel casting tray. Before loading into the agarose gel,
1/10 volume of lOX Orange G loading dye was added to each sample. A commercial
(GibcoBRL) Ikb DNA ladder marker was loaded alongside samples as a molecular size
standard. Unless otherwise stated, agarose gels were run in IX TAE electrophoresis buffer
(section 2.2.4).

During electrophoresis, the ethidium bromide in the gel becomes

intercalated with the DNA thus allowing the DNA fragments to be visualised on a UV
transilluminator (302nm) and photographed (section 2.1.5).

2.3.5.2 Polyacrylamide gel electrophoresis
Apparatus used for running microsatellite gels was purchased from BioRad. The
back plate (holding the buffer reservoir) was silanised before assembly (Sigmacote, Sigma)
to ease plate separation on completion of electrophoresis. Acrylamide concentrate in 8.3M
urea solution (Sequagel, National Diagnostics) was mixed with diluent (8.3M urea;
Sequagel, National Diagnostics) and buffer (lOXTBE in 8.3M urea) to give a

6

% gel

solution in 8.3M urea and IXTBE (gel base; total volume 150ml for a 40X60 cm gel rig).
500pl of 25% (w/v) ammonium persulphate and 56p,l TEMED (Sigma) were added to the
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gel base and quickly mixed before pouring the gel slowly and steadily to avoid air bubbles
becoming trapped.

DNA samples (microsatellite PCR products) were heat denatured at

95°C for 5 minutes and ice-chilled before loading 2-3pi onto a prewarmed (50-55°C) 6 %
denaturing

polyacrylamide

gel, first flushing

out excess

urea from

the

wells.

Electrophoresis was carried out in IXTBE at a constant power of lOOW for an appropriate
length of time; 2-5hours depending on the size of the allele system. After electrophoresis
gels were fixed in a

10%

methanol/ 1 0 % acetic acid solution for

10

minutes, covered in

cling film and vacuum dried on 3MM Whatmann paper at 70°C for 1 hour and
autoradiographed overnight at RT using Fuji X-ray film.

2.3,6 Restriction Endonuclease Digestion of DNA
Restriction endonucleases are bacterial enzymes which cleave double stranded
DNA into discrete pieces, resolvable by gel electrophoresis.

They cleave at specific

recognition sequences within the DNA, the length of which (usually 4-8bp) determines the
frequency of cleavage and therefore the size of resulting DNA fragments.
In principle, 1 unit of restriction enzyme is required to digest Ip g of DNA in 1 hour.
Crude DNA preparations often require more enzyme and/or more time for complete
digestion. Genomic DNA and cloned DNA were digested with a number of restriction
endonucleases (Promega, Pharmacia). Briefly, lOX concentrated buffer (as supplied) was
used with 1-2 units of endonuclease to digest l//g of DNA and made up to volume dHgO.
The volume of enzyme used did not exceeded 1/10 of the total volume to avoid inhibition
of digestion by the enzyme storage buffer, glycerol.

Reactions were incubated at the

optimum temperature recommended by the manufacturer (usually 37°C) for 1-3 hours and
the products resolved by gel electrophoresis.
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2.3.7

The Polymerase Chain Reaction
23.7.1 Reaction principles
The polymerase chain reaction (PCR) allows the amplification of specific DNA

sequences using two oligonucleotide primers which are designed to hybridise to opposite
strands of the DNA and flank the target DNA region. The target DNA is denatured in the
presence of a large excess of the two primers and then returned to a temperature which will
allow the primers to anneal to the DNA. A heat-stable DNA polymerase (that isloated from
the thermophilic bacterium Thermus aquaticus and therefore called Taq polymerase) which
synthesises DNA in the 5' to 3' direction, and all four nucleoside triphosphates are included
in the reaction and the sample is incubated at a temperature optimal for elongation by the
enzyme. In the first cycle two copies of the target sequence with indeterminate 3' termini
are produced.

The three steps of denaturing, annealing and extension are repeated,

producing another four copies of the target sequence. Two of the new copies will have
indeterminate 3' termini but two will now have termini dictated by the 5’ terminus of the
other primer.

In subsequent cycles of reactions there will be further exponential

amplification of DNA flanked by each primer {n cycles of PCR amplify the target 2”-fold;
figure 2 . 1 ).

2.3.7.2 Standard PCR parameters
Standard PCR reactions were performed in a final volume of SOjA mixed in a 0.5ml
Eppendorf tube as follows:
1

X concentration NH 4 buffer

ImM MgClg
200pM each dNTP
10

pmols each of sense and antisense primers

200ng-lpg DNA
lU B'loTaq
X p\ dHgO
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The technique of “Hot Starting” (Chou et a i, 1992) was routinely used, that is, the enzyme
Taq polymerase (Bioline) was added to the PCR mix after the initial dénaturation and when
the temperature of the sample exceeded 80^C. At this stage any secondary structure in the
template or inappropriate primer annealing would have been denatured.
The DNA underwent an initial dénaturation stage at 95®C for 4 minutes. Standard
thermal cycling conditions were 35 cycles of:

Dénaturation: 95®C for 30 seconds
Annealing:
T^^C for 30 seconds
Extension:
72°C for 1 minute.

The cycling was followed by a final extension at 72°C for 4 minutes and cooling to 4°C.

Figure 2.1: Schematic diagram o f the polymerase chain reaction
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23,8

Primer Design and PCR Optimisation
When designing primer pairs for PCR amplification of known sequences, several

rules were followed as far as possible to ensure an optimal result: random base distribution
and similar GC content for both primers (preferably below 50% of the total); an anchoring
single or double C and/or G at either end (but not complementary); minimal secondary
structure (i.e. no self-complementarity); low complementarity to each other (to reduce the
incidence of ‘primer dimer’ formation); no greater than 4°C difference between the
values of both primers as far as possible given the above constraints; and a primer length of
at least 2 0 nucleotides to increase the sequence specificity.
The optimal annealing temperature for specific primer pairs was approximated by
first calculating the melting temperature (T^,) of each primer which is dependent on the
nucleotide sequence and was derived using the following formula:

4(G+C) + 2 (A + T )= T „

and then by assigning an annealing temperature 4-6°C lower than the value obtained.
Primer pairs were then tested by PCR of several samples of human genomic DNA,
including a ‘no DNA’ control, and electrophoresed on agarose gels (section 2.3.5.1) to
assess the adequacy of the PCR conditions for subsequent experiments. Additional bands
to the authentic PCR product suggested cross-hybridisation of the primers to sequences
within the genomic DNA that bear some degree of homology to the intended target
sequence. These extra products could usually be eradicated by increasing the annealing
temperature by 1-2°C) or by decreasing the magnesium concentration.
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2.3.9

E lution o f Target PC R Fragm ents fro m Gels
Following visualisation by electrophoresis PCR product bands of interest were

excised from the gel under long-wavelength UV light, with the aid of scalpel blades. For
purification of DNA, the agarose slices were placed in a Wizard™ Minicolumn (Promega)
which itself was placed in a 1.5ml Eppendorf tube and centrifuged at lOOOxg for 15
minutes. The resin within the column retains contaminants including primer dimers and
amplification primers which may interfer with subsequent analysis of the DNA. A 5pl
aliquot of the clean DNA collected in the base of the 1.5ml tube was then quantified by
agarose gel electrophoresis (section 2.3.5.1) and the remainder stored at -2QPC.

2.3.10 Autom ated D N A Sequencing
The ABI 373a automated DNA sequencer and ABI 3100 Genetic Analyser were
used routinely in this research. Sequencing reactions were carried out using ABI PRISM™
Big Dye™ Terminator Cycle Sequencing Kit with AmpliTaq® DNA Polymerase, FS
versions 3.0 and 4.0 (Applied Biosystems).
Essentially, the protocol used followed that provided by the manufacturer. 3-lOng
of purified template DNA was cycle sequenced using the Big Dye™ AmpliTaq® dideoxy
kit and the appropriate sequencing primer. The Big Dye™ reaction mix contains all of the
required reagents: dye terminators; deoxynucleoside triphosphates; AmpliTaq® DNA
Polymerase, FS; rTth pyrophosphatase; magnesium chloride and buffer. 4pl of Big Dye™
version 3.0 or 2pl of Big Dye™ version 4.0 reaction mix was used in a total reaction
volume of lOpl, the remainder of which is made up with 3-lOng template DNA, 1.6pM
sequencing primer made up to volume with dHjO. The combined reaction volume of lOpl
was then cycled on the Perkin Elmer 9600 PCR machine with the following cycling profile
for 25 cycles:
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Max. Ramp
96°C

10 seconds

Max. Ramp
50°C

5 seconds

Max. Ramp
60°C

4 minutes

The cycle sequenced samples then underwent ethanol precipitation involving
addition of 60% ethanol, pelletting of precipitate by centrifugation, washing of pellet in
70% ethanol and finally air drying to remove remaining ethanol. For analysis on an ABI
373a automated sequencer, the resultant pellet was resuspended in 3p,l ABI loading dye and
heated to 95®C for 3 minutes to separate the strands of DNA prior to loading I.5pl of this
product into the ABI gel. Samples for analysis on an ABI 3100 automated sequencer were
resuspended in lOpI formamide (Applied Biosystems), I-5pl of which was added to a
microtitre plate for loading in a total volume of lOpI (made up to volume with additional
formamide).

2,3.11 Operation of Automated Sequencer
The ABI 373a DNA sequencer was set up and run in accordance with the supplier’s
instructions.

Samples for analysis were loaded directly into the sequencing gel and

sequencing runs involved electrophoresis (of up to 64 samples) in TBE buffer for 10 to 13
hours, generally overnight. During this time DNA fragments migrate through the gel at a
rate dependent upon the fragment size. Eventually fragments pass through a laser beam
which cause the dye attached to each fragment to fluoresce. The fluorescence is captured
by a charged-coupled device (CCD) camera and converted into electronic information that
can be interpreted by the appropriate software.
Sequenced samples to be analysed by the ABI 3100 Genetic Analyser were loaded
into 96-well microtitre plates, two of which could be run on the sequencer at a time, and
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run as per the manufacturer’s instructions. This more automated process involves samples
being electrophoretically injected into fused-silica capillaries that are filled with polymer.
DNA fragments migrate towards the other end of the capillaries, with the shorter fragments
moving faster than the longer fragments.

Fragments enter a detection cell and move

through a laser beam in turn. As with the older ABI 373 system, the laser light causes
excitation of the fluorescent dye on the fragments which is captured by a CCD camera and
converted into electronic information.

This information is transferred to the computer

workstation for processing by the 3100 Data Collection software.
For the user the important differences between the gel and capillary electrophoresis
systems used in these instruments are the structure of the fragment sieving component
(polyacrylamide gel or free flowing POP-6 ™), the method of sample loading and overall
speed and throughput of sample analysis. In both cases a computer linked to the sequencer
held software for final analysis of the data {Sequence A n a lysis^) which presented the data
in two formats: a text file and a sequence analysis file. The latter type of file incorporates
the electropherogram data, and constitutes the original sequence data.

2.3,12 Cloning of PCR Product Fragments into Plasmid Vectors
The plasmid vector used for cloning of PCR products was pGEM®-T Easy
(Promega) which is a pUC-derived vector and contains dT overhangs at the cloning site in
order to generate a sticky end.

The sticky end is compatible with the terminal dA

overhangs produced on any PCR product due to the template-independent action of certain
Taq polymerases. This vector contains T7 and SP 6 RNA polymerase promoters flanking a
multiple cloning site (MCS) with the a-peptide coding region of the enzyme Pgalactosidase. Insertional inactivation of the a-peptide allows recombinant clones to be
directly identified by colour screening on indicator plates (LB agar plus X-gal, IPTG and
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ampicillin).

pGEM®-T Easy also contains a gene for ampicillin resistance for vector-

positive clone selection and the lacZ promoter.

23.12 J Ligations
50ng of vector was ligated to an appropriate amount of purified PCR product in the
pGEM®-T Easy buffer provided (Promega) such that the ratio of molar ends of vector to
PCR product was 1:1 to 1:3 (see Innis, 1990).

Ligations were incubated at room

temperature for 1 hour. Reactions were stored at -20°C following withdrawal of an aliquot
for transformation of competent E.coU (section 2.3.12.2). Appropriate controls were also
set up as per the manufacturer’s instructions.

2.3.12.2 Transformations
JM109 competent cells (Promega) were used and transformed according to the
manufacturer’s recommendations.

Briefly, 2pl of the ligation reaction was mixed with

50pl of competent cells and incubated on ice for 30 minutes. The reactions were heat
shocked at 42°C for 50 seconds and then replaced on ice for 2 minutes. 300pl of SOC
medium was added to the reaction, which was then incubated, with agitation at 37®C for 90
minutes to allow expression of the plasmid.

ISOpl aliquots of transformation reactions

were plated onto LB-plus-amplicillin agar plates with colour selection.

2.3.13 Radioisotopic Labelling of DNA Probes
An Oligolabelling Kit (Amersham Pharmacia Biotech) was used to label DNA
probes for Northern blot and cDNA library filters. The method was based on the “random
priming” procedure developed by Feinberg and Vogelstein (1983, 1984) in which random
hexadeoxyribonucleotides anneal non-specifically to denatured DNA template strands and
serve as primers for DNA synthesis by the action of the Klenow Fragment of E.coli DNA
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Polymerase I. By incorporation of [a-^^P] dCTP in the synthesis reaction a high specific
activity DNA probe is generated. Briefly, 25-50ng of DNA template was denatured by
heating to 95®C for 5 minutes. To this template, lOpl reagent mix, Ip l Klenow (5U/pl), 4050pCi [a-^^P] dCTP (Amersham Pharmacia Biotech) and dHzO to a final volume of 50pl
was added. The labelling mix was incubated at y f C for 1-2 hours. After incubation the
labelling mix was applied to a ProbeQuant™ G-50 Micro Column (Amersham Pharmacia
Biotech) to remove unincorporated labelled nucleotides.

2.3 J 4 Probe DNA Hybridisation and Washing Hybridised Filters
23.14.1 Northern Blots
The Northern blot was prehybridised in a hybridisation cylinder with hybridisation
buffer for 30min at

6 8 ®C.

Radiolabelled probe DNA was denatured at 95®C for 5min and

then placed on ice. The probe was then added to 5ml of fresh ExpressHyb (Clontech) and
mixed. The prehybridisation solution was replaced with the hybridisation buffer containing
radiolabelled probe and incubated at 6 8 °C for I hour. Following hybridisation, the blot was
rinsed and washed in Northern wash solution 1 (section 2.2.5) at room temperature for 3040min with several changes of wash solution. After monitoring with a Geiger counter to
assess the need for further washes, the blot was washed in the more stringent (lower SSC
and higher SDS concentrations) Northern wash solution 2 for 40min at 50°C. The blot was
then removed from the hybridisation cylinder with forceps, covered in plastic film and
exposed to X-Ray film (section 2.3.15).

2.3.14.2 cDNA Library
cDNA library filters were prehybridised in a tray of hybridisation solution overnight
at 65°C. Radiolabelled DNA probe was denatured at 95®C for 5min and then placed on ice.
The prehybridisation solution was substituted for fresh hybridisation solution containing
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the DNA probe and the filters were incubated in this solution overnight at 65°C. Following
hybridisation, filters were washed at a low stringency initially (3xSSC, 0.1%SDS) and,
after monitoring of the filters with a Geiger counter, were subsequently washed at a higher
stringency (IxSSC , 0.1%SDS or O.lxSSC, 0.1%SDS) depending on the count indicated.
Filters were then covered in plastic film and exposed to X-Ray film (section 2.3.15).

2.3,143 Blot!Filter Stripping Protocol
Northern blot and cDNA library filters were stripped of hybridised probe by
incubating for lOmin in 0.5% SDS at 90-100®C.

2.3.15 Autoradiography
Hybridised

membranes

sealed

in

clear

plastic film

were

placed

in

an

autoradiography cassette with a signal intensifying screen and were subject to
autoradiography using material described in section 2.1.5. Depending on the result upon
development of the film, the membranes were re-exposed for longer or shorter periods of
time.

2.3.16 Retinal cDNA Library
2.3.16.1 Plating and Blotting
C600 plating cells (Clontech) were prepared by inoculating 10ml of NZY broth
containing 0.2% maltose and lOmM MgSO^ with a single colony of the host strain and
incubated overnight at 37°C. The cells were pelleted by centrifugation at 3000rpm for 5min
and resuspended in 0.5 volumes of lOmM MgSO^.

Serial dilution of the XgtlO retinal

cDNA library (Clontech, UK) were made in SM, these were mixed with 5(X)pl of the
prepared plating cells and allowed to adsorb for 30min at 37°C. 10ml aliquots of NZY top
agarose were prepared and kept at 50°C. The top agarose was mixed quickly with the
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cells/phage and poured onto a NZY agar plate. The top agarose was allowed to harden
before the plates were incubated overnight at 37°C. The number of plaques formed was
counted and the titre of the library calculated. Each plating consisted of 20 plates each with
20,000-25,000 phage. The plates were incubated overnight at 37°C and then placed at 4°C
for 30-60 min to ensure that the top agarose did not lift off. Duplicate replica filters were
made from each of the master plates by placing a Hybond-N filter on the plate for three
minutes, during which time orientation marks were made with a needle. The DNA was
released by the method described by Benton and David (1977). The filter was carefully
peeled from the plate and placed DNA side up into a tray containing 3MM filter paper
soaked in denaturing solution.

After 5min the filter was placed on 3MM soaked in

neutralising solution and after a further 5min placed into a second tray of neutralising
solution for 3min. The filter was rinsed in 3XSSC and allowed to air-dry. The whole
process was then repeated for the second duplicate filter but this was left on the master
plate for 5min before being denatured. The same orientation marks were used. The filters
were baked for 2 hours at 80°C to bind the DNA. Filters were prehybridised and hybridised
(section 2.3.14) with the radiolabelled DNA probe (section 2.3.13) and subject to
autoradiography (section 2.3.15).

2.3.16.2 Identification and Purification of Positive Bacteriophage
Following autoradiography the position of the orientation marks was transferred
from the filters to the X-Ray film. The duplicate autoradiographs could then be overlaid
and compared. Duplicating hybridisation signals were then determined. The master plate
corresponding to any positive signal was placed on the autoradiograph on a light box. The
area around the positive signal was removed as a plug of agar with a plastic Pasteur pipette.
The plug was placed into 1ml of SM and the phage allowed to elute for 2-3 hours at room
temperature or overnight at 4®C. Several dilutions of this phage stock were made in SM,
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100(11 of 1:1000 dilution was plated for secondary screening. The dilution was plated as
described in section 2.3.16.1 and screening performed until a single plaque could be picked.
DNA was prepared as described below.

2 3,163 Preparation of Positive Bacteriophage kDNA and Subcloning
Isolated plaques were plugged with a Pasteur pipette into 1ml of SM and allowed to
elute for at least 2 hours. 50pl of this phage were added to SOOpl of host cells and incubated
for 30 min at 37®C. The preadsorbed phage were then added to 37ml of NZY broth in a
250ml flask and incubated overnight at 37®C with gentle shaking. The mixture was then
transferred to a centrifuge tube and lOOpl chloroform and 370pl of a nuclease solution were
added. (Nuclease solution: 50mg DNase I, 50mg RNase A in 10ml 50% glycerol, 30mM
Na acetate pH6.8). This mixture was incubated at 37®C for 30 min. 2.1 g NaCl was then
added and dissolved gently. After spinning for 20min at 7000rpm at 4®C the supernatant
was transferred to clean tubes containing 3.7g polyethylene glycol (PEG) 6000-8000. The
PEG was dissolved and the tubes incubated on ice for 60 min. They were then spun at
7000rpm for 20 min at 4®C.

The supernatant was poured off and the phage pellet

resuspended in 5(X)p-l SM, this was allowed to mix for 30 min. One chloroform extraction
was then performed (section 2.3.2).

The aqueous phase was transferred into clean

Eppendorf tubes and 20pl 0.5 M EDTA, lOpl 10% SDS and lOpl proteinase K (2.5mg/ml)
were added.

The tubes were incubated at 65®C for 30 min.

One phenol and one

chloroform extraction were carried out (section 2.3.2). 6M ammonium acetate, 170pl, was
added to the aqueous phase and 700pl isopropanol was added to precipitate the DNA. The
phage DNA was then hooked out on a glass rod, washed in 70% ethanol and allowed to air
dry briefly before being resuspended in 5(X)pl TE.
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The DNA insert was excised from the phage vector by digestion with E co R l. The
required product from this reaction was excised after resolution on a LMT agarose gel and
used in ligation reactions with the pBS SK+ plasmid vector (Stratagene). 30-90ng of insert,
with 50ng of vector were used with lOX ligation buffer and lU T4 DNA ligase in a final
volume of 20pl. Reactions were incubated overnight at 15°C. 5pl of ligation reaction
mixture was mixed with 50pl competent cells (D H 5a, Gibco-BRL) and incubated on ice
for 30min. Reactions were heat-shocked for 90sec at 42°C, placed back on ice for 2min
and diluted with 950pl of LB broth.

After incubation for 60min at 37°C to allow

expression of the plasmid, 200pl of this mixture was plated onto LB-agar plates containing
50pg/ml ampicillin. The plates were incubated at 37°C overnight and then DNA from
positive clones were prepared using a kit (section 2.3.3).

23.17 Radioisotope Microsatellite Genotyping
[y-^^P] dATP was used to label the 5’ end of a primer (usually forward) which was
subsequently used for microsatellite PCR amplification.

In this way the radiolabelled

nucleotide was incorporated into the PCR product and after resolution of products by
denaturing polyaciylamide gel electrophoresis, enabled visualisation by autoradiography.
The primer end-labelling reaction contained 50 pmoles of forward primer, Ipl T4
polynucleotide kinase (PNK, lOU/pl: Applied Biosystems), Ipl T4 PNK buffer (Applied
Biosystems) and 2pl [y-^^P] dATP (lOpCi/pl) made up to a lOp.1 final volume with dHgO
and incubated at 37°C for 30 minutes. 0.4pl of the primer labelling reaction (containing
2pmoles of forward primer) was then used in individual lOpl PCR reactions with 2pmols
reverse primer IX NH4 buffer, ImM MgClz, SOpM each dNTP, 0.5 units of BioTh^
polymerase and 100-500ng DNA (made up to volume with dHjO). The reaction mix
underwent standard thermal cycling conditions (section 2.3.7.2) after which lOpl of
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formamide loading buffer (section 2.2.4) was added prior to denaturing polyacrylamide gel
electrophoresis (section 2.3.5.2).

2.3.18 Total Genome Scan of Microsatellites at MRC Geneservice
Total genome scans were undertaken using the facilities at the Medical Research
Council’s Geneservices unit of the Human Genome Mapping Project Resource Centre
(HGMP-RC).

This unit offers a number of services, including single nucleotide

polymorphism (SNP) typing and microsatellite genotyping, to aid researchers in genetic
analysis. The research may be completed by staff at Geneservices or, where permitted, the
facilities available may be used by the client themselves to carry out the work.

More

information is available through the HGMP website (www.hgmp.mrc.ac.uk).
Genotyping was carried out utilizing markers from version 2.0 of the ABI MD-10
and HD-5 Linkage Mapping Sets (Applied Biosystems).

These sets allow ~10cM and

~5cM resolution of the human genome respectively and consist of fluorescently labelled
PCR primer pairs for 800 highly polymorphic dinucleotide-repeat microsatellite markers
chosen from the Genethon human linkage map (Weissenbach et al., 1992; Gyapay et al.,
1994; Dib é t a l , 1996).
PCR reactions were carried out for each marker individually in a 5pl reaction
volume, containing 25ng DNA, 15mM Tris-HCl (pH 8.0), 50mM KCl, 2.5mM MgCl2,
250fiM each dNTP, 1.25 pmol each primer and 0.25U AmpliTaq Gold (Applied
Biosystems).

Reactions were performed on a Perkin Elmer 9600 thermocycler with a

standard thermocycling profile for all markers. This consisted of an initial dénaturation of
12 minutes immediately followed by 10 cycles of 95°C for 15 seconds, 55°C for 15 seconds
and 72°C for 30 seconds and then by 20 cycles of 89^C for 15 seconds, 55°C for 15 seconds
and 72°C for 30 seconds with a single final extension step of 72®C for 10 minutes.
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PCR products for selected sets of markers were pooled, diluted and denatured in
formamide and size-fractionated using an ABI 3100 Genetic Analyser. PCR products were
automatically sized by the 3100 Data Collection Software version 1.0.1 program using
ROX-500 (Applied Biosystems) as the size standard and scored using the GeneMapper
version 2.0 program. Data were checked for genotyping errors using PedCheck (O’Connell
and Weeks, 1998).

23.19 Linkage Analysis
Subjects were classified as affected, unaffected or of unknown status according to
their clinical status. Linkage analysis was carried out using standard lod score methods. .
Two point lod scores were calculated using the MLINK program of the LINKAGE (version
5.1) package (Cottingham et al., 1993; Schaffer, 1996) via the HGMP Gentic Linkage User
Environment (GLUE; www.hgmp.co.ukL
A fully penetrant dominant model with a disease allele frequency of 0.0001 was
assumed.

Marker allele frequencies were assumed to occur at equal frequencies since

population allele frequencies were not available.

2.3.20 In silica Genetic Analysis
Raw data containing DNA sequence were generated by the ABI PRISM™ Sequence
Analysis software for Apple Macintosh computers.
GeneWorks™ (version 2.5.1) was used to collate, store and align sequences of
different clones/PCR products to highlight mismatches or nucleotide deletions/insertions
and to assemble sequence contigs. In addition, searches for restriction sites were performed
using this program.

-Ill-

Materials and Methods

URLs used for bioinformatic analysis throughout this research are as follows:
Human Genome Mapping Project (HGMP): http://www.hgmp.mrc.ac.uk
The National Centre for Biotechnology Information (NCBI), http://www.ncbi.nlm.nih.gov;
GeneMap99, http://www.ncbi.nlm.nih. gov/genemap99:
Uni gene, http://www.ncbi.nlm.nih.gov/unigene/:
BLAST, http://www.ncbi.nlm.nih.gov/BLAST ;
Ensembl, http://www.ensembl.org/
Sanger Institute, http://www.sanger.ac.uk/:
UCSC Human Genome Browser, http://genome.ucsc.edu/index.html
Human Genome Database (GDB), http://www.gdb.org
RetNet, http://www.sph.uth.tmc.edu/Retnet/home.htm
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Chapter 3

- Blue Cone Monochromacy -
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3.1 Introduction
3.1.1 The X-linked Opsin Genes and Blue Cone Monochromacy
Normal human colour vision is trichromatic and is mediated by the S, L and M-visual
pigments present in the corresponding populations of S, L and M cone photoreceptor cells
of the retina (section 1.5).

Blue cone monochromacy is a rare X-linked condition

characterised by an absence of both L- and M-cone function (Pokomy et at., 1979; section
1.13.3). The wild-type arrangement of the L- and M-opsin genes consists of a head-to-tail
tandem array of two or more repeat units of 39kb on chromosome Xq28 that are 98%
identical at the DNA level (Nathans et aL, 1986a; Vollrath et al., 1988; section 1.9, figure
1.9). The highly homologous L and M-opsin genes each have six exons (figure 3.1) and are
predisposed to unequal inter- and intragenic homologous recombination (section 1.9, Figure
1.11). Transcriptional regulation of the L and M visual pigment genes is controlled by a 5'
locus control region (LCR) (Nathans et at., 1989; section 1.10).
Combined results of previous studies (Nathans et al., 1989; Nathans et al., 1993;
Reyniers et al., 1995; Jorgensen et al., 1996) provide evidence for the general conclusion,
first put forward by Nathans et al. (1989), that there are different mutational pathways to
blue cone monochromacy (section 1.13.3).

These data suggest that 40% of blue cone

monochromat genotypes are a result of a one-step mutational pathway that leads to deletion
of the LCR. Similar alterations of the LCR of the p-globin gene array have been shown to
inactivate the locus (Forrester et al., 1990). The remaining 60% of blue cone monochromat
genotypes comprise a heterogeneous group of multi-step pathways. The evidence thus far,
however, shows that many of these multi-step pathways produce visual pigment genes that
carry the inactivating Cys203Arg mutation. The cysteine residue at position 203 of the
L/M-opsin protein is highly conserved among all visual pigments and several other seventransmembrane-spanning receptors (Applebury and Hargrave, 1986; Kamik et a i, 1988;
Karaik and Khorana, 1990). This cysteine residue is located in the second extracellular
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loop of the opsin and, together with a conserved cysteine residue at position 126 in the first
extracellular loop, forms a disulphide bond necessary for stabilisation of the tertiary
structure of the protein figure 1.6 (Kazmi et al., 1997).

In this respect the Cys203Arg

mutation appears to resemble destabilising rhodopsin mutations responsible for autosomal
dominant retinitis pigmentosa (Sung et at., 1991).

3.1.2

Objectives of this Study
The primary aim of this study was to determine the molecular basis of blue cone

monochromacy for a number of affected families. This information will then be made
available for subsequent compilation alongside the clinical findings for these subjects in
order to determine whether any correlation between specific genotype and detailed
phenotype could be observed.

The strategy for molecular analysis was to amplify the

coding regions of the L- and M-opsin genes and the upstream LCR by PCR and to examine
these fragments for mutations by direct sequencing of the products.

3.1.3

PCR Amplification of the L amd M Opsin Genes
Inherent to the use of PCR amplification techniques in the analysis of L- and M-

opsin genes is the problem of sequence identity between the two (or more) genes.
Amplification of a single PCR product from genomic DNA for subsequent mutation
analysis ideally involves the binding of a primer sequence to a region of DNA that is
unique within the genome of the individual being tested. Exonic sequence of the L and M
genes is 98% identical at the nucleotide level and, although there may be less evolutionary
pressure for intronic sequences to remain stable, the introns of the two genes remain almost
identical (>99.5% identical at the nucleotide level). The exception is intron 1 which is
1350bp larger in the L-opsin gene than in the M. It is very difficult, if not impossible,
therefore, to design PCR primers that will amplify only L- or only M-opsin exonic
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fragments from genom ic DNA. Consequently, the primer pairs used in this study amplified
L and M sequences simultaneously. The few coding differences between the genes (figure
1.9, table 3.1) were subsequently utilised for differentiation between the genes in sequence
analysis.

ATG 153

154

450

451

619

620

785

786

1025

1026 TGA

1
1

(-

6000/4650

2000/1988

1500/1476

1600/1651

2300/2271

Figure 3.1: Structure of the human L and M visual pigment genes.
C(xilng sequences of the genes are denoted by boxes and non-ctxiing regions
by lines (not to scale).

Open boxes represent untranslated regions and filled

boxes denote the coding regions.

The length of introns, in number of base

pairs, is indicated beneath each intron.

Indicated above the gene are the

initiation and termination codons as well as the numbers of the nucleotide
positions in mRNA that are at the 5' and 3' ends of each exon.
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Table 3.1: L and M opsin sequence differences used to
differentiate between the two genes. N ucleotide num bering from A o f
A T G start codon.

L/M O psin

Nucleotide

L Sequence

M Sequence

2

194

C

T

2

331

A

G

2

347

C

A

3

457

C

A

3

538

T

G

4

691

T

C

4

699

G

A

4

700

C

G

4

701

T

C

4

708

A

G

5

822

A

G

5

825

T

C

5

827

T

G

5

830

G

A

5

832

A

T

5

837

G

T

5

855

A

G

5

890

T

C

5

894

G

C

5

928

A

T

Exon
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3,2

Methods

3.2.1

Clinical and Psychophysical Investigation
Clinical assessment was carried out by Professor Tony Moore at Moorfields Eye

Hospital and colour vision testing was performed by Dr. Michel Michaelides of the
Institute of Ophthalmology and Professor John D. Mollon of the Department of
Experimental Psychology, University of Cambridge. A full medical history was taken and
ophthalmological examination undertaken in all affected subjects. Electrodiagnostic testing
was performed, including electroretinography which enables detection of the electrical
responses of the retina to illumination and can selectively measure rod or cone responses.
Colour vision testing included the use of the American Optical Company Hardy, Rand and
Rittler (HRR) plates, the Mollon-Reffin (MR) Minimal test (Mollon et aL, 1991), a
computerised colour vision test (the Cambridge Colour Test) and the Nagel anomaloscope.
The MR Minimal test also features a series o f coloured caps that lie along protan, deutan
and tritan lines respectively. The remainder of the caps are all neutral but have varying
lightness. The examiner places one coloured cap amongst a group of neutral caps and asks
the subject to tap the side of the cap that is coloured. Since the caps vary in their colour
saturation the severity of the defect can be assessed. The computerised test, which allows
measurement of colour discrimination along tritan, deutan and protan axes has been
described in detail elsewhere (Mollon and Reffin, 1989; Regan et aL, 1994).

3.2.2

Patient Sample Collection
Venous blood samples were obtained with full patient consent from at least one

affected male and, where possible, a carrier female for each family (table 3.2). Genomic
DNA was isolated from whole blood as described in section 2.3.1.
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Table 32: Blue cone monochromatfamilies studied
FAMILY

SUBJECT

STATUS

A

BCMl

Colour vision normal aunt of BCM2

BCM2

Affected male

BCM3

Affected male

BCM4

Affected male

BCM5

Colour normal mother of BCM3/4

BCM6

Affected male

BCM7

Colour normal mother of BCM6

BCM8

Affected male

BCM9

Affected male

B

C

D

323

Molecular Genetic Analysis
Intronic forward and reverse primers (listed in table 3.3) were designed to amplify

the upstream LCR and all six exons of the L and M genes from genomic DNA by PCR.
LCR primers were designed based on the published sequence (Wang et aL, 1992) and
encompassed the LCR core sequence. Primer pairs which would co-amplify both L- and
M-opsin exonic sequence were designed within each intron approximately 50bp from the
intron-exon junction in order that the whole of each exon, some flanking DNA and the
splice sites were amplified.

The design of these primers was based on the published

sequence of the L- and M-opsin gene sequence (Nathans et aL, 1986a). 50pl PCR reactions
were performed using standard conditions, as given in section 2 3 .1 .2 -with the exception
that the concentrations of MgClg used in the LCR, exon 3 and exon 6 PCR amplification
reactions were optimised at 0.5mM, O.SmM and 2mM respectively - and with annealing at
the exon-specific temperature (table 3.3). PCR products were visualised by electrophoresis
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using low melting temperature agarose gel (section 2.3.5.1). Target products were then
excised and eluted (section 2.3.9).
Mutation analysis of the PCR amplified exons and LCR was carried out by direct
sequencing using a cycle sequencing kit (section 2.3.10).

Table 3.3: Primers fo r amplification o fU M opsin LCR and exons 1 to 6.
Primer Name

Sequence

T.“C

Product
Size (bp)

LCR1+
LCRlL/M ExlF
L/M.ExlR
L/M.Ex2F
I7M.Ex2R
L/M.Ex3F
L/M.Ex3R
L/M.Ex4F
L/M.Ex4R
L/M.Ex5F
L/M.ExSR
L/M.Ex6F
L/M.Ex6R

5'-ggcaaatggccaaatggt-3'
5'-ccatgctatttggaagcc-3'
5'-ggtgggaggaggaggtctaa-3'
5 -ggtggcccccagtgcagcc-3'
5'-ggtatagacaggcggtgctg-3'
5'-gtgaatgagtggtttccgcc-3'
5'-gtctaagcaggacagtgggaagctttgctt-3'
5'-taaggtcacagagtctgacc-3'
5'-acaaaccccacccgagttgg-3'
5'-aggagtctcagtggactcat-3'
5'-cctctcctcctccccacaac-3'
5'-caggtggggccatcactgca-3'
5'-agggaaggctcgggcacgta-3'
5'-gataaattacatttattttacaggg-3'

3.3

Results

3.3.1

Clinical and Psychophysical Examination

49

884

64

334

60

400

60

302

58

340

62

402

60

283

Electroretinography demonstrated that cone responses were absent while rod
responses were normal in all affected individuals. The extent of colour vision deficiency
was variable between and within families but for the purposes of this chapter need only be
described as consistent with a diagnosis of blue cone monochromacy. On the M R Minimal
test and HRR plates affected individuals showed reasonable discrimination of colour only
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along the tritan axis. For the MR Minimal test this means that affected subjects could not
identify the most saturated chip in either the protan or deutan series but were able to find
the least saturated tritan chip. In the computerised test, affected individuals failed on protan
and deutan lines but scored nearly normally along the tritan line of colour discrimination.
Testing of additional individuals from families A and D provided clinical data over three
generations for each family and revealed that there was some progression of the disorder
since older individuals did not retain the residual colour vision found in younger family
members.

3.3.2 Molecular Genetic Analysis
In order to analyse the L/M visual pigment gene array for alterations associated with
blue cone monochromacy, PCR amplification was carried out using primers designed to
amplify the LCR and exons 1 to 6 of the L/M opsins and was followed by direct sequencing
of PCR products. The PCR and sequencing primers used allowed dual amplification and
sequencing of both L- and M-opsin sequences. While the sequence for L and M exons 1
and 6 are 100% identical, there are a few nucleotide differences between the genes in exons
2 to 5. This enabled the identification of the origin of each exon. Both opsin genes, where
present, were represented in the sequence electropherogram; at nucleotide positions which
differ between L- and M-opsin genes (figure 1.9, table 3.1), a dual peak, corresponding to
the different genes, was observed. Somewhat unexpectedly, none of the affected individuals
showed gross deletion or alteration of the opsin array LCR.

3.3.3

Genotype of Family A
Sequence analysis demonstrated the presence of only an M-opsin gene in the array

of the affected subject in family A (figure 3.2).

No further alterations of this gene,

however, were identified. The 39bp core sequence of the LCR and the surrounding SOObp
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in this individual fully corresponds to the published sequence (Wang eî aL, 1992) as does
the 150bp promotor region immediately upstream of the gene.

Figure 3.2:

Nucleotide sequence comparisons o f L and M opsin gene

sequence and Family A BCM l (normal) and BCM2 (affected) sequence for
exon 5. S eq u e n c e d iffe ren ce s are h ig h lig h ted by c o lo u re d text. ‘N ’ in d ic ates
th e p rese n ce o f both L W S and M W S n u cleo tid es fo r th a t p osition.

LWS E x . 5
MWS E x . 5
BCMl E x . 5
BCM2 E x . 5

GTGGCAAAGCAGCAGAAAGAGTCTGAATCCACCCAGAAGGCAGAGAAGGAAGTGACGCGC
GTGGCAAAGCAGCAGAAAGAGTCTGAATCCACCCAGAAGGCAGAGAAGGAAGTGACGCGC
GTGGCAAAGCAGCAGAAAGAGTCTGAATCCACCCAGAAGGCAGAGAAGGAAGTGACGCGC
GTGGCAAAGCAGCAGAAAGAGTCTGAATCCACCCAGAAGGCAGAGAAGGAAGTGACGCGC

LWS E x . 5
MWS E x . 5

ATGGTGGTGGTGATGATCTTTGCGTACTGCGTCTGCTGGGGACCCTACACCTTCTTCGCA
ATGGTGGTGGTGATGGTCCTGGCATTCTGCTTCTGCTGGGGACCCTACGCCTTCTTCGCA

BCMl E x . 5
BCM2 E x . 5

ATGGTGGTGGTGATGNTCNTNGCNTNCTGCNTCTGCTGGGGACCCTACNCCTTCTTCGCA
ATGGTGGTGGTGATGGTCCTGGCATTCTGCTTCTGCTGGGGACCCTACGCCTTCTTCGCA

LWS E x . 5
MWS E x . 5
BCM l E x . 5
BCM2 E x . 5

TGCTTTGCTGCTGCCAACCCTGGTTACGCCTTCCACCCTTTGATGGCTGCCCTGCCGGCC
TGCTTTGCTGCTGCCAACCCTGGCTACCCCTTCCACCCTTTGATGGCTGCCCTGCCGGCC
TGCTTTGCTGCTGCCAACCCTGGCTACNCCTTCCACCCTTTGATGGCTGCCCTGCCGGCC
TGCTTTGCTGCTGCCAACCCTGGCTACCCCTTCCACCCTTTGATGGCTGCCCTGCCGGCC

LWS E x . 5
MWS E x . 5
BCM l E x . 5
BCM2 E x . 5

TACTTTGCCAAAAGTGCCACTATCTACAACCCCGTTATCTATGTCTTTATGAACCGGCAG
TTCTTTGCCAAAAGTGCCACTATCTACAACCCCGTTATCTATGTCTTTATGAACCGGCAG
TNCTTTGCCAAAAGTGCCACTATCTACAACCCCGTTATCTATGTCTTTATGAACCGGCAG
TTCTTTGCCAAAAGTGCCACTATCTACAACCCCGTTATCTATGTCTTTATGAACCGGCAG

3.3.4

Genotypes o f Families B and C
Sequence analysis of affected members of fam ilies B and C demonstrated that they

each have a single 5'-L/M-3' hybrid gene in their opsin array. Sequence representing only
the L gene was present for exons 2 to 4 while for exon 5 only sequence o f the M gene was
observed on electropherograms.

Alignment of sequence data obtained for exon 4 o f the

hybrid gene in these individuals with wild-type exon 4 sequence showed that this opsin
gene carries the previously reported T ->C nucleotide alteration which results in the

-
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Cys203Arg protein mutation (figure 3.3). Sequence analysis of the obligate carriers in both
family B (BCM 5) and family C (BCM 7) demonstrated that both L- and M-opsin genes are
present in the opsin gene array and also that the T -»C transition in exon 4 is carried in
either the L or M opsin genes in these individuals. Since the affected subjects in these two
families (BCM 3, BCM 4, BCM 6) appear to have this mutation in their L-opsin gene (only
the L-opsin sequence is represented for exon 4), it must be assumed that it is carried in the
L-opsin gene of their mothers (BCM5 and BCM 7).

B

I
T

T C A C G

C G

G

T T C A T G C G G

110

Figure 3.3: Sequence electropherograms o f Family B BCM3 and
Normal male.

A: B C M 3 se q u e n c e fo r L /M e x o n 4 sh o w in g the

T - » C n u cleo tid e alteratio n w h ich resu lts in the C ys2G 3A rg am in o
ac id

su b stitu tio n and

B: th e sa m e

u n affec ted m ale.
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3.3.5

Genotype of Family D
Individuals BCM8 and BCM9 of family D also carry the Cys203Arg mutation,

again within a single 5'-L/M-3' hybrid gene in the array. In this case analysis of each of the
L/M exons in these subjects showed that the recombination between the L and M genes,
required for generation this hybrid gene, occurred within exon 3 (figure 3.4).

Figure 3.4: Nucleotide sequence comparisons o f L and M opsin gene
sequence and Family D BCM8 and BCM9 (both affected) sequence fo r exon
3. Sequence differences are highlighted by coloured text.

LWS E x . 3
MWS E x . 3

GGATCACAGGTCTCTGGTCTCTGGCCATCATTTCCTGGGAGAGGTGGCTGGTGGTGTGCA
GGATCACAGGTCTCTGGTCTCTGGCCATCATTTCCTGGGAGAGGTGGATGGTGGTGTGCA

BCM8

GGATCACAGGTCTCTGGTCTCTGGCCATCATTTCCTGGGAGAGGTGGCTGGTGGTGTGCA

E x. 3

BCM9 E x . 3

GGATCACAGGTCTCTGGTCTCTGGCCATCATTTCCTGGGAGAGGTGGCTGGTGGTGTGCA

LWS E x . 3
MWS E x . 3
BCM8 E x . 3

AGCCCTTTGGCAATGTGAGATTTGATGCCAAGCTGGCCATCGTGGGCATTGCCTTCTCCT
AGCCCTTTGGCAATGTGAGATTTGATGCCAAGCTGGCCATCGTGGGCATTGCCTTCTCCT
AGCCCTTTGGCAATGTGAGATTTGATGCCAAGCTGGCCATCGTGGGCATTGCCTTCTCCT

BCM9 E x . 3

AGCCCTTTGGCAATGTGAGATTTGATGCCAAGCTGGCCATCGTGGGCATTGCCTTCTCCT

LWS E x . 3
MWS E x . 3
BCM8 E x . 3

GGATCTGGTCTGCTGTGTGGACAGCCCCGCCCATCTTTGGTTGGAGCAG
GGATCTGGGCTGCTGTGTGGACAGCCCCGCCCATCTTTGGTTGGAGCAG
GGATCTGGGCTGCTGTGTGGACAGCCCCGCCCATCTTTGGTTGGAGCAG

BCM9 E x . 3

GGATCTGGGCTGCTGTGTGGACAGCCCCGCCCATCTTTGGTTGGAGCAG

3.4

Discussion
Four families with blue cone monochromacy have been studied by PCR and direct

sequencing of the LCR and exons 1 to 6 of the L- and M-opsin genes from genomic DNA.
This method has firmly established the genetic basis for the disease in three of the four
families. None of the affected individuals studied had a genotype that involved deletion of
the upstream LCR.

This result contrasts with previous studies in which a gross
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rearrangement of the 5' region of the opsin array was found to be a frequent genotype
observed in blue cone monochromats (Nathans et al., 1989; Nathans et al., 1993; Reyniers
et al., 1995; Ladekjaer-Mikkelsen et al., 1996; Ayyagari et al., 2000). Indeed in this study,
only one category of sequence rearrangement that would be predicted to eliminate the
function of all the genes within the X-linked opsin gene array was identified.

This

arrangement was unequal homologous recombination resulting in an array comprising a
single 5-L/M -3' hybrid gene which carries a Cys203Arg mutation. This genotype has been
reported as a cause of blue cone monochromacy in earlier studies (Nathans et al., 1989;
Nathans et al., 1993).
Families B, C and D belong to the 'two step pathway' group of blue cone
monochromats. In families B and C affected subjects have only one gene in the visual
pigment array, the sequence of which indicates the presence of an L-opsin gene from exons
2 to 4 (and presumably exon 1) but an M-opsin gene for exon 5 (and presumably exon 6).
This 5’-L/M-3' hybrid gene represents the product of unequal intragenic recombination
(section 1.9; figure 3.5) and these data suggest that the crossover between chromosomes
occurred within intron 4 of the L and M genes. Exon 4 of the gene in each affected subject
was found to cany a nucleotide alteration that results in the Cys203Arg amino acid
substitution. The individuals examined in family D were also shown to have a single 5’L/M-3' hybrid gene which carries the Cys203Arg mutation, however, the recombination in
this case occurred within exon 3 (figure 3.5). As discussed earlier the cysteine residue at
position 203 is located in the second extracellular loop of the opsin and, together with a
conserved cysteine residue at position 126 in the first extracellular loop, forms a disulphide
bond necessary for stabilisation of the tertiary structure of the protein (figure 3.6) (Kazmi et
a l, 1997).
These data presented here confirm the incidence of the Cys203Arg mutation among
blue cone monochromats and lack of any common alternative disease-causing mutations in
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the L and M visual pigment genes. These data all serve to corroborate the hypothesis that
the 2% frequency o f this Cys203Arg mutation among colour normal individuals
(Winderickx et a i, 1992a) provides a genetic background that predisposes to colour vision
anomalies.

Figure 3.5: X-Linked Opsin
Array o f BCM Individuals
A - T h e m o le cu lar ev e n ts req u ired
fo r g en e ratio n o f th e g en o ty p e o f
a ffec ted in d iv id u als in fam ilies
B an d C (C ).
B - T h e m o le cu lar ev e n ts req u ired

B

fo r g en e ratio n o f the g en o ty p e o f
affec ted in d iv id u als in fam ily D (D ).
C - F am ilies B an d C in w hich
affec ted in d iv id u als p o sse ss a
sin g le h y b rid gene, w h ich is a
resu lt o f rec o m b in atio n w ithin

1 2 3

intron 4 , and T ^ C m u ta tio n in

4

5

ex o n 4 (* ).
D - F am ily D in w h ich affec ted
in d iv id u als p o ssess a sin g le h ybrid

*
1

D

3

gen e, w hich is a resu lt o f

r

re c o m b in atio n w ith in ex o n 3, an d T - » C m u tatio n in e x o n 4 (* ).

The affected subject, BCM2, exhibits the presence of only an M-opsin gene in the
visual pigment array. Sequence analysis, however, failed to reveal a mutation in any of the
six opsin gene exons and SOObp of the LCR including the core region as well as ISObp of
the promotor region were found to be present as per the published sequence (Wang eî a i,
1992; Nathans et al., 1986a). It remains possible that a second mutation is present in the
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single opsin gene in this array but has been missed by direct sequencing. Alternatively the
alteration responsible for inactivation of the remaining gene may exist in an as yet
unidentified/unexamined regulatory region o f the array or within an intron. Genotypes of
blue cone monochromats with only a single L or single hybrid gene in the opsin array have
been reported by others (Nathans et aL, 1993; Ayyagari et al., 2000).

Figure 3.6: Secondary structure model o f M opsin. T h e line b etw een C y s l2 6
an d C y s2 0 3 in d ic ates th e d isu lp h id e bridge.
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Taken from Kazmi et al., 1997.

Clinical and psychophysical testing of blue cone monochromats from familes A and D
was extended to include additional affected members o f these fam ilies who did not undergo
genetic analysis. The findings demonstrate that while younger affected family members
retain residual colour discrimination, older individuals fail colour vision testing on all three
axis of colour vision discrimination. Thus it appears that in these two fam ilies there has
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been a progression of the condition.

The genetic basis of blue cone monochromacy

remains unclear for Family A while family D exhibits a hybrid L/M gene which contains a
Cys203Arg mutation.

It is not possible, therefore, in these cases to make any positive

genotype-phenotype correlation. For Family B, the young age of affected members and for
Family C, the death of the affected subject prior to detailed psychophysical testing, meant
that there was insufficient clinical data to draw any further conclusions with respect to a
relationship with the underlying genetic cause.
During the course of this research the results of another study which examined the
phenotype and genotype of blue cone monochromats were published (Ayyagari et aL,
2000). This revealed that all but one of the ten individuals studied had deletions of the L
gene and/or the upstream LCR. The remaining individual showed loss of the complete M
gene, but no other alteration of the L gene or LCR. Perhaps owing to the limited range of
genotype identified, again no association was observed between phenotype and genotype in
the families studied.
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4,1

Introduction
The cone and cone-rod dystrophies form part of a heterogeneous group of retinal

dystrophies that are a major cause of childhood blindness. The major clinical features of
cone dystrophies are reduced visual acuity, abnormal colour vision, photophobia, and often
nystagmus. Affected individuals may be symptomatic in infancy, but the majority present
in childhood or early adult life.

Because of the early cone photoreceptor involvement

visual loss is often profound and in most cases there is progression to legal blindness.
Cone dystrophies have been described with autosomal dominant, autosomal recessive, or
X-linked patterns of inheritance (sections 1.13 and 1.14). They may be progressive or
stationary;

the

latter

group

include

the

well

characterised

dystrophies

of rod

monochromatism, a recessive dystrophy in which there are no functioning cones, and blue
cone monochromatism, an X-linked disorder in which there are only two functional classes
of photoreceptor (rod and S-cones).
The aim of this study is to determine the molecular basis of disease in four families
with X-linked inheritance of a stationary cone dystrophy characterised by myopia,
moderate visual loss and a protan colour vision abnormality. The pedigree of each of these
families is shown in appendix I. The involvement of a protan colour vision abnormality
with cone dystrophy has been reported previously (Reichel et al., 1989; Kellner et al.,
1995). However, it is unusual since the common cause of dichromacy arising either from
the loss of L or M opsin gene sequences (Nathans et a/.,1986b) or from the presence of a
missense mutation in the opsin gene with consequent loss of function (Winderickx et al.,
1992a), has not been associated in extensive studies of dichromats with cone dystrophy
(Deeb et al., 1992; Neitz et at., 1996; Jagla et al, 2002). Candidate gene analysis of the Xlinked L and M opsin genes in the affected members of our four families was carried out to
determine whether mutations in these genes may underlie the cone dystrophy.
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4,2

Methods

4.2.1

Clinical Assessment
Clinical assessment was carried out by Professor Tony Moore at Moorfields Eye

Hospital and colour vision testing was performed by Dr. Michel Michaelides of the
Institute of Ophthalmology and Professor John D. Mollon of the Department of
Experimental Psychology, University of Cambridge. A full medical history was taken and
ophthalmological examination undertaken in all affected subjects. Electrodiagnostic testing
was performed, including electroretinography which enables detection of the electrical
responses of the retina to illumination and can selectively measure rod or cone responses.
Colour vision testing included the use of the American Optical Company Hardy, Rand and
Rittler (HRR) plates, Farnsworth D-15, the Mollon-Reffin (MR) Minimal test (Mollon et
al., 1991), a computerised colour vision test (the Cambride Colour Test) and the Nagel
anomaloscope. The D-15 test requires the subject to order a series of coloured chips which,
when ordered by an individual with normal colour vision form a circle of pastel hues. Redgreen colour vision deficient subjects make characteristic crossings from one side of the
colour circle to the other. The computerised test, which allows measurement of colour
discrimination along tritan, deutan and protan axes has been described in detail elsewhere
(Mollon and Reffin, 1989; Regan et al., 1994). The Mollon-Reffin Minimal test was
described in chapter 3 (section 3.2.1).

4.2.2 Patient Sample Collection
Venous blood samples were obtained with fully informed patient consent from
affected and unaffected members of four families (A-D) with a presumed X-linked cone
dystrophy. Genomic DNA was isolated from whole blood as described in section 2.3.1.
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4.23

Molecular Genetic Analysis
In each family, affected males and female carriers were analysed. Independent

reactions were set up to amplify the locus control region (LCR) and all exons of the L and
M opsin genes from genomic DNA by PGR. Primer pairs which would co-amplify both Land M-opsin exonic sequence were designed within each intron approximately 50bp from
the intron-exon junction in order that the whole of each exon, some flanking DNA and the
splice sites were amplified.

The design of these primers was based on the published

sequence of the L and M opsin gene sequence (Nathans et al., 1986a) and the LCR (Wang
et al., 1992) and have been listed previously (table 3.3).

50//1 PCR reactions were

performed essentially as described in section 2.3.7 - with the exception that the
concentrations of MgClj used in LCR, exon 3 and exon 6 PCR amplification reactions were
optimised at 0.5mM, O.SmM and 2mM respectively - and with annealing at the exon
specific temperatures (table 3.2). PCR products were visualised by electrophoresis using
low melting temperature agarose gel.

Target products were then excised and eluted

(section 2.3.8). Mutation analysis was carried out by directly sequencing PCR products
using PCR primers and a cycle sequencing kit (section 2.3.10).

Alternatively, PCR

fragments were cloned into the vector pGEM®-TEasy (section 2.3.12) and sequenced using
pGEM®-TEasy primers. In both cases, sequencing products were precipitated and analysed
on an ABI 373A automated DNA sequencer (section 2.3.11).

4.3 Results
4.3.1

Clinical Assessment
The pedigrees of all four families (see appendix I) show that only males are affected

and an absence of male to male transmission, a pattern of inheritance consistent with Xlinkage. The clinical and psychophysical results in affected subjects are summarised in
table 4.1. These subjects displayed myopia (moderate to high), astigmatism, reduced visual
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acuity, and normal fundi.

No nystagmus was observed.

The ERGs of affected males

demonstrated normal rod function but a marked attenuation of cone function (figure 4.1).
Colour vision testing revealed that affected males in each of the four families have
selective impairment of L-cones combined with well preserved M- and S-cone function.

30Hz

DA
IOOmV-

Subject Al

L eye

60pV

Skin electrode

OV
60mS

OS

lOOpV
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normal

60pV

2 0 mV
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GOOpV
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lOOpV
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L eye
Gold foil
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OV50mS
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IOOmV-
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OV60mS
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Figure 4.1: ERGs o f affected males from Family A and normal control responses
recorded using both skin and gold foil electrodes. T he left-hand colum n show s cone
responses for recordings a t 30H z flicker stim ulation w hile the right-hand colum n show s darkadapted rod responses.
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Table 4.1. Clinical and psychophysical findings.

M ollon-R effin test results: P=protan axis,

D =deutan axis, T = tritan axis, R =right eye, L =left eye. N um bers in brackets indicate the least

Refractive Error

Visual
Acuity

D-15

Mollon-Reffin
Minimal Test

Patient

DOB.

Al

03/07/87

-9.50/-3.50 X 5°
-10.00/-2.50x5°

R 6/12
L 6/12

Protan
Protan

P (4 )D (3 )T (1 )
P (4 )D (4 )T (1 )

A2

07/07/94

-3.50/-3.50x5°
-3.00/-4.00 X 180°

R 6/18
L 6/18

NA
NA

P (4 )D (3 )T (2 )
OU

B1

06/12/84

B2

27/10/80

-6.00/-2.00 X 15°
-600/-2.50 X 160°
-3.00/-3.00 X 25°
-2.50/-2.50X 130°

R 6/18
L 6/18
R 6/12
L 6/12

Protan
Protan
Protan
Protan

P (no) D (4) T (1)
P (n o )D (4 )T (2 )
P (4 )D (2 )T (1 )
P ( n o )D (3 )T (0 .5 )

Cl

06/05/95
30/04/96

C3

19/11/98

R 6/36
L 6 /2 4
R 6/12
L 6/12
R 6/18
L 6/18

NA

C2

-3.00/-2.50 X 30°
-3.25/-1.25xl65°
-2.00/-1.50xl80°
-2.00/-1.00X 180°
-2.50/-2.25 X 180°
-2.50/-2.25 X 180°

P (4 )D (3 )T (2 )
P (4 )D (3 )T (2 )
P (5 )D (4 )T (1 )
P (5 )D (4 )T (1 )
NA

Dl

20/11/93

-4.75/-1.00x80°
-4.75/-1.00xl20°

R 6/24
L 6/18

NA
NA

Protan

P (no) D (3) T (0.5)
P (5) D (3) T (0.5)

Individuals A l, B1 and B2, and D l displayed typical protan matches at the Nagel
anomaloscope.

Similarly, these individuals displayed protan ordering on the D-15 test

(figure 4.2) and discrimination elipses along the protan axis in the computerised test (figure
4.3). Normal tritan but a red-green colour vision defect was detected in individuals A l, B1
and B2, C l and C2 and D l on the MR minimal test. HRR testing also provided evidence
of a protan colour deficit in individuals C l and C2 who were too young for further
psychophysical testing. The mother and sister of brothers C l, C2 and C3 were found to
have normal vision and normal colour vision. The mother of D l also had normal colour
vision.
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Figure 4.2: Subject A l DIS Test.

The 15 filled circles each represent a

coloured chip which, when ordered by an individual with normal colour vision,
form a colour circle of pastel hues.

Red/green colour vision deficient subjects

make characteristic crossings from one side of the colour circle to the other.
Here, individual A l makes crossings along the confusion pattern for a protanopic
dichrom at (P).
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Figure 4.3: The Cambridge Colour Test A - Normal vision ellipses and B - graph
for subject A l: this individual has a protan colour vision deficiency. Note the elevation
of discrimination el ipse along a protan confusion (red line) but the near normal
thresholds in the tritan (blue line) direction.
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4.3,2 Molecular Genetics
4.3.2.1 Family A
The sequence differences between the L and M opsin genes that were used to
distinguish the genes are listed in table 3.1. Direct sequencing of the products generated
using PCR primers that amplify both genes demonstrated the presence of the LCR and both
L and M opsin genes in subjects A l and A2.

Sequence data for exon 4 showed the

presence of a T -*C nucleotide transition at position 609 (numbered form A of ATG) in
both affected males which was carried in the opsin array by their mother. This alteration,
which was observed as a dual peak on the sequence electropherogram (figure 4.4), results
in a Cys203Arg substitution in the opsin molecule. This mutation is known to disrupt opsin
folding (Kazmi et at., 1997) and is responsible for the loss of gene function in certain
molecular classes of blue cone monochromats (Nathans et at., 1989 and 1993).

Two

approaches were taken to localise this mutation to either an L or an M opsin gene. Firstly,
exon 4 PCR products were cloned into pGEM®-TEasy plasmid vector and sequenced using
vector primers, and secondly, by using the nucleotide differences between L and M opsin
genes in exon 4, reverse PCR primers were designed to specifically amplify either L or M
opsin exon 4 (table 4.2). In the latter case, the PCR products were directly sequenced. The
combined results demonstrated the presence of both wild type and mutant variants of exon
4 in both the L and M opsin genes. Because the subjects in family A have impaired L-cone
function combined with well preserved M-cone function, it is likely that the first gene in the
array is a mutant L-opsin gene and the second is a normal M-opsin gene. Moreover, it
appears that there are two further genes downstream: results indicate the presence of both
mutant and wild-type L-opsin gene exon 4 combined with mutant and wild-type M-opsin
gene exon 4 (figure 4.5).
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Figure 4.4: Electropherograms o f exon 4 in fam ily A. A - Sequence showing T -^ C
transition in exon 4 in affected subject from Family A and, B -sequence from unaffected
subject from family A.

B

T T C A N G C G G

T T C A T G C G G
lie

110

Figure 4.5: Family A X-linked opsin array
Normal and mutated L and M genes are present in the array. M cone responses in affected
subjects were normal, therefore, it is likely that the M gene harbouring the nucleotide
alteration is downstream of an unaltered M gene and not expressed. Since sequence for exon
4 representing at least two L genes was detected, one of the genes in the array is likely to be a
hybrid gene. Genes in the 3'^* and 4“’ positions in this array could be exchanged.

Cys203Arg

Cys203Arg
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Table 4.2: L and M opsin gene-specific exon 4 primers
PRIMER NAME

SEQUENCE

T /C

PR O D U CT S IZ E

LWS Ex.4R

5-atgatgatagcgagtgggat-3

56

121bp

MWS EX.4R

5-acgatgatgctgagtggggt-3

56

121bp

4.3.2.2 Family B
Sequence data for B1 and B2 indicated the presence of the LCR and the full
complement of L-opsin gene exons. There was, however, no evidence of an M-opsin gene
exon 2 as defined by amino acid differences between L and M opsin genes at nucleotides
194, 331 and 347 located within this exon.

4.3.23 Family C
Sequence data indicated that the LCR and all L and M opsin gene exons were
present except for L gene exon 5. This indicates that at least two opsin genes are present in
the array of the affected males, a normal M and a hybrid L/M gene. The protanopia is
consistent with the expression of one or more of these genes since both would give a
pigment with a >Vax around 535nm (Asenjo et al., 1994 and section 1.6). An unaffected
male sibling in this family did not have this alteration of the opsin array. There is no
evidence, however, for any mutation which might account for the cone dystrophy.

4.33.4 Family D
Sequence analysis indicated the absence of exons 3 and 5 of the L-opsin gene in the
affected individual. This is again consistent with protanopia if the L gene(s) in the array
lacks both of the key exons 3 and 5 for spectral tuning (section 1.6). The key sites involved
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in this case are SerlSOArg encoded by exon 3, Tyr277Phe and Thr285Arg encoded by exon
5 (amino acid present in L-opsin is followed by residue number and amino acid found in
M-opsin). Again, no other mutation was found.

4A

Discussion
The affected members of the different families described in this study have a very

similar cone dystrophy that is characterised by moderate to high myopia, moderately
reduced acuity, normal fundi and evidence o f a selective impairment of the L cones on
psychophysical testing. The disorder present in these families appears to be stationary.
There is also clear evidence for X-linked inheritance.

The association therefore of

protanopia with cone dystrophy indicated a potential role for opsin gene mutations in the
aetiology of the disorder. However, although the molecular analysis of the opsin gene array
on the X-chromosome revealed changes that are clearly consistent with the protanopia in
three of the families (A, C & D), there are no changes that can explain the cone dystrophy.
In family A mutations leading to a point substitution of cysteine for arginine at
position 203 of the amino acid sequence of the L- and M-opsin were found in affected
males. The amino acid at this position is thought to pair with that at position 126 to form a
disulphide bond (Kazmi, et al., 1997). This bond appears to be critical for the maintenance
of normal function of the photopigment.

Indeed, the Cys203Arg substitution has been

demonstrated to impair the folding and stability of the M-opsin (Kazmi, et a l, 1997) and
the same point mutations have previously been reported to cause blue cone monochromacy
(Nathans et al., 1993) and deutan congenital colour vision deficiency (Kazmi, et al., 1997).
In addition, mutation of the equivalent amino acid residue in the rod opsin has been shown
to cause retinitis pigmentosa (Hwa et al., 2001). In affected males from families C and D
the molecular basis of protanopia appears to involve the presence of hybrid genes in the
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opsin array resulting in the loss of L opsin gene exons important for the spectral tuning of
the visual pigment. These individuals, therefore, have only middle-wavelength sensitive
visual pigments and are protanopes. The basis of protanopia in family B is more obscure.
Genetic analysis in this family revealed the absence of an M-opsin gene exon 2 while all
other M and L-opsin gene exons were present as was the LCR. It is possible, therefore, that
the L gene exon 5 present in the array of these affected males is part of a gene that lies
further downstream and that it is not expressed. With the exception of a possible effect of
the Cys203Arg in family A, there were no changes in the opsin array in any of the families
which might explain the cone dystrophy. Evidence against the involvement of Cys203Arg
in the cone dystrophy seen in family A comes from studies of other colour vision
deficiencies, blue cone monochromacy and dichromacy, in which this mutation is present
but no cone dystrophy is documented (Nathans et al., 1989; Winderickx et al., 1992a; Deeb
et al., 1992; Neitz et al., 1996; Jagla et al., 2002).
A constant feature of the disorder in our families is high myopia. One example of
X-linked myopia that has been reported in a large five-generation Danish family that had its
origins on the Danish island of Bornholm.

The syndrome has therefore been named

Bornholm Eye Disease (BED: OM IM #310460, Schwartz et al., 1990). In this family, the
syndrome manifests as myopia combined with astigmatism, and impaired visual acuity.
Significantly, affected members in this family are all dichromats, although in this case it is
deuteranopia rather than protanopia that is present.

Linkage analysis mapped the locus

BED to Xq28, in the same chromosomal region therefore as the L/M opsin gene array
(Schwartz et al., 1990).
The families presented here share many characteristics with the original Bornholm
pedigree, namely X-linked inheritance, cone dystrophy, myopia, poor visual acuity,
dichromacy, and no nystagmus and indeed this is probably the same disorder. If this is the
case, then the failure to find mutations in the L/M opsin gene array in these families that

141-

X-Linked Cone Dystrophy

would account for the cone dystrophy takes on the added significance that the cone
dystrophy component of the disorder can be ascribed to an adjacent but separate locus.
This may be another gene or an as yet unidentified X-linked opsin array regulatory region.
Is this cone dystrophy only seen in association with dichromacy? The patients in
our study were initially referred as suffering from poor acuity and were only subsequently
diagnosed as protanopes, and patients with a clinically identical cone dystrophy but lacking
the dichromacy have not been seen.

It would appear, therefore, that this form of cone

dystrophy is only seen in association with dichromacy. However, the different molecular
explanations for the dichromacy in the different families would seem to rule out a founder
effect as the basis for this association. Indeed, linkage disequilibrium in this chromosomal
region would seem unlikely given the high frequency crossing over within the opsin gene
array in the generation of numerical variants of M and L genes and gene hybrids. The
remaining and intriguing explanation is that the BED gene that maps to Xq28 carries a
mutation in affected individuals that only causes cone dystrophy when expressed in
dichromats.

If these cone dystrophies are identical to BED, then the dystrophy gene is

adjacent to the opsin gene array within Xq28 and causes dystrophy in both protanopes and
deuteranopes. In this case one would expect normal trichromats with the mutation to be
entirely asymptomatic. One may speculate therefore that BED is a digenic disorder that
depends on the presence of two changes, a mutation in a “cone dystrophy” gene and
dichromacy arising from changes in the L/M opsin array on the X chromosome.
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5.1

Introduction

Rod monochromacy, or achromatopsia, is a rare autosomal recessive disorder
characterized clinically by an inability to distinguish colours, impaired visual acuity,
nystagmus and photophobia (section 1.13.1).

Genetically rod monochromacy is a

heterogeneous disorder. The phenotype was initially linked to chromosome 14 after results
of a study of a 20 year old female with rod monochromacy showed that this individual had
uniparental isodisomy of chromosome 14 (Pentao et al., 1992). The patient also exhibited
short stature, developmental delay, premature puberty, small hands and feet and recurrent
miscarriages. Cytogenetic analysis revealed a karyotype of 45XXrob(14;14). Restriction
fragment length polymorphism analysis demonstrated lack of paternal chromosome 14
contribution. Two retinal-specific genes, NRS-J (encoding a putative polypeptide with a
basic motif and leucine zipper) and HOX-10 (encoding a developmentally regulated
homeobox gene) were found to map to chromosome 14 and, thus, were considered
candidates for rod monochromacy. There has been, however, no subsequent confirmation
of a chromosome 14 locus involved in rod monochromacy.
In 1997, a DNA pooling strategy and genome-wide search for linkage was
performed using an inbred Jewish kindred from Iran (Arbour et al., 1997). This study
excluded chromosome 14 as the rod monochromacy locus, but found linkage to a 14cM
region on chromosome 2 q ll. The candidate gene VSNLl (visinin), which is expressed in
the retina and is cone specific, was excluded since it was found to map outside of the 14cM
achromatopsia locus. Subsequently, a study of eight families of different ethnic and racial
origins once again demonstrated linkage of rod monochromacy to chromosome 2q
(Wissinger et al., 1998). This study refined the disease interval to a 3cM region and also
assigned the cone nucleotide-gated cation channel a-subunit gene (CNGA3 -W issinger et
al., 1997) to the region. Subsequently missense mutations in highly conserved residues of
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CNGA3 were initially described in five families with total colour-blindness from Germany,
Norway and the United States (Kohl et a l, 1998). Homozygous mutations were present in
two of the families, while the remaining three families carried compound heterozygous
mutations (table 5.1). Several more recent studies (Kohl et al., 2001 ARVO Abstract 1745;
Fassbender et at., 2001 ARVO Abstract 441), including a comprehensive study of CNGA3
mutations in achromats (Wissinger et al., 2001), have revealed greater than 40 disease
causing mutations. Four mutations (Arg332Cys, Arg338Trp, Arg491Trp and Phe602Leu)
of CNGA3 were found to be most common, accounting between them for 41% of all mutant
CNGA3 alleles.
While rod monochromacy is very rare in the general population, it occurs in 4%10% of the Pingelapese people of the Eastern Caroline Islands in Micronesia (Brody et al.,
1970; Carr et al., 1971; Mussels and Morton, 1972; Sacks, 1996). It is thought that the
remarkably high frequency of the disease allele is probably related to a sharp reduction of
the island’s population to less than 20 individuals by a destructive typhoon in ~1780. The
island was repopulated during 200 years of cultural and geographic isolation and, thus, the
disease allele was spread. The first molecular genetic study of the Pingelapese in 1999,
excluded chromosome 2q as the disease region but, instead, demonstrated disease linkage
to a 6.5cM region on chromosome 8q21-q22 (Winick et al., 1999). A subsequent study
narrowed the disease interval to 1.4cM and also demonstrated that Pingelapese rod
monochromacy segregates with a missense mutation (Ser435Phe) at a highly conserved site
in CNGB3, a newly described gene that encodes the p-subunit of the cone cyclic
nucleotide-gated cation channel (Sundin et al., 20(X)). Identification of two independent
frameshift deletions established that rod monochromacy is the null phenotype of CNGB3.
This study was closely followed by publication of data from a similar study of families with
achromatopsia which provided further information about the genomic structure of the
CNGB3 gene (figure 5.2) and described six different mutations (table 5.2) of the gene in
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achromats (Kohl et a l, 2000).

Recent studies have revealed more new mutations in

CNGB3 in achromats (Kohl et al., 2001 ARVO Abstract 1745; Okada et at., 2001 ARVO
Abstract 3432).

Combined with the earlier studies of CNGA3, these CNGB3 studies

demonstrate that both a - and p-subunits of the cGMP-gated channel are essential for
phototransduction in all three classes of cones (section 1.7).
Several recent genetic studies of subjects with achromatopsia (Wissinger et at.,
2001; Kohl et a l, 2001 ARVO Abstract 1745; Okada et a l, 2001 ARVO Abstract 3432;
Fassbender et a l, 2001 ARVO Abstract 441) have demonstrated that, while mutations in
the CNG channel subunit genes, CNGA3 and CNGB3, account for many achromats, there is
a significant proportion of patients for whom no CNGA3 or CNGB3 mutations can be found
(~30%; Kohl et a l, 2002). This suggests further heterogeneity in achromatopsia and the
existence of at least one other disease locus.

5.1.1

CNGA3 and CNGB3: Role in Phototransduction
The cyclic nucleotide-gated (CNG) ion channels serve as final targets of signal

transduction

in

vertebrate

photoreceptors

(section

1.7)

and

are

formed

by

heterodimerization of two a - and two p-subunits. In the dark CNG channels are kept open
by the binding of cGMP which allows steady influx of ions into the photoreceptor outer
segment

and

consequent

membrane

depolarisation

and

release

of

glutamate

neurotransmitter. Following activation of the phototransduction cascade by light, cGMP
bound to CNG channels is hydrolysed thus enabling the closure of these channels, shutting
off the inward current of ions and leading to hyperpolarisation of the photoreceptor
membrane and decrease in glutamate release at the photoreceptor synapse. While the basic
mechanisms of phototransduction are similar in rod and cone photoreceptors, both cell
types express distinct sets of components o f the transduction pathway. In addition to the
different subunits in rod versus cone CNG channels (rod subunits are encoded by CNGAl
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and CNG Bl while CNGA3 and CNGB3 encode the cone CNG subunits), upstream
components of the phototransduction cascade also differ between rods and cones. Both rod
and cone transducins are a heterotrimer of a -, P- and y-subunits and, while there is no
consensus on the p-subunit, the a - and y-subunits are encoded by different genes in rods
and cones. Rod transducin a - and y-subunits are encoded by G NATl (Ngo et al., 1993) and
GNGT2 (Scherer et al., 1996) respectively while G N ATl (Morris and Fong, 1993) and
GNGT2 (Ong et al., 1995 and 1997) encode the cone a - and y-subunits respectively.
Similarly, phosphodiesterase (PDE) subunits differ in rods and cones. Rod PDE comprises
an a-subunit, a P-subunit and two identical y-subunits encoded by PDE6A (Pittler et al.,
1990), PDE6B (Bateman et al., 1992; Collins et al., 1992) and PDE6G (Tuteja et al., 1990;
Dollfus et al., 1993) respectively. In cones PDE occurs as a homodimer of two a'-subunits
{PDE6C, Feshchenko et al., 1996; Piriev et al., 1995) associated with a y-subunit (PDE6H,
Shimizu-Matsumoto et al., 1996) and three proteins of 11-, 13- and 15-kD. The 11- and
13-kD protein are similar to the rod y-subunits, while the 15-kD delta subunit binds to both
rod and cone PDE (OMIM 600827).

5.1.2

CNGA3 and CNGB3: Genomic Organisation
CNGA3 was the first of the cone CNG-channel subunit genes to be cloned (Yu et

al., 1996; Wissinger et a l, 1997). Comparative analysis of cDNA and cloned genomic
sequences demonstrated that the human gene is composed of seven exons and spans
approximately 30kb of genomic sequence (figure 5.1a). A more recent study has identified
two additional exons designated ‘0 ’ and ‘2b' (Wissinger et al., 2001) increasing the total
number of CNGA3 exons to nine.

The gene encodes a 2085 amino acid polypeptide.

Intron/exon boundaries reveal typical spice junction donor and acceptor sequences. All
functionally relevant domains of the gene, except for the first two membrane spanning
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segments, are located on a large terminal exon. There are six transmembrane segments, a
cGMP-binding domain and a hydrophilic channel pore region (figure 5.1b).
In the search for a second gene responsible for achromatopsia, CNGB3 was cloned
simultaneously by two groups (Sundin et al., 2000; Kohl et al., 2000). The human gene has
18 exons and spans ~200kb of genomic DNA (figure 5.2). Intron/exon boundaries obey the
GT-AG splice rule except exon 13 which is GC instead of GT. The gene encodes an 809
codon open reading frame from the ATG.

There is a calmodulin-binding domain, six

helical transmembrane segments, a hydrophilic pore structure and a cyclic-nucleotide
binding domain.

5,1.3

A im o f the Study
The purpose of this study was to screen CNGA3 for mutations in a panel of

achromats and by combining the results of a parallel study of CNGB3 undertaken within
our research group in the Division of Molecular Genetics, to identify a subset of individuals
for whom no mutations in these genes could be found. Alternative candidate genes for
achromatopsia were subsequently considered. In addition a review of patient phenotypes,
given the genotypic information found, was an objective of the study.

Given the large

range of CNGA3 mutations which appear to cause achromatopsia, it is possible that some
correlation between type of mutation observed and phenotype might be found.
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Figure 5.1: Structure o f CNGA3.
A: The CNGA3 gene has 9 exons and spans approximately 30kb of genomic DNA. Most functional regions are encoded by the large terminal exon. Filled
boxes represent translated regions while open boxes indicate untranslated regions. Figures above exons indicate the size of each exon. (This figure is not to
scale). B: Structure of CNGA3 including six transmembrane domains (S1-S6), a pore region and a cGM P-binding domain.
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Figure 5.2: Structure o f CNGB3.
The CNGB3 gene has 18 exons and spans approximately 200kb of genomic DNA. Filled boxes represent translated regions while open boxes indicate
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Table 5.1: CNGA3 mutations in achromatopsia
CNGA3 Exon

Nucleotide Alteration"

Polypeptide Alteration

Exon 2
Exon 5

148insG
650A—T
653C—T
707A->G
709A-»T
721C-^T
737G ^A
745G->A
832C ^T
836C-K}
943G—A
965G ^A
994C—T
995G—A
1012C—T
1013G—A
I037C—G
1099-IlOldelATC
1112G—A
1186T^C
1271C^G
1279C—T
1304T—C
1382T->C
1393C—T
1444C^T
1471C^T
1485G—A
I515insG
1577A-^G
1619A—T
1694G ^C
1703G ^A
1712G ^A
1730T->C
1739G ^A
1750G-^A
1774C->T
1806C—A
1834G ^A
1853G ^A
I85 9 C ^ T
1871G—A
1883A ^G

Glv49fs
Asp217Val
Pro218Leu
Tyr236Cys
Asn237Tyr
Leu241Phe
Cys246Tyr
Gln251Lys
Arg278Trp
Thr279Arg
Asp315Asn
Gly322Asp
Arg332Cys
Arg332His
Arg338Trp
Arg338Gln
Thr346Arg
Ile367del
Trp371X
Ser396Pro
Thr424Ser
Pro427Ser
Phe435Ser
Met461Thr
Arg465Trp
Arg482Cys
Arg491Trp
Trp495X
Val506fs
Asn526Ser
Asp540Val
Cy565Ser
Gly568Glu
Gly571Glu
lle577Thr
Gly580Asp
Val584Met
GIn592X
Phe602Leu
Gly612Arg
Arg618His
Thr620Met
Arg624His
Tyr628Cys

1942G ^A

GIu648Lys

2I28C-*T

Gln710X

Exon 6

E xon?

“ Sequence position w ithin CNGB3 cD N A w ith 1 denoting the first nucleotide o f
the A T G start codon, fs = frameshifL A dapted from W issinger e ra /., 2001.
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Table 5.2: CNGB3 mutations in achromatopsia

CNGB3Exon
Exon 5
Exon 6
Exon 8
Exon 9
Exon 10
Exon 11
Intron 13

Nucleotide Alteration^

Polypeptide Alteration

607C—T
819-826del
886-896delll/insT
991-3T>G
10060-^1
1148delC
1304C—T
1578+lG

Are203Term
Pro273fs

Glu336Term
Thr383fs
Ser435Phe
splice defect

“ Sequence position w ithin CNGB3 cD N A w ith 1 denoting the first nucleotide o f
the A TG start codon, fs = fram eshift. A dapted from W issinger et al., 2001.

5.2 Methods
5.2.1

Clinical Examination
Clinical assessment was carried out by Professor Tony Moore at Moorfield Eye

Hospital and colour vision testing was performed by Dr. Michel Michaelides of the
Institute of Ophthalmology. A full medical and ophthalmic history was obtained and an
ophthalmological examination performed. Patients with clinical findings consistent with a
diagnosis of achromatopsia underwent electrodiagnostic assessment which a flash
electroretinogram (ERG) and pattern ERG (PERG). Psychophysical testing included the
use of the American Optical Company, Hardy, Rand and Rittler (HRR) plates, Farnsworth
D-15, the Mollon-Reffin (MR) Minimal test, a computerised colour vision test and the
Nagel anomaloscope. Each of these tests have been described previously in chapters 3 and
4. Individuals were diagnosed as affected on the basis of the presence of characteristic
clinical and psychophysical findings, and electrophysiological evidence of absent or
severely reduced photopic ERG, with normal scotopic responses.
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Table 5.3: Achromatopsia families studied
F A M IL Y

IN D IV ID U A L

STA TU S

1*

RM l
RM2

A
A

Paternal uncle of RM2

RM3
RM4
RM5

N
A
A

Maternal uncle of RM2
Sister of RM5

3

RM6
RM7

4

RMS
RM9
RMIO
R M ll

N
N
A
A
N
A

5
6

RM12
RM 13
RM 14

A
A
N

Father of RM 13

7
8

RM15
RM16
RM17

A
A
N

Mother of RM 18

9

RM 18
RM19

A
A

RM 20
RM21
RM22
RM23
RM24
RM25
RM26
RM27

N
A
A
N

2*

10
11

F A M IL Y R E L A T IO N S H IP

Sister of RM4
Father of RM4 and RM5
Father of RM8

Father of RM9 and RM 11

Mother of RM 19

Mother of RM22
Father of RM22

RM28
RM 29

N
A
N
A
A
A

RM30
RM31
RM32
RM33
RM 34
RM35

N
N
A
A
N
A

Father of RM32 and RM33
Mother of RM32 and RM33

RM36
RM37
RM38

N
A

Father of RM35

A
A

22*

RM 39
RM40
RM41

A

253*
24*
25*

RM 42
RM43
RM44

A
A
A

12
13
14
15
16

17

18*
19*
20*
21*

Father of RM25

Mother of RM35

A

_

* families with known consanguinity.
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5.2.2

Patient Sample Collection
Venous blood samples were collected from 25 achromatopsia-affected individuals

and where possible from other family members including obligate carriers (table 5.3).
Patient genomic DNA was extracted as described in section 2.3.1.

Table 5.4: Primers usedfor amplification ofCNGA3 and CNGB3 exons.
Primer Name
CNGA3-EX.1F
CNGA3-EX.1R
CNGA3-EX.2F
CNGA3-EX.2R
CNGA3-Ex.2bF
CNGA3-Ex.2bR
CNGA3-EX.3F
CNGA3-EX.3R
CNGA3-EX.4F
CNGA3-EX.4R
CNGA3-EX.5F
CNGA3-EX.5R
CNGA3-EX.6F
CNGA3-EX.6R
CNGA3-Ex.7iF
CNGA3-Ex.7iR
CNGA3-EX.7ÜF
CNGA3-Ex.7iiR
CNGA3-Ex.7iiiF
CNGA3-Ex.7iiiR
CNGA3-Ex.7ivF
CNGA3-Ex.7ivR

Sequence
5 ' -g c a g c a g g a a c a c ta c a a g a g a -3 '
5 ' -a g ctg tg g a a a tg a c c a g a g -3 '
5 '-c c tg g g a tg a g g a tc tg tg -3 '
5 '-ttttc a g g c tg c tc tg c tc c -3 '
5 '-c c tc ttg g g tc a g a tg ttc t-3 '
5 '-ttg a a g c tg g a g ta c g g a tg -3 '
5 ' -g g a g g g a g a a g g g g a ta a a c -3 '
5 '-a ctc c g c a g a g g c tg tta g a -3 '
5 '-c c c g a g g ta a c ta a tc a c a a -3 '
5 ' -g g g a g c a g g a g c a c ta a -3 '
5 '-g g c tc tc ta a a a c c c tc c a -3 '
5 ’- c c g a g g c a c a a t a a c t a a g t - 3 '
5 '-cc a ta tta c a tg a tc c a g c g -3 '
5 '-g tc a a g g g ta g g ta a tg tc c -3 '
5 '-ca c tg c a ta c tg tg ta g c c g -3 '
5 '-g g tc tc a c c a a tg g tg g ta a -3 '
5 '-g g tttg g g a c a g a c tc c tg -3 '
5 '-g g c g a tc tc a g c c ttc a g c t-3 '
5 ' -g g tc a c c a a g g a c ttg g a g a -3 '
5 '-c c a tg a g a tc g tc c tttg a g -3 '
5 ’- g g a g a t c a g c a t t c t g a a c a - 3 '
5 '-a c a g c tg c g g c c a c a ta c -3 '

Ta®C

Product Size (bp)

54®C

344

57®C

386

55®C

351

53®C

580

54®C

341

56°C

323

55°C

311

55®C

536

59®C

423

56°C

473

56°C

509

5.2.3 Molecular Genetic Analysis
The genomic structure of both CNGA3 and CNGB3 was established using published
information (Wissinger et al., 1997; Sundin et al., 2000; Kohl et al., 2000) and by
screening the NCBI htgs (high throughput genomic sequences) database with coding
sequence (figures 5.1 and 5.2). The coding sequence of CNGA3 was amplified by PCR in
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each individual using primer sequences as published by Kohl et a/., 1998 (shown in table
5.4). PCR was carried out essentially as described in section 2.3.T.2 and after resolution on
a 1% LMT agarose gel, products were excised and eluted (section 2.3.9).
Direct sequencing of PCR products was carried out using PCR primers (section
2.3.10).

Following ethanol precipitation DNA sequence was analysed on an ABI 3KX)

Genetic Analyser (section 2.3.11) and examined for alterations utilising Sequencing
Analysis (ABI Prism™) and GeneWorks™ software.

5.2,4 Database Sequences and Amino Acid Sequence Alignment
GenBank sequences were used to construct an alignment of CNG channel protein
sequences and to analyse the evolutionary conservation of the corresponding amino acid
positions.

The sequences used were: CNG channel a-subunits of human cone

photoreceptor (accession number AF065314), mouse cone photoreceptors (AJ243933),
chicken cone photoreceptors (X89598), human rod photoreceptors (S42457) and bovine
olfactory epithelium (X55010); and the Drosophila melanogaster CNG channel (X89601).
Sequences were aligned using the GeneWorks™ programme.

5.3 Results
5.3.1

Phenotype Analysis
At least one affected individual was assessed from each family. All examined

patients with achromatopsia were found to have photophobia, variable degrees of
nystagmus, decreased visual acuity (6/60-6/36) and absent or markedly reduced photopic
ERG with normal rod responses. Affected individuals in whom psychophysical testing was
performed, displayed no residual colour vision. The unaffected family members who were
assessed were found to have normal ophthalmological examination.
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5.3.2

Molecular Genetics
53.2.1 Results of CNGA3 Mutation Screening
CNGA3 was screened for mutations in the panel of achromats by direct sequencing

of coding exons plus around 50bp of flanking UTR and intronic sequence amplified by
PCR. The results of this analysis are summarised in table 5.5.
Thirteen different alterations of CNGA3 were found in the panel of achromats.
Three of these nucleotide changes are single nucleotide polymorphisms (SNPs; figure 5.3).
The first, detected in individuals RM4, RM5 and RM8, is a silent T/C SNP at nucleotide
position 72 and has been reported previously (Wissinger et al., 2001). The second is a
silent nucleotide polymorphism identified as a C->T heterozygous change at nucleotide
position 1443 in RM34 and RM35. The third, not previously reported, represents a
Metll211e polymorphism and was detected in 13 individuals including 8 affected subjects
(RM4, RM8, RM9, R M ll, RM22, RM28, RM29, RM38). Analysis of additional family
members where possible confirmed that this change did not represent a disease causing
mutation, that is, the alteration does not segregate with disease (figure 5.3h).
O f the other CNGA3 alterations found (figure 5.4), six have not previously been
reported - Arg23Term, Gln251Term, Arg276Ser, Thr3(X)Met, Ile537fs and Gly603Arg
(highlighted in blue in table 5.5). For three affected subjects (RM 15, family 7, RM18,
family 8 and RM35, family 17) for whom heterozygous mutations were found, no second
mutation of CNGA3 could be identified using this approach. The Arg278Trp (RM15 and
RM 16, family 7), Arg491Trp (RM35 and RM36, family 17), Phe602Leu (RM39, family 20
and RM43, family 24) and Arg624His (RM27, family 13) mutations identified have been
described in earlier studies (Kohl, et at., 1998; Wissinger et al. 2(X)1).
In summary, the molecular genetic basis for disease in the panel of twenty-five
achromat families studied can be confirmed as due to mutations in CNGA3 in seven of
these families (families 10, 11, 12, 13, 15, 20 and 24). In six of the familes (families 10,
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11, 12, 15, 20 and 24) the mutation identified was homozygous while compound
heterozygous mutations were found in one family (family 13). Two of the ten diseaseassociated

alterations found

were

protein

truncation

mutations (Arg23Term and

Gln251Term), one resulted in a frameshift mutation (Ile537fs) and the remainder were
amino acid substitution mutations (Arg278Trp, Thr300Met, Gly603Arg, Arg624His,
Arg276Ser. Arg491Trp and Phe602Leu) all of which may be described as non-conservative
(table 5.6).

The mutations found are mostly located in structurally and functionally

important region of CNGA3 (figure 5.5).

Table 5.5: CNGA3 mutations identified in achromats
Previously unreported mutations are highlighted in blue. Nucleotide numbering is from
the first nucleotide of the ATG start codon

Family/Affected
7/R M 15,

Nucleotide Alteration

Polypeptide Alteration

Ht. 8 3 2 C ^ T

A rg 2 7 8 T rp

8 /R M 18

Ht. 8 9 9 C ^ T

Thr300Met

10 / RM21

Hm. 1 8 0 7 G ^ A

Gly603Arg

11/R M 22

H m . 6 7 C -* T

Arg 23Term

12 / RM25

Hm. 7 5 1 C ^ T

Gln251Term

13/R M 27

Ht. 1647insC

He537fs

RM16

Ht. 1 8 7 1 G -* A

A rg 6 2 4 H is

15/R M 29

Hm. 8 6 5 C ^ T

Arg276Ser

17/R M 35

Ht. 1 4 7 1 C -* T

A rg 4 9 1 T rp

20/R M 39

H m . 1 8 0 6 C -> A

P h e6 0 2 L eu

24 / RM43

H m . 1 8 0 6 C -^ A

P h e6 0 2 L eu

-
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Figure 5.3: Electropherograms showing nucleotide polymorphisms in CNGA3.
N u ce o tid e 7 2 T /C silen t S N P ; a n o rm al se q u e n c e , b se q u en c e o f h e te ro z y g o te an d c
se q u en c e o f h o m o z y g o te ; N u cle o tid e 1443 C /T sile n t S N P : d n o rm al se q u e n c e , e se q u en ce
o f h e tero zy g o te ; N u cle o tid e 3 3 6 C /T M e tll2 I le p o ly m o rp h ism : f n o rm al rev e rse seq u en ce,
g rev e rse se q u e n c e o f h etero zy g o te , h g en o ty p es o f fa m ilie s w ith M e t l l 2 I l e p o ly m o rp h ism
d e m o n stra tin g th a t th is a m in o ac id ch a n g e c a n n o t be a s so c ia te d w ith d isease.

C

C G A

G

A

T

C
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C

250

:

C

G A

G

A

N

C

C T

260

T

T

C

C

G

C

C G

A G

A C
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G

A

C
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A
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A

G

A G

C

G A T T

A G

150

A G

C

N A

T

T

150

S ta tu s

N t. 1 4 4 3

N t. 1 4 4 3

A m in o A c id

(A /N /O Q *

a l le l e 1

a l le l e 2

R e s id u e

F am ily 2 / R M 4

A

G

A

M et/H e

F am ily 2 / R M 5

A

G

G

M et

F am ily 2 / R M 6

C

G

A

M et/Ile

F am ily 3 / R M 7

C

G

A

M et/Ile

F am ily 3 / R M 8

A

G

G

M et

F am ily 4 / R M 9

A

G

A

M et/lle

F am ily 4 / R M 10

OC

G

A

M e t/lle

F am ily 4 / R M 11

A

G

A

M et/Ile

F am ily 11 / R M 22

A

A

A

Ile

F am ily 11 / R M 23

OC

G

A

M e t/lle

F am ily 11 / R M 2 4

OC

G

A

M e t/lle

F am ily 1 4 /R M 2 8

A

G

A

M et/Ile

F am ily 1 5 /R M 2 9

A

A

A

Ile

F am ily 1 7 /R M 3 4

N

G

A

M et/Ile

F am ily 17 / R M 35

A

G

G

M et

F am ily 17 / R M 3 6

N

G

G

M et

F am ily 1 9 / R M 38

A

G

A

M et/lle

F a m il y /I n d iv id u a l

*A = a ffec ted ; N = u n affec ted ; O C = u n affec ted o b lig a te c a rrie r o f d ise a se -c a u sin g m u tatio n
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Figure 5.4: CNGA3 nucleotide mutations found in achromats.
A ffec te d in d iv id u als a re sh o w n in b o ld type. Ht. rep rese n ts a
h e tero zy g o u s alteratio n . H m . rep rese n ts a h o m o z y g o u s alteratio n .

B
F am ily 7 , R M 1 5 an d R M 16

F am ily 8 , R M 18 (R M 17 also ht.)

Ht. CAT nt. 8 3 2 : A rg 2 7 8 T rp h t

Ht. C /T n t.8 9 9 : T h r3 0 0 M e t ht.

I
A

A G C T N G G A C i

A

G

A

N G

A

C

160

200

D
F am ily 1 1 ,R M 2 2
F am ily 10, R M 2 1

H m . C - » T nt. 6 7 ; A rg 2 3 T e rm

H m . G -^ A n t.l8 0 7 ; G ly 6 0 3 A rg

R M 23 an d R M 2 4 (b elo w ) are

w ith th e n orm al se q u en c e below

h e tero zy g o u s fo r th is c h a n g e

I
A C T

T

C A

I
G

G

G

A G A C T G A G

AT

360

250

A C T

T

C G

G G

G

C T G l

A

360
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E
F am ily 12, R M 2 5
H m . C ^ T nt. 751 : G ln 2 5 1 T e m t
w ith th e n o rm al se q u e n c e below

G

C T G T A G

T C

110

G

C

T

G

C A

G

T

C
I OC

FI
F am ily 1 3 ,R M 2 7
Ht. Ins Cm. 1608+1 ; Ile5 3 7 fs

I
\ A G G T T C G C
50

N T T T T T C N A G N N N N
160
170

I
A T C C N C A G C
F2

130

F am ily 1 3 ,R M 2 7
Ht. G /A nt. 1871 : A rg 6 2 4 H is

-
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F am ily 15, R M 2 9
H m . C ^ T nt. 8 2 6 : A rg 2 7 6 S e r
w ith n o rm al se q u e n c e below

T G T A T G A G C

190

T G T

AC

G A G

C

170

HI
F a m ily lT , R M 3 5
Ht. C ^ T nt. 1471 : A rg 4 9 1 T rp ht

G

A

C

G

C

G

G

G

T

300

H2

H3

F am ily 17, R M 3 4 u n affec ted , norm al

F am ily 17, R M 3 6 u n affec ted Ht.

G

A

C

G

C

G

G

G
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G

300
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Il
F am ily 2 0 , R M 3 9
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Table 5.6: Properties o f amino acid substitutions identified in achromats
All of the substitutions identified may be described as non-conservative owing to the properties listed below.
Arginine to histidine can be included as non-conservative since, unlike arginine, histidine is sensitive to pH.
Amino Acid Present in Achromat

Wild-Type Amino Acid
Arg - positively charged, polar and hydrophilic

Trp - non polar, aromatic and hydrophobic

Thr -polar, uncharged and hydrophilic

M et - non polar and hydrophobic

Gly - tiny, uncharged

Arg - positively charged, polar and hydrophilic

Arg - positively charged, polar and hydrophilic

Ser - small, uncharged, polar and hydrophilic

Phe —non polar, aromatic and hydrophobic

Leu - non polar, aliphatic and hydrophobic

Arg - positively charged, polar and hydrophilic

His - positively charged, polar and hydrophilic

5.3.2.2 A m ino A cid Conservation
Excluding the frameshift mutation, six of the eight amino acid residues found to be
affected by mutation in achromats are conserved among vertebrate photoreceptor CNG
channel a subunits. Five of these are also conserved in bovine olfactory CNG channels
while four are also conserved in Drosophila (table 5.7).

Table 5.7: CNGA3 mutations and amino acid conservation
Polypeptide

Human

Mouse

Chicken

Human

Bovine

Bros.

Alteration

Cone

Cone

Cone

Rod

Olfactory

Melanogaster

Arg23Term

Arg

Arg

Gin

Lys

Pro

Thr

Gln251Term

Gin

Gin

Gin

Gin

Gin

Asn

Arg276Ser

Arg

Arg

Arg

Arg

Arg

His

Arg278Trp

Arg

Arg

Arg

Arg

Arg

His

Thr300Met

Thr

Lys

Gin

Ser

His

His

Arg491Trp

Arg

Arg

Arg

Arg

Lys

Arg

Phe602Leu

Phe

Phe

Phe

Phe

Phe

Phe

Gly603Arg

Gly

Gly

Gly

Gly

Gly

Gly
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5 3 .2 3 Sum m ary o f Results o f CNGB3 M utation Screening
The same panel of achromats screened for CNGA3 mutations was screened for
CNGB3 mutations in a parallel study undertaken by a Dr. Michel Michaelides of the
Division of Molecular Genetics. Mutations in this gene were found in twelve families and
involved missense and framshift type amino acid alterations. These results are summarised
in table 5.8.
Table 5.8: CNGB3 mutations identified
Nucleotide numbering is from the first nucleotide of the ATG start codon. Alterations in

Family/Affected
2 /R M 4 ,

Nucleotide Alteration

Polypeptide Alteration

Hm. 892 A-^C

Thr297Pro

3 /R M S

Hm. 1019 A ^ C

His340Pro

4 /R M 9 ,

Ht. 1148delC

Thr383fs

R M ll

H t 595delG

G lnl98fs

5 /R M 1 2

Hm. 1148delC

Thr383fs

6 /R M 1 3

Ht. 892 A-^C

Thr297Pro

Ht. 2264 A-^G

Gln755Gly

RM5

9 /R M 1 9

16/R M 32,

Ht. 1148delC

Thr383fs

Ht. 892A -^C

Thr297Pro

Hm. 1148delC

Thr383fs

Ht.-36utrT^G

5 UTR mutation

RM 33
17/R M 35

H t.8 0 A ^ G

Asn27Ser

18/R M 37

Hm. 1573/4 T T ^A A

19/R M 38

Hm. 1148delC

Thr383fs

21 /R M 4 0

Hm. 1148delC

Thr383fs

22/R M 41

Hm. 1148delC

Thr383fs
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53,2,4 Identification of Achromats fo r New Candidate Gene Analysis
A total of twenty-five individuals from different families were screened for
mutations in CNGA3 and CNGB3.

Of these, seven had disease-causing mutations in

CNGA3, while the responsible mutations were found in CNGB3 for twelve families. For
two families only single heterozygous mutations were found in CNGA3 (families 7 and 8).
No mutations were found in either CNGA3 or CNGB3 for only four families (families 1 ,4 ,
23 and 25).
Achromatopsia affects only cone photoreceptors and mutations have been identified
in cone CNG a - and p-subunits which are components of the phototransduction cascade
that differ between rods and cones. It seems sensible, therefore, to consider other conespecific components of the phototransduction cascade as new candidate genes for
achromatopsia.

Other genes that are expressed only in cones or are specifically up-

regulated in cones are also good candidates. A number of the possible candidate genes are
described in table 5.9.
Candidate genes GNAT2, GNGT2, PDE6C, PDE-delta, and PDE6H encode conespecific components of the phototransduction cascade while GCAP3 and X-arrestin are
expressed in cone but not in rod photoreceptors and has a role which is closely linked to
phototransduction (section 1.7). Good candidate genes on chromosome 14, the location of
the first linkage for achromatopsia, as listed by the RetNet disease table include genes
previously implicated in Leber congential amaurosis {RPGRIPl and L C A 3 \ retinitis
pigmentosa (NRL) and Usher syndrome (USHIA).

-

166-

Achromatopsia

Table 5.9: Alternative candidate genes fo r achromatopsia
Gene ID

Protein

Chromosomal

References

Location
GNAT2
GNGT2
PDE6C
PDE-delta
PDE6H
GCAP3
X-Arrestin

5,4

cone transducin
a-subunit
cone transducin
Vsubunit
phosphodiesterase
a'-subunit
phosphodiesterase
0-subunit
phosphodiesterase
X-subunit
guanylyl cyclaseactivating protein
cone specific
arrestin

lpl3

Morris and Fong 1993.

17q21

Ong et al., 1995 and 1997.

10q24

Feshchenko et al., 1996;
Piriev et al., 1995.
Florio and Beavo, 1995

no information
available
12pl3
3qI3.1
Xcen-q21

Shimizn-Matsumoto et al..
1996.
Haeseleer et al., 1999;
Imanishi et al., 2002.
Murakami et al., 1993

Discussion
Achromatopsia is a congenital and stationary retinal disorder in which there is

normal rod function but absent or limited cone photoreceptor function associated with
photophobia and nystagmus. Mutations in CNGA3 and CNGB3 genes that encode the a and P-subunits of cone photoreceptor CNG channels respectively have been associated with
achromatopsia (Kohl et a l, 1998; Wissinger et al., 2(X)1; Sundin et al., 2(XX); Kohl et al.,
2000).

Indeed, when the importance of the CNG channel in phototransduction is

considered, the phenotype of achromatopsia can be well explained as a result of mutations
in CNGA3 or CNGB3. Moreover, analysis of the homologous CNGA3 knockout-mouse
model shows complete absence of physiologically measurable cone function, a decrease in

- 1 67

Achromatopsia

the number of cones in the retina, and morphological abnormalities of the remaining cones
(Biel etaL, 1999).
In agreement with previous studies which indicate that approximately 25% of
achromats have CNGA3 alterations (W issinger et a i, 2001), CNG A3 mutations were
identified in seven of the twenty-five fam ilies studied (28%). This study has identified six
previously unreported CNG A3 mutations associated with achromatopsia (Arg23Term,
Gln251Term, Arg276Ser, Thr3(X)Met, Ile537fs and Gly603Arg). The distribution of
mutations found in this study is biased towards the terminal segments of the gene and thus,
the mutations are mainly confined to the functionally and structurally important central
parts of the CNG A3 polypeptide (figure 5.5). Tw o previously identified common CNG A3
mutations in achromatopsia (W issinger et al., 2001) were also found in this panel of
patients: Arg491Trp was identified in one individual whilst two individuals had the
Phe602Ile mutation.

60% of the disease associated nucleotide alterations identified

involved CG-dinucleotides which in part accounts for the high frequency of substitutions at
arginine codons (5/10).

Figure 5.5: Location o f CNG A3 mutations identified with respect to
proposed topological model o f CNGA3 polypeptide.
Gln251Terin Thr300Met

\
ex tracellu lar

P loop

—>
V i
\\f
86
S1 S2 S3 84 85

intracellular

Arg278Trp Arg491Trp
[276Ser

He537fs

Arg23Term

Phe602Leu
Gly603Arg
Arg624His
COOH

cGMP-binding site
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Six of the families for whom putative disease-causing mutations were found had
homozygous nucleotide changes (families 10, 11, 12, 15, 20 and 24). In one of these cases
(family 11), mutation analysis of parental CNGA3 sequence demonstrated corresponding
heterozygous alterations.

This confirms true homozygosity in the affected offspring as

opposed to a genotype involving a heterozygous change and a deletion.

In the other

homozygous cases no parental information was available although a large deletion in one
allele of the whole gene could be ruled out for family 15 by observation of heterozygosity
at the M etl 12Ile polymorphic site.
The simplest explanation of genotype for those affected individuals for whom single
heterozygous mutations were found (RM 15, RM 18 and RM35) is that the second mutation
was missed by sequencing or is present in a yet unidentified exon, promotor or intron.
Alternatively, in these cases there may be a large structural alteration of the second allele
which it may be possible to detect by Southern blotting. A dominant effect of these single
heterozygous mutations can be ruled out in RM 18 and RM35 as there are unaffected
heterozygotes in their families (RM 17 and RM36 respectively). An additional explanation
might involve mutations in the CNG channel beta-subunit in addition to that found in
CNGA3.
The functional importance of the CNGA3 amino acid residues affected by mutation
is reflected by the high degree of evolutionary conservation. The majority of these residues
were highly conserved among vertebrate cone photoreceptors (human, mouse, chicken),
also among other vertebrate CNG channels (human rod and bovine olfactory epithelium)
and half were even conserved in the CNG channels of Drosophila (table 5.6).
6/9 of the different mutations identified were missense mutations which indicates
that there is little tolerance for substitutions with respect to functional maintenance of the
channel polypeptide.

This notion is supported by the high degree of evolutionary

conservation among CNG channel a-subunits as described above. Relatively little detail is
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known, however, about the actual contribution of different portions of the CNG A3
polypeptide to cone photoreceptor CNG channel function and the majority of work to
elucidate the mechanism of CNG channel regulation in photoreceptors to date has involved
CN GA l and CN GBl of rod photoreceptors.

It has been established, however, that

photoreceptor CNG channel gating is modulated by a number of factors whose action is
mediated by crucial segments and/or individual amino acids in each of the subunits:

•

Nickle and zinc transition metal ions coordinate the histidine residues at
position 420 of adjacent subunits and increases sensistivity of the channel
by promoting the open state (Gordon and Zagotta, 1995).

•

Sensitivity to cyclic nucleotides is decreased by serine/threonine and
tyrosine phosphoiylation. S577 of rod and S579 of cone a-subunits and
Y498 of both a-subunits are involved in mediation of this effect (Gordon
et al., 1992; Molokanova et al., 1999). Déphosphorylation of Y498 has
the converse effect and is regulated by growth factors (Savchenko et al.,

2001).
•

The S6 transmembrane domain and flanking regions of the a-subunit are
involved in protein-protein interaction with protein tyrosine kinase which
decreases channel cyclic nucleotide sensitivity (Molokanova and Kramer,

2001).
•

Phospholipid metabolites decrease channel sensitivity by interaction with
transmembrane domains (Crary et al., 2000).

It has been shown that the murine and bovine orthologues of the human CNGA3
gene are also expressed in non-retinal tissues, notably kidney, testis and the pineal gland
(Biel et al., 1994). None of the achromats examined in this study demonstrated systemic or
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non-visual illnesses or complaints. If human CNGA3 is expressed in the pineal gland then
it appears not to be utilized in a manner similar to the retina since we know there is no light
detection by the mammalian pineal gland (Lucas et al. 1999).
Consideration of the results of a similar molecular genetic study of the CNGB3 gene
in the same panel of achromats undertaken within the research group revealed that there
were only four families for whom no mutations in the cone CNG channel a - and P-subunits
could be found. The affected individuals in these families are appropriate for inclusion in
further studies to examine other candidate genes for achromatopsia. One of the families
(family 1) for whom CNGA3 and CNGB3 were excluded as disease genes is a large
consanguinous Pakistani family and was therefore suitable for a genome-wide linkage
screen of microsatellite markers to identify regions of homozygosity/autozygosity. This
study was undertaken in collaboration with Professor Eamonn R. Maher and Dr. Irene A.
Aligianis of the University of Birmingham. Results indicated significant linkage to a 16cM
autozygous region between markers D1S485 and D1S534 on chromosome lp l3 . GNAT2,
the gene that codes for cone photoreceptor a-transducin which is the G protein responsible
for coupling the cone pigments to cGMP-phosphodiesterase in phototransduction (section
1.7), was identified as a positional candidate in this interval. Screening of this gene in the
family by direct sequence analysis demonstrated a frameshift mutation (nt. C.842_843 ins
TCAG) that segregated with disease (Aligianis et al., 2002). At the time of completion of
the study mutations in GNAT2 had not been described previously for achromatopsia.
Subsequently, Kohl et al. (2002) published similar findings in five independent families
with achromatopsia. The mutations identified all differ from that found in family 1 and
each other although all result in premature translation termination and in mutant
polypeptides that lack considerable portions of the carboxy terminus.
It is noteworthy that the three genes now known to be involved in achromatopsia
encode crucial components of the cone phototransduction cascade. This indicates that all

- 171 -

Achromatopsia

three classes of cone photoreceptor utilize a common cone-specific cGMP-gated channel
and a common a-transducin subunit and that there is conservation of the phototransduction
process in cones.

This observation also implies that, since not all achromats can be

accounted for by mutations in these three genes, other candidate genes for achromatopsia
may be found in other cone-specific components of the phototransduction cascade (table
5.9). In addition any genes that are expressed specifically in cones or are upregulated in
cones should also be considered as candidates for genes involved in achromatopsia.
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6,1

Introduction
The cone-rod dystrophies are a heterogeneous group of retinal disorders, often

leading to registrable blindness, that are characterised by an initial loss of cone
photoreceptors, followed by the degeneration of rod photoreceptors. Cone-rod dystrophies
have been mapped to a number of chromosomal loci (section 1.14.2) although, to date,
mutations have been identified in only four genes - peripherin/RDS (Nakazawa et al.,
1994, 1996a, 1996b; KiKawa et al., 1994; Fishman et al., 1997; Kohl et al., 1997), CRX
(Freund et al., 1997), retinal guanylate cyclase (Kelsell et al., 1998a) and most recently
ABCR (Maugeri et al., 2000).
CORD7, a dominant cone-rod dystrophy, was mapped in a four generation British
family by Kelsell et al. (1998b) to a region on the long arm of chromosome 6 flanked by
markers D6S5430 and D6S1625 (figure 6.1a and b). The size of the delimited region was
estimated to be approximately 7cM. This region of chromosome 6 overlaps with the loci
for other retinal diseases: a recessive form of retinitis pigmentosa (RP25) (Ruiz et al.,
1998), a dominant Stargardt-like disease (STGD3) (Stone et al., 1994; Edwards et al.,
1999), a dominant drusen and macular degeneration (Kniazeva et al., 2000), a dominant
macular atrophy (Griesinger et al., 2000) and a Leber’s Congenital Amaurosis locus
(LCA5) (Dharmaraj et al., 2(XX)). STGD3 has recently been shown to arise from mutations
in ELOVL4 (elongation of very long chain fatty acids-like 4: Zhang et al., 2(X31). EL0VL4
is in a new photoreceptor-specific gene that has homology to a group of yeast proteins
involved in the biosynthesis of very long chain fatty acids.
Other retinal disease loci which map to the 6 q ll-1 6 region include the loci for
North Carolina macular dystrophy (M CD Rl) (Small et al., 1993) and progressive bifocal
chorioretinal atrophy (PBCRA) (Kelsell et al., 1995) both of which lie telomeric to the
CORD7 region. The possibility that the retinal disease loci in this region are allelic cannot
be excluded.

Indeed such allelic heterogeneity has already been reported for the
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peripherinlRDS gene (Wells et a i, 1993), the ABCR gene (Allikmets 1997; Martinez-Mir
1998) and the CRX gene (Sohocki et al., 1998).
The onset of reduced color vision and visual acuity in affected members of the
British CORD7 family described by Kelsell et al., (1998b) varies between the ages of 20
and 40 years. As the disorder progresses, difficulties of seeing in bright light become
apparent and one individual also reported visual problems in dim light. At the onset of
symptoms, retinal pigmentary changes are already present around the fovea (figure 6.2a),
which develops into macular atrophy.

Electrophysiological examination shows that

scotopic rod responses in advanced disease patients are barely detectable and all cone
responses are severely attenuated but with no change in implicit time (figure 6.2b). Pattern
ERG is extinguished in keeping with the severe macular dysfunction.
7cM is a large region in which to search for candidate genes, and so the aim of this
study was firstly to refine the CORD7 locus and then to identify and screen candidate genes
in the British CORD7 family. Any candidates would also be screened in an American
cone-rod dystrophy family which maps to the same region and also in an LCA5 family.
Two candidate genes were previously excluded.

IM PG l (interphotoreceptor matrix

proteoglygan) (Felbor et a i, 1998) was excluded from the disease region by Kelsell and
colleagues (1998b) on the basis of a crossover between a frequent C/G polymorphism in
exon 13 of the gene (Gehrig et al. 1998).

An unconventional myosin gene, M Y 0 6

(Avraham et al., 1997; Wells et al., 1999) has been screened for mutations in our family
and none found (Alex Morris, unpublished data).
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Figure 6.1: a) CORD7 pedigree and haplotype data fo r markers on chromosome
6q (from Kelsell et al., 1998b) and b) retinal disease loci in the CORD7 region.
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6.1a) Marker identities are shown to the left of individual ÏV-1.
segregating with disease in this family is boxed.

The haplotype that is

Limiting markers are D6S430 and

D6S1625. The bottom entry in the list represents the C and G alleles of the IMPGl gene.
Relative positions of new microsatellite markers SJl and SJ2 are also indicated.
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6pter

t
D 6 S 1 5 5 1 -D6S257 - D6S430 - -

i

I□

D6S225 - D6S1625 - D6S1644 - -

D 6 S 1 6 1 3 --

m
D6S16 9 4 / 2 7 5 - -

D6S249 - h « 1

I—

D 6S 1671-D6S301- -

6,1b) C0RD7 locus: LCA5 - Leber’s Congenital Am aurosis; adM D - dom inant macular
atrophy; RP25 -

recessive retinitis Pigmentosa; DD -

dominant drusen and macular

degeneration; STGD3 - dominant Stardardt-like macular dystrophy, disease gene ELOVLA;
C 0R D 7 - dom inant cone-rod dystrophy; M CDRl - North Caroliona macular dystrophy;
PBCRA - progressive bifocal chorioretinal atrophy. See text for references.
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Figure 6.2: a) Fundoscope Image of Affected Individual from CORD7 Family and
b) Electrophysical Data from Affected CORD7 Individual and Normal Control.

6.2a) Fundoscope image of individual from CORD? family.
male (IV: I) with ‘bull’s ey e’ type maculopathy.
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6.2b) Electroretinogram traces from patient H 6 and from a normal control (from
Kelsell et al., 1998b). Except for the pattern ERG (PERG) note that different axis scales are
used for patient and control traces. Scotopic responses measure rod function alone while rod
and cone function is tested in the mixed test and cone function is tested by 30Hz flicker,
photopic and PERG tests.
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6,2

Methods

6.2.1

Patient Sample Collection
Patient examination and sample collection from a four-generation British family is

detailed elsewhere (Kelsell et al., 1998b).

6.2.2

Generation of DNA Markers
It was necessary to identify new DNA markers as no useful new markers have been

identified through the databases in the region of interest since the original mapping of
CORD7 (Kelsell et at., 1998b).

Polymorphic DNA markers were, therefore, designed

using a program devised by a colleague. Dr. Andrew Webster, and enables the
identification of repeat regions in genomic DNA sequence. The query sequence, that in
which one wishes to identify a repeat marker and in this case that of BAG or PAG clones
identifed from the Sanger Institute chromosome 6 contig of the CORD7 region, was entered
into the program and the parameters set such that any repeat unit of two nucleotides length
which was repeated ten or more times would be detected. The results showed what repeats
were present, the length of the repeat and the exact position within the queiy sequence.
Suitable primers were then designed to amplify 200-250bp of the genomic sequence
containing the repeat and used in analysis of the British GORD7 family.

62,3

Genotyping
Genotyping of novel microsatellite markers S Jl and SJ2 in the British G 0RD7

family was performed by PGR amplification of 110ng-250ng patient DNA with one primer
of each pair end-labelled with y-^^P (section 2.3.13). PGR was carried out essentially as
described in section 2.3.7 but the reaction volume was reduced to I0p\. After addition of
formamide loading buffer, PGR products were denatured and then quenched on ice.
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Products

were

separated

by

denaturing

gel

electrophoresis

(SequaGel,

National

Diagnostics) and visualised after exposure of X-ray film.

6.2 Â

Bioinformatic Identification of Candidate Genes
Initially information contained in Ensembl (http://www.ensembl.org), GeneMap99

(http://www.ncbi.nlm.nih.gov/genemap99),

the

UCSC

Human

Genome

browser

(http://www.genome.ucsc.edu/index.html) and information from the Sanger Institute
chromosome 6 sequencing project for the CORD7 region on chromosome 6 between
D6S430 and D6S1625 was used to identify the genes present in the 7cM region between
these markers.

6.2.5 Identification of Human RIMI and Genomic Organisation
The complete nucleotide sequence of the rat R im l gene, 5655bp (AF007836), was
used in a BLAST-N search of the human EST database, the non-redundant (nr) database,
and the high throughput genomic database (htgs) to identify human related sequences. The
genomic organisation of the human RIM I gene was determined by comparison of the rat
cDNA sequence, human sequences identified by PCR and in database searches of human
genomic sequence.

6.2.6

Library Screening
A human adult retinal cDNA library in XgtlO (Becton-Dickinson Clontech, UK)

was screened using standard techniques (section 2.3.16) with the PCR products generated
using primers RIM-Exonic 19F and RIM-Exonic 31R. Inserts of positive clones identified
were excised from the phage vector with EcoRl and subcloned into pBS SK+ and
sequenced.
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R IM I Alternative Splicing
In order to examine the extent of alternative splicing of R IM I, internal primers

(table 6.1) were designed to amplify fragments of the gene by PCR in retina and brain
cDNA (Quick-Clone™, Clontech). 50//1 reactions were carried out as described in section
2.3.7 using 0.5ng cDNA per reaction and appropriate primer annealing temperatures.
Products were separated and visualized by ethidium bromide-stained agarose gel
electrophoresis and cloned using the pGEM®-T Easy vector system (Promega) (section
2.3.12). Colonies containing ligated plasmid were selected and cultured overnight in 5ml of
LB culture medium with antibiotic selection. DNA was extracted from the cultured cells
by use of a QIAGEN DNA Miniprep kit according to the manufacturer’s protocol (section
2.3.3).

Inserts

were

subsequently

sequenced

using

pTAG

vector

primers

(5':gctatgaccatgattacgccaa, 3':tgtaaaacgacggccagtgaa) and visualised on an ABI 3100
Genetic Analyser (sections 2.3.10 and 2.3.11).

Table 6.1: Human RIM I internal primers used in analysis o f splice variants.
Forward Primers
RIM-Exonic 2
RIM-Exonic 8
RIM-Exonic 11

Sequence
5'-aaatgctgaaaaccagcccc-3'

Reverse Primers
RIM-Exonic 4

5'-gaacttagtgcgacaatagg-3'

5'- tactggttggatcctgccac-3’

RIM-Exonic 11

5'- ccaataggccttgaaacaa-3’
5'- ctgtctccaattctatgagg-3’

Sequence

5'- ttgtttcaaggcctattgg-3’

RIM-Exonic 16

RIM-Exonic 16

5'- cctcatagaattggagacag-3’

RIM-Exonic 19

5'- gaacgtgaccttcttgttgg-3’

RIM-Exonic 18

5'- ggtctagtgctagagaaagt-3'

RIM-Exonic 21

5'-aataaaggcatcttgggagg-3 ’

RIM-Exonic 19

5'- ccaacaagaaggtcacgttc-3'

RIM-Exonic 23

5'- ttggtactagcactcctagc-3'
5'- acttgtgggagctgtcttcc-3'

RIM-Exonic 21

5 - cctcccaagatgcctttatt-3'

RIM-Exonic 27

RIM-Exonic 23

5'- gctaggagtgctagtaccaa-3'

RIM-Exonic 31

5'- ctgttgatgctgccatcagt-3'

RIM-Exonic 27

5'- ggaagacagctcccacaagt-3'

RIM-Exonic 34

5'-agagactgctgatacaaagg-3'

RIM-Exonic 31

5'- ggcagctgaaatgagaaaga-3’

RIM-Exonic 35

5'-gaactttccagagatcactg-3'
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6.2.8

Expression Studies
Expression of RIM] was assessed by PCR amplification of human cDNA from

kidney, liver, heart, brain and retina (Quick-Clone™, Clontech) using primers from exons
31 and 34 which amplify a 402bp product. PCR products were visualised by agarose gel
electrophoresis.

Primers

to

the

ubiquitously

expressed

PGM I

gene

(F:5’~

gaaaaatcaagccattggtggg-3' ; R:5'-ggcaccgagttcttcacagaggaa-3') were used as an internal
amplification control. In addition a Northern Blot (Origene Technologies Inc) with RNA
from twelve major human tissues was probed with a fragment generated from cDNA by
using primers RIM-Exonic 3 IF and RIM-Exonic 34R (table 6.1) and randomly labelled
with [a-^^P] dCTP (section 2.3.13).

6.2.9

M utation Screening
For the mutation analysis of candidate genes, coding exons were amplified from

patient genomic DNA using primers located in flanking intron and UTR sequences. The
primers for RIM I are listed in table 6.2 and the primers for EL0VL4 are as described in
Kang et al. (2001) and listed in table 6.3.
PCR was carried out essentially as described in section 2.3.7 with the exception that
MgClz was used at a concentration of 1.5mM. Cycling parameters were 4 min at 94°C,
followed by 35 cycles of 30 s at 94 °C, 30 s at the annealing temperature (T J of the primers
(52-58°C), and 30 s at 72°C with a final 5 min extension at 72°C. PCR products were
visualized by agarose gel electrophoresis and subsequently excised from a 1% low melting
temperature agarose gel. Products were purified using Wizard™ Minicolunms (Promega).
A 5p\ aliquot of the eluted DNA was analysed on a 1% agarose gel to determine
approximately the yield of PCR product (section 2.3.5) before direct sequencing.
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Direct sequencing on ABI 373a and ABI 3100 automated DNA sequencers with Big
Dye terminator chemistries was used for mutation detection (sections 2.3.10 and 2.3.11).
Sequencing primers were the same as those used for PCR.

6.2dO Analysis ofhRIMl polymorphisms
As a result of mutation screening of HRIMl in the CORD7 family three single
nucleotide polymorphisms (SNFs) were identified. Silent A/G, G/A and T/C SNPs were
detected in exons 1, 6 and 32 of the gene respectively.

The frequency of the G/A

polymorphism was examined in 39 control DNA samples by PCR amplification of exon 6
(section 2.3.7) in each individual followed by restriction enzyme digestion of lOpl of this
product using 10 units of BsiH KAl (New England BioLabs). This enzyme is a 6bp-cutter
that recognises the DNA sequence 5'-GA/TGCA/T''C-3' and cuts the exon 6 PCR product
when allele G is present but not when allele A is present (G/AAGCAC).

The digest

reaction was carried out in IX NE buffer (as supplied) and lOOpg/ml BSA, incubated at
65°C for 90 minutes and then resolved on a 1.5% agarose gel.
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Table 6.2: Primer sequences used to amplify human RIMI.
P rim e r

F o rw a rd

R e v erse

S equence

Ta®C

S eq u en ce

P ro d u c t Size
(bp)

RIM -Ex.1

5'-tgcatccgaaaggtgagag-3'

5'-ggagtgagtggtgaatgga-3'

58

286

RIM -E x.2

5'-gagtgtttttcagtaccgtg-3'

5'-ctactctcacatgcaatgtg-3'

54

260

R IM -E x.4

5'-tactctgcttccttggatgc-3'

5'-agctggaaatgagctcttcc-3'

56

177

R IM -Ex.5

5'-gttcaaagagagctatgcttcc-

5'-gtgttctcatgtttggaagg-3'

54

398

R IM -E x.6

5'-gtgggaggaccattttcac-3'

5'-ggctttgctctcctagcaa-3'

56

543

R IM -E x.7a

5'-ccttcagatccaaatcccta-3'

5'-cctggtctgataatcctcct-3'

54

380

R IM -E x.7b

5'-cgatcacaggattacccaga-3'

5'-aaagagtcgttccgcagcat-3'

53

536

R IM -E x.7c

5'-caagcagctaacgaaccaca-3'

5'cctcttcacttggctgaagt-3'

55

404

R IM -E x.8

5'-cgatgtacacgctcaagctt-3'

5'-ggacaataacgagcacaca-3'

56

247

R IM -E x.9

5'-gcagttctatccatgttacc-3'

5'-ccagaaactccgatgaatgc-3'

56

289

R IM -E x.lO

5'-gacagagcaagatcccatct-3'

5'-ccaccaattcatgttcatgc-3'

58

330

R IM -E x .ll

5’-gcttttgaaagcagagccta-3'

5'-ggaaactcagtattccagtt-3'

54

427

R IM -E x.12

5'-ccacacctgtaaagaccca-3'

5'-ccatcattgccaacatctag-3'

54

304

RIM -E x.13

5'-ggttctgttatcagtgatag-3'

5'-gacagactcagacagtgtat-3'

54

291

R IM -E x .l4

5'-cctgccagttgtaggttat-3'

5'-cccaaaagagaaaattctacc-3'

54

418

RIM -E x.15

5'-gtaactaccgtagatggcag-3'

5'-ctgagagggtaattctcaaa-3'

54

257

R IM -E x.16

5'-aatttcttggagaggtgatg-3'

5'-gccaagttgcttcataaaga-3'

54

384

R IM -E x.17

5'-atgtctttggtgtaatgagg-3'

5'-ggaagctgacagagaaaaca-3'

54

351

R IM -E x.18

5'-ggctattaataccgattgca-3'

5'-gcagcaatttacactgcatt-3'

54

360

R IM Ex. 19

5'-ccttcactttagtctgtctg-3'

5'-gtgctatgccacaatatctg-3'

54

279

R IM -E x.20

5'-ggcataacccatgtctcata-3'

5'-gggagagacggaagaataat-3'

54

197

R IM -Ex.21

5'-ggcctcctactttctgaata-3'

5'-ctatttttagtaggcaaggg-3'

52

232

R IM Ex.22

5'-caaatgtcagaattctagttgc-3'

5'-aatgaaggacatcagaggag-3'

55

319

R IM -Ex.23

5'-gctttactctctaacatggt-3'

5'ggctgtcatgaaacaaaaca-3'

52

R IM -E x.24

5'ggttatccttcagttggtgg-3'

5'-ggtgcttttccagtcctctt-3'

54

247

RIM -Ex.25

5'-tccacttggcaccaattctg-3'

5'-gagtgacagcacccctaaat-3'

55

339

R IM -E x.26

5'-ccttggacaaatgtgttggt-3'

5'-gagtgaaagcttcaagtgct-3'

55

350

R IM -E x.27

5'-cgtaacagaaaggaggaaag-

5'-gaggaggttctcaaatccaa-3'

52

248

R IM -E x.28

5'-gctagtactgtatattctgc-3'

5'-cctggtacacacactacaca-3'

52

338

R IM -E x.29

5'-ggtgtgggctaagtagtcat-3'

5'-cccactgtgacctaaactgt-3'

52

363

R IM -E x.30

5'-cagtgatgctgacctgtaat-3'

5'-gccatagcatgaagatcaag-3'

52

366

RIM -Ex.31

5'-gatattcaggagtaaactgtc-3'

5'-cactcagtggctttgttatc-3'

52

279

R IM -E x.32

5'-gtcaagtggaaactagtgaa-3'

5'-gttgcttctcacttgtattg-3'

52

295

RIM -Ex.33

5'-cgggctctcctttttgtttt-3'

5'-gatgcaaaacagagcatatg-3'

52

277

R IM -E x.34

5'-gggaaactttcagtaagcat-3'

5'-gtttgaccatctcttcgatg-3'

52

320

RIM -Ex.35

5’-gcccacttttacagcatagt-3'

5'-cagaggttgttacgaaagct-3'

52

399

-
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Table 6.3: Primer sequences used to amplify ELOVL4 exons.

EL0VL4-EX.1
ELOVL4-EX.2
ELOVL4-EX.3
EL0VL4-EX.4
ELOVL4-EX.5
ELOVL4-Ex.6a
ELOVL4-Ex.6b
ELOVL4-Ex.6c
ELOVL4-Ex.6d
ELOVL4-Ex.6e

5 ’-atcagattaaccagtgctca-3 '
5 ’-ggtaaaatattacaatgatgg-3 ’
5 ’-tattttcacagactggggcc-3 ’
5 ’-cctaggttctcattgctttc-3 ’
5 ’-tgtctaaaatgacattgcac-3 ’
5 ’-cccagttcaatttaatctcc-3 ’
5 ’-cctttagacaactggatgtg-3 ’
5 ’-ggtgatctctgggtcaccag-3 ’
5 ’-cggaagaggtaggtatattt-3 ’
5 ’-cctatgtagtaaaacatgat-3 ’

5 ’-tccacctcctcstctttctc-3 ’
5 ’-gttgaaacatcttgattcct-3 ’
5 ’-cagtaacttctagcaatcgg-3 ’
5 ’-ccatgccttgtacattttgt-3 ’
5 ’-gtacatctcagtggcttact-3 ’
5 ’-tagctatgtagaagatgccg-3 ’
5 ’-tttcagcaaatggtgtgagc-3 ’
5 ’-ccagaccaaagcaatcatta-3 ’
5 ’-tagaggcttgatgatgatgg-3 ’
5 ’-caggctttccttgttttgat-3 ’

6,3

Results

6,3,1

Genotyping

Ta®C

Reverse
Sequence

Forward
Sequence

Primer

54
52
54
54
52
54
54
54
54
54

Product
Size (bp)
508
363
318
365
286
370
384
432
348
527

The minimal tiling path between the markers D6S430 and D6S1625 was determined
from information generated by the Sanger Institute chromosome 6 sequencing project. A
search of the draft sequence of this BAC/PAC contig yielded two new dinucleotide-repeat
(poly-CA) polymorphic microsatellite markers, SJl and SJ2 from within PAC clones
dJ20N4 and dJ395K14 respectively (table 6.4).

S Jl maps proximal to original marker

D6S1673 while SJ2 maps distal to D6S1625 (figure 6.1b). However, haplotype analysis
failed to narrow the CORD7 region further as both markers were uninformative in the
CORD7 family (figure 6.3a and b).

Table 6.4: Primer sequences for microsatellite markers SJl and SJ2
Microsatellite

Forward Primer

Reverse Primer

SJl

5'-ggtagaataatatgtccacag-3 '

5'-ggctgagtaagatgacttgg-3’

SJ2

5'-gctagaagtgacttggtaa-3‘

5'-gctgagaactcaggataca-3*

-

186-

Figure 6.3: Results o f S J l and SJ2
Genotyping in C0RD7 Family
Allele scores are shown below each
individual which underwent genotyping
for SJl andSJ2
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SJl is very uninformative in this family and little or no
conclusion can be drawn from this analysis in terms of
disease association.
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63.2

Candidate gene identification
Genotyping of additional microsatellite markers was carried out concurrently with

an approach to identify all known genes, ESTs and putative novel genes in this region
focusing on those that were expressed in the retina. Information contained in GeneMap99,
Ensembl, the UCSC Human Genome browser, data from the Sanger Institute chromosome
6 sequencing project and NCBI UniGene was used. This information is shown in table 6.5.

Table 6.5: 7cM CORD7 locus; known genes and ESTs
Text is coloured to differentiate between described genes (red) and ESTs (blue). Those genes and ESTs
with limited expression patterns that include the retina or eye are indicated by a black triangular marker and

PROTEIN

SYMBOL

UniGene ID

EXPRESSION
INFORMATION

►ITP4A1

Protein tyrosine

Hs.227777

Ubiquitous inc. retina

phosphatase ty;)e IV A
►PHF3
KIAA0663

PHD finger protein 3

Hs.78893

Ubiquitous inc. retina

KIAA0663 protein

Hs. 17969

A denocarcinom a cell
line; leiomyosarcoma;
lung; lymph; melanoma;
placental pool; stomach;
tonsil.

Hs.8074

►BA13

testis: pancreas.

ançioçenesis inhibitor 3
F U 14058

Hypothetical protein

cDNA;DKfZp547C-014

Brain; retina foyeal;

Hs.287617

Whole em bryo

H s.348304

Hypothalamus cell line
Multiple tissue

F IJ I 1240

Hypothetical protein

Hs. 339833

F IJ I 1854

Hypothetical protein

Hs.301 126

- not retina
Carcinoid; cord blocxl;
whole embryo.
C O IJ9A 1

Collagen type XIX

Hs.89457

Nervous, pcx>l; tonsil

Hs. 154850

Ubiquitous inc. retina
Ubiquitous inc. retina

alpha 1
►COL9A1

Collagen type IX
alpha 1

►K IA A 1411

Hypothetical protein

Hs. 107287

►cDNA similar to RIKFN

Hypothetical protein

Hs.71367

Brain; retina; heart; islets
of langerhans; kidney;
spleen; testis; tonsil;
whole embiy o.

►PIH3

Pregnancy-induced protein

- 189-
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table 6.5 continued......
LY PLA l

Lysophospholipase type

Hs. 12540

Multiple tissue

Hs.16512

Ubiquitous inc. eye

- not retina

alpha 1
►F 1J2I079

Hypothetical protein

►F IJ 1 3 I8 9

Hypothetical protein

Hs.216312

Ubiquitous inc. retina

►KÏAA034Ô

Rab3 Interacting

Hs.302136

Brainteve

Hs.283644

Head_neck;

Molecule
KCNQ5

Potassium voltage-gated

ner\ous_norm al;

channel, KQT-like

embryonal carcinoma;
chromic myelogenous
leukaemia.
Hs.94030

cDNA

- not retina

DKFZp386H-1624
►COL12AI

Multiple tissue

Collagen type XII,

Hs. 101302

Ubiquitous inc. eye

alpha 1
►F IJ I 1967

Hypothetical protein

►COX7A2

C ytœ hrom e C oxidase,

Hs.296678

Eye; whole embryo.

Hs.70312

Ubiquitous inc. retina

Hs.279617

Ubiquitous inc. retina

Hs. 108530

Ubiquitous inc. eye

subunit V ila, polypeptide 2
►LCX’51144

Steroid dehydrogenase
homologue

►F I J I 0856

Hypothetical protein

►SUSP!

SlIM O -l specific protease

Hs.27197

Ubiquitous inc. retina

►M Y 06

Mvosin VI

Hs.22564

►IMPGl

Interphotoreceptor

Hs. 129882

Ubiquitous inc. retina
Brain: retina:liver:eve.

matrix oroteoclvcan 1

Based on function and/or tissue pattern of gene expression, there are four
particularly good candidate genes, the interphotoreceptor matrix proteoglycan gene, IMPGl
(Felbor et al., 1998), an atypical myosin, M Y06 (Wells et a i, 1999), a brain-specific
angiogenesis inhibitor, BAI3 (Shiratsuchi et al., 1997) and Rab-interacting molecule, RIMI
(Wang et al., 1997). IM PGl was excluded in a previous study (Kelsell et al., 1998b) on the
basis of a crossover between a frequent C/G polymorphism in exon 13 of the gene (Gehrig
et al. 1998) which places IM PGl telomeric to C0RD7. All 32 exons of the M Y 06 gene
were screened for mutations in an earlier study by direct genomic sequencing of PCR
amplified products but none were detected (Alex Morris, unpublished data). The mutation
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screening in the current study was also extended to EL0V L4 which maps to a location
adjacent to the CORD7 chromosomal region (Zhang et al., 2(X)1).

6 J ,2 J BAI3
BAI3 is a brain-specific angiogenesis inhibitor, the gene for which was mapped to
chromosome 6 q l2 by fluorescence in situ hybridization (Shiratsuchi et al., 1997). Tissue
expression of BAJ3 is limited (table 6.5) and found to be absent or reduced in glioblastoma
cell lines indicating a role for BAI3 in suppression of glioblastoma (Shiratsuchi et al.,
1997). Related protein B A Il is a seven-span transmembrane protein that interacts with
B A Pl (B A Il asociated protein), BAP2 and BAP3 (Shiratsuchi et al., 1998a). BAP3 has
homology to Munc-13 and synaptotagmins and is therefore, proposed to have a role in
synaptic functions by interacting with B A Il (Shiratsuchi et al., 1998b). The sequence of
BAI3 (accession number AB005299) shows that it comprises 1522 amino acids and has
seven transmembrane spanning regions in the C-terminal portion. The nucleotide sequence
was identified in a series of PACs (AL391807, AL035469, AL356117, AL359714,
AL158051, AL133378 and AL160401) by comparison of cDNA against genomic sequence
(NCBI htgs database).

63.2,2

RIMI

R im l was identified as a putative Rab3 effector molecule by Wang et al., (1997).
Expression is limited to the brain and retina and the protein is localised to presynaptic
active zones in conventional synapses and to presynaptic ribbons in the ribbon synapses of
photoreceptors. Since neither the human gene nor its cDNA sequence had been described,
the nucleotide sequence of the rat gene (AF007836) was used to search the human EST and
genome databases.

Human RIM I (hR IM l) was initially identified from the PAC clone

RP5-1046G13 (AL035633) which contained sequence similar to the 3’ end of the rat gene
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R im l.

Further in silico BLAST analysis with the rat cDNA sequence identified four

additional PAC clones, AL390056, AL034373, AC074113 and A1445256, that encompass
the complete gene (figure 6.4). The human gene is composed of 34 exons (see below and
figure 6.5) which span approximately 577kb of genomic DNA.

Several ESTs were

identified, all of which were either from brain or retinal libraries. Two of these clones, one
from retina (zf59e05) and one from brain (yc75a06), were obtained from the Human
Genome Mapping Project Resource Centre (HGMP-RC, UK) and, after culturing on LB
agar plates with appropriate antibiotic selection and DNA preparation (section 2.3.2), were
sequenced using M13 vector primers. The retina-derived clone proved informative (see
below) but the brain clone contained only 3'UTR.

A search of the non-redundant (nr)

database yielded a cDNA clone, KIAA0340 (accession number AB002338), with
homology to the 5 ’ end of the rat gene and six sequences (accession numbers AF263305AF263310), representing different isoforms, with homology to the 3 ’ end.

Clone

KIAA0340 had been isolated from a brain cDNA library as part of a project to identify
genes that encode large proteins in vitro (Nagase et al., 1997).

It was mapped to

chromosome 6 using the Genebridge4 radiation hybrid panel and shown by RT-PCR to be
expressed only in brain and testis (retina was not included in the study). The identification
of the six isoforms of RIM I arose from a study investigating the binding partners of the
protein (Coppola et al., 2001).

A sununary of the information for hRIM l gained

bioinformatically is depicted in figure 6.4 and the 34 exons of HRIMl cDNA sequence
derived from bioinformatic information and from examination of alternative splicing in
retina and brain cDNA (see below) is shown in figure 6.5.
nucleotides as in this figure will be used.
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Numbering of HRIMl

► K1AA0340

IMAGE 883-c9/zf59e05

R e tl2 .2 0 a n d R et.2.4

s

AL390#56

AC074113

RiP5-1046G13/AiL035633

AlA45iS6
ALC134373

Figure 6.4: Initial sources of human RIMI genomic (

) and cDNA

(mm

—

»

> sequence

information. Except for

Ret. 12.20 and Ret 2.4 cDNA clones which were identified by screening a retinal cDNA library, this information was gained
bioinformatically using rat Riml sequence in database (EST, nr and htgs) searches.

t
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Figure 6.5: Nucleotide sequence o f human RIMI.
Coloured sequence indicates exon boundaries.
ATGTCCTCGG CCGTGGGGCC

CCGCGGTCCTCGCCCACCCA GGGTGCCTCC CCCCATGCAA

GAGCTGGCCG ACCTG

75

AGCCACCTGA CCGAAGAGGA

GAGGAACATTATCATGGCAG TGATGGACCG GCAGAAGGAA

GAGGAGGAAA AAGAA

150

GAAGCCATGC TCAAGTGTGT

TGTCAGGGACATGGCGAAGC CTGCTGCCTG CAAAACACCA

AGAAATGCTG AAAAC

225

CAGCCCCACC AACCTTCACC

GAGATTGCATCAACAGTTTG AAAGCTATAA GGAACAAGTG

AGAAAAATAG GGGAA

300

GAAGCGCGGC GTTACCAGGG

CGAGCACAAAGACGATGCTC CGACTTGTGG AATCTGTCAT

AAAACAAAGT TTGCT

375

GATGGGTGCG GTCATCTCTG

CTCGTATTGTCGCACTAAGT TCTGTGCGCG CTGCGGAGGC

CGCGTGTCTC TACGG

450

TCAAACAACG AGGACAAAGT

GGTTATGTGGGTATGCAATT TATGTCGAAA GCAACAAGAA

ATCTTAACCA AATCT

525

GGGGCATGGT TCTTTGGAAG

TGGCCQCAG CAGACAAGTC AGGATGGAAC CCTGAGTGAT

ACAGCTACAG GTGCT

600

GGCTCTGAGG TACCAAGAGA

AAAGAAAGCACGACTCCAAG AGCGATCGCG GTCTCAGACA

CCCCTAAGCA CAGCA

675

GCTGCCTCCT CCCAGGATGC

TGCTCQCCC AGCGCACCAC CAGACAGGAG CAAAGGGGGT

GAGCCCTCGC AGCAA

750

GCCTTGGGGC CTGAACAGAA

GCAGGCTTCATCCAGGTCTA GAAGTGAACC TCCTAGAGAG

AGAAAGAAGA CCCCA

825

GGGCTTTCCG AGCAGAATGG

CAAAGGAGCCCTGAAGAGCG AGCGGAAACG CGTGCCAAAG

ACQCAGCGC AGCCC

900

GTGGAGGGGG CCGTCGAAGA

ACGGGAGCGCAAAGAAAGGC GGGAAAGCCG AAGGOTGAG

AAAGGGCGAT CACAG

975

GATTACCCAG ACACGCCGGA

AAAACGGGATGAGGGCAAAG CGGCGGATGA GGAAAAGCAA

AGAAAAGAGG AGGAT 1 0 5 0

TATCAGACCA GGTACCGCAG

CGACCCGAACCTGGCTCGGT ACCCGGTGAA ACCGCCGCCT

GAGGAGCAGC AGATG 1 1 2 5

CGCATGCACG CCCGGGTGTC

CCGCGCCAGGCACGAGCGGC GCCACAGCGA CGTGGCGCTC

CCGCGCACCG AGGCG 1 2 0 0

GGCGCGGCGC TGCCGGAGGG

CAAGGCCGGCAAACGCGCGC CGGCGGCAGC CAGGGCQCG

CCGCCGGACT CGCCG 1 2 7 5

CGGGCTTACT CGGCTGAGAG

AACTGCGGAGACCAGGGCGC CGGGCGCCAA GCAGCTAACG

AACCACAGCC CGCCG 1 3 5 0

GCGCCCAGAC ATGGGCCGGT

TCCCGCAGAAGCCCCGGAGC TCAAAGCCCA GGAGCCCCTC

AGGAAGCAGA GCCGC 1 4 2 5

CTGGACCCCA GCTCGGCGGT

CCTCATGCGGAAGGCCAAGC GCGAGAAGGT GGAGACCATG

CTGCGGAACG ACTCT 1 5 0 0

TTGAGCTCAG ACCAGTCCGA

GTCGGTGCGGCCGTCCCCGC CCAAGCCGCA CCGGTCCAAG

AGAGGCGGCA AGAAG 1 5 7 5

CGGCAGATGT CGGTGAGCAG

CTCTGAGGAGGAGGGCGTGT CGACGCCCGA GTACACCAGC

TGCGAGGACG TGGAG 1 6 5 0

CTGGAGAGCG AGAGCGTCAG

CGAGAAAGGTGATTTGGATT ATTACTGGTT GGATCCTGCC

ACGTGGCACA GCCGG 1 7 2 5

GAGACATCAC CTATTAGTTC

GCATCCTGTAACGTGGCAAC CATCTAAAGA GGGGGACCGA

TTAATTGGAC GTGTT 1 8 0 0

ATTCTTAACA AGAGAACAAC

CATGCCCAAAGACTCAGGTG CATTGCTGGG TCTGAAAGTT

GTTGGAGGAA AAATG 1 8 7 5

ACTGACTTAG GACGACTTGG

TGCTTTCATCACCAAAGTAA AGAAGGGTAG CCTAGCAGAT

GTAGTTGGAC ACCTA 1 9 5 0

AGAGCAGGGG ATGAAGTTCT

AGAATGGAATGGTAAACCCC TGCCGGGAGC TACAAATGAA

GAAGTTTACA ACATT 2 0 2 5

ATTTTAGAAT CAAAATCAGA

ACCTCAAGTTGAAATTATTG TTTCAAGGCC TATTGGTGAC

AHCCCCGGA TTCCT 2 1 0 0

GAGAGCTCCC ACCCTCCACT

GGAGTCCAGTTCAAGTTCCT TTGAATCTCA GAAGATGGAA

AGGCCTTCCA TTTCT 2 1 7 5

GTTATTTCTC CAACAAGTCC

TGGAGCTCTAAAAGATGCCC CACAAGTCTT ACCAGGGCAA

CTTTCTGTGA AGTTG 2 2 5 0

TGGTATGATA AAGTGGGACA

CCAGCTGATTGTAAATGTTC TGCAAGCAAC AGATCTACCT

GCTAGAGTAG ATGGA 2 3 2 5

CGTCCTCGAA ATCCCTATGT

AAAAATGTATTTTCTTCCAG ATAGAAGTGA TAAAAGTAAA

AGGAGGACCA AAACA 2 4 0 0

GTAAAGAAAA TACTAGAACC

AAAATGGAATCAAACTTTTG TCTAHCACA TGTACATCGT

AGAGATTTTA GAGAA 2 4 7 5

CGAATGTTAG AAATAACTGT

GTGGGACCAACCAAGAGTGC AAGAAGAAGA AAGTGAATTT

CTTGGAGAGA TCCTC 2 5 5 0

ATAGAATTGG AGACAGCGCT

TTTAGATGATGAACCGCATT GGTATAAACT TCAGACACAT

GATGAGTCTT CACTA 2 6 2 5

CCTCTGCCTC AGCCATCACC

TTTCATGCCAAGGCGACATA TTCATGGAGA AAGCTCTAGC

AAAAAGCTAC AAAGA 2 7 0 0

TQCAGCGAA TCAGTGATAG TGACATCTCA GATTATGAGG TTGATGATGG TATTGGCGTA GTTCaCCAG TAGGC

2775

TATAGGTCTA GTGCTAGAGA AAGTAAATCT ACAACATTAA CTGTGCCAGA ACAGCAAAGA ACAACTCATC ACCGC

2850

TCACGTTCAG TATQCCTCA TCGCGGCAAT GATCAGGGAA AGCCGCGTTC ACGTTTACCA AATGTGCCAT TACAG

2925

AGGAGTTTAG ATGAAATTCA TCCAACAAGA AGGTCACGTT aCCAACCAG ACACCATGAT GCCTCCCGAA GTCCA

3000

GTTGATGATA GAACCAGAGA TGTGGATAGT CAGTATTTAT CAGAACAAGA CAGTGAGCTT CTTATGCTGC CCAGA

3075

GCAAAACGAG GACGAAGTGC AGAATGCCTA CATACTACCA GACATCTTGT TAGGCACTAT AAAACATTAC CTCCC

3150

AAGATGCCTT TATTACAGAG CAGTTCTCAC TGGAATATTT ACAGCTCAAT TCTGCCTGCA CATACTAAGA CCAAA

3225

TCAGTGACTA GACAGGACAT TTCCCTTCAT CATGAATGCT TTAACTCAAC AGTATTGAGA TTTACTGATG AAATA

3300

CTGGTTAGTG AACTGCAGCC CTTTCTTGAC AGGGCTAGGA GTGCTAGTAC CAACTGCTTG AGACCAGATA CTAGT

3375

TTGCATTCAC CAGAACGAGA AAGGGGTAGA TGGTCCCCCT CCCTAGATAG GAGACGACCT CCTAGTCCCA GGATT

3450

CAAATCCAGC ATGCGTCTCC GGAGAATGAC AGGCAQCCA GAAAGTCTGA AAGATCTAGC ATCCAAAAAC AGACT

3525

AGGAAAGGCA CTGCCTCTGA TGCAGAAAGG GTTCTCCCAA CATGTCTTTC TAGAAGGGGA CACGCAGCCC CAAGA

3600

GCAACTGATC AGCCAGTCAT TAGGGGAAAA CATCCTGCTC GCTCAAGGTC GAGTGAGCAC TCTAGTATCA GAACA

3675

CTGTGTTCTA TGCACCACCT TGTCCCTGGA GGGTCGGCGC CA CCTTaCC GCTTCTGACA AGAATGCACC GACAG

3750

AGAAGTCCAA CACAATCTCC TCCAGCAGAC ACATCGTTCA GGAGTCGCAG GGGAAGACAG CTCCCACAAG TGCCA

3825

GTGAGAAGCG GCAGTATAGA ACAAGCAAGC TTAGTAGTGG AGGAGCGAAC AAGACAGATG AAAATGAAAG TGCAT

3900

CGATTTAAGC AGACAACAGG GTCTGGnCT AGTCAAGAAC HGATCGCGA GCAATATTCC AAGTATAACA TACAT

3975

AAAGATCAGT ACAGAAGCTG TGATAACGTC TCTGCCAAAT CATCAGATAG TGATGTCAGT GATGTTTCCG CCATT

4050

TCCCGAACCA GCAGTGCaC ACGCCTCAGC AGCACAAGCT TTATGTCAGA GCAATCTGAG CGCCCCAGGG GTAGA

4125

ATCAGTTCAT TTACCCCCAA AATGCAAGGC AGACGGATGG GGACTTCAGG AAGATCCATC ATGAAGAGCA CCAGT

4200

GTCAGTGGAG AGATGTACAC ACTGGAGCAT AATGACGGCA GCCAGTCAGA CACAGCTGTG GGTACAGTTG GAGCA

4275

GGTGGAAAGA AACGGAGATC CAGCCTTAGT GCCAAAGTGG TTGCCATAGT GTCTCGAAGG AGTAGAAGCA CATCC

4350

CAGCTTAGTC AAACAGAGTC GGGCCACAAA AAGTTAAAAA GTACCATCCA GAGAAGCACA GAAACAGGCA TGGCA

4425

GCTGAAATGA GAAAGATGGT AAGGCAGCCG AGCCGAGAGT CTACTGATGG CAGCATCAAC AGTTACAGCT CTGAG

4500

GGCAATTTAA TATTTCCTGG AGTGCGACTG GGAGCTGACA GTCAATTCAG TGATTTTCTT GATGGATTGG GACCA

4575

GCCCAGCTTG TTGGCCGCCA AACCCTTGCC ACCCCTGCAA TGGGTGATAT ACAAATAGGA ATGGAGGACA AAAAG

4650

GGCCAATTAG AAGTGGAAGT CATTAGAGGA CGAAGCCTCA CACAAAAGCC TGGTTCCAAA TCTACACCTG GTCCA

4725

TATGTCAAAG TATATCTTTT GGAAAATGGG GCCTGTATAG CCAAGAAGAA GACAAGAATT GCACGAAAAA CCCTT

4800

GATCCTTTGT ATCAGCAGTC TCTGGTTTTT GATGAAAGTC CACAGGGTAA AGTTCTTCAG GTGATTGTCT GGGGA

4875

GACTATGGCA GAATGGACCA CAAATGCTTT ATGGGTGTGG CTCAGATCTT GTTGGAAGAA CTCGACCTGT CCAGC

4950

ATGGTGATCG GATGGTACAA ATTGTTCCCA CCGTCCTCAC TGGTGGATCC CACACTCACT CCCCTCACCC GGCGG

5025

GCTTCCCAGT CATCTCTGGA AAGTTCAAQ GGGCaCCCT GTATTCGATC ATAG

5079
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6.3.3 IMAGE and Retinal cDNA Library Clones
IMAGE clones zf9e05 (retina) and yc75a06 (brain), thought to contain at least
partial hRIM l sequence, were sequenced. Clone 883-c9 had an insert size of 2.1kb and
contained exons 31-35 of HRIML Clone 6 9 -ill had an insert size of 1.2kb but all of this
sequence was within the 3' UTR of HRIML
Screening of a retinal cDNA library with a DNA fragment generated from the 3’
region of HRIMl yielded two positive clones (Ret. 12.20 and Ret.2.4). Inserts were excised
from the phage vector using EcoRA, subcloned into pBS SK+ and sequenced. The insert
size of both clones was 2.1 kb and sequence analysis revealed that the clones were identical,
each containing sixteen HRIMl exons (figure 6.4 and table 6.6).

6.3.4 Putative HRIMl Additional Exons
There is incomplete evidence for the presence of two additional HRIMl exons.
Human PAC clone RP5-1046G13/AL035633 which contains part of HRIMl is annotated by
the Sanger Centre as containing an additional exon (nucleotides 79458-79508 of the clone)
that would sit between exon 30 and 31 of the sequence presented in figure 6.8. This exon,
however, was not identified in any of the retinal or brain cDNAs by PCR amplification
across this region or in any of the retinal or brain library clones. In the absence of such
confirmation that the region is retained in the mRNA, it has not been included as an exon in
the sequence presented here (figure 6.8).
An additional 83bp of sequence was also identified in retinal IMAGE cDNA clone
zf59e05 that is immediately 5' to exon 31. This clone is truncated immediately 5' to this
sequence so it is not possible to define the upstream limit of this exon and it could not be
amplified from retinal or brain cDNA or found in any of the retinal or brain library clones.
It is possible therefore that its retention in clone zf59e05 is a splicing artefact and this exon
has been omitted from figure 6.8. Possible 5’ limits of this exon could be predicted by
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examination of the putative exon sequence within the genomic sequence (PAC accession
number AL035633). The extent of the open reading frame was determined and any in
frame splice acceptor sites (dinucleotide ag...) were identified as were any possible acceptor
sites that would allow in-frame splicing with exon 30 (figure .6.6).

Figure 6.6: Putative hRIMl 7f59e05 additional exon. Sequence identified in clone
zf59e05 is (red/pink -alternating codons according to the open reading frame), genomic
sequence taken from PAG AL035633 (blue) and the donor splice sites and 12 possible in
frame acceptor sites (green) are shown.

Possible acceptor sites assuming in-frame

splicing with exon 30 are also indicated (purple).

AAGCACTCTT GACAGAAGCA ATTTAATTAT ATTCTGTATA TGCATGAGAA
K H S .
Q K Q
F N Y
I L Y M
H E K
ÛGAÛAGAGTG TCGGAGGGTG
E R V S E G E
G
AGAGAAGACA
R R Q

G

AGGGAGGAGG AGAGAGAATG GGAGAGAGAC
G
E R M
G E R Q

GTTCACAGGC
AGCTCAGACA GATATTCCAG CCAGCCACCG
F T G
S S D R
Y S S
Q P P

CAGAAGTTAT TTAAACCAGG TC.AAAGCTTC TTTGGCATTC AGTTTTCCCC
H K L F
K P G
Q S F
F G I Q
F S P
AGAÛAAC.AAT TTAATGCTGA
TAGTTAATTT TTTCAAG.ATA GAC.AAGGT
E N N L M L I
L N F
F K I
D K

6.3.5

Expression o f R IM I
In order to confirm the tissue pattern of expression of the human gene, PCR analysis

of cDNAs from a variety of normal human tissues, including the retina, was carried out
using a primer pair that amplifies exons 31-34 of RIMJ as a single amplicon. The expected
402bp product was present only in retina and brain (figure 6.7a). Control primers for the
PGMI gene amplified a 419bp fragment in each lane. Northern blot analysis demonstrated
expression in only placental tissue (figure 6.7b) which suggests that the level of expression
of hRIM l in brain and retina is below the level of detection by Northern analysis.
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Figure 6.7: Tissue Expression of hRIMl; a) Human cDNA Panel and b) Result of
Northern Analysis of Human Tissue with hRIMl Probe.

ai)

SOObp
402bp
344bp

I

PQ

I

a il)

419bp

a)

i - PCR of human tissue cDNAs using primers designed to amplify hRIMl exon 31-34

resulted in the expected 402bp product being detected only in brain and retinal cDNA.
ii - The control primers {PGMI) used in PCR in the same panel of cDNAs detected product
in all tissue types.

I I I
PQ

DP
■

^

ii

* # 4 *•

-5.5k

b) Northern blot result of probing with hRIMl.

A signal was detected only in the lane

corresponding to placental tissue whilst no expression was detected in brain or retina by this
method.
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63.6

hRIMl Protein Domains and Alternative Splicing
As described for rat R im l (Wang et al., 1997), hR IM l contains a number of

different protein domains (figure 6.8a). There is an N-terminal Rab3A-GTP binding (Sun et
a l, 2001; W ang et a l, 2001), followed by a zinc finger domain which contains a pair of
Cys 4 zinc fingers, and a PDZ domain, a domain frequently found in synaptic proteins
(Wang et a l, 1999). Finally, the two C-terminal C 2 domains (CgA and CjB) are separated
by a SH3-binding domain. Both C 2 domains in rat mediate binding of RIM I to a number of
other synaptic proteins (Coppola et a l, 2001; Schoch et a l , 2(X)2). Except for the zinc
finger domain in the rat protein that has a stretch of 23 amino acids encoded by exon 3 that
is missing from the human transcript (see below), the other domains of the protein are
highly conserved with respectively 0 ,1 ,3 and 0 amino acid differences between the human
and rat Rab3A-GTP binding, PDZ, C 2A and C2B domains respectively, compared to an
overall identity of 6.2% (figure 6.8b).
In order to examine whether hRIM l shows a similar pattern of alternative splicing
to rat R im l (Wang et a l, 1997), the two clones obtained from the human adult retinal
cDNA library were sequenced. In addition, primers were designed to the human gene for
PCR amplification from retinal and brain cDNA and the products obtained from different
combinations of these primers were cloned and sequenced.

Alternative splicing was

detected in three regions of the human gene, together with novel gene sequences.
The exon composition of the two clones (which proved identical) is shown in figure
6.5 (exons 13-20, 23, 25, 27 and 31-35 of HRIMl) and the different HRIMl splice variants
identified by amplification from retinal and brain cDNAs by PCR are depicted in figure 6.9.
Among the products obtained in these experiments was a 9(X)bp HRIMl product generated
by primers 21F-31R from retinal cDNA (figure 6.9h).

Cloning and sequencing of this

fragment revealed that exons 21,22, 23, 25, 27 and 31 were present and that between exons
21 and 22 was an extra 337bp of sequence. Comparison of this 337bp sequence with the
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genomic sequence of hRIM l showed it to be intron 21 and therefore a splicing artefact
since this intronic sequence is retained. Full results of PCR with hRIM l primers in retinal
and brain cDNA are summarised in figure 6.10 and show that a number of HRIMl exons
may be alternatively spliced in or out of the transcript and that some exons appear to be
specific to retina or brain. The exon composition information from sequences obtained
bioinformatically, by screening of retinal cDNA library and by PCR in retina and brain
cDNA are sununarised in table 6.6.

Table 6.6: Alternative spUcing o f the HRIMl transcript.
cDNA Clone
Size
Sequence: Exons Present
Retina
Brain
K IA A 0340

6395bp

R etinal cD N A Library

2.1 kb

1 2 -2 0 ,2 3 ,2 5 ,2 7 , 31-36

1-2,4-19

31-35

zf59e05

2.1 kb

A F263305

2301bp

1 4 -2 1 ,2 3 ,2 7 -3 5

A F263306

2223bp

14-20, 23, 27-35

A F263307

2103bp

14-20,27-35

A F263308

1791bp

14-20, 23, 24, 27, 31-35

A F263309

1704bp

1 4 -2 0 ,2 3 ,2 7 ,3 1 -3 5

A F263310

1551bp

1 4 -1 9 ,2 7 ,3 1 -3 5

PCR Primer
Combination

Product
Size

Sequence: Exons Present
Retina
Brain

2F/4R

205bp

2+4

nd

8F/11R

389bp

8-11

8-11

11F/16R

504bp

11-16

11-16

16F/19R

420bp

16-19

16-19

348bp

16+18+19

18F/21R

400bp

18-21

18-21

19F/23R

215bp

nd

19+20+23

148bp

nd

23F/27R

233bp
~480bp
21F/31R

446bp

23+27
23+24+27
23-27

21+23+25+27+31

nd

485bp

21+22+23+27+31

570bp

21+22+23+25+27+31

27F/31R

170bp

27+31

27+31

686bp

27+28+29+30+31

27+28+29+30+31

31F/34R

402bp

31-34

31-34

31F/35R

630bp

31-35

31-35
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In summary, exon 3 was not recovered from any of the hRIM l cDNAs; unlike the
rat transcript, therefore, this exon would appear to be invariably spliced out of the human
transcript. A BLAST search of this sequence against the non-redundant (nr) and genomic
(htgs) databases failed to identify any similar human sequences on chromosome 6q. Since
it seems more unlikely that the rat has gained a new exon, this result suggests that exon 3 is
not utilized in hRIM l and, as a consequence of a lack of subjection to positive selective
pressure, the human sequence has diverged substantially from that of the rat. Four novel
HRIMl exons, 21, 22, 24 and 26, were identified. O f these, sequence derived from exon 22
was only found in retinal cDNA while that from exons 24 and 26 was only found in brain
cDNA.

Two of the three regions of alternative splicing in HRIMl correspond to

alternatively spliced regions 4 and 5 identified in the rat gene (Wang et al. 2000). These
regions are situated between the two C 2 domains of the protein and are separated by the
constant SH3-binding domain encoded by exon 27 in HRIML

The third alternatively

spliced region in HRIMl is situated 5' to regions 4 and 5 and facilitates the inclusion or
omission of exon 17 in retinal transcripts (this exon appears always to be retained in brain
transcripts).

From the sequencing data of cloned human retina and brain cDNA PCR

products and by taking into consideration the retina- and brain-specific exons and degree of
alternative splicing, at least 24 variant HRIMl mRNA isoforms can be predicted (figure
6.11).

The actual number of isoforms, however, may be rather less as it is not clear from

the present experiments whether there is any constraint on the combination of included or
omitted exons. The splice junctions involved in alternative splicing of HRIMl are all “in
frame” (table 6.7), however, the splice donor and acceptor sites for exon 23 are also “in
frame” (for splicing from 22-24/25/26/27) but this exon appears always to be retained. In
contrast, it would not be possible for exon 27 to be spliced out (for example from exon 2628, 23-28 or 23-31) and for the coding sequence to remain in the same “frame”. Thus,
except for the zinc finger domain that includes 23 amino acids encoded by exon 3 in the rat
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but not in the human protein, the other domains of the protein are encoded by exons that do
not undergo alternative splicing.

Table 6.7: hRIMl Translation frame across sites involved in Alternative Splicing.
HRIMl Splicing Possibilities

63.7

Exonic Sequence

Exonic Sequence

Pre-Donor Splice

Post-Acceptor

Site

Splice Site

Exon 16 - Exon 18

A...

...TA

Exon 20 - Exon 23

AG...

...T

Exon 21 - Exon 23

AG...

...T

Exon 23 - Exon 25

AG...

...G

Exon 23 - Exon 27

AG...

...A

Exon 25 - Exon 27

AG...

...A

Exon 27 - Exon 31

G...

...AG

Exon 24 - Exon 27

AG...

.. A

RIMINIM Family of Proteins
Studies in rat show that RIM l belongs to a family of neuronal Cg domain proteins

known as the RIM/NIM family (Wang et al., 2000) which includes three closely related
genes; R im l (accession number NM_052829), Rim2 (accession number AF199322) and
NimS (accession number AF199335) which produce transcripts encoding at least four
proteins: R IM l, RIM2, NIM2 and NIM3.

NIM2 (accession number AF199334) is an

alternative transcript of the R im l gene and comprises a unique N-terminal sequence
followed by the entire sequence of RIM2 from that encoded by exon 30 including the C-
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terminal Q B domain.

It is thought that NIM2 is generated by independent promoters

within the Rim2 gene (Wang et al., 2000). Blast analysis of rat RIM2, revealed that human
hRIM l (accession number ABO18294) maps to chromosome 8q22.3-23.1 and is represented
by cDNA clone KIAA0751. A similar database search for a short version of hRIM2 using
rat R im l sequence gave no positive results. HNIM3 has now been identified (accession
number AL031289) and maps to chromosome lq33-34.2 but, as is the case in rat, does not
appear to be associated with a longer transcript (Wang et al., 2000). As yet no similar
NIM l transcript has been identified for HRIMl and human NIM3.
Other RIM/NIM genes identified on the databases are mouse partial R im l
(accession number AJ310531) and R im l (accession number AB021131), Drosophila
melanogaster Rim (accession number XM_082064) and Caenorhabditis elegans Rim/unc10 (accession number AF257062).
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Figure 6.8: Protein domains and amino acid sequence o f hRIMl.
A - Protein dom ains o f hRIM include a zinc finger dom ain, a PDZ domain, tw o C2A dom ains and
an SH 3-binding domain. Proteins associated with RIM I are indicated below the R IM l regions
with w hich they interact. B - Human RIM I am ino acid sequence is aligned with that o f the rat.
Protein domains are coloured in accordance with (A), exon boundaries are indicated by vertical
lines, identical residues are boxed, Ca^+ binding motifs are double-boxed, the SH 3-binding domain
is highlighted in orange and the position o f the A rg to His am ino acid alteration identified in
C 0R D 7 is indicated.
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Figure 6.9: hRIM l alternative splicing. Gel images showing hRIMI PCR products from
retinal (R) and brain (B) cDNA (left) and the exon com position of each product as determined
by cloning and sequencing (right).

Fragments amplified from retinal cDNA are in red and

brain cDNA products are in blue.

The striped portion found in a retinal product (h-A)

am plified by primers in exons 21 and 31 is a large unspliced region of genomic DNA
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6.3.8 Mutation Screening
Each of the 34 exons that comprise the hRIM l spliced transcript (that is, all but ratspecific exon 3), plus on average an additional 50bp of flanking intronic sequence, were
screened in the British CORD7 family by direct genomic sequencing of PCR amplified
products. This approach identified a G -»A point mutation at nucleotide 2459 in the second
position of codon 844 (amino acid residues numbered to include exon 3 of the rat and other
indels in the rat/human sequences) contained in exon 15 (figure 6.12).

Upon direct

sequencing of HRIMl exon 15 in all 20 available members of the CORD7 family the G->A
nucleotide substitution was found to co-segregate with disease in all affected individuals
(figure 6.13). This transition mutation results in an ArgS44His substitution in the Q A
domain of the protein which was not present in 115 (230 chromosomes) ethnically matched
control DNAs. This residue is also conserved across rat Rim l and Rim2 (Wang et al.,
1997) and mouse Rim2 (accession number A B 021131) as shown in figure 6.14.
As of a collaboration with Kang Zhang (Department of Ophthalmology and Visual
Science, Eccles Institute of Human Genetics, Salt Lake City) who kindly provided family
DNA for analysis, a mutation screen of all 34 exons of HRIMl was also undertaken in
another retinal disease that maps to the CORD7 region. The disease locus in this case lies
between markers D6S313 and D6S284 (with a maximum lod score at D6S280) and
overlaps the CORD7 locus at the distal portion. No mutations in HRIMl, however, were
found. This disorder was reported in an American family (Kniazeva et at., 1999) as a conerod dystrophy with similarities to Stargardt’s disease.

Patients present with prominent

“flavimaculatus flecks” in the pigment epithelium and a “dark choroid” pattern on
fluorescein angiography, features not present in CORD7 patients.

The disorders are

therefore clinically distinct so the underlying disease genes may not be the same.
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I

I

150

Figure 6.12: CORD7 hRIMl exon 15 sequence. Sequence electropherograms o f wildtype RIMl (a) and RIMI in the British C0RD7 family (b) showing the heterozygous
A rg844His (G -»A ) missense mutation.

Leber Congenital Amaurosis (LCA) defines a group o f autosomal recessive retinal
dystrophies that represent the most common genetic causes of congenital visual impairment
in infants and children (OM IM #204000). To date, eight different loci and five genes have
been implicated in LCA.

Members o f a family with a form o f Leber congenital amaurosis

(LCA5) which maps to chromosome 6 q l l - 1 6 (Dharmaraj et al., 2000) and encompasses the
CORD7 locus (figure 6.1b) were screened for mutations in HRIMl by a combination of
direct sequencing and W AVE analysis in collaboration with Robert Koenokoop (Monstreal
Children’s Hospital and Research Institute, McGill University, Montreal, Canada).

No

HRIMl mutations were identified.
ELOV L4 is a photoreceptor-specific gene, mutations in which are responsible for a

Stargardt-like retinal dystrophy (STG D3) (Zhang et al., 2001).

The gene encodes a

putative protein of 314 amino acids that has hom ology to a group o f yeast proteins involved
in the biosynthesis o f very long chain fatty acids and comprises six exons all of which were
screened in the CORD7 family. A s no mutations were found this allowed the elimination
o f E L 0 V L 4 as the disease gene in the British CORD7 family.
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6JS

hRIMl Polymorphisms
Mutation screening of HRIMl revealed three SNPs in the gene.

An A/G

polymorphism in exon 1 at nucleotide position 90 (numbered from first nucleotide of
initiator methionine codon of HRIMl) alters a glutamine codon at residue 30 from GAA to
GAG. Another silent SNP (T/C) was identified in exon 32 at nucleotide position 4536 of
HRIMl and results in either a TTT or TTC codon, both of which code for phenylalanine, at
residue 1540. It is important to note that the affected individuals of the CORD7 family
who were used for the mutation screening of HRIMl share alleles at both these SNP sites
(alleles A and C at SNP sites in exons 1 and 32 respectively).
The G/A SNP in a leucine codon at residue 245 in exon 6 results in the creation or
removal of a BsiHKAl restriction site respectively. This restriction enzyme was therefore
utilized in the examination of the frequency of the polymorphism by restriction fragment
analysis in 39 control DNA samples. Two control samples did not amplify by PCR with
the conditions used and so the final total of alleles genotyped was 74. Of these, 52 showed
a restriction fragment pattern consistent with the presence of allele G, while 22
demonstrated the presence of allele A (figure 6.15). 22 individuals were heterozygous at
this site while 15 were homozygous for allele A. The overall representation of each allele,
therefore, was 70% allele G and 30% allele A, thus indicating that the G/A polymorphism
at nucleotide position 666 of HRIMl is frequently found in the general population. Again,
in the CORD7 family affected individuals tested have an allele (allele G) in common at this
site. The allele frequencies observed were analysed with respect to the Hardy-Weinberg
Equilibrium which states that the relative frequencies of two independently segregating
alleles will remain constant in a population. Statistical analysis using the contingency Chisquare test shows that the allele frequencies observed do not differ significantly from those
expected indicating random assortment of alleles.
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Figure 6.15: Gel Images o f BsiHKAX enzyme digest products o f hRIMl exon 6
in control DNA samples. The PCR product is cut by the enzyme where allele G is
present but not when allele A is present. Samples are numbered below each gel lane and
alleles identified are indicated above.
standard conditions (F),
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6,4 Discussion

6.4,1

Role of RIM at Synapses
Given the evidence that RIM I is a large, modular protein one might expect multiple

interactions with a number of different proteins. Studies attempting to identify these RIM I
binding partners and the roles of the protein’s domains have enabled some elucidation as to
the role of the protein at the synapse.

6,4.1.1 Effector of Synaptic Vesicle-Associated Rab3A
Initial identification of RIM I as a putative Rab3A effector came from the
observation that it specifically interacts with GTP-bound Rab3 (Wang et al., 1997), a form
that is localized to synaptic vesicles which dock with active zones and ribbon synapses.
This and its localisation to the active zone in conventional synapses and to the ribbons of
ribbon synapses (Wang et a /.,1997), suggested a role for the protein in neurotransmitter
release via its interaction with Rab3A. This hypothesis was supported by the observation
that growth hormone secretion by a neuroblastoma cell line (PC12 cells) was increased
when transfected with a truncated version of RIM I which lacked the N-terminal region
(Wang et al., 1997). This indicates increased vesicular secretion and an interference with
Rab3 function which normally serves to limit exocytotic events (Geppert et al., 1997). The
Rab3A binding domain of RIM I is between residues 19 and 50 and neither the pair of cys4
zinc fingers nor the SGAWFF motif, both of which are required for high affinity Rab3A
binding in rabphilin-3, the other known effector of Rab3A (Ostermeier and Brunger 1999;
McKieman et al.,1996 and Stahl et al. 1996), are required for this interaction (Sun et al.,
2001; W ang et al. 2001). Instead, an acidic cluster (residues 45-51) in RIM I aids high
affinity Rab3-binding (Wang et al., 2001). Mice lacking rabphilin are viable, fertile and
without apparent morbidity and exhibit no measurable change in neurotransmitter release or
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in the regulation of synaptic transmission (Schluter et al., 1999). This may suggest that
RIM I is a more important effector of Rab3A. Some reports, however, have questioned the
functional importance of this interaction since the Rab3-binding and secretion-enhancing
domains of RIM I are separate and unique (Coppola et al., 1999; Sun et al., 2001).

6.4.1.2 Formation of Exocytotic SNARE Complex
In brief, the exocytotic process at synapses involves targeting and docking of
synaptic vesicles containing neurotransmitter to the presynaptic plasma membrane, priming
of these vesicles in order to make them fusion-competent and subsequent vesicle fusion
with the presynaptic membrane in response to a calcium signal. This exocytosis enables
the release of neurotransmitter into the synaptic cleft. The fusion of synaptic vesicles to the
presynaptic membrane requires the formation of a highly stable core or SNARE (soluble Nethylmaleimide-sensitive factor attachment protein receptors) complex composed of
Synaptobrevin/VAMP (vesicle associated membrane protein) on the synaptic vesicle and
SNAP-25 (synaptosomal associated protein of 25kDa) and syntaxin (syntaxin-3 in the
retina; Morgans et a/., 1996) on the presynaptic membrane (Weber et al., 1998). These
three SNAREs form a four-helix bundle that is sufficient to mediate fusion of lipid bilayers
in vitro (Rothman, J.E. 1994; Grote and Novick, 1999). At synapses, full zippering of this
helical bundle is thought to be blocked until a calcium signal is sensed by synaptotagmin
(Fernandez-Chacon et al., 2001), a synaptic vesicle-associated Ca^^ sensor. It is thought
Rabs, and by implication, their binding partners, provide an additional layer of specificity
to vesicular transport by controlling the assembly of the SNARE complex (figure 6.16).

-216-

Cone-Rod Dystrophy 7

6,4,13 Synaptic Vesicle Priming
6,4,13,1 Munc-13
A second protein that interacts with RIM I at its N-terminus is Munc 13-1 (Betz et
al., 2001). Unlike Rab3A, Munc 13-1 requires the cysteines of the RIM I zinc finger for
binding and competes with Rab3A for binding of the RIM I N-terminal region. Perturbation
of the Munc 13-1.RIM interaction in vivo leads to a drastically reduced number of primed
and readily releasable vesicles at the active zone (Betz et al., 2001) which in turn causes a
strong reduction in evoked vesicle release. These data indicate that the Muncl-13.R1M
interaction is an essential step in the synaptic vesicle cycle that precedes vesicle fusion.
Significantly, M uncl3-1 is also known to bind syntaxin, a SNARE complex component
(Betz et al., 1997). In this context RIM I may contribute to vesicle tethering by binding to
Rab3A and create a physical link between the tethering and priming apparatus by
interacting with Munc 13-1.

Alternatively, by binding Munc 13-1, RIM I may directly

regulate the priming activity of this binding partner.

Keeping in mind the finding that

individuals with cone-rod dystrophy (CORD7) have a disease-associated mutation in
hRIM l, it must be noted that Munc 13-1 is absent from tonically active ribbon synapses of
the retina (Schmitz et al., 2(X)1). Of interest, however, is the observation that the active
zone protein RIBEYE (Schmitz et al., 2000) shows a distribution in the retina
complementary to that of M uncl3-1 in that it is exclusively localized to ribbon synapses
but absent from conventional synapses. It has been propsed that phasically active synapses
in the central nervous system use M uncl3-1 for vesicle priming while synapses with high
exocytotic activity require alternative, more effective priming mechanisms which enable
them to maintain their extraordinary large pools of readily releasable primed vesicles. One
might postulate that this involves interaction of RIBEYE and RIM I.
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6,4J.3,2 C.elegans R im M utants
Analysis of C.elegans lacking the RIM protein (encoded by unc-10) has indicated
that RIM has a function in the regulation of the efficiency of a post-docking step of the
vesicle release pathway (Koushika et al.y 2001).

These unc-10 mutants demonstrate

behavioral and pharmacological defects consistent with a defect in synaptic function. Rab3
and rabphilin mutants also examined show much less severe phenotypes than the RIM
mutant suggesting that RIM plays a wider role than that of Rab3 effector. Rab3, however,
is thought to operate primarily through RIM since RIM/Rab3 and RIM/rahphilin double
mutants have phenotypes indistinguishable from that of Rim only mutants. C.elegans RIM
mutants have a decreased pool of fusion-competent vesicles at release sites proposed to be a
result of a lack of regulation of the post-docking priming step of vesicle fusion by RIM
(Koushika et al.y 2001). The crossing of transgenes carrying a constitutively ‘open’ form of
syntaxin (that is, the form that enables the formation of the SNARE complex) with unc-10
mutants, fully suppresses the physiological defects of unc-10 mutants.

In contrast,

introducing wild-type syntaxin had no effect in these mutants. Together with the finding
that RIM mutants have a decreased fusion-competent vesicle pool these data suggest that
RIM acts at the priming step of vesicle exocytosis by regulating fusion competence by
promoting conformational changes in syntaxin. U ne-13 (Munc-13) also acts at this step:
unc-13 mutants disrupt priming completely but this defect can also be rescued by open
syntaxin (Richmond et al.y 2001).

6,4,1.4 cAM P -G EF II M ediator
The cAMP sensor, cAMP-GEFII binds both RIM I and RIM2 at a site C-terminal to
the zinc finger domain and N-terminal to the first C 2 domain (Ozaki et

a l.y

2000). While

CAMP-GEF1I.RIM2 interaction is thought to mediate the effects of cAMP-GEFII on
exocytosis in endocrine tissues, in particular the potentiation of insulin secretion by
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incretins (Kashima et a l, 2001), no role for cAMP-GEFII.RIMl interaction has been
proposed.

6.4.1.5 Plasma Membrane Association
The PDZ domain of RIM I and/or its C2 domains may serve to anchor RIM I to the
plasma membrane.

In rat, the short sequence between the PDZ and Q A domains is

identical in RIM I and RIM2 which suggests that this region may be important for the
structure or function of the protein (Wang et a l, 2CXX)). Few presynaptic proteins contain
PDZ domains and only RIMs and Aczonin/Piccolo, which also localises to the presynaptic
active zone, have a PDZ domain coupled with a Q domain (Wang et a l, 1999).

6.4.1.6 Synaptic Scaffold Protein via Multiple Protein-Protein Interactions
Q domains comprise approximately 130 residues and were first identified in PKC
(Nishizuka et a l, 1988). Cg domains characteristically bind Ca^"^ and phospholipids and
phospholipid-binding to many Q domains is regulated by Ca^^ (Newton et a l, 1997). Most
other proteins with Q domains are involved in signal transduction or membrane traffic,
these include synaptotagmins (Perin et a l, 1990 and 1991), rabphilin-3 (Shirataki et a l,
1993) and Munc 13-1 (Brose et a l, 1995). The Ca^^ binding sites within Q domains are
formed by five aspartate side chains, one serine side chain and three carbonyl groups (Shao
et a l, 1996; Sutton et a /.,1995). Both Q domains of rat (Wang et a l, 1997) and human
RIM I lack this binding consensus (figure 6.17) so it is unlikely that they bind Ca^^. This
sets RIM I apart from other vesicular C 2 domain proteins such as rabphilin and
synaptotagmin. The Q domains of RIM I are thought, however, to interact with the pore
forming subunit ( a l ) of N- and L-type Ca^"^ channels, SNAP-25, a component of the
SNARE complex, vesicular protein synaptotagmin I and a-liprins (Coppola et a l, 2(X)I;
Schoch et a l, 2002). These domains both carry motifs known to be required for other
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protein:protein interactions (Chapman et al., 1998). The CjA domain of RIM I contains a
KRRT consensus motif while a KKKT m otif is found in the CjB domain (figure 6.8).
These Q domain motifs are required for the binding of RIM I to the N-type Ca^^ channel
alB -subunit and to synaptotagmin I. The binding of synaptotagmin I to RIM I is Ca^^dependent (Schoch et at., 2002) and, since the C 2 domains of RIM I are unlikely to bind
Ca^^, is probably triggered by changes in the electrostatic potential of the Q B domain of
synaptotagmin I which does bind Ca^^ (Sugita et al., 2002). Conversely RIM I CjA and
C 2B bind SNAP-25 in the absence of Ca^"^ and binding is strongly reduced in its presence
(Coppola et al., 2(X)I). The CjB domain of RIM I also binds a-liprins (Schoch et al., 2002)
which are adaptor proteins that are essential for the presynaptic active zone in C.elegans
(Zhen and Jin, 1999).
The differential binding properties of RIM I CjA and CgB domains is not
unexpected since they are only distantly related (figure 6.17). These data indicate that
RIM I constitutes a scaffold protein that binds to different components of the exocytotic
machinery and suggests that it coordinates the docking and fusion of secretory vesicles at
release sites (figure 6.16).

The Ca^^-dependent binding of synaptotagmin, bound to

synaptic vesicles and Ca^^-independent binding of SNAP-25, required for SNARE complex
formation, might suggest a model whereby Ca^^-dependent hetero-oligomerization of the
CgB domain of synaptotagmin I with the CjB domain of RIM I liberates SNAP-25 and
permits assembly of the SNARE complex. That is, at low levels of Ca^^ RIM I is bound to
SNAP-25 and upon increase of Ca^^ synaptotagmin binds Ca^^ and is then able to bind
RIM I thus releasing SNAP-25 in order for the SNARE complex to be formed.
The SH3-binding domain of RIM I is contained in a small island of constant
sequence between the two Q domains (figure 6.8). In rat this region binds RIM-BPs via its
SH3 binding motif - RQLPQ(L/V)P (Wang, et al., 2000). RIM-BPs also interact with Land N-type Ca^^ channel subunits (Hibino et al., 2(X)2), specifically with the photoreceptor
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and hair cell-specific a,D-subunit of L-type Ca^^ channels. Thus, the dual interaction of
RIM-BPs with RIMs and a,D L-type Ca^^channel subunits may provide a link distinctive to
photoreceptor and hair cells between the apparatus involved in different steps of exocytosis.
RIM-BPs appear to repress the action of RIMs (Hibino et al., 2002): prevention of the
interaction between RIMs and RIM-BPs results in enhanced secretion in PC 12 cells,
perhaps as a result of there being more RIM available to act in the priming step of vesicle
exocytosis.
RIM-BP related protein sequences in human are those for PRAXI (accession
number AC004687) and KIAA03I8 (accession number AB002316) which represent RIMBPl and RIM-BP2 respectively. Although very similar, important differences indicate that
PRAXI may only be a homologue of RIM-BPl whilst KIAA03I8 may represent the
human orthologue of RIM-BP2 (Wang et al., 2000).

PraxI and KIAA0318 map to

chromosomes I7q23 and 12q24 respectively and contain three SH3 domains, the second of
which binds to RIM 1 in RIM-BPL

Figure 6.16: Diagrammatic representation o f interactions o f RIMI protein
with other synaptic proteins in the tethering and processing o f synaptic vesicles.
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synaptic vesicle
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Figure 6.17: C2 domain alignment o f hRIMl and human synaptotagmins.
Alignment was carried out using the Clustal W program of Clustal X.

Aspartate residues of synaptotagmins

involved in calcium binding are highlighted in red. Neither Riml C2A nor C2B domains have all of the residues
required for calcium binding.
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H R K T L N P V F N E Q FT F K -V P Y SE L G G K T L V M A V Y -D FD R F S--K H D IIG E F K -------------------H R K TLN P V F N E T F Q F S-V P L A E L A Q R K L H F S V Y -D F D R F S --R H D L IG Q V V L -----------------VKKILEPKWNQTFVYSHVHRRDFRERMLEITVW-DQPRVQEEESEFLGEILIELETALLD
ARKTLDPLYQQSLVFD

ESPQGKVLQVIVWGDYGRMD— HKCFMGVAQILLEELDLS

SytIC 2A
S ytIIIC 2A
R IM 1C 2A
R IM 1C 2 B

DEPH-WYKLQT
SMVIGWYKLFP

I
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6A ,1J RIMI Mouse Knock-Out Model
Recently, electrophysical examination of the RIM I mouse knockout (Schoch et al.,
2002) has suggested that RIM I performs a multifaceted role in synapses that can be divided
into Rab3A-dependent and Rab3A-independent components.

RIM I has a role at both

excitory and inhibitory synapses independent of Rab3A and at a late stage in the vesicle
cycle, presumably during vesicle priming and fusion. The Rab3A-independent phenotype
of the mouse RIM I knockout may be a result of the ~60% decrease in Munc 13-1 found at
the synapse. However, synapses lacking Munc 13-1 do not show any of the characteristics
of the RIM I knockout (Schoch et al. 2002; Augustin et al., 1999) suggesting that other
interactions with additional proteins are important for the role of RIM I as an integrator of
synaptic signals. These others proteins include active zone a-liprins, SNAP-25 and RIMBPs and vesicle proteins Rab3A and synaptotagmin I. The study of the mouse knock-out
shows that while RIM I appears to interact with all known evolutionarily conserved
components of the active zones and the knockout phenotype is severe, it cannot be
attributed to major structural alterations of the active zone. It is proposed then that either
the molecular scaffold formed by interactions of RIM I with other active zone proteins
functions primarily in signalling, or that RIM2, which remains in the knockout mice, is
sufficient to maintain the overall active zone structure. Specific testing for retinal function
was not carried out.

6Â 2

Human RIMI and AUemative Splicing
These data presented here have demonstrated that human RIM I (hRIM l), which

maps to chromosome 6ql3, is a large gene, composed of 34 exons (excluding rat-specific
exon 3), and spans approximately 577kb of genomic DNA.

The longest open reading

frame encodes a polypeptide of 1693 amino acids and exhibits extensive alternative
splicing. RIM I is a member of the RIM/NIM family of neuronal proteins (Wang et al..
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2000) and is a large multidomain protein with an N-terminal pair of Cys^ zinc fingers
followed by a highly charged sequence and an alanine/proline rich region. It has a central
PDZ domain and two C-terminal Q domains separated by two alternatively spliced regions
and an SH3-binding domain (figure 6.8).
Rat R im l and Rim2 show alternative splicing at five positions in the transcript, with
region 1 unique to R im l and regions 2 and 3 unique to R im l (Wang et al., 2000).

In

contrast, hRIM l is alternatively spliced at three positions, two of which correspond to
regions 4 (exons 21-26) and 5 (exons 28-30) in rat. Alternative splicing at region 1 appears
not to be utilised in the human gene with the result that the downstream exon 3 that may be
retained in rat R im l is always missing from HRIMl. The 23 amino acids encoded by this
exon that form part of the zinc finger domain in the rat (Sun et al., 2001) are, therefore,
invariably absent from the human protein. This study has identified a novel region of
alternative splicing involving exon 17 of hRIM l that results in the presence or absence of a
sequence of 24 amino acids. Thus, two variants of hR IM l are generated in the retina by
alternative splicing at this point.
The alternatively spliced regions 4 and 5 are located between the two C2 domains
that are separated by an SH3-binding domain which interacts with a group of proteins know
as RIM-BPs (Wang et al., 2000).

Consequently, alternative splicing in this region

determines the proximity of the two C2 domains to each other and, since there is no
evidence to suggest that splicing at different sites is interdependent (Wang et al., 2000), a
large number of distinct RIM I isoforms is possible.
hRIM l is expressed as at least six variants at splice site 4 with five blocks of
sequence that can be variably inserted into or omitted from RIM sequences at this position
(figure 6.10). This is in contrast to the four blocks of sequence found to be variable in the
rat protein at this site (Wang et al., 2000). The demonstration of heightened variability of
the human sequence compared to the rat sequence arises from the identification of novel

224

Cone-Rod Dystrophy 7

sequence encoded by exons 21, 22 and 24 and 26 of hRIM l. The novel sequences in the
protein are amino acid residues 1064-1127, 1158-1185 and 1210-1270 (figure 6.7b).
Residues 1090-1127, coded for by exon 22 of hRIM l ^ were not found in brain sequences
and may, therefore, represent retina-specific sequence.

Similarly sequences encoding

residues from 1158-1185 and 1210-1270 were not found in retina, only in brain. Consistent
with rat data, only two variants of HRIMl are found at alternatively spliced region 5 such
that a block of 516 nucleotides encoding 171 amino acid residues (1309-1480) are either
retained or spliced out of the mRNA. The constant sequence between these two variable
regions contains the SH3-binding domain of R IM l with the proline residues involved in
this binding (Wang et al., 2000) conserved in the human sequence.
Splicing of a gene product at the primary RNA level occurs to remove intronic
sequences from the gene transcript and involves a cyclical process which occurs in a
structure called a spliceosome.

This process requires components of the spliceosome

(small nuclear ribonucleoprotein particles or ‘snurps’) to act upon splice donor and acceptor
sites at intron exon junction (most often GT and AG respectively). Alternative splicing at
the primary RNA level to yield different mRNA sequences encoding protein isoforms
which may be tissue specific is a conunon feature of many human genes.

More

specifically, alternative splicing has been identified as a feature of retinal protein gene
RPGR which is involved in cone dystrophy (Demirci et a l, 2002). Indeed, it is thought that
35-39% of human genes show evidence of at least one alternative splice form and 70-80%
of alternative splices change the protein product (Modrek et at., 2001; Lander et at., 2001).
The regulation of alternative splicing requires developmental and/or cell type-specific
modulation that cannot be accommodated by the classical splicing signals.

Recently,

towards the understanding of alternative splicing modulation, cw-acting exonic signals
which are able to enhance or silence alternative splicing of the exon in which they reside
have been identified (table 6.8). Exonic splicing enhancers (ESEs) are thought to serve as
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binding sites for rra/w-acting serine-arginine-rich (SR) proteins (Graveley et al. 2000;
Blencowe et al., 2000; Kan et al. 1999).

SR protein act either to recruit directly the

splicing machinery to GT-AG sites or to antagonize the action of nearby silencer elements
in order to facilitate inclusion of the exon in the transcript. Whilst most described splicing
silencers are intronic, several exonic splicing silencers (ESSs) have also been described
(Kan et al., 1999; Zheng et al., 1998; Chew et a l, 2000). Although the mechanism of ESS
action is not fully understood, they are thought to function by interacting with negative
regulators to cause omission of an exon from the primary mRNA transcript.
The presence of previously uncharacterised ESEs and ESSs in human genes means
that classification of amino acid alterations as missense mutations might be misleading
because if a mutation affects sequences that are important for splicing modulation much
more profound effects on the translated product would be expected.

Rather than a

particular phenotype resulting from a missense mutation of an amino acid residue that is
important for protein structure and/or function, if the identified mutation abrogates an ESE
or creates an ESS and causes exon skipping then the mutant protein, instead of ju st having a
single amino acid difference from the wild-type, will carry a large internal deletion or, if
the open reading frame is not maintained, will be an entirely different and probably
shortened protein. Evidence of this was seen in studies at the DNA and RNA level of point
mutations in the coding regions of NFJ and A T M genes in neurofibromatosis and ataxia
telangiectasia respectively (Ars et al., 2000; Teraoka et al., 1999). The disease-causing
mutation in approximately 50% of patients studied was found to be due to mutations that
result in aberrant splicing, either by causing exon skipping or by activating new cryptic
splice sites.
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Table 6.8: Identified Functional Exonic Splicing Enhancers
hRIM l Sequence surrounding nucleotide 2459: tacatca/gtagagat
SR Protein

Functional ESE

Reference

SRp20

GCUCCUCUUCC

Lou et ah, 1998

CCUCGUCC

Schaal et aL, 1999

GRYYMCYR

Liu etal., 2000

UGCYGYY

Schaal etaL, 1999

SF2/ASF

CRSMSGW

Liu et a i, 1998

SRp40

YRCRKM

Liu etaL, 1998

SRp55

YYWCWSG

Liu etaL, 1998

SC35

N ucleotide sym bols used: M =A /C; R =A /G ; W =A /U ; Y =C /U ; S=C/G ; K =G/U

6.4,3 RIMl and Human Retinal Disease
The identification of an Arg844His missense mutation in HRIMl in the CORD7
family and its absence from over 100 control DNAs indicates that this mutation is most
likely responsible for the cone-rod dystrophy seen in this family.

This is re-enforced by

the high level of sequence identity of the C 2A domain across the rat and human proteins,
the involvement of the Q A in multiple protein interactions and the conservation of residue
844 in all vertebrate RIM proteins so far sequenced. If so, this is the first example of a
mutation in a protein with a defined role in synaptic function to give a retinal disease, and
the association with a cone-rod dystrophy is consistent with a role for R IM l in the ribbon
synapses of both rod and cone photoreceptors. The effect of the Arg844His mutation in the
Q A domain may be ultimately, therefore, to alter the affinity of R IM l for either the
subunit of L-type Ca^^ channels or synaptotagmin and thereby the rate of synaptic vesicle
docking and fusion in response to a Ca^^ signal. The consequence of this may be a reduced
level of neurotransmitter release at the synapse, with long-term effects on the viability of
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the photoreceptors. A t the amino acid level the arginine to histidine mutation identified
represents a non-conservative change since the charge of a histidine residue is sensitive to
pH whilst arginine is not.

Since this alteration is within the apparently functionally

important Q A domain of hRIM l it may be the case that residue 844 is directly involved or
important in the interaction of R IM l with one or more of its binding partners in this region.
Alternatively, and as discussed earlier, the G to A nucleotide change within exon 15 may
affect RIM l at the pre-mRNA stage either by removing an exon splicing enhancer (ESE) or
by creating or strengthening an exon splicing silencer (ESS) thus leading to aberrant
exclusion of exon 15 from the mRNA transcript. The experiments described here (section
6.3.5) provide no evidence that exon 15 of hRIM l is usually involved in alternative splicing
and aberrant splicing out of this exon would result in a reading frameshift and truncation of
the transcript after amino acid residue 793.

Analysis of the nucleotide sequence

surrounding the site of mutation does not reveal any ESE- or ESS-like sequences, however,
only a few such sequences have been characterised and it remains possible that this is the
genetic mechanism of disease.

Whatever the precise influence of this mutation on the

function of R IM l in the retina, a dominant-negative affect can be envisaged. If binding of
mutant R IM l to its usual binding partners (in particular any that are retina-specific) is
disrupted and/or if the protein product of the normal allele is prevented from functioning
correctly, the levels of primed vesicles, fused or docked vesicles and neurotransmitter
release at the photoreceptor synapse may be altered. The lack of systemic phenotype in the
C 0RD 7 patients may be a result of compensation by RIM2, as seems to be the case in the
R im l knockout mouse (Schoch et aL, 2002) and which therefore, is not sufficient in
photoreceptors.

Alternatively, the extremely high turnover of proteins required in

photoreceptors may make them uniquely sensitive to fluctuations in the normal balance of
synaptic proteins while at other synapses the normal copy of R IM l is sufficient for normal
synaptic exocytosis.
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The only other example of retinal disease associated with a synaptic protein is the
report of a premature termination mutation in HRG4 (Kobayashi et aL, 2000), another
synaptic protein of undefined function present in photoreceptor synapses (Higashide et al.,
1999). It is interesting to note that this mutation is also associated with a dominant conerod dystrophy.
Two additional families with distinct retinal diseases which map to the 6q CORD7
region, a dominant cone-rod dystrophy with features of Stargardt’s disease (Kniazeva et at.,
1999) and LCA5 (Dharmaraj et a l, 2(XX)) were also screened for hRIM l mutations. No
mutations were found in either case. Given that the clinical phenotypes of both of these
disorders are distinct from that of the CORD7 family and in addition the recessive nature of
LCA5 inheritance this result was not entirely unexpected. Including these families in the
screening, however, was justified by the fact that R IM l could be considered a good
candidate for both disorders. The cone-rod dystrophy with Stargardt’s features is inherited
dominantly and is in some ways similar to CORD7: both disorders are progressive and
show early bull’s-eye maculopathy which later develops into bilateral macular atrophy,
both initially involve cone photoreceptors and have subsequent rod photoreceptor
involvement.

It was, therefore, conceivable that CORD7 and this disorder were allelic

variants of mutations in the same gene. One might suppose that a gene implicated in a
dominant disorder, especially one such as HRIMl the product of which has a multifaceted
role at synapses, is unlikely also to be responsible for recessive LCA since it would be
expected that the homozygous mutant phenotype would not be compatible with life.
However, the mouse knock-out of R im l (Schoch et aL, 2002) demonstrates that the null
mutant is viable.

The corresponding author o f the mouse R im l knock-out study was

contacted to enquire as to whether the retinae of the mice had been examined to determine
the presence or absence of a retinal phenotype. We are still awaiting a response.
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In summary, R IM l appears to form a macromolecular complex through interactions
with active zone proteins and vesicle proteins.

Thus, R IM l links proteins with known

functions in synaptic vesicle priming (M uncl3-1), SNARE complex formation (SNAP-25),
organization of active zones (a-liprins) and synaptic

channels (RIMBPs) to synaptic

vesicle proteins essential for regulating synaptic vesicle fusion (Rab3A, synaptotagmin I).
Since a mutation in hRIM l has been associated with a cone-rod dystrophy in this study it
may be important to consider other components of the synaptic apparatus as potential
candidates for other retinal diseases, especially those associated with the photoreceptors. In
particular those components that show retina-, photoreceptor- or ribbon synapse-specific
expression or have isoforms which do so may provide good candidates including other
members of the RIM/NIM family of proteins. Towards this end the chromosomal locations
of a number of these synaptic protein genes are listed in table 6.9.

Table 6.9: Mapping o f Synaptic Proteins
Synaptic Machinery
Component
SNAP-25
VAMPl

Chromosomal
Location
20pl2.2
12p

Multiple including retina, macula and fovea.
Multiple including retina, macula and fovea.

VAMP 2

17pI3.1

Multiple including retina, macula and fovea.

Syntaxin-3A

llql2.1

Synaptotagmin-I

12q21.2

Multiple including eye and expressed in
ribbon synapse of retina (Morgans et aL,
1996)
Multiple including retina, macula and fovea.

Rab3A

19pl3.11

Multiple including retina.

hNIM3

lp34.2

Multiple including eye.

hRIM2

8q22.3-23.1

Multiple including brain and retina.

Prax-1 (RIM-BP-like)

17q23

Multiple including retina, macula and fovea.

KIAA0318 (hRIM-BP2)

12q24

Ribeye
(CTBP2)

10q26.2

Brain and limited other - no mention of eye
or retina.
Synapses of photoreceptors but not other
neuronal synapses (Schmitz etaL, 2000)
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Examination of the RetNet database, (http://www.sph.uth.tmc.edu/Retnet) which
contains cloned and/or mapped genes causing retinal disease (as updated 22/08/02),
identified any mapped retinal diseases for which the synaptic protein genes as listed in table
6.8 might be candidates. VAMP2 was found to map to the same region of chromosome
17p as a dominant cone-rod dystrophy (CORDS) and a dominant central areolar choroidal
dystrophy (CACD) and does show retina macular and foveal expression. None of the other
synaptic protein genes were revealed as candidates for mapped retinal diseases by this
method.
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7,1

Introduction
The hereditary central receptor dystrophies are characterised phenotypically by

bilateral visual loss and the finding of generally symmetrical macular abnormalities on
ophthalmoscopy. The age of onset is variable, but most present in the first two decades of
life. Macular dystrophies showing autosomal dominant, autosomal recessive and X-linked
inheritance have all been reported and there is considerable heterogeneity even within these
subtypes (section 1.15). A number of causative genes have now been identified (table 7.1)
but more remain to be discovered.

Table 7,1: Disease genes identified in macular dystrophy
Locus

Gene

Chromosome

Inheritance

References

Pattern
S TG D l

ABCA4IABCR

ar

Ip21-p22

K aplan et al., 1993
A llikm ets gf a/., 1997

STGD3

ELOVL4

6 q l4

ad

Stone etaL, 1994
Zhang et aL, 2001b

STG D 4
RDS

Peripherin

4p

ad

K niazeva et aL, 1999a

6p21.2-cen

ad

T ravis e /a /., 1991
K een and Inglehearn, 1996

M CDRl

6 q l4 -1 6 .2

ad

Small etal., 1992
Reichel etal., 1998

Sorsby

TIMP-3

2 2 q l2 .1 -q l3 .2

ad

Weher et al., 1994

VMD2

Bestrophin

llq l3

ad

Stone et at., 1992
P etnikhin et aL, 1998

CA CD

17pl3

ad

Lotery etal., 1996
H ughes etcU., 1998

X LRS

XLRSl

X p22.2

X -linked

M endoza-L ondono et a/,,1999
C onsortium T R , 1998
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7.1,1 Macular Dystrophy and Age-Related Macular Dystrophy
A population study revealed that features of age-related macular degeneration
(ARMD) are present in 95.5% of the population over the age of 65 (Klein et aL, 1992).
ARMD therefore, represents a serious public heath problem. ARMD is a complex lateonset disorder which probably arises from the interactions of multiple genes and
environmental factors.

Although twin (Meyers et aL, 1995) and familial aggregation

studies (Klaver et aL, 1998; Seddon et aL, 1997) provide evidence for an important role for
genetics in ARMD, its relative importance in disease development remains ill-defined. In
the normal retina, disc material that is shed from the outer segments of photoreceptors is
engulfed and digested by the underlying RPE. The RPE is delimited by Bruch’s membrane
and it is known that this membrane not only thickens with age but diffuse and focal
deposits form in relation to Bruch’s membrane in ARMD. Features of ARMD, sub-RPE
deposits, photoreceptor cell loss in the central retina, neovascularisation and scarring, are
also seen in certain monogenic dominant disorders such as Sorsby fundus dystrophy, which
arises from mutations in TIMP-3 (Weber et aL, 1994), North-Carolina macular dystrophy
(Reichel et aL, 1998) and macular dystrophy with mutations in peripherin/RDS (Wells et
aL, 1993)
Understanding the genetic basis of the less common monogenic macular
dystrophies may shed light on the genetic influences on ARMD and, therefore, increase
understanding of the disease and allow future development of possible management and
therapy strategies. An association of mutation in the ABCA4 macular dystrophy gene with
ARMD has been proposed (Allikmets et aL, 1997) and contested (Stone et aL, 1998), while
analysis of TIMP-3 in ARMD has not revealed an association between the two (De La Paz
et aL, 1997).

Apolipoprotein E (apoE) is found in association with the subretinal deposits

in ARMD and is encoded by a polymorphic gene {APOE) with three common alleles
(Klaver et aL, 1998). The APOE polymorphism shows a significant association with the

-234-

Macular Dystrophy

risk for ARMD with allele e4 associated with a decreased risk of ARMD (Klaver et aL,
1998; Souied et aL, 1998).
The identification of novel macular dystrophy genes, especially for phenotypes
which most closely resemble features of ARMD, is important in order to contribute to co
ordinated studies of ARMD in the future as well as for the development of treatments for
the individual disease. It remains possible that one or more of the genes responsible for
monogenic retinal disorders may play some role in the pathogenesis of ARMD. This has
already been demonstrated for another eye disease, open angle glaucoma (see Craig and
Mackey, 1999 for review). The aim of this study is to map the genetic loci of macular
dystrophy by linkage analysis in three unrelated families.

7,1,2 Macular Dystrophy Family Phenotypes
The phenotype in Family 1 is characterised by a ‘bull’s eye’ macular dystrophy
(figure 7.1a) first evident in the first or second decade of life.

There is mild visual

impairment, the presence of central scotomata and electrophysical testing indicates that
most affected individuals have disease confined to the central retina but in older subjects
more widespread rod and cone abnormalities are found.
The retinal changes found in Family 2, which are in many ways similar to NCMD,
have an early age of onset and are confined to the macular region (figure 7.1b).

The

macular abnormalities range from mild retinal pigment epithelium (RPE) pigmentary
change to atrophy.

Drusen-like deposits are present to varying degrees and are

characteristic of the phenotype.
Characteristics of the disease phenotype in family 3 include fine drusen-like
subretinal deposits, pigmentaiy disturbance at the level of the RPE centred on the macula
and again have similarities to NCMD (figure 7.1c). The disorder is non-progressive and
noted soon after birth.

Electroretinography was essentially normal in those tested.
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Sensorineural hearing loss segregates with the ocular phenotype in this family. Typically
hearing loss becomes significant from the fourth decade.

7.2

M e th o d s

7.2.1

Patient Sam ple Collection
Venous blood samples were obtained with full patient consent from 11 individuals

(7 affected) from three generations of Family 1, 17 individuals (9 affected) from four
generations of Family 2 and 12 members (8 affected) of the three generation Family 3. In
the latter stages three additional family members became available for Family 3. Genomic
DNA was isolated from whole blood using an extraction kit (Nucleon®Biosciences; section
2.3.1) and after spectrophotometry (section 2.3.4) diluted to a concentration of
approximately 1.5ng/p\ for use in genotyping experiments.

7.2.2

M utation Screening o f PeripherinlRDS
The peripherin/RDS gene is relatively frequently found to be altered in macular

dystrophies (Kohl et at., 1997; Keen et aL, 1996; Wroblewski et aL, 1994) and so was
screened in the first available family (Family 1) prior to genome screening. The coding
sequence of peripherin/RDS (accession number M73531) was used in a BLASTn search of
the NCBI htgs database which identified a PAC (accession number AL049843) in which
the whole gene was represented in its genomic format. This information was used to design
five primer pairs (table 7.2) subsequently used for amplification o f the three exons of the
gene by PGR using standard conditions (section 23.1.2). PGR products were visualised by
electrophoresis using low melting temperature agarose gel (section 2.3.5.1) and target
products were excised and eluted (section 2.3.9). Mutation analysis of amplified products
representing the coding sequence of peripherin/RDS was carried out by direct sequencing
(section 2.3.10) and analysis using an ABI373a DNA Sequencer (section 2.3.11).
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Figure 7.1: Fundus photographs o f macular dystrophy.

Family 1: Fundus photography of individual 111:6 showing ‘bull’s eye’ maculopathy,
with a well dem arcated area of RPE atrophy at the right macula.

Family 2: Fundus photography of individual IV:5 showing sharply circumscribed
central macula retinal pigment disturbance with atrophy and pigment clumping.

Family 3: Individual 111:7 age 41 years. Centred on both foveae a well-demarcated subfoveal
area of chorioretinal atrophy with pigment hypertrophy and fibrosis at the edge._________
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Table 7,2: PeripherinlRDS primers usedfor mutation screening
Primer Name

7.2.3

Sequence

E xonlFa

5'-ccatctgcacttttcccaag-3'

ExonlR a

5'-agaggatgatattgaagagg-3'

ExonlFb

5’-ccaagtatgccagatggaag-3'

ExonlR b

5’-cgcagcaataagttgtgcac-3'

ExonlFc

5'-gcccaactcattgataggga-3'

ExonlR c

5'-cgatctgcagcatgtcgatg-3'

Exon2F

5'-ccaagtgtgcgagtgaatga-3'

Exon2R

5 '-ctccactgaaggctgtttcc-3 '

Exon3F

5'-ccacagtgctcaggttgagt-3'

Exon3R

5 '-tctgtaagatggtgccctcc-3 '

T .C

Product Size (bp)

52

441

54

447

54

305

54

482

54

452

Genotyping and Linkage Analysis
Genotyping of microsatellite markers in the three macular dystrophy families was

undertaken using the facilities of the MRC Human Genome Mapping Project Geneservices
Centre, Babraham (section 2.3.18). A whole genome scan, utilizing markers from version
2.0 of the ABI MD-10 Linkage Mapping Set (Applied Biosystems) which allows a ~10cM
resolution of the human genome, was commenced. Subsequently, and where appropriate,
markers from the HD-5 mapping set which allows ~5cM resolution of the genome were
used. FOR of microsatellite markers and analysis of products obtained in the families was
carried out as described in section 2.3.18. Marker alleles were scored for each individual
using the GeneMapper (version 2.0) program and the data produced checked for
genotyping errors using Pedcheck (O ’Connell and Weeks, 1998). Linkage analysis was
carried out via the HGMP Genetic Linkage User Environment (GLUE) as detailed in
section 2.3.19.
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Haplotype Analysis
When a significant positive led score for a marker(s) was obtained, that is, a score

greater than 3.0 where possible, haplotype reconstruction using genotype information from
the markers surrounding this positive marker(s) was carried out.

Haplotypes were

compiled by assuming minimal numbers of crossovers and by forming haplotypes from
different starting points within the pedigree to achieve a ‘best fit’.

This enabled

examination of the segregation of the disease haplotype in the family and allowed
identification of any crossovers which might serve to limit the defined disease interval.

7.2.5

Bioinform atic Analysis o f Candidate Regions
Once the chromosomal interval linked to disease in each of the families was defined

bioinformatic analysis of the candidate region was performed in order to identify any
known or predicted genes in the region of interest.

This was achieved using on-line

databases including GeneMap99, Ensembl and UCSC Human Genome Browser (for URLs
see section 2.3.20).

Genes were considered to be good candidates for disease if they

showed limited expression which included the eye or retina or had a function known to be
relevant in the retina.

7,3

Results
Before a total genome scan was commenced, the order in which the marker panels

would be genotyped in the families was prioritised by selecting those panels which covered
known potential candidate loci and analysing these in early experiments. This was done to
enable exclusion of known candidate loci or to facilitate identification of linkage to these
bci in the initial stages of the study. Markers that span loci previously linked to Stargardt
disease (STGD), other macular dystrophies and cone-rod dystrophy (CORD) were
examined in the first instance. The loci prioritised for early analysis are listed in table 7. 3.
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Table 7.3: Candidate loci prioritisedfo r genotyping
Candidate

Locus

ABI MD-10 Linkage
Mapping Set Panel

CORDS

17pl3

CACD

17pl3

C 0R D 4

17q

U N C I 19

17qI1.2

A B C R /A B C A 4

lp21

CORDS

Iq l2 -q 2 4

^

ARM Dl

lq25

1

GCAP

6p21

CO R D 7

6 q l4

EL0V L4

6 q l4

STG D 4

4p

Panels 5 , 6 and 7

CORD9

S p ll

Panels 11 and 12

CORDl

18q21

Panels 23 and 24

CORD2

19ql3.3

Panels 25, 26 and 27

T IM P3

22q l2 .1

Panels 25 and 26
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73.1

Family 1
DNA from 11 members of Family 1, a three-generation, non-consanguineous

British family, was available for molecular genetic analysis.

73.1.1 Exclusion of PeripherinlRDS
As mutations in peripherin/RDS are a relatively common cause of central retinal
dystrophies (Kohl et aL, 1997; Keen et aL, 1996; Wroblewski et aL, 1994) the coding
region of peripherin/RDS was amplified by PCR in two members (1V:6 and V:2), one
affected and one unaffected, of Family 1 in order to analyse this as the disease gene prior to
initiation of a total genome scan. Products obtained were directly sequenced and screened
for nucleotide alterations. No mutations in peripherin/RDS were identified, excluding this
gene.

73.1.2 Linkage Analysis of Microsatellite Markers and Haploype Reconstruction
A total genome scan of microsatellite markers, beginning with those markers
mapping to identified candidate regions, was conunenced in Family 1. Genotyping of 147
microsatellites from 10 of the prioritised marker panels (panels, 1, 2, 5, 6, 7, 8, 9, 10, 23
and 24), was completed before a significantly positive lod score of 3.03 at a recombination
fraction of 0.00 was obtained for marker D4S391.

This marker maps to chromosome

4p l5.2 and positive lod scores were also obtained for MD-10 markers D4S403 (lod of 1.79
at 0 = 0.00) and D4S419 (lod of 1.44 at 0 = 0.00) which map distally to D4S391.
Additional markers in the region of D4S391 from the ABI HD-5 Linkage Mapping Set
were genotyped in the family to provide a higher resolution of this locus for haplotype
analysis. Lod scores for markers spanning this chromosomal region are shown in table 7.4.
Linkage analysis in Family 1 has established linkage to chromosome 4p with a
maximum lod score of 3.03 at a recombination fraction o f 0.00, for marker D4S391.
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Haplotype analysis of a number of markers in this region in the family (figure 7.2)
identified crossover events in individuals 111:2, V:3 and V:1 which define the flanking
markers of this macular dystrophy locus as D4S3023 distally and D4S3022 proximally.
The allele scoring of D4S3022 in individual 111:2 is critical for defining the disease
interval and although allele 5 for this marker is frequently observed in this family,
individual 111:2 has a score of 2/4. To be absolutely assured of the genotypes for this
marker in the family it was scored for a second time independently by Dr. Andrew
Dearlove of the MRC Geneservices unit and directly sequenced after amplification by PCR
in individuals 111:2 and V :l. Results of these additional experiments confirmed the original
allele scores for D4S3022.

LOD SCORE AT d

=

MARKER

0.00

0.05

0.10

0.20

0.30

0.40

D4S2936
D4S3023
D4S2935
D4S403
D4S419

-0 0

-0.03

0.14

0.18

0.11

0.03

-GO

-

-

-

-

0.17
0.43
0.44

0.08
0.13
0.18

0.79
0.83

0.36
0.45

1.16

1.24
0.79

0.31

0.25

0.61
0.39
0.14

D4S2994
D4S3022
D4S391
D4S2912
D4S1587

-

0.45
1.79
1.44

0.41
1.55
1.27

0.36
1.31
1.09

0.27
0.85

2.30

2.05
1.07

1.79
1.21

-0 0

2.76
1.35

-0 0

0.46

2.47
1.39
0.24

1.28
1.12
1.87

-2.25
3.03

0.76

Table 7.4: Lod scores fo r markers on chromosome 4p in Family I
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Figure 7.2: Family 1 chromosome 4p haplotype information.
Critical crossovers in individuals 111:2 and V:3 define the markers Hanking the disease region as D4S3023 and D4S3022.
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7.3.1.3 Family 1 Macular Dystrophy Disease Interval
The established disease interval in Family 1 is flanked by markers D 4S3023 and
D 4S3022 on chromosome 4 p l5 .2 -p l6 .3 (figure 7.3) and represents a genetic distance of
approximately 32.8cM . Analysis o f on-line human genome databases (GeneM ap99,
Ensembl and UCSC Human Genome Browser) revealed that these markers are physically
separated by 21.55M b. Following the convention established by the nomenclature used for
North Carolina macular dystrophy (M C D R l), this disorder and its locus are termed
M CDR2 (MC = macular, D = dystrophy, R = retinal). On-line databases were also utilised
in the identification o f known and predicted genes residing within the disease interval (table
7.5). The rationale for genotyping markers from chromosome 4p initially was to examine
markers spanning the STGD4 locus. Indeed the linked chromosomal interval in Family 1
overlaps the STGD4 locus, as defined by markers D 4S2397 and D 4S1582 (Kniazeva et aL,
1999; figure 7.3).

These disorders appear to be clinically distinct, however, since the

STGD4 family demonstrate a characteristic dark-choroid pattern and prominent retinal
flecks, neither of which is present in M CDR2. However, it remains possible that these two
central retinal disorders are allelic.

Table 7.5: Known and deduced genes in MD Family I disease interval D4S3023-D4S30222,
MCDR2. Those gene symbols that are underlined represent potential candidate genes as they show limited
tissue expression including the retina.

SYMBOL

NM DO.

UniGene ID

hypothetical protein

032927

Hs. 12845

FU2(M 25

hypothetical protein

017816

Hs.71040

ubiquitous including eye

LOG 166793

hypothetical protein

145291

Hs.94013

multiple tissue including eye

014392

Hs.79404

ubiquitous including retina

MGC13159

GENE PRODUCT

D4S234E

Expression
ubiquitous - no mention of
eye or retina

STX18

syntaxin 18

016930

Hs. 13406

ubiquitous including retina

M SX l

Msh homeobox
homolgue 1

002448

Hs.1494

multiple tissue including eye

cytokine-like protein
€17

018659

Hs. 13872

multiple tissue - no mention
of eye or retina

C17
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gene for serlne/lhronine
protein kinase

018401

Hs.58241

multiple tissue including eye

C4orf6

chrom osom e 4 open
reading fram e 6

005750

Hs. 177972

limited including RPF

EVC

Fllis van Creveld
mediator protein 1

014556

Hs.274446

ubiquitous including eye

C R M Pl

collapsin response
mediator protein 1

001313

Hs. 155392

ubiquitous including eye and
retina

►F L J3 1 5 M

hypothetical protein

144720

Hs. 101672

limited including retina and
fovea

W FSl

wolframin

006005

Hs.26077

ubiquitous including eye and
retina

PG R l

T-cell activation protein

033296

Hs.285902

ubiquitous including eye and
retina

hypothetical protein

018366

H s.7570

multiple tissue - no mention
of eye or retina

SI 00 calcium -binding
protein

005980

Hs.2962

multiple tissue - no mention
of eye or retina

LOC93622

hypothetical protein

138699

Hs.6815

ubiquitous including eye and
RPF

►SO R C S2

VPS 10 domain receptor
protein

020777

Hs.21061

multiple tissue including eye
and retina

A FA P

actin filam ent associated
protein

021638

Hs.80306

ubiquitous including eye

M G C 10981

hypothetical protein

032654

H s.l 15912

skin, colon, stomach, lung,
uterus, placnta and lymph

F U 20356

hypothetical protein
serine protease

018986

Hs.61053
Hs.60440

ubiquitous including eye

053044

acyl-Coenzym e A
oxidase 3

003501

H s.l 2773

hypothetical protein

024950

Hs.285317

limited - no mention of eye or
retina

G-protein coupled
receptor 78

080819

H s.350588

none

CPZ

carboxypeptidase Z
precursor

003652

Hs.78068

multiple tissue including eye

DRD5

HSA250839

F U 11230
SIOOP

HTRA3
ACOX3
F U 12891
GPR78

ubiquitous - no mention of
eye or retina
ubiquitous including eye

dopam ine receptor 5

000798

Hs.380681

RPF and choroid, ovary, brain

►S L C 2A 9

solute carrier family 2

020041

Hs.95497

multiple tissue including eye
and retina

WDRl

W D repeat-containing
protein

005112

Hs.85100

ubiquitous including eye and
retina

heparin sulphate Dglycosaminyl

005114

Hs.40968

multiple tissue including
retina and fovea

RAB28

RAB28 (RAS oncogene
family)

004249

Hs.296371

ubiquitous including eye

B A PXl

bagpipe homeobox
homologue {Drosophila)
hypothetical protein

001189

Hs. 105941

connective tissue, ovary, b
cells

145302

H s.343206

skin and uterus

C1QTNF7

Clq and tum our necrosis
factor related protein

031911

Hs. 153714

multiple tissue - no mention
of eye or retina

FBXL5

F-box and leucine-rich
repeat protein 5 isoform

012161

Hs.5548

ubiquitous including eye and
retina

►H S3ST1

LOC201853
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BSTl

bone marrow stromal cell
antigen 1 precursor

004334

H s.l 69998

multiple tissue including eye

CD38

CD38

001775

Hs.66052

multiple tissue - no mention
of eye or retina

HBP17

heparin-binding growth
factor binding protein

005130

H s.l 690

ubiquitous

►K SP37

Ksp37 protein

031950

Hs.98785

multiple tissue including eye
and retina

prominin-like 1

006017

H s.l 12360

multiple tissue including eye
and retina

LDB2

LIM -domain binding 2

001290

Hs.4980

ubiquitous

QDPR

quinoid dihydropteridine
reductase

000320

Hs.75438

ubiquitous including eye and
retina

►P R O M U

LAP3

leucine am inopeptidase

015907

H s.l 82579

ubiquitous including eye

EGl

endothelial-derived gene

025205

H s.380864

ubiquitous including eye and
RPF

F U 20280

hypothetical protein

017741

H s.270134

ubiquitous including eye and
retina

HCAP-G

chromosom e
condensation protein G

022346

H s.l 93602

ubiquitous including eye

Slit homolog 2

004787

Hs.29802

multiple tissue including eye

SLrT2

{Drosophila)
MGC29898

hypothetical protein

multiple tissue including eye

calsenilin-like protein

145048
025221

Hs.97415

►C A L F

Hs. 193323

limited tissue including eye
and retina

►H M X l

homeobox H6 family

018942

H s.l 04134

limited tissue including eye
and retina
liver and colon

LOCI 66647

hypothetical protein

145290

H s.356876

GLUC

cytosolic betaglucosidase

020973

Hs.146182

CDC42

cell division cycle 42

001791

Hs. 146409

peroxisome proliferative
activated receptor
DFAD/H box
polypeptide 15

013261

H s.l 98468

multiple tissue - no mention
of eye or retina

001358

Hs.5683

ubiquitous including eye

PPA RG Cl
DDX15

limited tissue - no mention of
eye or retina
ubiquitous including eye and
retina

SOD3

superoxidase dism utase 3

003102

►LGI2

leucine-rich repeat L G l
family
hypothetical protein

018176

Hs.2420
H s.l 2488

016955

Hs. 161436

limited tissue - no mention of
eye or retina

F U 11105

phosphatidylinositol 4kinase type II beta

018323

Hs.23920

ubiquitous - no m ention of
eye or retina

H SPC 052

HSPC052 protein

014150

Hs.296435

limited tissue - no mention of
eye or retina

F U 23024

hypothetical protein

024936

Hs.278945

limited tissue - no mention of
eye or retina

anaphase- promoting
com plex subunit 4
solute carrier family 34

013367

Hs.273391

ubiquitous including RPF

006424

H s.l 05039

ubiquitous - no mention of
eye or retina

LOC51091

A PC4
SLC34A2

-246-

ubiquitous including eye
limited tissue including eye
and RPF

Macular Dystrophy

7.3.1,4 Candidate Genes
The known genes identified in the M C D R 2 interval (table 7.5) include SO R C 2,
SLC2A9, HS3ST1, K S P 37 , P R O M U , CALP, H M X l , LGI2 and a gene for predicted protein

FLJ31564 which show limited tissue expression patterns including the retina and/or fovea.
Of these, the proposed functions and characteristics o f the products o f P R O M U , C A L P and
H M X l make them the better candidates for disease genes in this region on chromosome

4 p l5 .2 -p l6 .3 .
SO R C S2 is a 281 amino acid VPS 10 domain neuropeptide receptor protein
belonging to a group o f such proteins along with SorLA, sortilin, SorVSl and SorCS3
(Hampe et aL, 2001).

These proteins comprise a VPS 10 domain (from yeast vacuolar

sorting protein 10) follow ed by a leucine-rich repeat region, a transmembrane domain and
an intracellular domain.

Human S 0 R C S 2 spans approximately 500kb o f genomic DNA,

has 27 exons and encodes a full-length cDN A of 5287bp (Hampe et aL, 2001). SORCS2 is
strongly expressed in brain and highly regulated during ontogenesis, being found in specific
neuronal locations (Rezgaoui et al,, 2001). This suggests that this group o f genes might be
important in the development of the central nervous system. Human S O R CS2 maps to a
region on chromosome 4 p l6 .3 to which W olf-Hirschhom syndrome and cherubism
developmental disorders have been linked.
SL C 2A 9 is a member o f the glucose transporter family which is primarily
expressed in kidney and liver (Phay et aL, 2000). The gene was mapped to chromosome 4p
using a monochromosomal cell hybrid panel and has a cD N A length o f 1620 nucleotides
represented in GenBank under accession number AF210317.
Human H S3ST1 is predicted to be a 307 amino acid protein which acts in the
anticoagulant heparan sulfate proteoglycan generation (Shworak et aL, 1997).
K SP37 (killer-specific secretory protein of 37kDa) is selectively and commonly
expressed in lymphocytes with cytotoxic potential (Ogawa et aL, 2001). A role for Ksp37
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in immunity is suggested by the observation that it is elevated in the blood during the early
acute phase of Epstein-Barr virus infection (Ogawa et aL, 2CX)1).
P R O M L l encodes the five-transemembrane domain glycoprotein prominin that is
conserved throughout the animal kingdom and in mouse and human preferentially localises
to plasma membrane protrusions (Weigmann et aL, 1997; Maw et aL, 2000).
CA LP is a four-BF hand protein which binds Ca^^ and shows homology to
calsenilin, a member of the recoverin superfamily of calcium-binding proteins (Morohashi
et aL, 2Q02). Like other members of this family CALP is thought to be implicated in
intracellular calcium homeostasis and has been shown to interact with presenilin
(Morohashi et aL, 2002; Buxbaum et aL, 1998). Mutations in presenilin genes have been
linked to early-onset Alzeimer’s disease (Selkoe 2001).
H M X l is a homeobox gene with homology to Drosophila Hmx and mouse Hmx2
and Hmx3, which are expressed in sensory organ development, and is itself strongly
expressed in the developing eye (Wang et aL, 2000). Human H M X l characterisation shows
that it encodes a 373 amino acid polypeptide (Stadler et aL, 1992).
Predicted protein FLJ31564 shows homology to

murine smooth muscle heavy

myosin but no further information is currently available.
L G I2 (leucine-rich, glioma-inactivated 2) is a protein with a large extracellular and
intracellular domain connected by a single transmembrane domain the gene for which maps
to chromosome 4pl5.2 (Wevers et aL, 2002). Mutations in the gene for another member of
the same protein family (L G Il) have been found in association with human temporal lobe
epilepsy (Gu et aL, 2002).
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Figure 7.3: Family 1 chromosome 4p MCDRl locus. MCDR2, which maps
to chromosome 4pl5.2-pl6.3, overlaps the locus for STGD4 and spans
around 22Mb of genomic DNA.
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732

Family 2
DNA for use in molecular genetic analysis was extracted from the bloods of 17

individuals from the four generations of Family 2.

732,1

Linkage Analysis of Microsatellite Markers and Haploype Reconstruction

A total genome scan of microsatellite markers in Family 2 was begun with markers
spanning putative candidate chromosomal regions. After genotyping of 195 microsatellite
markers from the lOcM mapping set, linkage was established to chromosome 5p with a
maximum lod score of 3.61 at a recombination fraction of 0.00 for marker D5S630 (table
7.6).

In addition, a lod score of 2.5 at a recombination fraction of 0.00 was obtained for

marker D6S287. Whilst this second lod score is not statistically significant, this marker
maps near MCDRl, the North Carolina macular dystrophy locus, and therefore warranted
further investigation. Marker D6S300 from the 5cM mapping set which maps within the

MCDRl locus was genotyped in this family. Haplotype reconstruction over this 6q region
in Family 2 shows that there is no consistency of segregation of a disease haplotype (figure
7.4).

See, for example, affected individuals 111:4 and 111:9 who have each inherited a

different chromosome from their affected grandmother (1:2).
Following additional genotyping of four markers on chromosome 5p from the 5cM
mapping set, haplotype reconstruction demonstrated that the microsatellite markers
flanking the disease interval in this family are D5S1981 at the telomere and D5S2031
prcximally. Critical crossover events were detected in individuals 111:9 and IV:2 (figure
7.5).
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Figure 7.4: Family 2 chromosome 6q haplotype information.
L ack o f consistent segregation o f m arkers w ith phenotype in this fam ily at this locus exclude MCDRl as the disease locus.
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Figure 7.5: Family 2 chromosome 5p haplotype information.
Critical crossovers in individuals 111:9 and IV:2 define the markers flanking the disease region as D 5S I98I and D5S2031.
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LOD SCORE AT 0 =
MARKER

0.00

0.05

0 10

0.20

0.30

D5S1981
D5S417
1.93
1.79
1.63
1.30
0.93
3.55
3.24
D5S2088
2.93
2.25
1.51
2.27
3.52
2.92
1.54
D5S406
3.23
2.23
2.02
1.81
1.35
0.87
D5S1953
2.97
3.61
2.26
1.45
D5S630
3.30
3.44
3.14
2.82
2.15
1.41
D5S416
-O O
1.32
1.03
1.34
0.98
D5S2031
D5S419
D5S426
Table 7.6: Lod scores for markers on chromosome 5p in Family 2

0.40

0.50
0.72
0.75
0.39
0.59
0.65
0.49

7 3 2 2 Fam ily 2 M acular Dystrophy Disease Interval
The disease interval in Family 2 is flanked by markers D5S1981 and D5S2031 on
chromosome 5pl5.33-pl5.1 (figure 7.6) and represents a genetic distance of approximately
40cM. Analysis of on-line human genome databases (GeneMap99, Ensembl and UCSC
Human Genome Browser) revealed that these markers are physically separated by 19.5Mb.
Again, following the convention of M CD Rl, this locus will henceforth be referred to as
MCDR3. On-line databases were also utilised in the identification of known and predicted
genes residing within the disease interval (table 7.7).
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Figure 7.6: Family 2 chromosome 5p MCDR3 locus.
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Table 7 .7 : Known and deduced genes in MD Family 2 disease interval D5S1981-D5S2031,
MCRD3. Those gene symbols that are underlined represent potential candidate genes as they show limited
tissue expression including the retina.

SYMBOL

TERT

GENE PRODUCT

telomerase reverse

NM_no.

003219

UniGene ID__________ Expression________

Hs. 115256

transcriptase

Burkitt lymphoma germ cell,
leiomyosarcoma, tonsil, pooled
squamous cell carcinomas

SLC9A3

solute carrier family 9

004174

Hs. 123044

colon, trachea, large cell
carcinoma

►A H R R

dioxin receptor repressor

020731

Hs. 24087

multiple tissue including eye
and retina

SDHA

succinate dehydrogenase

004168

H s.469

complex, subunit A
PDCD6

programmed cell death 6

ubiquitous including retina and
fovea

013232

Hs.80019

ubiquitous - no mention of eye
or retina

F I J I 2443

hypothetical protein

024830

Hs. 179882

ubiquitous including retina and
fovea

SLC6A3
►S LC 12A 7

solute carrier family 6

001044

H s.406

solute carrier family 12

006598

Hs. 172613

kidney
multiple tissue including retina
and fovea

►N K D 2

naked-cuticle 2

033120

hypothetical protein

023924

Hs.240951

limited tissue including retina
and fovea

FLU 3441

H s.232146

ubiquitous including retina and
fovea

TRIP13

thyroid hormone receptor

004237

H s.6566

interactor 13
F U 13153

hypothetical protein

ubiquitous - no mention of eye
or retina

024786

Hs.321609

limited tissue - no mention of
eye or retina

F U 10565

hypothetical protein

018140

►P25

brain-specific protein

007030

Hs. 100824

multiple tissue - no mention of
eye or retina

Hs.29353

p25a
FU 20413
3-PAP

multiple tissue including retina
and fovea

hypothetical protein

017808

Hs.272798

phosphatidyl inositol-3

019061

H s.93872

phosphate 3-phosphatase

adrenal gland
ubiquitous - no mention of eye
or retina

adaptor subunit
1RX4

iroquois homeobox

016358

Hs. 196927

protein 4
NDUFS6

NADH dehydrogenase

eye or retina
004553

Hs.49767

(ubiquinone) FeS Protein
POLS

polymerase (DNA

limited tissue - no mention of

ubiquitous including retina and
fovea

006999

directed) sigma

H s.225951

ubiquitous including retina and
fovea
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SRD5A1

steroid-5-alpha reductase

001047

Hs.552

ubiquitous - no mention of eye
or retina

F U 20303

hypothetical protein

017755

H s.17138

ubiquitous including retina and
fovea

DAP

death associated protein

004394

H s.75189

ubiquitous including retina and
fovea

►CTN N D 2

catenin (cadherin-

001332

Hs.80220

and fovea

associated protein) deltaZ
TRIO

triple function domain

007118

Hs.367689

A K AP-associated sperm

031916

H s.41644

simWar to S.cerevisiae

multiple tissue including retina
and fovea

protein
TEB4

ubiquitous including retina and
fovea

(FTPRF interacting)
►A SP

multiple tissue including retina

005885

Hs.20141

ubiquitous including retina

SSM4
T A S 2R 1

taste receptor T 2 R 1

019599

Hs. 168278

SEM A5A

semadom ain seven

003966

H s.27621

024010

Hs. 153792

024091

H s.23856

testis
multiple tissue including eye

thrombospondin repeats
MTRR

methionine synthase

ubiquitous including eye

reductase isoform 2
MGC5297

hypothetical protein

multiple tissue - no mention of
eye or retina

►A N K H

ankylosis, progressive

019847

Hs. 168640

and fovea

homolog
►FL.111127
►FB X L 7

hypothetical protein

019018

H s.30909

multiple tissue including eye

f-box and leucine rich

012304

Hs.76798

multiple tissue -n o mention of
eye or retina

repeat protein 7
M G C 17552

multiple tissue including retina

hypothetical protein

033414

H s.60300

ubiquitous including retina and
fovea

F LI20I52

hypothetical protein

019000

H s.82273

ubiquitous including retina and
fovea

►M Y O lO

myosin X

012334

Hs.61638

multiple tissue including retina

brain acid-soluble

006317

H s.79516

ubiquitous including retina and

and fovea
B A SPl

fovea

protein 1
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7 3,23 CandidateGenes
The Family 2 macular dystrophy interval contains the genes AHRR, NKD2, P25,
CTNND2, ASP, ANKH, MYOlO, and the gene for predicted protein FLJ11127 which all
show limited tissue expression which includes the eye and/or retina. In addition SLC12A7
and FBX17 are upregulated in the macular region (C. Bowes-Rickman, personal
conununication).
A H R R is the arylhydrocarbon or dioxin receptor (AhR) repressor and is coded for
by 2094bp of mRNA (Watanabe et al., 2001). AhR mediates pleiotropic biological effects
of environmental contaminants (Swanson and Bradfield 1993; Hankinson 1995). These
effects include tumour promotion, thymic atrophy, teratogenesis (for example, cleft palate
in foetal development) and epithelial hyperplasia. AHRR represses the activity of AhR by
feedback inhibition - AhR directly induces the expression of its repressor gene through
binding to the regulatory sequence of the gene (Mimura et al., 1999). In a study of AHRR
in endometriosis, no positive association was found between polymorphisms in the gene
and disease incidence (Watanabe et al., 2001).
SLC12A7 is a potassium chloride cotransporter protein comprising 1083 amino
acids with 12 membrane-spanning segments (Mount et al., 1999).

Potassium chloride

cotransporters are involved in the movement of ions across the plasma membrane and mice
lacking SLC12A7 are deaf because their sensory hair cells degenerate rapidly after the
beginning of hearing (Boettger et al., 2002).
NKD2 is a 451 amino acid protein with an NH2 domain containing and EF hand
motif (Katoh 2001). The gene contains 10 exons and is moderately expressed in foetal
kidney, foetal lung and in adult lung as well as at low levels in other tissues.

NKD2

expression is altered in gastric, pancreatic and oesophageal cancer cell lines (Katoh et al.,

2001).
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P25 is a brain specific protein the gene for which encodes a 5019bp mRNA and has
been mapped to chromosome 5pl5.3 (Seki et al., 1999).
CTNND2 encodes human delta catenin, an adherens junction protein that interacts
with presenilin-1 (Medina et al., 2000). It is thought to have a role in cell motility and
possibly neuronal migration (Lu et al., 1999) and in mouse is expressed very early in neural
development (Ho et al., 2000). The coding portion of the gene was originally identified
from a human brain cDNA library (Zhou et al., 1997) and elucidation of its genomic
structure shows that it spans 640kn of genomic DNA, comprises at least 23 exons and maps
to chromosome 5pl5.2 (Medina et al., 2000).

The gene is though to be alternatively

spi ced and hemizygous loss of CTNND2 in Cri-du-Chat syndrome correlates with severe
mental retardation (Medina et al., 2000).
ASP is A-kinase anchoring protein (AKA?) -associated sperm protein and was
identified by yeast two-hybrid screening of human testis cDNA (Carr et al., 2001). ASP
encodes a 994bp mRNA. Little information is available on the precise function of ASP but
in somatic cells AKAPs, with which ASP is associated, anchor or target cAMP-dependent
protein kinase (PKA) to key specific subcellular compartments (Dell’Acqua and Scott,
1997). A model has been proposed whereby AKAPs interact with the PKA regulatory
subunit to anchor the catalytic subunit to a location within cells where it is available to
phosphorylate the appropriate substrate if and when it becomes activated (Dodge et al.,
1999).
A N K H is the human homologue of the mouse progressive ankylosis gene.
Mitations in the human gene have t)een identified in individuals with chondrcx^alcinosis
(Poidleton et al., 2002; Williams et al., 2002) which is caused by deposition of calciumcottaining crystals within articular cartilage and results in joint pain and arthritis. These
mitations are found in families with autosomal dominantly inherited disease and in vitro
stuiies show that this is a result of increased ANKH function (Pendleton et al., 2002).
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FBX L7 is a 491-amino acid F box protein with ten leucine-rich repeats (Ilyin et al.,
2000).

The F box is an approximately 40-amino acid motif that binds SK Pl (S-phase

kinase associated protein 1) which has a role in the cell cycle (Bai et al., 19%).
M Y O lO localises to the tips of filopodia, thin cellular protrusions important in cell
motility and neuronal guidance, which are perturbed by overexpression of MYOlO in COS7, HEK 293 and NIH 3T3 cell types (Berg and Cheney, 2(X)2).

7,33

Family 3
DNA from 12 members from Family 3 was initially used for genetic analysis.

Subsequently, a further three DNA samples became available.

7.33,1 Linkage Analysis of Microsatellite Markers and Haploype Reconstruction
After genotyping all of the identified candidate panels of microsatellite markers
(table 7.3) in Family 3 no significantly positive lod scores were obtained and a screen of the
remaining marker panels was commenced.

This resulted in a lod score of 2.3 at a

recombination fraction of 0.00 being obtained for marker D14S261 (table 7.8). Allele 3 of
this marker segregates consistently with disease in the family but is not sufficiently
polymorphic in this family to give a higher lod score. This marker is placed by GeneMap
(http://corba.ebi.ac.uk/RHdb/) in the telomeric region of the chromosome 14 short arm
(pter) but at q ll.2 adjacent to the centromere in Ensembl (http://www.ensembl.org) and
UCSC (http://genome.ucsc.edu/1. Because the Ensembl and UCSC databases are based on
actual sequence, the latter location will be adhered to.

DNA was obtained from three

additional members of the family (111:8, IV:5 and IV:6) for genotyping of D14S261 (and
subsequently D14S72, see below).

This resulted in an increased lod score of 2.9 at a

recombination fraction of 0.(X) for D14S261.
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statistically significant lod value of 3.0, analysis of the haplotypes over this region in the
family provided additional information to support the evidence for linkage at a locus
represented by D14S261.
Additional genotyping of markers D14S1023, and D14S972 from the ABI 5cM
linkage mapping set and D14S72, a marker identified as being potentially useful for the
resolution haplotypes in this region was carried out in the family. Subsequent haplotype
reconstruction demonstrated consistent segregation of a haplotype with disease and a
recombination event with a marker (D14S1023) located distally to D14S261 (figure 7.7).
A critical crossover event was detected in individual 111:3 (figure 7.7).

LOD Score at 6 =

MARKER

0.00

0.05

0.10

0.20

0.30

0.40

D14S261
D14S1023

2.92
-00

2.66
-0.04

2.39
0.14

1.81
0.20

1.19
0.15

0.56
0.08

D14S72

-00

0.51

0.65

0.61

0.44

0.23

D14S283

0.54

0.46

0.37

0.22

0.09

0.02

Table 7.8: Lod scores fo r markers on 14q fo r Family 3.
NOTE: only D14S261 and D14S72 were analysed in all 15 available family
members while the others were genotyped in the original 12 individuals.
Haplotype analysis shows that, of those tested, there is only one linked marker
(D14S261) which explains the values (low in all other surrounding markers) in the
table above.
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Figure 7.7; Family 3 chromosome 14q haplotype information.
Critical crossovers in individual 111:3 defines the marker flanking the disease region distally as D14S I023.
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7.3.3.2 Family 3 Macular Dystrophy Disease Interval
The disease interval in Family 3 is limited to the pericentromeric region of
chromosome 14q between the centromere and marker D14S1023 and represents a genetic
distance of approximately

IcM.

Analysis of on-line human genome databases

(GeneMap99, Ensembl and UCSC Human Genome Browser) revealed that these markers
are physically separated by less than 1Mb. These databases were also utilised in the
identification of known and predicted genes residing within the disease interval (table 7.9).

Table 7.9: Known and deduced genes in MD Family 3 disease interval DI4S26I-D14S1023.
Underlined gene symbols represent potential candidate genes as they show limited tissue expression
including the retina.

SYMBOL

HEIIO

GENE PRODUCT

human enhancer of

Expression

NM_no.

UniGene ID

021178

Hs. 107003

ubiquitous including eye

005484

Hs.24284

ubiquitous including eye

007110

Hs.232070

invasion 10
ADPRTL2

poly (ADP-ribosyl)
transferase-like 2

THPl

telomerase association

OSGEP

O -sialoglycoprotein

017807

Hs. 108894

APEX nuclease

ubiquitous including eye and
retina

endopcptidase
APEX

mutliple tissue - no mention of
eye or retina

protein 1

080648

Hs.73722

ubiquitous including eye and
retina

M GC26684

hypothetical protein

144568

Hs.7001

ubiquitous including eye and
retina

NP

000270

H s.75514

ubiquitous including eye

hypothetical protein

145250

Hs. 112761

testis and brain

ribonuclease

002937

Hs.283749

ubiquitous including eye

angiogenin

001145

H s.332764

purine nucleoside
phosphorylase

LOG 122651
RNASE4
ANG
HE3-ALPHA

human epididymis-

limited tissue including RPE
and choroid

ribonuclease
006683

Hs.375013

epididymis

022360

Hs. 112952

epididymis

005615

Hs.23262

specific 3 alpha
HE3-BETA

human epididymisspecific 3 beta

RNASE6

ribonuclease

multiple tissue including RPE
and choroid

-262-

Macular Dystrophy

R N A SE l

ribonuclease

002933

N/A

RNASE3

ribonuclease

002935

Hs.73839

marrow, whole blood, pleacenta
and larynx

RN A SE2

ribonuclease

002934

Hs.728

marrow, liver and spleen, uterus
and kidney

►F U 3 Q 8 5 ?

hypothetical protein

022734

solute carrier family 39

014579

Hs.6311

ubiquitous including eye,
macula and fovea

SLC39A2

Hs. 175783

prostate, uterus and human optic
nerve

zinc transporter

7.33.3 Candidate Genes
The Family 3 macular dystrophy interval is small and, therefore, there are not many
described genes in the region available on the databases. None of the genes that have been
identified in the region represent good candidate genes for macular dystrophy. In the
absence of any other better candidates, the gene encoding hypothetical protein FLJ20859
may be of interest since, although it is ubiquitously expressed, the macula and fovea are
specifically identified.

No further information about this gene or its protein product is

currently available.

7.4

D iscu ssio n
The genetic loci of three autosomal dominant macular dystrophies have been

mapped by linkage analysis in three unrelated families (1, 2 and 3) to chromosomes 4p, 5p
and the pericentromeric region of chromosome 14 respectively.

A number of potential

candidates have been identified in each of the disease intervals but the lists of candidates
presented here are neither definitive nor exhaustive. Indeed it is possible that the diseaseassociated genes have yet to be characterised.
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After genotyping of microsatellite markers covering 37% of the genome in Family
1, linkage was established to chromosome 4pl5.2-pl6.3.

A locus for an autosomal

dominant Stargardt-like disease has also been mapped to chromosome 4p (STGD4) in a
Caribbean family (Kniazeva et al., 1999). Analysis of extended haplotypes localised the
disease gene in the Caribbean family to a 12cM interval between markers D4S1582 and
D4S2397. MCDR2 overlaps almost entirely with the STGD4 locus (figure 7.3), however,
its phenotype seems to be clinically distinct from that of STGD4. The STGD4 family
demonstrate a characteristic dark-choroid pattern and prominent retinal flecks. Neither of
these features is present in MCDR2. It is possible, therefore, that STGD4 and MCDR2 are
allelic but that different mutations are involved in their aetiology. Only the identification of
the underlying genetic mutations will reveal the true situation.
Bioinformatic analysis of the MCDR2 region identified nine known genes that are
potentially good candidate genes for MCDR2 owing to their pattern of tissue expression.
Of these, PRO M Ll has previously been implicated in a human retinal degeneration (Maw
et al., 2000). PROM Ll encodes human prominin (mouse)-like 1 which localises to plasma
membrane protrusions (Weigmann et al., 1997; Maw et al., 2000). The outer segments of
human photoreceptors house a stack of photoreceptive membranes called disks (figure 1.5)
which have a high rate of turnover and are normally engulfed and ingested by the
underlying RPE (Steinberg, 1980; Williams 1991). A disturbance in disk turnover might be
expected

to result in retinal

degeneration, indeed, it has been

suggested that

peripherin/RDS, a protein located in the rims of photoreceptor disks and defective in cases
of macular dystrophy, may promote disk/plasma fusion events (Arikawa et al., 1992).
Maw et al. (2CH30) demonstrate that a mouse prom mutant mimicking the predicted human
PRO M Ll frameshift mutation found in their retinal degeneration family does not reach the
cell surface.

The authors suggest that the absence o f functional PROM Ll may either

impair the generation of disk-forming plasma membrane évaginations in the photoreceptor
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outer segment or disturb the membrane remodelling process occuring during subsequent
formation of a disk rim and a closed disk. In light of this information, PRO M Ll ^ becomes
the primary candidate gene for MCDR2 and indeed for STGD4. The dominant mode of
inheritance of MCDR2 as opposed to the recessive nature of the disease in which a
PROM Ll mutation has already been identified, does not weaken the argument for
involvement of PRO M Ll in MCDR2.

It may suggest, however, that the nature of any

mutation that might be found would be more highly detrimental to cone photoreceptors
than to rods since MCDR2 primarily involves the macula in which cone cells are more
concentrated. The gene for CALP which belongs to the recoverin family of proteins and
has a role in intracellular calcium homeostasis (Morohashi et al., 2002) is also considered
to be a candidate for MCDR2 as is H M X l which is strongly expressed in the developing
eye (Wang et al., 2000).
Having screened approximately 50% of the genome, linkage in Family 2 was
established to chromosome 5pl4.3-15.33 (maximum lod score of 3.61 for D5S630). Again
following previous convention this locus is designated MCDR3. No other known retinal
disorders map to this region of chromosome 5 (RetNetiwww.sph.uth.tmc.edu/Retnet). Nine
potential candidate genes were identified bioinformatically in the MCDR3 region and of
these AHRR perhaps represents the better candidate given information about its function.
The apparent role for AHRR in regulating the biological effects of environmental
contaminants is interesting when one considers that ARMD is thought to arise from a
combination of genetic and environmental factors. The hightened vulnerability of the eye
to environmental factors may also be of significance when considering AHRR as a
candidate gene. This raises the question of whether mutations and/or polymorphisms in
AHRR might alter the biological responses to environmental factors in such a way as to
predispose an individual to ARMD. A dominant mutation in the MCDR3 family in AHRR
would affirm this association.

-265-

Macular Dystrophy

The clinical features of the ocular phenotype in Family 3 which include drusen-like
sub-retinal deposits with RPE disturbance and areas of well demarcated chorioretinal
atrophy and RPE hypertrophy are very similar to North Carolina macula dystrophy
(NCMD). After screening of approximately 50% of the genome for linkage in this family,
however, the NCMD locus (M CDRl) was excluded, as were all of the other candidate loci
identified (table 7.3).

Subsequent genotyping and linkage analysis identified a novel

putative disease locus for both retinal and otological disease at the pericentromeric region
of chromosome 14q. No candidate genes have yet been described for this region.

In summaiy, three novel macular dystrophy loci on chromosomes 4p, 5p and 14q
have been identified by this research. Studies to define the precise nature of the underlying
disease-causing molecular genetic alterations in each case will be made more manageable
given the findings presented here and will involve candidate gene analysis.

The

identification of the genes involved at these three loci may also guide the future research of
ARMD-related genes.
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The genetic and phenotypic heterogeneity of human retinal disease is a direct
consequence of the complexity of human vision.

Identifying the repertoire of genes

responsible for these disease and elucidating their role in both normal and defective vision
provides a better understanding of the disease mechanism and provides information that
will be crucial to the development of disease therapy in the future. Only by identifying
disease-causing mutations can we relate the molecular defect to the clinical outcome and
understand more about the mechanism of pathogenesis.

The ability to phenotypically

distinguish different forms of the disease and relate each form to the causative gene has
positive implications for the molecular diagnosis of patients and will aid genetic
counselling in the clinic. Presented here are the results of studies to identify the molecular
genetic basis of various forms of human retinal dystrophies that primarily affect the cone
photoreceptors and the central retina.
The molecular basis of blue cone monochromacy is relatively well documented and
is due to alteration of the X-linked opsin array such that neither L nor M visual pigments
are functionally present in the retina of affected individuals. Sequence examination of the
L and M opsin genes in families with blue cone monochromacy here confirmed the genetic
basis of disease in all but one of the families studied. It is clear for the family in which the
disease genotype could not be entirely resolved that the L and M opsin array is implicated
since only an M opsin gene was identified at this locus. Whilst no correlation between
phenotype and genotype could be found for these blue cone monochomats, expansion and
further integration of the genetic and clinical data may aid such studies in the future.
An X-linked cone dystrophy characterised by myopia, moderate visual loss and a
protan colour vision abnormality (BED) showed no genetic alterations of the X-linked
opsin array which might readily account for the cone dystrophy phenotype. The hypothesis
reached for the genetic basis of disease is that BED is a digenic disorder that depends upon
expression of a ‘cone dystrophy’ gene in either a protanopic or deuteranopic individual and
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that normal trichromats with the mutation are entirely asymptomatic. Since only a limited
number of families have been investigated thus far it is now important to identify additional
families for genetic analysis.

One approach to this might be to review in the clinic

individuals currently diagnosed with cone-dystrophy for evidence of dichromacy.
Examination of potential candidate genes in the Xq28 region in such families will be
essential for elucidation of the cone dystrophy genotype.

Two genes that might be

considered are the COD2 (Bergen and Pinkers, 1997) cone-rod dystrophy gene and retinitis
pigmentosa gene RP24 (Geiser et al., 1998) which both map nearby.
Previous studies have identified mutations in the retinal cyclic-nucleotide gated
(CNG) channel alpha (CNGA3) and beta (CNGB3) subunits as the genetic basis of
achromatopsia.

Both alpha (presented here) and beta (parallel study) subunits were

screened for mutations in a panel of twenty-five achromats. Thirteen different mutations,
six of which have not previously been reported, were identified in the alpha subunit and
accounted for seven of the affected individuals. After integration of the results of beta
subunit screening in the same panel of individuals only four families for whom no
mutations could be found remained. Through a collaborative study, a novel genetic basis
for achromatopsia was identified: one of the families with neither CNG alpha nor beta
subunit mutations was subject to linkage analysis which resulted in linkage to chromosome
Ip and subsequently mutations in the cone transducin alpha subunit (GNAT2) were found.
The next step in this study should be to screen GNAT2 for mutations in the other three
remaining families. Other components of the cone phototransduction cascade should then
be considered as candidates.

Examination of the phenotypes of individuals with CNG

alpha and beta subunit mutations did not suggest that patients could consistently be grouped
phenotypically according to their genotype. The identification of novel genes involved in
achromatopsia may allow useful genotype-phenotype correlations in the future especially
since CNGA3 and CNGB3 mutations account for only around 70% of achromats.
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Candidate gene analysis of a cone-rod dystrophy {C0RD7) linked to chromosome
6q has revealed that a mutation in the Rab3-interacting molecule {R lM l) gene is most likely
the genetic basis of disease. This is the first time that a protein with a defined role in
synaptic function has been associated with a retinal disease and the fact that it is a cone-rod
dystrophy is consistent with a role for R IM l in the ribbon synapses of both cone and rod
photoreceptors. Additional studies of other families with retinal diseases that map to the
chromosomal region which includes R IM l and that were not included in this study (RP25
and dominant drusen and macular degeneration) should be carried out to assess for
mutations in R IM L Mutation screening of a panel of cone-rod dystrophy patients might
also prove useful in identifying new mutations in R IM l and association with retinal disease.
Human R IM l is newly described here and is a large gene that shows extensive alternative
splicing and has products that are retina- and brain-specific.

In order to examine the

possible effects of the cone-rod dystrophy associated R IM l mutation on exocytosis it would
be appropriate to carry out functional experiments which might include generation of
expression constructs containing full-length normal R IM l and mutant R IM l tagged with
green fluorescent protein in PC12 phaeochromocytoma cells. In this way any alteration
from normal protein trafficking and intracellular targeting of the R IM l mutant could be
identified and may highlight the cellular basis for this disease. It would also be of great
interest to discover whether the mouse Rim knockout has a retinal phenotype although
complete loss of gene function in the knockout mouse is not equivalent to the ‘gain of
function’ dominant disease of CORD7.
Three novel macular dystrophy loci on chromosomes 4p, 5p and 14q have been
described in this thesis. The loci in each case may be further refined by the recruitment and
genotyping of additional family members where possible. Where no good candidate genes
exist examination of microsatellite markers with a resolution greater than 5cM might be
undertaken to narrow the region of interest. Continuation of the positional candidate
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approach employed here will involve screening of the candidate genes identified and/or
identification of new candidates as they become available on the human genome databases.
The successes of the Human Genome Project mean that in many cases physical maps
including the information required for candidate gene identification and screening are
readily available. Indeed as the sequence information and annotation of the human genome
grows this task will become ever easier. Discovery of the genes implicated at the 4p, 5p
and 14q macular dystrophy loci will not only identify novel genes involved in retinal
disease and indicate candidates for other retinal disorders but will also provide an important
resource for studies of the contribution of different genes to age-related macular dystrophy.
This thesis increases the breadth of knowledge on the molecular genetic basis of
retinal disease.

Such information will be crucial to the future development of disease

diagnosis, therapy and implementation of novel treatment strategies. Recognition of the
precise gene mutation involved in disease also makes possible the creation of animal
models of the disease which allow disease progression to be followed from development to
advanced stages in more detail.

This provides a better understanding of the

pathophysiology of these diseases and allows investigation of appropriate treatment
strategies including gene therapy. This is particularly pertinent for retinal disease since the
eye is easily accessible for direct therapeutic treatment and may lead the way for treatment
strategies for other genetic disorders. The impact of these animal models coupled with the
molecular knowledge of the role of genes in the pathogenesis of disease, lies in the
potential to move beyond the level of genetic counselling and non-specific therapies to the
direct transfer of therapeutic genes or pharmacological agents into the retina.
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Pedigrees of X-linked Cone Dystrophy Families

Family A

Family B

O

(•> JU
£

à

Family C

Family D

0 -0

m-rO

6 à à é
5

-273-

^

I

Appendix II

Appendix II

-274-

Appendix II

A .//

Results o f M arkers Analysed in Genome Scan o f M acular Dystrophy Fam ilies
The maximum LOD score obtained for each marker and the value of theta for which
that score was obtained is listed.

Chromosome 1
M arker

Family 1
Max. LOD
Theta
Value

Family 2
Max. LOD
Theta
Value

Family 3
Max. LOD
Theta
Value

D1S468

0.003

0.45

- OC

0

- oc

0

D1S214

0.01

0.4

- OC

0

0.19

0.3

D1S450

-

a

0

oc

0

0

0.19
- oc

0

-

0.6
- oc

0

D1S2667
D1S2697

- oc

0

- oc

0

0.012

0.35

D1S199

0.09
- oc

0.3

- oc

0

0.82

0

D1S234

0

- oc

0

0.4

0.01

D1S255

0.19

0.1

- oc

0

- oc

0

0

D1S2797

- oc

0

- oc

0

0.09

0.35

D1S2890

0.002

0.45

0

0.003

0.4

D1S230

0.11

0.3

0.22
- oc

0

0.22

0

0

- oc

0

0

0.3

0

0.07
- oc

0.35

0.35

0

0

0.2

0

0.29
- oc

0

- oc

0

0.2

- oc

0

D1S2841

0.018

0.4

- oc

D1S207

0.6

0

D1S2868

-0.115

0

-0.55
- oc

D1S206

0.5
- oc

0

D1S2726
D1S252

0

0.082
- oc

0

-0.45
- oc

0
0.25

D1S2878

0.15
- oc

0

0.55
- oc

0

0.157

0.35

D1S196

0.155

0

- oc

0

- oc

0

D1S218

0

0.23

0

0

0.1
- oc

0.25

D1S238

0.14
- oc

0

0.05

0.25

D1S413

- oc

0

0.2

0.25

- oc

0

D1S249

- oc

0

0.3

- oc

0
0

D1S498
D1S484

0

0.3
- oc

0

D1S425

-0.88

0

0.19
- oc

0

- oc

D1S213

0.1

0

- oc

0

- oc

0

D1S2800

0.004

0.45

0.018

0.4

- oc

0

D1S2785

- oc

0

0.012

0.35

- oc

0

D1S2842

- oc

0

- oc

0

0.31

0

D1S2836

0.083

0

- oc

0

- oc

0
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Chromosome 3
M arker

Family 1
Max. LOD
Theta
Value

Family 2
Max. LOD
Theta
Value

Family 3
Max. LOD
Theta
Value

D3S1267

-a

0

- oc

0

- oc

0

D3S1304

- oc

0

- oc

0

- oc

0

D3S1263

-a

0

0.4

0

D3S2338

- oc

0

0.89
- oc

- oc

0

0

0.4

- oc

0

-0.2
- oc

0

- oc

0

- oc

0

0

- oc

0

0.3

- oc

0

0.15

- oc

0

0

- oc

0
0

D3S1266
D3S1277

0.02
- oc

D3S1289

0.24

0.1

- oc

D3S1300

0.26

0.2

0.33

0

D3S1285

0.08

0.35

D3S1566

0.14
- oc

0.2

1.16
- oc

0

- oc

0

- oc

0

0.06
- oc

0.35

- oc

0

D3S1278

1.4
- oc

0

- oc

0

D3S1297

- oc

0

- oc

0

- oc

0

0.34

0.3

0.7
- oc

0.1

D3S1292
D3S1569

0.03
- oc

0.4

0.085
- oc

0.4

D3S1279
D3S1614

- oc

0

D3S1565

0

0.6
- oc

D3S1262

1.46
- oc

0

D3S1580

- oc

D3S3681
D3S1271

0

0
0.4

0

0.006
- oc

0.15

- oc

0

0

0.23

0.2

- oc

0

- oc

0

0.014
- oc

0.35

0

D3S1601

- oc

0

- oc

0

0.7

0.1

D3S1311

- oc

0

- oc

0

0.47

0.15

0
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Chromosome 4
M arker

Family 1
Max. LOD
Theta
Value

Family 2
Max. LOD
Theta
Value

Family 3
Max. LOD
Theta
Value

0.15

nd

nd

nd

nd

D4S412

0.19
- oc

0

- oc

0

0.95

0

D4S3023

0.4

0.05

nd

nd

nd

nd

0

- oc

0

- oc

0

0.148
- oc

0

0

0.35

- oc

0

nd

nd

D4S2936

D4S2935
D4S403

0.4
- oc

0

D4S419

1.48

0

0.09

D4S2994

2.3

0

nd

nd

D4S3022

0.8

0.05

nd

nd

nd

nd

D4S391

3.03

0

- oc

0

- oc

0

D4S2912

1

0.05

nd

nd

nd

nd

D4S1587

0.05

nd

nd

nd

nd

D4S405

0.3
- oc

0

- oc

0

- oc

0

D4S2971

- oc

0

nd

nd

nd

nd

D4S428
D4S1592

- oc

0

nd

nd

nd

nd

- oc

0

- oc

0

0.15

0.35

D4S398
D4S3004

- oc

0

nd

nd

nd

nd

- oc

0

nd

nd

nd

nd

D4S392

- oc

0

- oc

0

0.19

0.3

D4S3042

0.4
- oc

0.05

nd

nd

nd

nd

D4S1534

0

0.45

- oc

0

0

0.005
- oc

0.45

D4S1572

0.028
- oc

D4S406

- oc

0

- oc

0

- oc

0

D4S402

- oc

0

- oc

0

- oc

0

D4S1575

- oc

0

- oc

0

- oc

0

D4S424

- oc

0

- oc

0

0.007

0.35

D4S1586

- oc

0

nd

nd

nd

nd

D4S2962

- oc

0

nd

nd

nd

nd

D4S413

-5.5
- oc

0

- oc

0

- oc

0

0

nd

nd

nd

nd

0.35

nd

nd

nd

nd

0

- oc

0

0.17

0.15

D4S3046
D4S2952

0

D4S1597

0.041
- oc

D4S1595

- oc

0

nd

nd

nd

nd

D4S1539

0.4

- oc

0

0

0.82
- oc

0

D4S415

0.005
- oc

0

0.24

0.25

D4S2920

- oc

0

nd

nd

nd

nd

D4S2924

- oc

0

nd

nd

nd

nd

D4S3051

0.06

0.25

nd

nd

nd

nd

D4S426

0.32

0.2

- oc

0

- oc

0

D4S2930

0.41

0

nd

nd

nd

nd
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Chromosome 5
M arker

Family 1
Max. LOD
Theta
Value

Family 2
Max. LOD
Theta
Value

Family 3
Max. LOD
Theta
Value

D5S1981

- oc

0

D5S417

nd

nd

1.93

0

nd

nd

D5S2088

nd

nd

3.54

0

nd

nd

D5S406

- oc

0

3.5

0

1.96

0

1.63

0

1.9

0

D5S1953

nd

nd

2.23

0

nd

nd

D5S630

nd

nd

3.61

0

nd

nd

D5S416

0.08

0.4

3.43

0

0.004

0.45

D5S2031

nd

nd

3.43

0

nd

nd

D5S419

0.51

0.2

0.96

0.15

0.45

D5S426

0.068

0.3

0.3

0.25

0.025
- oc

D5S418

- oc

0

- oc

0

- oc

0

D5S407

- oc

0

- oc

0

- oc

0

D5S647

- oc

0

- oc

0

- oc

0

D5S424

- oc

0

0.035

0

- oc

0

D5S641

- oc

0

1.93

0

- oc

0

D5S428

- oc

0

0.93

0

- oc

0

D5S644

- oc

0

0.57

0.2

- oc

0
0

0

D5S433

- oc

0

00.75

0.1

- oc

D5S2027

- oc

0

1.6

0

0.2

D5S2115

-0.2

0

0.15

0.27
- oc

0

D5S436

0.14

0.35

0.3
- oc

0

- oc

D5S410

0.6
- oc

0.15

- oc

0

- oc

0

0

- oc

0

0.25

0

0.21
- oc

0

- oc

0

D5S422
D5S400

- oc

0

- oc

D5S408

- oc

0

- oc
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Chromosome 6
M arker

Family 1
Max. LOD
Theta
Value

Family 2
Max. LOD
Theta
Value

Family 3
Max. LOD
Theta
Value

-4.6

0

- oc

D6S309

0.12

0.3

0.24

0.3

0.09

0.3

D6S470

0.082

0.4

0.19

0.3

0.015

0.35

D6S289

0.025

0.45

0.08

0.25

0

D6S422

-0.04

0.4

0.02

0.15

1.04
- oc

D6S276

- oc

0

0.3

0.2

- oc

0

D6S1610

0.048

0.4

- oc

0

0.23

0

0

- oc

0

0

0

0

0.178
- oc

D6S1574

0

0.32

0.25

0

D6S257

0.157

0.35

- oc

D6S462

0

D6S434

0.31
- oc

0.82
- oc

D6S287

0.004

0.35

2.5

0

0.29

0.2

D6S262

0.2

0.3

0.39

0.25

0.2

0.3

0.8
- oc

0.05

0.27

0.2

0

0.2

0

0.25

0.6

0.05

0

0

D6S292

1.1

0

D6S308

0.4

D6S441

0.003
- oc

D6S1581

0.09

0.2

0.45
- oc

0

0.84

0

D6S264

- oc

0

- oc

0

0

D6S446

0.35
- oc

0

- oc

0

-0.46
- oc

0

0.38

0.25

0.29

0.25

D6S281

0
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Chromosome 7
Family 1

Marker

Max. LOD

Family 3

Family 2

Theta

Max. LOD

Value

Theta

Max. LOD

Theta
Value

Value

D7S531

-a

0

- oc

0

- oc

0

D7S517

-a

0

- oc

0

- oc

0

D7S513

-a

0

- oc

0

- oc

0

D7S507

- oc

0

- oc

0

- oc

0
0

D7S493

0.2

0.05

- oc

0

- oc

D7S516

- oc

0

- oc

0

- oc

0

D7S484

- oc

0

- oc

0

- oc

0

D7S510

- oc

0

- oc

0

0.02

0.2

D7S519

- oc

0

- oc

0

- oc

0

D7S502

- oc

0

- oc

0

- oc

0
0

D7S669

- oc

0

- oc

0

- oc

D7S630

0.001

0.45

- oc

0

0.14

0.35

D7S657

- oc

0

- oc

0

0.14

0.35

D7S515

- oc

0

- oc

0

- oc

0

- oc

0

0.25
- oc

0

D7S486
D7S530

0.25

- oc

0

- oc

0

D7S640

0.01
- oc

0

- oc

0

- oc

0

D7S684

0.004

0.45

- oc

0

0.28

0.15

D7S661

0.025
- oc

0.4

- oc

0

0.85

0

0

- oc

0

0.45

- oc

0

0.05
- oc

0.35

0.001
- oc

0

- oc

0

- oc

0

D7S636
D7S798
D7S2465
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Chromosome 8
Family 1

Marker

Max. LOD

Family 3

Family 2

Theta

Max. LOD

Theta

Max. LOD

Theta
Value

Value

Value
D8S264

- oc

0

- oc

0

- oc

0

D8S277

-a

0

- oc

0

- oc

0

D8S550

- oc

0

- oc

0

- oc

0

D8S549

0

0

0

0.34

0.1

0

0.125
- oc

0

D8S258

0.014
- oc

D8S1771

- oc

0

- oc

0

- oc

0

D8S505

0.062

0.2

- oc

0

- oc

0

- oc

0

- oc

0

0

0

-3.7

0

0

D8S285

0.1

D8S260

0.35

0.3
- oc

D8S270

- oc

0

- oc

0

0.14

0.3

0

D8S1784

0.1

0.35

- oc

0.084

0.35

- oc

0

0.2
- oc

0.25

D8S514
D8S284

0.024

0.45

- oc

0

- oc

0

D8S272

- oc

0

- oc

0

- oc

0
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Chromosome 14
Max. LOD

Family 3

Family 2

Family 1

Marker

Theta

Max. LOD

Theta

Max. LOD

Theta
Value

2.3 (2.9)

0

Value

Value
D14S261

A .2

0

- oc

0

D14S1023

nd

0.2

0.2

0

nd
- oc

nd

D14S283

nd
- oc

0

0.54

0

D14S990

nd

nd

nd

nd

- oc

0

nd
- oc

nd

0.2

0.2

0

0.14

0.35

nd

0.14

0

0

D14S972

nd

nd

D14S275

0.003

0.35

D14S1040

nd

nd

D14S70

0.17

0.25

nd
- oc

D14S75

nd

nd

nd

0.82
- oc

0

D14S288

nd
-a

0

- oc

0

0.16

0.35

D14S276

- oc

0

- oc

0

- oc

0

D14S980

nd

nd

nd

- oc

0

D14S63

nd
- oc

0

0.024

0.45

0.26

0

D14S258

- oc

0

- oc

0

- oc

0

D14S1036

nd
- oc

nd

nd
- oc

nd

- oc

0

0

- oc

0

D14S74

0

0

0

nd

nd

nd

nd

0.17

0.35

0.13

0.35

1.38
- oc

0

D14S1044

nd

nd

nd

nd

- oc

0

D14S280

0.014

0.35

0.4

0.15

0

D14S1050

nd

nd

nd

nd

1.1
- oc

0

D14S1037
D14S68

0

nd

nd

nd

nd

- oc

D14S65

0.36

0.35

0.6

0.2

0.25

D14S985

0.23

0.25

0.05

0.35

0.24
- oc

0
0
0

D14S1054

D14S1051
D14S292
D14S1007

nd
- oc
nd

nd

nd

nd

0

0.46

0

0.42
- oc

nd

- oc

nd

nd
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Chromosome 17
Marker

Max. LOD

Theta

Max. LOD

Value
D17S849

- oc

Family 3

Family 2

Family 1

Theta
Value

Max. LOD

Theta
Value

0

- oc

0

0.023

0.25
0

D17S831

0.13

0.35

- oc

0

- oc

D17S938

0.05

0.4

- oc

0

- oc

0

D17S1852

0.017

0.45

- oc

0

0.06

0.25

- oc

0

- oc

0

- oc

0

D17S921

0.01

0.4

- oc

0

0.2

0

D17S1857

-0.19

0

1.31

0.1

- oc

0

D17S798

- oc

0

- oc

0

- oc

0

D17S1868

- oc

0

0.45

0

D17S787

0.39

0

0.056
- oc

- oc

0

- oc

0

D17S944

- oc

0

- oc

0

- oc

0

D17S949

- oc

0

0.16

0.25

D17S785

- oc

0

- oc

0

0.18
- oc

0.2

D17S928

0.25

0.3

- oc

0

- oc

0

D17S799

0

Chromosome 18
Marker

Family 3

Family 2

Family 1
Max. LOD

Theta
Value

Max. LOD

Theta
Value

Max. LOD

Theta
Value

D18S59

0.86

0

- oc

0

0.35

0.15

D18S63

- oc

0

- oc

0

0.66

0.1

D18S452

0.3

- oc

0

0.67

0.1

D18S464

0.04
- oc

0

- oc

0

0.77

0.15

D18S53

- oc

0

- oc

0

0.84

0

D18S478

0

- oc

0

0

0.29

0.2

0.52
- oc

0.2

D18S1102

0.38
- oc

D18S474

0.004

0.35

- oc

0

0.04

0.4

D18S64

- oc

0

- oc

0

- oc

0
0

0

D18S68

0.22

0.25

- oc

0

- oc

D18S61

- oc

0

- oc

0

- oc

0

D18S1161

0.63

0

- oc

0

- oc

0

0

- oc

0

- oc

0

D18S462

- oc
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Chromosome 19
Max. LOD

Theta

Max. LOD

Theta

Max. LOD

Theta
Value

Value

Value
a

Family 3

Family 2

Family 1

Marker

0

- oc

0

0.2

0.05

- oc

0

0

0.2

0.15

- oc

0

0

- oc

0

- oc

0

0

D19S209

-

D19S226

-a

0

D19S571

-a

DI9S418

-

cc

- oc

Chromosome 20
Max. LOD

Family 3

Family 2

Family 1

Marker

Theta

Max. LOD

Theta

Max. LOD

Theta
Value

Value

Value
0

- oc

0

- oc

0

0.17

0

- oc

0

- oc

0

0.33

0

0.049

0

- oc

0

D20S195

- oc

D20S178
D20S173

Chromosome 21
Family 3

Family 2

Family 1

Marker

Max. LOD

Theta
Value

Max. LOD

Theta
Value

Max. LOD

Theta
Value

D21S1256

- oc

0

0

- oc

0

0

0.22
- oc

0

D21S1914

1.55
- oc

0

- oc

0

D21S263

- oc

0

- oc

0

Chromosome 22
Marker

Family 3

Family 2

Family 1
Max. LOD

Theta
Value

Max. LOD

D22S315

- oc

0

- oc

D22S283

- oc

0

- oc

Max. LOD

Theta
Value

0

- oc

0

0

- oc

0

Theta
Value
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